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Abstract

This thesis presents several new insights th#® behaviour and properties of solid
organic inclusion compounds and explores some of the potential applications of these
properties. The thesis considers the structural propertigay Xirefringence and crystal

growth of urea and thiourea inclusiomgoounds.

Chapter 1 provides an introduction to organic solid inclusion compounds, surveying

the physicechemical properties and applications of urea and thiourea inclusion compounds.

In Chapter 2, the basiadheoryof the experimental techniques utilizedthis thesis is
introduced. These techniques include sirglestal and powder Xay diffraction, Raman

microspectrometry and differential scanning calorimetry.

Chapter 3 presents a novel strategy for retrospectively mapping the growth history of a
crystd. The new experimental strategifows insights to be gained on the evolution of crystal
growth processesy analysis of crystals recoveratithe end of crystallization. The feasibility
of the strategy is demonstrated by considering the crystal growth ofea inclusion
compound containing a binary mixture of guest molecuddter the crystal has finished
growing, the composition of the crystal is determined using confocal Raman

microspectrometry, and is interpreted to yield insights into the growttbryisf the crystal

In Chapter 4, new insights into the phase transition behaviour of thiourea inclusion
compounds are established. Theeustural properties of the bromocyclohexane/thiourea
inclusion compoundire determinedising both singlerystal and powder Xray diffraction
over a range of temperatures above aetbw a firstorder phase transition. The results
demonstrate marked contrasts to the phase transition behaviour irpratetypical
cyclohexane/thiourea inclusion compound, demonstrattiag relatively small changes in
molecular geometry (in this cabeomine substitution) can have a profound influence on the
structuralproperties of the lovwlemperature phase in such materi&lsis observation reflects
the fine energetic balances that pertai such materials and the role of small and subtle

changes in intermolecular interactions involving the host and guest components.



Chapter 5 reports the first definitive demonstration tife phenomenon oK-ray
birefringencereporting amaterial that elibits essentially ideal birefringence behaviour at X
ray energies near the Br-&dge. The designed material, thddrbmoadamamaine/thiourea
inclusion compound givesexperimental behaviour in excellent agreement with theoretical
predictions for the dependee of transmitted Xay intensity on both Xay energy and
crystal orientation. The results vindicate the potential to exploit this phenomenon to establish
a detailed understandj of molecular polarization, particularly as an experimental strategy
determine the orientational distributie of specific bonds in solid&r example, in the case

of partially ordered materials or materials that undergo edtberder phase transitions.

Building upon the fundamentally important observations of ChapteChapter 6
demonstrates that measurements @b)X birefringence can be used to characterise changes in
molecular polarization and bond orientation in an anisotropic material. For the
bromocyclohexane/thiourea inclusion compound, measurementsray Kirefringence are
used to determine the changes in the orientational distribution ofi el©nds of the guest
molecules, associated with an ordigsorder phase transition in this materiBestfits to
simulated data based on a structural model were perforieding quantitative structural
information on the guest molecules to be established. The structural properties determined
from X-ray birefringence correlate exquisitely with those obtained independently from
diffraction data, demonstrating the validby the structural model and the reliability of this
novel experimental technique. These observations represent the basis of a new technique for
determining information on the structural properties of materials, where diffraction methods
may be unsuitableThe technique has huge potential to be utilised in the exploration and

discovery of new materials and in principle could be applied to any anisotropic system.

In Chapter 7, the first example of an incommensurate thiourea inclusion compound is
reported X-ray diffraction studies reveal that the tunnel inclusion compound formed between
1-tert-butyl-4-iodobenzeneand thiourea has an incommensurate relationship between the
periodicities of the host and guest substructures along the tunnel axis, represerfinsg the

reported case of an incommensurate thiourea inclusion compound.



Finally in Chapter 8, some general conclusions and outlooks for the field are stated.
This chapter conveys some of the overarching concepts and questions which motivated the
diverse stdies presented in this thesis and also expresses some thoughts on the future outlook

for the field.
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Chapter 171 Introduction

1.17 Inclusion Compounds

An inclusion compound is a type of chemical entity in which one chemical species (the
guesj is enclosed within another chemical species (tbg). The association between the
host and guest components is dependent orcawalent interactions and typiba the size
and shape of the host and the guest species determines whether inclusion will occur. A great
number of inclusion compounds are known, exhibiting considerable diversity in both their

chemical nature and their structural characteristics.

1.1.17 A Historical Perspective

The history of inclusion compounds dates back to the discovery of zeolites by early
mineralogists! and to the pioneering studies of D&¥lyand Faraddy on clathrate hydrates.
Following the researches of Davy and Faradayigaifscant number of important inclusion
compounds were discovered, including the graphite interc&lated841, the cyclodextrin
inclusion compound® in 1891 and the choleic acid inclusion compolfhdim 1916.
However, Daviest al point out’ tha "at the time of their preparation, the nature of these
compounds was unknown". Indeed, for many years, the structural features of these curious

non-stoichiometric materials remained a mystery.

However, this situation changed with the landmarka}( diffraction work of Powell in
the late 1940s, who was the first to elucidate the exact nature of the clathrate structure. In the
preceding century, researchers like Wokleglemm® and Myliud'® had observed that when
hydroquinone was crystallised from t@n volatile liquids, unusual stable "complexes" were
formed. Mylius proposétf’ that these complexes consisted of two components in which one
molecule was enclosed within the otH&YIt was observed that the dry complexes had no
smell of the volatileguest component; however, when the complexes were heated or
dissolved in water, occluded gas molecules immediately evolved as the inclusion compound
decompose#?™¥ indicating that the host and guest components were interacting without
chemical bondingFollowing these observations, between 1945 and 1950 Powell reported the

structures of various hydroquinone compoufiti€! beginning with the S@clathrate of

1



hydroquinoné***”! He found that the inclusion compounds were based on aligageost
structure formed from three hydrog&onded hydroquinone molecules, within which one

molecule of the liquid or gas is included.

Powel | 0s di scoveries mar k ed a pivot al
chemistry and according to WeB& "openedup a whoké new science of the study of
inclusion phenomena”. Following this breakthrough, interest in the field of inclusion
chemistry gained significant moment um, as
others to begin exploring the intriguing physideemcal properties of these materials in
detail, a quest which was facilitated by simultaneous advances in new characterisation
techniques such as-pay diffraction. Researchers were not only attracted to the interesting
fundamental properties of these maikyi but also to their significant potential for
exploitation in wider applicatiod8® Indeed, inclusion compounds have been utilised in a
wide variety of technologies, including applications in molecular separation prdtEsses
and chromatograpH§?3¥ as crystalline “reaction vessels" for performing unique
regioselective and stereoselective reactfh®! as media for storing unstable spetiéé
and as sensol¥! Inclusion compounds have also shown significant potential for use as gas

storage material®** and as optoelectrical devicés.*!

1.1.27 Classification

Inclusion compounds can be broadly classified into two main fH&5The first type
comprises molecular inclusion complexes, in which the host is a molecule cantsomre
form of cavity within which guest molecules can be included. Examples of the host
component in molecular inclusion complexes are crown ethers, cryptands, cyclodextrins and
calixarenes. Typically, such molecular hgsiest complexes exist as assadaentities in
both the solution and solid statés.the second type, the gatemolecules reside within the
"inclusion spacésof a crystalline host solid, which is comprised of a netwafrkliscrete
subunits (i.e., molecules, atoms or ions), which sadisemble through norcovalent
interactionsupon crystallization. These compounds are known as solid inclusion compounds

andthe association between the host and the guest is strictly a solid state phenomenon. The



cavities present within these crystallineshastructures exhibit a wide range of topological

forms, such as cages, tunnels and interlamellar regions within layered hosts.

Solid inclusion compounds can be further subdivided into two categories by considering
the response of the host solid to the ogal of the guest species. In one type, the host solid
remains stable upon removal of the guest species, as is the case with many inorganic inclusion
compounds (e.g. aluminosilicates, aluminophosphates, metalloaluminophosphates,
cyclophosphazenes, metalattogenides and metal phosphonates). In these cases, the host
structure is commonly referred to as a "hard" host. In the other type, the host solid collapses
upon removal of the guest species, as is the case with most organic host materials, which are
comnonly referred to as "soft" hosts [e.g. urea, thioureaprthio-thymotide (TOT),
deoxycholic acid (DCA), cholic acid and perhydrotriphenylene (PHFig);11]. This thesis
is concerned with organic solid inclusion compounds and is particularly focussbd area

and thiourea inclusion compounds.



H,N NH, H,N NH,
urea thiourea
H;C /CH3
R=——CH
(0) CH,
R R
(0] 0] (0)

(0] CH;

CH;, (0]
R

tri-ortho-thymotide
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Figure 1.1. Molecular Structures of some organic molecules that form host structures in solid
inclusion compounds: urea, thiourea, -tmtho-thymotide (TOT), perhydrotriphenylene
(PHTP) and deoxycholic acid.



1.27 Urea Inclusion Compounds

1.2.17 Discovery and Motivation for Early Research

Urea inclusion compounds were discovered accidentally by BEAgeri940 while he
was investigating the ability of urea to separate out the fats in milk. After addimgdrdps
of octanol to the mixture to achieve better separation, he observed that crystals were formed at
the oilwater interface. These crystals turned out to be the inclusion compound of urea and
octanol. Later studies by Bengen and Schlenk demonsffatédhat urea forms inclusion
compounds with many aliphatic straigtitain hydrocarbons provided they possess six or
more carbon atoms. Due to the specificity of urea in complexing almost exclusively with
straightchain hydrocarbons and their derivaiyeesearch was initially focussed on utilising
these materials in separation technologies. Indeed, numerous patents wel& ¥dsetating
to the use of urea inclusion compounds for separating linear and branched hydrocarbons
relevant to the petrolen industry. To date, there have been over a thousand papers and
patents published on urea inclusion compounds exploring a wide range of fundamental

properties and applied aspects.

1.2.27 Structural Overview

X-ray diffraction studies have sholth® tha the host structure in urea inclusion
compounds comprises an extensively hydregended network of urea molecules that form
an array of parallel, nemtersecting, onglimensional hexagonal tunnels within which the
guest molecules are densely packeédg.(1.28). The vast majority of urea inclusion
compounds (containing different types of guest molecules) possess the same host structure
under ambient conditions, and are referred to as "conventional” urea inclusion compounds.
Conventional urea inclusion cgmounds are characterised by a hexagonal tunnel structure
made up of a helical hydrogdionded arrangement of urea molecules which is hirdl
(Fig. 1.2b). The diameter of the urea tunnels varies from about 5.5 A to 5. 8 A along the
tunnel axis and #space group is P& (righthanded helices) or B& (lefthanded helices)
with the following lattice parametera=b° 8.2 A,c° 11.0 A,U=b=90° ancb = 120°. The



urea host structure is unstable if the guest molecules are removed, whereupon it collapses to

the tetragonal form of pure urea, which does not contain tufihéfs.

Figure 1.2. (a) Crystal structure of the hexadecane# inclusion compound (with van der
Waals radii) at ambient temperature, viewed along the tunnel a@zgi$¢, showing the dense
packing of guest molecules. The guest molecules have been inserted into the tunnels
illustrating orientational disorder (Figre taken from Ref.56]). (b) Crystal structure of the
1,10dibromodecane/urea inclusion compound at ambient temperature, viewed perpendicular
to the tunnel axis (axis) showing the helical hydrogéionded arrangement of urea
molecules that make up thenhel structure (crystallographic data taken from R8(] ).

1.2.3i Periodic Structural Properties

Another characteristic feature of conventional urea inclusion compounds is that they are
incommensurate structures. Conventional urea inclusion compoundbitexan
incommensurate relationship between the periodicities of the host and guest substructures
(denotedc, andcy respectively) along the tunnel axiig. 1.3)°*° and therefore there is no
"structural registry®®! between the host and guest péitities in this direction. In classical
terms, an inclusion compound is incommensurate if there are no small inegeds) for

which pa, © gcg, and is commensurate if this equality is satisfied by sufficiently small integers



p andqg. In an incommensuta inclusion compound, the ratea:cy is not equal to a rational
number®! A more rigorous description of commensurate/incommensurate behaviour has
been developed indR[59], including a distinction based on energetic characteristics. One of
the imporaint conclusions that came out of this study was that, in an incommensurate
inclusion compound, the energy of the inclusion compound is "essentially independent of the
position of the guest substructure relative to the host substrubflirerhich impliesthat
activationless translation of the guest substructure along the tunnel is possible. This feature
has been exploited in a number of studies investigating the transport of guest molecules along

the tunnels of urea inclusion compouffas?

A small numler of inclusion compounds formed between urea and specific guest
molecules  display commensurate  structurege.g.  1,6dibromohexane/urdd”
sebaconitrile/uréd’a n d t h e wi( Ualkanediohe/u@d family]. In these materials
the host structures often distorted from the hexagonal tunnel structure showmirl.2 to a
lower symmetry, and there is significant energetic docketween the host and the guest
substructures. For the incommensurate systems at ambient temperature and pressest, the g
molecules typically have significant motional freedom within the tunnels and exhibit rapid

reorientation about the tunnel axis and translation along the tunnel axis.

Ag

Figure 1.3. Schematic representation of three adjacent tunnels in a urea inclosmopound
viewed perpendicular to the tunnel axis (with the tunnel axis horizontal). The tgrogsucd

gy are defined. The schematic shows @tommensurate relationship between the
periodicities of the host (cand guest (g substructures along thertnel axis.

7



1.2.47 Guest Molecules

Due to therestricted diameteof the hosttunnel, urea inclusion compounds are only
formed wth guest molecules based on a sufficiently laongranchedlkane chain, witlonly
a limited degree ofubstitution permittedExamples of appropriate guest molecutas
al kanes and de rw-dihaldalkanesg)w-atkane hlicarbosgylic @gids and
terminally substituted carboxylic acids, acid anhydrides, diacyl peroxides, alcohols and

alkanones.

In many urea inclusion compoundthe guest moleculesxhibit enoudy positional
ordering to allow an average thrénensional guest lattice to be defided’® Thus there are
well-defined positional relationships between adjacent guest molecules both within the same
tunnel and between neighbouring tunnels. Theseioekitips are described by the terogs
a n dy, Wigerecy is the periodicity of the guest substructure along the tunnel axis (which
depends only on the |l ength of the gjgetessot mol
the offset, along the tunnel axis, between the centres of mass bfhgpiesules in adjacent
tunnels Fig. 1.3) . The yisfouna to befstroggly dependent on the nature of the
functional groups on t hey=gufer salkanefured iectusioh e .
compound$? and is independent of the value of whereas inUw-dibromoalkane/urea
compounds,” gy depends on the value of, wi t Jhandmr e | at g=tty/3bThe Xaay
diffraction patterns of urea inclusion compounds often display both discrete and diffuse
scattering from the guest componenteTimature of the diffuse scattering indicates that in
some regions of the crystal, the guest molecules are ordered only along the tunnel

direction®¥

One consequence of the incommensurate nature of conventional urea inclusion
compounds is that the symmetf the whole structure (taking into account both the host and
guest substructures) cannot be described by a-tlmeEnsional space group in the usual
manner. Instead an extra dimension along the tunnel axis is required to describe the symmetry
of the canposite structuf®’ in a fourdimensional superspace group. A more thorough
consideration of the symmetry properties of urea inclusion compounds in superspace groups

is provided inRefs.[61, 76, 77]



1.2.57 Phase Transitions

Most conventional urea indion compounds undergo an ordisorder phase
transition at low temperature. Both the structffaf' and dynami&>®® aspects of these
phase transitions have been investigated in detadl fork a n e / umdibramoalkanke/urda
inclusion compounds using a variety of techniques. These phase transitions are associated
with a distortion of the hexagonal urea host structure to a structure of lower symmetry
(usually orthorhombic) in the low tema¢ure phase and a freezing out of the dynamics of the
guest molecules. The structural relationship between the host and the guest substructures
along the tunnel remains incommensurate across the phase transition. Although in qualitative
terms, most conveional urea inclusion compounds display similar phase transition
behaviour, the specific details of the structural changes associated with the phase transition

depend on the nature of the guest molecule.

Although several theories have been proposed taagxfihe phase transitions in urea
inclusion compoundgp date no unequivocal empirically derived mechanism descrthimg
transition exists. Using two different theoretical model®emberton and Parsonage
suggested” that the phase transition in alkarmefa inclusion compounds was due to a
correlation between the intratunnel and intertunnel ggesst interactions. However, their
theory was based on the assumption that there is no change in the host structure across the
phase transition, which was latsrhown to be incorrect?f | n
assumed that interactions between guest molecules in adjacent tunnels are insignificant.
Instead, he suggested that the phase transition in alkane/urea inclusion compounds is caused
by a change in thensount of conformational defects in the high and low temperature phases.

In the lowtemperature phase, the alkane guest molecules exist predominantly inttaesall
conformation, whereas in the higdmperature phase conformational defects are present.
LyndenB e | modled® emphasises the importance of hgsest interactions to the phase
transition behaviour. According to her model, orientational ordering of guest molecules in the
low temperature phase is caused by coupling between transverse adoustiogof the host

structure and the orientational order of the guest molecules.



1.37 Thiourea Inclusion Compounds

Thiourea also forms solid inclusion compounds with a tunnel host stridttiit¢Fig.
14). However there are a number of key differescbetween the structural properties of
thiourea and urea inclusion compounds. Unlike the urea tunnel, which has a fairly uniform
crosssection on moving along the tunnel, the thiourea tunnel contains prominent bulges
(diameterca. 7.1 A) and constrictiongdiameterca. 5.8 A) at certain positions along the
tunnel”®°¥ and is therefore sometimes considered as a-typgerather than a tunnglpe
inclusion compound. Furthermore, the larger diameter of the thiourea tunnels means that it is
possible to incporate larger guest molecules encompassing a wider range of chemical types.
For example, the thiourea tunnel can accommodate guest molecules such as cyclohexane and
its derivatives, ferrocene and other organometallics, adamantane and various derivatives

thereof and compounds containing benzene riRgs 1.5).

Figure 1.4. Crystal structure of the cyclohexane/thiourea inclusion compound (with van der
Waals radii) at ambient temperature, viewed along the tunnel axagi$g, with the guest
molecules remeed for clarity (crystallographic data taken fraref. [102).
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Figure 15. Typical guest molecules that form inclusion compounds with thiourea: (a)
cyclohexane, (b) adamantane and (c) ferrocene.

1.3.17 Structural Overview

For most guest molecules (pattiarly those with a fairly isotropic molecular shape),
the structure of the thiourea inclusion compound is rhombohedral at ambient temperature and
the guest molecules are disordéf@dtypical space groupB; a© 15.51 16.2A, c© 12.5 A
(hexagonal &tting)]. Many thiourea inclusion compounds undergo a phase transition at low
temperature in which the rhombohedral structure transforms to a monoclinic structure, and the
phase transition is often associated with a change in the degree of ordering dywiathe

properties of the guest molecules.

Another important difference between urea and thiourea inclusion compounds is that
thiourea inclusion compounds typically have commensurate structures. In fact, only one
incommensurate thiourea inclusion compotmag been reported to date (see Chaptér'7).

The guest molecules in most thiourea inclusion compounds occupy specific positions along
the host tunnel, with one guest molecule per "cage" of the host structure. This situation
corresponds to a commensuregiationship withc, = 2¢4. With two guest molecules per unit
repeat distance of the thiourea host structure along the tunnel, the guest/thiourea molar ratio is

1:3.

Thiourea inclusion compounds containing planar guest molecules tend to have
monoclinic hat structures (e.g. 2d@methylbutadiené® and 2,3dichlorobutadiené” ) in
which the tunnel is deformed considerably from the rhombohedral tunnel structure of

conventional thiourea inclusion compounds and the guest molecules are usually ordered.

11



1.3.21 Phase Transitions and Dynamic Properties of Guest Molecules

Many of the characteristics of conventional thiourea inclusion compounds are
exemplified by the cyclohexane/thiourea inclusion compound, which has been studied
intensively®® % It is important to state that, although this material illustrates the type of
behaviour that can be observed in thiourea inclusion compounds, the specific details of the
physicachemical properties (including the dynamic properties of the guest molecules and the

phase transition behaviour) depend on the specific guest molecule.

Cyclohexane/thiourea is known to exist in three distinct pH#8é8 At ambient
temperature, the host structure is the conventional rhombohedral thiourea tunnel Sffucture
with spae group Rc [a = 15.83 A,c = 12.46 A (hexagonal setting)]. The stable phase at
ambient temperature (phase 1) undergoes a sewoled phase transition aa 148 K to
produce phase 2, which then undergoes adndér phase transition to phase at127 K.

Both phase 2 and phase 3 have monociimetric symmetry with space group;R2

The guest molecules in the cyclohexane/thiourea inclusion compound are highly
disordered solid-state *H NMR,%1% B3c NMR[IY 2H NMR 102105106 jncoherent
quasielastic neutron scatterfif **® and molecular dynamics simulatithd have
demonstrated that the disorder of the guest molecules is dynamic in character. Detailed
insights into the dynamic properties of the guest molecules establistef.ja02]. found
that, the disorder of the guest molecules in phase 1 can be described in terms of a model of
jumps of the molecular £axis between six orientations of equal probability (in accordance
with the D point group symmetry of the site occupied by dyelohexane guest molecule
within the thiourea host structure), together with rapid reorientation of the cyclohexane about
its G axis. In phase 2, each cyclohexane molecule reorients among six inequivalent
orientations (with unequal populations as a eguence of the lowering of the symmetry of
the host structure), together with rapid reorientation about the molecybad<C An abrupt
ordering of the guest molecules takes place in phase 3, as the motion gattig I€lative to
the host structure bemes frozen; however, rapid reorientation of each cyclohexane guest

molecule about its £axis still occurs in phase 3.

12



1.3.31 Conformational Properties of Guest Molecules

Another interesting feature of thiourea inclusion compounds is that the guestlieslec
often adopt very uncharacteristic conformations when they are constrained within the thiourea
tunnel structure and this fundamental aspect has attracted particular attention from
researchers. For example, for monohalogen substituted cyclohexanesiritigind and
vapour phased?® a dynamic equilibrium exists between the axial and equatorial
conformers and invariably the equatorial isomer predominates due to the unfavourable
repulsive 1,3diaxial interactions that are present when the substiti® in the axial
position™”! Furthermore, in the pure solid state at sufficiently low temperature or high
pressure, these molecules exist exclusively in the equatorial conforfi&tidi. However, it
has been shown that when chlorocyclohexanenboyclohexane and iodocyclohexane are
included as guest molecules within the thiourea host tunnel structure, they exist
predominantly in the axial conformatidrthese results have been established from*fR?’!
Ramarf*¥! high-resolution soliestate *C NMR 25128 EXAFS spectroscopy” and

powder X%ray diffraction!**"!

The conformational behaviour of monosubstituted cyclohexanes included within the
thiourea host structure is known to depend strongly on the identity of the sub&ttukfit.
123,124, 12828 £or example, cyclohexanes containing Cl, Br, I, CN or NCO substituents exhibit
a strong preference for the axial conformer whereas cyclohexanes containing F, ©bt, NH

CHs exhibit a preference for the equatorial conformer.

A rationalization for the change in conformational behaviour displayed by
chlorocyclohexane when included inside the -dmeensional tunnels of an inclusion
compound was provided by Harris andworkers™* This behaviour was rationalized on the
basis of compamg the relative contributions d&na (the intramolecular potential for each
guest molecule, i.e., the energetic preference for the guest molecule to be in the axial or
equatorial conformation) angj/c, (the optimum guest periodicity, i.e., the packeftciency
of the guest molecules). The axial conformation can pack more densely within the tunnel,
which means thaty is smaller, giving a more favourable hastest interaction energy per

unit length of the tunnel in the case of the axial conformation.
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1.47 Applications of Urea and Thiourea Inclusion Compounds

Both urea and thiourea inclusion compounds exhibit a diverse range of fundamentally
important physicechemical properties which have been utilised in a number of applications,

some of which areriefly surveyed below.

As stated in Section 1.2.1, much of the early work on urea inclusion compounds was
motivated by the prospect of using these materials to separate linear and branched
hydrocarbons relevant to the petrochemical industry. Several essmplthe use of urea
inclusion compounds in industrial separation processes were presented by E3ttehly,
reported the use of these compounds in the separation and production of jet fuels, paraffins,
lubricating oil bases and speciality waxes. Hogrewurea inclusion compounds are no longer
used in these industries and have long since been superseded by zeolitic materials, which offer
numerous practical advantages in such applications. Nevertheless, the extractive
crystallisation potential of ureaglusion compounds continues to be utilised on the laboratory

scale by synthetic chemists to isolate linear molecules.

Both urea and thiourea inclusion compounds have also been exploited as environments
for carrying out chemical reactions involving the gueslecules. The reactivity of the guest
molecules in these solid inclusion compounds can often differ substantially from the reactivity
of the same molecules in dispersed phases, as described in a recent¥emwexample,
the highly confined regianof space within the urea and thiourea tunnel structures provide a
uniqgue medium in which highly stereoselective polymerization reactions may be carried out
(Fig. 1.6). Many studies have exploited the constrained spatial environment of these inclusion
compounds to control the production of polymers with remarkable regularities (which could
not be achieved by conventional dispersed phase syntheses). In their seminal studies, Brown
and Whité"? found that highly stereoregular crystalline polymers ofditBethylbutadiene
and 2,3dichlorobutadiene could be produced upon irradiation of the thiourea inclusion
compound containing the monomer molecule as the guest species. -Tradpblymer was
produced exclusively in both cases, in contrast to the resttished for the same reaction in
other phases (Fig. 1.%?.3] Similar highly stereospecific polymerisation reactions involving

smaller monomers have also been observed in urea inclusion compdtinds.
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Figure 1.6. Schem#c of a tunnel inclusion compound showing the packing arrangement of
guest monomer molecules (e.g.-@i@ethylbutadiene, R = G312,3-dichlorobutadiene, R =

Cl; butadiene, R = H) which are set up to undergo inclusion polymerization favouring the
formation of the 1,4trans-polymer.

