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Abstract

Urea and thiourea form inclusion compounds in which organic and 

organometallic guest molecules are confined within non-intersecting, unidirectional

tunnels within a solid urea or thiourea host structure.

In this thesis, studies have been undertaken using a variety of techniques to 

examine the properties of urea and thiourea inclusion compounds, with a view to 

improving the understanding of the forces controlling the ordering of these systems on a

molecular scale.

From single crystal X-ray diffraction studies of urea inclusion compounds carried 

out at room temperature, different modes of ordering between guest molecules in adjacent 

tunnels, dependent on the guest species present, have been observed. Extension of these 

studies to low temperature, in conjunction with powder X-ray diffraction, has revealed 

information on phase transitions in both the host and guest substructures of urea 

inclusion compounds.

Computer modelling, using a mathematical model developed for application to 

one-dimensional inclusion compounds, has been applied to model properties of n- 

alkane/urea and dimethylketone/urea inclusion compounds. The model has also been 

apphed to the chlorocyclohexane/thiourea inclusion compound.

EXAFS spectroscopy has been carried out on a,co-dibromoalkane/urea inclusion 

compounds to examine the local structural properties of the guest molecules. 

Halogenocyclohexane/thiourea and halogenocyclohexanes included within the pores of 

several zeohte-type hosts have also been investigated to determine the conformation of the 

guest molecules when constrained to occupy a confined environment.

Additional studies have examined the potential for the polymerisation of 

monomeric guest molecules within the tunnels of the organic host structure of 

perhydrotriphenylene, and a solid state NMR investigation on the effect of magic angle 

spinning on the obseiwed NMR spectrum for metallocenes.
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Chapter 1

Inclusion Compounds

1.1 Introduction

The structural and dynamic properties of crystalline organic inclusion 

compounds of urea and thiourea have been of great interest since Bengen discovered, in 

1940, that urea would form a crystalline adduct with octanol [1]. Their accidental 

discovery broadened the range of host molecules already being utilised, as well as 

introducing a plethora of new guest species. Due to the properties of some of these 

organic inclusion compounds, such as the non-linear optics of the thiourea inclusion 

compound formed with benzenechromiumtricarbonyl [2], interest has continued to be 

stimulated up to the present day. In particular, steps have been taken towards attaining 

a greater understanding of the structural characteristics of these materials, as it is only 

when these are fully understood that the true potential of the systems for materials 

applications will be realised.

It is with this aim that the present research is being carried out, into the physico

chemical properties of crystalline inclusion compounds. The majority of the research 

described in this thesis is dedicated to the study of systems containing urea as the host 

structure, and involving a range of different guest species. The primary aim is towards 

a greater understanding of the guest substructure, particularly in relation to the factors 

controlling the modes of ordering and packing of the guest molecules within the host 

structure, by making as full use as possible of the wide range of experimental 

techniques cuiTently available to the solid state chemist.

1.2 What are Inclusion Compounds?

Inclusion compounds can be defined as systems in which one species (referred 

to as the "guest") is spatially confined within another species (known as the "host").
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This broad definition, which covers a diverse range of compounds can be refined to 

categorise more specifically all the different types encountered [Fig. 1.1].

e.g. CyanometaUatei e.g. Urea, Thiourea

Fig. 1.1: Flowchart showing how inclusion compounds may be categorised into

different types.

Inclusion compounds may be initially split into those systems which contain a 

molecular host, and those in which the host is a crystalline material. An example of the 

former is the crown ethers, for which Pedersen was awarded the Nobel Prize for 

Chemistry in 1987. These compounds, and other similar hosts such as cyclodextrins 

and cryptands, are able to selectively incarcerate specific shapes of guest molecule or 

types of ion. Many of these molecular inclusion compounds are stable in both the solid 

and liquid states. The field of solid hosts covers those in which the guest molecules are 

located within cavities found within a crystalline host matrix. The solid hosts can be 

further subdivided into structures in which the host structure remains stable upon
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removal of the guest species (e.g. zeolites and a1uminophosehates), and those in which 

the host structure is unstable in the absence of guests, and collapses to a more compact 

and more stable structure which does not contain cavities. Of these compounds, both 

organic hosts (such as urea, thiourea and cholic acids) and inorganic hosts (e.g. 

cya^m^^^) are known.

Within the solid hosts there are a wide range different topologies of inclusion 

cavities such as layered structure (e.g. clays), networks of intersecting or non- 

intersrttinr tunnels, and cages, in which a wide variety of shapes and sizes of guest 

may be selectively accommodated. Zeolites are the most versatile of these hosts, as 

different zeolites can be synthesised encompassing a wide range of topologies, and are 

able to include both molecular and atomic (ionic) guests. As a consequence of their 

stability and selectivity for guests, zeolites have found widespread uses in selective 

synthesis, catalysis and as molecular sieves.

Urea and thiourea can be classified as examples of unstable, organic, solid hosts, 

containing non-intersecting unidirectional tunnels, and in many respects represent 

organic analogues of zeolites.

I. 3 Urea Inclusion Compounds

Urea inclusion compounds are crystalline "host-guest" systems; the host 

structure is constructed from an extensively hydrogen bonded arrangement of urea 

(H2N-CO-NH2) molecules and contains essentially infinite, uni-directional tunnels, 

within which the guest molecules are located [1,3]. The crystal structure of the host 

was first solved by Smith in 1952 [4]. The space group^in the conventional urea 

inclusion compounds is P6i22, and the unit cell dimensions, lanl = l^hl = 8.2 A, Icid ~

II. 0 A [Fig. 1.2]. Due to the comparatively small internal diameter of the tunnels (ca. 

5.1-5.9 A), suitable guest molecules are straight chain alkanes and their derivatives, 

although some guest molecules containing a small degree of branching can be 

accommodated within the urea tunnel [1,5]. These guests must be of sufficient length
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for the inclusion compound to be stable - for instance, n-hexane forms an inclusion

compound at room temperature, but n-pentane does not.

Fig. 1.2: Diagram showing nine complete tunnels of the host structure in the

conventional urea inclusion compounds at room temperature, viewed down the c-axis. 

Conventional van der Waals radii for the atoms are represented. In practice, this urea 

tunnel structure is stable only in the presence of the guest molecules. The distance 

between the centres of adjacent tunnels is ca. 8.2 A.

Upon heating crystals of urea inclusion compounds, the guest molecules are 

removed from the tunnels [6,7]. The temperature of decomposition increases linearly 

with the length of the guest within each family of guest molecules, up to the melting 

point of urea. On removal of the guest molecules, the urea host structure collapses to 

give tetragonal prisms of pure urea [Space group P42im, ceU dimensions !al = l#l = 5.67
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A, Icl = 4.73 A] [8]. This decomposition has also been modelled by computer 

simulation [9].

The structural constraints imposed by the host can have a crucial influence on 

the conformational characteristics of the guest molecules. For example, in n- 

atkaIr/urea inclusion compounds, the n-alkane guest molecules exist predominantly in 

the "aU-trans" conformation [10], in contrast to the multitude of conformations that 

exist for the same molecules in dispersed phases; the malkane/urea inclusion 

compounds therefore provide an ideal system for investigation and characterisation of 

the properties of n-alkanes in the "all-trams" conformation.

It is worth noting that the urea molecules form a chiral host structure, while the 

component urea molecules are themselves achiral; within any single crystal the urea 

molecules constructing the tunnel walls are arranged in either a right or left handed 

screw. This chiral nature of the tunnels is of great importance, as it leads to the 

possibility of carrying out selective synthesis, and separating enantiomers from a 

racemic mixture. The 2-chlorooctane/urea inclusion compound represents an example 

in which, within each crystal, one of the enantiomers is in excess due to chiral 

recognition [11]. Another example of selective synthesis is the photodecomposition of 

alkamonrs in urea [12], in which 5-nonanone has been shown to preferentially 

decompose to give the products Z-hexanone and selectively the czj-l-butyl-2- 

methylcyclobutanol isomer in preference to the trans-1 -butyl-2-methylcyclobutamol 

isomer. This is attributed to less geometric rearrangement of the reactive intermediate 

being required to take place inside the confined environment within the tunnel. Urea 

inclusion compounds have also been used as a means to extract m-alkanes from light 

crude oils, to the exclusion of branched hydrocarbons [13]. It has also been 

demonstrated, through experiments on urea inclusion compounds with decane and 1,8- 

dichlorooctane guests, that it is possible for exchange of guest molecules to occur in the 

tunnels without the urea host matrix being destroyed [14], similar to zeolites.

While the structural features of the host are relatively well understood, 

considerably less is known about the guest substructure. This is due to the fact that at
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ambient temperature the guest molecules are known to undergo rotation about the 

tunnel axis and translation along this axis, and so the structure cannot be solved in the 

conventional sense from X-ray diffraction studies. Sufficient ordering is present, 

however, that an average periodicity may be defined, and measured, for the guest 

substructure. In many cases, it has been shown that the host and guest substmctures are 

incommensurate with respect to each other - i.e. the host and guest components are not 

in structural registry along the tunnel axis.

Thus, if the host periodicity along the tunnel axis is defined as Ch, and the guest 

periodicity along the tunnel axis as cg, then the inclusion compound is said to be 

commensurate if there exist sufficiently "small" integers, p and q, such that:

pch~qcg Eq. 1.1

and the compound is said to be incommensurate if sufficiently small p and q do

not exist.

More recent work [15-17], has defined the incommensurate versus 

commensurate behaviour of urea inclusion compounds on the basis of energetic criteria. 

Modelling of the structures of urea inclusion compounds, with different guest 

molecules, has enabled predictions of the nature of the structural relationship between 

the host and guest components to be made.

The consequence of an incommensurate relationship is that, in theory, no two 

guest molecules, within the same tunnel, are in the same environment with respect to 

the host structure, and that the interaction between the host and guest substructures is 

insensitive to the position of the guest substructure along the tunnel. Experimental 

observation of incommensurate behaviour may be made using Brillouin scattering, in 

which the observation of a fourth acoustic mode (known as a sliding mode) is indicative 

of an incommensurate structure [18,19].
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Almost all known urea inclusion compounds are incommensurate. An example 

of a tommensurate urea inclusion compound, which crystallises in the hexagonal tunnel 

structure is the 5-undrcanone/urea inclusion compound [20].

In most cases, the formation of a commensurate structure involves distortion of 

the host structure. In the case of a,<n-dinitei1r/urea inclusion compounds, there is a 

change in the structural properties of the compounds as the length of the guest 

molecules increases. For the guests NC(CH2)'CN with r = 3-5, strong hydrogen 

bonding favours a 1:1 layered structure of alternating sheets of urea and ac,tn-dinitI.•iie 

molecules [21]. For longer guest molecules (r > 5), inefficiency of packing of the alkyl 

chains dictates a change to a tunnel structure. The host structure is the conventional 

hexagonal host structure with the exception of the sebaconitrile/urea inclusion 

compound (r = 8), which possesses a tunnel structure in which the host is distorted 

significantly from the hexagonal host structure [22]. This arises as a result of strong 

hydrogen bonding between the nitrile groups of the guest and the host urea. The 1,6- 

dibromohexane/urea inclusion compound is another example in which the host tunnels 

are distorted from the hexagonal tunnel structure due to the length of the guest being 

very close to being commensurate [23] - it is also relevant that the 1,6-dibenmohexyne 

molecule is the shortest at,tn-dibromoalkane which forms a stable inclusion compound 

with urea at room temperature.

Other examples include the polyethylene oxide/urea inclusion compoupd, in 

which the guests possess a helical structure, and the host forms a hydrogen bonded 

structure containing larger tunnels. In addition to the polyethylene oxide guest, extra 

urea molecules are found inside the tunnels, which form hydrogen bonds to both the 

host and the guest [24]. In the teioxane/urra inclusion compound, the molar ratio of 

host to guest is 3:1 [25], though the cell dimensions are different from those normally 

encountered in the hexagonal host (I«hI = W = 14.3 A, k^I = 11.0 A) and the space 

group. is rhomboeedra1.

In addition to the incommensurate relationship between the host and guest 

substructures. X-ray diffraction studies have revealed different modes of three

7



dimensional ordering between guest molecules in adjacent tunnels. Different modes of 

ordering are found for the n-alkanr/urea inclusion compounds [26,27], the diacyl 

peroxide/urea inclusion compounds [28] and the a,lo-dibromoalkame/urea inclusion 

compounds [29]. These properties are discussed more fully in Chapter 2.

Most studies of the stmctural properties of urea inclusion compounds have been 

caiTied out at room temperature and have revealed the interesting properties, such as the 

imcommensurareness of the host and guest substructures and the different types of 

intertumnel ordering of the guests, discussed above.

There have, however, been several studies which have extended this work to 

subambieIt temperatures. Calorimetric studies, carried out on the n-atkane/urra 

systems [30,31] revealed that low temperature phase transitions occur in many urea 

inclusion compounds. For n-alkanr/urea inclusion compounds, the transition 

temperature increases as the length of the guest molecule increases, and the transition 

was attributed to the onset of guest rotation in the tunnels. Variance in intensity with 

temperature of the guest reflections in the X-ray diffraction patterns for n-alkanr/urea 

inclusion compounds has been explained in terms of anharmonic oscillations of the 

centres of mass of adjacent guests [26]. The disorder generated by thermal vibration 

increases greatly at high temperature. Other X-ray diffraction studies have shown that 

the low temperature phase transitions observed for the n-alkane/urra inclusion 

compounds in the calorimetric studies are associated with a change in symmetry of the 

urea host structure in conjunction with a substantial increase in the ordering of the guest 

molecules below the transition [32,33]. Several attempts to solve the low temperature 

host structure in the hexadecane/urea inclusion compound, from both single crystal 

[34,35] and powder [36] X-ray diffraction, have failed to produce satisfactory results, 

though it has been ascertained that the host structure is orthorhombic in the low 

temperature phase.

A great deal of research has also focused on the conformational characteristics 

and dynamics of the guest molecules when incarcerated within the urea host tunnel 

structure and how these properties differ from those in the pure crystalline solid of the
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same molecules. The most widely used techniques for conformational analysis have 

been Raman and infrared spectroscopy. Independent studies have agreed that, in n- 

alkane/urea inclusion compounds, the guest molecules are in a predominantly all-trans 

conformation, though there are widely differing views as to the degree of gauche end- 

groups in n-alkanes, with estimates ranging from less than 3 % to around 40 % [10,37

39]. Molecular dynamics simulations for the n-alkane/urea inclusion compounds have 

also thrown up differing values from 3 % [40] to 22 % [41]. In o,,m- 

dibromoalkane/urea inclusion compounds, the percentage of gauche end-groups has 

been predicted to be 7-13 % [42], though for 1,8-dichlorooctane/urea this has been 

found to rise to 50 % [43]. Stearic acid has been shown to be almost exclusively in the 

all-trans conformation [44].

The dynamic properties of guest molecules in their urea inclusion compounds 

have been studied extensively by % NMR spectroscopy and incoherent quasi-elastic 

neutron scattering. Again this work has focused mainly on n-alkane, carboxylic acid 

and a,m-dibromoalkane guest molecules. From the % NMR studies on n-alkane/urea 

inclusion compounds, a rotational diffusion model (rates of 1011 to 1012 s_1) for motion 

of the guest molecules in the high temperature phase has been proposed [45,46], while 

below the phase transition a jump model has been suggested for the guest motion [47]. 

It is not possible to derive information about translatory motion from % NMR. The 

incoherent quasi-elastic neutron scattering work has found the guest motions in the 

tunnels to be on a timescale of 1011 to 1012 s"1 for translation (oscillation) along the 

tunnel and diffusive rotation about the tunnel axis in the high temperature phase, but the 

data does not fit to a jump model, even in the low temperature phase [39,48]. It is 

possible that the translation and diffusive rotation of guest are correlated, but this has 

not yet been examined. The results on a,co-dibromoalkane/urea inclusion compounds 

[49,50] have shown that replacing the terminal substituent -CH3 groups with bromine 

has no significant mechanistic effect on the dynamics - direct comparisons of rates 

cannot be made because the lengths of the guest molecules in these studies are different. 

The oscillation amplitudes of the guests has been found to be ca. 2 A.
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Other dynamic studies have revealed that the host urea molecules undergo 180° 

rotational jumps about the C=O axis at a rate of 2 x 106 s_1 at 303 K in the 

hexadrcane/urea inclusion compound [51]. A % NMR study of host motion in aco- 

dibromoa1kanr/urea intlusion compounds has shown similar dynamics for the urea 

molecules, though significantly for the shorter guest molecules the jump rate of the urea 

molecules was slower, indicating possibly a hindrance to rotation on account of the 

greater proportion of bromine atoms in the tunnels [52]. The difference in rates 

observed for the host motion and the guest motions described above suggests that they 

are uncon-elated [53].

1.4 Thiourea Inclusion Compounds

Thiourea also forms a crystalline hydrogen bonded host structure in the presente 

of suitable guest molecules [Fig. 1.3], within which there are parallel one-dimensional 

tunnels [1,54,55]. The crystal structure of the host has been solved at room temperature 

(for the ch1orocyc1oeexanr/thioueea inclusion compound) and found to have spate 

group R3c, IarI « 10.1 A, y = 104.27° [56]. The minimum diameter of the tunnels 

varies between 5.8 A to 7.1 A (depending upon the position along the tunnel axis) [57], 

and this lyger diameter allows for larger guest molecules to be included within the 

tunnels. Linear alkanes do not form inclusion compounds with thiourea, but branched 

alkanes (e.g. 2,2,4-trimethylpentane) do.

Unlike the urea inclusion compounds discussed above, the thiourea host 

structure is achiral. Consequently, encntioselective synthesis within the thiourea host 

structure is not possible. However, suitable guest molecules have also been found to 

encompass substituted cyclohexanes and small organometallic molecules, such as 

fen'ocrne. The inclusion of these larger (and possibly more interesting) guest molecules 

suggests that there may be more potential uses and applications for thiourea inclusion 

compounds than for urea inclusion compounds.

10



Fig. 1.3: Diagram showing nine tunnels of the thiourea host structure in thiourea

inclusion compounds (guest molecules not shown), viewed along the tunnel axis. The 

distance between the centres of adjacent tunnels is ca, 9.2 A.

Due to the greater fluctuation in the internal tunnel diameter, the thiourea host 

structure exhibits properties more commonly associated with hosts structure containing 

interlinked cages. For example, in both the chlorocyclohexane/thiourea inclusion 

compound and the ferrocene/thiourea inclusion compound, the guest molecules are 

found to reside preferentially at the widest points of the tunnel. Almost all thiourea 

inclusion compounds are commensurate; for the chlorocyclohexane/thiourea inclusion 

compound and the ferrocene/thiourea inclusion compound the molar ratio of host to 

guest is 3:1 [56,58].

The host stiucture can impose interesting properties on the guest molecules. It 

has been established, through Raman spectroscopy [59], infrared spectroscopy [60,61] 

and solid state NMR [62-64] that the chlorocyclohexane guest molecules in their
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thiourea inclusion compound are constrained to adopt the axial conformation. This is in 

contrast to the way the chlorocyclohexane molecule behaves in its "pure" solid phase or 

in dispersed phases, in which it is known that there is an excess of the equatorial 

conformation [65-67]. Subsequent studies on the thiourea inclusion compounds 

containing bromocyclohexane, iodocyclohexane, trans-1,2- and trans-lfi- 

dihalogenocyclohexanes have established that the axial (or diaxial) conformation is 

predominant in all cases [63,68,69].

In contrast, methylcyclohexane, cyclohexanol and cyclohexylamine 

preferentially adopt the equatorial conformation in their thiourea inclusion compounds

[63].

Studies of the guest dynamics in thiourea inclusion compounds have mainly 

been carried out by % NMR. For substituted cyclohexane guest molecules it has been 

found that the guests reorientate rapidly about the 3-fold axis of the cyclohexane ring. 

13C NMR has shown that rapid ring inversion can also occur [64]. For the 

ferrocene/thiourea inclusion compound, the ferrocene molecules jump between three 

sites with the molecular axis perpendicular to the tunnel axis and one site with the 

molecular axis parallel to the tunnel axis, with activation energies of 10.1 kJ mol-1 for 

perpendicular to perpendicular and 6.4 kJ mok1 for perpendicular to parallel jumps 

respectively [58]. For the chlorocyclohexane/thiourea inclusion compound, it is known

[56] thatt although the guest molecules occupy specifi siies wiihin the thiourea tunnel 

structure, there is substantial disorder of the guest molecules, and at ambient 

temperature, this disorder has been shown [70] to be dynamic in character.

1.5 Research Objectives

In order to glean structural information about the solid state in general, and urea 

inclusion compounds in particular, it is advantageous to use as wide a range of 

experimental techniques as possible. In this couete of the research here, extensive use 

has been made of single crystal X-ray diffraction, powder X-ray diffraction, 

computational modelling and EXAFS spectroscopy to examine the properties of urea
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and thiourea inclusion compounds. Particular attention has been paid to studies with 

the potential to probe information on the properties of the guest molecules end to 

improve the understanding of the forces controlling the modes of ordering of the guest 

molecules within the host structure.

This fundamental understanding of the tteuttuec1 properties of these systems is 

required before the objectives of research in this field can be achieved. The knowledge 

gained will ultimately enable the "design" of specific crystals for specialist applications 

- for instance, the second harmonic generation properties of the 

brnzenechromiumtricarbony1/thiourea inclusion compound [2], potential ferroelectric 

properties of the diacyl peroxide/urea inclusion compound, and the regular electronic 

properties of conjugated polyene guest molecules constrained within urea [71].

While the majority of the research has concentrated on urea and thiourea 

inclusion compounds, two other studies have been carried out. The first of these has 

examined the potential for polymerisation of monomeric guest molecules within the 

tunnels of the organic host structure of prrhydroteipheny1ene [Chapter 6]. The second 

study has probed the solid state NMR properties of metallocenes, particularly with 

respect to the effect of magic angle spinning on the observed spectrum [Chapter 7].
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Chapter 2

Structural Properties of Urea Inclusion 
Compounds via Single Crystal 

X-Ray Diffraction Methods

2.1 Single Crystal X-Ray Diffraction

X-rays are eleetromagnetie radiation oO wavelength ~ 1 A. They are produeed 

when high energy eharged partieles (sueh as yeeeleryrsd eleetrons) eollide with matter. 

The lost energy due to this eollision is eonverted into eleerromagnetre radiation resulting 

in a eontinuum oO radiation known as "white radiation"' as there are a wide range oO X- 

ray wavelengths radiated [1], In addition to white radiation' emission lines eharyeteristic 

oO the metal target being bombarded' are also generated by the eollision proeess. The 

eleetrons have suOOieient energy to ionise some oO the K shell eleetrons Orom the metal' 

resulting in an eleetron Orom an outer orbital dropping into the K shell with an 

aeeompanying release oO energy in the X-ray region. The X-ray radiation released is oO 

Oixed wavelength' aeeording to the transition oeeuning. For instanee' a transition oO 2p 

-> Is is said to produee Ka radiation' while a 3p -> Is transition is said to produee Kp 

radiation. The Kp transition is typieally lower in intensity than the Ka transition and is 

normally Oiltered out. In many eases' the metal target is made oO eopper' and the Ka 

radiation oO wavelength 1.5418 A is used.

Other metals eommonly used as the targets in laboratory sources are ehromium 

Ka (X = 2.2909 A)' iron Ka (X = 1.9373 A) and molybdenum Ka (X = 0.71069 A). 

The seleetion oO radiation depends upon both the sample present and the diOOryetirn 

method being used. For samples with large unit eells it is better to use longer wavelength 

X-rays in order to improve the aeeuraey oO the readings. Using short wavelength 

radiation allows the measurement oO a larger amount oO diOOraetion data' but this may lead 

to problems with inereased overlap oO the diOOraetion maxima. Mo-Ka radiation is more
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penetrating than the otlerr and rr often ared re mfi'acrometerr wherear Ca-Ka radratroe 

rr both penetrating and Car low abrorption! and rr the mort appropriate for pCotoarapCrc

methodr [2])

All drffraction methods are fundamentally based on Braga's Law:

nA = 2^0 Eq) 2)1

whrch rr derived from conrrderation of crystals ar berng bark ap rn layerr rich 

that each actr ar a remrtransparent mrrror [Fra) 2)1]) Whrle reflection rr not the time 

phyrrcal procerr occarrrna when a crysral rr rabjected to X-rayr5 rt doer predrct the 

conect aeometry of drffraction5 and the rame remlte may be derived. When Braaa'r Law 

rr ratisfrer5 the rrffracred beamr mterfere conrtractrvely; otherwrre restructive 

rnterference occarr [3],

Fra) 2) 1 : Draaram rliustratina Braaa'r Law for n = 2)

In a cryrtallrne rolrd? the atomr and molecaler are arranaed rn a reaalar repeatina 

array, known ar the anrt cell) The anrt cell rr defined ar the rmallert repeatina anrt whrch
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shows the full symmetry of the crystal stiycture. The unit cell can be fully described by 

the three lattice vectors a, b and c, in direct space, or alternatively by the magnitudes of 

these three vectors lcl, 1 and let along with the angles c, p and y between these vectors.

Within a crystal there are a large number of d-spacings present, which arise due to 

different orientations of atomic arrays in three-dimensions. On subjecting e crystal to X- 

ray radiation the crystal acts as e diffraction grating, and the X-rays are scattered by the 

electron density around the atoms. Constructive interference of these scattered X-rays 

generates regions of intense diffraction maxima in specific positions in space.

In a conventional X-ray diffraction experiment the crystal is rotated, in the X-ray 

beam, through various orientations, and the pattern produced (by the constructive 

interference) is recorded. From the pattern produced, the intensities and position of the 

reflexions can be measured. Each reflexion in the photograph, in reciprocal space, can be 

assigned three Miller Indices (hkl), which uniquely define that reflexion. It is possible to 

derive the unit cell of the compound from the position of these reflexions, and from 

systematic absences in the indexings, we can derive the space group symmetry and 

ultimately solve the cystyl structure.

There are two main methods used to solve the exact crystal structure; Patterson 

Methods may be employed when there ere heavy atoms present in the compound, 

whereas Direct Methods ere used more for equal atom structures. These processes allow 

construction of a three-dimensional election density map of the crystal [4].

The crystals examined in this work belong to e class of incommensurate 

compounds which incorporate more than one three-dimensional lattice. As a consequence 

of this feature, difficulties arise when attempting to use conventional diffractometers to 

analyse the diffraction patterns from these systems. A conventional diffractometer search 

will only detect reflexions con’esponding to one lattice. In order to measure the reflexions 

for the other lattices it is necessary to know both their lattice parameters, and the 

orientational relationship of these other lattices with respect to the known lattice. In this 

work, therefore, we have made extensive use of photographic X-ray diffraction methods, 

as it is possible with these to observe information simultaneously on both substructures.
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More reeently> we have looked at developing the viability Oor routinely using single 

erystal diOOraetometers to look at these eompounds (this work is deseribed in Seetion 

2.10).

Two diOOerent types oO photographie single erystal X-ray diOOraetion method have 

been utilised to provide qualitative inOrrmatirn about the struetural ordering within the 

inelusion eompounds investigated:

i) Oseillation Photography

Oseillation photographs have been reeorded on an EnraO-Nonius eamera' using 

Ni-Oiltered Cu-Ka radiation.

This teehnique involves a single erystal' mounted on a goniometer head along one 

oO its prineipal erystallographie axes' being oseillated baek and Oorwards through a small 

angle [Fig. 2.2]. The diOOraetion pattern is reeorded on photographie Oilmt' held in a 

eylindrieal holder aroimd the erystal.

X-ray BeamAM

Crystal rotated about e axis

Fig' 2.2: Diygram showing the generation oO layer lines in an oseillation

photograph. The diOOraetion pattern is reeorded on photographie Oilm held in a eylinder 

yound the efystal.

For urea inelusion eompounds' alignment oO the erystals is relatively easy on

20



accounr of therr hexaaonal prrrm rhape) The cryrtal rr alraned alona the c axrr5 arvrna a 

rwo-rrmeesronal prctare whrch contarnr parallel rowr of reflexronr (ree Section 2)4). 

From the rrrtaece between the layer tines rt Is porrrble to determme Id

rr) De Jona-Boaman Photoaraphy

De Jona-Boaman photoaraphr were recorded on a Stoe "recrprocal lattice 

explorer"! aaarn arma Nr-frltered Cu-Ka radration)

In de Jona-Boaman photoaraphy! each recrprocal lattice plane obrerved rn the 

orctilation photoaraph may be recorded mrrvrdaally! enablma the retermrnatioe of Ij*!, 

I&*l and 7*s rn recrprocal lattice rpace) Whrle Werrrenbera photoaraphy rr a more wrdely 

ared technrqae for rerermmma thrr rnformation! de Jona-Boaman photoaraphr provrde 

an nnrrsrorted vrew of the drffraction pattern from whrch rt rr earrer to vr^aEre the 

cryrtal rymmetry! and to mearare off analer and drrtancer.

From the rrmple relationshrp between recrprocal and rrrecr rpace (and alro arma 

the rnformation from the orcrilatron photoaraphy) the drmenrronr of the anrt cell can then 

be redncer {a. b. c, pt y})

Sma'le cryrtal X-ray drffraction rr lrmrted! clearly5 to carer rn whrch raffrcrently 

larae rmale cryrtalr of aood qaairty can be arown) When larae enoagh cryrtalr cannot be 

obtamed! powder dETraction may be ared to characterise the compoandr - the technrqae 

and the timtiationr of powder mfr'action (rn comparison to rmale cryrtal X-ray 

drffraction) are drrcurred rn Chapter 3)

Whrle each mdrvrdaai X-ray diffraction event har a rhort timercaie! the collection 

of X-ray drffraction data araally mvolver the mm of total of all drffraction events over a 

ionaer period of time) Hencet the timercaie of an X-ray drffraction experiment rr reveral 

honrr! and ro only a time averaaed rtractare Is obtamed) For stractaral featarer that can 

only be obrerved on a farter timercale! other technrqaer rach ar NMR rpectrorcopy or 

X-ray abrorption rpectrorcopy mart be employed- A farther irmrtation of X-ray 

drffraction Is that rt Is normally only porrrble to detect non-H atomr rn the rtrncrare) In 

order to locate the H atoms neatron drffraction Is most often ared)

21



2.2 Families of Urea Inclusion Compounds Examined by Single C

X-ray Diffraction

The work earried out on the urea inelusion eompounds ean be subdivided into 

studies oO eompounds eontaining guest moleeules belonging to diOOerent homologous 

series. As deseribed in Chapter 1' suitable guest moleeules Oor inelusion in the tunnels oO 

the urea host are mainly n-ylkynes and their linear derivatives.

Five diOOerent Oamilies oO guest moleeules have been eonsidered:

i) n-^^e CH3(CH2)rCH3 guesss wtth r == 7-l',18.

ii) a,w-dibromoaktaneBr(CH2)rB^ guesss wtth r = 7-22.

hi) CH3(CH2)rC(O)OO(O)C(CH2)rCH3 guesss wtth s = 6,940.

iv) carboxyHc acid anhydride CH3(CH2)rC(O)O(O)C(HH2)rCH3 guesls with r = 3

8,10.

v) carboxyiks aedd CH3(CH2)COOH gue^s wtth s = 6,8,10.

While several oO these systems have been analysed previously at room 

temperature [5-9]' low temperature single erystal X-ray diOOraetion studies have been 

limited to the n-alkane/urea inelusion eompounds [10-13]. He)e, a more thorough 

systematie study oO the series oO n-alkyne/ursa inelusion eompounds at room temperature 

(partieularly in relation to the question oO ineommensurate versus eommensurate 

behaviour) has been earried out' in eonjunetion with new low temperature studies to 

examine more elosely the phase transition in the host substrueture' and iO there is any 

indieyrion oO a ehange in the struetural ordering oO the guest moleeules at low temperature. 

Previous work on urea inelusion eompounds eontaining a,ir-dibromoalkane' diaeyl 

peroxide and earboxylie aeid guest moleeules has also been extended to low temperature 

single erystal X-ray diOOraetion down to 90 K.

The experiments on earboxylie aeid anhydrids/grey inelusion eompounds 

represent the study oO a new Oamily oO guest moleeules' both at room temperature and at 

low t■empe)atgrS[

For urea inelusion eompounds eontaining n-alkanes' a,ir-dibrrmoalkynes and 

diaeyl peroxides' powder X-ray diOOraetion has also been used. This work is deseribed in
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Chapter 3.

It is important to recognise that a fundamental understanding of the constraints 

imposed upon guest molecules within solid inclusion environments is crucial for the 

design end development of applications of these materials. In this regard, there is 

considerable potential for the development of applications based upon the optical and 

electronic properties of guest molecules constrained within tunnel structures in organic 

host materials [14-16]. The development of a fundamental understanding of the factors 

controlling the packing of guest molecules within solid host structures is of paramount 

importance in this regard, and substantial future progress in the design and development 

of applications will clearly result from an understanding of how the degree of ordering, 

the orientations, and the relative packing of guest molecules within host materials can be 

predicted, controlled, and altered in premeditated ways.

The aim of these studies was to develop our understanding of how different 

modes of ordering arise between the guest molecules in different tunnels, by varying the 

functionality of the guest, and how this ordering is governed by interactions between the 

host and guest substructures. The studies of structural phase transitions at low 

temperature will also provide insight into the host-guest interaction.

2.3 Synthesis of Urea Inclusion Compounds

In synthesising urea inclusion compounds containing all the above guest 

molecules, the common requirement is to obtain e solution in which the host and guest ce 

mixed homogeneously in solution. While the general features of the syntheses are the 

seme for most of these, in some cases small changes are required to the method in order 

to obtain the best quality inclusion compounds.

Carboxylic acid anhydrides were either obtained commercially or were prepared, 

following conventional methods [17], by addition of thionyl chloride to an ethereal 

solution of the carboxylic acid in the presence of pyridine. Other guests were obtained 

commercially.

For the inclusion compounds containing n-alkane or diacyl peroxide guests, an
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excess of the appropriate guest was added to a saturated solution of urea in methanol in a 

conical flask at ca. 40 °C. 2-methylbutan-2-ol (tertiary-&myl alcohol) was then added 

drnpwisr until the solution was homogeneous. Any precipitate formed was dissolved by 

addition of more methanol. The flask was stoppered and immersed in a Dewar flask 

containing water at 40 °C, which was then placed in an incubator end cooled slowly to 0 

°C. The crystals formed were collected by filtration and washed with 2,2,4- 

tlimetey1pentcne to remove any guest molecules adhering to their external surfaces.

When preparing compounds including art(-dibromoa1kane and carboxylic acid 

guests, pure methanol could be used as solvent; it was not nrcessaiy to add r-amyl 

alcohol in order to dissolve both host and guest components.

Urea inclusion compounds containing cy-boxyhc acid cihydride guest molecules, 

however, required to be prepared by a different method. Excess carboxylic acid 

anhydride was added to a saturated solution of urea in pure dry r-amyl alcohol in a conical 

flask at 65 °C. Any precipitate formed was dissolved by addition of more r-amyl alcohol. 

Cooling to 0 °C was cei'ried out as above in an incubator, and the crystals formed were 

collected, washed with 2,2,4-trimethylpentane, and dried. Dried solvents were used in 

crystal growth particularly to minimise the possibility of hydrolysis of the tarboxyet acid 

anhydrides. Methanol (the solvent usually used in the preparation of urea inclusion 

compounds) was not satisfactory for preparation of the carboxylic acid anhydride/urea 

inclusion compounds since methyl esters produced in small amounts during the 

crystallisation procedure were included inside the urea tunnel structure together with the 

carboxylic acid anhydride guest molecules [thus disrupting structural ordering of the 

carboxylic acid anhydride guests]. On the other hand, the r-emyl ester impurities 

produced during urea inclusion compound formation in f-emyl alcohol ere too bulky to be 

included within the urea tunnel structure. The inclusion of methyl esters within the urea 

tunnel structure, when methanol was used as crystallisation solvent, was confirmed by 

solution state NMR spectroscopy of crystals dissolved in DMSO-dg.

Optical examination, under a polarising mltrostopr, showed that the ciystals were 

needle shaped for ell samples. While the quality and size of the crystals obtained vaiied
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accordrna to the rate of cooirna and the aaest specres present rn many carer the needles 

coaid rn fact be seen to be lona hexnaonal prrsms5 wrth the known

morpholoarcal properties of conventional area rnclasron compounds

2.4 General Discussion of the Structure of Urea Inclusion Compounds 

and Interpretation of X-ray Diffraction Photographs

Before the remits of thrr study are presented! rt Is necessary to dercrrbe! rn 

aenerait the essential stractarai featarer of area rnclasron compoandr and the 

correspondrna featarer of therr X-ray drffraction patterns [18]) From X-ray orcrilatron 

photoarapCr! recorded for a rmale cryrtal oscniatina aboat rts prrrm axrs5 the reraltina 

drffraction pattern can be rnterpreted ar bema composed of two components)

(hk3)h. 
(hk2)h. 
(hklj 

(hkO) - 
(hkl)h< 
<hk2V

(hkj

(hkDg

(hkl)g
(hkO)
(hkig

(hk3)g

Fra) 2)3: Schematic representation of an orcrilatron photoaraph for a srnaie crystal

of a area rnclasron compoand rotated aboat rts prrrm axrS) The pattern Is dryMed rnto two 

component^ denoted the "h" and "a" drffraction patterns) Where the layer lrner are 

represented by horizontal tines rn the rraaram! rn practice we ree drscrete spots for the "h" 

drffraction pattern! and a combmation of drscrete spots and drffase bands for the "a" 

drffraction pattern)

The first component comprises rets of layer tines resolved rnto sharpt drscrete
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diOOraetion maxima' eorresponding to diOOraetion mainly due to the urea host substrueture 

[Fig. 2.3] - denoted as the "h" diOOraetion pattern. From measurements oO the spaeing 

between these layer lines (indexed with subseript h)' a direet spaee periodieity oO cc ~ 

11.0 A may be determined Oor the repeat length along the prism axis.

The seeond eomponent in the diOOraetion pattern generally eomprises layers 

eontaining both diOOuse and diserete seattering. This eomponent is denoted as the "g" 

diOOraetion pattern (indexed by subseript g) as it eontains mOolTnytion mainly on the guest 

substrueture. The exaet proportions oO diOOuse and diserete seattering' and the observed 

pattern oO the diserete spots' is dependent on the guest speeies present. The spaeing 

between the layer lines (mueh smaller than Oor the "h" diOOraetion pattern above) is also 

guest dependent' and eonesponds in most eases to a direet spaee repeat length (eg) elose 

to the predieted van der Waals length oO the guest moleeule in its most extended 

eonOormation.

The periodieities oO the two eomponents oO the diOOraetion pattern along the prism 

axis (eh and Cg in direet spaee) are usually ineommensurate - Oor the purposes here' this 

means that it is not possible to Oind suOOieisntly small integers p and q Oor whieh peg « qeh 

(a more detailed diseussion oO eommensurate and ineommensurate behaviour in one

dimensional inelusion eompounds' typiOied by the urea inelusion eompounds' is given in 

Chapter 4). The eonsequenee oO this ineommensurate relationship is that eaeh eomponent 

oO the diOOraetion pattern eontains inOormation on the other in the Oorm oO an 

ineommensurate modulation.

The "h" diOOraetion pattern arises Orom diOOraetion by the basie host strueture (and 

by the ineommensurate modulation within the guest substrueture). The "g" diOOraetion 

pattern arises Orom diOOraetion by the basie guest strueture (and by the ineommensurate 

modulation within the host substrueture).

TransOorming this deseription to direet spaee' the host substrueture ean be 

eonsidered in terms oO a "basie strueture" whieh is subjeeted to an ineommensurate 

modulation mediated by the guest substrueture; the basie strueture ean be deseribed via 

eonventional erystyllographie prineiples (e.g. three-dimensional spaee group symmetry).
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Similarly' the guest substrueture ean be eonsidered in terms oO an ineommensurately 

modulated "basie stmeture". The ineommensurate modulations deseribe perturbations to 

the basie struetures whieh arise as a result oO host-guest interyetion[ A Oull diseussion oO 

these struetural issues Oor the urea inelusion eompounds is given in reO. 18.

As an example oO how the host-guest interaetions have an eOOeet on the diOOraetion 

pattern we ean eonsider the (hkO) reOlexions. In the absenee oO any eontribgtirn oO the 

guest substrueture to these reOlexions) the predieted intensity oO these maxima is mueh 

greater than that aetually observed [pyrtieglarly Oor the (lOO)t reOlexion]. The presenee oO 

eleetron density in the tunnels (due to the guest) greatly modulates the intensities. It has 

also been observed that' in patieular' the intensity oO the (l^OO)t reflexion is eritieally 

dependent on the guest speeies present - Oor the urea inelusion eompounds eontaining 

ac,m-dibromoalkyne guests this reflexion is mueh weaker than in the pattern rbseised Oor 

n-alkane guest moleeules [see Seetion 3.4.2].

As indieated above' the "h" diOOryetion patterns Orom urea inelusion eompounds 

ean be )ationylissd on the basis oO a unique three-dimensionally periodie reeiproeal lattiee. 

Previous studies [18] have shown that the basie host strueture may be deseribed by 

hexagonal lattiee symmetry [lath = l^iil ~ 8.2 A, hetl« 11.0 A, at = Ph = 90°' yh = 120°]. 

From the similarities in the intensities oO the reOlexions Oor urea inelusion eompounds with 

diOOerent guests' it ean be seen that most urea inelusion eompounds possess essentially 

the same host strueture. Extinetion eonditions Oor the "h" reOlexions are (00/%: I = 6n' 

Orom whieh the spaee group is assigned as P6i> P6i22' or their ehiral equivylsnts P65 

and P6522 Oor the basie host strueture. The strueture has been Oound to solve best in 

P6i22 (or P6522). Note' however' that due to the presenee oO the guest substrueture and 

the ineommensurate modulation' this extinetion eondition is not strietiy adhered to. The 

host' as deseribed in Chapter 1' eomprises an extensively hydrogen bonded arrangement 

oO urea moleeules' within whieh there are essentially inOinite' uni-direetional tunnels.

From the inOormation in the "g" diOOraetion pattern it is not usually possible to 

Oully determine the guest substrueture on aeeount oO substantial dynamie disorder oO the 

guest moleeules at room temperature [8,19-22]. However' the "g" diOO)yetion pattern
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does contain sufficient information to allow general features of the guest molecule 

ordering to be determined. ,

The diffuse scattering is usually in the form of two-dimensional sheets 

perpendicular to the tunnel axis (in direct space), indicating that there are regions of the 

crystal in which the guest molecules are ordered only in one-dimension (along the tunnel 

axis) - i.e, there is no structural recognition between guest molecules in adjacent tunnels. 

The presence of the discrete diffraction maxima within the "g" diffraction pattern indicates 

that there are other regions of the crystal in which the guest molecules are ordered in 

three-dimensions.

It is convenient to discuss the modes of three-dimensional ordering of the guest 

molecules in urea inclusion compounds in terms of two parameters [7,8] - the periodic 

repeat distance (cg) of the guest molecules along the tunnel axis (corresponding to the 

distance between the centres of mass of adjacent guest molecules in the tunnel), and the 

offset (Ag), along the tunnel axis, between the centres of mass of guest molecules in 

adjacent tunnels [Fig. 2.4]. Ag is calculated from consideration of the de Jong-Bouman 

photographs.

◄-------- 2-------
777777777/ 777777777777777777777
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◄—►
Ag

Fig. 2.4: Two-dimensional representation of a urea inclusion compound, viewed

perpen^di(^ular to the tunnel axis, indicating the definitions of Cg and Ag.
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From prevroas rrudres of area rnclasron compoandr coerarerna drffereer famrires 

of aae^ moleculer! three drffereet modes of rhree-drmeerroeal orderma of the aaert 

molecales have been foand:

(1) For e-alkaee/area reclarroe compo^d^ Aa = 0 (^dependent of the valae of Cg); Cg 

rncreases lrnearly wrth the namber of CH2 aroaps rn the e-alkaee molecale [9!23].

(2) For the dracyl peroxrde/area ieclasroe compoands wrth r = 6!9!(0! Ag = 4_6 A 

(independent of the valae of Cg) [8])

(3) For the al,io-drbromoalkaee/area mclarroe compoands wkh r = V-H, Ag depends on
Q

the valae of Cat wrth Aa and Ca related by the exact relatroerhrp Aa = 7^ [7])

2.5 n-AIkane/Urea Inclusion Compounds

2.5.1 Room Temperature X-ray Diffraction

Urea reclarroe compoandr conrarereg CH3(CH2)rCH3; r = 7-15s 18 aaests were 

synthes^ed and exammed by X-ray oscHlation and de Joeg-Boamae photoaraphy 

mrually at room remperarare [Plate 2)1])

Plate 2)1: X-ray drffracrroe oscHlation phorographr! recorded at room remperarare!

for heprarecaee/area. The crystal was oscHlated aboat rts prrrm axrs (parallel to the 

raeeel axrs of the area host rrracrare))
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The interpretation oO these photographs Oor all the n-alkyne/ursa inelusion 

eompounds was similar. In all eases' interpretation oO the "h" diOOryetion pattern was 

eonsistent with the host strueture being the same as that previously reported [Spaee group 

P6i22; Ohl = 1*1,1 ~ 8.2 A' lchl ~ 11 .O A].

For the shortest n-alkane guests eonsidered' nonane (r = 7) and deeane (r = 8)' 

only diOOuse seyttsring was observed in the "g" diOOraetion pattern' indieating that only 

one-dimensional ordering oO the guest moleeules is Oound in these systems. For all the 

other guests eonsidered' both diOOuse and diserete seattDing is obserwed in the layer lines 

oO the "g" diOOraetion pattern' showing the presenee oO regions oO both one-dimensional 

and three-dimensional ordering oO the guest substrueture. In general' the relative intensity 

oO diOOuse seattering deereyses with inereasing ehain length oO the guest. The guest 

periodieities along the tunnel axis (eg) Oor all the guests eonsidered were eyleulated' and 

the results are given in Table 2.1.

Guest Moleeule eg/A

nonane (C9H20) 13.90 ±011

deeane (C10H22) 15.05 ±0.12

undeeane (C11H24) 16.33 ±0.14

dodeeane (C12H26) 17.60 ±0.17

trideeyne (C13H28) 18.86 ± 0.20

tet)adseyne (C14H30) 20.13 ±0.23

pentadeeane (C15H32) 21.60 ± 0.26

hexadeeane (C16H34) 22.71 ±029

heptadeeane(C 17H36) 23.87 ± 0.32

eieosane (C20H42) 27.71 ± 0.42

Table 2.1 : Guest periodieitiss (eg) oO n-alkane/ursa inelusion eompounds determined

Orom single erystal X-ray diOOraetion experiments at room temperature.
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For all compoundr showrna three-drmensronai orrerina of the gnesr rnbrtmctare! 

the pattern of drscrete rcatterina rn the "a" layerr of the tunnel axrs orcrilatron 

photoaraphs Is the same) De Joeg-Bonmae photoaraphs recorded for these compo^r 

show that the (CSO), (hRl^ and (hkl)h layers are drrectly rnperrmporable apon each 

other [Plater 2.2(a)&(b)]) From thrr rt can be rerncer that the recrprocal lattice vectors 

cc* and Cg* for the host and aaest sabstTnctures are both oriented parallel to the tamel 

axrs c whrch corresponds to the offset between the centres of mass of aaest molecaler 

rn adjacent tamels ^) berna zero for all of the n-aikane/area ^1^^ compoundr! rn 

aareement wrth prevroas stadres [13s18])
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(a)

(b)

Plate 2.2: De Jong-Bouman X-ray diffraction photographs, recorded at room

temperature, for a single crystal of hexadecane/urea rotating about the tunnel axis of the 

urea host structure. The reciprocal lattice planes shown are: (a) (hkO); (b) (hkl)g.
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Examrnatroe of the valaer determmed for Ca [Table 2) 1] shows that the periodrcrty 

of the aaest sabrtrucrare alona the rueee1 axrs mcreares lrnearly wtiC iecrearreg 

hydrocarbon clam lenatC for the ranae of aaests rrudred)

2.5.2 Low Temperature X-ray Diffraction

Low temperatare X-ray orcrl1atroe plotoarapCs were recorded for the area 

rec1arroe compoaedr coerarereg retradecaee! Cexadecane and Ceptadecane ar gaertr. The 

drffracrroe patterns were all recorded at 120 K, ar thrr was known to be below the phase 

rraerrtroe temperatare assessed from heat capacrty meararements for all the systems ander 

coerrderatroe [24,25])

Plate 2)3: X-ray drffractroe oscUlation pCotoarapCs, recorded at 120 K, for

Ceptadecane/area.

In all low temperatare X-ray plotoarapCs a cCanae war observed rn the "C" 

drffractroe pattern, wirie there were no obvroas clanaes rn the "a" drffracrroe pattern 

[Plate 2)3]) For all sampler tie low temperatare "h" drffracrroe pattern war essentially 

tie rame - tie observation of tie new ref1exroes rn all layerr imes war coesrsteer wrtC a 

redaction rn tie symmetry of the lost sabstractare from Cexaaoea1 to ortCorCombrc) Thrs 

war confirmed by low temperatare powder drffractioe! from wCIcC rt was alro porrrble to 

determme that tie rpace aroap war orthorhombrc: P2i2r2r, rn aareemeer wrtl prevroas
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assignments [10'12'26] [For more details on the spaee group assignment' see Chapter 3].

The Oaet that there was no ehange in the "g" diOOraetion patterns Oor these 

eompounds indieate that Ag remains zero down to 120 K. Closer inspeetion oO Plate 2.3 

(eompared to Plate 2.1)' shows a slight inerease in the intensity oO diserete seyttering in 

the outer "g" layers (notably I = 3) as the erystal is eooled. This is eonsistent with a 

higher degree oO three-dimensional ordering oO the guest moleeules at lower temperature' 

as may be expeeted. While Forst et al [6'10'11] observed a great inerease in seattering 

Orom the guest at low temperature' whieh they assigned to the Oormation oO a 

superstrueture' we do not observe these OeytgreS[ However' in Plate 2.3 there is evidenee 

Oor very Oaint reOlexions extremely elose to the (hkO) layer' whieh (when assigned as / = 

1) eon'espond to a periodieity oO ca. 140 A. Within the measurement errors' this value is 

six times Cg Oor the heptadeeane/urea inelgsirn eompound at room temperature' and 

thirteen times Ct- Thus' these reOlexions may eorrespond to the Oormation oO a 

superstrueture in the low temperature phase oO periodieity 140 A along the tunnel axis' 

and eontylnlng six guest moleeules. This eommensurate relationship Oor heptadeeane/urea 

was predieted prior to experiment by eomputational modelling (the results oO whieh ye 

diseussed in Chapter 4).

2.6 a,C0-Dibromoalkane/Urea Inclusion Compounds

2.6.1 Room Temperature X-ray Diffraction

Urea inelusion eompounds eontaining a,rr-dibromoalkyne guests' at room 

temperature have previously been investigated [7'27]. The "h" diOOryetion pattern is 

qualitatively the same as that observed Oor the n-alkyne/urey inelusion eompounds above 

[i.e. spaee group P6i22; l«hl = l%hl = 8.2 A' IchI ~ 11-0 A].

For the eompounds with guests Br(CH2)rBr; r = 7-11' both diserete and diOOuse 

seattering are observed in the "g" diOOraetion pattern' again showing that there are regions 

oO one and three-dimensional ordering [Plate 2.4]. For the eompound with 1,12- 

dibromododeeane (r = 12) as guest it was only possible to obtain a sample with one
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dimensional ordering of the guest. The spacings between the layer lines are consistent 

with the trend of increasing Cg with increasing length of the guest molecule present [Table 

2.2 ].

Plate 2.4: X-ray diffraction oscillation photographs, recorded at room temperature,

for 1,10-dibromodecane/urea.

The pattern of discrete scattering within each layer line is, however, different from 

that observed for the n-alkane/urea inclusion compounds. De Jong-Bouman photographs 

of the (hkO) and (hkl)g layers for the at/o-dibromoalkane/urea inclusion compounds 

were not superimposable. The pattern in the (hkl)g layer may be rationalised as a 

convolution of a pair of spots with a portion of the (hkO) lattice net [Fig. 2.5], from 

which it can be determined that two domains of guest ordering exist (rotated by 180“ with 

respect to each other).
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Fig. 2.5: Rationalisation of the (hkl)g reciprocal lattice plane for the oc,co-

dibromoalkane/urea inclusion compounds as the convolution between an array identical to 

the (hkO) reciprocal lattice net and a pair of points.

c„
For all the guests which show three-dimensional ordering, Ag = where Cg is 

the periodicity of the guest present (within experimental error) [Table 2.2].

Guest Molecule Cg/A Ag/A

1,7-dibromoheptane 14.1 ±011 4.65

1,8-dibromooctane 15.5 ±013 5.13

1,9-dibromononane 17.4 ±017 5.79

1,10-dibromodecane 18.1 ±0.18 6.03

1,11-dibromoundecane 19.3 ±0.21 6.41

1,12-dibromododecane 20.2 ± 0.23 1-dimensional

Table 2.2: Single crystalX-ray diffraction data for the inclusion compounds formed

between urea and a,odibromoalkanes at room temperature.

2.6.2 Low Temperature X-ray Diffraction

So far in this study, we have looked at urea inclusion compounds containing

Br(CH2)iBri r = 10-12.

For 1,10-dibromodecane/urea at T =120 K [Plate 2.5], the tunnel axis oscillation 

photograph shows that the same lowering of symmetry of the host from hexagonal to
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ortlorhombrc occarr as for the e-a1kaee/area rnclasron compoandr above) At tirs 

temperatare, tie drscrete component of the "a" drffractroe pattern Is tie rame ar rn tie 

cral temperatare phase, mdrcatma that there Is no cCanae rn the type of aiaest orderieg 

observed) There Is, however, a areat mcreare rn tie rntensrty of tie mare scatterma for 

tie "a" drffractroe pattern, wrtl layerr berna obrerved oat to / = 6, wCIcC Is coerrsteer 

wrtl an iecreare m tie lona ranae orderma of the aaest moiecaieS)

Plate 2)5: X-ray drffractroe orcrl1atroe pCotoarapCs, recorded at 120 K, for 1,10-

dibromodecane/area)

Plate 2)6: X-ray drffractroe orcrl1atroe plotoarapCs, recorded at 100 K, for 1,10-

drbromodecaer/area.
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Further lowering of the temperature to 100 K, reveals a further change in the 

observed diffraction pattern [Plate 2.6]. At this temperature, the diffuse scattering in the 

higher layers for the "g" diffraction pattern (observed up to Z = 7) has become resolved 

into discrete reflexions, from which it is clear that the guest substructure becomes 

substantially more three-dimensionally ordered at this temperature. All the reflexions that 

were present in the "g" diffraction pattern in the high temperature phase are still seen, 

though extra reflexions are also observed in the Z = 1 layer.

There are two possible explanations for this guest transition: the first is that a 

substantial change is occurring in the dynamical properties of the guest molecules without 

being influenced by the host substructure, resulting in the appearance of these reflexions. 

Secondly, we must consider the possibility of an incommensurate —> commensurate 

phase transition. The (hk5)g layer and (hk3)h layer appear to be coincident in the 

oscillation photograph, and it may be that at 100 K the guest molecules become locked 

into specific positions within the host structure.

This second explanation is supported by the changes observed for the 1,11- 

dibromoundecane/urea inclusion compound, for which the same transition in the "g" 

diffraction pattern occurs, but at higher temperature (at 120 K the guest is already in the 

low temperature phase). For the 1,11-dibromoundecane/urea inclusion compound, layer 

lines up to Z = 7 for the guest are observed in the oscillation photograph, and in this case 

the (hk7)g and (hk4)h layer lines appear to be coincident.

For 1,12-dibromododecane/urea the guest molecules were only one-dimensionally 

ordered (i.e. guest molecules in adjacent tunnels are not ordered uniformly with respect to 

each other within the ciystal) at high temperature. On cooling this sample to 120 K, the 

hexagonal —> orthorhombic host transition is observed as before, but there is no change 

in the ordering of the guest molecules.

Extension of these studies to the other shorter guest i.e. 1,9-dibromononane and 

1,8-dibromooctane is required to see if this apparent incommensurate — commensurate 

phase transition is common to the whole series of a,o-dibromoalkane guests. By 

examination of the periodicities for these compounds at room temperature, the most likely
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commensurate structure for 1,9-dibromononane/urea would have 5cg = 8ch, i.e. (hk8)g 

coincident with (hk5)h. For the 1,8-dibromooctane/urea inclusion compound 7cg = lOch 

provides the most likely ratio, though these layers are not observable by the diffraction 

methods employed here.

De Jong-Bouman photographs were also recorded for the 1,10-

dibromodecane/urea system at 120 K and 100 K. For the (hkO) layer in the photographs 

recorded at 120 K and 100 K, each reflexion from the original hexagonal pattern now 

appears as three spots; this is due to the triple twinning of the low temperature host 

structure, and the distortion from hexagonal symmetry being small. For the (hkl)g layer, 

problems with icing on the capillary and the long exposure times required have meant it 

was not possibly to distinguish the reflexions from the background, and so it has not 

been possible to obtain any further information on the guest structure below the transition 

via this method.

2.7 Diacyl Peroxide/Urea Inclusion Compounds

2.7.1 Room Temperature X-ray Diffraction

For CH3(CH2))C(O)OO(O)C(CH2lrCH3 guests with r = 6,9,10 in their urea 

inclusion compounds the "h" diffraction pattern is again the same as that above at room 

temperature. The "g" diffraction pattern, however, shows a different pattern of reflexions 

characteristic of the third type of three-dimensional ordering [Plate 2.7].
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Plate 2.7: X-ray diffraction oscillation photographs, recorded at room temperature,

for undecanoyl peroxide/urea.

Guest Molecule C/A
octanoyl peroxide 23.9 4.63

undecanoyl peroxide 31.5 4.59

dodecanoyl peroxide 34.2 4.57

Table 2.3: Single crystal X-ray diffraction data for the inclusion compounds formed

between urea and a,G)-dibromoalkanes at room temperature (from ref. 8).

From the measurement of the spacings between the "g" layer lines, the expected 

trend of increasing Cg with increasing chain length is observed. De Jong-Bouman 

photographs of the (hkO) and (hkl)g layers are ror-superrmposable [8]. As shown in 

Fig. 2.6, the (hkl)g reciprocal lattice plane for diacyl peroxide/urea inclusion compounds 

can be rationalised as a convolution between the pattern of spots in the (hkO) reciprocal 

lattice plane and a group of six spots, arranged at the corners of a small hexagon with 

each of these spots representing a different position of the (OOl)g reciprocal lattice point.
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Fig. 2.6: Rationalisation of the (hkl)g reciprocal lattice plane for diacyl

peroxide/urea inclusion compounds and heptanoic anhydride/urea as the convolution 

between an array identical to the (hkO) reciprocal lattice net and a set of six points 

arranged at the comers of a hexagon.

Following from this rationalisation of the "g" diffraction pattern, there are six 

distinct domains of the basic guest stmcture, each containing an identical packing of guest 

molecules, and related to each other by rotation (n = integer) about the tunnel axis 

[Fig. 2.7]. Thus, for the diacyl peroxide/urea inclusion compounds, seven distinct three

dimensionally periodic reciprocal lattices are required to rationalise the positions of all 

diffraction maxima in the X-ray diffraction pattern (six for the "g" diffraction pattern and 

one for the "h" diffraction pattern). The intertunnel guest-guest offset has been 

determined (via measurements from the oscillation photograph and the (hkl)g de Jong- 

Bouman photograph) and found to be a constant Ag = 4.6 A, irrespective of the length of 

the guest molecule, at room temperature [8].
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Domain IV Domain V Domain VI

Fig. 2.7: Definition of the six possible domains of the basic guest structure (I to

VI), related to each other by -y rotation (n = integer) about the tunnel axis. Each tunnel is 

labelled s, indicating that the relative z-coordinates of the guest molecules in that tunnel 

are sAg 4 tCg (where s and t are integers and, in principle, t = -oo,..., -1, 0, 1..., oo).

It is interesting to note that the offset of 4.6 A is close to the "length" of a diacyl 

peroxide functional group [-C(O)OO(O)C-], and therein lies a possible explanation for 

observation of this offset. It is believed that the steric size of the diacyl peroxide group 

may cause local distortions in the urea tunnel structure which render it impossible for 

guest molecule to sit in adjacent tunnels with a zero offset.

2.7.2 Low Temperature X-ray Diffraction

On cooling the diacyl peroxide/urea inclusion compounds to low temperature, no
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change is observed in the diffraction pattern (aside from slight thermal contraction of the 

lattices). Previous powder diffraction experiments on dodecanoyl peroxide/urea have 

shown that there is no phase transition down to 46 K [28]. The host substructure retains 

the hexagonal symmetry, and there is no significant increase in the degree of ordering of 

the diacyl peroxide guest molecules as the temperature is lowered.

2.8 Carboxylic Acid Anhydride/Urea Inclusion Compounds

2.8.1 Room Temperature X-Ray Diffraction

The X-ray diffraction patterns for all the carboxylic acid anhydride/urea inclusion 

compounds studied can be interpreted in a similar manner. From the "h" diffraction 

pattern, it is concluded that the basic host structure in all the urea inclusion compounds 

studied is the hexagonal structure of the conventional urea inclusion compounds [ 18] 

(space group P6i22; la I = lbhl = 8.2 A, Ich = 11.0 A). The "g" diffraction patterns 

contain both diffuse and discrete scattering, indicating the presence of both one

dimensionally and three-dimensionally ordered regions of the guest substructure.

Plate 2.8: X-ray diffraction oscillation photographs, recorded at room temperature,

for hexanoic anhydride/urea.

The periodicity of the basic guest structure along the tunnel axis (Cg) was
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determined from the "g" diffraction pattern in the tunnel-axis oscillation photographs 

[Plates 2.8&2.9], and the results are summarised in Table 2.4. Close inspection of the 

tunnel-axis oscillation photographs reveals that the arrangement of discrete diffraction 

maxima in the "g" diffraction pattern for heptanoic anhydride/urea [Plate 2.9] is different 

from that for the other carboxylic acid anhydride/urea inclusion compounds investigated 

[Plate 2.8].

. ... , 1 .11

1 t «

Plate 2.9: X-ray diffraction oscillation photographs, recorded at room temperature,

for heptanoic anhydride/urea.

To determine the three-dimensional ordering of the guest molecules, de Jong- 

Bouman photographs were recorded for single crystals oscillated about their tunnel axes. 

For all the carboxylic acid anhydride/urea inclusion compounds, with the exception of 

heptanoic anhydride/urea, the positions of diffraction maxima in the (hkO) and (hkl)g de 

Jong-Bouman photographs are directly superimposable upon each other, indicating that 

the value of Ag is zero. The (hkO) and (hkl)g de Jong-Bouman photographs for 

heptanoic anhydride/urea are shown in Plate 2.10. The (hkl)g reciprocal lattice plane for 

heptanoic anhydride/urea can be rationalised as a convolution of the (hkO) reciprocal 

lattice plane and a group of six spots, arranged at the corners of a small hexagon, as for 

the diacyl peroxide/urea inclusion compounds discussed above [Fig 2.6], i.e. there are 

six distinct domains of the basic guest structure related to each other by — rotation (n =
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integer) about the tunnel axis [Fig. 2.7]. Using the same methodology developed for the 

diacyl peroxide/urea systems [8], the value of Ag for heptanoic anhydride/urea was 

determined to be 2.27 A.