Thiourea inclusion compounds have been shown to displaylimear optical
behaviour, indicating that they may have the potential to be used as optoelectronic devices.
Tam and ceworkers observef>*? that thiourea inclusiorcompounds containingertain
organometallic guest molecules exhibit second harmonic generation (SHG), i.e., the
frequency doubling of light as it passes through a material. For a crystal to exhibit SHG, the
constituent molecules must have high seeorter hyperpolarizabilty( b ) and the
structure must be necentrosymmetric. We note, that although conventional thiourea
inclusion compounds have centrosymmetric structures (crystallizing in3bespaice group,
containing an inversion centre), thiourea inclusion comgsurcontaining certain
organometallic guest molecules crystallise in unconventionatantrosymmetric structures.

The tunnel structure of these thiourea inclusion compounds provides an environment in which
guest mol ecul es ( wi t hignkd irgd noreeatlosyransetriconhannér,) ma

thus satisfying both of the criteria for SHG. In a number of thiourea inclusion compounds the
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dipole alignment of organometallic guest molecules was found to be favoured and these

compounds exhibited significant SHG.

Ured™®® and thioure&®®**"! inclusion compounds containing certain guest molecules
have been found to be stronglyrXy dichroic, i.e., Xrays with polarization parallel to a
certain axis in the material are preferentially attenuated oveayX with polarization
perpendicular to this axis. These materials have been applied successfullpyaslighroic
filter materials and have been shown to have considerable potential in applications such as
magnetic Xray scattering®! and Xray polarimetry®*”! Very recenthf!*¥ the related
phenomenon of Xay birefringence has been observed in tHedmoadamantane/thiourea
inclusion compound (Chapter 5) and this physical property has been applied to characterise

aspects of the phase transition in bromocyekame/thiouregChapter 6).

Other applications include using the confined tunnel structures of urea and thiourea to
increase the stability of readily oxidised substances for easier storage and Hartdfifit§
and to orient guest molecules in unust@iformational states to enable spectroscopic studies

to be carried out*!!

1.57 A Guide to this Thesis

Building upon the foundation of these previous studies, this thesis explores new
research directions in organic solid inclusion compounds, repdrtipgrtant new insights
into the behaviour of urea and thiourea inclusion compounds. In particular the thesis
examines; the crystal growth characteristics of urea inclusion compounds (Chapter 3), the
subtle structural features which effect phase transibehaviour in thiourea inclusion
compounds (Chapter 4), the phenomenon efax birefringence (Chapter 5) and its
application in characterising changes in molecular polarization associated with phase
transitions in thiourea inclusion compounds (Chaptexn@) aperiodicity in thiourea inclusion
compounds (Chapter 7). In Chapter 8, some general conclusions are stated alongside a brief

analysis of the outlook for the field.
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Chapter 217 Experimental Techniques

This chapter describes thackgroundheory of the techniques that have been used in
this thesis, namely,singlecrystal Xray diffraction powder Xxray diffraction, Raman

microspectrometry and differential scanning calorimetry (DSC).

2.11 X-ray Diffraction

X-ray diffraction is the most commonly used and most powerful physical
characterization technique for determining the structure of crystaliings. The technique is
used to determine precisely the atomic positions, bond lengths and bondiargylaystal.
The main limitations of the technique are that there is a strict constraint on the type of
materials that can be studied (i.e., only ailste solids) and furthermore, it provides a time
averaged and spaeeeraged representation of a structure and therefore cannot be used to

identify defects or dopants within materfdlsr used to follow fast dynamic processes.

2.1.17 Fundamentals dbiffraction

Diffraction involves the elastic scattering of radiation by matter and arises from
constructive or destructive interference between two or more waves that have passed through
a diffraction grating. For diffraction to occur, the wavelength efititident radiation must be
of the same order of magnitude as the periodic repeat distances in the scattering object. Thus,
X-rays (0.1i 100A) are ideally suited for being diffracted by crystalline solids which consist
of atoms, molecules and ions witkeriodic repeat distances of the order of a few Angstroms
to several tens of Angstrom$he relative amplitudes and phases of scatteredyX are
characteristic of the scattering object, constituting a unique "fingerprint" of the object.
Structural infornation of an object is thus "carried" in the relative intensities and phases of the
radiation being scattered from4twhich is the fundamental reason why the phenomenon of

X-ray diffraction can be applied to determine the structure of materials.

2.1.21 CrystalsandSymmetry

A crystal comprises a very large number of atoms, molecules or ions arranged

periodically in threedimensions to give a highly ordered structure. The basic -three
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dimensional repeating unit of a crystal is the unit cell, and maygsenone or more atoms

or ions, a molecule, or an assembly of molecules. The whole crystal structure can be
constructed by replication of a single unit cell, by translation in {tir@ensional space. The

unit cell is defined by three axis lengths, dedaeb andc and by the angles between them,

U b ando (whereUis the angle betwedmandc, b is betweera andc andois betweera and

b). The lattice parameters thus define the size and shape of the u(Hig&ll).

Figure 2.1. A representatiorof the unit celldefiningthe three latticdengths a, b andc and
the angles between t hem, U, b and 9.

All crystalline solids can be arranged into seven crystal systems (triclinic, monoclinic,
orthorhombic, tetragonal, trigonal, hexagonal and cubit)ich correspond to the seven
possible ways of arranging thrdamensional unit cells in space. When these seven crystal
systems are combined with the primitive or centred unit cell choices, 14 permissible Bravais
lattices are producedl. The various posisle symmetry elements in the solid state can be
arranged on these 14 Bravais lattices in only 230 ways. These are the 230 space groups, which
are the 230 distinct combinations of symmetry elements that are possible given the

geometrical requirements otlreedimensional latticé’!

2.1.3 Diffraction byCrystals

X-rays are scattered by the electrons of atoms which make up a crystal and due to their
internal periodic structure, crystals act as thitmeensional diffraction gratings to-pays.
Thus, when Xrays interact with a crystal, a diffraction pattern is produced consisting of a
series of discrete maxima. Diffraction only occurs at specific orientations of the crystal when

the conditions for constructive interference are satisfied (see Section 2.1.5).
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Information on the structure of an object is carried in the relative intensities and phases
of radiation scattered from it and thus a diffraction pattern acts as a unique "fingerprint" of the
scattering object. For instance, a macroscopic object is @ssevhen visible light rays
scattered from the object are instantaneously recombined on the retina to form an image of
that object? However, in the case of -Kay diffraction, the scattered-dMys cannot be
recombined with a lens. This means that theatition experiment must be divided into two
main stages: (i) recording a scattering pattern using a detector; and (ii) mathematical
recombination of the scatteredr®ys by computational techniques to determine structural

information.

It is important to nte the reciprocal relationship between the diffraction pattern and the
crystal structure. The lattice of the diffraction pattern is called the reciprocal lattice because it

is related to the direct lattice by reciprocal distances and perpendicularotisecti

2.1.41 X-ray Crystallography

X-ray crystallography involves the determination of the lattice parameters and the
atomic content of the unit cell. The complete crystal structure can be defined by knowledge of
the unit cell dimensions and its contersigsice the unit cell is repeated in all dimensions of the
crystal by translation. It is important to note thatrays are scattered by electrons and
therefore Xray crystallography involves determination of the electron density in a crystal
(rather than tb positions of the nuclei), which is interpreted in terms of the positions of
atoms. The atomic positions, bond distances and bond angles etc., can thus be inferred from

the electron density distribution.

An X-ray diffraction pattern is characterised byeth key features; (ijeometryi a
series of discrete sharp spots at particular positions in reciprocal space, corresponding to the
restricted directions in which -Xays are diffracted by the thre@mensional lattice, (i)
symmetryi rotation, reflectionand inversion symmetry in the positions of the spots, (iii)
differing intensitiesof the Bragg maxima. Each of these features of the diffraction pattern is
related to a feature of the crystal structure. §hemetryof the pattern is a consequence of
the aystal lattice and unit cell geometry. Tegmmetryof the diffraction pattern is related to

the symmetry of the crystal structure and is expressed in its crystal system and space group.
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Theintensitiesof the diffracted beams are related to the positadriee atoms within the unit
cell, i.e., by the geometry within the molecules themselves and by their arrangement within

the unit cell.

2.1.51 The Geometry oK-ray Diffraction: Braggbs Law

In his experiments on a crystal of copper sulphate in 19412 | aue demonstrated
that crystalline solids behave as three dimensional diffraction gratingsagsXHowever, it
was W.L. Bragg, along with his father, W.H. Bragg, who was the first to utilise the
phenomenon of Xay diffraction to determine the sttuce of a crystaf® for which they

were awarded the Nobel Prize in Physics in 1914.

Bragg showed that the angular distribution of diffracteth)s could be rationalised by
assuming that the scatteredrays behave as if they are reflected by setsaoélfel planes
passing through lattice points in the cry$talthis model is analogous to the reflection of
light by a mirror in that the angle of incidence must be equal to the angle of reflection.
However, unlike the reflection of light from a mirro¢;ray diffraction only occurs at specific
orientations of the crystal, when the conditions for constructive interference are satisfied.

Figure2.2gi ves an il lustration of Braggobs | aw.

Incident X-rays Diffracted X-rays

D H
q h
dhk,‘ G
L @ o
F
dsing | dsino
—) (> > (> < - (e
— ® r ‘ <y y @ hkl planes
Figure22.Schematic il lustrati on torfoft®oXaagsgronsa | aw

set of parallel lattice planes.
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The diagram(Fig. 2.2 shows a set of parallel lattice planes which are assigned with
Miller indices hkl (defining the orientation of the planes with respect to the unit cell edges)
and an interplaar spacingln, with a parallel beam of Xays incident to the lattice planes at
an anglad. For the reflected Xay beam# and Dto be diffracted with noizero intensity,
constructive interference must take place and thus the two diffracted raybamsictly in
phase with each othdfor the rays to stay in phase, the difference in path |dregtheen the

two beams (EF + FGyust be equal to anteger numbem, of wavelengthss:

Path difference = EF + FGrF & (2.1)
FromFig. 2.2it is clear that
EF = FG =dysind, (2.2)
and thus
Path differencen & 2d s ingn d (2.3)

This is the Bragg equation which describes the geometric conditions that must be fulfilled to
observe a diffracted -Xay beam. For angles other than the Bragg angle, therechieaays

are out of phase with each other and destructive interference occurs. The Bragg equation is
the basis from which the geometry of the unit cell can be determined from the diffraction

pattern.

2.1.61 The Intensities of Diffracted Xays the Stru¢ure Factor

The Bragg equation allows the geometry of the unit cell to be obtained from the
geometry of the measured diffraction pattern; however this does not tell us anything about the
arrangement of the atoms within the unit cell. The positions oatibras (or more precisely
the electron density distribution) within the unit cell are related, not to the geometry, but to
the relative intensities of the peaks in the diffraction pattern. Each reflection in a diffraction
pattern can be associated with am@al | tFRbdd€ wihi ch i s proportiona
the intensity) and a phask both of which depend on the positions of the atoms within the
unit cell. If the amplitudes and phases of each reflection in the diffraction pattern could be
measured tn the arrangement of atoms within the unit cell could be calculated automatically

and, together with the unit cell geometry, provide the crystal structure. This relationship
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between the amplitudes and phases of the reflections and the electron detrdiytidis
within the unit cell is described by trstructure factor[Eq. (2.4)]. Before we define the
equations which relate the-pay diffraction pattern to the crystal structure we first need to

consider some fundamentals.

X-rays interact with the elecins in an atom and thus, as the number of electrons on an
atom increases, it scattersrXys more strongly. Thecattering factor(f) provides a measure
of the scattering effectiveness of an individual atom and depends on the atomic number (i.e.,
the numbe of electrons), the scattering angld) @nd the wavelength of radiation. The
scattering factor decreases as the Bragg angle is increased, due to an increase in destructive
interference effects at higher angles. Each symmetry independent atom in the crystal structure
is described by its atomiscattering factorf), a displacement parametdd)(and three

coordinates specifying its positior, {, ).

When an object scatters radiation, the scattering pattern is related to the scattering object
by Fourier transformation. Thus, anrrXy diffraction pattern is the Fourier transform of the
crystal structure (thdéorward Fourier transform and the crystal structure is the Fourier

transformation of the diffraction pattern (treverse Fourier transforin

Each reflectionl{kl) in a diffraction patteris the resultant of the waves scattered by all
the individual atoms in the unit cell, in the particular direction specifiedhkd) é&nd is
described by thetructure factoiF(hkl). The structure factor depends on the position of the

atom within the unitell and its atomic scattering factor and is given by the forward Fourier

transform:
. & 8p™,sin’ g 8 ,
F(hk) =a f; (%kl)emg /2 (-jeXp[Zp'(hXj +ky, +1z;)], (2.4)
i c -

wheref; is the scattering factor for th& atom in the unit cell,X, y;, ) are the fractional
coordinates of atomwithin the unitcell andU; is the isotropic displacement parameter of the
atom. This equation can be used to calculate the expected diffraction pattern from any known

crystal structure.
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The opposite process of determining the electron depéiiyyz) of a crystal structe
from the diffraction pattern is achieved using the reverse Fourier transform, given in the
expression below:

r(xy2 :\% a |F(hk|)| @xp[i f (hkD] @xp[- 20i(hx+ky+12)], (2.5)

h,k,l

where the terms are the same as Eq. (2.4), excepV tlkahe unit cell volume ang is the

electron density.The equation shows that theoretically, information from the diffraction
pattern can be used to obtain the electron density of the crystal structure. However, this cannot
be achieved directly BBk dusod drmley rtelframea mp lo
the measured intensities) and not their relative phases are obtained from the experimental
diffraction pattern. This is known as the "phase problem". Since the phases cannot be
measured, they must be calculated and two methods devised to overcoprelil@m are

discussed very briefly in Section 2.1.7.3.

2.1.71 Single CrystaK-ray Diffraction

We now consider very briefly how single crystalray diffraction data can be used to
determine the structure of a crystal. A singtgstal Xray diffractionexperiment results in
the detection of series of diffraction spots surrounding the central point of the beam,
corresponding to "reflections” from different lattice planes. Each reflection can be assigned a
set of indicesH, k, ), a relative intensity, and a value for the scattering angté Zhese data
are recorded using a diffractometer, which produces a structure factor am{itukig for
each measured reflection. Four fundamental steps are involved in structure determination
from singlecrystal Xray diffraction data: (i) obtaininghe unit cell geometry, (ii)
determining the symmetry of the structure (Laue group and space group symmetry), (iii)

structure solution and (iv) structure refinement.

2.1.7.17 Obtaining the Unit Cell @ometry

The six unit cell parameters, (b, c, U, b, 9) are typically determined from a subset of
high intensity reflections. Indexing of these reflections is performed using indexing programs

based on the Bragg equation, which take into consideration the positions of the diffraction
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maxima. The calculated tate parameters are subsequently refined by least squares

refinement.

2.1.7.21 Determining the gmmetry of theStructure

The correct Laue group (which determines the crystal system) can be assigned by
comparing the intensities of reflections to assebgchvsets of reflections are symmetry
equivalent (i.e., with the same structure factor amplitudes). Once this has been accomplished,
the correct space group (or a small set of possible space groups) can be assigned by
considering systematic absences. Syst&c absences are reflections that have zero intensity,
caused by the presence of translational symmetry elements, like screw axes and glide planes

and by unit cell centring.

2.1.7.31 Structure Solution

This part of the process involves determining fibsitions of the atoms in the unit cell,
using the reverse Fourier transform [Eq. (2.5)]. The reverse Fourier transform uses the
amplitudes |[F(hkl)] and phasedi of each reflection to determine the electron density
distribution inside the unit cell, and e the atomic positions. However, although the
intensities (and thereby the amplitudes) can be measured, the relative phases are unknown.
This means that calculation cannot be carried out directly. The two methods most commonly

used for calculating the pkes are the Patterson synthesis and Direct methods.

The Patterson synthesis is useful for structures containing a small number of heavy
atoms and involves performing the Fourier transform of the squared amp|Fdadd}, with
all the phases set toroe[Eqn. (2.6)]:

r(xy? = \% a |F(hk|)|2 @xp[- 2pi(hx+ky+12)] . (2.6)

h,k,I

The Patterson map produced from this procedure resembles an electron density map, but, in
this case the peaks correspond to vectors between pairs of atoms with the strongest peaks
indicating the vectors beten the heaviest atoms. Other Fourier methods are often adopted to

locate the positions of the lighter atoms in order to complete the structure. The Patterson map
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becomes very congested if most of the atoms in the structure have similar atomic numbers

(i.e., in organic structures) and in this case, Direct methods is the preferred approach.

Direct methods uses a statistical approach to try and predict the phases of reflections
just from their measured intensities. The approach is based on the fact thécthene
density within the unit cell represents a positive probability distribution and is concentrated
into certain compact regions. This imposes strict constraints on the relationships of the phases
of different reflections. IrDirect methodsthe mostmtense reflections are selected as these
contribute the most to the Fourier transform. The probable relationships between the phases of
these reflections are calculated and a range of different possible phases are trialled to assess
how well they satisfytte probability relationshipg:ourier transformsalculated for the most

promising trials are then analysed to see if they correspond to known molecular features.

2.1.7.4i Structure Refinement

The result of structure solution is to give the approximatatijons of the atoms in the
unit cell. Structure refinement involves optimising these positions by least squares refinement,
to find the best agreement between the observed and the calculated diffraction patterns. To do
this, the amplitudes of the obsedve Flb and caFltuldafédadbdti on p
compared, as the struklt uaraé¢ pamriaendtt elTbe apht
refined are the positiong,(y, 2) and the vibrations (displacement parametgd)yxf the atoms.
Changes made tchte se par ameter s i nevi Elab | yRHagtar o d u c
("reliability factor"), defined below, gives a measure of the "goodness of fit" between the
calculated and observed data and would typically be less than 5% following structure

refinement.

3 1006 2.7)

2.1.7.51 Rotation and OscillatioRhotographs

Throughout this thesis, singlgystal X-ray diffraction oscillation photography has been

employed as a method for determining the periodic structural properties of inclusion
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compunds (see Chapter T rotation and oscillation photographize crystal isnounted on

the goniometer head and is rotated continuously (rotation photograph) or oscillated through a
defined angle (oscillation photograph) around a specific axis in dipacte (usually one of

the unit cell axesy! The resultant diffraction pattern, traditionally recorded using a piece of
cylindrical photographic film surrounding the crystal, is now recorded using a CCD detector.
Typically, the crystal is rotated aboutimect axis orientated perpendicular to the incident X

ray beam, for instance the-axis. In this case, the@*b* reciprocal lattice plane is
perpendicular to the-axis and hence perpendicular to the axis of rotation. As the crystal is
rotated, successivpoints along the reciprocal lattice are orientated in a manner which
satisfies the geometrical conditions for diffractiband Bragg maxima are detected. The
observed diffraction spots lie along a series of diffraction cones which -adalavith thec-

axis™'? If the traditional photographic method is used, the film is unrolled and the diffraction
spots lie on a series of straight lines, which correspond to the points at which the cones of
diffraction intersect the filmlf an area detector is useitie lines on the rotation photograph

are slightly curved at higher angles due to the flat face of the detectora*bheplane
contains thel = 0 reflections (normal incidence) and the= 1, 2 etc. reflections lie in
equidistant planes parallel to it amerpendicular to the axis of rotation. These lines of
reflections are known as "layer lines" and the spacing between these layer lines gives, in this
case, the length afaxis of the unit cell. An example of an oscillation photograph is given in

Fig. 2.3.
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Figure 2.3. Singlecrystal XRD oscillation photo for 1,ifliododecane/urea at 290 K. The
single crystal was oscillated about the tunnel axisXis; parallel to ¢ and g) with an
oscillation range = 30°. The photograph shows two wiggtishable setsf diffraction 'layer
lines' with different periodicities along the tunnel axis (vertical), attributed to the guest
(diffuse scattering) and host (discrete spots) substructures of the urea inclusion compound.

2.1.7.6i Instrument and Methodology Details

The singlecrystal Xray diffraction data in this thesis was collected on a Nonius Kappa
CCD diffractometer wusing a g¢gr aphisMeKUjonoch
0.71073 A). The instrument was equipped with an Oxford Cryosystems cooling apparatus
Crystals were mounted onto a glass fibre using an adhesive. Data collection and unit cell
refinement were carried out using COLLEETand HKL SCALEPACK!? Data collection
was applied using HKL DENZO and SCALEPACHY. The structures were solved using
Direct methods (Sir9®y! and refined with SHELXS97' via the software interface
WinGX.*®! Absorption corrections were performed using SORTARVAII non-hydrogen
atoms were refinedith anisotropicdisplacement parameterghile the hydrogen atonvgere

inserted in idealised positions withs, set at 1.2 or 1.5 times thedéf the parent atom.

2.1.87 Powder Xxray diffraction

Crystal structure determination fronoyader X-ray diffraction is a powerful tool that
can be carried out when single crystaf suitable size and quality for singleystal

diffraction are unavailable. A powder contains a large number of small crystals randomly
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oriented with respect to one another. When monochromatayX are incident upon such a
sample, diffraction occurfsom lattice planes within individual crystallites which are oriented

in a manner which satisfies the Bragg equation, and the diffracted beams are atdaingtas 2

the incident beam. Since the individual crystallites are oriented in all directions sthilst
maintaining the Bragg condition, cones (instead of spots) of individual reflections are
produced wittrsemiapex angles of®(Fig. 2.4a). The result of using a polycrystalline powder
instead of a single crystal is to compress the tbnewnsional diraction pattern into one
dimension. As a consequence there is often substantial overlap of peaks in perager X
diffraction patterns, as a result of which, structure determination from poweeay X
diffraction data is significantly more challenging thiom singlecrystal Xray diffraction

data. Powder diffraction patterns are usually measured by an electronic detector and intensity
is recorded as a function of diffraction angle. A typical powder diffraction pattern is shown in
Fig. 2.4b. As is the cae in single crystal diffraction, the peak positions depend on the unit
cell parameters and the intensity of the spots relates to the electron density distribution within

the unit cell and the same four stages of structure determination apply.
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Figure 2.4. (a) Cones ofscatteredX-rays produced byach individualreflection from a
microcrystalline powder sampléb) A typical powder Xay diffraction pattern.

In this thesis, powder Xay diffraction has been used for identification and
“fingerprinting" of solid phases and for determination of their unit cell parameters, and thus a
discussion of the structure solution and structure refinement stages of the process is beyond
the scope of this chapter. We note that one of the advantages of powdstidiffthat has
been utilised in this thesis is that powderay diffraction is not affected by the occurrence of
crystal twinning, since individual twins simply behave as different crystallites within the
polycrystalline powder. This means that powdera) diffraction is ideally suited to studying

phase transitions at low temperature, which are often associated with twinning of the crystals.

2.1.8.11 Indexing the Powder Diffraction Pattern

The fist step following collection of the powder diffractioatal is hdexingthe powder

pattern. Thendexingstage involves determination of the unit gerametersa, b, ¢, a, b, 9
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using one of a range of aditadexing programs, such &B0,*”! TREOR!® DicvoL"® and

a Genetic algorithm program developedtire Harris grouf’® These programgrimarily
consider the peakat low diffraction angless peak overlap at higlangles is considerable.
Once the correct unit cell parameters have been deterntiedpace group can be assigned

by examining systematabsences.

2.8.1.21 Unit Cell Refinement

The Le Bail methdd is used to refine the unit cell parameters obtained from indexing,
if a high degree of accuracy is required. This method involves profile fitting of the diffraction
peaks and is operatedtine GSAS program packaffé.In Le Bail fitting, an approximate set
of lattice parameters together with the space group are input into the program. These values
give a predicted (calculated) set of peak profiles which are compared to the experimental
(observed) peak profiles using least squares refinement, from which a measure of the
"goodness of fit" is assigned (the proftRefactor, R, or the weighted profilér-factor, Ruy).
The input lattice parameters, peak profiles, zero shift and background arevahed
iteratively to obtain the best fit between the observed and calculated data. It is important to
note that in the Le Bail fitting procedure, the intensities of the diffraction peaks are arbitrary
and are treated asittable" parameters. This is tHendamental difference between Le Ball
fitting and Rietveld refinemeli®?? which is used for structure refinement, for which the

intensities of the peaks are dependent on the structural parameters.
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2.217 Raman Spectroscopy

The fundamental physicalabis of Raman spectroscopy is the inelastic scattering of
light, hence it is sometimes referred to Raman scattering The Raman effect was
discovered by Sir C. V. Raman in 1928 and has since been widely applied to study the
vibrational and rotational pperties of molecules. In this thesis, the technique of Raman
microspectrometry has been employed to map the chemical composition of urea inclusion
compounds containing binary mixtures of guest molecules (Chapter 3). Sections 2.2.1 t0 2.2.3
consider some ofthe fundamentals of Raman spectroscopy, which provide the theoretical
background for the more specialised technique of Raman microspectrometry discussed in

Section 2.2.4.

2.2.17 Rayleigh, Stokes andnii-StokesScattering

When incident photons of radi@n collide with molecules they can be scattered and if
the collision is perfectly elastic, the energy of the scattered radiation is equal to the energy of
the incident radiation Rayleigh scattering) This is the overwhelmingly most probable
outcome of ap collision event® 2% However, photons can also collide with molecules
inelastically, whereupon the photons impart some of their energy to the maeduémerge
with energyhn- DE. These scattered photons constitute the ldvegjuency Stokes
radiation Photons can also undergo collisions in which they receive energy from a molecule
in a vibrationally excited state and emerge with endigy- DE. These scattered photons
constitute the higheirequencyanti-Sokesradiation. This inelastically scattered radiation is
known as Raman scattering, and the intensity measured as a function of scattering angle. The
improbability of the inelastic scattering events explains the low intensity Raman signals
typically observed in geriments.Typically, Stokesradiationis significantly more intense
thanantiStokesradiation since the majority of molecules occupy the ground state rather than

excited states at thermal equilibrium.

In Stokesand anti-Stokesscattering, incident radian induces excitation to a higher
shortlived "virtual energy state" (actually a wide range of bhkel energy states) before

irradiation and relaxation to a different vibrational energy state takes plgce&.5shows a
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schematic of th&kayleigh, St&esand antiStokesscattering processes in comparison to the

IR absorbance process. Raman scattering is a second order process with a very low cross
section and consequently the signal to noise ratios are typically very low. In contrast first
order infrared spectroscopy is based on absorbance phenomena, for which the probability of

transitions is much higher.

A Virtual
energy
A states
_ Ravleiah Stokes Anti-Stokes
Excitation energy sce};tegng Raman_ Raman_
scattering scattering
v=3
v =2 Vibrational
energy
v states
v=1
IR absorbance f
Y v=0

Figure 2.5.Schematic of the Rayleigh, Stokes and-&ttikes scattering processes.

2.2.21 Theoretical Background

The energy of the inelastic staxing events described above is dependent on the
polarizability of the molecule. The gross selection rule for Raman spectroscopy states that
"for a vibration to be Raman active there must be change in a component of the molecular
polarizability"?® In contrast, the analogous selection rule for imé@ spectroscopy requires

the molecular vibration to produce a change in the electric dipole of the molecule.

The concept of polarizability can be most easily demonstrated by considering the
classical theoryf the Raman Effect. When a molecule is subjected to a static electric field,
the nuclei move towards the negative pole of the field and the electrons towards the positive
pole. This charge separation causes an induced electric dipole moment in thdenoleich

is said to be polarized. The magnitude of the induced electric dipddpends on the ease
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with which a molecule can be distortét(the polarizability), and on the magnitude of the

external field E:

m=aE. (2.8)
The degree th which a molecule becomes polarized will also depend on the orientation of
the molecule with respect to the applied field. This is because the electrons involved in the
bond will be more easily displaced when the field is applied along the bond axisttlea it
is applied across the bond axis, and thus the polarizability is said anisatropic In a

homonuclear diatomic molecule, the induced dipole moment for a given field applied along

the axis is about twice as large as when the same field ied@gifoss the axis.

If a beam of radiation of frequenayis incident upon a sample of such molecules, the
electric field,E, experienced by each molecule varies according to
E=E,sin2p b, (2.9)
where Eg is the magnitude of the applied fiel@lhis means that the induced dipglealso
undergoes oscillations with a frequercy
m=aE =aE,sinp b. (2.10)

This equation constitutes the classical explanation of Rayleigh scattering, describing an

oscillating dipole which emits radiation of svn oscillation frequency.

However, if the molecule also undergoes a vibration or a rotation that causes a change
in the polarizability, then the vibrational oscillation will be superimposed upon the oscillating

dipole. For a vibration of frequenay;, in which the polarizability is changed, then
a=agp+bsin2p mt, (2.11)
wherel, represents the equilibrium polarizability ands the rate of change of polarizability
with the vibration, and since:
m=akE, (2.8)
then m=(ay+ bsin2p rt)Eysin2p n. (2.12)
This expression can be expanded using the following trigonometric relation:

sinAsinB = ¥{cos(A- B)- cosA+ B)}, (2.13)
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and thus Eqg. (2.13) can beweitten
m=ay\Eysin2p b+ ¥, bE,{cos2p( - n,,)t - cos2p(rn +n;p)t} . (2.14)

Thus, the oscillating dipole has components from boéhekciting frequency and from
frequencies * 3,i,. If there is no change in the polarizability of the molecule as a result of the
vibration, thenb = 0 and the dipole will oscillate at the same frequency as the incident
radiation. This leads to the gross selection ruleclvbtates that a rotation or vibration is only

Raman active if it is accompanied by a change in the molecular polarizability.

2.2.31 Raman Spectra

For every vibrational mode, the following general energy expression can be written

(derived from the harmmac oscillator approximation
e=m(n+3)- mcn+3)>@= 0, 1, 2, ¢é)(@15)
where i, is the vibrational frequency at equilibrium in wavenumbers apds the
anharmonicity constant. The selection rule for Raman spectroscopy states that
@m= 0, N1, N2, é (2.16)

In Raman spectroscopy,elscattered light is of very low intensity and therefore only the
fundamental vibrational transitions £ 0 3 =Y1) are observed with high intensity. We can
obtain an expression for the fundamental transition energy by applying the selection rule Eg.

(2.16) to the energy level equation [Eq. (2.15)]:
3= 03 =YL: DeFundamenIta: We(l' Zce) . (2-17)

Therefore, one would expect Raman lines to be observed at distances from the exciting line

which correspond to the active fundamental vibrations, such that:

ﬁFundamenlta: ﬁex ° DeFundamenIt" (2-18)

The minus sign in this equation representsStukedlines (for which a molecule has received
energy from the incident radiation and has been excited to the Bighkwibrational energy
state) and the plus sign represahtsweaker intensitgnt-Stokedines (for which a molecule

in a higher vibrational state= 1 decays ta@ = 0 and imparts energy to the radiation).
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A Raman spectrum therefore consists of a series of intense lines on the low frequency
side of the Raylgh line (the exciting line). The separation of these lines from the Rayleigh

line gives the Raman active fundamental vibration frequencies of the molecule.

2.2.41 Confocal RamaMicrospectrometry

In Chapter3 confocal Raman microspectrometigs beerempbyed tomap (i.e., as a
function of positionthe chemical composition of a crystal. Critical to this work is the ability
to use the technique to acquire spatially resolved Raman spectroscopy data. This section
outlines the basic theory of the confocal Rammicrospectrometry technique and explains

how spatially resolved spectroscopic information can be acquired.

Confocal Raman microscopgombines confocal optical microscopy and Raman
spectroscopy and allows the structural and chemical properties of sesaniyal probed on a
micrometric length scal” In confocal Raman microspectrometry the laser beam is passed
through an illumination pinhole and is then focussed by a microscope lens onto a small spot
(17 100pum in diameter)on the sample. The scattedeght from this spot (which is collected
in the backscattering geometry, at an angle of 180° with respect to the direction of the
incident laser beam) is collected arallimated by the same objective and then focus®0d
the CCD detector via a small pimle. The pinhole ensures that only light originating from
the focal spot will reach the detector, since light from other depths will not be collimated by
the objective and thus will not be in focus at the pinhole. Scattered light from above or below
the focal point does not contribute to the im&dkIn this way, confocal Raman microscopy
contrasts with conventional wiefeeld microscopies in which a large volume of the sample is
typically illuminated at once. The spectral resolution of confocal miogyscan be improved
markedly by varying the entrance slit and the grating selected for performing the analysis,
whereas the spatial resolution depends on the confocal apertures of the objective used. A

schematic of a confocal Raman microspectrometer \aged inFig. 2.6

Confocal Raman microspectrometry is a powerful-destructive analytical technique
which allows spatially resolved Raman spectra to be acquired. The technique has been used in
numerous applications, including depth profiling of layepetymer samples, investigations
of subcellular features in biological systems, characterisation of gaseous, liquid or solid
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inclusions in mineral&” and investigations of molecular transport processes in organic

inclusion compound§?3?!

Confocal
Detector Pinhole
: f [llumination

/pinhole

Dichroic

Mirror\

Laser

Objective lens

Sample

Focal plane
Focus
I \/ Out of focus light

Figure 2.6. Schematic representation of a confocal Raman microspectrometer

2.2.51 Experimental 8tup

Figure 2.7displays the generaetup for the Raman spectroscopy experiment in the
backscattering geometry The four main elements that comprise a typical Raman
spectrometeare:the laser, the transfer deck, the monochromator and the detexders are
commonly used as the radiation source for Raman experiments, as they provide the very
narrow, highly monochromatic and coherent beam of radiation required tvelise Raman
scattering effect. Typically, HBle, Ar or Kr* rare gas Lasers are used. The Laser beam is
passed through a notch filter and is focused onto a spot on the sample by the microscope
objective. Light scattered from the sample is in turfioised by the same objective and is
passed through the confocal pinhole (which eliminates scattered light from outside the focal
plane) into the grating monochromat®he function of themonochromators to analysehe
scatteredadiation and provide a coggonding intensity for each wavelength resiohn unit.

The monochromator compriséso or three diffraton gratings, which are composed of a
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series of closely and regularly spaced groves, each acting as an individual slit. The scattered
light entering tle monochromator impinges upon the reflecting surface of the diffraction
grating and is diffracted at various angles towards the exiCsiily the diffracted radiation
leaving the grating at a specifftcorrect”) angle can then pass through the exittshvards

the detectorThe size of the entrance and exit slits defines the spectral resolution of the
experiment The detectg which is usuallya photomultiplieris placed after thexit slit of the
monochromator and dollects the incoming light geneirag an electric signal proportional to

the numberof photons striking its surface. Th&ggnal is then processed by arquuter and

used to generate a spectrum.

spectrometer

Microscope
objective

L "1

Figure 2.7.Experimental setip for the backscattering Raman spectroscopy experitnen
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2.31 Differential Scanning Calorimetry

Differential scanning calorimetryDSC) is a thermeanalytical technique which
involves the "measurement thfe change of the difference in the heat flow rate to the sample
and to a reference while they are subjecteddorarolled temperature prografi® There are
two types of DSCmethodologies: heat flux DSC ammbwer compensation DSC. In both
types the signal measured is proportional to the rate of heat flatlver tharsimply to the
heat(as is the case with mosalorimeters The instrument used in this thesvas a heat flux
Q100 fromTA Instruments. In heat flux DSCheat exchange iseasuredhrougha heat
conduction path with a known thermal resistance. The signal meehss a temperature

difference, the itensity of which is proportional to the resulting heat ffath.

In most DSC experiments, the temperature is varied linearly with time (scanning mode)
and the sample and reference pans are maintained at the same temperature throughout the
experiment. The émt flow that has to be supplied or withdrawn from the sample to keep the
sample and the reference at the same temperature is the parameter measured. Throughout the
experiment, a computer monitors the sample and reference pan temperatures and adjusts them
in order to maintain zero temperature difference between them. A schematic for the

instrumental setip used in the DSC experiments is showRim 2.8

Gas out

Reference _| — — | Sample
pan | T | pan
A
| Thermocouple
Furnace —=
Gas in

Figure 2.8.Schematic of the DSC experimentatget

Thermal events within the sample (i.e., meltimgystallization, glass transitions and
orderdisorder phase transitions) cause a change in the heat flow rate difference and are

observed as a discontinuity in the heat flow signal. When such events occur, more (or less)
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heat is required to maintain tteample pan at the programmed temperature. When the
physical process is endothermic, more heat is required to flow into the sample to maintain the
correct temperature (because heat is used up in the endothermic physical transformation),
whereas if the pross is exothermic, then less heat is required to flow into the sample to
maintain it at the correct temperature (i.e., the heat flows out of the sample because heat is
released by the exothermic transformation). In the DSC plots shown in this thesistraiothe
responses are represented as positive, i.e., above the baseline, and correspond to a decrease
transfer of heat to the sample compared to the reference. Conversely, endothermic responses
are represented as negative, corresponding to an increasddrti@nbeat to the sample

compared to the reference.

DSC is useful for determining the temperatures and enthalpies associated with phase
transitions, melting points, glass transitions and crystallizations, etc. In this context, the work
in this thesis issolely concerned with ordelisorder solidstate phase transitions which
typically appear as sharp peaks (indicative of a-rder phase transition) on the baseline in
the DSC plots. An example of a typical DSC plot exhibiting a first order solid staige
transition is shown ifrig. 2.9a In this plot, exothermic responses are shown as positive. The
baseline corresponds to the part of the heat flow rate curve produced during steady state
conditions (i.e., in the absence of reaction or transitionsersample). The nerero baseline
is caused by the difference in the heat capacities of the sample and the empty reference pan. A
closeup of the peak is shown Ifig. 2.9band various features are indicated. The initial peak
temperatureT; ) is defined a the point at which the measured values begin to deviate from
the baseline. The extrapolated peak onset temperdi)iis (lenoted by the point at which the
auxiliary line (inflectional tangent) through the ascending peak slope intersects the baseline.
The peak maximum temperatur@p) designates the maximum value of the difference
between the curve of the measured values and the baseline, and the final peak tempgrature (

is defined by the point at which the measured values reach the baseline again.
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Figure 2.9.(a) An example of a typal DSC plot exhibiting a firsbrder phase transition. (b)
A closeup of the peak ifa) denotng, T;, Te, Tp andT; which are defined in the text.

Throughout this thesis, phase transitiemperatures are determined frdg which in
the example given ifrig. 2.9bcorresponds to a value of 232.8 K. The onset temperature
represents the most reliable measure of the temperature of the thermal event, as this is the
point which changes the leas a function of the heating rate. Enthalpies are determined from

an integral of the peak (which in the example giveRrigm 2.9bcorresponds to a value of 2.8
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J/g) and from our experience those quoted in this thesis are of more qualitative than

quantitaive significance.
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Chapter 317 A Strategy for RetrospectivelyMapping
the Growth History of Crystals

3.17 Abstract

In this chapter a novel strategy foretrospectively mapping the growth history of a
crystal is presented. The experimental strattpws insights to be gained on the evolution
of crystal growth processdxy analysis ofcrystals recoveredt the end of the crystallization
process. The feasily of the strategy is demonstrated by considering the crystal growth of a
urea inclusion compound containing a binary mixture of guest molecules. In this case, the
composition of the growing surfaces of the crystal varies in a-dedihed manner as a
function of time during the growth process, becatlse two types of guest compete for
inclusion within the host structure during crystal growAfter collecting a crystal at the end
of the growth process, thapatialdistribution of composition within therystal is measured
(using confocal Raman microspectrometugy is interpreted to reveal details of the evolution
of crystal growth.Thus, a threelimensional contour at a specific value of composit@n
within the crystal,defines the threglimensionalshape of the crystal at the specific time
during the growth process at which the composition of the growing surfaces of the crystal was
C(t) = C;. Contours corresponding to different value€othus provide a representation of the
changes that occurréd the shape of the crystal as a function of time during growth. In some
respects, the approach is analogous to establishing the growth characteristics of a tree
retrospectively by observing the spatial variation of the rings of the tree (i.e.

dendrochroalogy).

3.271 Introduction

Crystal growth processéd! are ubiquitous in nature and play a crucial role in many
chemical and industrial contexfBo be able to optimize andtimatelycontrol crystal growth
in such contexts, it is essential to establsh understanding of the sequence of events
involved in the growth process, rather than simply studying the morphological and structural

properties of the bulk crystals collectatithe end of the crystallizatioKknowledge of how
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crystals actually evolveuwting growthcanbe established directly by applying experimental
techniques that allow crystal growth processes to be monitotl®* but for a variety of
reasonsin situ studies may not be viable in many cases (e.g. due to limitations ansing f

the crystallization apparatus, the specific experimental conditions required, or the timescales

involved).

For these reasons, we were motivated to devise a stréi@gwauldallow insights to
be gained on the evolution of crystal growth processesednot om situmeasurements but
based instead on the analysis of crystals recoverece arith of the process. This chapter
demonstrates the feasibility of a strategy that allows the growth history of a crystal to be
established retrospectively, afte crystal has been collected at the end of the crystallization

process.

The strategyis based on a crystallization system for whible compositiorC of the
growing surfaces of the crystaéiries as a function of timé(t) during the growth process,
while the crystal structure remains constant with time. Aftdlectingthe crystal at the end
of the growth process, thiistribution of compositiorC(x,y,z) within the crystal isneasured
and is interpreted to reveal details of the evolutaincrystal grevth. Thus, a three
dimensional contour atspecific value of compositio6(x,y,z) = C; within thecrystal defines
the threedimensional shape of the crystalthe specific time during the growth process at
which thecomposition of the growing surfacestbé crystal wa€(t) = Ci. Three dimensional
contours corresponding to different valuesGpthusprovide a representation of the changes
that occurred in thehape of the crystal as a function of time during growtlsome respects,
the approach is almgous to establishing thgrowth characteristics of a tree retrospectively

by observinghe spatial variation of the rings of the tree (dendrochronology).

Solid inclusion compoundsontaining binary mixtures of guest molecwathin a host
tunnel gructure represent an ideal system for implementing the general strategy outlined
above.Variation ofcomposition in this case arises because the two types ofaumepgete for
inclusion within the host structure during crysgabwth, such that the relag proportions of
the two types ofguest incorporatedto the crystal vary in a wéltlefined manner as a

function of time. The host tunnel structureinslependent of the relative proportions of the
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two types ofguest, and the material grows as a singigstal even thoughhe guest

composiion changes with time.

This chapter focusesn the crystal growth ofireainclusion compoundéFig. 3.9,

29 which are described in detail in Section 1.2e&linclusion compounds represent more
than justan ideal system for demonstratirtge general strategy outlined above. Indeed, there
is a significant need toobtain a better understanding of the growth of urea inclusion
compounds themselves. Knowledge of the growth habits and morphological properties of
inclusion compound crystals is essential in order to understadduiise some of their
physicachemical properties and to optimise their applicatiolms.general, the crystal
morphology haturally” produced during the growth afreainclusion compounds is hg
hexagonal needles, however this is often not the morphology requiredsptaific
applicatiors. Thus, itis important to be able to use experimental strategies to control the
morphological properties during crystallizatio@learly, understanding crystagrowth
processes is a necessary-pquisite to controlling and manipulating crystal growth and

hence crystal morphology.

Guest Host

Figure 3.1. Crystal structure of the hexadecane/urea inclusion compound @sithder

Waals radii) at ambient temperature, viewadng the tunnel axis {axis), showing the dense
packing of guest molecules. The guest molecules have been inserted into the tunnels
illustrating orientational disorder (Figure taken from REf2] ).
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A study byHollingsworthet all*!

proposed a tempiedirected mechanism of crystal
growth in urea inclusion compounds containinglkanone andk1,¥T ialkanedione guests.

In this study, it was found that urea inclusion compounds containing a favourable structural
match between the host and guest petitds form hexagonal flat plates, whereas those
containing an unfavourable match form long hexagonal needles. Using AFM, a model for the
crystal growth of these materials based on the nature of the crystal surfaces was developed. In
cases with a favourablmatch between the host and guest periodicities, the crystals contain
large terrace areas separated by steps equal to, or integer multiples of, the length of the guest
molecule, whereas poorly matched substructures exhibit highly roughened stiffacess
proposed that, in cases with a poor structural match between the substructuredjkeeedle
growth along the tunnel axis is catalysed by protrusion of guest molecules from the tunnel
end surfaces. The urea host molecules wrap around the exposetgleesties and crystal
growth is propagated along the tunnel axis. However, for urea inclusion compounds
containing well defined substructures in whigh= 0 A (for a definition ofy, refer to Section

1.2.4), the tunnels are capped off and growth is more readily propagated perpendicular to the
tunnel axis.

Some progress has already been madenamipulating the morphologies of urea

LB% developed a strategy for controlling the crystal

inclusion compound cstals.Harriset a
morphology of alkane/urea inclusion compounds in order to induce the growth of flat plates
rather than long needI€Big. 3.2a).This strategy was based on using an additive moléoule
inhibit crystal growth along the tunnel direction. Tinelecule used as the inhibitor was 5
octadecyloxyisophthalic acid, which comprises a long alkyl tail and a bulky head group. The
long alkyl tail can be readily accommodated within the end ofuhedl and competes with

the alkane guest molecules for inclusion. However the bulky head group is unable to fit within
the tunnel and acts like a molecular stopper protruding from the end of the tunnel, disrupting
growth on this face of the cryst@ig. 32b). The consequence of adding small amounts of the
crystal growth inhibitor to the crystallization solution is to inhibit the rate of longitudinal
growth along the tunnel axis and hence to induce the formation of flat plate inclusion
compound crystals. Asecond study demonstratétl that, by carefully controlling the

concentration of the inhibitor molecule in the crystallization solution, a broad spectrum of
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crystal morphologies of alkane/urea inclusion compounds could be obtained (including long
needlescrystals with similar dimensions in each direction and flat plates) with high levels of

predictability and control.
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Figure 3.2. (a) Schematic illustration of crystal growth as long hexagonal needles or
hexagonal flat platesdepending on the relative growth rates parallel and perpendicular to
the hexagonal axigb) Schematic illustration of the strategy to inhibit crystal growth along
the tunnel axis of ondimensional tunnel structures. The crystal growth inhibitor mogecul
comprises a long alkyl tail and a bulky hegiup [both (a) and (b) areaken from Ref. 30

In summary althoughsomeprogress has been made in understanding and controlling
the crystal growth of inclusion compounds, more needs to be understoodebdetatls of
the growth process if several potential applications of these compounds are to be fully
realised.The strategy for studying crystal growth presented in this chépisrrepresents a

new experimental "tool" which will contribute towards aefmg this goal.

3.31 Strategy

To demonstrate the strategy proposed in this work,insedonsider, in gemal terms,
crystallization of aurea inclusion compound from a solution state containingcovopeting

types of guest denoted A and B. The molaiorat the two types of guest in solution at titne
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IS 9a(t) = na(t)/ng(t), wheren(t) is the number of moles of speciegttimet. As discussed in
previous publication$?%! the molar ratio of guesnolecules incorporated at the growing

surfaces oftte crystaht timet is
ma(t) = ¢ g(t) , (3.1)

wherec depends on the relag affinity of the host tunnefor inclusion of guests of types A
and B.It is important to note thana(t) is the instantaneous value of the guest molar ratio
incorporaté into the inclusion compound crystal at tim&he overall guest ratio within the
crystal at timet is given by integration ofma(t) from the start of the growth of the crystal
(t =0) until timet. If inclusion of guest®f type A isenergetically favored over inclusion of
guests oftype B, thenc > 1 and hencema(t) > oa(t). Thus, thecomposition of the guest
mixture incorporated within thgrowing surfaces of the crystal at timh¢i.e. ma(t)] has a
higher proportion of guests of type A than the gaestposition in the solution state at time
[i.e. 2a(t)]. As aconsequence, depletion of molecules of type A fronstietion state occurs
more rapidly than depletion of moleculed type B, and thusoa(t) must decrease
monotonicallywith time during crystal growth. From Eq. (3.1 (t) must alsodecrease
monotonically with time, and thus thguest composition included at the growing crystal
surfaceschanges monotonically as a function of tin@dearly, oa(t) decreases (and hence
ma(t) decreases) until all guest molecules of type A initially presethe solution state have
been included within the crystal. At this stage, and during any subsequent crystal growth,

2a(t) = 0 and hencem(t) = 0.

After collecting a crystal at the end of the crystallization, the spatial distribution
ma(X,y,2) of thetwo types of guest in the crystal is measurBareedimensional ontours at a
specificvalue ofma within the crystal can be related to a specific valtidime during the
crystal growth proceds.e. the time atvhich the composition of the growing ctgissurfaces
had thesame specific value aha(t)]. As discussed abovey(t) decreases monotonically
with time, and thus lower values ofx(X,y,2) correspond to later stages of the crystal growth

process, thus providing a basis for mappinditne-evoluion of the growth of the crystal.

In the experiments discussad this chapterwe focus on crystalsf urea inclusion

compounds containing mixtures of ig&romooctane (1;®BrO) and pentadecane (PD)
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guestmolecules, with crystallization carried out ugpistandargroceduregseeSection 3.4)
Confocal Ramammicrospectrometry was employed to measure the gueaposition as a
function of position within the crystalli.e. ma(x,y,2)]. All results shownn this chaptemwere
obtainedfrom analysis of the san@ystal (experiments on otherystals prepared under the
same conditions confirm that thesults are representative). PD andDEBO were chosen as
the guest mixture because they have different Rasmgmatures (see below) and because
inclusion of PD within the urea tunnel structure is known to be energetically flam@irable
than inclusion of 1,®BrO. Previous studies afirea inclusion compounds by confocal
Raman microspectrometi§*® have shown that spatial distributions of alkeared Ux-
dibromoalkane guests can be quantified by tasiniqueThis previous work was focused on
mechanistic and kinetic aspects of guest exchange processes, and did not investigate binary
mixtures of guest molecules prepared by crystallization procdsseguantitative analysis,
we focus on the (@Br stretchings(CBr) band for 1,8DBrO (650 cnit; for thetransendgroup
conformation), the methyl rocking r(GHbandfor PD (890 crit) and the symmetric i\
str et LN)bamg forurea (1024 ch. Guest omposition is assessdbm the ratio
R=1(CBr)/I(CN) of the integrated intensities the 3(CBr) and3s(CN) bands, which is then
normalized asRy = R/R,, whereR, is the value ofR for the urea inclusiorcompound
containing only 1,BrO guests. The vatuof Ry establishes the relative amounts of-1,8
DBrO and PD guestm the probed region of the crystal, with higl&r indicating ahigher
proportion of 1,8DBrO. By definition, 00 Ry O 1, with the limiting values attained if only
1,8DBrO (Ry = 1) orif only PD Ry = 0) is present. The rati® = I(CH3)/I(CN) of
integrated intensities of the r(@Hand3{(CN) bands is als@onsidered. Clearly, highdy

corresponds to a highproportion of PD guests in the probed region of the crystal.