(a) ___

(b)

Plate 2.10: De Jong-Bouman X-ray diffraction photographs, recorded at room

temperature, for a single crystal of heptanoic anhydride/urea rotating about the tunnel axis 

of the urea host structure. The reciprocal lattice planes shown are: (a) (hkO); (b) (hkl)g.
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The guest periodicities (cg) measured from the oscillation photographs 

demonstrate the expected trend of increasing Cg with increasing length of the guest 

molecule [Table 2.4]. The relatively large errors in these values of cg, particularly for the 

longer carboxylic acid anhydrides, arise from the large errors associated with measuring 

the small distance between layer lines of the "g" diffraction pattern on the oscillation 

photographs.

Guest Molecule Guest Periodicity cg / A A„/A

pentanoic anhydride 16.14 ±0.14 0

hexanoic anhydride 18.10 ±0.18 0

heptanoic anhydride 21.09 ± 0.25 2.27 ±0.10

octanoic anhydride 23.30 ±0.31 0

nonanoic anhydride 26.03 ± 0.38 0

decanoic anhydride 28.54 ± 0.46 0

dodecanoic anhydride 33.37 ± 0.61 0

Table 2.4: Values of cg and Ag for urea inclusion compounds containing carboxylic

acid anhydride (CH3(CH2)rC(O)O(O)C(CH2)rCH3) guest molecules at room 

temperature.

The above results represent the first example of a structural anomaly (specifically 

with regard to the mode of three-dimensional guest molecule ordering) for a family of 

urea inclusion compounds containing a homologous series of guest molecules within the 

conventional urea tunnel structure. We now suggest an explanation for the anomalous 

behaviour of the heptanoic anhydride/urea inclusion compound with regard to its mode of 

intertunnel guest molecule ordering.

First, we note that the periodicity of the basic guest structure (cg = 21.09 A) along 

the tunnel direction in heptanoic anhydride/urea is very close to being commensurate with
C 10the periodicity of the basic host structure [^ = 1.92 « ~ (within the experimental errors
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in the determination of Cg and %)]. If the host and guest substructures are commensurate 

along the tunnel axis, it is a necessary condition that the intertunnel offset Ag should also

be commensurate with c, For heptanoic anhydride/urea the intertunnel offset (Ag = 2.27 
A) does indeed obey this requirement, witti-^ = 0.21 « | (within the experimental errors 

in the determination of Ag and c,).

While the existence of a commensurate relationship between the host and guest 

substructures may distinguish the heptanoic anhydride/urea from the other carboxylic acid 

anhydride/urea inclusion compounds investigated, this fact alone cannot explain the 

different mode of intertunnel ordering of the guest molecules in heptanoic anhydride/urea, 

and we now consider this issue in more detail. For the incommensurate inclusion 

compounds, the guest molecules do not reside in any specific (preferred) position relative 

to the basic host structure, but they do (for well-defined Ag) reside in specific positions 

with respect to the guest molecules in neighbouring tunnels. Thus, for the 

incommensurate carboxylic acid anhydride/urea inclusion compounds the guest molecules 

choose to occupy positions relative to the guest molecules in neighbouring tunnel which 

correspond to Ag = 0. This mode of intertunnel ordering must therefore be the most 

favourable arrangement for the guest molecules in the absence of any ordering effects 

arising from host-guest interaction. Extrapolating this argument from the 

incommensurate carboxylic acid anhydride/urea inclusion compounds, we may predict 

that a commensurate carboxylic acid anhydride/urea inclusion compound should also have 

Ag = 0 as the most favourable configuration (it being noted that Ag = 0 satisfies the 

requirement that Ag is commensurate with cb However, extrapolating from the 

incommensurate systems to the commensurate systems in the way embodied within the 

above argument is valid only under the assumption that the commensurate and 

incommensurate systems differ only in the guest periodicity Cg; in particular, the above 

argument has assumed implicitly that the conformation of the guest molecules is the same 

for the commensurate and incommensurate systems. Furthermore, this argument has not 

considered the influence of the incommensurate modulations within the host and guest 

substructures in controlling intertunnel ordering of the guest molecules [29].
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We now consider the possibility that the above assumption (that the 

commensurate and incommensurate systems differ only in the guest periodicity cg) does 

not hold. Suppose that a given guest molecule in the "default" conformation exhibited by 

the incommensurate inclusion compounds has a value of cg close to a value of cg that 

would correspond to a commensurate structure, and suppose that this molecule could alter 

its conformation in such a way that the exact "commensurate" value of cg could be 

attained (and thus, by becoming commensurate with the basic host structure, the guest 

molecules would avail themselves of a more favourable average host-guest interaction 

energy than would be possible for the corresponding incommensurate system). It is 

probable that the preferred mode of intertunnel ordering of the guest molecules is 

influenced crucially by the conformation adopted by the guest molecules, and may 

therefore be altered significantly by the type of conformational distortion discussed above 

for bringing the guest molecules into commensurate structural registry with the basic host

structure.

O O
II II

o

Fig. 2.8: Schematic representation of nonanoic anhydride in the "all-trans"

conformation. Note the parallel alignment of the two C=O groups.

We predict that, for the incommensurate carboxylic acid anhydride/urea inclusion 

compounds, the guest molecules will adopt a conformation close to the linear "all-trans" 

conformation observed for n-alkane [30] and a,co-dibromoalkane [31] guest molecules in 

their urea inclusion compounds. In this conformation, the C=O groups on the guest 

molecule are parallel to each other and project from the same side of the guest molecule 

[Fig. 2.8]. This conformation could clearly lead to long range dipole-dipole interactions 

between guest molecules in adjacent tunnels, and promote intertunnel ordering of the 

guest molecules with Ag = 0; similar arguments have been invoked previously to
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rationalise the mode of intertunnel ordering of the guest molecules in ketone/urea 

inclusion compounds [32]. Conversely, as discussed above, the heptanoic anhydride 

molecules may adopt a conformation which is distorted from this linear "all-trans" 

conformation in order to attain a commensurate stmctural relationship with the basic host 

structure. [Presumably the ca^’boxylic acid anhydrides other than heptanoic anhydride are 

too far from a "commensurate" value of cg, for a conformational distortion to bring them 

into commensurate stmctural registry with the basic host stmcture]. This confotmational 

alteration may involve dismption of the "parallel" alignment of C=O groups, which could 

thus promote a different prefened mode of intertunnel ordering. In view of the confined 

environment within the urea tunnel structure, any conformational distortion of the type 

proposed here is probably a comparatively small distortion.

2.8.2 Low Temperature X-ray Diffraction

For all the carboxylic acid anhydride/urea inclusion compounds examined above, 

oscillation photographs were also recorded at temperatures in the range 100-120 K.

It was found that the behaviour, in terms of transitions occurring within these 

systems, was different according to the guest species present. The results of these 

studies are tabulated in Table 2.5. From the table, there appears to be no uniformity of 

behaviour between systems.

The inclusion compounds of urea with pentanoic anhydride, heptanoic anhydride 

and decanoic anhydride (r = 3,5,8) all show the same hexagonal —> orthorhombic phase 

transition for the host substructure as observed for the n-alkane/urea and a,oo- 

dibromoalkane/urea inclusion compounds. However, all the other compounds behave in 

a manner similar to the diacyl peroxide/urea inclusion compounds, with no transition 

occurring in the host substructure.
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Guest T = 120 K T = 100 K

Molecule Ag/A Host Ag/A Host

pentanoic anhydride - New 0

hexanoic anhydride — — New H

heptanoic anhydride New O - - .

octanoic anhydride New H New H '

nonanoic anhydride 0 H 0 H

decanoic anhydride 0 O - -

dodecanoic anhydride 0 H — —

Table 2.5: Single crystal X-ray diffraction data for the inclusion compounds formed

between urea and carboxylic acid anhydrides.

For those guests with r = 3,4,6 (pentanoic, hexanoic and octanoic anhydrides), 

there aie substantial changes in the "g" diffraction pattern at low temperature [Plate 2.11]. 

There is an increase in the intensity and distribution of scattering in the guest layer lines, 

with discrete scattering being clearly observable up to the I = 3 layer (compared to only 

being observable in the / = 1 layer at room temperature). Within the / = 1 layer, many 

extra reflexions are seen compared to the room temperature oscillation photographs. The 

same pattern of reflexions is seen in the oscillation photographs for all the guests with r = 

3,4,6. These changes suggest that there is an increase in the degree of three-dimensional 

ordering of the guest molecules at low temperature, though it is not yet clear if this 

transition is accompanied by a change in the mode of guest ordering. In all the low 

temperature oscillation photographs, the reflexions which correspond to the ordering 

mode of Ag = 0 in the room temperature photos remains the strongest feature of the "g" 

diffraction pattern. The changes are similar to those observed for the a,m- 

dibromoalkanes/urea inclusion compounds, where more discrete scattering was observed 

in the "g" diffraction pattern at the lowest temperature.
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Plate 2.11: X-ray diffraction oscillation photographs, recorded at 120 K, for octanoic

anhydride/urea.

From (hkl)g layer de Jong-Bouman photographs, it should be possible to 

determine if the new reflexions observed represent a new mode of ordering for the guests 

at room temperature, or alternatively an increase in the degree of ordering with Ag = 0. In 

the (hkl)g layer de Jong-Bouman photograph for octanoic anhydride/urea at 120 K, 

however, only the reflexions which corresponded to Ag = 0 in the room temperature 

photograph were observed above the background radiation level, and it has not been 

possible to make such assignments. Other methods to derive information about the guest 

substructure have since been developed, making use of a diffractometer fitted with an area 

detector to record the full diffraction pattern for octanoic anhydride/urea at 110 K, and 

this work is discussed in Section 2.10.

For the heptanoic anhydride/urea inclusion compound, a change in the mode of 

ordering of the guest substructure is observed at low temperature [Plate 2.12]. While at 

room temperature this compound was anomalous to the series of carboxylic acid 

anhydride/urea inclusion compounds, having Ag = 2.27 A at 120 K, the ordering is the 

same as that observed for the pentanoic, hexanoic and octanoic anhydride/urea inclusion 

compounds above.
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Plate 2.12: X-ray diffraction oscillation photographs, recorded at 120 K, for

heptanoic anhydride/urea.

There are several explanations as to why heptanoic anhydride/urea is no longer 

anomalous. Remember from above that the room temperature structure was believed to 

be commensurate, but the guest was required to adopt a conformation distorted from the 

expected all-trans form, in order to attain this commensurate periodicity with the host 

substructure. On cooling this system down, it is clear that it is now more favourable for 

the heptanoic anhydride guest molecules to reside in the same conformation as the other 

anhydrides with r = 3-6, and take up the same mode of guest ordering. Whether there is 

a change from commensurate to incommensurate behaviour is not yet known (note that it 

was not possible to observe such changes in the Cg to Ch ratio within the errors of 

measurement of the oscillation photographs); differing coefficients of thermal expansion 

for the host and the guest substructures (i.e. the two substructures expand and contract at 

different rates) may mean that the room temperature guest conformation is no longer 

required to attain a commensurate relationship, or else it may be destabilised by the 

transition in the host to the low temperature orthorhombic phase. In order to examine this 

hypothesis, other techniques which can give an insight to the conformational properties of 

molecules are required to be used (such as Raman and infrared spectroscopy).

Preliminary differential scanning calorimetry experiments, and precession 

photography on the heptanoic anhydride/urea inclusion compound [33], has in fact
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shown that two transitions occur for this system at around 170 K and 140 K. Below the 

first transition Ag changes to a smaller constant value with no change in the host 

symmetry; the second transition shows the change in the host combined with a further 

change in the guest ordering to a situation with Ag = 0.

.4 A .

Plate 2.13: X-ray diffraction oscillation photographs, recorded at 120 K, for nonanoic

anhydride/urea.

For the guests with r = 7,8,10 (nonanoic, decanoic and dodecanoic anhydrides), 

there are no changes in the "g" diffraction pattern at low temperature [Plate 2.13]. The 

observed patterns indicate that Ag remains zero for these compounds over the range of 

temperatures analysed.

2.9 Carboxylic Acid/Urea Inclusion Compounds

2.9.1 Room Temperature X-ray Diffraction

For CH3(CH2)rCOOH guests with r = 6,8,10 in their urea inclusion compounds 

at room temperature, the host is again found to be in the hexagonal form [Space group 

P6i22; lahl = l^hl = 8.2 A, Ich = 11.0 A]. The "g" diffraction pattern shows only diffuse 

scattering in the layer lines, indicating that the guest molecules are only one-dimensionally 

ordered along the tunnel axis [Plate 2.14].
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Plate 2.14: X-ray diffraction oscillation photographs, recorded at room temperature,

for dodecanoic acid/urea.

Guest Molecule AgA

octanoic acid 25.1 ±0.36 1-dimensional

decanoic acid 29.6 ± 0.50 1 -dimensional

dodecanoic acid 35.0 ± 0.68 1-dimensional

Table 2.6: Single crystal X-ray diffraction data for the inclusion compounds formed

between urea and carboxylic acids at room temperature.

The periodicity Cg is approximately twice the length of a single carboxylic acid 

molecule (2Lg) in the extended linear conformation that it must adopt to fit inside the urea 

tunnel [Table 2.6]. These periodicities are in agreement with those found previously by 

Laves et al [9], and are rationalised as being due to dimerisation of the carboxylic acid 

guest molecules, as shown in Fig. 2.9 below.
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Fig. 2.9: Diagram showing an octanoic acid dimer, as formed in the tunnels of the

urea host structure, which accounts for the observed "double period" (Cg = 2Lg).

2.9.2 Low Temperature X-ray Diffraction

X-ray oscillation photographs recorded at 120 K for all carboxylic acid/urea 

inclusion compounds show the same features [Plate 2.15]. The "h" diffraction pattern 

has undergone a transition to the pattern observed for the orthorhombic lattice. The layer 

lines corresponding to those in the "g" diffraction pattern at room temperature remain as 

diffuse bands in the low temperature photographs, which suggests that the guest 

molecules are still only one-dimensionally ordered; however, new reflexions are also 

observed which do not coincide with the host layer or the guest layer lines seen in the 

room temperature oscillation photographs. These new reflexions are in the form of 

discrete spots, with high intensity, very close to the (hkO) layer line, and thus correspond 

to a large repeat length.

Plate 2.15: X-ray diffraction oscillation photographs, recorded at 120 K, for

dodecanoic acid/urea.
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For the octanoic acid/urea inclusion compound, indexing this layer as / = 1 

corresponds to Cg ~ 50 A, which is close to four times the length of a single octanoic acid 

molecule (4Lg). For dodecanoic acid/urea, indexing the equivalent layer as / = 1 gives a 

periodicity of Cg = 95 A, which is nearly three times the room, temperature guest 

periodicity [Note that the errors in these long periodicities are large due to the difficulties 

in measuring accurately very small distances on the oscillation photographs].

The proximity of the new layer of spots to the (hkO) layer also renders it difficult 

for de Jong-Bouman photographs to be recorded. However, from measurements made 

from the oscillation photographs along the layer lines, it can been shown that these spots 

correspond to a periodicity of ca. 16.4 A in the «h (or 6b) direction, which is twice the 

periodicity in these directions in the high temperature phase.

Further discrete reflexions are observed on either side of the higher host layer 

lines, which suggests that these reflexions may be "satellite" peaks corresponding to the 

host diffraction pattern, and due to a long periodicity distortion in the host stmcture i.e. 

the generation of a new superstructure. This second possibility is perhaps favoured, as 

the new reflexions are discrete spots - if they corresponded solely to the "g" diffraction 

pattern, we would expect to see resolution of the formerly diffuse bands of the guest layer 

corresponding to Cg ~ 2Lg into discrete spots. However, the position of the new 

reflexions is clearly guest dependent as the distance from the host layer lines varies with 

the length of the guest molecules present.

2.10 Diffractometer Measurements

The development of diffractometric techniques to allow the routine examination of 

the complex structural properties of incommensurate urea inclusion compounds, 

pai'^^u^ariy in relation to the ordering of the guest molecules, represents a step forward.

The sample chosen for initial experiments to develop the necessary techniques 

was octanoic anhydride/urea. For this system, a substantial increase in the intensity of 

discrete scattering in the "g" diffraction pattern is observed in the oscillation photographs 

at low temperature (though it has not yet been possible to rationalise the changes
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occurring by the photographic methods employed above). The absence of a transition in 

the host substructure for this sample means that no complications could arise due to

twinning of the host in the low temperature phase, and the orientation of the guest 

substructure with respect to the host substructure would be well defined.

X-ray diffraction data were recorded on an Enraf-Nonius FAST-TV area detector 

system, at the EPSRC Crystallography Service, University of Wales in Cardiff, using 

Mo-Ka radiation (k = 0.71069 A) for a single crystal of octanoic anhydride/urea at 110 

K, The reflexion intensities from one hemisphere in the range 0 < 0 < 30° were collated 

to form a unique data set, which consisted of the "h" diffraction pattern. A systematic 

sweep of the same region of reciprocal space was then carried out.

From these data it was possible to extract the positions in reciprocal space of all 

diffraction maxima, corresponding to both "h" and "g" diffraction patterns, and to 

determine further information on the structural ordering.

At 110 K, the "h" diffraction pattern indexed on a hexagonal cell [ah = I6hl = 

8.1540(6) A, Icb| = 11.0174(16) A.

On eliminating the reflexions due to the "h" diffraction pattern from the full 

diffraction pattern for octanoic anhydride/urea, the remaining reflexion (the "g" diffraction 

pattern) indexed on the hexagonal cell: l«gl = I6gl = 16.286(27) A, Icgl = 22.11(25) A. 

The orientation of the lattice is the same as that for the host substructure. From these 

observations, several conclusions may be drawn:

i) For the guest substructure, Ag = 0 in the low temperature phase. The similarities 

in the pattern of reflexions in the (hkl)g layers of the oscillation photographs for 

pentanoic anhydride/urea, hexanoic anhydride/urea and heptanoic anhydride/urea at low 

temperature, as well as the precession photographs for heptanoic anhydride/urea, suggest 

that this mode of ordering exists for all these compounds.

M There is a doubling of the lattice in both the a and b directions for the guest 

substructure in the low temperature phase - this suggests that each guest molecule is fixed 

in a specific orientation within the tunnel, and is in the same orientation as guest 

molecules two tunnels away along a and 6, with different orientations for guest
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molecules in adjacent tunnels along a and b. An example of such ordering is shown in 

Fig. 2.10.

Fig. 2.10: Diagram showing a possible configuration of the guest molecules in the

urea tunnel structure such that ag = 2«n and &g - 2b h. The arrows (-») indicate the 

orientation of the C=O bonds in the anhydride guest molecules. Note, however, that this 

guest structure is not hexagonal even though the lattice has hexagonal metric symmetry; a 

smaller orthorhombic cell exists for the guest substructure.

iii) At 110 K the octanoic anhydride/urea inclusion compound is close to being

commensurate along the c-axis with -^ = 2, although from the oscillation photograph 
ch

[Plate 2.11] the (hkl)h layer and the (hk2)g layer appear quite distinct.

Processing of this data to solve the guest substructure from this data has not yet

proved to be successful. The problems of solving separately the two components, in two 

different cells, for the incommensurate structure are heightened by the fact that each 

reflexion contains contributions from both the basic structure of one component and the 

incommensurate modulation within the other. Work on tackling this problem is ongoing.

2.11 Concluding Remarks and Experiments for the Future

The results presented above show a wide range of differing structural properties 

dependent on the guest species present within the urea inclusion compound. For the n-

58



alkane, a,co-dibromoalkane, diacyl peroxide and carboxylic acid guest molecules, all of 

the guests studied within each homologous family show the same behaviour as each other 

at both room temperature and at low temperature. For aU cases in which a host transition 

occurs, the data are consistent with the hexagonal -> orthorhombic transition 

characterised previously for n-alkane/urea inclusion compounds [26]:

i) For the n-alkanes (r = 7-15,18), Ag = 0 for all systems at both room temperature 

and at low temperature. At low temperature, the host undergoes the phase transition, 

h) For a,co-dibromoalkanes with r = 7-12, Ag = As the temperature is lowered,

the host transition occurs with no change in the guest ordering, followed at lower 

temperature by a guest transition (as yet undefined).

in) The diacyl peroxides (r = 6,8,10) show no phase transition in either host or guest

substructures: Ag = 4.6 A at all temperatures.

iv) The carboxylic acid guests (r = 6,8,10) are one-dimensionally ordered at room 

temperature, but changes occur in conjunction with the transition in the host structure at 

low temperature.

The results for the carboxylic acid anhydride/urea inclusion compounds, 

however, have demonstrated the first example of structural anomalies within a 

homologous family of guest molecules within the conventional (hexagonal) urea tunnel 

structure. At room temperature, the different mode of guest molecule ordering exhibited 

by heptanoic anhydride/urea (Ag = 2.27 A), in comparison with that exhibited by the 

other carboxylic acid anhydride/urea inclusion compounds (Ag = 0), is believed to arise 

from a difference in conformation of the guest molecules in heptanoic anhydride/urea. It 

is proposed that this conformational distortion occurs in order for the guest substructure 

to attain a commensurate structural relationship with the host substructure. It is relevant 

to note that other commensurate urea inclusion compounds are known (e.g. 

sebaconitrile/urea [34] and 1,6-dibromohexane/urea [35]), but in these cases the host 

stmcture is distorted significantly from the conventional urea tunnel stmcture; there is no 

evidence from the X-ray diffraction data recorded in this work for any significant 

structural differences between the urea tunnel structure in heptanoic anhydride/urea in

59



comparison with the urea tunnel structures in the other carboxylic acid anhydride/urea

inclusion compounds.

Direct investigations of the conformational properties of carboxylic acid anhydride 

guest molecules within their urea inclusion compounds are clearly required before the 

stmctural anomaly discussed in this paper can be rationalised fully; with this aim, Raman 

and infrared spectroscopic investigations of these inclusion compounds are currently in 

progress.

The low temperature X-ray diffraction data for the carboxylic acid anhydride/urea 

inclusion compounds show no clear pattern of behaviour across the series of guest 

molecules studied. Nonanoic and dodecanoic anhydride/urea show no transition in either 

host or guest, while changes in both the host and guest occur for pentanoic and heptanoic 

anhydride/urea. Hexanoic and octanoic anhydride/urea exhibit only a guest transition, 

whereas for decanoic anhydride/urea only the host transition is observed. At the guest 

transition, the offset Ag = 0 is retained (or changed to this value for heptanoic 

anhydride/urea) and the ag and bg axes are doubled.

Although not yet fully understood, it is clear from the changes occurring for the 

carboxylic acid anhydride/urea inclusion compounds that it is no longer possible to 

classify, in terms of structural ordering, urea inclusion compounds simply by the 

homologous family that the guest molecule belongs to. Each urea inclusion compound 

must be heated as a separate system on its own merits.

The initial experiments developing diffractometric techniques for analysing 

incommensurate urea inclusion compounds (and, indeed, for application to other 

incommensurate and twinned systems) point the way forward to more routine and 

accurate rationalisation of their shuctural properties. In particular, this technique will be 

useful for systems such as the low temperature phases of the carboxylic acid 

anhydride/urea and the a,co-dibromoalkane/urea inclusion compounds, for which there is 

substantial discrete scattering from the guest subshucture.
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Chapter 3

X-Ray Powder Diffraction of Urea 
Inclusion Compounds

3.1 X-ray Powder Diffraction

X-ray powder diffraction embodies the same underlying theories as single ciystal 

X-ray diffraction. There are differences, however, between the two techniques in terms 

of both the geometry of the experiment and the form of the diffraction information 

obtained.

Powder diffraction is used extensively to study materials for which crystals of 

sufficient size or quality for single ciystal X-ray diffraction cannot be grown. In single 

crystal X-ray diffraction a single crystallite is exposed to the X-rays, and the diffraction 

pattern is recorded as a function of three-dimensions in reciprocal space. In powder 

diffraction the sample under investigation is composed of a large number of (ideally) 

randomly oriented crystallites (each clearly of unknown orientation), and the diffraction 

pattern is recorded as a function of one-dimension in reciprocal space. Thus, 

experimental results of a powder X-ray diffraction experiment represent compression of 

the three-dimensional diffraction data into one-dimension. This information is normally 

expressed in the form of a plot of diffraction intensity versus the diffraction angle 20 (or 

the interplanar d-spacing) [1].

The loss of orientational information and the compression of the diffraction data 

into one-dimension results in a severe overlapping of reflexions, which makes it difficult 

to extract individual intensities of the diffraction maxima. The techniques for routine 

structure solution by powder X-ray diffraction are consequently less well developed than 

the corresponding techniques for single crystal diffraction, though great advances in this 

field have been made in recent yeai's [2-4]. In particular, the use of synchrotron radiation 

for recording the diffraction pattern results in much narrower peaks than those from
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laboratory diffractometers, reducing the problem of overlapping reflexions [5]. For 

samples for which a good starting structural model exists, structure refinement from this 

model via the Rietveld method [6] can generally be carried out fairly routinely.

3.2 Powder Diffraction of Urea Inclusion Compounds

For urea inclusion compounds [7-9], there is no difficulty in growing sufficiently 

large and good enough quality single crystals (as evident from the results discussed in 

Chapter 2). However, for several reasons it is also beneficial to study these materials by 

powder diffraction, particularly at low temperature.

The short time required to record a powder diffractogram, especially in 

comparison to the time required for an X-ray oscillation photograph, allows us to easily 

follow changes in the diffraction pattern with temperature and to accurately pinpoint 

phase transition temperatures in these systems. These results may be compared with 

those from other techniques such as differential scanning calorimetry.

At present, routine methods for analysis of single crystal diffraction data are not 

readily applicable to twinned systems (though the methodology developed in Section 

2.10 is appllcable to twinned crystals as well as incommensurate crystals). At low 

temperature, it is known that the host substructure in many urea inclusion compounds 

undergoes a Uansition to a triply twinned orthorhombic structure [10]. The temperature 

of this transition depends on the length of the guest molecule [11,12].

Several attempts have been made previously to solve the low temperature host 

structure but a satisfactory solution has not yet been reported. From single crystal 

diffraction data, Chstani et al [13,14] reported a structure solution for the 

hexsdecane/urea inclusion compound, based on a triply twinned orthorhombic structure 

with symmetry P2i2i2i. The guest molecules become highly ordered in the low 

temperature phase, and it was also shown that l<l increased sharply on crossing the 

transition, and continued to increase with decreasing temperature below the phase 

transition temperature. The quality of the reported structure, however, is poor (R-factor
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= 10 %) - this is due in part to the difficulty in extracting intensities from the closely 

overlapping reflexions from the triply twinned domains.

Forst et al [15—^17] have carried out a similar single crystal X-ray diffraction 

investigation on the hexadecane/urea inclusion compound, but also failed to obtain a 

stmcture of satisfactory quality. They suggest that the formation of a superstructure 

violates the extinction conditions on the space group P2i2i2i, and through consideration 

of diffuse scattering propose a different ordering of the guest. Some of the features 

observed in the diffraction patterns of Forst et al have not been observed in other studies 

(including our own studies described in Chapter 2). The differences arise presumably 

due to different methods of preparation of the samples, and solvent inclusion may 

account for some of the extra features observed by Forst et al.

Harris et al [10] attempted to solve the host structure in the low temperature phase 

by using powder X-ray diffraction, which eliminates the problems due to twinning. This 

study recognised that the structure of the low temperature phase represents only a small 

distortion of the hexagonal high temperature structure, and utilised the high temperature 

host structure as a starting model for refinement of the low temperature structure. The 

failure to obtain a satisfactory structure refinement was attributed to a combination of 

factors. Preferred orientation of the crystallites in the sample, the fact that the guest 

substructure contributes to the "h" diffraction pattern via incommensurate modulations 

and the coincidence of the (hkO) reflexions for the "h" and "g" diffraction patterns, aie 

discussed as possible reasons for the difficulties in the refinement.

The urea inclusion compounds containing n-alkane and ot,co-dibromoalkane 

guests, studied by single crystal X-ray diffraction described in the previous chapter, have 

been investigated by powder diffraction in order to gain information about the phase 

transitions occurring in both the host and guest substructures.

Synchrotron X-ray powder diffraction data were recorded for the 

heptadecane/urea inclusion compound, and structure solution of the low temperature host 

structure has been initiated.
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3.3 Experimental

Urea inclusion compounds were prepared by the method described previously 

[Section 2.3].

A crystalline sample of inclusion compound was ground to a powder and loaded 

into a glass capillary. Powder X-ray diffraction data were collected on a Stoe Stadi-P 

high-resolution powder X-ray diffractometer in transmission mode, using Cu-Ka 

radiation (X = 1.5418 A). Temperatures below room temperature were obtained using a 

cryostream cooler (Oxford Cryosystems Ltd), with liquid nitrogen as coolant. The 

cryostream cooler was calibrated by studying materials with known phase transitions 

occurring at sharply defined phase transition temperatures, and giving rise to significant 

changes in the powder X-ray diffractogram.

Synchrotron X-ray powder diffraction data (X = 0.80 A) were measured on 

station 9.1 at the SRS facility at Daresbury Laboratory. The X-ray powder diffraction 

pattern for the heptadecane/urea inclusion compound was recorded twice, at 70 K, and 

the two diffractograms were combined to improve the signal/noise ratio.

The diffraction patterns were indexed using the program TREOR [18]. Rietveld 

refinement calculations were earned out within the program GSAS [19].

3.4 Results

3.4.1 Low Temperature Powder Diffraction of the 1,10-

Dibromodecane/Urea Inclusion Compound

Powder X-ray diffractograms for 1,10-dibromodecane/urea were recorded at 

several temperatures between 122 K and 295 K [Fig. 3.1]; the temperature-dependence 

of the diffractogram was investigated in particular detail around the known phase 

transition temperature at ca. 140 K.
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Fig. 3.1: Powder X-ray diffraction data recorded for the 1,10-dibromodecane/urea

inclusion compound at: (a) T = 295 K, (b) T = 142 K, (c) T = 140 K, (d) T - 138 K, (e) 

T = 122 K and (f) T = 102 K.
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At 295 K, the majority of the peaks in the diffractogram are from the "h" 

diffraction pattern, and can be indexed on the basis of a hexagonal lattice [!«iJ = IZ>hl = 

8.206 A, IciJ = 11.002 A; a = P = 90°, y = 120°]; this is completely consistent with the 

known symmetry (P6i22) of the basic host structure determined previously from single 

crystal X-ray diffraction data [9]. The peaks which are not indexed on the basis of this 

lattice are at 20 = 8.70°, 15.20°, 19.68°, and these peaks represent reflexions in the "g" 

diffraction pattern [20].

It is clear from the diffractogram recorded at 122 K that the structural properties 

of the 1,10-dibromodecane/urea inclusion compound at this temperature are substantially 

different from those at 295 K. At 122 K, the peaks due to the "h" diffraction pattern can 

be indexed on the basis of an orthorhombic lattice [l«ol - 8.198 A, Iftol = 13-954 A, Icol 

= 10.963 A; a = p = y = 90°], and the conditions for systematic absences are consistent 

with space group P2i2i2i. The details of the transition are discussed further in Section 

3.4.3.

From the set of diffractograms [Fig. 3.1] recorded between 122 K and 295 K, the 

phase transition temperature is assigned as 140 ± 1 K.

From the diffractogram recorded at 102 K for the 1,10-dibromodecane/urea 

inclusion compound [Fig. 3.1(f)], changes in the reflexions due to the "g" diffraction 

pattern are evident. Notably, the peak at 20 « 8.6° is split into a pair of peaks. While it 

has not been possible to deduce directly any structural information on the basis of these 

changes in the "g" diffraction pattern, it is clear that they represent the same transition in 

the guest substructure observed in the single crystal X-ray diffraction studies [Section 

2.6.2].

3.4.2 Low Temperature Powder Diffraction of the Hexadecane/Urea

Inclusion Compound

The diffraction pattern of the hexadecane/urea inclusion compound was recorded 

over a range of temperatures in the region of the known phase transition at ca. 150 K 

[Fig. 3.2].
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Fig. 3.2: Powder X-ray diffraction data recorded for the hexadecane/urea inclusion

compound at: (a) T = 152 K, (b) T = 150 K, (c) T = 149 K and (d) T = 142 K.
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At 152 K [Fig. 3.2(a)], the majority of the peaks in the diffractogram can be 

indexed on the basis of a hexagonal lattice [laiJ = l&iJ = 8.162 A, Ichl = 11.001 A; oc = P 

= 90°, y = 120°], which is again consistent with the known symmetry of the high 

temperature phase (P6i22) from previous studies [9]. The small peak at 20 = 22.27° 

represents a small impurity amount of the pure crystalline phase of urea.