The characteristicrystal morphology of conventionatea inclusion compounds is long
needles with hexagonarosssection Fig. 3.3. The host tunnels are parallel to theedle
axis (-axis). Confocal Raman microspectrometiyvolved onedimensional or twe
dimensional sans withinthe crystal as depicted (together with definition of the aygtem)
in Fig. 3.3 The incident laser was parallel to tWeaxis, andY = O represents the upper
surface of the crystal. Teskperiments indicated that, for scans as a functiatepthbelow

the upper surface of the crystal (ji.parallel toY), reliable quantitative information is
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obtained only to anaximum depth ota. 200 um. For the crystal used tecord the data
shown here, the thickness of the crystal altdregY-axis was 80 um. Thus, scans to a depth
of 200 um do notcover the full depth of the crystal, but do extend significabéipw the

centre of the crystal he length of the crystal alorige Z-axis was 2170 mm.

K

Y

Figure 3.3 Schematic of a single crystal of a ureelusion compound (needle morphology
with hexagonal crossection).The axis system is definéthe Zaxis is parallel to the tunnel
direction of the urea host structure and the {100} faces are parallel to this axis. The incident
laser in the confocal Ramamicrospectrometry experiments was parallel to thexi¢. The
different types of mapping carried outandicated (red line, Figure 3.4; blue plane, Figure
3.5a; green plane, Figure 3.

3.47 Experimental

Crystallization of urea inclusion compoundsntaining PD and 1;®BrO guests was
carried out by dissolving urea, PD, and-DBrO in methanol at 55C and cooling the
solution to 20°C overca. 29 h.This chaptefocuseson the specific caseith an initial 1,8
DBrO:PD molar ratioin the solution stte of 95:5.Inclusion of PD is significantly more
favourable than inclusion of,8DBrO, and thusc >> 1. Under these conditions, it is
necessary to start the crystallization experiment with aéative proportion of PD guests in
the solution state [i.e. a lowalue of2,(0), where A represents PD] in order for a significant
range ofma values to beobserved within the crystal during tlggowth processConfocal
Raman microspectrometry waarried out on a single crystal using a Labram |l spectrometer
(Jobiri Yvon) with an Ar/Kr 2018 Specti#&hysics laser (514.5 nm) andgeating of 1800
lines mm' ! (spectral resolutiorca. 6 cm'). The lasemwas focused on the crystal through a

microscope (5& Olympusobjective; 0.55 numerical aperture; confocal pinhole diam&g€,
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pum). Radial and axial resolutions (at a depticaf100um) were both 1Qum. TheXY-scan
(Fig. 3.5a) was measured in steps24f.5um alongX and 13.81m alongY. TheZY-scan (Fig
3.5b) wasmeasured in steps of 44u8n alongZ and 13.8um alongY. Values ofY (i.e, the
depth of the focssing point below the upper surface of itrgstal) were corrected to take

account of the refractive ind¢r & 1.5§°*% of the material.

3.57 Results and Discussion

Figure 3.4shows results from a ortmensional scan alore Y-axis (for fixedX and
Z) through a point in the centre of the crystal. The area scanned is indicated in the inset of Fig.
3.4 (markedby the red line) The intensities of the(CBr) and r(CH) Raman bandsHg.
3.49 change systematicallys a function of depthY]. Thus,3(CBr) becomes strongeand
r(CHsz) becomes weaker on moving from the interioitteé crystal to the surface, whileeth
intensities of the bandiue to urea are essentially constant. Changes in the inteo$itles
3(CBr) and r(CH) bands as a function of depth areantified byRy and Ry, respectively
(Fig. 3.d). Becausenclusion of PD is favoured energetically oweclusion of 1,8DBrO, the
regions of the crystal formed at the earliest stafjegrowth have the highest proportion of
PD (i.e. lowesRy and highesRy). Thus, the observed variationsRf andRy as a function
of depth in the ondimensional scan alorihe Y-axis Fig. 3.4h are entirely consistent with
the expectatiothat the region around the centre of the crystal was formibe atarliest stage
(i.e. lowestRy) and the regions near tserface ¥ = 0) were formed at the latest stage {i.e.

highestRy) of the crystal growth process.
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Figure 34.( a) Raman spectra recorded at di ffere
e m; bl ue, Y = 129 & m,; green, Y = 170 em) b
systematic changes in the intensites t he 3 ( CgBbands. éoh\thlues Of R ih

black) and R, (in red) determined as a function of depth (Yhe region of the crystal
scanned in Fig. 3.4 is indicated in the inset by the red line.
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More detailed insights on the evolution of the taygrowth process are obtained from

thetwo-dimensional scanshown below irFig. 3.5

(a)

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

50

«— Y /um
3

150

200
-100 -50 0 50 100

X/pm —

-500 0 500 1000

Z/pum

Figure 3.5. Results from (a) an X¥can (with Z fixed at Z = 0 um), and (b) a-8¥an (with X
fixed at X = 0 pm), showing the value qf &termined from the Ramapectra recorded as
a function of position within the crystal. In (b), the tunnel direction is horizontak{). The
colour scheme for values of,® defined in the inset.

Figure 3.5ashows results from a twdimensionalXY-scan (in the plane perpendiar
to the tunnel direction) anlig. 3.5bshows results from a twdimensionalZY-scan (in the

plane parallel to the tunnel direction). The regions of the crystal scaniégl B.5aandFig.

3.5bareshown in Fig. 3.6 below, indicated by the blue pland the green plane respectively.
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Figure 3.6. Schematic showing the regmof the crystal mapped in the two dimensional
scans in Fig. 3.5a (blue plane) and Fig. 3.5b (green plane).

The XY-scanshows a region rich in PD (i.e., the region of lowRgtclose to the centre
of the final crystal and a region rich in ADBrO towards the outer regions of the final crystal.
This observatiorsuggests that, at the specwi@lue ofZ probed in this scan, the earliest stage
of the growthprocess (i.e.the rayion of lowestRy) occurred close to theentreof the final
crystal K & 0 um, Y & 150 um). The outeregions of the crystal (witRy > 0.5 in Fig 3.5a)
show clearevidence for the development of the hexagonal esestionof the crystal shape
(the characteristic growth morphology wfea inclusion compounds), with essdhti@qual
rates ofgrowth of the symmetryelated {100} facesln contrast, the regions close to the
centre of the crystal have a less wagfined hexagonal morphology, indicating that in the
earliest stages of growth the crystal had a more irregularhuology. Clearly, thespacing
between contours in maps of this type mayirterpreted (at least qualitatively) in terms of

the relativerates of growth of the crystal in different directions.

In the ZY-scan (Fig. 3.5b),the region corresponding tihe eariest stages otrystal
growth (with Ry & 0.2) isidentified as the bottom left part of the map. Significanthys
region is close to one end of the crystal along Zkexis (horizontal), suggesting that the
embryonic stages of growtere initiated closéo one end of the final crystal and that
subsequent growth along the tunnel occurred predominantbne direction(from left to
right in Fig. 3.51. In principle,the relative rates of crystal growth perpendiculaaxis) and
parallel g-axis) to the wnnel may vary as the composition thie crystal changes. Thus,
during the early stages of crystiowth corresponding tBy & 0.6, the spacing betwedRy
contours is substantially greater along Zhaxis (to the righhand side of the region witRy

a 0.2 in Fig 3.90) than alonghe Y-axis, indicating faster crystal growth along the tunnel
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direction ). In fact, at the stagef the growth processorresponding t&y a 0.6, the crystal
had already reachedlose toits final length along the tunnel direction but was still
comparatively thin along. In the later stages of growttorresponding tdRy > 0.6, the
contours are nearlparallel tothe Z-axis, suggesting that, in this stage of the process, the
growth of the crystabccurred predominantly perpendicutarthe tunnel direction, leading to
an increase in the width dfe crystal (along) with no significant change in thengthof the

crystal along the tunnel direction.

3.61 Conclusions ané&urther Work

The results reported here demonstrate the feasibilityhef proposed strategy for
retrospective mapping of thevolution of crystal growth processes. Although the
interpretations are restricted to a qualitative level in the present cHse,results have
nevertheless revealed new insights regarthegeystal growth of urea inclusiocompounds,
particularly from the analysis of th&Y-scan discussed abovResearch to fuher advance
this strategy, including théevelopment of models to correlate the tidependences afa(t)
and o4(t), is ongoing andwill allow substantially greater quantitativeasights to be

established.

Although the strateggutlined in this chaptenas beememonstrated for crystal growth
of urea inclusion compoundg, may also be applied to a much wider rangf materials,
including solid solutions that are isostructural acrosstimeplete range of composition and a
wide variety of differentypes of solid inclusion compound (such as gas hydratesifes and
other microporous inorganic solids, and mietajanic framework materials). In all of these
cases, thstrategy reported here for retrospective mapping of crgstalth has the potential
to yield valuable insights omechanistic aspects of the crystal growth process, and for
allowing different growth rachanisms to be distinguishgerticularly when the results are
considered in conjunctiowith those fromin situ, time-resolved studies of the samgystal

growth process.

One experimental strategy that is currently being developed to determine guwantitat
kinetic information on the crystal growth process is outlined below and is illustratéd.in

3.7. The strategy involves beginning the crystallization as normal, i.e., with only a single type
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of guest molecule in solution, denoted guest B. At regul@rvals during crystal growth,

small amounts of the second, more thermodynamically favoured guest molecule (denoted
guest A) are injected into the solution. As guest A has a higher affinity for inclusion within
the host structure than guest B, then guestill be preferentially incorporated within the
growing surfaces of the crystal immediately after its injection at tifgiest A will also be
depleted from solution more rapidly than guest B, and after the injected guest A has been
consumed completelymolecules of type B will once again begin to be incorporated
predominantly within the crystal. In principle, this procedure should produce a crystal
containing narrow bands rich in guest A (corresponding to regions of growth immediately
after guest A wamjected into the crystallization solution), separated by bands rich in guest
B. As the time between the injections of guest A is known, then the bands rich in A act as
“"time-markers" for the crystal growth, potentially providing information on the kiaetiche

growth process.

Abrupt changes of composition

correspond to the times at
which injection occurred

(a)

Crystal Raman
Growth \/ Microspectrometry

—_— _—

(b)

Crystal growth Periodically, inject a small
solution containing only amount of the more favourable The spacing between the regions of

the less favourable guest B guest A into solution the crystal containing the more
favourable guest A corresponds to

well-defined, known time intervals

Figure 3.7. Schematidllustration of the newexperimentalstrategy for determining kinetic
information on crystal growth processes dsscribed in the tex(a) shows an idealised XY
scan (of the type shown in Fig. 3.5a) anddh)idealised Z¥can (of the type shown in Fig.
3.5b) that would be observed in a crystal produced by this method.

Preliminary results from such experiments haemonstrated the feasibility of this
strategy although more optimisation of the experimentalditions is required to obtain

comprehensivé&inetic information on crystal growtlor exampleFig. 3.8shows the results
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from a twedimensional scan along ti& plane, perpendicular to the tunnel direcfiaith R
measured as a function of positiorithin the XY plane inside the crystain Figs. 3.8 and 3.9,

R refers to the nomormalizedratio of the integrated intensitied the 3(CBr) and3s(CN)
bands,and is defined a& = I(CBr)/I(CN)]. In this case, the energetically less favourable
guest (i.e., guest type B) was -DBrO and the energetically favourable guest (i.e., guest type
A) was hexadecand&he thickness of the crystalas measured as 1861 and thushe centre

of the crystalcorresponds to a depth of &8 (denoted by the dashed line on the plot).
Reliable quantitative data could only be acquired down to a depttdof 8m. The surface

of the crystal is marked with algd line.

0.30
0.28
0.26

0.24

Y (um)

Figure 3.8 Results froman X¥scan (with Z fixed at Z = 0 um), showing the value of R
determined from the Raman spectra recorded as a function of position within the drigstal.
colour scheme foR is defined in the inset.

The scarin Fig. 3.8 clearly shows the presence of thhexadecaneich bands(lowestR
values; denoted by blue/green colours) and two-DEBrO-rich bands lighestR values;
denoted by red/pink/yellowolours). The regions rich in hexadecaaee assumed to have
grown immedately after this guestwas injected into the crystallization solutionThe
hexadecaneich bands are separated by 30 minutes (the time between injections), giving an
indication of the rate of crystal growth. One of the hexadecane bands is close tarhefcen
the final crystal, which suggests that the crystal started growing in hexadecane after an

injection of the hexadecane guest molecules into the soliti@yreementvith the previous
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study (Fig. 3.5p the outer regions of the map clearly show thevelbpment of the
characteristic hexagonal cressction of the crystal shape, whereas the morphology appears

less well definechear the centre of the crystal.

Figure 3.9 shows a twealimensional scan in th&Y plane (parallel to the tunnel
direction) obtaned on a different crystal, from the same crystallization batoh thickness of
the crystal was measured as 146 em (correct
The centre of the crystal therefore corresponds to a defth of 73 € m. Rel i abl e
information is obtained to a deptha@d 9 O0Twe mexadecangch bands (lowedR values;
denoted by blue/dark green colours) are seen to extend throughout the length of the crystal.
These bands are separated by 30 minutes (the time between injections of hexadecane). The
results reveal a region ofwestR(Ra 0. 1) i n t htee mam In toommmon withg h t
Fig. 3.% from theprevious type oexperiment, this suggests that tirgstal started growing
nearone end of the final crystal and that subsequent growth occurred predominantly in one
direction alonghe tunnel. The crystal appears to have reached its final length along the tunnel
direction at an early stage ofhe growth process. In the later stages, growth occurs
predominantly perpendicular to the tunnel direction, leading to an increase in theofilde

crystal but with no significant change in the length.

2

R
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Figure 3.9. Results froma ZY-scan (with X fixed at X = 0 um), showing R as a function of
position within the crystalThe colour scheme for values of R is defined in the inset.

This prelimnary study was successful in proving the feasibility of the prop&setk-
markef strategy for investigating crystal growttsing the new experimental method,
crystals containing bandtype guest "structure" were produced, exhibiting rcleaiations in

R which could be assigned unambiguously togkgodicinjections of a second type of guest
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molecule into the crystallaion solution. In practicanore"time-markers"are needed within
a single crystal to obtain quantitative kinetic information on tatygrowth. However

significant progress has been made towards this end.
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Chapter 41 Structural Rationalization of the Phase
Transition Behaviour in a Solid Organic Inclusion

Compound: Bromocyclohexane/Thiourea

4.17 Abstract

This chapter presents thdrustural properties ofthe bromocyclohexanéhiourea
inclusion compoundhat have beenedermined using both singtzystal and powder Xay
diffraction over a range of temperatures above and beldstorderphase transitioat 233
K in this material Particular emphasis is placed the effects of bromine substitution of the
guest molecule on structural aspects of the phase tranbigloaviouy by comparingthe
structuresof the lowtemperature phases of the thiourea inclusion compounds containing
bromocyclohexanand cyclohexaneguest moleculesThe results reveal marked contrasts to
the phase transition behaviour in the prototypical cyclohexane/thiourea inclusion compound,
demonstrating that relatively small changes in molecular geometry (in thés kmamine
substitution) can have a profound influence on structural properties of therngverature

phase in such materials.

4.27 Introduction

Although urea inclusion compourti¥”! have been explored extensively with regard to
structural and dynamiproperties, including detailed characterization of changes in these
properties that occur at letemperature phase transitions, the corresponding family of
thiourea inclusion compounds' have received much less attention even though thiourea
inclusion compounds offer potentially greater scope than urea inclusion compounds with
regard to materials applicatiolis'® as the thiourea host tunnel can include a range of bulkier

guest molecules possessing a much wider diversity of chemical functionality.

A detailed description of the structural properties of thiourea inclusion compounds is
provided in Section 1.3. We reiterate now that the thiourea inclusion compound containing
cyclohexane (CH) guest molecules is, in many respects, the prototypical meinthes o

family of materials, and has been studied widety®>?? CH/thiourea has three distinct
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phases, with phase transition temperatures (on cooling) at 148 K and 127 K. The
structuraf* 2% and dynamit® properties of each phase have been cheriaet! in detai(see

Section 1.3.1).

In this chapter, the effects of bromine substitution of the guest molecules on the
structural aspects of the phase transition behaviour are investigated, by comparing the
structural properties of the letemperature piises of the thiourea inclusion compounds
containing bromocyclohexane (BrCH) and cyclohexane (CH) guest molecules. Previous
studies have shoWr that BrCH/thiourea has the conventional thiourea tunnel structure
[R3c; a° 160 A, c° 12.5 A (hexagonal séihg)] at ambient temperatur@ig. 4.1), with
orientational disorder of the BrCH guest molecules, and undergoes -ardiest phase
transitior®® at ca 237 K. However, the structural properties of the-temperature phase
have not been reported. Thikapter focuses on analysis of the structural properties of the

low-temperature phase of BrCH/thiourea.

b a‘-f:ii\ _L‘R';"__
JY

Figure 4.1. The "conventional" rhombohedral thiourea host structure,observedin the
high-temperaturgohase of BrCH/thiourea, viewed along the turames.

69



Several other studies have reported various aspects of the properties of the BrCH guest
mol ecul es. For exampl e, measur ement of i nt
from Br K-edge EXAFS spectfd suggests thateadto headordering ofthe guest molecules
exists in the inclusion compound. Furthermore, no abrupt changes were observed inthe Br K
edge EXAFS spectrum upon crossing the phase transition temperature, indicating that there is

no change in this behaviour as a function of teijpee.

As discussed in Section 1.3.3, chlorocyclohexane, bromocyclohexane and
iodocyclohexane molecules adopt very uncharacteristic conformations when constrained as
guest molecules within the thiourea tunnel structure. In their liquid and vapour [Fh&5es
and in the pure solid staf&,¥ the equatorial conformer of these molecules predominates.
However, a variety of spectroscopic techniques, including®i® Ramar?® *c NMRI?®4*

“3 and Br kedgeEXAFS?" have shown that these moleculehibit a strong preference for
adopting the axial conformation when included in the thiourea tunnel structure (e.g>@&rom
NMR™ the proportion of BrCH guest molecules with the axial conformadip@08 K is
estimated to bea 95%). Several of theseuslies demonstrated that there is a rapid ehair
chair interconversion of these guest molecules in the inclusion compdufid*lthe energy
barriers for which have been determif&tDavies and Nightingale also obserii&dfrom
variable temperater IR and Raman spectra that there is no detectable change in the relative
proportions of the guest conformations for either chlorocyclohexane or bromocyclohexane

guest molecules as a function of temperature (down to 74 K).

The dynamic properties of the BrCguest molecules have been investigated using
solid-state’*C NMR and®H NMR techniquel® **%? petween 100 and 350.KThe results
suggestthat rapid ring inversionoccurs in the higltemperature phaseogether with
essentiallyunrestrictedreorientdion of the whole molecule relative to the host tunnel. In this
phase, ring inversion of the guest species is the dominant relaxation mechidpism
cooling below the phase transition, the inversion dynamics of the BrCH guests is completely
frozen out orthe NMR timescale, and thus distinct NMR lines are observed for the axial and
equatorial conformerddowever, there is no significant change in the ratio of the axial and

equatorial conformers above and below the phase transition in agreement with previous
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mentioned spectroscopic investigatiéfis.In the higher temperature region tfe low-
temperaturgohase highly restricted butapid overall motiors of the BrCH guest molecules
still occur. However, atca. 110 Kand lower temperaturgsigid-limit specta areobserved,
indicating that the reorientational motions of the guest molecules are fromerthis

temperature regime

4.37 Experimental

The BrCH/thiourea inclusion compound was prepared by cooling a solution of thiourea
and BrCH ¢a. 3:1 molar réio) in methanol from 55 °C to 20 °C ovea 29 hoursNeedle
shapedcrystals wereobtained (widthca. 0.257 2 mm, lengthca. 57 10 mm) with cross
sectional shape corresponding to a distorted hexagon (i.e., with angles of 120° between
adjacent sides,ub with sides of unequal length). Powdera§ diffraction confirmed that the

product was a monophasic sample of a conventional thiourea inclusion compound.

Differential scanning calorimetry (DSC) was carried out on a TA Instruments heat flux
Q100 DSC. Theground sample of BrCH/thiourea was subjected to a cycle of cooling and
heating between 298 and 203 K, at cooling/heating rates of 10 K. rAfter cooling, the

sample was held at 203 K for 1 min before commencing the heating cycle.

Singlecrystal Xray dffraction was carried out onldonius KappaCCD diffractometer
equippedwith an Oxford Cryosystems cryostat. Data were recorded at several temperatures
on cooling from ambient temperature to 110 K and on heating back to ambient temperature.
The same cryat was used to record data over the entire temperature range. The transition
from the hightemperature phase to the ldemperature phase is accompanied by crystal
twinning, associated with the reduction in symmetry from rhombohedral to monoclinic, as
evident from splitting of diffraction maxima. On heating the crystal from thetewperature
phase across the phase transition temperature, each set of split diffraction maxima coalesces
into a single maximum, and thus the twinningfadénning process is reveble. Structure
determination in the lowemperature phase involved analysis of the data from a single twin
component. Structure solution was carried loytdirect methodsising SHELXS-97.44 The
nonH atomsthat were not locateith the structure solutn were foundy differenceFourier

methods For the lowtemperature phase, inspection of difference Fourier maps following

71



initial refinement of the thiourea host structure revealed two relatively large peaks inside the
host tunnel, interpreted as the ations of two Br atoms with fractional occupancies and
suggesting that the BrCH guest molecule is disordered between twdefiakd orientations.

At the lower temperatures studied in the {eemnperature phaseg 110 K), it was possible to
locate the dter nonH atoms of the BrCH molecule from difference Fourier maps.
Geometrical restraints were applied to the two BrCH orientations in the final stages of
refinement, and the fractional occupancies were refined. BarHnatoms anisotropic
displacement pameters were refined. Htoms wereinsertedat calculated positionand
refined using a riding model. Theotropic displacement parametd#reach H atom was.2

times the equivalent isotropic displacement parameter of the atom toiwisitlonded

Powder X-ray diffractiondatawere recordedt several temperatures betw@9sK and
30 K on a BrukerD8 diffractometer (reflection mode; Ge monochromated §uw&diation;
data rangled 411504 Gt2p size, 0.01607A; ti me
controlled using an Oxford Cryosystems Phenix cryo&aturacyca. 0.1 K). However,
under the conditions of our powd¥rray diffractionmeasurement, the inclusion compound
undergoes partial decompositi¢as a result oSubjecting the sample to reduceesgsure in
the cryostat leading to thepresence osome amounof pure thioure&> *® in the sample
Thus, peaks due to pure thiourea (marked with asterisksgind.4) are observed in the
powder Xray diffraction patterns. Lattice parametéys BrCH/thiourea were determined by
profile fitting using the Le Bail methdt' in the GSAS program packalfé.*” A two-phase
refinement was employed, involving simultaneous prdiiteng for both the BrCH/thiourea

inclusion compound and pure thiourea. Ggodlity fits were obtained in all cas@sg. 4.5).

4.47 Results and Discussion

Figure 4.2 shows a differential scanning calorigram of BrCH/thiourea. The DSC plot
indicates that BrCH/thiourea undergoesfiat-order exothermic transition at 233 K on
cooling and an endothermic transition at 233 K on heating, in close agreement with the phase

transition temperature reported previousfy*!
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Figure 4.2. DSC of BrCH/thiourea showing the phase transition at 233 K on both the cooling
and heating cycles (Bihermic responses are shown as posjtive

Our singlecrystal Xray diffraction study revealed that the rhombohedral structure of
BrCH/thiourea in the higllemperature phagéig. 4.1) transforms to a monoclinic structure

in the lowtemperature phase (Fig.3).

The crystallographic data for BrCH/thiourea in the {@mmperature phasare as
follows: 3(CH:NLS Cel1:Br; FW = 391.42 g mbI} Monoclinic, P2/a; T = 110(2) K;/ =
0.71073 A;a = 9.6637(6) A, b = 15.9623(7) Ac = 12.4881(7) A, b = 114.047(2)°V =
1759.16(%) A3 Z = 4, ey = 1.478 Mg/n$, m= 2.690 mm 1; Crystal size = 0.3 0.30 x
0.30 mn?; total reflectionscollected = 6456, independergflections = 3696R; = 0.0575%
R; = 0.0829 andvR, = 0.2049 for > 25(1); Ry = 0.1106 andvR, = 0.2219 for all data.