In qualitative terms, the "h" diffraction pattern is the same as that reported above 

for the 1,10-dibromodecane/urea inclusion compound, with the exception that the 

intensity of the (100) peak (at 20 = 12.44°) is significantly greater for the 

hexadecane/urea inclusion compound. This striking difference is a consequence of the 

fact that scattering from both the basic host structure and the basic guest structure 

contribute to the reflexions of type (h,k,O) for the urea inclusion compounds (the z-axis, 

in direct space, is parallel to the tunnel axis).

From the lowest temperature diffractogram, at 142 K [Fig. 3.2(d)], the 

hexadecane/urea inclusion compound can be seen to have passed through a phase 

transition. This pattern can be indexed on an orthorhombic lattice [l«ol = 8.248 A, = 

13.958 A, Icol = 10.992 A; a = (3 = y = 90°], with the space group P2i2i2i. Note that 

this cell suggests an expansion of the host along the a-axis on passing through the 

transition, as also shown in ref. 13. The low intensity peak at 20 = 16.80° is from the 

"g" diffraction pattern.

The diffractograms recorded at intermediate temperatures [Fig. 3.2(b)&(c)] 

follow the changes occurring close to the transition temperature. From these results, the 

phase transition temperature is 150 ±1 K.

3.4.3 Rationalisation of the Changes in the Diffraction Pattern

The structural transformation associated with the phase transitions for the 

hexadecane/urea inclusion compound and the 1,10-dibromodecane/urea inclusion 

compound can be rationalised on the basis of the general approach developed previously 

[10] for a hexagonal to orthorhombic phase transition involving a minor structural 

distortion. Briefly, a hexagonal lattice {«h, chI (e.g. the basic host stmcture in the
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high-temperature phase) can be described alternatively as a C-centred orthorhombic lattice 

{«O, b(§, Cq } (referred to as "orthohexagonal") for which the condition I^qI = 

2kzolcos30° necessarily holds [Fig. 3.3].

Fig. 3.3: Diagram showing both the hexagonal and C-centred orthohexagonal

descriptions of a lattice with hexagonal symmetry.

A transformation from a hexagonal lattice to an orthorhombic lattice may be 

considered in terms of this strict equality being relaxed, with the possibility that the C- 

centring is also lost. Here, the subscripts H and O describe reflexions in the hexagonal 

and orthorhombic systems respectively, and the use of the superscript h together with the 

subscript O denotes the orthohexagonal setting of a hexagonal system.

In general, each peak in a diffractogram consists of a superposition of many 

reflexions with nominally different Miller indices. Reflexions at the same 20 correspond 

to a form of lattice planes (denoted {h,k,l}) in the holosymmetric point group of the 

relevant crystal system, and we refer here to the number of individual reflexions within a 

given form as its "multiplicity". All individual reflexions contributing to a given powder 

diffraction peak will have the same intensity only if the Laue group of the diffraction 

pattern is the same as the holosymmetric point group of the crystal. This is true for both
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the low-temperature and high-temperature phases of the host structure in 1,10-

dibromodecane/urea.

If we consider only general forms {h,k,l} (for which there is no special 

relationship between h, k and I and none of h, k and I is equal to zero), a general form of 

the holosymmetric hexagonal point group {6lmmm) has multiplicity 24, whereas a 

general form of the holosymmetric orthorhombic point group (mmm) has multiplicity 8. 

Each general peak in the diffractogram for the high-temperature phase therefore consists 

of contributions from 24 reflexions (each with different Miller indices {h,k,l)}i). On 

transforming to the orthohexagonal system, these 24 reflexions comprise three separate 

forms, each with multiplicity 8. These forms can be generalised as {H,K,L}q,

#)/2, ~{3H+K)/2, L}q and {-(H+K/2, {3H-K)/2, /■! where H = h, K = h + 2k, L = 

I. In the orthohexagonal system, these three forms correspond to the same 20 value. 

When the hexagonal (orthohexagonal) to orthorhombic phase transition occurs, these 

three forms become inequivalent and give rise to three separate peaks (barring accidental 

equivalence).

The changes in the powder X-ray diffractogram occurring at the phase transition 

for the hexadecane/urea and 1,10-dibromodecane/urea inclusion compounds can be 

understood on this basis. As an illustration, the (201)h peak in the high-temperature 

phase represents the overlap of 12 individual reflexions (rather than 24, k = 0). hi the 

orthohexagonal setting, this peak corresponds to two forms of reflexions: (221)Q with 

multiplicity 8, and (041)q with multiplicity 4. On transforming to the orthorhombic 

system, the condition L&qI = 2lnolcos30° no longer holds, and these two forms of 

reflexions do not occur at the same value of 20. Under the assumption (valid for a 

hexagonal to orthorhombic phase transition involving only a minor structural distortion) 

that all reflexions within the (221)q and (041)q forms have approximately equal 

intensity, the pair of peaks resulting from the hexagonal to orthorhombic phase transition 

results in an intensity ratio of approximately 8:4 (i.e. 2:1) for the intensities of the (221)q 

and (041)q peaks in the diffractogram of the orthorhombic phase. From the formula:
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Eq. 3.1
4 sin20 fl2 K2 L2 

X2 _ laol2 + IZ>OI2 + lcol2

which applies to orthorhombic systems, and since I&qI < 2laolcos30° for the low- 

temperature phase of 1,10-dibromodecane/urea, (221)o should occur at lower 20 than 

(041)o- This is seen clearly in the diffractogram recorded at 122 K. The behaviour of all 

other reflexions upon passing from the high-temperature phase to the low-temperature 

phase can be rationalised in the same manner as for the (201)h peak.

3.4.4 Structure Refinement of the Low Temperature Host Structure

in the Heptadecane/Urea Inclusion Compound

Synchrotron X-ray powder diffraction data have been recorded with X = 0.80 A

for the heptadecane/urea inclusion compound at 70 K [Fig 3.4]. The "h" diffraction

pattern was indexed using the unit cell l«ol = 8.277 A, l#ol = 13.820 A, Icol = 10.980 A.

From the systematic absences, the space group cannot be uniquely assigned, but in

agreement with all previous studies, the space group P2i2i2i is consistent with the

observed absences. In fact, it can be shown that if the 6i-axis is lost and replaced by a 
l l2i-axis, and the origin shifted by (^O,^), the room temperature host structure can be 

described by this space group. The asymmetric unit contains three urea molecules (rather 

than half a urea molecule) and the unit cell is doubled in size.

As a stalling model for stmcture refinement, the room temperature host stmcture 

for the hexadecane/urea inclusion compound was used, with space group transformed 

from P6i22 to P2i2i2i and the fractional atomic coordinates transformed into the 

orthohexagonal description [9]. Unit cell parameters were set to the values given above.

73



Fig. 3.4: Synchrotron powder X-ray diffraction pattern recorded for the

heptadecane/urea inclusion compound at 70 K (A = 0.8 A).

Fig. 3.5: Simulated powder X-ray diffraction pattern for the "host only" structure

of the hexadecane/urea inclusion compound at 295 K (A= 1.5418 A).
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As discussed in Section 3.4.2, the guest substructure contributes to the observed 

intensities of the (hkO) reflexions, but also (to a lesser extent) affects the rest of the "h" 

diffraction pattern, due to the incommensurate modulation imposed on the guest 

substructure by the host substructure. In Fig. 3.5, the simulated diffraction pattern for 

the host structure in the absence of any electron density representing guest molecules is 

shown. The discrepancies between this simulated diffractogram and the experimental 

data shows the marked effect that the presence of the guest in the tunnels has on the "h" 

diffraction pattern. Thus, clearly structure refinement using the "h" diffraction pattern 

requires a good model representing the contribution of the guest substructure to the "h" 

diffraction pattern.

Initial refinement was carried out with "dummy" carbon atoms placed inside the 

tunnels of the host structure to model the contribution of the guest substructure to the "h" 

diffraction pattern; these "guest" atoms were taken as those refined from the room 

temperature single crystal "h" diffraction pattern of hexadecane/urea. However, stable 

refinement from this starting point was not achieved. As there is less disorder in the 

guest substructure at low temperature [21], it is possible that the use of the representation 

of the guest substructure determined at room temperature is not a good enough initial 

structural model for the representation of the guest substructure at 70 K. For this reason, 

a variety of other starting models for the guest substructure were also tried. In no case 

was a satisfactory refinement obtained. A major problem proved to be the inability to 

model the peak shape (modelled using a pseudo-voigt function). It is believed that eiror 

in the scale factor is compensating for inaccuracies in the modelling of the guest 

substructure, and that this prevents the profile parameters from refining correctly.

Further attempts at refinement were made with the (hkO) reflexions initially 

excluded from the diffraction pattern. This minimised the possible effects of a poor 

model for the averaged guest substructure, but still did not lead to a satisfactory 

refinement.

If a room temperature synchrotron X-ray diffraction pattern had been recorded for 

the heptadecane/urea inclusion compound, then accurate peak profile parameters could
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have been derived (as the room temperature urea host structure is known from single 

crystal X-ray diffraction). These parameters could then have been used in fitting the 

pattern recorded for the low temperature phase.

3.5 Conclusion

While attempts to solve the stmcture of the urea host structure at low temperature 

have not yet proved to be successful, powder diffraction nevertheless still represents the 

most viable technique for this purpose on account of the twinning of the crystals in the 

low temperature phase. The diffractometric techniques being developed for single crystal 

diffraction of twinned and incommensurate structures [Section 2.10] will also provide an 

alternative approach to this problem.

The better resolution of the synchrotron data (in terms of less peak overlap) and 

the better signal to noise ratio have not proved to be decisive in the determination of the 

host structure, and clearly there are many other factors which may contribute to the lack 

of success in this work. As discussed above, the use of an inadequate model for the 

guest substructure (to represent the effects of the incommensurate modulation imposed on 

the guest substructure by the host substructure and the contribution of the guest 

substructure to the (hkff) reflexions) may contribute significantly to the inability to refine 

the structure. This has an effect on the ability to fit the peak profile parameters. 

Preferred orientation within the sample may also be a cause of the unstable refinement, 

though the Rietveld refinement program used does embody parameters to account for the 

preferred orientation.

Qualitatively, the changes in the host structure on crossing the phase transition 

have been shown to be the same for both n-alkane and a,m-dibromoalkane guests, and 

have been rationalised in terms of a small distortion of the hexagonal structure to an 

orthorhombic structure.

In the case of the 1,10-dibromodecane/urea inclusion compound a transition in the 

guest substructure has also been observed. However, on account of the low intensity 

and small number of peaks observed for the "g" diffraction pattern, it has not been
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possible to derive significant structural information from these reflexions - the single 

crystal X-ray diffraction studies described in Chapter 2 provide greater information on the 

changes in the ordering of the guest substructure with temperature.
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Chapter 4

Predicting Structural Properties of Urea and 
Thiourea Inclusion Compounds: Application of 
the Mathematical Model of One-Dimensional

Inclusion Compounds

4.1 Introduction

Computational modelling has become an increasingly important tool to the 

chemist due to its ability to predict, often ahead of experiment, the behaviour of chemical 

systems at the molecular level. It can also provide explanations for experimental

observations.

For urea and thiourea inclusion compounds, an important question is whether a 

given inclusion compound is commensurate or incommensurate. Previously, these 

tunnel inclusion compounds have been defined as being commensurate if it is possible to 

find sufficiently "small" positive integers, p and q, such that:

pch = qcg Eq. 4.1

where Ch is the periodicity of the host along the tunnel axis, and Cg is the 

periodicity of the guest along.

If it is not possible to find suitable "small" integers p and q, the compound is said 

to be incommensurate.

This definition is unsatisfactory, for the following reasons: 

i) It is difficult to measure c and Cg to a high enough degree of accuracy. While 

diffractometric measurements can be taken for the host structure on a conventional 

diffractometer (see Section 2.10) and the host periodicity Ch can be accurately deteimined, 

in many cases Cg can only be determined via photographic diffraction methods, which are
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intrinsically less accurate. Within the errors of the measurement of Cg and Ch, it is usually 

possible to find comparatively small values of p and q which satisfy the above condition, 

n) There is no indication how large p and q have to be for them not to be considered 

as "small" integers? Are we talking about tens, hundreds or thousands?

The consequence of an incommensurate relationship between the host and guest 

substructures is that, in theory, no two guest molecules, within the same tunnel, are in 

the same environment with respect to the host structure. This means the interaction 

between the host and guest substructures is insensitive to the position of the guest 

substructure along the tunnel - alternatively, it may be said that the guest molecules do 

not preferentially bind to specific sites of the host structure.

With questions such as these in mind, a more rigorous definition of the terms 

commensurate and incommensurate is required, and has now been developed [1]. The 

chosen method was to derive a model which would find the most energetically stable 

guest structure within the inclusion compound. By considering the ratio CgXh for this 

inclusion compound, it would be possible to assign the system as commensurate or 

incommensurate, based upon consideration of the energetics of host-guest interaction.

4.2 Mathematical Model for One-Dimensional Inclusion Compounds

To a good approximation, it can be assumed that, in urea and thiourea inclusion 

compounds, the interaction between guest molecules in different tunnels is weak - as a 

consequence, these inclusion compounds can be modelled as strictly one-dimensional 

systems, with each tunnel of the "real" inclusion compound considered to behave 

essentially independently. For a crystalline one-dimensional inclusion compound, the 

structural periodicity of the guest molecules is defined by the single parameter - Cg - the 

periodic repeat distance of the guest molecules along the tunnel, which corresponds to the 

distance between the centres of mass of adjacent guest molecules in the tunnel. The 

periodic repeat distance of the host substructure along the tunnel axis is denoted cj.

Here, we apply a mathematical model developed previously [1] to understand and 

rationalise structural properties of one-dimensional inclusion compounds. In particular,
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this model provides a theoretical framework that allows potential energy functions (for 

host-guest interaction, guest-guest interaction and intramolecular potential energies) 

computed for any one-dimensional inclusion compound of interest to be used to predict 

and rationalise stmctural properties of the inclusion compound.

A rigorous development of the mathematics underlying the model has been

published previously [1,2], and only the most important features are summarised here.

Within the model, the one-dimensional inclusion compound is considered to comprise an

infinite, rigid, periodic, linear host tunnel containing a finite number n of equally spaced,

rigid identical guest molecules [Fig. 4.1]. The unit of length is taken to be the periodic

repeat distance of the host substructure, Ch (note: cc « 11.0 A for most urea inclusion

compounds), and the periodicity of the guest substructure is then denoted a (where a =

-£). The conformation of each guest molecule within the host tunnel is assumed to be the 
ch

same. An arbitrary zero point is assigned to the host substructure, and the position of the 

first guest molecule relative to this zero point is denoted X. The structure of the host 

tunnel and the conformation of the guest molecules are assumed to be independent of X,

a and n.

0 X
'<--------- >'<--------- >' '<--------- >'---------- 1------------- 1----------- ---------------------------- 1------------- 1--------i_ ---------- !------------- !------------- j-------------------------- j------------- !-------- /

c
...............

123 n~l n□_ ---------- 1--------------------------------------------------------------------------- e
i

Fig. 4.1: Schematic representation of the one-dimensional inclusion compound

corresponding to the triplet (%a,n). The inclusion compound comprises n guest 

molecules arranged periodically (with repeat distance a) along an infinite, one

dimensional host tunnel. The position of the first guest molecule is denoted X.

In ref. 1, a characteristic energy function E(a,n) was defined for the inclusion 

compound, with the entailment that, if E(aj,n) < E(a2,n), then ot^ represents a more
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favourable guest periodicity than a2, provided n is the same in both cases. The 

characteristic energy is defined [1] as:

T/*‘A‘ A' \E(oc,n) = — (EhostCo,!!) + Eguest(ct) + Eintra} Eq. 4.2

where Ehost(cc,n) is the minimum average host-guest interaction energy, per guest 

molecule, when the periodicity of the guest substructure is a, EgUest(oc) is the guest-guest 

interaction energy, per guest molecule, when the periodicity of the guest substructure is
A

a, and Eintra is the intramolecular potential energy of the guest molecule (assumed to be 

the same for all guest molecules in the structure). Ehost(o-A) is given by:

Ehost(ca.n) = “ P Ej.ikn+X) ) Eq. 4.3

where Eh(t) represents the energy of an individual guest molecule, due to host- 

guest interaction, when the guest molecule is located at position t along the host tunnel.

The objective of this model is to enable the calculation of the optimum value(s) of 

a for each inclusion compound under study. In order to determine these values, it is 

necessary to eliminate the dependence of the energy on both X and n. The method 

developed involves constrnction of a graph to represent the energy profile of the inclusion 

compound, from which the optimum region of a can be easily calculated. This graph is 

called the "characteristic energy diagram", and its construction and interpretation are 

defined below.

In using the characteristic energy to assess the optimum guest periodicity, it is 

important to give careful consideration to the dependence of the characteristic energy on 

n. Consideration of only a fixed number of guest molecules, n, would limit us to a small 

subset of all the possible inclusion compounds. The characteristic energy diagram
A

constructed represents a supeiposition of all graphs of E(a,n) versus a for all values of 

n. It has been shown that, as n oo, these graphs converge pointwise to a graph which 

is continuous at all irrational a, but discontinuous at all rational a [1]; however, it was
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also shown that, for all n greater than a critical lower limit N, the graphs of E(a,n) versus 

a are confined within a definable subarea of the characteristic energy diagram. It is then 

possible to determine a range guaranteed to contain the points (a,E(a,n)) for which 

E(a,n) is minimal for each n > N, and projection of this region onto the a axis gives a 

range containing the optimal value(s) of a for all n > N.

A graphical method has been developed which allows the range containing 

optimal a to be determined from a knowledge of the potential energy functions Eh(t), 

Eguest(cc), and E^tra for the inclusion compound of interest.

4.3 Construction of the Characteristic Energy Diagram in Practice

It is clear from the definition of E(a,n) that, in order to apply the theoretical 

approach to detennine the optimum guest periodicity for any particular one-dimensional 

inclusion compound, we require potential energy functions for host-guest interaction 

(Eh(t)), for guest-guest interaction (Eg^^a)), and for the intramolecular potential energy 

of the guest molecules (Eintra). At this stage, it is not important to discuss the actual 

procedures that can be used to determine these potential energy functions in practice - 

details of the specific computational approaches used for the three different classes of 

inclusion compound studied in this work are given in later Sections (4.5.1, 4.6.1 and 

4.7.1).

Before construction of the characteristic energy diagram, it is necessary to choose

energy parameters e and e' such that 0 < e' < |. The factors governing the choice of

these parameters have been discussed elsewhere [2], and a detailed consideration of the

physical significance of these parameters is given in Section 4.8. A Fourier series p(t),

which is periodic in t with period 1, is constructed to represent the host-guest interaction

energy function Eh(t) [in practice, it is convenient to compute Eh(t) at K evenly spaced

points ranging from t = O to o^l- k, where k = ^]:K

M M

p(t) =f,A Eh(x)dx + X amCOs(27unt) + X bmsin(27tmt) 
O m=l m=i

Eq. 4.4
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The quality of fit of this Fourier series (dictated largely by the number (2M) of 

coefficients) must be such that the maximum residue [p(t) - Eh(t)] is less than j. Thus,

Tlp(t)-ih(t)l < Eq. 4.5

From the parameters M, {am} and {bm} in the expression for p(t), the value of N 

(introduced in Section 4.2) can be determined from:

4M2 V / 9 T"N = —- X Vam2 + bm2 Eq. 4.6
e'

The importance of these parameters will be discussed further later in relation to 

the results for the specific compounds studied.

In order to construct the characteristic energy diagram, it is necessary to detennine 

the following parameters:

(a) 1
2M2

(b) |i(d) = I amcos(27mt) + S bmsin(2irmt)2 I 
dim z

Eq. 4.7

Eq. 4.8

8 =

for each integer d from d = 1 to d = M, and X represents the summation over m,
dim

where m takes all the values (m : m = nd, n g Z and nd < M). The calculation of

q(d) is particularly important in the application of the mathematical model; q(d) is 

related to the energy of stabilisation of the inclusion compound with commensurate 

periodicity ag = where p g Z, compared to the energy of the inclusion 

compounds with irrational a close to ocg. The exact role of ji(d) in the construction 

of the characteristic energy diagram is further discussed below.
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(c) The set P = {d : |i(d) > e - e'}, and the mesh Ml of rational numbers (ag) with 

denominator in T. Thus, Ml = {ag = E:pe Z, q e T}. The mesh Ml represents 

rational values of a at which a commensurate inclusion compound may be formed. 

[The definition of a commensurate inclusion compound, in relation to the model, is 

given at the end of this section.]

(d) Thepunctnred line , defined bylL = {ae IR:a<^ (cxq - 5, a0 + 8) for ag) e Ml}. 

This punctured line represents the real line minus a 0-neighbourhood [where 8 is as 

defined in (a)] around each of the rational numbers (ag e Ml) with denominator in 

P.

The characteristic energy diagram (energy versus a) is constructed as a series of 

bounding curves, which define a region within which the actual energies (for n > N) are 

guaranteed to lie. The construction is carried out in the following stages:

(a) First, the following curve is drawn on the characteristic energy diagram over a 

suitable range of a (i.e. a range typically a few A wide in the region of the
g A.

minimum of the Egtett(<c) curve) which will contain the optimal a:

Fb(t) dt + EgUest(<c) + Eintra^ Eq. 4.9

This curve represents the upper energy bound on the characteristic energy diagram; 

for all n > N, all the points (a,E(a,n)) are guaranteed to lie below this line.

(b) For a e L, the following curve is drawn on the characteristic energy diagram:

~(^o Eb(t) dt — £ + Eguest^oc) + Eintra^ Eq. 4.10

This represents the part of the lower energy bound on the characteristic energy

85



diagram for the region a e L. For n > N, it can be shown that for all a e IL, all 

the points (a,E(a,,n)) lie above this line. The lower energy bound is completed 

(for the region a 4 L) in (iv) below.

(c) For each og g M, the minimum dg such that agdg e Z is found, and a vertical 

line (called a "downspike") is drawn on the characteristic energy diagram between:

~ Eh(t) dt + Eg^^^o) + EintraJ Eq. 4.11

and

~ fig Eb(t) dt - M(do) + e' + Eg^^o^) + Emtra^ Eq . 4.12

The downspikes at these values ag correspond to a potential "lock in" of host and 

guest substructures. For n > N, the point (ag,E(ag,n)) lies below the bottom of 

this downspike.

(d) Finally, for each ag e Ml and with dg defined as above, the following curve is 

drawn on the characteristic energy diagram over the range a e (ag - S, ag + S) 

(i.e. a in the 5-neighbourhood of each mesh point ag):

“To Eb(t) dt — (l(dg) — e' + Eg^^tx) + Eintra^ Eq . 443

For n > N, it can be shown that, for all a e (ag - 5, ag + 5), the points (a, 

E(a,n)) lie above this line. This completes the lower energy bound on the 

characteristic energy diagram.

These stages in the construction of the characteristic energy diagram are illustrated

in Fig. 4.2.
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a

(e)

Fig. 4.2: Diagram showing the construction of the characteristic energy diagram,

(a) to (d) represent the stages in the drawing of the upper and lower bounds described 

above, (e) and (f) show two completed characteristic energy diagrams, which have 

different ranges of optimal a (indicated by the shaded regions along the a-axis).

a

(d)

(0
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For all numbers of guest molecules n > N and all a, the points (a,E(a,n)) all lie 

between the upper energy bound and the lower energy bound on the characteristic energy 

diagram. To locate a region containing optimal a, a horizontal line is drawn through the 

lowest point reached by either the upper energy bound or one of the downspikes. The 

region between this horizontal line and the lower energy bound on the characteristic 

energy diagram must contain at least one point (a,E(oc,n)) for every n > N. Thus, the 

projection of this region onto the a axis must contain the optimal value of a for all guest 

substructures with n > N [Fig. 4.2(e)&(f)].

Assignment of the inclusion compound as either commensurate or 

incommensurate moy then be mode from the graph. It is only possible for an inclusion 

compound to be assigned as commensurate if the minimum of the upper energy bound 

and the downspikes corresponds to the bottom of a downspike. The assignment, 

however, is dependent on the choices of e and s' - selection of smaller values of e and e' 

will lead to a corresponding smaller region of optimal a, but will give rise to a larger 

value of N (and will hence con*espond to a longer length of tunnel - in this regard, it is 

important that the volue of N corresponds to a tunnel length shorter thon those found in 

practice). If the region containing optimol a corresponds to the 0-neighbourhood of one 

of the downspikes, then a e (ag - 5, ag + 6) for ag e Ml and the compound may be 

said to be commensurate; if a (ag - 5, ag + 6) for ag e Ml then the compound is 

assigned as incommensurate. It follows that these conditions moy be more rigorously 

defined [2] in terms of the following inequalities:

Z(a,n) = I EfcosrfO) - Jo Eh(t)dtl > 

/(a,n) — lfehost(a,n) - J, Eh(t)dtl

Eq. 4.14

Eq. 4.15

> e - 2e'

< £

If Z(a,n) is greater than e - 2e', then the lock in of the guest substructure and the 

host substructure can be significant; if Z(a,n) is less than £ then lock in is not significant. 

Providing suitable values of £ and £' are chosen (such as to minimise the region of
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overlap between the two inequalities), this method can provide physically significant 

information from the characteristic energy diagram.

The implementation of this definition and the whole procedure described here for 

construction and interpretation of the characteristic energy diagram are illustrated in more 

detail in Sections 4.5.2, 4.6.2 and 4.7.2 for the inclusion compounds studied.

4.4 Applications of the Mathematical Model

So far, the model has been applied to three different types of system:

i) n-Alkane?Urea Inclusion Compounds

The inclusion compound formed between hexadecane and urea was one of the 

first urea inclusion compounds to be examined after their discovery [3]. Initially, it was 

believed that this compound was commensurate with one hexadecane guest molecule to 

two periods of the host along the tunnel axis (i.e. Cg = 2ch). More recent experimental 

work has shown that the guest periodicity (Cg = 22.6 A) is, in fact, significantly longer 

than two host repeat lengths (2ci ~ 22.0 A). Experimentally, it has also been. found that 

for the n-alkane/urea inclusion compounds the guest periodicity Cg is ca. j A shorter than 

the expected length of an n-alkane molecule in its extended all-trans conformation. While 

this shortening has previously been attributed to coiling or tilting of the guest molecules 

within the urea tunnel structure [4], it has also been suggested that this may be due to the 

guest molecules residing in a repulsive environment with respect to each other [2,5,6].

Applying the model to the hexadecane/urea system, along with urea inclusion 

compounds containing other n-alkane guest molecules, enables us to obtain theoretical 

proof of these observations, and also to determine if any of the other compounds in this 

series are predicted to show commensurate or incommensurate behaviour.

ii) The Chlorocyclohrxmle/T,hiourea hiclusion Compound

The chlorocyclohexane/thiourea inclusion compound represents a classic example 

of a molecule (chlorocyclohexane) being constrained to behave differently within a solid 

host structure from the way it behaves in its "pure" solid phase or in dispersed phases.
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In the liquid and vapour phases there is an excess of the equatorial confonnation [7-9]; in 

the solid state at sufficiently low temperature or high pressure it exists only in the 

equatorial conformation [10]. However, when included within the thiourea host tunnel 

structure, chlorocyclohexane exists predominantly as the axial conformation - these 

results (and similar findings for bromocyclohexane/thiourea and 

iodocyclohexane/thiourea) have been established from infrared [11,12], Raman [13] and 

high-resolution solid state 13C NMR [14 16] techniques.

Application of the model enables us to rationalise this unusual conformational 

behaviour of chlorocyclohexane within the thiourea tunnel structure.

hi) Dimethylketone/Urea Inclusion Compounds

X-ray diffraction studies carried out on the series of urea inclusion compounds 

containing the symmetric dimethylketone guests molecules [CH3CO(CH2)rCOCH3; r = 

4-9] has suggested that, in many cases, a commensurate relationship exists between the 

host and guest substructures along the tunnel axis [17].

Application of the mathematical model to this series of compounds was carried 

out to serve as a further test of the model, to see if this property was predicted 

theoretically.

4.5 n-Alkane/Urea Inclusion Compounds

4.5.1 Computation of Potential Energy Functions for n-

Alkane/Urea Inclusion Compounds

We now consider the actual approach that we have used to compute the potential 

energy functions for host-guest interaction (Eh(t)), for guest-guest interaction (Egucst(oc)) 

and for the intramolecular potential energy of the guest molecules (Emtra), that are 

required in order to construct characteristic energy diagrams for the n-alkane/urea 

inclusion compounds.

The host (urea) structure used in our calculation of Eh(t) was constructed from the
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crystallographic data for hexodecane/ureo given in ref. 18 [note that it was not possible to 

refine the positions of the urea H atoms in a satisfactory manner from these X-ray 

diffraction data, and, for our calculations, H atoms were added to the refined positions of 

the urea O, C and N atoms in positions which generate a standard geometry for the -NH2 

group.] For the n-alkane guests with r < 18, the host structure used in the calculation 

comprised 288 crystallographic unit cells (8a^ X 8bjj X 8^). An n-alkane molecule, 

constructed using standard bond lengths and angles [1^—22] and assuming a planar, all- 

trans conformation, was positioned in the central tunnel of the host structure with the 

long axis of this guest molecule parallel to the tunnel axis, cj^ The potential energy for 

host-guest interaction with the guest molecule at position tch (t denoting the scaled 

coordinate of the centre of mass) along the tunnel axis, and ot rotation angle ( (defined in 

Fig. 4.3), was calculated using the following summation:

Ehg(Cli,(t)) — X X °ij(l’c)L—Aij(rij) 4 Bij(rij) + Cqi°j(ry) j E°- 4.16
i—l j—l

where: (i) there are G atomic "interaction sites" in the guest molecule and H 

atomic "interaction sites" within the host structure; (ii) 8ij(i'c) — 0 if the distance between 

the centres of mass of the molecules containing atoms i and j is greater than the cut-off 

distance rc, and 8^0^) — 1 if the distance between the centres of mass of the molecules 

containing atoms i and j is less than or equal to ic; (iii) ly is the distance between atoms i 

and j; (iv) Ay and By are Lennard-Jones paicmeters, the values of which depend on the 

"type" (i.e. O, C, N or H) of atom i and the "type" (i.e. C (CH3), C (CH2) or H) of atom 

j; (v) qi and qj are the charges associated with atoms i and j respectively; and (vi) C is the 

constant which establishes the con*ect units for the final tenn in the summation.
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Fig. 4.3: View down the urea tunnel axis, defining the rotation angle (c of the n-

alkane guest molecule relative to the urea tunnel structure.

The Lennard-Jones potential parameters for homoatomic atom-atom interactions 

and the atomic charges were taken from Table IV of ref. 23; the Lennard-Jones 

parameters for heteroatomic interactions were derived using Ay = VAuAjj and By = 

VBiiBjj . For the n-alkane guests CH3(CH2)rCH3 with r < 18, rc was taken as 23 A 

(justified by demonstrating that Ehg(tCh,<|),ri) converges satisfactorily for this value of rc). 

Eh^tC^iKl)) was computed for values of t in a net of 500 equally-spaced points in the range 

[0,1 - ~]], and for ( taking values in the net [situations in which (is a

multiple of represent energetically favourable orientations of the n-alkane molecule]. 

The strictly one-dimensional potential energy function Eh(t) was then derived from 

ElgC^t) by:

Eh(t.) = inf (Ehg(Ch)j>)} Eq. 4.17

for the sampled points (tCh,j>). Graphs of Eh(t) versus t for the heptadecane/urea 

inclusion compound and the hexadecane/urea inclusion compound are shown in Figs. 

4.4(a) and 4.5(a) respectively. Note that, as a consequence of our method for calculating 

Eh(t), and the presence of a 6% screw axis along the host tunnel structure, the graphs of
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Eh(t) versus t are periodic with period At = j.

Fig. 4.4(a): Computed host-guest potential energy function Ej/t) for heptadecane/urea.

Fig. 4.5(a): Computed host-guest potential energy function Ek(t) for hexadecane/urea.

For computation of Eguest(ot), a pair of n-alkane molecules in the planar, all-trans
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conformation were constimcted using standaid molecular geometry [22] and positioned 

with their centres of mass separated by ach and their molecular' axes aligned coincident 

with each other. Denoting the angle between the planes of the guest molecules as 6, the 

potential energy of guest-guest interaction was calculated, as a function of ach and 0, 

using the following summation:

G G
Egg((xch,e) = X X [-Aij(rij)-6 + Bji-ij)-12] Eq. 4.18

'=l j=l

where: (i) there are G interaction sites (of type CH2 or CH3, centred on the 

position of the C atom) in the n-alkane molecule - these interaction sites are labelled i and 

j on the two molecules respectively; (ii) ry is the distance between sites i and j; (iii) Ay 

and Bij are Lennard-Jones parameters.

The Lennard-Jones parameters for interactions between sites of the same type 

were taken from the parameterisation for n-butane in Table HI of ref. 22. The parameters 

for interaction between sites of different types were calculated using: Ay = VA^Ay; By = 

VBiiBjj. Egg(ach,0) was computed for a net of 150 equally-spaced values of ach in a 

range of 3 A containing, and roughly centred on, the minimum of the cuive, and for 0 in
-yr 2, yr

the net The strictly one-dimensional potential energy function

Egaest^) was computed from Egg(ach,0) by:

Egu^^st^(x) — inf (Egg^c^®)} 
0

Eq. 4.19

for the sampled points (ach,0). Graphs of Egoest^) versus a for heptadecane 

and for hexadecane are shown in Figs. 4.4(b) and 4.5(b) respectively.
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Fig. 4.4(b): Computed guest-guest potential energy function Eguest(a) for a pair of 

heptadecane molecules approaching each other in the relative orientation that they are 

constrained to adopt inside the urea tunnel structure (see text).

-4 4— 
2.02

—I------ 1------- ,------ 1-------,------- 1------ ,------- i------ !------- 1------ 1
2.04 2.06 2.08 2.10 2.12 2.14

a

Fig. 4.5(b): Computed guest-guest potential energy function Eguest(oc) for a pair of 

hexadecane molecules approaching each other in the relative orientation that they are 

constrained to adopt inside the urea tunnel structure.
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The value of Ein(ra was taken to be zero for the n-alkane molecules in the all-trans 

confonnation.

4.5.2 Results from Application of the Mathematical Model to the n-

Alkane/Urea Inclusion Compounds

The characteristic energy diagram has been constructed for each of the 

CH3(CH2)rCH3/urea inclusion compounds from r = 2 to r = 18. To assess whether 

these inclusion compounds exhibit commensurate behaviour, the mesh point with the 

lowest energy downspike has been detennined in each case. Due to the generally small 

size of the downspikes (resulting from the small values of ft(do)) for the n-alkane/urea 

inclusion compounds, only those compounds with a mesh point close to the minimum of 

the upper energy bound on the characteristic energy diagram need to be considered as 

potential commensurate systems; the guest molecules in this category were found to be 

those with r = 2, 12,15 and 18. The procedure for assessing these inclusion compounds 

for commensurate behaviour is now discussed in detail for the case with r =15 

(heptadecane).

The function Eh(t) for heptadecane/urea was represented by a Fourier series with 

M = 96, corresponding to a maximum residue stp lp(t) - Eh(t)l = 0.040 kJ mol"1. The 

energies p(d) were calculated, and the largest values are shown in Table 4.1.

d |p(d) / kJ mof1

1 0.63

3 0.59

2 0.59

6 0.58

4 0.14

Table 4.1 : The five largest values of p,(d) for heptadecane/urea
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Taking e' = 0.13 kJ mol"1 satisfies the requirement that the maximum residue is
pr 1 pless than j, and setting e = 0.27 kJ mol satisfies the requirement 0 < e' <-. The values

of (am), {bml, e' and M give the critical number of guest molecules N = 344 000.

From the values of cx = 1 where q g {d : p(d) > £ - e'} and p e Z, only the point ao = Q
13 1— [note: |a(6) = 0.58 kJ mol] requires consideration as a potential commensurate

inclusion compound (i.e. having a downspike extending to sufficiently low energy).

From the characteristic energy diagram [Fig. 4.4(c)], the region containing optimal a

corresponds to the S-neighbourhood of the mesh point ag = y - thus, the

heptadecane/urea inclusion compound may be assigned from the characteristic energy

diagram as commensurate, with optimal a in the range — ± 6. However, 5 = —? = 
6 2M2

0.00005 is so small that the 6-neighbourhood is insignificant, and we assign the opthnum 

value as a = —. Thus, the optimum Cg is 23.87 A (note: Cg = ach). This result is 

conditional on the length of the tunnel in the inclusion compound being longer than Nach 

= 0.8 mm. As required, the lengths (typically several mm) of heptadecane/urea crystals 

found in practice are generally longer than this, thus validating our ability to compare the 

results predicted from the theoretical analysis with experimental results. The energy 

"stabilisation" for the commensurate structure at ag = — can be assessed from the 

"length" (|i(do) - £')/ag of the downspike at ag = — on the characteristic energy 

diagram, and this energy is equal to 0.21 kJ moll'". The ways in which such stabilisation 

energies for one-dimensional inclusion compounds should be interpreted (particularly in 

relation to "thermal" energies) is discussed in Section 4.8.
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Fig. 4.4(c): The characteristic energy diagram for the heptadecane/urea inclusion 

compound. As shown, the optimal a is a0 = — and corresponds to commensurate 

behaviour of the inclusion compound. As discussed in the text, the 6-neighbourhood of 

this mesh point oo is negligibly small.

The choices of M, e' and e are critical in the construction and interpretation of the 

characteristic energy diagram. For example, if M = 48 is used for heptadecane/urea, then 

the maximum residue StP lp(t) - Eh(t)l is larger (than for M = 96) and values of e' = 0.20 

kJ moT1 and e = 0.42 kJ mol-1 are required to satisfy the conditions on the values of e' 

and e. However, in the characteristic energy diagram constructed with these values, the 

downspike at a0 = — does not break through the lower energy bound on the diagram, 

and, under these circumstances, the inclusion compound at ao = — cannot be assigned as 

exhibiting commensurate behaviour. Indeed, for these choices of e' and e, we cannot 

assign the optimal a as but we can only deduce that optimal a will lie in the range a = 

2.167 ± 0.005; for this range of a and for these choices of e' and e, the inclusion 

compound will exhibit incommensurate behaviour. This illustrates how selection of 

suitable values for £' and e can influence the interpretation of the results from the 

characteristic energy diagram. A discussion on the factors governing the choice of e' and
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8 and, in particular, an assessment of their physical significance is given in Section 4.8.

We now consider the other cases (r = 2, 12, 18) that were considered as potential 

candidates for commensurate behaviour. For r = 2 (butane), the mesh point ag = - 

corresponds to commensurate behaviour (for N = 35300), with e = 0.42 kJ mol‘1 and e' 

= 0.2 kJ mol . The energy "stabilisation" for this commensurate structure at ag = -, 

assessed from the "length" (|i(dg) - e')/a,g of the downspike at ag = - on the 

characteristic energy diagram, is equal to 0.99 kJ moT. It should be noted, however, 

that the butane/urea inclusion compound is not known experimentally - the butane 

molecule is shorter than the critical minimum molecular length, established empirically, 

for the formation of n-alkane/urea inclusion compounds [24] (at ambient temperature).

For r = 12 and r = 18, on the other hand, the mesh points (at ag = y for r = 12 

and ocg = - for r = 18) corresponding to potential commensurate behaviour are on the 

edge of the region around the minimum of the upper energy bound, and it has not been 

possible to find values of e' and e such that the inclusion compound can be assigned 

unambiguously as commensurate.

Longer guest molecules (r = 28, 31, 44, 57 and 60) were also considered as 

potential commensurate systems, assessed on the basis of the linear Cg versus r graph 

(see later) determined for the guests with r < 18. Of these guest molecules, it is only for r 

= 28 that values of e' and e can be found that allow the inclusion compound to be 

assigned from the characteristic energy diagram as commensurate (ag = —). [In 

computing Eh(t) and Eguest(oc) for these inclusion compounds, the host structure and the 

value of -c were laiger than those discussed in Section 4.5.1 for the compounds with r < 

18.]

For all other n-alkane/urea inclusion compounds investigated, the downspikes at 

the mesh points were insufficient even to penetrate beneath the minimum point of the 

upper energy bound on the characteristic energy diagram; thus, the energy "stabilisation" 

at these mesh points is too small to represent commensurate behaviour, and the range 

containing optimal a corcesponds to incommensurate behaviour. An example of this type 

of behaviour may be observed in Fig. 4.5(c) for hexadecane/urea. This result provides
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theoretical justification that the hexadecane/urea inclusion compound is not 1 

commensurate, hence refuting suggestions based on early experimental work [3] (see 

above). <

Fig. 4.5(c): The characteristic energy diagram for the hexadecane/urea inclusion 

compound. As shown, optimal a lie in the range a = 2.04-2.06, and correspond to 

incommensurate behaviour of the inclusion compound. The only significant downspike, 

at ot0 = — (circled), is shown on the characteristic energy diagram, but clearly does not 

correspond to optimal a.

In the characteristic energy diagrams for n-alkane/urea inclusion compounds, the 

lengths of the downspikes at potential commensurate values of a0 are generally very 

small, and is a direct consequence of the fact that the host-guest interaction energy (Eh(t)) 

is rather insensitive to the actual position (t) of the n-alkane molecule along the tunnel [see 

Figs. 4.4(a) and 4.5(a) - in each case, the fluctuation in Eh(t) as t is varied is less than ca. 

1 % of the mean value of Eh(t)]. As discussed in Section 4.8, the behaviour of other 

families of one-dimensional inclusion compound is expected be significantly different in
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this regard.

The optimal guest periodicities derived from the characteristic energy diagrams for 

the n-alkane/urea inclusion compounds with r = 2-18 are tabulated in Table 4.2, and 

these results are compared with the experimental data in Section 4.5.3.

Guest Molecule Optimal a Cg/A Nach / mm

butane (C4H10) 0.6667 (§) 7.34 0.03

pentane (C5H12) 0.78 - 0.80 8.73 ±0.1 0.03

hexane (C^1^i4) 0.89 - 0.91 9.93 ±0.1 0.02

heptane (C7H16) 1.01 - 1.03 11.23 ±0.1 0.02

octane (CsHis) 1.12- 1.14 12.46 ±0.1 I 0.02

nonane (C9H20) 1.24-1.26 13.77 ±0.1 0.03

decane (C10H22) 1.35 - 1.37 14.98 ±0.1 0.06

undecane (C11H24) 1.47 - 1.49 16.31 ±0.1 0.04

dodecane (C12H26) 1.58 - 1.60 17.52 ±0.1 0.03

tridecane (C13H28) 1.70-1.72 18.84 ±0.1 0.03

tetradecane (C14H30) 1.81 - 1.83 20.05 ± 0.1 0.61

pentadecane (C15H32) 1.93 - 1.95 21.37 ±0.1 0.08

hexadecane (C16H34) 2.04 - 2.06 22.59 ±04 0.05

heptadecane (C17H36) 2.1667 (f) 23.87 0.82

octadecane (C18H38) 2.27 - 2.29 25.12 ±0.1 0.30

nonadecane (C19H40) 2.39 - 2.41 26.44 ±0.1 0.36

eicosane (C20H42) 2.50 - 2.52 27.65 ±0.1 0.45

Table 4.2: Guest periodicities (Cg) for n-alkane/urea inclusion compounds predicted

from their characteristic energy diagrams. The reported results from the theoretical 

analysis are conditional on the length of the host tunnel being longer than Nach.
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The theoretically predicted guest periodicities (cg) for the incommensurate n- 

alkane^/rnrea inclusion compounds lie on a straight line when graphed against the number 

(r) of CH2 groups in the n-alkane [see Fig. 4.6]. This provides direct confirmation of the 

theoretical result, derived from the mathematical model and proved formally elsewhere 

[5], that for the incommensurate n-alkane/urea inclusion compounds, the relationship 

between Cg and r becomes linear in the limit of sufficiently large r. [Here, "sufficiently 

large r" is such that r > 2].
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Fig. 4.6: Graphs of optimal Cg (O) versus r and the value of Cg which minimises

Eguest (®) versus r, for incommensurate n-alkane/urea inclusion compounds. In each

case, the optimal Cg has been determined from the centre of the range of optimal a (see 

Table 4,2) on the characteristic energy diagram. The best-fit straight line for optimal Cg 

versus r is: Cg/k = 1.26 r + 4.90. The best-fit straight line for the value of cg which 

minimises Eguest versus r is: cg/A = 1.27 r + 5.38. Note that the intercept of the line for 

optimal Cg is ca, 0.5 A lower than the intercept of the line for the value of Cg which 

minimises Eguegt.
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From the data shown in Fig. 4.6, the relationship between Cg and r is essentially 

linear over the range of r investigated, with: cg/A = 1.26 r + 4.90. This linear 

relationship between Cg and r is not, in fact, "disrupted" by the occurrence of the 

potentially commensurate inclusion compound (heptadecane/urea) at r = 15, because Cg 

for this system lies very close to the value (Cg = 23.87 A) predicted from the above linear 

relationship (for incommensurate systems). Indeed, for the n-alkane/urea inclusion 

compounds, it appears that the residues |i(d) are sufficiently small that no stmcture will 

be commensurate unless the mesh point otg is very close to the minimum of the upper 

energy bound on the characteristic energy diagram (and hence very close to the range that 

would contain optimal a if the inclusion compound were to exhibit incommensurate 

behaviour).

4.5.3 Comparison of Theoretically Predicted and Experimentally

Determined Guest Periodicities

The theoretically predicted values of Cg (Table 4.2) agree well with the 

experimental values (Table 2.1 in Chapter 2), vindicating the applicability of our 

theoretical approach and supporting the choice of potential energy parameterisation used 

in this work. In all cases (both theoretical and experimental), the optimum Cg is ca. 0.5 A 

shorter than the value of Cg corresponding to the minimum of the guest-guest potential 

energy curve (Eguest(<a) versus a) - thus, the optimum Cg corresponds to a repulsive 

interaction between adjacent guest molecules in the tunnel. This agrees with previous 

suggestions [2,5,6], and arises directly from the requirement to determine the guest 

periodicity which minimises the characteristic energy of the inclusion compound (rather 

than to determine the guest periodicity which minimises the total energy per guest 

molecule). The existence, for the n-alkane/urea inclusion compounds, of this 

approximate 0.5 A discrepancy between the optimal Cg detennined from the characteristic 

energy diagram and the value of Cg corresponding to the minimum of the function 

Eguest(ot) is readily apparent from Fig. 4.6.

The graph of optimum Cg versus r [Fig. 4.6] for the incommensurate n-
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alkane/urea inclusion compounds is essentially linear over the range of r investigated, 

with Cg/A = 1.26 r + 4,90. This is very similar to the equation (Cg/A = 1.26 (r+2) + 2.48 

= 1.26 r + 5.00) derived from X-ray diffraction data by Laves et al [4].

4.6 Chlorocyclohexane/Thiourea Inclusion Compound

In this study, the intention was to rationalise the unusual conformational 

behaviour of chlorocyclohexane within the thiourea tunnel structure by applying the 

mathematical model developed to predict and rationalise structural properties of real one

dimensional inclusion compounds.

While it is clciair that Eintra will depend critically on the confonnation of the guest 

molecules, it is important to stress that Eguest(oc) and Eh(t) will also depend on the 

conformation of the guest molecules. Hence, in order to assess the relative energetic 

favourability of two different conformations of a given guest molecule within the 

inclusion compound (such as comparing the axial and equatorial conformations of 

chlorocyclohexane discussed here) it is necessary to compare the characteristic energy at 

optimal a for one conformation of the guest with the characteristic energy at optimal a 

for the other conformation of the guest.

4.6.1 Computation of Potential Energy Functions for the

Chlorocyclohexane/Thiourea Inclusion Compound
A A

The potential energy functions Eh(t), EgUest(<o) and Eintra for axial- 

chlorocyclohexane/thiourea and en^Maftrzi/Zchhlrocyclc^b^e^^tt^nc^ytl^if^iurea were calculated 

using the CHEM-X program package [25]. The host stmcture used in the calculation of 

Eii(t) was the known crystal structure of the thiourea host in the 

hhlooocchlchexane/thiourea inclusion compound [26]. Again, hydrogen atoms were not 

located, and were added in positions to give a standard geometry for the -NH2 groups. 

Chlorocyclohexane guest molecules were constructed in the axial and equatorial 

conformations using standard bond lengths and angles, and assuming the chair 

confonnation for the cyclohexane ring.
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The potential energy parameterisation used to compute Eh(t), Eg^st^) and Eintra 

was that of Del Re et al [27], and this parameterisation was not specifically adapted or 

optimised for the particular system under investigation. However, the excellent 

agreement between the theoretical predictions reported here and the known experimental 

information provides some justification for the suitability of this potential energy 

parameterisation for chlorocyclohexane/thiourea.

The orientation of the guest molecule in the calculation of Eh(t) and Eg^st^) was 

selected such that the 3-fold axis of the cyclohexane ring was parallel to the tunnel axis 

for the axial conformation [Fig. 4.7(a)]; for the equatorial conformation of the guest, the 

3-fold axis of the cyclohexane ring was oriented perpendicular to the tunnel axis [Fig. 

4.7(b)]. For both conformations, the 3-fold axis of the cyclohexane ring of the 

chlorocyclohexane molecule was placed on the tunnel axis.

Fig. 4.7; Diagram showing the orientation of the chlorocyclohexane guest molecule

in the thiourea tunnel structure, used in the calculation of Eh(t), for (a) axial- 

chlorocyclohexane/thiourea, and (b) /gw^t^<^/*ra^-^ltlorocay^l(Oh^/^^al/;/throur/a.
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Ehg(tCh,<}))> for each guest conformation, was computed for 180 equally spaced 

values of t in the range [0, 1 - ^], and for (j taking values {0yyTC,y,y}. The one 

dimensional function, Eh(t), was obtained from Ehg(tCh,()) by considering, for each value 

of t, the value of ( giving rise to the lowest Ehg. Similarly, Egg(ach,0) was obtained for
7T J TT j'TT150 equally spaced values of ach and 6 taking values {0yy,K,y,y}, and reduced to 

the one-dimensional fonn Eguest(oc) for both the axial and equatorial conformations of the 

guest.

While the experimental studies have shown that the chlorocyclohexane molecules 

are predominantly in the axial conformation, there is a proportion of the equatorial 

conformation present [15]. The application of the model assumes that all 

chlorocyclohexane guest molecules are in the same conformation within the thiourea 

tunnel. Futhermore, in the calculation of Egg(ach,0) only rotation about the 3-fold axis 

of the cyclohexane ring was allowed for the orientation of one guest relative to the next. 

In practice, reorientation of the chlorocyclohexane molecule can also occur about an axis 

perpendicular to the tunnel axis.
A.

Eintra was calculated for an isolated guest molecule of each conformation. For 

use in the mathematical model, Emtra for the lower energy equatorial conformation was 

taken to be zero, and the value of Eintra for the axial conformation was taken relative to

this.

4.6.2 Results from Application of the Mathematical Model to- the

Chlorocyclohexane/Thiourea Inclusion Compound

Characteristic energy diagrams [Fig. 4.8] for axiaZ-chlorocyclohexane/thiourea 

and ggwci^<7rri^Zz^lik)oDcyclc^^e^e^£^i^e^/l^l^:^<^i^:rea inclusion compounds were constructed using 

the computed potential energy functions Eh(t), EguestW, and Eintra by following the 

methods developed previously (Section 4.3). In construction of the characteristic energy 

diagrams, selection of e = 10.5 kJ mol"1 and e' = 4.2 kJ mol’l satisfied the required 

conditions on e and e' (Note: it is important to select the same values of e and e' for the 

characteristic energy diagrams for both the conformations of the chlorocyclohexane
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guest, so that the results can be compared directly). These values give the critical number 

of guest molecules as N ~ 831000, for it to be valid to relate the results from the 

characteristic energy diagram with the properties of the real inclusion compounds. In 

constructing the characteristic energy diagram, values of Eintra were taken relative to the 

intramolecular potential energy of the isolated gg«^^on'n^Zz^ick)rocc^c^l(^l^<^;xane molecule. 

This gave Emtra = +5.76 kJ mol’1 for the axia/-chlorocyclohexane molecule.
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Fig. 4.8: Characteristic energy diagrams for oxZaZ<hlorooyclohexale/thicurea and

e2Mforrf-chlorocycloCex<me/thiouoea. The lowest point on the two characteristic energy 

diagrams corresponds to the "downspike" at a = for ax/aZ-chlorocyclohexane/thiourea. 

At this value of a, the oxiaZ-chlorocyclohexane/thiourea inclusion compound exhibits 

commensurate behaviour.

In the characteristic energy diagram for axiaZ-chlorocyclohexane/thiourea, 

downspikes were significant at a = | and |. Optimal a for the axial conformation 

corresponds to the large "downspike" at a = and represents commensurate behaviour 

of the inclusion compound. The 5-neighbourhood associated with this point is 5 ~ 10’4, 

which is negligibly small. The results of the theoretical analysis are conditional on the
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tunnel length being greater than Na% = 0.52 mm - as required, this is shorter than the 

tunnel lengths found in practice (typically ca. 2 mm for a single crystal of the inclusion 

compound). The energy stabilisation (giving rise to "lock in" of host and guest
-I

structures) for axm/-ch1orocyc1chexane/thiourea at a = - is 107.5 kJ md’1, determined 

from the magnitude of the downspike at a = -

For the egwatr7ra~chlorocyclohexane/thioul'ea inclusion compound, downspikes
3 2 3 4at a = , n and n require to be considered. For the chosen values of e and e', there are

two regions of optimal a at a = n and coinesponding to commensurate behaviour of 

the inclusion compound.

Considering both characteristic energy diagrams together, the optimum a for 

^m'a/-chlorocyclohexane/thiourea corresponds to a lower characteristic energy than any 

value of a for snwairrro'aZ-chlorocyclohexane/thiouoea. Thus, our theoretical analysis 

predicts correctly the preference for the axial conformation within the thiourea tunnel 

stmcture. The optimal guest periodicity (Cg = ac] = y = 6.24 A) predicted for axial- 

ch1crocyc1ohexane/thiouoea is in good agreement with information inferred (but not 

proved) from X-ray diffraction data [26]. It is interesting to note that the minimum of the 

function EgnnSt1ot) for a pair of chlorocyclohexane molecules in the axial conformation 

and approaching each other in the manner that they are constrained to approach within the 

thiourea tunnel structure corresponds to Cg = 5.95 A [Fig. 4.9]. This is in contrast to the 

situation for the n-alkane/urea inclusion compounds discussed above (Section 4.5.3) for 

which the value of Cg for the inclusion compound is ca. 0.5 A shorter than that 

corresponding to the minimum of Eguestt<a>-
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Fig. 4.9: Computed guest-guest potential energy function Eguesttc*) for a pair of

ax/aZ-chlorocyclohexane molecules approaching each other in the relative orientation that 

they are constrained to approach inside the thiourea tunnel structure.

From consideration of these results we can understand more fully the energetic 

reasons underlying the preference for the axial conformation of chlorocyclohexane in the 

thiourea tunnel structure.

Equatorial-chlorocycXoh&xnne has a more negative Eintra than axial- 

chlorocyclohexane, and the observed preference for the axial confonnation in the thiourea 

tunnel structure requires that other factors are sufficient to outweigh the influence of
A

Eintra- From the results of the present study, the major factors to consider are Eh(t) and 

the — term in the expression for E(a,,n).

For ggnwffozmZ-chlorooycloliexane/thiourea the computed function Eb(t) is 

relatively insensitive to the position of the guest molecule along the tunnel, whereas for 

fwfl-chlorocyclohexane/throul'ea Eh(t) contains significant fluctuations [Figs. 4.10(a) & 

4.10(b)]. Furthermore, although the average En (t) is higher for axial- 

chlooocyhlohexane/thiouoea, there are specific sites for axm/-chlorocycl°hexane in the 

thiourea tunnel at which Eh(t) is very favourable, and more negative than for any position

109



of enM.ltrOfZ~ehlorocyclQhexane in the thiourea tunnel. Thus, a commensurate guest 

structure for axza/-ch1orocyh1ohexane/throurea in which only these sites hon'esponding to 

minimum Eh(t) are occupied should be particularity favourable.

-100 d--------- 1---------- 1--------- 1---------- 1----------1--------- 1--------- 1----------1---------- 1--------- 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 4.10: Computed host-guest potential energy function Eh(t) for (a) axial-

hh1orohyc1ohexane/throurea, and (b) enMt?77f1-chlorochcloCex£areetthLom•ea.

Furthermore, axz<a/-chlorocyclohexane can be packed much more efficiently 

(smaller at) within the constrained environment of the thiourea tunnel than can equatorial-
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chlorocyclohexane; this fact contributes to the more favourable characteristic energy 

(energy per unit length of tunnel) for the axial conformation, as a consequence of the 

factor ~ in the expression for the characteristic energy [this factor ensures that the

characteristic energy refers to an energy per unit length of host tunnel rather than an 

energy per guest molecule].

Within the level of approximation in the theoretical approach employed here, the 

results provide a clear and rigorous rationalisation of the unusual conformational 

properties of chlorocyclohexane guest molecules within the thiourea tunnel structure. 

The analysis provides theoretical justification for the observation that the preferred 

conformation of chlorocyclohexane within the thiourea tunnel structure is the axial 

conformation, and confirms that the optimum periodicity of the guest molecules along the 

tunnel is commensurate with the thiourea host structure.

This study is currently being expanded to examine other monosubstituted 

cyclohexane guest molecules in their urea inclusion compounds [28]. For larger 

substituents on the cyclohexane ring, fixing the guest molecule in the same orientation as 

used for the chlorocyclohexane molecule above was found to result in a repulsive 

interaction between the substituent and the host structure. Hence, in addition to 

translation of the guest molecules along the tunnel axis, the 3-fold axis of the cyclohexane 

ring has been allowed to move perpendicular to the tunnel axis, and the guest allowed to 

rotate about an axis perpendicular to the tunnel axis. Monte Carlo methods are being 

used to find the minimum energy at each interval along the tunnel axis.

4.7 Dimethylketone/Urea Inclusion Compounds

4.7.1 Computation of Potential Energy Functions for

Dimethylketone/Urea Inclusion Compounds

The potential energy functions Eh(t), Eguest(oc) and Emtra for urea inclusion 

compounds with symmetric dimethylketone guests [CH3CO(CH2)rCOCH3; r = 4-9], 

were calculated using the INSIGHT program package [29]. The potential energy
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parameterisation used in the generation of these functions was the Consistent Valence 

Forcefield (CVFF). The host structure was the same as that used for the n-alkane/urea 

inclusion compounds, namely the room temperature host structure of hexadecane/urea 

(see Section 4.5.1). The dimethylketone guest molecules were constructed using 

standard bond lengths and angles, in the all-trans confonnation, with the carbonyl groups 

oriented such that the C=O bond was in the same plane as the all-trans alkyl backbone. 

No energy minimisation of the isolated guest molecules was carried out.

For calculation of Ehg(tCh,0), a single guest molecule was placed with its centre of 

mass at the centre of the urea host tunnel and aligned such that its long axis was parallel 

to the tunnel axis. The energy was computed for 30 points in the region t = [0, -] for 

translation of the guest molecule along the host tunnel, and through in steps of for 

rotation about the tunnel axis (rotation angle denoted (J)). Ehg(tCh,(|)) was reduced to the 

one-dimensional function Eh(t) by:

Eh(t) = inf {Ehg(tCh,<|))} Eq. 4.20

Note that it was only necessary to consider translation through —, because in 

reducing Ehg(tCh,<j)) to the one-dimensional energy term Eh(t), the 6i-screw symmetry of 

the host structure requires that Eh(t) has period y rather than Ch.

For computation of Eguest(a), a pair of dimethylketone molecules in the planar, 

all-trans conformation were constructed and positioned with their centres of mass 

separated by occh and their molecular axes aligned coincident with each other. Keeping 

one molecule fixed, the other molecule was translated (variable a) along the molecular 

axes, rotated about the tunnel axis through the range 0 = 0 to 2tc in steps of —, and the 

energy Egg(ach,0) computed. The energy was reduced to a one-dimensional form to 

give the function Eguest(oO using:

Eguest(a) = inf {Egg(ach,0)} 
0

Eq. 4.21
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For use in the mathematical model, the value of Ejntra was taken as zero for the 

dimethylketone molecules in the all-trans conformation, as we are not considering 

changes in the conformation of the guest molecules when included within the urea host

structure.

4.7.2 Results from Application of the Mathematical Model to the

Dimethylketone/Urea Inclusion Compounds

The characteristic energy diagram was constructed for each of the 

CH3CO(CH2)rCOCH3/urea inclusion compounds from r = 4 to r = 9. To assess whether 

these inclusion compounds exhibit commensurate behaviour, the mesh points with the 

lowest energy downspikes were determined in each case. For all the guest molecules 

considered, mesh points were found for which potential commensurate lock in could 

occur in the region of the minimum of the upper energy bound on the characteristic 

energy diagram.

The function Eh(t) for each inclusion compound was represented by a Fourier 

series with M = 36. For all compounds, the values e' = 0.20 kJ mof! and e = 0.50 kJ 

mof1 satisfied the requirements that 0 < e' <| and that the maximum residue StP lp(t) - 

Eh(t)l <f.

The largest values of |iid) were calculated are shown in Table 4.3.

d fi(d) / kJ moT1

1 0.86

3 0.86

2 0.86

6 0.86

4 0.14

Table 4.3: The five largest values of p.(d) for 2,9-decanedione/urea.

113



The values of {am}, {bm), e' and M give N = 35400. From the values of ag = -

where q e {d : |i(d) > e - e'} and p e Z, only the point otg = - requires consideration as

a potential commensurate inclusion compound, as this value of ag is closest to the

minimum in the upper bound energy. From the characteristic energy diagram [Fig.

4.11], the region containing optimal a corresponds to the region bounded by the

minimum point in the upper energy bound and the lower energy bound, projected onto 
a

the a axis (as shown). The energy lock in of the mesh point at Og = - is too small (0.44 

kJ moT1) for this periodicity to correspond to the most stable inclusion compound. 

Thus, the model predicts that the 2,9-decanedione/urea inclusion compound is 

incommensurate, with optimal a in the range 1.39 ± 0.02. Thus, the optimum Cg is 

15.31 ± 0.22 A. This result is conditional on the length of the tunnel in the inclusion 

compound being longer than Nach = 0.06 mm, and again this is much smaller than the 

actual tunnel lengths found in practice.

G

<UJ

1.33 1.35 1.37 1.39 1.41 1.43 1.45 1.47 1.49 1.51 1.53
a

Fig. 4.11: Thee characteristic energy diagrm for he 2,9-decanedione/urea inclusion

compound. Optimal ot He m the mnge ot = ^377—1.41 , add coi^respodd oo 

incommensurate behaviour of the inclusion compound.
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For all the dimethylketone guests considered, only 2,10-undecanedione/urea (r = 

7) was predicted to be commensurate. The characteristic energy diagram for this 

inclusion compound [Fig. 4.12] demonstrates that lock in of the guest substructure 

occurs at 0^ = |> with an energy stabilisation of 0.56 kJ mol’1. For 2,11- 

dodecanedione/urea (r = 8), the characteristic energy diagram [Fig. 4.13] shows two 

regions of optimal a. The downspike at co = | extends below the minimum of the upper 

energy bound on the characteristic energy diagram, but does not extend below the 

minimum of the lower energy bound for a 4 (ag - 5, ag + 6). Thus, either the 

inclusion compound will exhibit commensurate behaviour with Og = | or will exhibit 

incommensurate behaviour with a in the range a = 1.60-1.63.