In the lowtemperature phase, the thiourea molecules have the same topology of
hydrogenbond connectivity as in the higemperature phase, and a tunnel host structure is
retained. However, the host tunnels are distorted significantly tierhigher (rhombohedral)
symmetry of the highemperature phaq&ig. 4.1). Thus,the host tunnetrosssection, when
projected on to the plane perpendicular to the tunnel axigxis; subscript "m" denotes
monoclinic) is a distorted hexagdFig. 4.39). In the projection on the plane perpendicular to
the cn-axis shown inFig. 4.3 the repeat vectors in this plane are tieaxis and the

projection of thea-axis [denoted progq)].
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Figure 4.3. (a) Crystal structure of BrCH/thiourea viewgxhrallel to the tunnel axis of the
thiourea host structure at 110 K, showing only the major orientation of the BrCH guest
molecule. I¢) Crystal structure of BrCH/thiourea at 110 K, viewed perpendicular to the
tunnel axis, showing only the major orientatiohthe BrCH guest moleculec)(The two
distinct orientations of the BrCH guest molecule at 110 K, viewed perpendicular to the tunnel,
with the tunnel axis verticald) Definition of the distances used to describe the distorted
crosssectional shape ohe thiourea host tunnel, projected onto the plane perpendicular to
the tunnel axis. Iparts (a)i (c), hydrogen atoms are omitted for clarity.

From the analysis of the singbeystal Xray diffraction data, Here is considerable
orientational disorder othe BrCH guest molecules in the hightemperature phase, in
agreement with a previous determination of the structure in this fNaBerthermore, the
results suggest that, in the temperature region of thedowerature phase just below the
phase trantibn temperature, there is no significant increase in the ordering of the guest

molecules and the extent of disorder remains similar to that in thetdnigherature phase.

This observation is consistent with conclusions from previous-stdig NMR studig?® 4% 42!
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discussed above. It is only at sufficiently low temperatures within theédowerature phase

that the orientational properties of the BrCH guest molecules become more localized, with
evidence from the singlerystal X-ray diffraction analys that the guest substructure in this
temperature regime (beloga. 180 K) is characterized by two wetllefined guest orientations

at each guest site within the host tunnel.

At the lowest temperature (110 K) studied, the guest substructure is descrilzed by
model comprising two distinct orientations of the BrCH guest molecule (with total occupancy
of unity), centred at the same site in the host tunnel. For each guest orientation, the
cyclohexane ring has the chair conformation with the Br substituent axialgposition(Fig.
4.3b,c) in agreement with conclusions from spectroscopic studies (see Section 4.2) that the
axial conformation predominatésr BrCH guest molecules in the thiourea host structure and
that there is no change in this preference at temperatures. In accordance with the
conclusions from Br kedge EXAFS spectra (Section 4% the single crystal results show
that headto headordering of the guest molecules exists in the inclusion compound at these

temperatures.

At 110 K, the occupacies of the two guest orientations aee 80% (major component)
and 20% (minor component), confirmed from independent studies of two different crystals.
The shape of the structural "envelope" (van der Waals surface) occupied by the two guest
molecules igoughly prolate spheroidal, with the principal axis orientedaai86°, 54° and
45° with respect to then,, by, and cp-axes respectively. Thei®r bonds in the major and
minor components of the guest are tilted from the tunnel axisXis) by 52.5° and 26.3°,
respectively, and the angle between the orientations ofitBe libnd in the two components
is ca. 98°. For the major component, tharojection of the Q Br bond onto the plane
perpendicular to théunnel €,) axis forms an angle 08.5° with the poj(ayn) axis and an
angle of86.5° with the bn-axis The two guest orientations occupy essentially the same
volume of spacégsee Fig4.3c),and it is reasonable to infer that the difference in-gaosist
interaction energy between the two orientationstrbescomparatively small, such that both

orientations have significant populations at low temperature.
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To further explore the extent of ordering of the BrCH guest molecules in the higher
temperature region of the letemperature phase, the structure deteechat 110 K was used
as the starting model for refinements at higher temperatures, in which the occupancies of the
two guest orientations were allowed to refine. On increasing temperature from 11ZPH to
K, the relative occupanciesg 4:1 at 110 K) bthe two guest orientations converge to similar
values. However, the precision of the refined guest substructure decreases significantly as
temperature is increased, reflecting an increased degree of disorder such that the model
comprising two weldefined orientations of the guest molecule becomes inadequate, even
with refinement of large anisotropic displacement parameters to subsume the effects of
molecular motion.From singlecrystal X-ray diffraction data recorded with temperature
cycling in thelow-temperaturghase, the relative occupancies of the two guest orientations
are found tovary reversibly as a function of temperatuseiggesting that a process of

dynamic interconversion between the two guest orientations occurs inside the host tunnel

To explore the temperature dependence of the lattice parameters in more detail, a
powder Xray diffraction study was carried out to determine the unit cell parameters at a
significantly greater number of temperatures and covering a wider temperature range (dow
to 30 K) than the singlerystal Xray diffraction study. A selection of the experimentatay
powder diffraction patterns is shown Fg. 4.4. The resultsdemonstrateclearly that a
structural change occurs between 240 and 230 K. TFregy Xliffractionpattern at 295 K can
be indexed on the basis of a rhombohedral latiice [16.03 A,c = 12.51 A (hexagonal
setting)] and the systematic absences are consistent with space ddougefermined
previously from single crystal Xay diffraction datd*> We note that pure thiourea may be
produced during grinding of the sample and when the sample is subjected to reduced pressure
conditions inside the cryostat. Thus, several peaks assigned to pure thiourea (marked with
asterisks inFig. 4.4 can be indexed omhe basis of the orthorhombic lattice of pure
thioure&™ *® with space groufPnmaat 295, 240 and 230 K and space gr&@pmaat 100
K. The unit cell parameters obtained from the powderayX diffraction data for
BrCH/thiourea were determined by profflging using the Le Bail method (see Section 4.3).

Figure 4.5shows the results from the Le Bail fitting of the powderax diffraction patterns
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recorded at 295, 240, 230 and 1008ppendix Al contains the Le Bail fits of the powder X

ray diffraction @tterns recorded at the other temperatures.

18 20 22 24 26 28 30 32 34 36 38
20/°

Figure 4.4. Powder Xray diffraction patterns for BrCH/thiourea recorded at selected
temperatures above and below the phase transition at 230 &lolWering of symmetry on
entering the lowtemperaturephase isevident from the peak splittings observed. Additional
peaks due t@ure thiourea (see Section #.8re marked with asterisks (black: peaks due to

pure thiourea only; red: peaks due to pure thiourea overlapping with peaks due to

BrCH/thiourea).
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Figure 45. Results from Le Bail fitting ofpowder Xray diffraction patterns for
BrCH/thiourea recorded in the higtemperature phase &95 K and 240 K, and in the lew
temperature phasat 230and 100 K. In each case, the plot sksdive experimental (red +
marks) calculated (green line) and difference (purple) powder diffraction profiles. The
calculaed reflection positions for the BrCH/thiour@aclusion compound (black tick marks)
and pure thiourea (red tick marks) are shown.

On passing below the phase tramsittemperaturesplitting of the peaks assigned to the
BrCH/thiourea inclusion compound is observed. For exaintple peaks indexed as (2@at
19.1°) and(211) (at 19.2°) in the higlbemperaturg@hase each split into two peaks in the low
temperatue phas€Fig. 4.4).At 230 K, the powder Xay diffraction pattern is indexed by a
lattice with monoclinic metric symmetry with the following lattice paramei®rs:9.9131(4)

A, b=16.1130(7)A, c = 12.4944(6) A, and = 113.9120(18)°. Peaks with no asterisks and
those marked by red asterisks (due to peaks of BrCH/thiourea overlapping with peaks of pure
thiourea) inFig. 4.4are indexed on the basis of this lattice. Furthermore, from the systematic

absences of reflecins in the powder Xay diffraction pattern recorded at 230 K, the space

group of the low temperature phase is assignét®da.
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To follow the lattice distortion at the phase transition, a common definition of lattice
parameters for both the higamperatire and lowtemperature phases is used, corresponding
to the monoclinic unit celldm, bm, Cm, bm}.?® Let ay, by andcy be the basic vectors for the
high temperature rhombohedral phase, in the hexagonal setting. Then, the basi@ygotors

andcy, of the monoclinic lattice are given by

Q

-2 1 1
8y =5y +3by - 5CH,

(4.1)

wherecy, is parallel to the channel axis abgis perpendicular to this axis.

The temperaturdependence of the lattice parameters on cooling from 295 K to 30 K,
shown in Fig. 4.5 exhibits good quantitative agreement witbur singlecrystal X-ray
diffraction results (assessed for the specific temperatures studied by both techinspges
Appendix A2. The periodic repeat distance along the turjagl decreases only slightly as
temperature is decreased across the full temperatuge rstadied, and does not change
significantly at the phase transition. In contrast, the phase transition is associated with abrupt
changes inay, bm and by, (corresponding to a significant distortion of the tunnel eross
section, as evident from the project on the plane perpendicular to theaxis inFig. 4.33
and a small (but significant) discontinuity in unit cell volunyg)( In the lowtemperature
phase,a,, bm and b, have contrasting temperature dependences; in partidwjaand by,
evolve in a normonotonic (but continuous) manner as a function of temperature, passing
through a maximum and a minimum respectively in the regioi210- 220 K. These rather
complicated changes in the nature of the distortion of the host tunnel as a function of
tempeature in the region just below the phase transition tempenaiayée associatedvith
the fact that, in the same temperatteggime there aresignificant changes in the degree of

ordering (and dynamics) of the guest molecules, as noted above.
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Figure 4.6. Temperaturedependence dhe lattice parameters and unit cell volume (referred
to the monoclinic unit cell discussed in the text) for BrCH/thiourea, determined from powder
X-ray diffraction data. The red dashed line indicates the phase transgioperature.
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Figure 4.7. Temperature dependence of thikstortion parametér D, defined in the text, for
CH/thiourea (blue; data from r&f') and BrCHithiourea (black). The temperature scale is
plotted as T T;, where T denotes the phase transition temperature at which the structure
changes from rhombohedral to monoclini¢ €233 K for BrCH/thiourea; T = 148 K for
CHi/thiourea. Note that the second phase transition for CH/thiourea [at 127 K, corresponding
to(T1 T.) =1 21 K] is associated with a significant discontinuity in the value of D.

The distortion of the thiourea tunnel structuia the low-temperaturgphasemay be
quantified using the functioD [Eq. (4.2)], which indicates the extent to which grejection
of the structure on the plane perpendicular to the tupebkis deviates from the hexagonal
metric symmetry of the higtemperature phase [the repeat unit in this-tivoensional
projection is a rectangular unit cell with cell edges of fesl,, and projam)]:

_ by,
~ V/3a, cosp,, - 90)

D (4.2)

When the projection of the monoclinic unit cell has hexagonal metric symmetry (as in the
high-temperaturgphasg, by, :\/_Sam cosp,, - 90), and henc® = 1. Thus, eviatiors from

D = 1 are interpreted asa measure of the degree of distortitbom hexagonal metric
symmetry, withD > 1 andD < 1 corresponding to different modes of distortion, as discussed
in more detail below. Importantly, the distortion of the thiourea tunnel in theédowerature
phase ér BrCH/thiourea(Fig. 4.7) corresponds t® > 1, whereas, in marked contrast, the

distortion in the lomtemperature phase for CH/thiour@ag. 4.7)corresponds t® < 1.
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Further details of the mode of distortion of the host tunnel in thedowperaturgphase
may be established by considering the shape of the distorted tunnetetbes observed in
the projection of the structure shownFig. 4.3a.To define the distorted hexagonal shape of
the tunnel crossection, the relative values of the threenesto-corner distances (denoted
d'1, d> and d's; defined inFig. 4.3d and the three perpendicular feceface distances
between opposite faces (denotkdd, andds; defined inFig. 4.39 of the distorted hexagon
are considered. For BrCH/thiour¢gig. 4.3d) the distortion is such that one faweface
distance @s) becomedongerthan the other two faem®-face distances [values relative to the
longest distancedf): di/ds = 0.90,d,/d; = 0.91,ds/d3 = 1], while one corneto-corner distance
(d's) becomesshorter than the other two cornd¢o-corner distance [values relative to the
longest distanced(;): d'y/ds = 1, d'»/ds = 0.99,d'3/d'; = 0.88]. This mode of distortion
corresponds t@wompresmg one corneito-corner distanceand stretching oneface-to-face
distanceperpendicular to it (note frofaig. 4.3dthatds; andd'; are essentially perpendicular to

each other).

Significantly, the mode of distortion of the host tunnel in the-lemperature phase of
CHi/thiourea Fig. 4.9 is completely differat. In this case, the distortion is such that one-face

to-face distancedt) becomeshorterthan the other two fae®-face distances [values relative

to the longest distancel): di/ds = 0.99,d,/d; = 0.92,d3/d; = 1], while one corneto-corner
distane (d'1) becomedongerthan the other two corngo-corner distance [values relative to
the longest distancal'(): d2/d'; = 1, d'»’/d'; = 0.88,d'3/d'; = 0.85]. This mode of distortion
corresponds to stretchingne corneito-corner distanceand compressg one faceto-face
distanceperpendicular to it (note froaig. 4.3dthatd, andd'; are essentially perpendicular to

each other).
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Figure 4.8 (a) Crystal structure of CH/thiourea viewed parallel to the tunnel axis of the
thiourea host structure a00 K (data fromRef.[24]). (b) Definition of the distances used to
describe the distorted crosectional shape of the thiourea host tunnel, projected onto the
plane perpendicular to the tunnel axis.

Given these differing modes of distortion of the hexag tunnel crossection in the
low-temperature phases of CH/thiourea and BrCH/thiourea, the contrasting behaviour of the
"distortion parameterD within the lowtemperature phases of these inclusion compounds can
be readily understood. Thus, in the plaperpendicular to the tunnel axis in the low
temperature phase (for both CH/thiourea and BrCH/thioureahtagis is nearly parallel to
the corneito-corner distancel’,, whereas the pra@yf,) axis is nearly parallel to the fate
face distanceal;. For BrCH/thiourea, the distortion in the let@mperature phase involves a
relative lengthening ofl'; and shortening ofl;, whereas for CH/thiourea, the distortion
involves a relative shortening af, and lengthening ofl;. As a consequenc® > 1 for
BrCH/thiourea andD < 1 for CH/thiourea. Although the structural properties of the
chlorocyclohexane/thioureaclusion compound have not been studied at the same level of
detail as BrCH/thiourea ar@H/thiourea, the results from a previous {emperature powder
X-ray diffraction study® suggest that the distortion in the ltemperature phase of this

material corresponds © > 1.
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4.57 Conclusions and Further Work

The studies presented in this chapter reveal that BrCH/thiourea undergoes a reversible
first-order phase transition at 233 K which involves a distortion of the host tunnel structure
from rhombohedral to monoclinic symmetry and is associated with a large discontinuity in
unit cell dimensions in the plane perpendicular to the tunnel axis. In agreeitreptevious
spectroscopic studiéS:*!! singlecrystal Xray diffraction reveals that the BrCH guest
molecules remain highly orientationally disordered in the temperature region just below the
phase transition temperature. Indeed, the orientationpepies of the BrCH guest molecules
only become localised at sufficiently low temperatures within thetéowperature phase
(below ca. 180 K). This gradual increase in the ordering of the BrCH guest molecules as
temperature decreases reflects a reduatiothe dynamics of the guest molecules which
slowly re-orient into one preferred direction as they lose mobility and as the host structure

contracts.

Comparison of the structural properties of the -tewperature phase of the
BrCH/thiourea inclusion compod presented in this chapter with those of the CH/thiourea
inclusion compound reported previouély?” reveal the subtle yet important changes that can
occur in phase transition behaviour simply by substitution of a single atom in the guest
molecule (inthis case bromine substitution). This observation reflects the fine energetic
balances that pertain in such materials and the role of small and subtle changes in

intermolecular interactions involving the host and guest components.

To investigate this sulet phase transition behaviour in more detail and to determine the
relative importance of steric and electronic factors to the "mode of distortion" in thiourea
inclusion compounds, we propose repeating the measurements outlined in this chapter on a
series thiourea inclusion compounds containing monosubstituted cyclohexanes as the guest
component. Initially, the experiment would investigate the structural properties of thiourea
inclusion compounds containing fluorocyclohexane, chlorocyclohexane, idodoeyalte
and methylcyclohexane guest molecules as a function of temperature, above and below the
phase transitions in these materials. Knowledge of the structural properties and phase

transition behaviour of these materials may allow conclusions to be drawime physical
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properties which control the phase transition behaviour. We note that chlorocyclohexane and
methycyclohexane possess similar steric features but contrasting electronic features. Thus,
comparing and contrasting the phase transition behavadurthe thiourea inclusion
compounds containing these two guest molecules could be particularly instructive for
deducing the factors which control the phase transition behaviour. It would also be
informative to know whether the thiourea inclusion compoucalstaining monohalogen
substituted cyclohexane guest molecules (which possess similar electronic features but
diverse steric features) behave in a similar way to one another, and whether there are any
observable trends in their behaviour (for instancetheir phase transition temperatures,

lattice parameter changes and in the changes of the ordering of guest molecules).

The plots of the unit cell parameters of BrCH/thiourea as a function of temperature (Fig.
4.6), reveal rather complicated changes inrtheire of the distortion of the host tunnel just
below the phase transition temperature. We suggest that this is associated with the significant
changes in the dynamics and degree of ordering of the guest molecules that take place in this
temperature regie. Clearly, more knowledge of the dynamic properties of the BrCH guest
molecules is required to be able to fully rationalise this behaviour. We propose performing
variabletemperature solidtate’H NMR studieson thiourea inclusion compounds containing
deuterated BrCH guest moleculgsinvestigate the dynamic properties of this material in

more detail.

The present study focussed on the changes in the structural properties of the
BrCH/thiourea inclusion compound as a function of temperature. We predicsithilar
changes may also be observed as a result of varying the pressure applied to the inclusion
compound. We propose to repeat the measurements presented in this chapter as a function of
pressure instead of temperature, to determine whether the nfodestortion of the
BrCH/thiourea tunnel structure and the changes in the ordering of BrCH guest molecules are

the same in both cases.
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Chapter 5 1T X-ray Birefringence from a Model

Anisotropic Crystal

5.17 Abstract

This chaptereportsthe first definitive demonsttion of X-ray birefringencereporting
amaterial that exhibits essentially ideal birefringence behaviourraly)energies near the Br
K-edge. The designed material, thédrbmoadamaiine/thiourea inclusion compound gives
experimental behaviour in exoefit agreement with theoretical predictions for the
dependence of transmittedray intensity on both Xay energy and crystal orientation. The
results vindicate the potential to exploit this phenomenon to establish a detailed understanding
of molecular parization and, in particular, to determine the orientational distributions of

specific bonds in solids.

5.21 Theory of Birefringence

This section introduces the basic theory of the phenomenon of birefringence, providing

a foundation upon which the workgsented in this chapter is based.

Birefringenceis the phenomenon exhibited by anisotropiaterias in which the
refractive indexof light depends on the direction of polarizatiof the incident light* 2
Anisotropic materials have at least one unignstallographic axis, which is termed the optic
axis and polarized light beams with the plane of polarization parallel and perpendicular to this
axis have different refractive indices. BirefringempaNg defined as the difference between

the refractive indices in the planes paralig) Gnd perpendiculang) to the optic axis:
o- (5.1)

When an unpolarized light beam is incident upohirafringentmaterial at a nomormal
incidence angle, the beam is decomposed into two linearly polarized light rays, known as the
ordinary ray (with polarization perpendicular to the optic axis) and the extraordinary ray (with
polarization parallel to the optic axis) as depicted in Fig®5This phenomenon is known as
double refraction and is manifest in the observation that, when an object illuminated with

unpolarized light is viewed through a transparent birefringent crystal, two images slightly
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displaced from one another are seen. On¢hef most famous examples of an optically
birefringent material is the mineral calcite (Fig. 5Phe phenomenon of birefringence has
been harnessed in a wide variety of applications including many optical devices, such as

optical fibres, liquid crystalidplays,andwave plates.

Electric field Optic Axis
parallel to optic axis A

IVAVA
'&m\\

Electric field \\
perpendicular to optic axis \

Incident Light ———»

| Extraordinary Ray
Ordinary Ray

Figure 5.1. (a) Schematiof the phenomenon of birefringence, or double refractstiowing

an unpolarized light beam being decoupled into two orthogonal linearly polarized rays when
incident upon a uxial anisotropic materia The decoupled component rays are polarized
parallel (extraordinary) and perpendicular (ordinary) to the optic axis.

Figure 5.2. Double refraction exhibited by the mineral calcite. Two images are observed
when an object, which is illuminated with utgrized light is viewed through the crystal.
Both images have been taken from Ref.[4].

The behaviour of linearly polarized light interacting with both a birefringent and-a non
birefringent sample is now discussed in order to demonstrate the concepeinetail. The
phenomenon of birefringence is illustrated in Figs. 5.3 and 5.4, which show hypothetical

experiments in which linearly polarized light is transmitted through a birefringent material
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(Fig. 5.3) and a nocbirefringent materiaFig. 5.4) before interacting with a polarization

analyzer oriented at 90° with respect to the plane of the incident polarized light.

The case of the birefringent sample is showRig 5.3.We note firstly that thelectric
field vector of linearly polarized light can besolved into two orthogonal components. When
the magnitude of these two vectors is equal and remains constant (as a function of time and
position along the wave), the electric field oscillates in a single plane and the light is said to
be linearly or plae polarized. The direction of the optic axis of the material and the
corresponding refractive indices, paralkeland perpendiculan, to this axis, are denoted in
part A of Fig. 5.3. The linearly polarized incident light (green arrow) is orientedaatgied;

with respect to the optic axis of the sample.

birefringent
sample Analyzer

=
==

Transmitted

Polarized Rotated
light light

optic axis l

of sample

polarized light
principal axis

A J

A A,
analyzer

light
axis

(A) (B) (C) (D) (E)

Figure 5.3. Schematic illustration of the phenomenon of bingence, showing the behaviour
of linearly polaized light interacting with a birefringent material. Pamtsi E denote the
changes in tl polarization state dhelight as it is passed through the sample and interacts
with a polarization analyzer, oriented at 90° with respect to the plane ofnitident
polarized light. PartA i E are described more fully in the text.

If suchlinearly polarized light is incident upon a uniaxial birefringent san{pig. 3;

part B)at an anglef; which is reither exactly parallator perpendicular to the optic axiben

the light will be decomposedhto two perpendicular vector¥{ andV,, denoted by the blue
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dotted lines) based on the optic axis of the sample. These two compivaeeltsat dferent
velocities through the materiakV; is retarded by refractive index andV; is retarded by
refractive indexn,. The two components consequently diverge, resulting in a change in their
relative phases causing a rotation in the polarizatioe stfathe light as the two component
rays recombine upon exiting the material (part C). A new set of vedimad VNjand a new
angled, can now be assigned. Physically, this behaviour results in the light emerging from the

birefringent material being elliptically polarized.

If this light intersects a polarization analyzer (red arrow), oriented at BOYes@ct to
the polarization of the incident light, the light is once aginomposedhto two orthogonal
vectorsA, and A, based on the orientation of the analyzer axes (part D). One component of
the light A is now transmitted through the analyzer whereassicond componem, is
absorbed (part E). The amplitude of the transmitted compoAgrdepends oif; and takes

its maximum value whed; = 45° and its minimum value whef= 0 or 90°.

It is important to note that when light (polarized or unpolarized) intersects a birefringent
sample along theptic axis the light only experiences a single atoraivironment, i.e.the
wave front of light only experiences one refractive index and the wavelets travel at the same
velocity throughout the material and exit the material irsphén this case, therens change

in the polarization state of the light.

In contrast to the situation shown in Fig. 5.3, if the material is isotropic (Fig. 5.4), then
the incident light experiences only one refractive index (independent of orientation) and both
components of the electric field of lights(andV,) are refracted inxactly the same way
through the sample. This means that the two components emerge from the material in phase
and there is no change in the polarization state of the incident linearly polarized light (Fig.
5.4; parts H H). Thus, if this light intersects polarization analyzer, oriented at 90° to the
polarization of the incident light (red arrow, part 1), BRepolarization component is zero. In
this case, all the light is polarized perpendicular to the analyzeA(tteenponent) and is thus

not transmited (part J).
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non-birefringent
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_ Transmitted
Polarized No change in the %
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Figure 5.4 Schematic illustration showing the behaviour of linearly polarized light
interacting with a nonbirefringent material Parts F1 J denote the langes inthe
polarization state of lightas it is passed through the sample antériacts with a polarization
analyzer, oriented at 90° with respect to the plane of thielémt polarized light. Parts (F)

(J) are described more fully in the text.

optic axis
of sample

0 polarized light
/" principal axis

A A
A\ J

Until this point, we have considered some general features of birefringence and have
referred to the specific case of birefringence in the visible regime of the electromagnetic
spectrum. This chapter, however, is concerned with the birefringenceayfsXand although
the physical process at this length scale is essentially identical, asdnfgestructural and

symmetry rules apply, some important differences need to be noted.