1.43 1.45 1.47 1.49 1.51 1.53 1.55 1.57 1.59 1.61 1.63
a

Fig. 4.12: The characteristic energy diagram for the 2,10-undecanedione/urea

inclusion compound. The diagram predicts commensurate behaviour for the inclusion
3

compound with a = 1.5 (-).
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Fig. 4.13: The characteristic energy diagram for the 2,11-dodecanedione/urea

inclusion compound. Optimal a lies either in the region a = 1.60-1.63 or at a = 1.667

For 2,7-octanedione/urea (r = 4), the characteristic energy diagram [Fig. 4.14] 

shows that the region of optimal a contains the downspike at However the

downspike is not long enough for the 5-neighbourhood of ocq = - to be assigned uniquely 

as the optimal A, and hence it can only be deduced that optimal a lies in the range a = 

1.14-1.17. Hence, this compound is assigned as being incommensurate.
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Fig. 4.14: The characteristic energy diagram for the 2,7-octanedione/urea inclusion

compound. Optimal a lie in the range a = 1.14-1.17, and correspond to 

mcommensurate behaviour of the inclusion compound. The downspike at a = - does not 

penetrate through the lower bound, and so does not represent enough stabilisation to 

represent an optimal a exhibiting commensurate behaviour.

The results for all the dimethylketone guests are tabulated below (Table 4.4)

Guest Molecule Optimal a cg/A Nach / mm

2,7-octanedione 1.14- 1.17 12.72 ±0.17 0.02

2,8-nonanedione 1.26- 1.30 14.10 ±0.22 0.03

2,9-decanedione 1.37 - 1.41 15.31 ±0.22 0.06

2,10-undecanedione 1.50 (j) 16.53 0.04

2,11-dodecanedione 1.60- 1.63, 1.667 (j) 17.52 ±0.17, 18.36 0.03

2,12-tridecanedione 1.70- 1.75 27.65 ± 0.28 0.45

Table 4.4: Guest periodicities (cg) for the dimethylketone/urea inclusion compounds,

from application of the mathematical model for one-dimensional inclusion compounds.
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4.7.3 Discussion of Results for the Dimethylketone/Urea Inclusion

Compounds

The periodicities predicted for the dimethylketone/urea inclusion compounds do 

not agree with the values obtained experimentally, except in the case of 2,10- 

undecanedione/urea for which the structure is predicted to be commensurate with 2cg = 

3ch- In all the other cases, the structure could not unambiguously be assigned as 

commensurate. It is important to remember, however, that several assumptions were 

made regarding the structure of the host and the conformation of the guest molecules 

prior to application of the mathematical model.

First, we recall that guest molecules in an all-trans confonnation were considered. 

While this conformation had been shown to be preferred for n-alkanes [30] and a,co- 

dibromoalkanes in their urea inclusion compounds [31], before this work there had been 

no similar studies to determine the conformation of dimethylketone guest molecules in 

their urea inclusion compounds.

Second, the host structure used in the simulation was a fixed, rigid structure 

corresponding to the refined, average host structure for hexadecane/urea. Local 

relaxation of the host structure around the included guest molecule was not considered (in 

any of the studies). Any significant local distortion of the host structure would be 

expected to alter the host-guest energy profile, and the resulting characteristic energy 

diagram.

In fact, since this study was undertaken the crystal structure of 2,10- 

undecanedione/urea has been solved, and it has been found that the structure is indeed 

commensurate [32]. In the structure, the host is distorted from the conventional urea 

tunnel structure, with the urea molecules adjacent to the C=O groups of the guest flipping 

round about then' two-fold axis to hydrogen bond to these C=O groups . This results in a 

lengthening of the a axis to 8.34 A, and the stmcture possesses a 33 A repeat along the c 

axis. This repeat length contains two 2,10-undecanedione guest molecules, as expected. 

Similarly, 2,7-octanedione/urea has been shown to be commensurate with a periodicity of 

77 A along the tunnel axis and containing six guest molecules. In both these compounds,
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the guest molecules are in fact found to be in the all-trans conformation, as was used in

our calculations [32].

The disagreements between the results obtained from the model and the results 

from the experimental studies, therefore, may be occurring, not because of limitations of 

the mathematical model for one-dimensional inclusion compounds, but due to limitations 

in our chemical knowledge of the systems under investigation (in this case the structure 

of the host). Reapplication of the model to the 2,10-undecanedione/urea inclusion 

compound and the 2,7-octanedione/urea inclusion compound using the real host 

structures in these systems is necessary to see if the model correctly predicts 

commensurate behaviour.

4.8 Concluding Remarks

The good agreement between the experimental values of Cg and those predicted 

theoretically for the n-alkane/urea and the chlorocyclohexane/thiourea inclusion 

compounds augurs well for the future application of this theoretical approach for the 

prediction and rationalisation of structural properties of other one-dimensional inclusion 

compounds (provided, of course, that reliable potential energy parameterisations are 

available for computing Eh(t), Eguest(oc) and Eintra for the inclusion compounds of 

interest). The case of the dimethylketone/urea inclusion compounds, however, serves as 

a warning as to the limitations of applying the mathematical model when structural 

information is not known. Assumptions concerning the conformation of the guest 

molecules and the absence of distortion of the host structure, due to the interaction of the 

guest molecules with the host, must clearly be considered carefully.

Avenues for future expansion of this work include the investigation of urea 

inclusion compounds containing other functionalised alkane guests (such as a,co- 

dihalogenoalkanes [33] and diacyl peroxides [34]). These functionalised guests (as in the 

case of the dimethylketones compared to the n-alkanes) will give rise to larger residues 

p(d) than those found for the n-alkane guests, leading to the possibility of commensurate 

values of a far from the minimum of the upper energy bound on the chai'acteristic energy
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diagram. In the case of the a,co-dibromoalkanes, the conformation of the guest is known 

to be predominantly all-trans. A wide range of other families of inclusion compound, 

containing one-dimensional tunnel host structures, also present themselves for 

consideration. Amongst organic solid hosts in this category are the inclusion compounds 

of cholic acid, deoxycholic acid, tri-o/lAo-thymotide and perhydrotriphenylene. 

Although all based on one-dimensional tunnel structures, the exact structural nature of 

these different host materials differs markedly (as does the chemical identity of the 

functional groups which form the walls of the tunnel), and the characteristics of the 

function Eh(t) will reflect these structural differences. Detailed investigation of the way in 

which this manifests itself in terms of the features of the characteristic energy diagram 

will be an interesting and important facet of the application of the theoretical approach to 

these families of inclusion compound.

Another important area of application of the theoretical approach concerns 

comparison of the energetics of inclusion compounds containing different conformations 

of a particular guest molecule in the same host structure, such as the case of the 

chlorocyclohexane/thiourea inclusion compound - (while this may seem to overlap with 

the question of guest conformation discussed above in the case of the dimethylketones, 

the number of guest conformations that would require to be considered for an alkyl chain 

would prove computationally prohibitive). In such studies, careful consideration of Ejntra 

for the different confoimations is crucial, and the way in which the functions Eh(t) and 

EgUest(a) are affected by the different conformations of the guest molecule is also 

important. Application of the model to a series of substituted cyclohexane guest 

molecules in their thiourea inclusion compounds is presently underway [28].

The significance of the choice of e and e' is also critical. In Section 4.3, an 

inclusion compound is assigned as commensurate or incommensurate on the grounds of 

the choice of £ and £'. Lock in of the guest substmcture is said to be significant if it is 

greater than £ - 2£', but not significant if it is less than £. There is, however, a region of 

overlap between these two assignments, in which it is not definite whether lock in is 

significant or not.

120



For example, in the case of heptadecane/urea, while the model predicts the

inclusion compound to be commensurate on the basis of the values of e and s' used, the 

energy of stabilisation at lock in is only 0.21 kJ mol4, which is greater than e - 2e' but 

less than e.

It is clear, however, that £ (and £') should have physical significance. The 

stabilisation of 0.21 kJ mol"1 for heptadecane/urea is substantially less than the thermal 

energy, kT (~ 2.5 kJ mol-1 at 298 K), and so in reality this compound would not be 

expected to exhibit "true" commensurate behaviour. Recent Brillouin scattering 

experiments carried out at room temperature have demonstrated that the heptadecane/urea 

inclusion compound is incommensurate at room temperature (as a result of the 

observation of a sliding mode in addition to the three normal acoustic modes [35]), 

although there is evidence from the X-ray diffraction studies on this compound (see 

Chapter 2) that the structure does indeed become commensurate at low temperature, with 

the ratio 6cg = 13ch. [In association with this change, there is also a phase transition in 

the host structure, believed to occur at ca. 160-170 K.]

In order for the model to provide physically significant results, £ and £' should be 

selected prior to commencement of application of the model to assume significant values 

greater than kT. [Note that for chlorocyclohexane/thiourea, £ = 10.5 kJ mol’1 and £' =

4.2 kJ mol4 sattify thii requirement.] Subsequent calculations ccaried out, wiiti these 

fixed values of £ and £', will then provide a greater insight into the true propertrns of the 

commensurate or incommensurate nature of one-dimensional inclusion compounds.
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Chapter 5

Bromine EXAFS Spectroscopic Studies of the 
Inclusion Compounds of Urea, Thiourea 

and Zeolites Containing Brominated 
Guest Molecules.

5.1 EXAFS Spectroscopy

Extended X-ray absorption fine structure (EXAFU) is a relatively new

spectroscopic technique, which can be used to examine all types of compound at an

atomic level, giving valuable information about interatomic distances. The phenomenon 
*

of EXAFU was discovered in the 1930's, when it was observed that there was a 

sinusoidal variation in the X-ray absorption as a function of energy, above an absorption 

edge. However, it was not until the early 1970's that the structural content of these 

oscillations was understood, and it is only since the advent of synchrotron radiation 

sources, which have greatly cut the experimental time required and increased the 

sensitivity and accuracy of results [1], that the technique has really come into significant

use.

The fact that it is possible to analyse not only crystalline and amorphous solids, 

but also liquids and even gases, renders EXAFU a more versatile structural tool, in some 

respects, than conventional X-ray diffraction. In EXAFU, it is the local environment 

around an atom that is probed (up to a radius of - 6 A from the X-ray absorbing atom); 

hence, EXAFU is suited to examining materials even when there is no long range order 

present. EXAFU has had particular importance in the field of catalysis [3], where it has 

been used to discover the binding geometry of substrates to the actual catalyst furfaan, 

and, via in situ studies, the mechanisms of reactions.
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EXAFS is a particularly powerful technique, as absorption edges of all elements 

higher than Argon in the periodic table (Z = 18) are readily accessible to be probed 

individually, as each element has its own unique core electron energy.

5.1.1 Fundamentals of EXAFS Spectroscopy

The process of extended X-ray absorption fine structure involves an X-ray photon 

ejecting a core electron; this photoelectron is modelled in the form of a spherical wave 

radiating out from the absorber [Fig. 5.1]. When this wave reaches a neighbouring atom 

it is backscattered by this atom. Depending on the nature of this backscattering atom and 

its distance from the absorber, there is a characteristic change in both the amplitude, phase 

and period of the backscattered wave. The resultant of all outgoing and incoming waves 

is detected as sinusoidal variations in the X-ray absorption coefficient, as a function of 

energy above the absorption edge. It is these oscillations that give rise to EXAFS 

spectroscopy [4].

Energy

Fig. 5.1: Diagram showing the photoelectron wave emanating from an X-ray

absorbing atom. This wave is backscattered by the surrounding atoms; the resulting 

interference gives rise to oscillations in the X-ray absorption coefficient, from which 

structural information can be determined.

Bkckscattering Atoms
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Experimentally, the X-ray absorption coefficient’ p, is recorded as a function of 

photon energy, E, above the absorption edge under study [Fig. 5.2(a)]. px, where x is 

the sample thickness, is given by:

|i(E)x = ln 2)
E)

where Iq is the intensity of the incident beam, and I is the intensity of the 

transmitted beam.

The EXAFS function %k) is defined as:

X(k) =
(H(k) - np(k))

W)(k)

where p is the measured X-ray absorption coefficient and po is the absorption 

coefficient of the isolated atom. The quantity p - po represents the background subtracted 

EXAFS oscillations [Fig. 5.2(b)]. The photoelectron wavevector k is related to the 

energy (hv - Eq) of the election by the equation:

hv-Eo =
EE
2m

where hv is the photon energy and Eo is the electron binding energy. The 

transformation from measuring in energy to the wavevector, k, enables the EXAFS 

oscillations to be related to structural parameters.

The general equation governing EXAFS, which relates the important structural 

parameters to the observed EXAFS oscillations, is [5]:

_ vNiF1(k)exp(-2Q12k2)exp(-2ri/A,)sin(2kr1+({)i(k))
krj2

where the summation is over] shells of backscattering atoms, Nj is the number of 

scattering atoms (assumed to be of the same type) in the jth shell, Fj(k) is the structure
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factor for the backscatterer, g is the Debye-Waller factor, rj is the distance of fen11 j from 

the X-ray absorbing atom, X is the electron mean free path and (jjjk) the total phase shift 

experienced by the peotoe1eatron.

Fig. 5.2: Diagram showing the stages in the processing of EXAFU data. The raw

spectrum (a) is background subtracted and normalised (b), to give the EXAFU function 

%(k), which is weighted by a factor k3 (c). Fourier transformation of this function refb1tf 

in a one-dimensional radial distribution function of electron density p(r) around the 

absorbing atom (d).
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In practice, the function %(k) is generally weighted by a factor of k2 or k3 in order 

to equalise the amplitude of the EXAFS envelope over the k-range considered [Fig. 

5.2(c)]. Fourier transformation of the function kn%(k) converts the EXAFS spectrum to 

u one-dimensional radial distribution function of the local atomic environment around the 

absorbing atom [Fig. 5.2(d)]. The contribution to the EXAFS oscillations from 

individual peaks in the radial distribution function may be selectively isolated by using 

Fourier filtering followed by inverse transformation back into k-space. This technique 

can simplify the fitting process and provide better resolution in the spectrum, but has the 

disadvantage that it invalidates the use of statistical testing on whether the addition of new 

shells of neighbouring atoms are significant.

To assess the phase shifts experimentally, standard compounds, of known 

structure, are considered. For greatest accuracy, it is important to use standards as close 

as possible in structure to the unknown compounds under investigation. More recently, 

improvements in the accuracy of theoretically derived phase shifts have led to a reduction 

in the necessity to use standards.

The main limitation of EXAFS spectroscopy is that no information can be derived 

about the three-dimensional structure around the X-ray absorbing atom (the data is of the 

form of u one-dimensional radial distribution function), except when multiple scattering, 

which gives information on collinearity of atoms, requires to be considered. Also, the 

short range of the technique limits the obtainable information to the first three or four 

shells of neighbours. However, for many types of material, EXAFS remains the most 

powerful method for obtaining information on short range order.

5.2 Data Analysis

In the work reported here, data analysis used programs from the Daresbury SRS 

program library. The program EXCALIB was used to process and calibrate the raw 

experimental data. Background subtraction was performed using the program 

EXBROOK, with the relevant parameters modified until the EXAFS oscillations were 

just visible in the derivative of the background. Subsequent fitting of the spectrum used
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the interactive program EXCURV90 for the series of experiments on a,m- 

dibromoalkcne/urea inclusion compounds, and the upgraded program EXCURV92 [6] 

for the experiments on the halocyclohexane/throulec inclusion compounds. In both 

EXCURV90 and EXCURV92 the photoelectron is treated as a curved wave [7].

When using EXCURV90, theoretically-derived phase shifts were modified by 

fitting the measured Br EXAFS spectra (as shown in Fig. 5.4) of the standard 

compounds 1,12-di.bromododecane and sodium bromide, the crystal structures of which 

are known [8,9]. 1,12-dibromododecane was used to optimise parameters relevant to 

backscattering from carbon, whereas sodium bromide was used to optimise parameters 

relevant to backscattering from bromine. In fitting spectra of these standard compounds, 

the following were treated as refinable parameters in EXCURV90: the Debye-Waller 

factor (Cj) for each shell j (values quoted are 2aj2), the energy zero parameter Eo, the 

photoelectron inelastic scattering parameter VPI, and the shake up correction parameter 

AFAC. The coordination number (Nj) and interatomic distance (rj) for each shell were 

constrained to the values known from the crystal structures of these materials. Fourier 

filtering was applied to the spectra of the standard compounds.

The major upgrade between the programs EXCURV90 and EXCURV92 is in the 

introduction of a more reliable set of phase shifts. For the experiments on the 

halocyclohexane/thiourec inclusion compounds and the zeolites, theoretically-derived 

phase shifts were generated within EXCURV92, using von-Barth ground states and Xa 

exchange potentials. [Phase shifts generated using Hedin-Lundqvist exchange potentials 

were also tried, but these did not prove satisfactory for fitting beyond the first shell.] The 

photoelectron inelastic scattering parameter VPI, and the shake-up correction parameter 

AFAC were refined for the standard compound, 1,'12-dibromododecane, at 77 K. In the 

final refinement calculations, these values of AFAC and VPI were used [as fixed 

parameters (AFAC = 0.89, VPI = -3.71 eV)] in fitting the spectra recorded for a given 

material at all temperatures. The following parameters were treated as refinable in 

EXCURV92: the interatomic distance (ij) for each shell j, the Debye-Waller factor.(<aj) for 

each shell j, and the energy zero parameter Eq. The coordination number (Nj) for each
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shell was set to the value expected from chemical knowledge. Multiple scattering was not 

considered for any of the samples examined.

The EXAFU data were processed without Fourier filtering in order that statistical 

signifiaance testing [10] could be applied. The addition of each new shell to the structural 

model was considered to be statistically significant if the improvement in fit index was 

greater than ca. 4 % in comparison with the fit index for the corresponding

model without the new shell added.

5.3 Br EXAFS Studies of a,co-Dibromoalkane/Urea Inclusion

Compounds

5.3.1 Introduction to EXAFS Spectroscopy on Urea Inclusion

Compounds

As discussed previously (Chapter 2), the features of the host fubftmcture in urea 

inclusion compounds are relatively well understood, but little is known about the guest 

substructure, due to the guest molecules undergoing rapid reorientation about the tunnel 

axis and translation along the this axis [11]. Nevertheless, there is sufficient ordering to 

allow an average periodicity to be defined, and measured, for the guest substmcture, even 

at ambient temperature [12].

In the conventional urea inclusion compounds, the periodicity of the guest 

mo1eau1nf along the tunnel axis is about 0.5 A shorter than the "van der Waals length" of 

the guest molecule in the linear, extended conformation that it must adopt to fit within the 

host tunnel structure. Different interpretations of the source of this "shortening" have 

been proposed. An early paper [13] suggested that it is due to coiling or tilting of the 

guest molecule within the tunnel, whereas more recent opinion (and the results for the n- 

alkane/urea inclusion compounds described in Chapter 4) [14-17] supports the view that 

the interaction between adjacent guest molecules in the same tunnel is repulsive, leading 

to adjacent guest molecules being closer together than van der Waals contact.
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Because EXAFS spectroscopy can determine the local structure around an X-ray 

absorbing atom, this technique offered itself as ideal for revealing local structural 

information on the guest substructure in urea (and other organic) inclusion compounds, 

provided the guest molecules contain an appropriate X-ray absorbing atom. Hence, we 

have carried out Br K-edge EXAFS investigations of the urea inclusion compounds 

containing a,cc-dibromoalkane Br(CH2)nBr guest molecules with n = 6-11.

It is important to recall that for the urea inclusion compounds containing 

Br(CH2)nBr guests with n = 7-11, the host and guest substructures are incommensurate 

with respect to each other [12]. Conversely, the 1,6-dibromohexane/urea inclusion 

compound (n = 6) differs stracturally from the "conventional" ^,c^^^^bromoalkane/urea 

inclusion compounds discussed above. In the 1,6-dibromohexane/urea inclusion 

compound, the relationship between the host and guest substructures is commensurate 

and the crystal symmetry is described by a single S-dimensional space group (P2i/n). 

The ciystal structure of this inclusion compound has been determined from single ciystal 

X-ray diffraction data [18,19] at both 113K and room temperature, revealing that the 

Br(CH2)6Br guest molecules are fixed in a well-defined position relative to the host 

structure (consistent with the commensurate structural relationship between the host and 

guest components in this inclusion compound) and contain a gauche bond (CC-CBr) at 

each end of the molecule.

Due to the incommensurate structural relationship between the host and guest 

components for those guests with n = 7-11, each guest molecule in a given tunnel is, in 

principle, in a different environment with respect to the host. As a consequence, there 

will be a broad distribution of distances between the bromine atoms of the guest and the 

atoms of the host, and therefore atoms of the host should not give well-defined features in 

the bromine radial distribution function. In contrast, the commensurate relationship 

between the host and guest components in the 1,6-dibromohexane/urea inclusion 

compound means that there are well-defined distances between the bromine atoms of the 

guest and the atoms of the host substracture.
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The primary aim of our Br K-edge EXAFS investigations of these inclusion 

compounds was to determine the intratunnel, interatomic Br....Br distance, for the series 

of a,cc-dibromoclkcne/urec inclusion compounds discussed above. The observation of 

an unusually short Br....Br distance would be consistent with the view that the interaction 

between adjacent guest molecules in the same tunnel is repulsive.

5.3.2 Experimental

The crystalline materials 1,12-dibromododecane and sodium bromide were used 

as standards in the EXAFS experiments. Before use, the sodium bromide sample was 

dried in an oven at ca. 60 °C; powder X-ray diffraction confirmed that the sample of 

sodium bromide used in the EXAFS studies was the anhydrous form.

Urea inclusion compounds containing a,cc-dibromoalkane guest molecules 

[Br(CH2)nBr; n = 6-11] were prepared by the method described previously [Section 

2.3], and the identity of these crystals was confirmed by powder X-ray diffraction.

Br K-edge X-ray absorption spectra of the a,cc-dibromoclkane/urea inclusion 

compounds were measured on stations 7.1 and 9.2 at the SRS facility at Daresbury 

Laboratory; all the data analysed below was recorded on station 9.2. For each sample, 

the spectrum was recorded at room temperature and at ca. 77 K. For each sample at each 

temperature, the spectrum was recorded over a period of about 30 minutes, and three 

spectra were recorded and combined in order to improve the signal/noise ratio. In 

addition, spectra were recorded for 1,10-dibromcdeccne/urec and 1,6- 

dibromchexcne/urec at several temperatures between room temperature and 80 K, in 

order to monitor progressively any structural changes with temperature. The spectrum 

for 1,10-dibromodecane/urea was also recorded at 9 K. These variable-temperature Br 

EXAFS studies were of particular interest for the 1,10-dibromodecane/urea inclusion 

compound [Fig 5.3], which is known to undergo a phase transition [20] at ca. 140 K (see 

Chapter 3). The other a,m-dibromoalkane/urea inclusion compounds with n = 7-11 are 

also known to undergo a phase transition between 80 K and room temperature [19].
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Fig. 5.3:
Stack plot of EXAFS Spectra

for the 1,10-dibromodecane/urea inclusion

compound as a function of temperature.

*8
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5.3.3 Results

For crystalline 1,12-dibromododecune and for all of the a,0)-dibromoulkane/urea 

inclusion compounds studied, the Br K-edge was the same (13477 eV), within 

experimental eiTor. The measured Br K-edge energy for sodium bromide was 13481 eV.

5.3.3.1 Standard Compounds

Fitted EXAFS spectra for the standard materials 1,12-dibromododecane and 

sodium bromide are shown in Figs. 5.4(a) and 5.4(b) respectively. For 1,12- 

dibromododecane, an R factor of 11 % was obtained for the first two shells (each 

comprising a single carbon atom) for filtered data modelled over the range k = 2.5-12.2 

A"1; for sodium bromide the R factor was 8 % for two shells (sodium and bromine 

respectively) for filtered data modelled over the range k = 2.8-12.5 A"1. In each case, k2 

weighting was used and only the first two shells of backscatterers were considered.

5.3.3.2 1,10-Dibromodecane/Urea Inclusion Compound

Data analysis for 1,10-dibromodecane/urea was carried out for the spectra 

recorded at room temperature, 77 K and 9 K (Figs. 5.5(a)—(c)). This analysis was 

carried out on unfiltered data, in order that statistical testing could be used to assess 

whether the addition of each new shell to the structural model was statistically significant. 

The analysis has shown that, at each temperature, the first two shells, at 1.95 A and 2.84 

A, each contain a single carbon atom. A third shell containing a single carbon atom at 

4.35 A also appears to be present, although the introduction of this additional shell 

satisfied the significance test rigorously only for the data recorded at 9 K. On introducing 

this additional shell, a 5 % improvement in the FI was observed for the 9 K data 

compared with 3 % improvements in the FI for the 77 K data and for the room 

temperature data. These interatomic distances correlate closely with the corresponding 

distances in 1,12-dibromododecane [8], as expected for intramolecular interatomic 

distances in these similar molecules (note: the average Br-C bond distance for sp3 carbon 

in reported ciystal structures is 1.97 A [21]).

134



Fig. 5.4(a): Br K-edge EXAFS spectrum of pure crystalline 1,12-dibromododecane at 

77 K and its Fourier transform (only the first two peaks in the RDF are shown). The 

theoretical fit is for a model consisting of two shells, each comprising a single carbon 

atom at 1.95 A and 2.89 A respectively, and with 2<a2 = 0.008 A2 for each shell. 

(Parameters relevant to data analysis: R = 11.34 %; VPI = -3.75 eV; AFAC = 0.87).

135



Fig. 5.4(b): Br K-edge EXAFS spectrum of sodium bromide at 77 K and its Fourier

transform (only the first two peaks in the RDF are shown). The theoretical fit is for a

model comprising a shell of 6 sodium atoms at 2.98 A (2a2 = 0.018 A2), and a shell of

12 bromine atoms at 4.22 A (2a2 = 0.027 A2). (Parameters relevant to data analysis: R =

8.16 %; VPI = -41.53 eV; AFAC = 0.64).
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Fig. 5.5(a): Br K-edge EXAFS spectrum of the 1,10-dibromodecane/urea inclusion

compound at room temperature and its Fourier transform. The theoretical fit is for three

shells, corresponding to single carbon atoms at 1.95 A (2c2 = 0.014 A2), 2.82 A (2c2 =

0.031 A2) and 4.37 A (2q2 = 0.026 A2). (Parameters relevant to data analysis: R =

25.90 %; VPI = -3.40 eV; AFAC = 0.92).
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Fig. 5.5(b): Br K-edge EXAFS spectrum of the 1,10-dibromodecane/urea inclusion

compound at 77 K and its Fourier transform. The theoretical fit is for three shells,

corresponding to single carbon atoms at 1.95 A (2a2 = 0.013 A), 2.82 A (2<a2 = 0.027

A) and 4.37 A (2a2 = 0.020 A). (Parameters relevant to data analysis: R = 26.69 %; VPI

= 3.34 eV; AFAC = 0.90).
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Fig. 5.5(c): Br K-edge EXAFS spectrum of the 1,10-dibromodecane/urea inclusion 

compound at 9 K and its Fourier transform. The theoretical fit is for three shells, 

corresponding to single carbon atoms at 1.95 A (2ct2 = 0.012 A2), 2.84 A (2q2 = 0.021 

A-) and 4.37 A (2a2 = 0.019 A2). (Parameters relevant to data analysis: R = 25.09 %; 

VPI = -3.89 eV; AFAC = 0.88).
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The values of 2q2 for the first three carbon shells are shown as a function of 

temperature in Table 5.1; as expected, the values of 2o2 decrease with decrease of 

temperature. It should be noted that static disorder, as described below, is probably not a 

significant factor in these intramolecular distances.

Atom Room temperature T = 77 K T = 9K

Br-CH2-CH2- 0.014 0.013 0.012

Br-CH2-CH2- 0.031 0.027 0.021

Br-CH2-CH2-CH2- 0.026 0.020 0.019

Table 5.1: Values of 2a2/A2 for the Cl, C2 and C3 intramolecular carbon neighbours

of the bromine atoms in the 1,10-dibromodecane/urea inclusion compound as a function 

of temperature.

There is no major difference between the spectra recorded above (room 

temperature) and below (77 K) the phase transition at ca. 140 K in 1,10- 

dibromodecane/urea. Importantly, there is no evidence for the introduction of well- 

defined interatomic distances between the Br atom of the guest molecule and the atoms of 

the host substracture in the low-temperature phase. This is consistent with the suggestion 

that there is no "locking in" of the guest molecules to specific sites within the host 

framework (as would occur, for example, in an incommensurate -» commensurate phase 

transition), despite the fact that this phase transition is associated with a major change in 

symmetry of the host stracture [20] (see also Chapter 3).

The remaining features in the bromine radial distribution function (RDF) are very 

weak at all temperatures, and there is no clear evidence for well-defined Br....Br 

distances. We have nevertheless explored the possibility that there is a weak Br....Bi 

contribution to the RDF, by introducing a new shell with a single bromine neighbour into 

the structural model at a distance of 3.7 A. This extra shell made the quality of the
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agreement between theory and experiment markedly worse, unless the value of 2cr2 for 

this shell was large. This suggests that there must be considerable disorder associated 

with the Br....Br distance. The minimum extent of this disorder can be estimated by 

increasing 2o2 until the Br....Br contribution becomes comparable to the noise in the 

spectrum. When 2o2 was increased to 0.06 A2, the FI fell to a value only 4 % larger than 

the FI found with the bromine neighbour removed from the structural model. At this 

value, statistical arguments show that the contribution of the neighbouring bromine shell 

to the spectrum is similar to the contribution from the noise in the data [10]. This value of 

2q2 coiresponds to a root mean square displacement a ~ 0.2 A about the mean Br....Br 

distance of 3.7 A; this large root mean square displacement for the Br....Br distance is 

attributed to dynamic disorder at higher temperatures and to static positional disorder at 

lower temperatures. At room temperature, the guest molecules are known to undergo 

rapid translational and reorientational motions within the host tunnels [11], and it is clear 

from the EXAFS results reported here that each Br....Br distance covers a distribution of 

distances over time (resulting in the large value of 2a2). At 9 K, on the other hand, there 

will be no appreciable motion of the guest molecules, and there is presumably a 

distribution of "static" Br....Br distances throughout the stmcture. Both of these sources 

of disorder lead to "smearing out" of the peak due to the bromine neighbour in the 

bromine RDF. It is possible that the introduction of static positional disorder at low 

temperature could have been minimised by cooling the sample extremely slowly, such 

that the system remained in "equilibrium" at all times during cooling.

It is important to note that there are no features in the bromine RDF corresponding 

to neighbouring atoms in the host substmcture, at any temperature studied. As discussed 

above, this is a consequence of the fact that the periodicities of the host and guest 

substmctures are incommensurate along the tunnel axis, and so there is a broad range of 

Br....host atom distances over the whole sample. In addition, it is not necessary to 

consider backscattering from guest molecules in adjacent tunnels; the shortest possible 

intertunnel Br....Br distance is greater than 8 A.
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5.3.3.3 Br(CH2)nBr/Urea Inclusion Compounds with n = 7,8,9,11

The urea inclusion compounds containing 1,7-dibromoheptane, 1,8-

dibromooctane, 1,9-dibromononane and 1,11-dibrcmcundecane guest molecules all gave 

essentially the same bromine RDF as 1,10-dibromodecane/urea. Again, it was possible 

to fit only the first three shells, representing three intramolecular carbon neighbours, at 

the same radii found for 1,10-dibrcmodecane/ur'ea. This suggests, as perhaps expected, 

that the local environment around the bromine atom is the same for uU of the conventional 

a,m-dibromoalkane/urea inclusion compounds.