The phenomenon of-ray birefringencevccurs at energies close to the absorption edge
of specific atoms andepends predominantly on the interaction efays with coreslectrons,
rather than the entire crystal structure. For this reakenX-ray optic axis is not necessarily a
crystallographic axisFor maximum Xray birefringencethe X-rays must match the energy
required to promote a core electron to an empty orhitak thesis is concerned with-pay
birefringence in materials containing bromine atoms, using incident-plalaezed Xrays
with energy corresponding to the bromineetlige (13.493 keV). Thu¥-ray birefringence
depends strongly on the orientationtoh e Ci1 Br bond with respect

polarization.
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5.371 Introduction

The interaction of linearly polarized visible light with solids is well understood,
including the phenomena of dichroism and birefringéfider which absorption (in thease
of dichroism) and refractive index (in the case of birefringence) depend on the orientation of
an anisotropic material with respect to the plane of polarization of the incident radiation.
the case of linearly polarized visible ligkthe phenomenoof birefringencainderpins the use

of the polarizing optical microscope.

However, vhile these phenomena have beadely studied for visible lightheyare far
less establisttefor linearly polarized Xays. In fact, until recentlthe study of birefrigence
usng linearly polarized Xays remaine@n essentially unexplored fiel@his fact is perhaps
surprising given that the interaction of polarizeaays with solids could potentially provide
important new insights into materials properties that @heetio unobtainable using radiation

with wavelengths on the scale of visible light.

Nevertheless, in the last few years, significant developments have been made by the
Harris group in the field of Xay dichroisit™® and a series adichroic filter mateials for
applications in magnetic Xay scatterin§ and Xray astronom§? have been reported.
Although the phenomena of dichroism and birefringence give rise to different effects on the
propagation of linearly polarized radiation through a materiah(dism causes rotation of
the plane of polarization and birefringence causes the polarization to become elliptical), these
phenomena are intimately related to each other, and are related mathematically by a-Kramers
Kronig transfornt? Thus, materials thaexhibit linear dichroism generally also exhibit
birefringence, and these phenomena depend on the same structural (and symmetry) properties
of the material.

Given theprevious development of materials that exhibit significammay dichroism®
8 we weremotivated to explore the possibility that such materials may also exhitaiy X
birefringence. Surprisingly, very few experimental studies @a¥X birefringence have been
reported:®*? and significantly, all previous studies involved complex experiaiesgtups to
detect extremely weak signals. In contrast, the model material studied here is shown to exhibit

a huge birefringence signal, which permits a very simple experimental arrangement to be
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used, directly analogous to the-sgtin the conventionalolarizing microscope for studies of
optical birefringenceThe observationseported in this chaptapen up the realistic prospect
of exploiting the phenomenon of-bay birefringence to probe small changes in molecular
polarization, as well as to prollee dynamic properties and spatial distribution of molecular

polarization in solids

The successful developm&fit of X-ray dichroic filter materials suitable for operating
at X-ray energies near the Bré&dge was based on urealahiourea inclusion copounds™
I The key advantage of exploiting such solid inclusion compounds in the development of
materials for applications based orra§ dichroism (and here-Kay birefringence) devolves
upon the fact that the host structure exerts a very strongtingeinfluence on the guest
molecules, and thus with appropriate choice of both the host structure and the guest
molecules, materials can be designed in which the orientations of specific bonds of the guest

molecules (in the present casé BT bonds) can & exquisitely controlled.

Theinitial studies of Xray dichroism in the urea inclusion compound containing-1,10
dibromodecane guest molecules led to the theoretical predfittiblt optimal Xray
dichroism at Xray energies near the Br-&dge may be actved for a material in which all
CiBr bonds are aligned parallel to each other (a situation not realized for 1,10
dibromodecane/urea). On the basik this prediction,a new materialwas designed
specifically,a solid inclusion compound comprisingolomoadamantane (denoteeBA; Fig.

5.59 guestmolecules within the thioureéFig. 5.5a)host tunnel structurejesignedon the

basis that the thiourea host structure would constrain the orientations ofBAegliest
molecules such that alli Br bonds in thematerial would be parallel to each other. This
material was prepared, and determination of the crystal strlit{#ig. 5.5b,c)vindicated the
success of the design strategy. The material was shown to exhibit optimal performance as an
X-ray dichroic fiter near the Br Kedge, exhibiting the theoretically predicted maximum
difference in the absorption of linearly polarized incidentra}s between two crystal
orientations differing by 90 (specifically, the two orientations with the emptyi B2
antibondingorbital parallel and perpendicular to the plane of incident polarizatimg.

strong dependence on the orientation of thd&rCbond arises because the incidentay
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beam, with energy in the vicinity of the Brédge, can promote a core (1s) electronhenBr
atom to thel* antibonding orbital associated with theél B bond. Given the directional
characteristics of the vacaiit antibonding orbital, the probability of the occurrence of this
process depends strongly on the orientational relationship betweeri Bnebo@hd andthe
plane of polarization of the incident-bay beam. Sincehe ZXBA/thiourea inclusion
compound represents a modehterial for Xray dichroism, ournitial studies of Xray

birefringence focused on the same material.

@) Br (b) 7=

\ %%Y b %%> P
b 8 {0 )
4 \ h’

1-bromoadamantane (1-BA) & Sy \ 4 Sy
{ BE yead BE e
: N A s N ke N
IR Nomad 2 e

' /2N / V4
HoN NH, A 7 bk 4
Sk N \\g)tae*—!

thiourea (T) N\ F

Figure 5.5 (a) Molecules prsent in the dBA/thiourea inclusion compound. (b) Crystal
structure of the BA/thiourea inclusion compound viewed along the tunnel ax#xi€) of

the thiourea host structure, and (c) viewed perpendicular to the tunnel axis (horizontal),
showing that th€i Br bonds of all 1IBA guests are parallel to the tunnel.

The crystal structuf@ of the £BA/thiourea inclusion compoun@ig. 5.5b,c)has space
group P321, and the thiourea host tunnels (which exhibit subtle structural difes€nom
"conventional'thiourea inclusion compouné®) are parallel to the unique crystallographic
axis -axis). Within the periodic repeat (24.75 A) along the tunnel, {B& fuest molecules

occupy three independent sites, but importantly, thBr@®onds of all guest mateles are
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aligned parallel to the tunnel and hence parallel tathgis. From the crystal symmetry, the
material is uniaxial, with the optic axis parallel to thexis, and is highly anisotropic with
respect to the orientations of thé B2 bonds. A sintp crystal of 1BA/thiourea (as used in
the experimentliscussed below) has a longedle morphology, with the needle axis parallel
to the tunnel axis of the host structuceakis) and parallel to the direction of the B2 bonds

of the EBA guest molecule In general, the crosection &b plane) of the longeedle
morphology is hexagonal (with angles of 12@tween adjacent faces in the hexagonal eross

section), although the six sides of the hexagon are not necessarily of equal length.

5.41 Experimentéa

The EBA/thiourea inclusion compound was prepared by slow cooling of a solution of
thiourea and -BA in methanol from 55 °C to 20 °@\eedleshapedcrystals were obtained,
with crosssectional shape corresponding to a distorted hexagon (i.e., with aigl@®°
between adjacent sides, but with sides of unequal length). Powgr diffraction confirmed

that the product was a monophasic sample of #B&/thiourea inclusion compound.

To study Xray birefringence, the transmission of linearly polarizeth¥s through the
crystal was studied in tHerosseepolarizet geometry shown ifrig. 5.6for X-ray energies
near the Br Kedge. Measurements of-rdy dichroism employed the same experimental
arrangement but with no polarization analyzer (and with thecttst placed along the
direction of propagation of the incident beam). The dimensions of the crystataverenm
along thec-axis andca. 1 mm perpendicular to theaxis, and the dimensions (fwhm) of the
focussed X-ray beam were 0.&xm (horizontal) and.05 mm (vertical). The crystataxis was
maintained perpendicular to the direction of propagatzesxi(s; Fig. 5.9 of the incident X
ray beam, with an anglebetween the crystataxis and the direction of linear polarization of
the incident beam (horizontal). Thuss 0° when the crystat-axis is in the horizontal plane
(xz plane). The orientation of the crystal with respect to rotation arouncldkes s defined
by anglel (Fig. 5.6), with G = 0° corresponding to the orientation with the incidentay
beam ¢-axis) parallel to the crystallographaeaxis (or a symetry equivalent direction). The
experimental measurements ofray birefringence, using # setup in Fig5.6, were carried

out on beamline 116 at tHa&iamond Light Source. The-Kay polarization analyzer was highly
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oriented pyrolytic graphite (HOPG), which operates by means of Bragg diffraction clage to 2

= 90°. The polarization analyzer wasented with its scattering plane horizontal and detects
predominantly photons of the rotated polarization state. The detector also detects some
polarization contamination, with a small contamination from the-notetted radiation that
vanishes as @ appoaches 90°. Thesynchrotron radiation provides a linearly polarized

incident Xray beam (>99% polarized on beamline 116).

. c-a}z(is
c_§ P
X
7
/ 7 > -
L= = single
crystal
polarization

X-ray beam polarized

I
in XZ plane analyzer

detector

Figure 5.6. Schematic of the experimental -sgt for measurements ofrdy birefringence.
The incident Xay beam is propagated algrthez-axis and is polarized in thezplane. The
crystal orientation angles and( are defined.

For the measurements of transmittedry intensityreported in this chapteit is
convenient to adopt the terminology of linear absorption coefficients. Assuming a uniform
material of thicknesg and linear absorption coefficierf the ratio of transmitted Xay
intensity (1) to incident Xray intensity (o) is given byl:/lo = €°.! The value ob varies
significantly as a function of Xay energy near an absorption edge and also depends (for an
anisotropic material) on the orietitn of the crystal with respect to the direction of incident
polarization. Although it is convenient to deal directly with intensities, this approach is
inadequate when the phase of the photon plays an important role, and an analogous approach
dealing wih the electric field (or wave amplitud® of the photon must be adopted instead.
Thus,11/1o = [AP/|GF = €° 'wherel © |(F andois a complex quantity. The real partxif the
conventional absorption coefficient and describes the change in amplitude of the wave,

whereas the imaginaryap ofo gives the change in phase.
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Dichroism and birefringence are the real (primed) and imaginary (dpubhed) parts,
respectively, of a continuous complex functiofic), whereE is photon energy, and are
related by the Krameir&ronig transfornt?) In the present case, the linear dichroismj is
the difference between absorptispectra recorded (Fi§.7a) with the crystat-axis parallel
(o) and perpendicularaf)j to the direction of polarization of the incidentrXy beam.
Knowing the lineadichroism spectrunyoils), obtained from experimental measurements of
aljand gyNj(Fig. 5.7a), the birefringence spectrugoNfjis calculated using the Kramérs

Kronig transfornff! as

oy _ 2 5 EDgi(E]) .

Dgi(E) —;PQ mda, (5.2)
whereP is the"principal part of the integral (which involves a singularity) aidand ENj
represent photon energy. For a symmetric dichroism spectrum, the birefringence is

antisymmetric and vice versa.

5.57 Results andiscussion

This chapter compares experimental measurements andtitedsenulationsof X-ray
birefringence for a single crystal ofBA/thiourea using the setup in Fi§.6. To calculate
theoretically the properties of the polarizeerays transmitted through the crystal, we first
require to measure the totalrdy intersity transmitted through the crystal (i.e., with the
polarization analyzer removed from the experimental assembly and with the detector placed
along the direction of propagation of the incident beam) as a functiorray ¥nergy for two
fixed crystal oriatations, specifically with the optic axis-&xis) of the crystal fixed either
parallel ¢ = 0°) or perpendicularg= 9C°) to the plane of polarization of the incident beam.

The measurements (Fi§.7a) demonstrate strong-pay dichroism in the vicinityf the Br k-

edge, as also reportgeviously!” The di chr oi It (Rgp=i) dateomimedp

from thesee x per i ment al data is then wusedoNBjo cal
(Fig. 5.7b) using Eq. (5.2We note from Fig. 5 thatthedi c hr oi s moE)pie ct r u
indeed (as discussed above) cl ose ONEfissy mme

almost antisymmetric.
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On the basis of the knowledge of these two spectra, the properties of-rénes X
transmitted through the crystahd the polarization analyzeran be calculatel using the
theoretical framework developeth Appendix B (which is based partiallyon previous
publication&>?®) for comparison to the corresponding data measured in the detailed
experimental studies discess béow. The theory outlined imMAppendix B describes the
changes in both amplitude and phase of a wave of specific polarization passing through a
material and allows us to calculate the intensity of radiation transmitted through any material
for which theabsorption is dominated by electric dipole transitions, for any polarization of the
incident beam, and for grorientation of the materiakurthermore, the analysis allows for a
norrideal polarization analyzeiherefore, the theoretical framework allows to simulate

the type of Xray intensity data recorded using the experimental setup i .Big
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Figure 5.7. (a) X-ray absorption spectra measured with tttaxis of a single crystal of-1
BA/thiourea parallel X; red line) and perpendiculary( green line) to the plane of
polarization of the incident Xay beam. (b) The measuredray dichroism spectrum [red
| i ne(BE)t the difference between the two curves in (a)] and the calculatealy X
birefringence sp@&E&iltrum [green | ine; o

The experimetal measurements of-Kay birefringence recorded using the setup in Fig
5.6 arenow considezd. Thedata comprise measurementsf transmitted intensity as a
function of X-ray energy and crystal orientation angl®r a single crystal of -BA/thiourea
(experimental data in Fig. 5a8 correspoding simulated results in Fig. 2 The transmitted
X-ray intensity varies significantly as a function of both crystal orientation arad/Xnergy
because of the anisotropicrdy optical properties of the crystalirectly analogous to the

effects observed in optical microscopy with linearly polarized visible light. In the present
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case, the effects arise fromr&y dichroism and »ay birefringence, which depend directly

on local anisotropy at the atomic level. Téfere, the measured-day intensity depends on

the molecular anisotropy within the material, and, in particular, the orientational properties of
the Q Br bonds. The agreement between experimental and simulated result §Fg very
satisfactory, indiating that the properties of the crystal and the physics underlying the
technique are well understood. At a giverray energy, the maximum transmitted intensity
arises when the optic axis of the crystal is a&t45 with respect to the plane of polarization

of the incident radiation, in agreement with the familiar result for birefringence between

crossed polarizers for visible light (e.g., in a polarizing optical microscope).
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Figure 5.8. (a) Transmitted Xay intensity recorded (for the sep in Fig.5.6) for a single

crystal of 2BA/thiourea as a function of angteand Xray energy, and (b) the corresponding
data simulated using the theoretical frameworldppendixB. The intensities are normalized

to amaximum of unity in each case. The transmitted signal is very strongly enhanced close to
the energy of the Brd€dge and passes through a maximum=a#5°.

This behaviours examinednore cbsely in Fig.5.9a, which showsX-ray intensity as a
function of g, with X-ray energy fixed at 13.4855 keV and wiihfixed at 0. Clearly, the
results demonstrate the classical sinusoidal variation of transmitted intensity as a function of

G, as familiar in the analogous case of birefringence of visible light.
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Figure 59. (a) Transmitted Xay intensity (normalized to a maximum of unity) as a function
of 6 for the setup in Fig.5.6, with Xray energy fixed at 13.4855 keV (hear the maximum of
the Br Kedge) andli fixed at 0°. (b) Same as (a) but with transmitteda¥X intensity
measured as a function of with 6 fixed at 45°.

Figure 59b shows the transmitted intensity as a function of afdlee., for rotation of
the crystal about the-axis), with G fixed at 45 (corresponding to maxinmu transmitted
intensity in Fig. 5.9a). Given the uniaxial nature of the crystal, the absorption coefficient
should be independent of the direction of propagation of radiation withiabth&ane of the
crystal and hence independent (@f In fact, a small variation of transmitted ensity b
actually observed (Figh.9b) and is attributed to a slight variation in the effective crystal
thickness as a function @t The specific variatio of intensity observed in Fig. 5.9b accords
with this explanation for the typical crosection ofthe crystal morphology perpendicular to
the c-axis for EBA/thiourea crystals, which comprises a distorted hexagon with one longer
dimension within theab plane (as depicted inFig. 5.1Q. Therefore, two minima in
transmitted intensity (maximum crystal ¢khess) separated i & 180° are expected, as

observed in Figb.9b.
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X-ray beam

Figure 5.1Q Schematiof the typical crosssection of the crystal morphology perpendicular
to the eaxis fa 1-BA/thiourea crystals, comprising distorted hexagon with one longer
dimension within the aplane. Thigype of crystal morphology is expected to produsenall
variationin transmittedntensity as a functiondéf, as o Fig.8%ved i n

5.67 Conclusios and Further Work

The results reported in this chaptedemonstrate that the-BA/thiourea inclusion
compound exhibits ideal Xay birefringence, giving experimental behaviour in excellent
agreement with theoretical predictions for the dependence of transmitiayl iKtensity on
both X-ray energy (near the Br-KEdge) and crystal orientatiomhese results represent the
first definitive demonstration of the phenomenon effay birefringence and confirm that the
underlying theory (as incorporated into the simulations) is adequately understood. Ultimately,
the ideal Xray birefringence behavio@xhibited by this material emanates from the fact that
the Q Br bonds of all BA molecules are aligned parallel to each other. Clearly, the strong
dependence between transmitteday intensity and the orientational properties of specific
bonds in a mat&l (Ci Br bondsin this case) was central to tdesign of the BA/thiourea
inclusion compound as a model system for exhibitinga¥X birefringere (and, in the

previous work, Xray dichroism).

In more general terms, the strong dependence betweemy Xrefringence and the
orientational properties of specific bonds in solids suggests that there is considerable potential

to exploit measurements of-pay birefringence as an experimental strategy for assessing and
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guantifying the orientational distributionsf bonds in solids, for example, in the case of

partially ordered materials or materials that undergo odiesrder phase trangns.

This potential is harnessed in Chapter 6, in which measurementsagf {refringence
are used to determine the chasmge the orientational properties of bromocyclohexane guest
molecules, associated with an  ordésorder phase transition in  the
bromocyclohexane/thiourea inclusion compound. The results demonstrate that measurements
of X-ray birefringence can be used agaaverful experimental technique for determining the

changes in bond orientation in materials.

Other potential applications include materials for use as-diftnactive fixed
wavelength Xray phase retarders, which may be applied, for example, to comaatly
polarized Xrays to circularly polarized Xays. Devices based on this approach are
potentially quite efficient and far less sensitive to beam angle than diffractive devices (i.e., a
few degrees of divergence should have little effect, comparéddiviergence of the order of

millidegrees in the case of diffractive devices).
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Chapter 67 Using X-ray Birefringence to Determine
Changes in Bond Orientation in an Anisotropic

Material

6.17 Abstract

Many important properties of materials and molecules depend on a particular type of
chemical bond being oriented in a specific direction. Therefore, determining the orraitatio
distribution of bonds is an essential prerequisite to understanding and developing the
properties of such materials. However, because many materials are either disordered or
partially ordered, conventional diffraction methods often cannot be usedeondee this
information. In this chapter, we demonstrate that measurementsayf irefringence can be
used to determine changes in the orientational distributions of specific types of bonds in
anisotropic materials. For a crystalline anisotropic omasblid (specifically the
bromocyclohexane/thiourea inclusion compound), measurementsraf Kirefringence are
used to determine the changes in the orientational distribution ofiBel©nds, associated

with an orderdisorder phase transition in thisaterial.

A leastsquares fit of simulated birefringence data, based on a structural model, was
performed to allow quantitative structural information on the bromocyclohexane guest
molecules to be established, leading to excellent agreement between exjadriamsl
simulated data. Furthermore, the structural properties determined fray Birefringence
correlate exquisitely with those obtained independently frommayX diffraction data,
demonstrating the validity of the structural model and the reliabiitythis novel

experimental technique.

These observations represent the basis of a new technique for determining information
on the structural properties of materials, particularly in cases for which diffraction methods
may be unsuitable. The technique lage potential to be utilised in the exploration and
discovery of new materials with important properties and in principle could be applied to any

anisotropic system.
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6.21 Introduction

Chapter 5 discussed tffiest definitive demonstration of Xay birefingence reporting
amaterial that exhibits essentially ideal birefringence behaviourraty)energies near the Br
K-edge. The designed material, thérbmoadamamine/thiourea inclusion compound gave
experimental behaviour in excellent agreement witkeotétical predictions for the
dependence of transmittedray intensity on both Xay energy and crystal orientatiorhe
strong dependence betweera§ birefringence and the orientation of theBC bonds in this
material demonstrated the potential forings measurements of -¥ay birefringenceto
establish a detailed understanding of molecular polarization and in particular to determine the

orientational distributions of specific bonds in soffds

In this chapter, measurements ofr&y birefringence arased to characteris#anges in
the orientational distribution of molecules associated with an -aliderder phase transition
in the bromocyclohexane/thiourea (BrCH/thiourea) inclusion compound. In particular,
measurements of-¥ay birefringence are used determine changes in the orientation of the
Ci Br bond of the BrCH guest molecules as a function of temperature, above and below the

phase transition.

Comparison of the structural properties of BrCH/thiourea determined from-tag X
birefringence measaments with those determined from singigstal Xray diffraction data
demonstrates the validity of the-rdy birefringence results and showsat comparable
structural information can be obtained from the two approadlese observations constitute
the basis of a new technique for determining the orientational distribution of bonds within

solids which may be of importance to the development of new materials.

In this study, we focus on the BrCHi/thiourea inclusion compodurtte structural
properties of liis material have already been determined over a wide range of temperatures

1 andarediscussed in

usingX-ray diffraction® ¥ solid-state NMR*® andother techniqué$
detail in Chapted. At room temperature, the inclusion compound exhibits thveational
rhombohedral thiourea host structéréFig. 6.1)and the BrCH guest molecules (and thus the
Ci Br bonds) are essentially isotropically disordered due to their dynamic properties, which

involve almost unrestricted reorientations within the tlffng ” & However, the material is
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known to undergo a firgtrder phase transition at 233 K as evidenced from DSC (see Section
4.4). The phase transition involves a distortion in the symmetry of the host structure, whilst
retaining the same hydrogéond connectivity as in the higiemperature phaSk(Fig. 6.2a).
Although the phase transition is associated with a discontinuity in the lattice parameters, it is
not associated with an abrupt change in the dynamics or degree of ordering of the guest
molecules. Instead, there is a gradual increase in the ordering of the guest molecules (and
hence the CBr bonds) as the temperature is decreased below the phase transition. At 110 K
the guest molecules are localised in two distinct orientations; a neaj@Q %) and a minor

(ca 20 %) componeniThe Q Br bondsof the major component make an angléaihCwith

the c-axis (Fig. 6.2b)andthe projectionof the GBr bond onto the plane perpendicular to the
tunnel €,) axisforms an angle 08.5° with the projé,) axis and an angle &4.9° withthe

bm-axis (Fig. 6.2a)

S
a/lf Lfng%a

Figure 6.1. The "conventional" rhombohedrahiourea host structure, as observed in the
high-temperature phase of BrCH/thiourea, viewed along the tunnel axis. In this phase, the
guest molecukeare isotropically disordered.
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Figure 6.2 (a) Crystal structure of BrCH/thiourea at 110 K viewed parallel to the tunnel axis
of the thiourea host structure, showing only the major orientation of the BrCH guest
molecule. (c) Crystal structure of BHthiourea at 110 K, viewed perpendicular to the tunnel
axis, showing only the major orientation of the BrCH guest molecule. Hydrogen atoms are
omitted for clarity.

The aim of the current study is to use measurementsraf/ ¥irefringence to determine
the orientation of the TBr bonds of the BrCH guest molecules in the BrCH/thiourea
inclusion compound over a range of temperatures below the phase transition. To achieve this,
guantitative information on the orientation of theBE bonds will be extracted fro the best
fit simulations based on a theoreticatucturalmodel. The absolute values of the structural
parameters extracted from the model are compared to the same parameters determined from
singlecrystal Xray diffraction data to ascertain whether eay birefringence technique
can be used to obtain reliable structural information on bond orientation and to assess the
suitability of thestructuralmodel. The temperature dependences of the orientationitBe C
bonds is also assessed in order to datex the changes in the orientational ordering of the

BrCH guest molecules as a function of temperature.

6.317 Experimental

The BrCH/thiourea inclusion compound was prepared by cooling a solution of thiourea
and BrCH ¢a. 3:1 molar ratio) in methanol fro®5 °C to 20 °C oveca. 29 hoursNeedle

shapedcrystals wereobtained (widthca. 0.257 2 mm, lengthca. 57 10 mm) with a cross
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sectional shape corresponding to a distorted hexagon (i.e., with angles of 120° between
adjacent sides, but with sides ofeguial length)Powder Xray diffraction confirmed that the

product was a monophasic sample of a conventional thiourea inclusion compound.

To study Xray birefringence, the transmission of lingapolarized Xrays through a
single crystal of BrCH/thioureaas studied in thectossedolarizet geometry shown ifrig.
6.3for X-ray energies near the Bré&dge. The dimensions of the crystal wese2 mmalong
the c-axis (the tunnel axis of the thiourea host struct@edica. 0.5 mmperpendicular to the
c-axis, and the dimensions (fwhm) of the focuseda}{ beam wer®.3 mm (horizontal) and

0.3 mm (vertical).

c-axis
Y A
<s®
X
7
/ i >
L~ = single
crystal
polarization

X-ray beam polarized

in XZ plane analyzer

detector

Figure 6.3. Schematic of the experimental agi for measurements ofrdy birefringence.
The incident Xay beam is propagated along tkexis and $ polarized in thexzplane. The
crystal orientation angles and( are defined.

In the experiments, the orientation of the crystal was varied by rotation about the two
anglesc and{ defined inFig. 6.3 The incident Xray beam was linearly polarized the xz
plane (horizontal), and = 0° was defined as the ontion with thec-axis of the crystain
the horizontal planexg plane). The orientation of the crystal with respect to rotation around
the c-axis is defined by anglé (Fig. 6.3),with (i = 0° corresponding to the orientation with
the incident Xray beam(z-axis) perpendiculato the crystallographic plane 100hus, withc
= (0 = 0 9, thec-axis of the crystal is horizontal (parallel to the electric vector of the incident
radiation) and thé-axis is parallel to the propagation direction of the incidadiation. This
definition of ¢ and ( relates the orientation of the hexagonal crystallographic axes of

BrCH/thiourea in the highemperature phase to the experimental reference frame
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(specifically the direction of the propagation of the incident radiatmwa plane of
polarization of the incident radiatiorifhe corresponding definitions for the ldemperature
monoclinic phase (referred to in the discussion) are that, avthii = (°, thecp-axis of the
crystal is horizontal (parallel to electric vectortloé incident radiation), thie,-axis is parallel

to and the prof) is perpendicular to the propagation direction of the incident radiation.

Our experimental measurements ofray birefringence, using the setup king. 6.3
were carried oubn beamline B6 at the Diamond Light Source. We recall that synchrotron
radiation provides a linearly polarized incidertray beam(>95% polarized on beamline
B16, with the electric component in the horizontal plarfe four-circle, vertical scattering,

Huber eulerianiffractometer was used to record the data.

In order to extract quantitative information from measurements of #tagy ¥htensity as
a function of sample orientation at each temperature studies, we have carried out a least
squares fit to the model des@tbin Section 6.4. In this model, we assume that the sample
exhibits uniaxial anisotropy with the optic axis along tlieBCbond, oriented at "bonrult
angle",y, with theci axis, and at a "bonrdzimuthal angle"y, from theac plane (see Fig.
6.4). These definitions are based on the monoclinic form of BrCH/thiourea (exhibited in the
low-temperature phase) and can therefore be related to Fig. 6.2. A full descapthe

model is provided itsection 6.4.

b

m

Figure 6.4.Schematic of the BrCH/thiourea crystal defining the boihéngle,y, and bond
azimuthal angle,¥, of the GBr bond of the BrCH guest molecule relative to the
crystallographic axes of BrCH/thioea in the lowtemperature phase (monoclinic form).
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All data reported in this chapter were recorded on the same single crystal of
BrCH/thiourea. Apart from the results shown in.Feg, all data were recorded on the first
cooling cycle of the crystal. Thaata presented iRig. 6.8 were recorded as the crystal was
warmed for the first time from 100 K to 270 K. The same measurement obtained on the first
cooling cycle indicated that there are no significant differences in they Xirefringence
behaviour ofthe crystal upon cooling and warming. We note that the entire exper{Fignt
6.5 to 6.11)was repeated for a second cooling and warming cycle on the same crystal of
BrCH/thiourea and the results revealed no significant change in ey Xirefringence

behaviour of the crystal as a function of temperature cycling.

For the experimental measurement&ig. 6.7 and 6.11c was sampled &at0° intervals
frome= T25A to 95A. At cethecttansmitfed Xay iatensity wasa | u e s
measured as a function 6fwithivar i ed bet ween 1135 and 135,

measurement time at each valudi@hndc was 2s.

6.41 StructuralModel

The model assumes that the net direction of thBr®@onds is the same throughout the
sampled region of the crystal, i.e., that the measurement probes a single orientational domain.
The generated model used to describe the @ataloys 13 parameters. However, the values
of several of these parameters are known and are fixed in the fitting procedure. Other
parameters are known only approximately, but are found to have very little effect on the
resulting fit other than a contriboti to the overall scale factor. Given these considerations,
the parameters that are expected to vary with temperature are the pargmeetdrs that
define the orientation of thei®r bond with respect to the crystallographic axes, and an
overall "polariation factor", p, which acts as a prefactor for the complex anisotropic
absorption coefficient. The absolute value of this parameter cannot be extracted easily, but its
dependence on temperature can be obtained very precisely. The polarization pfactor,
qguantifies the degree of polarization of the ensemble of BrCH guest molecules and can be
considered as the resultant of the direction of all thBr®@onds. Thus, the polarization factor
will take its maximum value when there is a single orientation ofCi@r bonds (i.e., a

completely ordered situation where all the bonds are aligned in parallel) and will take its
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minimum value when the i@r bonds are isotropically disordered (in this case, there is no
resultant €Br bond direction and the polarization fac will be 0). In this work, the
polarization factor is in the range from 1 (for a completely ordered situation with all guest
molecules having the same Br bond orientation) to O (for an isotropically disordered
situation with no preferredi®@r bond orentation and with every bond direction having an

equal population).

Interestingly, the fit to the data is significantly poowdrena small degree of circular
polarization in the incident beam is not incorporated into the model. The value R 0. 07 5
was extracted from each individual data set, suggesting that this type of measurement is so
sensitive to the circular polarization that is would make an extremely simple and effective
polarimeter. A modest circular component to the beam polarization is poisgwy, and may
be caused by a small vertical misalignment of the slits that define the emission from the

bending magnet radiation source.

In the fitting procedure, three parameters were varied, with all other parameters fixed, as
shown in Table 6.1. Fall data sets (shown iRigs.6.7 and 6.11 andable 62) considered
(comprising intensitywersusc and (i), good fits are obtained at all temperatures studied. The
results of this analysis vindicate our model and show very clearly that: (a) the degree of
polarization,p, increases as temperature decreases, but there is no significant change in the

net orientation of the {Br bonds, and (b) the assumption of a single domain is valid.
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Description Value(s) Comment
Molecular polarization factor, Fitted for each datg The resultant of all thei®r
p set(Table 6.2) bond directions

BondHilt angle,y

Fitted for each datg

Angle between CBr bond and

set(Table 6.2) c-axis
Bond-azimuthal angley Fitted for each dat§g Angle between CBr bond and
set (Tables.2) acplane

Eccentricity in sample cross 1.0 No eccentricity requed
section, assumed elliptical
Ratio of birefringence to 1.0 Estimated from Ref{.1]
dichroism ©gii/ Dgi)
Ratio of dichroism to isotropig 0.58 Estimated from Ref1]
absorption Dgi/ Dg)
Isotropic absorptiom t 1.2 Measured
Polarization analysetd 86.3° Graphite (0,0,10)
Polarization analyser rotatiah 89° Nominally 90°
P, (Stokes parameter for lines 0.0 Expected to be zero
polarization at 45° from
horizontal)
P, (Stokes parameter for T0.075 Nominally zero but a small
circular polarization) value expected due to
misalignment
P3 (Stokes parameter for 0.99 Nominally 1.0 but slightly
horizontal linear polarization reduceddue to electron beam
size and Xray beam
divergence
Overall scale factor 823854.8 Accounts for bam intensity
etc.

Table 6.1.The parameters considered in the structural model.

6.57 Results and Discussion

We focus initially on the experimentl-ray birefringencedatarecordedat 100 K and

270 K using the setup in Fig. 6.3 Fig. 6.5 comprises dataf transmitted intensity as a

function of the crystal orientation angle, with @ fixed at 0° and with the incident-Kay

energy fixed at 13.493 keV (close to the BeHge), for a single crystal &rCH/thiourea at

270 K and 100 KAs expected, at 270 K.¢., above the phase transition temperature) there is
no significant variation in the transmitted intensity as a functiom &fiven the isotropically
disordered nature of the BrCH guest moledtlds(see Chapter 4) in the higamperature
phase, th@bsorption coefficient is expected to be independent of the direction of propagation

of radiation within the crystal, and thus the crystal is not expected to be dichroic or

birefringent in this phase.
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Figure 6.5 Transmitted Xray intensity (for the sap shown in Fig. 6.3) for a single crystal of
BrCH/thiourea as a function af, at 270 K (black) and 100 K (red). In each case, thayX
energy was fixed at 13.493 keV (near the maximum of thedBigK) andi is fixed at 0°The
intensities are normalized to a maximum of unity.

However, the results indicate a dramatic differemcéehaviour at 100 K. Indeed, at
100 K, he transmitted Xay intensity varies sigficantly as a function ot, indicating that
there is a significant increase in the degree of ordering of ti&r Gonds of the guest
molecules at this temperatut 100 K, two maxima and one minimum are obserwaithin
the range ofs probed, with maximaatd 7T 10A (t he hi geie s8t0 Amaxidmu
minimumatcd 40A. The maxi ma ar e t fca 80° adsppamatadt e d
from the minimum byca. 45°. This observation accords with the theoretical prediction that
maximum birefringence (and therefore maximum intensity transmitted through the analyser)
arises when the optic axis of the crystal is oriented at 45° to the plane of polarization of
incidert radiation, with maxima and minima predicted every 45°. A preliminary survey of
these data indicates that, in contrast to the situation fou@tapters, in this case, thetCB r
bonds of the guest are not aligned parallel tocthgis of the host (which would give rise to a
maximum atca. ¢ = 45 ©), but are instead oriented at an angl@efer to Fig. 6.4 fory
definition) with respect to the-axis (wherey is approximatelyhalf way between the planes
parallel and perpendicular to thexis, i.e., giving maxima in the transmitted intensitgat

¢c=80°anctac= 1T 10 U).
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Figure 6.6comprisesdata oftransmitted intensity as a function ofystal orientation
angled (i.e, for rotation of the crystahbout thec-axis) at 270 K and 100 K with fixed at
T 1°CGand with the energy fixed at 13.493 keV (close to the Bidige). The figure shows a
total rotation in(i of 270°, which was the maximum range(inthat could be expled given
the "hard limits" of the diffractometer. At 270 K (i.e., above the phase transition temperature),
there is no significant variation in transmitted intensity as a functiofs, since the guest
molecules are isotropically disordered. However, @ K, there is a large variation in
intensity as a function ai. Two minima and one maximum are obserwathin the range of
(i probed. The maximum is @& T 6 A, the f iG&ti INOMA mainmd itsh e
minimum is atc& 8 0 A . Thi s irbledomsigtenbwitih a maserialecontaining a
single orientational domain of the guest molecules, for which maxima and minima are
expected to be separated from one anotheqby 180°. Once again, this result indicates
that, for BrCH/thiourea in the loee mper at ur e phase, the CbBr |
oriented along the-axis, in which case the absorption coefficient would be expected to be
independent of the direction of propagation of radiation in the plane perpendicularcto the

axis and hence dependent ofi.

Intensity
o o
o o

©
EAN
1

o
N
1

O T T T T T 1
-150 -100 -50 0 50 100 150
JI°

Figure 6.6. Transmitted Xray intensity (normalized to a maximum of unity) as a functian of
for the setup irFig. 6.3at 270 K (black) and 100 K (red). In both cases, th@ay)energy was
fixed at 13.493 keV (near the maximum of th&kBrdge) and ¢ was fi xed
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Both Figs. 6.5 and 6.&how a striking difference betweethe X-ray birefringence
behaviour ofBrCH/thioureaat 270 K and 100 K. At 270 K the transmitted intensity is
independent of both and(i, whereas at 100 K, theahsmitted intensity is strongly dependent
on rotation of the crystal about both of these axes. The variation in the transmitted intensity at
100 K arises because of the anisotropic optical properties of the crystal. The effects arise from
X-ray dichroismand Xray birefringence, which depend directly on local anisotropy at the
atomic level and, in particular, the orientational properties of thigr Gonds. We attribute the
increase in Xray birefringenceo an increase in the degree of anisotropic ordeointhe

guest moleculeat 100 K(and hence ordering of thé Br bonds)

These observations agree with theay diffraction investigation irfChapter4, which
concluded that, at sufficiently low temperature within the -temperature phase, the
orientatioral properties of the BrCH guest molecules become localized andi BrebGnds
are aligned in a specific preferred direction. For the present purpose, we make the reasonable
assumption that the -¥ay birefringence is dominated by the major guest orientation

established from the-Xay diffraction study reported in Chapter 4.

We suggest, that the increase in the degree of molecular polarization of the BrCH guest
molecules at 100 K reflects a decrease in the dynamic properties of the guest molecules at
these tenperaturéd (see Section 4.4 and 3.5The weltbehaved variation irs and (i
indicates asingle "set" of minima and maximahich suggests that throughout the probed

region of the crystal, there is one dominant orientational domain of the guest molecules.

To investigate this behaviour in more detail and to extract quaveitatormation from
measurements of the-pay intensity as a function of crystal orientation, a series of two
dimensional scans of transmitted intensigysusc and( were recorded. A leasiguares fit of
calculated data for the structural model descriipeSection 6.4 was then performed, allowing
the orientation of the {Br bond of the BrCH guest molecules relative to the crystallographic
unit cell axeqas described by the boititt angle,y, and the bongzimuthal angley, defined

in Fig. 6.4), to beestablishedjuantitively at each temperature studied.

The experimental and simulated datatainsmitted Xray intensity as a function a@f

and G at 100 K areshown inFig. 6.7 The results reveal an extremely close agreement
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between experimental andnsilated data. Furthermore, the behaviour accords with the
theoretically predicted result for a single orientational domain of the guest molecules, which

was an assumption built into the model.

e
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Figure 6.7.(a) Experimental data ofansmitted Xray intenst y as a funfot i on
the setup in Fig. 6.3at 100 K, with Xray energy fixed at 13.493 keV (near the maximum of
the Br Kedge).(b) Bestfit calculated data for the structural model described in Section 6.4,
which specifies the @ntation of he Q Br bond of theBrCH guest molecules relative to the
crystallographic unit cell.

The structural parameters determined from the fitting procedure are ghdwahle 6.2
At 100 K, the values for the molecular polarization fagipbondtilt angle,y, and bond
azimuthal angle,¥, determined from the fitting procedure are 0.78, 53.7° and 5.0°
respectivelyWe note, that these bd#t values defining the orientation of theé Br bonds
relative to the unit cell axes are @xtremely close agreement with tsame parameters
determined independently from-géy diffraction datd! (see Section 4.4)The values

determined from our Xay diffraction study foy andy for the major component of BrCH at

110 K were 52.5° and 3.5° respectively.

T (K) Molecular Bond-tilt angle, Bond-
polarization y° azimuthal, ¥°
factor, p
200 0.33 60.2 5.0
160 0.54 55.1 4.8
130 0.67 54.0 5.0
100 0.78 53.7 5.0




Table6.2. Parameters fitted independently for data sets collected at each temperature, using
the structural model dested in Section 6.4.

To explore thetemperature dependence of theray birefringence of BrCH/thiourea
(and thus to gain insights on the processrdéong of the BrCH guesholecules), a series of

X-ray birefringence measurements were recotutdieen 10 and 270 K.

Figure 6.8shows a plot of the transmitted-rdy intensity measured continuously as a
function of temperature between 100 K and 270 K (@i#mdcfixed ati=0°ande= 1 10 A) .
The plot reveals that within the higemperature phase, the birefringence is essentially
independent of the temperature. At the phase transition temperature a small step in the
intensity is observed. As temperaturectbases below the phase transition temperature

towards 100 K, a progressive increase in the transmitted intensity is seen.
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Figure 6.8 Transmitted Xay intensity as a function of temperature (witlandc fixed at,d
=0°ande= 110 A).

These obsertions suggest that there is a gradual and progressive increase in the
degree of ordering of the BrCH guest molecules as the temperature is decreased below the
phase transition temperature and that the transition is not associated with an abrupt change in
the degree of ordering of the guest molecules. A transformation from a completely isotropic
state above the transition to a completely ordered state below the transition would cause an

abrupt step in the Xay birefringence signal (as depicted in Fig.)gvéhich is not observed.
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T T
Figure 6.9. Schematic showing the expected (in blue) variation in the transmitted intensity as
a function of temperature for a system which becomes fully ordered at the phase transition
temperature T and the observed (in redjariation in the transmitted intensity for the
BrCH/thiourea inclusion compound, for which there is only a small increase in the degree of
ordering of the BrCH guest molecules af and a progressive increase in the degree of
ordering as temperature is deeased below T

Similar observations can be made fréngs. 6.10and 6.11, which comprise datd
transmitted intensity as a functiontbie crystal orientation angsess (Fig. 6.10)and( (Figure
6.11) for different temperatures, specifically at 270, 2060, 130 and 100 K. These plots
also show a gradual increase in the transmitted intensity upon cooling below the phase
transition to 100 K. Furthermore, the results indicate that, although there is an increase in the
overall intensity of the signal asmperature is decreased below the phase transition, there is
no change in the and{ angular dependencies. From these observations, we conclude, that
upon cooling below the phase transition, the degree of ordering of the BrCH guest molecules
increases (i.e., the molecular polarization fagbptincreases), however there is no agm

the "preferred orientation” (net orientation) of thielBC bonds of the BrCH guest molecules.
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To furtherexplore theemperature dependence of theay birefringence (and thus the

ordering of the BrCH guesholecules) in the loviemperature phase, twbmensional scans

of transmitted intensityersusc and (i were reorded at 200, 160 and 130 (kig. 6.12)
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Leastsquares fits of calculated data for the structural model were also performed for each of
these data sets, and the structural parampigrsand¥ were extracted, following the same
procedure discussed abowe 100 K. The results ahown in Table 6.2As observed in the

case of the data recorded at 100 K, there is excellent agreement between the experimental and
simulated data. The results from the fitting procedure show only small variations in the bond
tilt angley and bondazimuthal angley, as a function of temperature, but there is a
significant linear increase in the molecular polarization parangets the temperature is
decreased. The results of this analysis vindicate our model and show very clearly tthat (a
degree of polarizatiom, increases as temperature is decreased, but with no significant change

in the net orientation of thei®r bonds, and (b) the assumption of a single orientational

domain is valid.

We note, that at 100,Khe value extractedf themolecular polarization factor 18 =
0.78, which indicates that theesultant of all the Br bondorientationsis close to a single
orientation. The fact thp is not equal to Ineans that there is still a range (albeit a narrow
range) of populatei Br bond orientations at this temperature. This observation indicates
that either: (a) the BrCH guest molecules still exhibit a certain amount of orientational
disorder at this temperature and that by cooling the material futthedistribution of
orientations of the€Ci Br bondsbecomes narrower such thgtvould approach a value of ar
(b) the value for the polarization factor reflects the fact,thatl00 K there are two
components of the BrCH guest molecules (a major and a minor conipeae Setion 6.2)
for which theCi Br bonds are oriented in slightly different directions. We speculateithat
the latter casethe valuep=0.78 could be obtained if the BrCH gueasblecules are
completelylocalised but are disordered between two distincintai@ns In support of the
latter argument, we note thainglecrystal diffraction data (Chapter 4) revedlsat the
populations of the major and minor components oBifeéH guest molecules at 110 Kea0.8

and 0.2 respectively.
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Our results from the Xay birefringence study are in excellent agreement with both
independent single crystal diffraction and NMR stuéfi€swhich revealed that in thiew-
temperature phase just below the phase transition temperature, there is no significant increase
in the ordering of the guest molecules and the extent of disorder remains similar to that in the
high-temperature phase. It is only at sufficiently low temgtures within the lovtemperature
phase that the orientational properties of the BrCH guest molecules become more localized.
The results show that there is a gradual and progressive increase in the ordering (and
molecular polarization) of the guest maléxs as the temperature is decreased. We speculate
that this continuous ordering of the guest molecules is caused by a gradual reduction in the
dynamics of the guests below the phase transition temperature in which the guest molecules
gradually organise to one preferred direction as they lose mobility and as the host structure

contracts.

6.61 Conclusionsand Further Work

For the first time, measurements ofray birefringence have been employed to
determine changes in bond orientation in an anisotropaterial. Specifically, Xay
birefringence measurements have been used to determine the changes in the orientation of the
Ci Br bonds in the BrCH/thiourea inclusion compound associated with an-disdeder

phase transition in this material.

Simulationsbased on a structural model have been used to determine the structural
properties of the BrCH guest molecule as a function of temperature. The results reveal an
extremely close agreement between the experimental and simulated data, thus demonstrating
the \alidity of the structural model. Furthermore, the extracted structural parameters obtained
from the Xray birefringence data are in exquisite agreement with the same parameters
obtained independently from diffraction data. In particular, there is extrenosky agreement
between the calculated values of the bahdingle ) and bondazimuthal anglexX) of the
Ci Br bonds, determined from the-rdy birefringence data and those obtained fromayx
diffraction measurements. This important result demonstréitat Xray birefringence
measurements can be used to determine changes the orientational properties of specific bonds

in solids and is capable of providing reliable structural information on materials. This result
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forms the basis of a new technique foetetmining bond orientation using -rdy

birefringence.

Temperature dependence studies revealed that, upon cooling below the phase transition
temperature there is a gradual increase in the polarization and degree of ordering of the BrCH
guest molecules whicreflects a gradual reduction in the dynamics of the guest molecules as
a function of decreasing temperatuf@ese results are in excellent agreement with previous

X-ray diffraction and NMR studies.

We propose performing measurements of transmittedyXntensity as a function of
temperature down to temperaturescaf 20 K on the BrCH/thiourea material (i.e., a scan of
the type shown in Fig. 6.8). This will allow the full temperature dependence of this material to
be determined and will enable us to deel whether there is a continued increase in the
ordering of the BrCH guest molecules at temperatures lower than 100 K. We anticipate the X
ray birefringence signal will eventually "level off" as the BrCH guest molecules become
completely ordered at whicttage the transmitted intensity will remain constant as a function

of temperature.

In principle the Xray birefringence technique described in this chapter could be applied
to analyse bond orientations in any anisotropic material. In order to extermbpeed the X
ray birefringence technique, we propose applying it to studyeh wider range ahaterials
involving several different Xay absorption edge¥Ve suggest performing experiments on
solid inclusion compounds containing a rangegaest molecles, using thesame Xray
birefringence setip used in the present work (Fig. 6.8)Je anticipate that thesxperiments
will demonstrate the sensitivigjd utility of X-ray birefringence as a technique for exploring
molecular orientational distributions solids, and will alscfurther extend our structural

understanding of the specific materials selected for study.

In particular, we propose studying thiourea inclusion compounds contaseieyal
organometallic guest molecules (such as ferrocéeezenechromium tricarbonyland
cyclohexadiene iron tricarborjyencompassing a range tansition metalsvith K-edgeX-
ray energiesThe benzene chromium tricarboriyliourea inclusion compoun(Cr K-edge)

serves a@ model systemas there is orientationakdering of the guest molecules even at
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ambient temperature. On the other hand, the ferrocene/thiourea inclusion compound (Fe K
edge) is known to exhibit phase transitions at-temperature involving orientational
ordering of the ferrocene guest moleculasd clearly a major aim of the propos€eay
birefringencestudies would be to establish new insights on the nature of the orientational
ordering processes in this material. Thelghexadiene iron tricarbontiourea inclusion
compoundFe K-edge) hasrientationalordeing of the guest molecules, but with contrasting

orientational characteristics benzene chromium tricarbonyl

The experiments described in this chapter were carried out using a narrowly focused
incident Xray beam, however in prindg these studies could be carried out in "imaging
mode", specificallyusing a largeda. 4 x 4 mm) unfocssed beam and imaging the whole
crystal simultaneouslysingan area detectorhis setup represents an-Kay analogueof the
polarizing optical microscope This experimental setp will allow the whole crystal to be
imaged at the same time, which in principle means that individual orientational domains
within the crystal could detected. Preliminary-ray imaging experiments on the- 1
bromoadamantane/thurea inclusion compound indicate that this is indeed a powerful

technique for determining information on beoadentation in materials.
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Chapter 717 An Incommensurate Thiourea Inclusion

Compound

7.17 Abstract

X-ray diffraction studies reveal that the tunnel inclusion compound formed between
tert-butyl-4-iodobenzeneand thiourea has an incommensurate @hstiip between the
periodicities of the host and guest substructures along the tunnel axis, representing the first

reported case of an incommensurate thiourea inclusion compound.

7.271 Introduction

Aperiodic crystals are defined, in general terms, as m#ahat do not have three
dimensional translational periodicity (and are thus distinct from conventional crystals), but yet
have aspects of loagnge order that give rise to sharp Bragg reflections in theiayX
diffraction patterns. Among the differenlasses of aperiodic structuf&s incommensurate
materials and quasicrystals have been widely studied, with examples from each of these
classes encompassing a wide range of chemical types. Interpretatiomagf diffraction
patterns from aperiodic aterials and elucidation of their structural properties often present
significant challenges that far exceed the challenges encountered in the study of conventional
crystals (i.e., those based on thdémensional translational periodicity). From the vieiy
of both diffraction physics and structural science, there is theretorsiderable interest in
understanding the properties of aperiodiaterials In this regard, we note, that the 2011
Nobel Prize in Chemistry was awarded to Professor Dan Shechitmdhe discovery of
quasicrystal®! The discovery of the first member of a potentially wide family of
incommensurate materials, reported in this chapter, clearly has the potential to open new

avenues of investigation within this field.

A classicexampe of a family of incommensuratenaterials within organic solidtate
chemistry are the conventionadea inclusion compounds™ which are discussed in detail in
Section 1.2. As outlined in Section 1.2.3, these materials are based on a urea tunnel host

structure and havan incommensurate relationshiff® between the periodicities of ttmst
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andguestsubstructuresalong the tunnel direction (Fig. 7.0he analogous thiourea inclusion
compound@g'zz] are also based on a similar tunnel structyi®ection 1.3), but in contrast,
only commensuratetructures of thiourea inclusion compounds have been reported to date
(see Section 1.3.1In this chapterthe first example of an incommensurate thiourea inclusion
compound specifically containng 1-tert-butyl-4-iodobenzengBIB; Fig. 7.2)as the guest

components repored

C c c c C c
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Figure 7.1. Schematic representation of a tunnel inclusion compound viewed perpendicular
to the tunnel axis. The definitionsagfandc, are shown.