5.3.3.4 1,6-DibromohexaneUJrea Indusron Compound

It is clear from inspection of the EXAFS spectrum of 1,6-dibromohexane/ureu at 

80 K [Fig. 5.6] that the local environment around the bromine is substantially different 

from that in the acco-dibromoalkane/urea inclusion compounds with n = 7-11. This 

difference reflects the presence of well-defined interatomic distances between the bromine 

atom of the guest molecule and the backscattering atoms in the host structure. Thus, for 

1’6-dibromohexane/urea, the contributions from the host atoms are not "smeared out" by 

an incommensurate relationship between the host and guest structures. The EXAFS 

spectrum recorded at 80 K has been fitted, and the final refined stmctural parameters are 

listed in Table 5.2; the known crystallographic information for the 1,6- 

dibromohexane/urea inclusion compound at 113 K [18,19] was used to establish the 

rnrtiul structural parameters used in this refinement.
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Fig. 5.6: Br K-edge EXAFS spectrum of the 1,6-dibromohexane/urea inclusion

compound at 80 K and its Fourier transform. The theoretical fit has been obtained using 

the parameters listed in Table 5.2. (Parameters relevant to data analysis: R = 29.77 %; 

VPI = -4.62 eV; AFAC = 0.92).
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Atom Type Ni rii / A 2j / A2

C 1 1.96 0.016

C 1 2.83 0.025

N 2 3.53 0.029

N 2 3.81 0.007

C 2 3.91 0.018

Br 1 4.06 0,026

Table 5.2: Number of atoms in shell (Nj), shell radius (j and value of 2aj2 for the

six shells used in modelling the Br EXAFS spectrum of 1,6-dibromohexane/urea 

inclusion compound at 80 K [See Fig. 5.6].

Six shells of neighbours were found to be statistically significant: two shells of carbon 

atoms (in the guest molecule) occur at similar distances to those in 1,10- 

dibromodecane/urea, two further shells reflect Br....N distances due to nitrogen atoms of 

the host at 3.53 A and 3.81 A, and a shell due to two carbon neighbours of the host 

occurs at 3.91 A. There is also a definite contribution from the bromine atom in the 

neighbouring guest molecule at a distance of 4.06 A. The similarity between the refined 

interatomic distances determined from the Br EXAFS spectrum at 80 K and the 

corresponding interatomic distances determined from single cvystal X-ray . diffraction data 

at 113 K [18,19] is noteworthy. Furthermore, the observation of well-defined 

interatomic distances between the bromine atom of the guest molecule and atoms of the 

host at 80 K is consistent with the known commensurate structural relationship between 

the host and guest components in this inclusion compound. •

The EXAFS spectrum of 1,6-dibromchexane/urea recorded at room temperature 

has also been fitted, but in this case only the first two neighbours (representing 

intramolecular Br.^.C distances, as discussed above) contribute significantly to the Br 

EXAFS spectrum.
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5.4 Br EXAFS Studies of Halogenocyclohexane/Thiourea Inclusion 

Compounds

5.4.1 Introduction to EXAFS Spectroscopy on Thiourea Inclusion

Compounds

As described in Chapter 1 (and justified theoretically in Chapter 4 for the case of 

the chlorocyclohexane/thiourea inclusion compound), monohalogenocyclohexane 

molecules are constrained to behave differently within the thiourea host structure from the 

way they behave in their "pure" solid phase and in dispersed phases. When included 

within the thiourea tunnel structure, monohalogenocyclohexane molecules exists 

predominantly in the axial conformation.

Of the thiourea inclusion compounds containing halogenocyclohexanes that have 

so far been investigated, only the chlorccyclohexane/thicurea inclusion compound has 

been studied extensively via a wide range of techniques. For this inclusion compound, it 

is known [22] that, although the guest molecules occupy specific sites within the thiourea 

tunnel structure, there is substantial disorder of the guest molecules, and at ambient 

temperature, this disorder has been shown [23] to be dynamic in character. Similar 

behaviour may be expected for other halogenocyclchexune guest molecules in their 

thiourea inclusion compounds. In view of this disorder, difficulties similar to those for 

the a,<c-dibromoalkane/ureu inclusion compounds arise, in determining ■information 

about the guest substructure. Thus, as discussed above, information on the 

conformational properties of the guest molecules (for chlorocyclohexune/thioureu and for 

thiourea inclusion compounds containing other halogenocyclohexune guest molecules) 

has been established primarily from a combination of spectroscopic approaches [24-29].

Again, the ability of EXAFS spectroscopy to determine the local structure around 

an X-ray absorbing atom renders EXAFS the ideal technique to elucidate local structural 

information concerning the guest substructures in halogenocyclohexane/thiourea inclusion 

compounds, particularly when the guest molecules contain a bromine substituent.
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In this section, we describe Br K-edge EXAFS investigations of the trans-l- 

bromo-2-chlcrocyclohexane/thiourea inclusion compound and the 

bromocyclohexane/thiourea inclusion compound. The primary aims of these 

investigations were: (a) for the //Ymj-1-bromo-2-chlorocyclohexane?zthiourea inclusion 

compound, to determine the intramolecular Br....Cl distance in order to assess the 

preferred conformation (diaxial or diequatorial) of the guest molecules within the thiourea 

tunnel structure, and (b) for both of the thiourea inclusion compounds studied, to assess 

the possible existence of well-defined intermolecular (Br....Br) interactions between 

adjacent guest molecules. It should be noted that, as a consequence of orientational 

disorder of the guest molecules in the thiourea inclusion compounds, backscattering from 

the atoms of the host substructure is not expected to be significant, and it is therefore 

expected that no well-defined distances to atoms of the host substructure will be observed 

in the Br radial distribution function.

For Hflw.-l-^l^i^^i^(^-^^-^^]hlorocyclohexane, the diaxial and diequatorial 

conformations [Fig. 5.7] can be readily distinguished on the basis of the intramolecular 

Br.^.Cl distance. It can be shown readily, from molecular modelling, that for an isolated 

^ra7l£-l-bcomo-2•-chlorocyclohexane molecule in the diaxial conformation, the Br..,.Cl 

distance is ca. 4.43 A and the Br....C3(5) distance is ca. 3.43 A, whereas for an isolated 

lm/n5-l-bromol2-chlol•ocyclohexane molecule in the diequatorial conformation, the 

Br.^Cl distance is ca. 3.42 A and the Br....C3(5) distance is ca. 4.25 A. [These 

distances have been determined for molecular structures obtained via energy minimisation 

calculations using the parameterisation in the INSIGHT program package [30]. The 

diequatorial conformation is predicted to be lower in energy by 4.25 kJ mob1.]
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Br

Fig. 5.7: Diagram showing the rrwz,s-1-bromo-2-chlorocyclohexane molecule in: (a)

the diequatorial conformation, and (b) the diaxial conformation. In the diaxial 

conformation, the Br....Cl distance is ca. 4.43 A and the Br....C3(5) distance is ca. 3.43 

A. In the diequatorial conformation, the Br....Cl distance is ca. 3.42 A and the 

Br....C3(5) distance is ca. 4.25 A.

It is relevant to note that Br EXAFS spectroscopy has been applied previously to 

investigate the solution state conformational properties of frans-1,2-dibromocyclohexane, 

with particular emphasis on assessing the effect of different solvents on the molecular 

conformation [31]. However, in these studies, no clear correlations were found between 

the type of solvent and the conformational properties of the trans-1,2- 

dibromocyclohexane molecules.

5.4.2 Experimental

Bromocyclohexane and thiourea were obtained commercially and were used as 

received. Trans-l-bromo-2-chlorocyclohexane was synthesised by addition of 

cyclohexene to a solution of antimony pentachloride (SbClg) and bromine in carbon 

tetrachloride, and purified by fractional distillation [32].

The bromocyclohexane/thiourea and rrans-1-bromo-2-chlorocyclohexane/thiourea 

inclusion compounds were prepared as follows. An excess of the guest component was 

added to a saturated solution of thiourea in methanol in a conical flask at 50 °C. Any
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precipitate (thiourea inclusion compound) formed at this stage was dissolved by addition 

of further methanol. The flask was then stoppered and immersed in a Dewar flask 

containing water at 50 °C and allowed to cool to room temperature. The conical flask and 

Dewai' flask were then transferred to an incubator and cooled to 4 °C over a period of 4 

days. The crystals that formed were collected and washed with 2,2,4-trimelhylpenlune to 

remove any bromocyclohexane or ^rfl/A^l-bromo-^-^-chlorocyclohexane molecules 

adhering to their external surfaces. The crystallographic identity of these crystals (i.e. 

thiourea inclusion compounds possessing the conventional thiourea tunnel structure at 

room temperature) was confirmed via powder X-ray diffraction, carried out at room 

temperature.

Bromine K-edge X-ray absorption spectra were measured on station 7.1 at the 

SRS facility at the Daresbury Laboratory. For each sample, spectra were recorded both at 

room temperature {ca. 295 K) and at ca. 80 K. For each sample at each temperature, the 

spectrum was recorded over a period of about 45 minutes, and two spectra were recorded 

and combined in order to improve the signal/noise ratio. For frazil-l-bromo-2- 

chlorocyclohexane/thiourea, spectra were also recorded at several temperatures between 

295 K and 80 K, in order to monitor progressively any structural changes with 

temperature. Data were also recorded for the ^ra/'ZA,-1,2-drbromocyclohexane/throurea 

inclusion compound, but these data were found to be of poor quality. This system will 

be reexamined at a future date.

5.4.3 Results

5.4.3.1 Bromocyclohexant/Thsourta Inclusion Compound

Br K-edge EXAFS spectra were recorded for bromocyclohexane/1hioureu at 80 K 

and at 295 K [Fig. 5.8(a) and 5.8(b)]. Although this material undergoes a phase 

transition at ca. 230 K (known to be associated with a change in symmetiy of the thiourea 

tunnel stmcture), there is no significant difference between the spectra recorded above 

and below this temperature.
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Fig. 5.8(a): Br K-edge EXAFS spectrum, and its Fourier transform, for the 

blomocyclohexane/thiourea inclusion compound at 295 K. The theoretical fit is for shells 

corresponding to carbon atoms at 1.96 A (N = 1; 2g2 = 0.014 A2), 2.80 A (N = 2; 2o2 = 

0.022 A2), and 3.24 A (N = 2; 2a2 = 0.024 A2), and a bromine atom at 3.80 A (N = 1; 

2g2 = 0.044 A2). FI = 12.2 %, R = 39.5 %.
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Fig. 5.8(b): Br K-edge EXAFS spectrum, and its Fourier transform, for the 

bromocyclohexane/thiourea inclusion compound at 80 K. The theoretical fit is for shells 

corresponding to carbon atoms at 1.95 A (N = 1; 2c2 = 0.006 A2), 2.82 A (N = 2; 2a2 = 

0.014 A2), and 3.30 A (N = 2; 2a2 = 0.019 A2), and a bromine atom at 3.90 A (N = 1; 

2q2 = 0.036 A2). FI = 13.9 %, R = 41.3 %.
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For the spectrum recorded at 295 K, Br....C distances can be fitted at 1.95 A, 

2.79 A (N = 2) and 3.27 A (N = 2) corresponding to the Cl, C2(6) and C3(5) carbons of 

the cyclohexane ring. This Br....C3(5) distance implies that the bromocyclohexane guest 

molecules are in the axial conformation. A further sheU at 3.82 A could be fitted only by 

a Br....Br distance; the comparatively high Debye-Waller factor (2<a2 = 0.044 A2 at 295 

K) for this bromine neighbour indicates a broad distribution of Br....Br distances. The 

existence of the neighbouring Br shell, which has been fitted with occupancy N = 1, 

suggests that the bromocyclohexane molecules are arranged in a head-to-head manner 

within the thiourea tunnel structure. In this regard, it is significant to note that 3.82 A is 

close to the interatomic distance for two bromine atoms in van der Waals contact.

From high-resolution solid state 13C NMR spectroscopy [28], it had been shown 

that, at 208 K, 95 % of the guest molecules in the bromocyclohexane/thiourea inclusion 

compound are in the axial conformation of bromocyclohexane. In the analysis of our 

EXAFS data, it was not possible to fit any significant neighbouring shells which would 

coiTespond to the 5 % of bromocyclohexane molecules in the equatorial conformation 

(specifically there was no significant carbon shell at ca. 4.25 A, which would correspond 

to the Br....C3(5) distance in the equatorial conformation).

The fact that Debye-Waller factors for the intramolecular carbon neighbours and 

the intermolecular bromine neighbour are lower at 80 K than at 295 K is noteworthy, and 

is attributed to a reduction in the motional freedom of the guest molecules upon lowering 

the temperature.

5.4.3.2 Tnx/«s-l-Bromo-2-Chlorocyclohexane/Thiourea Inclusion

Compound

For rran5-l-bromo-2-chlorocyclohexane/thiourea, Br K-edge EXAFS data were

measured over a range of temperatures between 295 K and 80 K [Fig. 5.9 & Figs, 

5.10(a)-(c)].
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Fig. 5.10(a): Br K-edge EXAFS spectrum, and its Fourier transform, for the trans-l-

blomo-2-chlolOcycloherane/thloulea inclusion compound at 295 K. The theoretical fit is

for shells corresponding to carbon atoms at 1.94 A (N = 1; 2a2 = 0.006 A2), 2.79 A (N

= 2; 2g2 = 0.020 A2), and 3.24 A (N = 2; 2c2 = 0.020 A2), and a chlorine atom at 4.52

A (N = 1; 2c2 = 0.033 A2). FI = 10.2 %, R = 39.1 %.
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Fig. 5.10(b): Br K-edge EXAFS spectrum, and its Fourier transform, for the trans-\-

bromo-2-chlorocyclohexane/thiourea inclusion compound at 140 K. The theoretical fit is

for shells corresponding to carbon atoms at 1.95 A (N = 1; 2a2 = 0.005 A2), 2.80 A (N

= 2; 2j2 = 0.015 A2), and 3.27 A (N = 2; 2a2 = 0.017 A2), and a chlorine atom at 4.53

A (N = 1; 2a2 = 0.034 A2). FI = 11.1 %, R = 39.9 %.
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Fig. 5.10(c): Br K-edge EXAFS spectrum, and its Fourier transform, for the trans-\-

blomo-2-chIolocycloherane/thioulea inclusion compound at 80 K. The theoretical fit

corresponds to carbon atoms at 1.95 A (N = 1; 2q2 = 0.006 h?), 2.80 A (N = 2; 2a2 =

0.020 A2), and 3.29 A (N = 2; 2c2 = 0.015 A2), a bromine atom at 3.87 A (N = 1; 2a2 =

0.033 A2), and a chlorine atom at 4.48 A (2a2 = 0.034 A2). FI = 12.0 %, R = 40.9 %.
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For the spectra recorded at all temperatures studied, Br....C distances can be fitted 

at 1.95 A, 2.80 A (N = 2) and 3.24-3.29 A (N = 2), corresponding to the Cl, C2(6) and 

C3(5) carbons of the cyclohexane ring respectively. This Br....C3(5) distance implies 

that the bromine atom is in an axial position with respect to the cyclohexane ring. There 

is no significant contribution from C4 (which would represent a Br....C distance at ca. 

4.0 A for the bromine atom in an axial position), as assessed from the statistical tests 

employed. At all temperatures, a Br....Cl distance can be fitted at ca. 4.48-4.53 A, 

corresponding to /ra«.y-l-bromo-2-chlorocyclohexane molecules in the diaxial 

conformation. [Although, in the Fourier transform of the EXAFS spectrum the fit for the 

Cl neighbour does not appear particularly good, it must be recalled that it is the actual 

EXAFS oscillations that are being fitted - the Fourier transform merely provides a 

convenient representation from which the local environment around the absorbing atom 

can be more easily envisaged.] This shell can be fitted equally well by a carbon 

neighbour at 4.35 A, but the low Debye-Waller factor required (2 a2 - 0.010 A2) is not 

physically sensible for a neighbouring atom at this distance from the absorber. There is 

no evidence for any Br....Cl distance in the region of ca. 3.4-3.5 A, which would 

correspond to rraws-l-bromo-2-chlorocyclohexane molecules in the diequatorial 

conformation.

At the lowest temperature studied (T = 80 K), a further significant shell, 

corresponding to a Br....Br distance at 3.87 A, can be fitted. This shell did not fit either 

as a chlorine atom or as a carbon atom. This observation is similar to that for the 

bromocyclohexane/thiourea inclusion compound, and again suggests that there is head-to- 

head ordering of the guest molecules within the thiourea tunnel structure. The fact that 

this well-defined Br ....Br distance is identified only at 80 K suggests that there is a 

substantial increase in the ordering of the guest molecules at low temperature.
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5.5 Br EXAFS Studies of Halogenocyclohexane/Zeolite Systems

5.5.1 Introduction to EXAFS Spectroscopy on Zeolites

Zeclrlrc host materials [33], like urea and thiourea inclusion compounds’ contain 

large cavities in which molecules may be included. In contrast to urea and thiourea

inclusion compounds, zeolites may be obtained with a wide range of different sizes of 

tunnels and cages (and hence are able to include a vast array of sizes and shapes of 

molecules), and they generally remain stable when there are no guest molecules present.

In the experiments carried out here, a series of zeolite-type host materials have 

been investigated with ^^zun-1,2-dibromocyclohexane included as the guest component. 

The focus of the experiments was to determine how the conformation of the trans—, 2- 

dibromocyclohexane guest molecules is affected by both the size and the chemical 

topography of the pores within the zeolites. Because zeolites are generally stable in the 

absence of guest molecules, it may be expected that the efficiency of packing of guest 

molecules within these host structures is not as important to the overall stability of the 

system, as for the thiourea inclusion compounds (for which 100 % packing of the guest 

in the tunnels is necessary for the stability of the thiourea tunnel structure. In a previous 

study of monosubstituted cyclohexane molecules within the tunnels of these zeolites the 

loading of the guest molecules was ca. 0.1-1.0 guest molecules per 1000 A3 [34], and so 

the probability of observing intermolecular distances between guest molecules is low.

The three different zeolites used in this investigation were H-ZSM-5, zeohte NH4- 

Y and NH4lmordenite. In addition, the aluminophosphate ALPO-5 was also studied. H- 

ZSM-5 (Si:Al ratio ca. 20) contains two sets of intersecting tunnels. Both tunnels have 

10-membered ring openings - the straight tunnels have diameter of ca. 5.3-5.6 A, 

whereas the diameter of the sinusoidal tunnels is ca. 5.1—5.5 A. NH4-Y (Si:Al ratio ca. 

3) contains larger tunnels, with cavities of diameter ca. 7.4 A and supercages with 

diameter ca. 13 A. NH4-Mordenite (Si:Al ratio ca. 10.1) contains unidirectional tunnels 

of diameter ca. 6.5-1.A A. ALPO-5 also contains unidirectional tunnels of diameter ca. 

7.3 A.
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Previously [34], from 13C solid state NMR applied to study monosubstituted

cyclohexane molecules in these zeolites, it was found that the equatorial conformation of 

the guest was preferred in all cases, with the equatoriahaxial ratio of in excess of 4:1 at

room temperature.

5.5.2 Experimental

Samples comprising rraw-1,2-dibromocyclohexane included within the H-ZSM- 

5, NH4-Y, NH4-mordenite and ALPO-5 host materials were prepared by the following

method.

Before use, all zeolites were calcined in a muffle furnace at 773 K for at least 24 

hours. A round bottomed flask containing ca. 1.0 g of the appropriate powdered zeolite 

(or aluminophosphate) and 5 ml of rrmw-1,2-dibromocyclohexane was placed under 

vacuum for 3 days, to allow the 1,2-dibromocyclohexane to be adsorbed into the host 

structure. After this period, the excess liquid was removed under vacuum, and the solid 

allowed to dry before being used for experiments.

Bromine K-edge X-ray absorption spectra were measured on station 7.1 at the 

SRS facility at the Daresbury Laboratory. For each sample, spectra were recorded both at 

room temperature {ca. 295 K) and at ca. 80 K. For each sample at each temperature, the 

spectmm was recorded over a period of about 45 minutes, and two spectra were recorded 

and combined to improve the signal/noise ratio.

5.5.3 Res nits

5.5.3.1 bbra/tv-l,I-Dibromoeyclohexane//I~ZSM~5

For Zmm,v-l,2-dibromocyclohexaneZH-ZSM-5, Br K-edge EXAFS data were 

recorded at 295 K and 80 K [Fig. 5.11(a) & (b)].
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Fig. 5.11(a): Br K-edge EXAFS spectrum, and its Fourier transform, for trans-1,2- 

drbromccyclohexane/H-ZSM-5 at 295 K. The theoretical fit is for shells corresponding to 

carbon atoms at 1.95 A (N = 1; 2a2 = 0.011 A2), 2.80 A (N = 2; 2a2 = 0.027 A2), and 

3.26 A (N = 2: 2a2 = 0.037 A2). FI = 18.3 %. R = 49.6 %.
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Fig. 5.11(b): Br K-edge EXAFS spectrum, and its Fourier transform, for trans-),2- 

dibromocyclohexane/H-ZSM-5 at 80 K. The theoretical fit is for shells corresponding to 

carbon atoms at 1.95 A (N = 1; 2q2 = 0.005 A2), 2.81 A (N = 2; 2c2 = 0.015 A2), and 

3.25 A (N = 2; 2c2 = 0.028 A2), a bromine atom at 4.63 A (N = 1; 2c2 = 0.029 A2), and 

a oxygen atoms at 3.84 A (N = 2, 2a2 = 0.027 A2). FI = 11.5 %. R = 41.0 %.
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For the spectra recorded at both temperatures studied, Br....C distances can be 

fitted at 1.96 A, 2.81 A (N = 2) and 3.25-3.26 A (N = 2), corresponding to the Cl, 

C2(6) and C3(5) carbons of the cyclohexane ring respectively. This Br....C3(5) distance 

implies that the bromine atoms are in axial positions with respect to the cyclohexane ring. 

At T = 80 K, a Br....Br distance can be fitted at ca. 4.63 A, corresponding to the 

intramolecular Br....Br distance for trans- 1,2-dibromocyclohexane molecules in the 

diaxial confonnation. It was not possible to fit a significant shell to a Br....Br distance in 

the region of ca. 3.5 A, which would correspond to trans- 1,2-dibromocyclohexane 

molecules in the diequatorial conformation. The inability to fit a significant shell 

representing a Br....Br distance in the spectra recorded at room temperature may be due 

to dynamic disorder leading to a distribution of Br....Br distances.

It was possible to fit an additional shell representing oxygen, aluminium, or 

silicon neighbours. In modelling this feature, occupancies have been constrained to take 

integer values, though, in practice, non-integer values are possible. The best fit was 

obtained for a shell of two oxygens (r = 3,84 A, 2a2 = 0.029 A2, FI = 11.5 %), though 

this was not significantly better than the fit with either N = 3 (r = 3.84 A, 2a2 = 0.041 

A2, FI = 11.6 %), or N = 4 (r = 3.84 A, 2a2 = 0.053 A2, FI = 11.7 %). For a single 

silicon neighbour, the fit index was less good, and the Debye-Waller factor was lower (r 

= 4.17 A, 2a2 = 0.021 A2, FI = 12.1 %). It is also possible that this contribution may 

arise due to an aluminium neighbour (although the Si:Al ratio is high, the trans-1,2- 

dibromocyclohexane guest molecules may preferentially seek out the aluminium sites in 

the zeohte framework). When modelling this shell as a single aluminium neighbour, the 

resulting fit was slightly poorer than for a sihcon neighbour (r = 4.21 A, 2< = 0.021 A2, 

FI = 12.3 %). Due to the close similarities in the backscattering properties of silicon and 

aluminium, it is expected that the differences in the fittiing of the EXAFS oscillations will 

be small.

Although the precise nature of this contribution cannot be determined by EXAFS 

alone, the presence of this shell suggests that the trans- 1,2-dibromocyclohexane guest 

molecules may bind to specific sites in the ZSM-5 host framework. To gain more
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information on the interactions between the zeolite framework and the trans-1,2- 

dibromocyclohexane guest, it will be necessary to carry out complementary studies via 

other techniques (e.g. computer modelling).

The EXAFS data did not fit significantly to a model in which the trans-1,2- 

dibromocyclohexane molecules were in the diequatorial conformation, or for a 

distribution of both diaxial and diequatorial conformations being present.

5.5.3.2 Trans- 1,2-Dibromocyclohexane/Zeolite-Y

For norc,s-l,2-dibromocyciohexane/NH4-Y, the Br K-edge EXAFS data recorded 

at 295 K and 80 K [Fig. 5.12(a) & (b)] show similar features to the spectra of trans-1,2- 

dibromocyclohexane/H-ZSM-5.

162



Fig. 5.12(a): Br K-edge EXAFS spectrum, and its Fourier transform, for trans-1,2- 

dibromocyclohexane/NHa-Y at 295 K. The theoretical fit is for shells corresponding to 

carbon atoms at 1.95 A (N = 1; 2o2 = 0.005 A?), 2.79 A (N = 2; 2q2 = 0.017 A2), and 

3.26 A (N = 2; 2a2 = 0.033 A2), a bromine atom at 4.65 A (N = 1; 2a2 = 0.037 A2), and 

a single silicon atom at 4.10 A (2a2 = 0.023 A2). FI = 11.1 %. R = 37.6 %.
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Fig. 5.12(b): Br K-edge EXAFS spectrum, and its Fourier transform, for trans-1,2- 

dibromocyclohexaneZNH4-Y at 80 K. The theoretical fit is for shells corresponding to 

carbon atoms at 1.94 A (N = 1; 2a2 = 0.005 A2), 2.79 A (N = 2; 2a2 = 0.014 A2), and 

3.23 A (N = 2; 2a2 = 0.016 A2), a bromine atom at 4.62 A (N = 1; 2a2 = 0.027 A2), and 

oxygen atoms at 3.84 A (N = 2, 2a2 = 0.018 A2). FI = 11.0 %. R = 35.6 %.
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Br....C distances could be fitted at 1.94-1.95 A, 2.79 A (N = 2) and 3.23-3.26 

A (N = 2), corresponding to the Cl, C2(6) and C3(5) carbons of the cyclohexane ring 

respectively. At both temperatures, a Br....Br distance can be fitted at ca. 4.62-4.65 A, 

indicating that the guest molecules are in the diaxial confonnation.

An extra shell could be fitted to a contribution from oxygen, aluminium and 

silicon neighbours at both temperatures. At 295 K, the best fit was obtained for a single 

silicon neighbour (r = 4.10 A, 2a2 = 0.023 A2, R = 11.1 %), while at 80 K two oxygen 

atoms fitted best (r = 3.84 A, 2c2 = 0.018 A2, R = 11.0 %). The same arguments 

concerning the presence of this shell for the rra/iv-l,2-dibromocyclohexane/H-ZSM-5 

compound are applicable in the case of rrans-l,2-dibromocyclohexane/NH4-Y.

The data did not fit to rra«^-l,2-dibromocyclohexane molecules in the diequatorial 

conformation.

5.5.3.3 rraws-l,2-DibromocycIohexane/Mordenite

For rm«^-l,2-dibromocyclohexane/mordenite, Br K-edge EXAFS data were 

obtained at 128 K [Fig. 5.13]. Fitting of the data showed shells of neighbouring C atoms 

at 1.95 A, 2.78 A (N = 2) and 3.24 A (N = 2), and a Br neighbour at 4.62 A. Analysis 

carried out in a similar manner to that on the ,2-dibromocyclohexane/H-ZSM-5

and r/Y/./75-l ,2-dibromocyclohexane/NFl4-Y compounds of the further feature in the 

EXAFS spectrum showed that it fitted best to a single Si atom at 4.15 A, and fitted poorly 

to oxygen neighbours.
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Fig. 5.13: Br K-edge EXAFS spectrum, and its Fourier transform, for trans-1,2-

diblomocyclohexane/NH4-moldenlte at 128 K. The theoretical fit is for shells 

corresponding to carbon atoms at 1.95 A (N = 1; 2a2 = 0.009 A2), 2.78 A (N = 2; 2a2 = 

0.019 A2), and 3.24 A (N = 2; 2a2 = 0.027 A2), a bromine atom at 4.62 A (N = 1; 2a2 = 

0.028 A2), and a silicon atom at 4.15 A (2c2 = 0.016 A2). FI = 12.0 %. R = 39.1 %.
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Fitting of the EXAFS data to a model in which the trans- 1,2-dibromocyclohexane 

molecules were in the diequatorial conformation was significantly poorer than for the 

guest in the diaxial conformation. The results indicate that the trans-1,2- 

dibromocyclohexane guest molecules are in the diaxial conformation within the mordenite

host structure,

5.5.3.4 rraws-l,2-Dibromocyclohexane/ALPO-5

The Br K-edge EXAFS spectrum of rrans-l,2-dibromocyclohexane/ALPO-5 at 

295 K [Fig. 5.14] may be fitted by Br....C distances at 1.95 A, 2.79 A (N = 2) and 3.26 

A (N = 2), corresponding to the Cl, C2(6) and C3(5) intramolecular neighbours, as 

before. Although a small peak could be fitted with Br character at ca. 4.6 A, this shell 

was not significant using statistical significance testing at the 4 % level.
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Fig. 5.14: Br K-edge EXAFS spectrum, and its Fourier transform, for trans-1,2-

dibromocyclohexane/ALPO-5 at 295 K. The theoretical fit is for shells corresponding to 

carbon atoms at 1.95 A (N = 1; 2<a2 = 0.007 A2), 2.79 A (N = 2; 2ct2 = 0.016 A2), 3.26 

A (N = 2; 2a2 = 0.017 A2), and 4.34 A (N = 1; 2a2 = 0.011 A2). FI = 10.2 %. R = 

35.4 %.
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A further shell could be fitted significantly to a carbon neighbour (N = 1, r = 4.34 

A, = 0.011 A2, R = 10.2 %), though the Debye Waller factor is very low. This shell 

fitted equally as well to an oxygen neighbour (N = 1, r = 4.28 A, 2a2 = 0.013 A2, R = 

10.3 %), but was pporer for siilcon or alur^^iniiun neighbours or for shells with N > 1. 

The distance modelled for the carbon shell is close to that expected for C(4) of the 

cyclohexane ring in the axial conformation.

The observation of the C3(5) peak at 3.26 A, and evidence for a peak with 

bromine character at 4.6 A (though not significant), suggests that the guest molecules are 

in the diaxial conformation. The data did not fit to a model in which the trans-1,2- 

dibromocyclohexane molecules were in the diequatorial conformation.

5.6 Concluding Remarks

From the Br EXAFS data for the conventional BriC^^Br/urea inclusion 

compounds (i.e. those with n = 7-11) studied, it has not been possible to determine the 

Br....Br distance between adjacent guest molecules in the same tunnel. This is due to the 

presence of substantial dynamic disorder at high temperature and static positional disorder 

at low temperature. There is no abrupt change in the Br EXAFS spectra on crossing the 

known phase transition temperatures for these inclusion compounds. These results 

provide the first indication that the guest substructures in these inclusion compounds do 

not become substantially more ordered at low temperature than they are at higher' 

temperatures (it is already well-established, from incoherent quasielastic neutron 

scattering [11] and solid state NMR [19] studies, that there is substantial dynamic 

disorder within the guest substructure, at least in the high-temperature phase). The exact 

nature of the static positional disorder, with regard to the interactions between the end- 

groups of adjacent guest molecules, poses an interesting question. Molecular dynamics 

simulation of the bromine radial distribution function for a,or-diOsomoalkaee/urea 

inclusion compounds [35] have indeed predicted a broad range of Br....Br distances 

centred at ca. 3.7 A to be present. The relative width of this peak, when compared to the
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widths of the peaks for the intramolecular Br....C distances, is in agreement with the 

inability to observe a Br....Br distance experimentally.