S

o

H,N NH,
thiourea 1-tert-butyl-4-iodobenzene (BIB)

Figure 7.2.Host and guest alecules in théIB/thiourea inclusion compound

As described in Chapter 1, ethhost structures in both urea and thiourea inclusion
compounds areconstructed fromextensively hydrogerbonded arrangementof urea or
thioureamolecules and contaironedimensional, nofintersectingtunnelswithin which the
guestmolecules are densely packé®hile the tunnels in urea inclusion compounds are
suitable for including guest molecules based on a loiatkane chain, with only a very
limited degree of substitution permittedetunnels in thehioureahoststructure have a larger
crosssectioff® and are able tancorporate aange of bulkierguest moleculesvith much

more diverse chemical functionality.

The host structure inhtourea inclusion compoundss either rhombohedral or

monoclinic depending on the nature of the gud#ten the shape of thguest moleculas
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essentiallyisotropic (e.g. cyclohexaneadamantaner ferroceng the thioureahost structure
at ambient temperaturs usually rhombohedraland the guest moleculegenerallyexhibit
orientational disorder (static and/or dynami€his rhombohedralstructureis termedthe
"conventiondl thioureahoststructure. Insomecasesthioureainclusion compounds undergo
a phasetranstion to a monoclinic structureat low temperaturéan example of this type of

phase transitions is described in Chapter 4)

For those crystalline solids thatomprise an intergrowth of two chemically
distinguishablecomponents such as urea and thi@ar inclusion compoundshe terns
incommensuratand commensurateefer to the relationship between the periodicitiesho#
two components within the structure, and define the levstrotctural registry between time
(Section 1.2.3)In the case of a turel inclusion compoundhe periodicities of the gueand
hostsubstructures along the tunnel aare denotedy andc, respectively (see Fig. 7.1). The
materialis assigned asicommensuraté the ratiocy/c, is an irrational number, although it is
gererally of more practical utility (given the experimental errors in the measuremeydrud
Cn) to assign a material as incommensurate if the cgtop is not equal to a rational number
of low denominatori i.e., if there are no sufficiently small intes p and q for which
pc, = qg. Otherwise, if small integerp and q can be found that satisfthe relationship
pc = g, then the material is assigned @smmensurateln this case, the host and guest
substructures are locked in structural registry, dnely share a common periodicity
C= PGy = (¢ along the tunnel direction. As four lattice vectoes B, cn, cg} are required to
describe the periodicity of an incommensurate tunnel inclusion compound, the symmetry of
the composite inclusion compound cdre described only using a fedimensional

superspace grodp:1®

While wea inclusion compoundgenerally havean incommensurate relationship
between the periodicities of thwstand guestsubstructures along the tunnel aXathough
we note that ume inclusion compounds containing certain specific guest molecules are
actually commensuraiesee Section 1.2.3), dhiourea inclusion compoundsported to date
have beercommensuratstructures. We note that, although an incommensurate model was

invoked to explain results of NQR spectroscopy for hexachloroethane/thiétifda,
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subsequent structure determination by simglestal X-ray diffraction®® provided conclusive
evidence that this material is actually a conventional commensurate thiourasioincl
compound (with significant disorder of the guest molecules). In this chapgereportthat
the thiourea inclusiomompoundcontainingBIB guest molecules is the first example of an

incommensuratehiourea inclusion compound.

7.31 Experimental

Crydals of theBIB/thiourea inclusion compound were prepared by cooling a solution of
urea andBIB (ca. 3:1 molar ratio) in methanol from 55 °C to 20 °C owea 29 hrs.
Translucent needishapeccrystals were obtained. PowdesrXy diffracion confirmed that
sample of the inclusn compound was obtained, containing a sraatiount of the "pure
crystalline phase of thiourea, which forms upon grinding the sample for the powdgr X

diffraction measurement.

Differential scanning calorimetry (DSC) was carrimat on a TA Instruments heat flux
Q100 DSC. The ground sample of BIB/thiourea was subjected to a cycle of cooling and
heating between 298 and 103a cooling/heating rates of 10 K min After cooling, the

sample was held at 103 K for 1 min before comrmenthe heating cycle.

Singlecrystal Xray diffraction oscillation photographs were recorded using a Bruker
Nonius Kappa CCD diffractometer, with the tunnel axis,(iceaxis) of the single crystal

aligned parallel to the oscillation axis.

Singlecrystal X-ray diffraction data were recordeat 100 K wusing graphite
monochromated MoK 071073 A)i oa tai Brukelofius Kappa CCD
diffractometer with an Oxford Cryosystems cooling appara@ugstal size = 0.40 x 0.25 x
0.25 mnt; no. of measured reflections = 3600; no. of independsftections = 668R; =
0.0356,R; = 0.0490,wR, = 0.1303;a-= 0.71073.The data collection was based otheee
dimensional reciprocal space corresponding to the(dbfined in Ref.[13])iffraction data
[denoted(hkl), in Fig. 7.3] for the incommensut@ structure From these data, the thiourea
host structure was solved by direct methods and refined using SI9EP% Non-hydrogen

atomsof thioureawere refined with anisotropic displacement parameters and hydrogen atoms
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were inserted in ideaed positons and a riding modeVasused withU;s, equal to 1.2 or 1.5

times the value obl¢, for the parehatom.In structure refinement from the "h" diffraction

datg the method of introducing guest electron density requires attention, recalling that the
(hkO) reflections are common to both the "h" and "g" diffraction pattamd thus contain
information about the guest substructure projected on tal#mane (i.e. perpendicular to

the tunnelaxis). Initially, the positional parameter@nd anisotropic atomidisplacement
parametergor the non-hydrogen atoms of thiourea were refined. The difference Fourier map
for this hostonly model containsignificant maxima locateih the tunnelrepresenting guest
electron density. A carbon atom was added in the paosdfothe highest maximum in the
difference Fourier map, and its positional parameters and isotropic atomic displacement
parameter were refined together with the parameters for théytrngen atoms of the host
structure. This procedure was repeated, agdime carbon atom at a time, until the highest
peak in the difference Fourier map represented a thiourea hydrogen atom. Finally, hydrogen
atoms were added to thiourea according to standard geometric features and refined as

described above.

Powder X-ray diffraction datawere recordedat room temperaturen a BrukerD8
diffractometer (transmission mode; Ge monochromatedgGuka di at i on; data r
2d O 0832°; step size, 0.017°; time per step, 10 s). Lattice parameters for BIB/thiourea were
determied by profile fitting using the Le Bail metHo#iin the GSAS program packafé.”!

Upon grinding the BIB/thiourea sample, a small amount of "pure” thiourea was produced.
Thus, a twephase refinement was employed, involving simultaneous pifdfileg for both
the BrCH/thiourea inclusion compound and pure thiouregodd qualityof fit wasobtained

(Fig. 7.7).

Two solid-state’>C NMR experimentsvere carried outo assess the mobility of the
molecules irthe BIB/thiourea inclusion compoun&pectra wre recorde@n aChemagnetics
Infinity Plus spectrometer operating at 75.48 MHhe first experimentwas a standard
ramped crospolarizatiol’ experiment performed at 2C with 8kHz magicangle
spinning, 8%Hz TPPM decouplin§’® a 3s delay betwen scans and a total of 16384 scans.

The seconaxperiment was a standard dipolar dephasing measurement, involhandelay
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of 100es between the crogmlarization pulses and the beginning of signal acquisition,
during which no decoupling was applied to thenuclei. Tte dipolar dephasingxperiment
is designedo suppress the signal frofiC nuclei that are directly bonded 8 nuclei,®*
except when the motion of the atoms is sufficient to average out the effects “6fi tfie

dipolar coupling

7.47 Results and Discussion

The tunnelaxis X-ray diffraction oscillation photograpl{see Section 2.1.7.5 for an
explanation of oscillan and rotation photographygcordedfor BIB/thioureaat 110K is
shown in Fig 7.3. Dfferential scanning calorimetry showed no evidence for any phase
transition inBIB/thiourea within the tempetare range from 290 K to 103 K (Fig. 7.4), and
furthermoe, no significant changes were observed in theay diffraction oscillation

photograph as a function of temperature within the range from 280 K to {Aig.K7.5)
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Figure 7.3.Singlecrystal Xray diffraction oscillation photograph recorded fBiB/thiourea
at 110 K. The single crystal was oscillated about the tunnel(eseisis parallel to G and )
with oscillation range +309ndexing of the layer lines is shown.
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Figure 7.4. DSC data for BIB/thiourea showingno evidence of gphase transition
(Exothermic responsive arghownas positivé

Figure 7.5.Singlecrystal Xray diffraction oscillation photograph recorded fBiB/thiourea
at (left) 280 K, (middle) 260 K and (right) 190. kn each case,hie single crystal was
oscillated about the tunhaxis (c-axis, parallel to ¢, and ) with oscillation range +30°.

The oscillation photograph(Fig. 7.3) clearly exhibits two distinguishablesets of
diffraction layer lines(horizontal in Fig. 7.3), characterized Hifferent periodicities along
the tumel axs (vertical in Fig. 7.3). The zero layer linekQ) is common to the diffraction
patterns of both the host and guest substructures, but there is no coincidence of any other
higherorder layer lines from the host and guest substructures. To apgpsix@d@mation, one
set of layer lines [denotefhkl), in Fig. 7.3] can be attributed wiffraction from the host
substructure (i.e., the "h" diffraction patteamjdthe other set of layer lines [denotg@ukl)y in

Fig. 7.3]can be attributed tdiffraction from the guestsubstructure (i.e., the "g" diffraction
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pattern) As the oscillation axis in Fig. 7.3 is the tunnel axis, each layer line is characterized
by a given value of theindex. Although theguestsubstructurendthe hostsubstructureare

each priodic along the tunnel direction, they do not share a common peripdinitythe
structureis assigned @ incommensurate. In principlevery BIB guest moleculevithin a

given tunnelhasa slightly different environment with respect to the hmdbstruture (see

Fig. 7.1), andhe guestmolecules do nobccupy anypreferredposition with respect to the

unit cell of the host substructure.

The X-ray diffraction cillation photographgFigs. 7.3 and 7.5klearly show the
presence of diffuse bands of scattg (sheets perpendicular to the channel axis) arising from
the guest component, which indicates-dimaensional ordering of the guest molecules along
the tunnel axis. The absence of Bragg diffraction maxima within the "g" diffraction pattern
suggests thahe guest substructure is not ordered in Haliegensions. Thus, there is no inter
tunnel ordering of the guest molecules. In contrast, other incommensurate tunnel structures,
including certain families of urea inclusion compoufftfé! (see Section 1.2), exhibit three
dimensional ordering of the guest (evident from some localization-afyXntensity in the

form of Bragg diffraction maxima within the diffuse sheets in the "g" diffraction pattern).

The periodic repeat distanceg) of the guest moledes along thetunnel axis in
BIB/thiourea, determined from the spacing of tgelayer lines inFig. 7.3,is ca. 11.05 A(at
110 K). This value oty is dose to the length of the BIB molecule (estimated, including van
der Waals radii, to be 11.1), sugyestingthat the guest molecules are densely packedg
the tunnelswith the molecular axis (parallel to thé I®ond) aligned, on average, close to the
tunnel axis At the same temperature, the periodic repeat distance of the host structure along

the unnel isc, = 12.47A, and hencen/cg = 1.129.

The thiourea host structure BiB/thioureawas determined frorsingle-crystal Xray
diffraction data comprisingmeasurement of the "h" diffraction data only (see Section 7.3).
As discussed in Ref. [13], stture determination using the "h" diffraction data clearly allows
the host structure to be determined, although it is important to note that the "h" diffraction
data also contains subtle information concerning the guest substructure. Firdtkdhe (

reflections (which are common to both the "h" and "g" diffraction patterns) provide two
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dimensional information on the guest substructure projected on to the plane perpendicular to
the tunnel axis. Second, the "h" reflectiorskl, with | | O conveonaboutf or m
incommensurate perturbations within the guest substructure [these perturbations arise from
hostguest interaction and have the same periodicifygs the basic host structure along the
tunnel]. Although this "perturbation electron density" com/eimportant structural
information, it is more satisfactory to establish a comprehensive understanding of the inter
modulation of the host and guest substructures in incommensurate inclusion compounds by
determining the structure of the composite inclasicompound in a foudimensional
superspace group by combined analysis of the "h" and "g" diffraction data together.
Unfortunately, such analysis is not feasible in the present case as there are no Bragg
diffraction maxima Iikl)y of significant intensityin the "g" diffraction pattern. Thus, the
structure determination calculations have been restricted to analysis of the "h" diffraction data
only, which vyield: (i) the thiourea host structure, and (i) an average guest electron
distribution, which has a sightforward physical interpretation only when projected on to the

plane perpendicular to the tunnel axis.

The thiourea host structur@ig. 7.6) determined from the "h" diffraction data is
rhombohedral (Bc). The crystallographic data foriB/thioureaareas follows:trigonal, R3c;
T=110(2) K;a = 15.6697(6W, c = 12.4688(4) AV = 2651.41(178% Z = 18. This result is
in agreement with analysis of powdefry diffraction data obtained at ambient temperature
on BIB/thiourea. The powder-Kay diffracion pattern at room temperature can be indexed on
the basis of a rnombohedral lattie§ 15.82 A,c = 12.51 A (hexagonal setting)] and the
systematic absences are consistent with space gr@capTRe unit cell parameters obtained
from the powder Xay dffraction data for BIB/thiourea were determined by profile fitting
using the Le Bail method (see Section 7Ryure 7.7 shows the results from the Le Bail
fitting. We note that a small amount of pure thiourea may be produced during grinding of the
sampe. Thus, a twghase refinement was employed, involving simultaneous pifdfileg
for both the BrCH/thiourea inclusion compound and pure thiourea. A good dfiaitsas
obtained(Fig. 7.7).
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Figure 7.6. The crystal structure oBIB/thiourea viewedleft) along the caxis and(right)
perpendicular to the-axis showingthe guest electron density as "smeared out" along-+the c
axis, as a consequence of the fact that only the "h" diffraction data were used for structure

determination of the incommensteatructure.
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Figure 7.7. Results from Le Bail fitting othe powder Xray diffraction patternfor
BIB/thiourea recordedat room temperature.he plot showthe experimental (red + marks),
calculated (green line) and difference (purple) powder diffractwofiles. The calculad
reflection positions for the BIB/thioureiaclusion compound (black tick marks) and pure

thiourea (red tick marks) are shown.
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The thiourea host structure determined from singleaX diffraction data doesat
exhibit any significant differences from the&onventional rhombohedral thiourea tunnel
structures reported previously. However, as discussed above, all cases of conventional
thiourea inclusion compounds reported previously have a commensurate relationship between
the host andguest substructures. Although the guest molecules have adefeled
periodicity Cg) along the tunnel direction in BIB/thiourea, as evident from Fig. 7.3, there is no
ordering with regard to the positional relationships between the guest molecul&srendi
tunnels, and thus the guest substructure is periodic only in one dimension. Furthermore, the
projection of the guest electron density onto the plane perpendicular to the tunnel axis (Fig.
7.3) suggests that there is substantial orientational dsofdhe guest molecules around the

tunnel.

In order to gain qualitative insights on whether the guest molecugBitthioureaare
dynamic, highresolution slid-state™*C NMR spectra were recorded at 20 °C using both
standard CPMAS conditions and usirdipolar dephasing® The dipolar dephasing
experiment is designed suppresshe signak from *3C nuclei that are directly bonded %
nuclei. Howeverwhen the®Ci *H bondis sufficienty mobile to average out the effects of
3¢.. H dipolar coupling such signal suppression does not ocgar BIB/thiourea no signal
suppression was observed, indicating that both the aryl ring anérthmutyl group of the
BIB molecules are dynamic (as often observed tiot-butyl groups in solid®). The
dynamcs most likely constitute rotation about the tunnel axis, as no other reorientational

motion appears feasible given the geometric constraints imposed by the host tunnel

7.5 Conclusions and Further Work

This chapter has demonstrated thBiB/thiourea is the first example of an
incommensurate thiourea inclusion compound. Given the fact that a large number of thiourea
inclusion compounds, containing a diverse range of different types of guest molecules within
the thiourea tunnel structure, have been prepamadl studied previously, it is perhaps
surprising that incommensurate structural properties have not been reported previously for
this class of inclusion compound. Research is currently focussed on exploring whether

BIB/thiourea represents a unique casewbether other guest molecules (perhaps sharing
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similar structural and geometric attributes ®IB) are also capable of forming
incommensurate inclusion compounds with thioutagparticulay ongoingexperiments are
investigating whether the thiourea iaslon compounds containing -tért-
butyloromobenzenel,4-di-tert-butylbenzene, adamantanarboxylic acid and dert-butyl-
benzylbromide exhibit incommensue structures, to determine empircalligetherthere are
any trends in the geometric features oégfjumolecules that form incommensurate thiourea

inclusion componds.

Conceptually, the diffraction propertiesd structural descriptiorf incommensurate
materials extend beyond the normal crystallographic princigies are applicable to
conventionalcrystals andclearly animportantaspect i2o obtain a deeper understanding of
the ways in which the physical properties sfich materials are influenced by their
incommensuratenessn this regard, a theoretically prov&h feature of incommensurate
tunnel inclusion compounds is that diffusion of guest molecules along the tunnels is, in
principle, associated with no energy barrier, and it has been suggested that this feature is an
important component of wdirectional guest exchange processes that hbheen
demonstrated for incommensurate urea inclusion compdirrtisWe may envisage that
such guest transport processes may also occur in the case of incommensurate thiourea

inclusion compounds, such B#B/thiourea.
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Chapter 81 General Conclusions and Outlook

This thesis ha explored several nedirections in theiéld of solid organicinclusion
compounds. In particular, new insights have been gained into the crystal growtespsyce
structural properties and-day birefringencephenomenon of urea and thiourea inclusion
compounds The diverse studies presented in this thesisuarBed by two overarching
guestions, namelyDoes the unique spatial environment imposed on the guastcules by
the host framework irchanneltype inclusion compoundsnpart importantfundamental
physico-chemical properties to these materials and can these properties be expldited
discovery of nevapplication? It is the desire to exploraesequestiors which has stimulated

research along a number of different pathwaythis thesis

For example, in chapter & e uniqgueonedimensional tunnel environmeot the urea
host structure allowsvo differenttypes ofguest molecules to be incorporatatb the crystal
simultaneously (without any change in crystal structuil@)s enablinga newexperimental

strategy to be developed foonitoringcrystalgrowth processes retrospectively

In chapter 4, themportance of the spatial environment ofethost and guest
components on the physical properties of these materials was highlighted, foaussiey
dependence of thphase transition behaviour of thiourea inclusion compowrdsmall
geometric changes in the guest moleculese study reveatl the subtle yet important
changes that can occur in phase transition behaviour simply by substitution of a single atom in
the guest molecule. This observation reflects the fine energetic balancpsrtam in these
materials ad the role of smakthangesn intermolecular interactions involving the host and

guest componentd.

Furthermorejn chapters 5 and 6 we noted that the phenomenaraf Xlichroism and
X-ray birefringence (andelated applicationsdre observedn thesematerials because of the
directing influence of the host structure on the orientation of the guest molecules. Indeed, the
ability of particularchemicalbonds of the guesto align in thee materials (a fundamental
pre-requisite for bothX-ray dichroism andX-ray birefringencg is due to the strong orienting

influence of the host structure on the guest molecules., Thtis appropriate choice of both
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the host structure and the guest molecules, materials can be designed in which the orientations

of specific bonds of the guest moleautmn be exquisitely controll&d.

Historically, these same questions motivated early endeavours in the field. Indeed, it
was the prospect of utilising the constrained spatial environment edior@nsional channel
inclusion compounds that inspired eargsearchers to focus on applying these materials in
molecular separation technologies, particularly in the separation of linear and branched
hydrocarbons relevant to the petroleum indu$tfyAnd we predict that these same questions
will also shape fuire advances in the field: In this regard, we highlight three potential
applications of inclusion compounds with significant potential for future development, each

of which depends critically on the cuaémensional tunnel structure of these materials.

Since the early days of inclusion compound research, both urea and thiourea inclusion
compounds have been exploited as environments for carrying out chemical reactions
involving the guest moleculés” In most cases, the guest molecules are included into the
host structure upon crystallization and the reaction is initiated by irradiation of the material.
The reactivity of theguest molecules inside inclusion compouonften differs substantially
from the reactivity of the same molecules in dispersed phasesother solid phases (such
as their Apureo cr ydetudes ih otherehospsolialas desonibred ima g u
recent review'” These differences devolve, to a large extent, on the structural and geometric
constraints imposed on the guesblecules by the host environment, and specific factors
include: (i) the guest molecules may benstrained to adopt an uncharacteristic conformation
within the inclusioncompound, which may in turn lead to different chemical reactifiy;
the guest macules are generally less mobile tharthe liquid phase, but generally more
mobile than int hei r Apur eo (iiytlyesspeaific lintermelecytah guégeest
contacts in the inclusion compound may differ from those imitipeu r e 0 c ragesof a |l | i
the same molecule, and may representpoabability trajectories of approaasf two free
molecules in dispersed phaséls;) the relative energies of transition states with different
geometries (representing competing reaction pathwaigg)n a said host structure may be
very different from the relative energies of the transition statetéocorresponding reactions

in other phases, leading to changes in the relative probabilities of diffeeetibn pathways.
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Utilising solid inclusion compouts as crystalline "reaction vessels" for performing
organic syntheses offers numerous advantages over traditional displeasedtechniques,
not least because of the increasegioselective and stereoselectoantrol often afforded by
this methodology red because, in many cases, the same reaction products are difficult or
Impossible to access via conventional solution based synthesis. In spite of this fact, however
reactions in solid organimclusion compounds remain totally unexploited within doenan
of synthetic organic chemistry.h€ quest to develop new amdore imaginative ways of
exploiting reactivity within solid organic inclusion compounds is likely to remain a

scientifically stimulating and rewarding area of reseaivity for many yearso come.

Secondly, liourea inclusion compounds have been shown to displayimear optical
behaviour, indicating that they malyave the potential to be used woptoelectronic
devices'? Thiourea inclusion compounds containing certain organometaliest
molecules exhibit second harmonic generation (SHG), i.e., the frequency doubling of light as
it passes through a material. For a crystal to exhibit SHG, the constituent molecules must have
high seconebr der hyperpol ari zabi |uctyre nubt) be aand t !
centresymmetric. he tunnel structure afertainthiourea inclusion compounds provides an
environment i n which guest mol ecul es -(with
centrosymmetric manner, thus satisfying both of the criteri®HG. In a number of thiourea
inclusion compoundghe dipole alignment of organometallic guest molecules was found to
be favouwed and these compounds exhibignificant SHG For these materials to become
fully integrated into optoelectrical devices, reavork needs be done on increasing the variety
of host structures available, improving their stability and finding new guest molecules which

exhibit stronger SHG behaviour.

Finally, uwreaand thiourea inclusion compounds containing certain guest moldraues
been foundo be strongly Xray dichroic!***® These materials have been applied successfully
as Xray dichroic filtes and have been shown to have considerable potential in applications
such as magnetic-ray scatteringand Xray polarimetry.As described in chapters 5 and 6,
the related phenomenoaf X-ray birefringence has also beehserved inseveral thiourea

inclusion compounds containing brominated guest molefliléghe strong dependence
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between Xray birefringence and the orientational pedges ofthe Q Br bonds inthesesolids
suggests that there is considerable potential to exploit measuremenrtayobixefringence as

an expemental techniqudor assessing and quantifying the orientational distributions of
bonds in solids, for examplen the case of partially ordered materials or materials that
undergo ordérdisorder phase transition§o demonstrate the wider scope and relevance of
this technique, more materials containing different types of chemical bonds need to be
characterisedOther potential applicationghich depend on birefringendeclude materials

for use as nowliffractive fixedwavelength Xray phase retarders, which may be applied, for
example, to convert linearly polarizedrays to circularly polarized Xays. Devices &sed on

this approach are potentially quite efficient and far less sensitive to beam angle than
diffractive devices (i.e., a few degrees of divergence should have little effect, compared with

divergence of the order of millidegrees in the case of diffraatevices).
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Appendix Al T Le Bail Fitting of Powder X-ray

Diffraction Patterns for BrCH/thiourea

This appendix shows the results from Le Bail fitting of powderaX diffraction
patterns for BrCH/thiourea recorded from 2980 K, referred to in Section 4.4. In each case,
the plots show the experental (red + marks), calculated (green line) and difference (purple)
powder diffraction profiles. The calculated reflection positions for the inclusion compound
(black tick marks) and pure thiourea (red tick marks) are shown. For the Le Ball fit at 236 K
(i.e., very close to the phase transition temperature) a-pivese refinement was employed,
involving simultaneous profiléitting for both the hightemperature (blue tick marks) and
low-temperature (black tick marks) phases of BrCH/thiourea and fer thisurea (red tick
marks). The coalescence of the higimperature and lowemperature phases of
BrCH/thiourea at this temperature suggests, that some of the BrCH/thiourea failed to
transform to the low temperature phase, either as a result of acsofipg of the high

temperature phase, or by a small temperature gradient within the sample plinth.
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