As discussed in Section 5.3.1, the EXAFS experiments carried out on the a,rn- 

dibromoalkane/urea inclusion compounds were intended, in part, to serve as an 

experimental probe of the interaction between adjacent guest molecules within the urea 

tunnel structure, it having been proposed, on the basis of theoretical predictions, that the 

interaction between adjacent guest molecules is repulsive. In view of the results reported 

here, it appeal's that EXAFS spectroscopy of urea inclusion compounds containing guest 

molecules terminally functionalised with an X-ray absorbing atom is not a satisfactory 

approach for investigating this question. Diffraction-based methods have also proved to 

be unsuitable for probing this issue. Nevertheless, there is still considerable scope for 

exploiting the power and versatility of solid state NMR spectroscopy to provide 

experimental insights into this question, and computer simulation techniques also have an 

important role to play in this regard.

From Br K-edge EXAFS spectroscopy of the trans-l-htomo-2- 

chlorocyclohexane/thiourea inclusion compound, it has been possible to determine the 

intramolecular Br....CI distance, from which the preferred conformation of the guest 

molecule has been determined. It has also been possible to observe intermolecular 

Br....Br distances for neighbouring guest molecules within the same tunnel for the 

bromocyclohexane/thiourea inclusion compound at all temperatures studied and for the 

fran.y-l-bromo-2-chlorocyclohexane/thiourea inclusion compound at 80 K. No well- 

defined contributions arising from backscattering from atoms of the thiourea host 

stmcture could be identified, as expected from the dynamic disorder of the guest 

molecules in these inclusion compounds.

The successful determination of intermolecular Br....Br distances for the thiourea 

inclusion compounds contrasts with the inability to determine an intermolecular Br....Br 

distance for ac,co-dibromoalkane guest molecules in urea inclusion compounds. This 

observation presumably arises from differing degrees of disorder within the guest 

substructures in these inclusion compounds.
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There are no abrupt changes in the Br K-edge EXAFS spectrum upon crossing 

the phase transition temperature for the bromocyclohexane/thiourea inclusion compound. 

From the investigations reported here, there is no evidence that there is any substantial 

increase in the ordering of the guest molecules relative to the host substracture at low 

temperature. Thus, dynamic disorder at sufficiently high temperature presumably 

becomes "frozen in" as static positional disorder at sufficiently low temperature.

The EXAFS studies to probe £ra«s-l,2-dibromocyclohexinrie guest molecules 

within other microporous solid host materials (zeolites and aluminophosphates) have 

revealed that, in all cases studied, the guest molecules prefer the diaxial conformation. 

This contrasts the preference of monohalogenocyclohexane guest molecules for the 

equatorial conformation in the same host materials, as established by solid state NMR

[34]. A possible explanation is that due to the larger size of the trans-1,2- 

dibromocyclohexane guest molecules leads to more stringent steric requirements being 

imposed on this guest molecule within the tunnels. On the basis of the results of this 

study, the conformation of the guest is not influenced significantly by the detailed 

structur al characteristics of the pores within the set of host frameworks studied. Evidence 

for well-defined interaction between the guest and host is observed, but it has not been 

possible to determine the exact nature of the interactions present. More detailed insights 

into this issue requires investigation via other techniques such as computational 

modelling.

In the light of the results discussed above, we now assess, in more general terms, 

the future role of EXAFS spectroscopy in the study of solid organic inclusion 

compounds. Despite the lack of success in the determination of intermolecular 

interatomic distances (Br....Br) for the guest molecules in the aqrn-dibromoalkane/urea 

inclusion compounds, the success in determining, with reasonable accuracy, the 

intramolecular interatomic distances (Br....C) in the guest molecule is noteworthy. The 

further success in the determination of intramolecular interatomic distances for substituted 

cyclohexane molecules within thiourea inclusion compounds and zeolites, leading to 

elucidation of the conformational properties of the guests, demonstrates that using
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EXAFS spectroscopy to probe intramolecular structural features of guest molecules 

included within solid host materials is certainly a profitable area for future study. In 

general, such information cannot be determined from diffraction-based investigations in 

view of positional and/or orientational disorder of the guest molecules, even although, in 

many cases [12,36], a well-defined diffraction pattern can be obtained from the guest 

substructure.

The combination of the knowledge gained from EXAFS experiments on systems 

such as urea and thiourea inclusion compounds for which there ssi both crystalline and 

disordered components within the crystal, with the ^0X11'^ obtained from diffraction 

based techniques, will lead to a greater understanding of the structural features of such 

materials.
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Chapter 6

Polymerisation of Guests Within the Tunnels of 
Perhydrotriphenylene Inclusion Compounds: 

Formation of Amidine Linked Polymers 
and Polyalkyleneamines

6.1 Introduction to Perhydrotriphenylene Inclusion Compounds

Perhydrotriphenylene is a tetracyclic hydlocalbon, of formula CigHso, which

was first synthesised in the early 1960's [Fig. 6.1].

Fig. 6.1: Diagram showing (a) the perhydrotdipheoylene molecule (effectively three

cyclohexane rings fused together), and (b) the trans-anti-trans-anti-trans isomer which is 

the most abundant form, and the isomer which forms the inclusion compounds discussed 

here.

Although pedhydrotliphenylene was first synthesised as a low molecular weight 

model for optically active polymers, it has been more widely used as a solid state organic 

host, readily forming inclusion compounds with a wide range of guest molecules [1]. 

Perhydrotrrpaenylene occurs in ten different stereoisomeric forms, and it is just one of 

these isomers, Pans-aiti-trans-anti-trans perhydrotriphenyleoe [Fig 6.1(b)], which is able 

to form inclusion compounds. The trans-anti-trans-anti-trans isomer, which occurs in 

two nngotiomorphic forms, is the most abundant and least soluble of the isomers, and so
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can be readily separated from the other isomers. Henceforth, when referring to 

perhydrotriphenylene we will discuss only this isomer.

Perhydrotriphenylene readily forms inclusion compounds with a wide variety of 

solvents, and, consequently, inclusion compounds are easier to obtain than the pure 

crystalline phase of perhydrotriphenylene. Pure samples of perhydrotriphenylene have, 

however, been obtained by recrystallisation from methylethylketone [2] and 1- 

methylnaphthalene [3], [Space group: P2i/n, lal - 18.315 A, Iftl = 15.319 A, lcl = 5.298 

A, p = 95.53”].

In contrast to other organic molecules which form tunnel inclusion compounds, 

such as urea and thiourea (discussed in the previous chapters), perhydrotripherylene 

provides a relatively "flexible" tunnel environment into which guest molecules may be 

included. This flexibility enables a wide variety of different shapes and sizes of guest 

molecule to be accommodated, ranging from linear alkanes and cyclic compounds such as 

cyclohexane and toluene, to small molecules such as carbon tetrachloride. The cross 

sectional diameter of the tunnels is ca. 5.5 A, though it varies according to the specific 

structural features of the guest molecule [2]. In the absence of guest molecules, the 

perhydrotriphenylene host structure is unstable and collapses to the pure crystalline phase 

of perhydrotriphenylene; this is similar to the behaviour of the host structure in urea 

inclusion compounds.

In the inclusion compounds of perhydlotriphenylene, although the general 

structure of the host remains tunnel-like, each different guest imposes subtly different 

structural properties on the perhydrotriphenylene host structure:

i) n-heptane/perhydrotiiphenylene inclusion compound

For the n-heptane/perhydrotriphenylere inclusion compound, only the host 

substructure can be solved, and has space group Pbg/m [lal = l&l = 14.40 A, lcl = 4.78 A, 

y - 120”] [2]. The host consists of stacks of the two different enantiomorphic forms of 

trans-anti-trans-anti-trans perhydrotriphenylene. Thus, the crystallographic mirror plane 

relates the different stacks of perhydrotriphenylene molecules [Fig. 6.2].
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Fig. 6.2: Structure of the peshyasotripheeyleer host structure (viewed down the c-

axis) in the n-bepraee/peshyasorsipbrnylenr teoluiioe compound. The internal diameter 

of the tunnels is ca. 5.5 A.

The long chain hydrocarbon guests are not located at specific positions within the 

host tunnel, but are observed as diffuse electron density along the tunnels. For e-brptaee 

guests, a periodicity of 10.69 A along the c-axis has been measured, suggesting that the 

host and guest substructures are iecommeniusatr along the tunnel axis. The guest 

molecules are not observed due to being highly mobile and disordered in the tunnels of 

the peshydsotripbeeySree. In contrast to e-aSkaee/urea inclusion compounds, in which
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the guest molecules are known to be predominantly in an all-trans conformation [4], the 

guest molecules in the n-aeptade/peraydrotriphenylene inclusion compound contain an 

extensive gauche conformation in order to best fit within the tunnel [5]. It has been 

shown that all-trans and skew(± 60°)-trans-skew(+ 60“) conformations for the carbon 

chain best fit the internal diameter of the perhydrotriphenylene tunnel.

u) CHCln/perhyddotriphnllylene inclusion compound

The CHClg/pe^hydrotriphenylene inclusion compound has space group Pbg/m [lal 

= 161 = 25.08 A, Id = 4.78 A, y = 120“] [2]. The similarities with the host structure in n- 

heptann/peraydrotriphenylene are clear, the difference being a three-fold increase in the 

size of the unit cell. This is, in part, as a consequence of the fixed location of the 

chloroform guest molecules at specific sites relative to the perhydrotriphenylene host 

structure. There are two crystallograpaically distinct CHCI3 molecules within the 

structure; one is located on a threefold axis, and the other is disordered about a six-fold 

axis.

iii) Cycloaexgoe/perhydrotriphenylene inclusion compound

This inclusion compound has the rhombohedral space group R3 [hl = Id = 25.55 

A, Id = 43.02 A] [2]. Seven cyclohexane molecules are located in one period of the host 

structure along the tunnel. The length of the c-axis is 9 times longer than that observed 

for i) and ii) above.

iv) DioxalVperhydrotriphenylnne inclusion compound

Like iii) above, this inclusion compound has space group R3 but with a different 

cell [l^l = Id = 25.11 A, Id = 28.68 A]. Id is six times longer than that for the n- 

aeptane/perhydrotriphenylene inclusion compound, and contains five diox^ molecules 

(Cg = 5.69 A) in one repeat of the host substructure.

The greatest interest in peraydrotriphenylene inclusion compounds has been in the 

study of polymerisation reactions, with the potential for the formation of highly 

stereoregular polymers by polymerisation of guest molecules. Most notable, in this 

respect, is the polymerisation of 1,3-peotadiene to l,4-tm/o,5-polypenta-l,3-diene
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(initiated by y-radiation), where the product polymer (obtained following dissolution of 

the host matrix) is the pure isotactic form [6-8]. The polymerisation proceeds via a free 

radical mechanism. Other polymers which have been included within the 

perhydrotriphenylene host structure include polyethylene, polyethylene oxide, 1,4-trans- 

polybutadiene and 1,4-polyisoprene. These inclusion compounds may be obtained either 

by inclusion of the preformed polymer or by reactions of suitable monomeric guests (e.g. 

ethene, butadiene, isoprene) inside the tunnels [6].

The perhydrotriphenylene host structure in these inclusion compounds is 

isomorphous with that in the n-heptane/perhydrotriphenylene inclusion compound. In the 

X-ray diffraction patterns for these inclusion compounds, discrete reflexions aie not seen 

from the guest species, though diffuse scattering is observed. This has been attributed to 

dynamic disorder of the polymer chains within the tunnels, as for the n- 

heptane/perhydrotriphenylene inclusion compound [9].

The dynamic and conformational properties of the polymers when constrained 

within the perhydrotriphenylene host structure, aie greatly different from those of the 

pure polymers in their amorphous or crystalline phases. For example, for lA-trans

polybutadiene in perhydrotriphenylene 2H NMR experiments have shown that rapid 

diffusional motion occurs about the tunnel axis with coinelation times X < 10'7 s at room 

temperature and x < 10"< s at 160 K [10]. In pure 1,4-franj-polybutadiene, no motion 

occurs in the crystalline regions on the % NMR timescale, whereas in the amorphous 

regions tetrahedral jumps occur (x < 10'7 s). Reduced mobility of the polymer chain for 

1,4-^m^,j-polypenta-1,3-diene in perhydrotriphenylene is consistent with steric hindrance 

of the pendant methyl groups with the perhydrotriphenylene host tunnel [8,11].

For the 1,4-polyisoprene/perhydrotriphenylene inclusion compound, the isoprene 

monomers are able to flip round end-to-end in the tunnels of the host prior to 

polymerisation, which ensures regiospecificity of the polymer [12]. However, as 

polymerisation can be initiated in opposite directions within the same tunnel, about 12 % 

of head-to-head and tail-to-tail ordering is found.
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The aims of the study undertaken here were twofold. We have investigated the 

potential for the formation of new linear polymers within the tunnels of the 

perhydrotriphenylene host structure. In the first case, the polymerisation of monomers 

which contain terminal amino and nitrile functional groups has been studied. 

Polymerisation of these monomers would give rise to the unusual, and relatively 

unstable, amidine bridging group. Second, the formation of linear polyalkyleneamines, 

via the reaction of ammonia with alkyl dihahdes, has been studied.

6.2 Reactions of the 6-AminocapronitriIe/PerhydrotriphenyIene 

Inclusion Compound

6.2.1 Background

Upon reaction between an amino group and a nitrile group, three possible

bonding configurations can be envisaged [Fig. 6.3].

I

N.

H
J n

Fig. 6.3: Diagram of the three possible bonding configurations for the amidine

group.

H
I

N,

J n

These linking groups can be readily distinguished by a combination of NMR 

spectroscopy and infrared spectroscopy, due to the characteristic shifts and frequencies of 

the functional groups present within each linkage. While configuration III can be 

identified due to the presence of peaks in the alkene region (110-140 ppm) of the 13C 

NMR spectrum, the N-H band of the infrared spectmm needs to be considered closely in
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order to distinguish I and n. The occurrence of two bands in this region (3500-3300 cm- 

1) would indicate that the amine is primaiy (as in configuration II), whereas one weak 

band would suggest the presence of a secondary amine (configuration I). Additionally, 

for configuration I, the C=N-H group would be expected to show an additional band of 

medium strength in the region of 3400-3300 cm-l for N-H stretch. [The position of this 

hydrogen in the !h NMR spectrum is variable, so it is not possible to use this 

information to assign the conformation.] Polymerisation to produce configuration I is 

perhaps the most favourable, as this involves the least realdrdgement.

In order to rationalise the polymerisation of guests resulting in the formation of 

amidine linking groups, studies were canied out on the inclusion compound formed 

between 6-aminocapronitrile [H2N(CH2)sCN] and perhydrotriphenylene.

Preliminary solid state 13C NMR experiments had shown a peak at ca. 162 ppm 

after heating the 6-aminocapdonitlile/perhydrotliphenylnne inclusion compound to 50 °C - 

this peak is in the chemical shift region corresponding to a carbon-nitrogen double bond 

(C=N), as in the amidine linkages in I and II above. A change in colour from white to 

yellow was also observed [13].

The perhydrotriphenylene host structure promotes the positioning of the guest 

molecules in the desired steric orientation to enable the polymerisation to occur most 

favourably. The guest molecules are known from previous studies to favour a head to tail 

alignment (i.e. NH2 adjacent to the CN of the next guest molecule in the tunnel) [Fig. 4] 

[13].

Fig. 6.4: A single tunnel of the peraydrotriphenylene host, showing the favoured

head to tail aagnment of the 6-amroocaprooitrile guest molecules within the tunnel.
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The walls of the perhydrotriphenylene tunnel provide a flexible environment in 

which the short guest molecules are able to reorientate themselves to achieve this ordered

arrangement, in a similar manner to isoprene guest molecules [12].

6.2.2 Experimental

Perhydrotriphenylene was synthesised by the hydrogenation of 

dodecahydrotriphenylene (300 °C, 3000-4000 psi, 10% Pd/C catalyst) in n-heptane, and 

recrystallised from n-heptane. The product was sublimed (120 °C, 0.02 mmHg) to 

remove the n-heptane. The perhydrotriphenylene was characterised by powder 

diffraction and the purity was shown by gas chromatography to be > 99 %.

6-aminocapronitrile (Aldrich, 97 %) was purified by redistillation (57-58 DC, 

0.07 mmHg) before use.

Crystals of 6-aminocapronitrile/perhydrotriphenylene were grown by dissolving 

perhydrotriphenylene in pure 6-aminocapronitriie at 115 °C and slowly cooling the 

solution to 0 °C. Similarly, crystals of perhydrotriphenylene with X(CH2)rX; X = Br, 

Cl, r = 4-6, were grown by dissolving the perhydrotriphenylene in the appropriate pure 

a,co-dihaloalkane at 90 "C, and cooling the solution to room temperature. In both cases, 

the crystals formed were filtered off and dried between two sheets of lens paper (to 

remove as much free guest adhering to the crystal surfaces as possible).

Crystals of 6-aminocapronitrile/perhydrotriphenylene were heated (to induce 

polymerisation) on a home made hot stage microscope, allowing any visual changes to be 

easily observed.

Solution NMR spectra were recorded on a 400 MHz spectrometer. Solid state 

NMR spectra were recorded on a Bruker MSL-300 spectrometer. Infraied spectra were 

recorded for samples dispersed in KBr discs on a Galaxy 4020 Series FT-IR. Gas 

chromatograms were recorded on a Hewlett Packard 5810 Series II gas chromatograph.
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6.2.3 X-Ray Diffraction

X-ray diffraction oscillation photographs, recorded for rotation of a single crystal 

about its tunnel axis, confirmed the formation of the 6- 

aminocapronitrile/perhydrrtrlphenylene inclusion compound. The features of the 

diffraction pattern were consistent with the known structure of the inclusion compounds 

with other linear guests such as n-heptane [Space group P6g/m: laf = Kh = 14.4 A, Ich = 

4.81 A].

No scattering, either diffuse or discrete, was observed from the guest, probably 

as a consequence of dynamic disorder of the guest molecules; it is probable oscillation 

photographs recorded at low temperature may allow X-ray diffraction maxima for the 

guest substructure to be observed.

6.2.4 Discussion

Single crystals of the 6-aminocapronitrile/perhydrotriphenylene inclusion 

compound were heated to 50 °C and 70 °C on a hot stage microscope. In both cases, 

there appeared to be some decomposition of the ciystals (the clear faces of the crystals 

turning opaque) though the general morphology of the crystals remained needle shaped. 

Continued heating of the crystals to 125 °C resulted in the crystals melting - this is the 

melting point of pure perhydrotriphenylene. There was no change in the colour of the 

crystals. iH and 13C solution NMR of the crystals after heating to 50 °C and 70 °C 

(dissolved in CDCI3) showed no change in the chemical shifts from those observed for 

the umeacted crystals.

All solution state 13C NMR spectra show three large peaks at 47.1 ppm, 30.1 

ppm and 26.6 ppm, corresponding to CH, a-CHy and (--CH2 of 

respectively. Peaks ccrresppnnrnrto the guestare seen alt 119.6 ppm (CN), 41.8 ppm 

(CH2-NH2), 32.8 ppm (CH2-CH2-NH2), 26.0 ppm (CH2-CH2-CH2-NH2), 25.3 ppm 

(CH2-CH2-CN) and 17.1 ppm (CH2-CN).
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Spectra 6.1: Solution state 13C NMR spectra for the inclusion compound formed

between 6-aminocapronitrile and perhydrotriphenylene, dissolved in CDCI3, recorded

for: (a) crystals kept at room temperature, (b) crystals that had been heated to 50 °C, and

(c) crystals that had been heated to 70 °C.
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All solution state 1H NMR spectra show four large peaks at 1.96 ppm, 1.70 ppm, 

1.14 ppm and 0.68 ppm, corresponding to the hydrogens of perhydrotriphenylene. Well 

defined triplets are seen at 2.71 ppm (CH2-NH2) and 2.35 ppm (CH2-CN). Note that the 

protons on the carbon a to the amine group are coupled only to the adjacent methylene 

protons - this indicates that there is rapid exchange of the protons on the nitrogen. The 

resonances for two other sets of methylene H atoms on the alkyl chain of the guest are 

found beneath the resonances due to the perhydrotriphenylene at 1.70 ppm and 1.14 

ppm. The remaining CH2 resonance and the NH2 resonance (the position of which 

varies significantly depending on hydrogen bonding and solvent effects) give rise to the 

pair of peaks at ca. 1.4-1.5 ppm.

The peaks due to the guest were less intense for the material that had been heated 

to 50 °C than for the unreacted inclusion compound; this was attributed to removal of 

unincluded guest from the surfaces of the crystals upon heating to 50 °C [Spectra 6.1(a)— 

(c) & 2(a^^-c)I. For the sample thaa had been heeted to 70 0 C, the absencc of peaks due 

to the guest indicates that substantial decomposition of the inclusion compound had 

occurred, with the guest removed from the tunnels. There was no evidence for a peak in 

the 13C solution NMR spectra in the region of 160 ppm. Sensitivity in the spectra was a 

problem, with the peaks observed for the guest being very small in relation to those for 

the host. This is as a consequence of the fact that a large percentage of the sample (> 90 

% by mass) is pdrhydrotriehecylene.
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(a)

Spectra 6.2: Solution state *H NMR spectra for the inclusion compound formed

between 6-aminocapronitrile and perhydrotriphenylene, dissolved in CDCI3, recorded

for: (a) crystals kept at room temperature, (b) crystals that had been heated to 50 °C, and

(c) crystals that had been heated to 70 °C.
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Infrared spectra were recorded for an unreacted sample of the 6- 

dmicocapronitrild/perhydrotriphenylene inclusion compound and for samples of this 

inclusion compound that had been heated to 50 °C and 70 °C [Spectra 6.3(a)—(c)]. All 

spectra are dominated by intense C-H stretching modes in the region 2800-30^)0 cm'l. In 

the spectra of both the ucreacted inclusion compound and the sample heated to 50 °C, a 

small, weak band is observed at around 2244 cm-l, corresponding to the CN stretching 

mode (this is absent from the spectrum of the sample heated to 70 “C). In the spectrum of 

the sample heated to 50 °C, an additional broad band appeared at around 3328 cm’l, 

which is in the region of N-H stretching modes. There were no peaks in this region 

before heating, suggesting that this may be due to the N-H stretch of the C=N-H group in 

configuration I. Again, in all these spectra, these features were very weak compared to 

the C-H stretching band, rendering new bands difficult to detect.
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Spectra 6.3: Infrared spectra for the inclusion compound formed between 6-

aminocapronitrile and perhydrotriphenylene, dispersed in KBr discs, for: (a) crystals kept

at room temperature, (b) crystals that had been heated to 50 °C, and (c) crystals that had

been heated to 70 °C. The spectra are shown over the range 3600-2000 cm'k
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Solid state 13C NMR spectra, recorded before and after heating the 6- 

aminocapronitrile/perhydrotriphenylene inclusion compound to 50 °C [Spectra 6.4(a) & 

(b)], show many of the same features as the solution 13C NMR spectra. Peaks at 47.5 

ppm, 31.0 ppm and 27.7 ppm, correspond to the perhydrotriphenylene. Peaks due to the 

guest are at 119.1 ppm (CN) and 17.4 ppm (CH2-CN). Splitting of the nitrile peak as a 

consequence of residual dipolar interaction between 13C and 14N is observed. The peaks 

due to other carbons of the guest are obscured by the resonances from the 

perhydrotriphenylene. In addition to these peaks, an additional resonance is observed at 

164.79 ppm. This is in the region expected for C=N, and indicates that some degree of 

polymerisation has occurred. However, this peak is also observed in the spectrum for the 

umeacted inclusion compound. This could be explained by either: (a) In the formation of 

the inclusion compound, heating of the solution to 120 °C may have resulted in some 

polymer forming prior to crystallisation or after the crystallisation process had started but 

while the solution was still warm - in this case, though, the band in the infrared spectrum 

at 3328 cm"1 would be expected to be observed for the unreacted material; (b) A period 

of several months elapsed between synthesis of the sample and recording the solid state 

13c NMR spectra, during which the sample was stored at room temperature. It may be 

that the reaction does occur at temperatures lower than 50 °C, but the rate of reaction is 

much slower.
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(a)

Spectra 6.4: Solid state 13C NMR spectra for the inclusion compound formed between 

6-aminocapronitrile and perhydrotriphenylene, recorded for: (a) crystals kept at room 

temperature, (b) crystals that had been heated to 50 °C.
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6.3 Reaction of a,rn-Dihaloalkane/Perhydrotriphenylene Inclusion 

Compounds with NH3

6.3.1 Background

It is well known that the reaction of alkyl halides with ammonia or amines results 

in the formation of ulkylammes [14]. However, because secondary amines are more 

reactive than primary amines (and primary amines are more reactive than ammonia), full 

alkylation at the nitrogen occui's, and either tertiary amines or quaternary alkyl ammonium 

salts are formed [Fig. 6.5].

Fig. 6.5: The reaction of 1-chlorobutane with ammonia. The reaction proceeds, via

the formation of primary and secondary amines, towards full alkylation around the

nitrogen.

In the reaction of aqco-dihaloalkanes with ammonia, the same reaction results in 

the formation of a cross-linked polymer, which contains no stereoregularity and 

consequently has non-uniform properties.
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Linear unbranched polymers which contain nitrogen atoms spaced along the 

polymer chain at regular intervals are highly stable (to > 300 DC) and possess novel 

properties, such as water solubility. It is also possible to control the substitution of the 

remaining amine hydrogen, enabling the synthesis of functionalised derivatives of the 

polymer. In the studies undertaken here, the aim was to determine a simple method for 

synthesising these linear polyalkyleneamines.

Previously, the only unbranched polyalkyleneamine to be synthesised was 

polyethyleneamine, from the ring opening of aziridine [Fig. 6.6] [14].

N
H

Fig. 6.6: Ring opening reaction of aznidine to produce polyethyleneamine polymer.

It has not been possible to synthesise, in any significant yield, the polymers with 

longer alkyl chain spacers between the NH groups (e.g. polypropyleneamine). 

Perhydrotriphenylene inclusion compounds provide the environment within which it may 

be possible to synthesise these "longer" polymers. Because the tunnels in the 

perhydrotriphenylene host structure are uni-directional, cross-linking between polymer 

chains formed in adjacent tunnels is prohibited.

The inclusion of atco-dihaloalkane molecules within the perhydrotriphenylene 

host structure, and the subsequent diffusion of ammonia into the system, provides a 

possible mechanism through which the polymerisation may occur. The cross-sectional 

area of the tunnels is sufficiently large that ammonia can diffuse into the system. It has 

been found previously, in the case of the 11 -fluoroundecanol/perhydrotriphenylene 

inclusion compound, that washing the crystals with water results in the water entering the 

tunnels to give a 1:1 molar ratio with the guest [15]. The ammonia molecule is of similar
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size to water, and so it is expected that ammonia may also be able to diffuse into the

tunnels.

In the experiments described here, both dibromoalkanes and dichloroalkanes have 

been studied. While bromoalkanes are more reactive to ammonia than chloroalkanes, 

they are not necessarily more suitable for the formation of alkyleneamine polymers. If the 

substitution of Br is too fast, it is possible that diamines may be formed before adjacent

guests can react together.

6.3.2 Experimental and Discussion

Perhydrotriphenylene was synthesised as described previously (Section 6.2.2). 

Crystals of X(CH2)rX/perhydrotriphenylene; X = Br, Cl; r = 4~6, were grown by 

dissolving the perhydrotriphenylene in the appropriate pure a,m-dihaloalkane at 90 °C, 

and cooling the solution slowly to room temperature. The crystals formed were filtered 

and dried between two sheets of lens paper (to remove as much free guest adhering to the 

crystal surfaces as possible).

To test the suitability of a, o-dihaloalkane/perhydrotriphenylene inclusion 

compounds for producing linear1 alkyleneamine polymers, various sets of conditions and 

reactants were considered.

Both powdered samples of the inclusion compound and single crystals were 

studied. While using a powdered sample maximises the surface area and increase the 

probability of the ammonia diffusing into the tunnels compared to single crystals, the 

maximum length of the linear polymer chains that may be obtained is reduced.

In the initial experiments, a small molar excess of ammonium hydroxide 

[NH3.H2O] was added to samples of the a,co-dihaloalkane/perhy drotriphenylene 

inclusion compound in a flask and shaken in an ultrasonic bath for ca. 3 hours at 

temperatures up to 40 °C.

The results are illustrated for 1,6-<^^:ibromohexane^/pe]^1hydrotriphenylene in Spectra 

6.5(a)-(b) & 6.6(a)-(b).
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Spectra 6.5: Solution state 13C NMR spectra (solvent CDCI3) recorded for: (a) the 1,6- 

dibromohexane/perhydrotriphenylene inclusion compound, and (b) the 1,6- 

dibromohexane/perhydrotriphenylene inclusion compound after shaking with ammonium 

hydroxide and ethanol at 40 °C for 3 hours.
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Spectra 6.6: Solution state *H NMR spectra (solvent CDCI3) recorded for: (a) the 1,6- 

dibromohexane/perhydrotriphenylene inclusion compound, and (b) the 1,6- 

dibromohexane/perhydrotriphenylene inclusion compound after shaking with ammonium 

hydroxide and ethanol at 40 °C for 3 hours.

195



The solution 13C NMR spectra (solvent CDCI3) show the three large peaks at

47.1 ppm, 30.1 ppm and 26.6 ppm, corresponding to the Pe^cs

for the guest occur at 33.6 ppm (CH2-Br), 32.5 ppm (CH2-CH2-Br) and 27.3 ppm 

(CH2-CH2-CH2-Br). In the NMR spectrum, the guest resonances occur at 3.42 ppm 

(CH2-Br; triplet), 1.88 ppm (CH?-CH?-Br: multiplet) and 1.45 ppm (CH9-CH9.-CH9.-Br; 

multiplet). These results reveal that no reaction of the guest molecules has occurred for 

either the dibromoalkanes or dichloroalkanes.

In previous preparations of branched alkyleneamine polymers, ethanol had been 

frequently used as solvent for the reaction [14]. However, addition of ethanol to the 

reaction flask in our experiment did not lead to any reaction.

As an alternative source of nitrogen, liquid ammonia rather than ammonium 

hydroxide was tried. Excess liquid ammonia was added to a 95 % ethanol solution 

containing the 1,5-dibromopentane/perhydrotriphenylene inclusion compound at -40 °C 

(dry ice/acetone bath) in a sealed system. After a period of ca. 3-4 hours, the excess 

ammonia was removed and the ethanol solution filtered off. The crystals were clearly 

seen to have undergone a change in their morphology. Solution 13C NMR showed that 

this solid was pure perhydrotriphenylen/. There was no evidence for inclusion of ethanol 

within the perhydrotriphenylene.

On evaporating off the ethanol from the filtrate, a solid residue was left behind. 

Preliminaiy solution *H NMR of this solid (dissolved in d6-dimethylsulphoxide) clearly 

shows that the peak at 3.42 ppm, due to CH?-Br (triplet) in the r,5-dibl•omopentan/, has 

disappeared, and a new triplet appears at 2.98 ppm [Spectra 6.7(a)-(b)]. This is in the 

region expected for the hydrogens of a methylene group adjacent to a protonated amine 

group (CH2-NR3+). The multiplet at 1.62 ppm may be assigned to CH?.-CH?-NR3+. It 

is not, however, possible to conclude from this whether the amine is secondary or tertiary 

and thus whether a cross-linked or linear polymer has been formed. Further hl and 13C 

NMR studies of the deprotonated ammonium salt are required before the product can be 

fully characterised. Insufficient product was obtained from the reaction for an infrared 

spectrum to be recorded.
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Spectra 6.7: Solution state NMR spectra recorded for: (a) the 1,5- 

dibromopentane/perhydrotriphenylene inclusion compound (solvent CDCI3), and (b) the 

residue left from the ethanolic solution, after evaporation of the ethanol (solvent d6- 

DMSO), from the reaction of the 1,5-dibromopentane/perhydrotriphenylene inclusion 

compound with liquid NH3. [Spectrum (b) is dominated by impurity peaks due to water 

(3.4 ppm) and undeuterated DMSO (2.5 ppm) in the d6-DMSO.]
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It is not dear from these results whether the reaction occurred within the tunnels 

of the perhydrotriphenylene inclusion compound, or outside the inclusion compound.

If the polymer is found to be linear, this would suggest that the reaction occurred 

within the tunnels, followed by a decomposition of the inclusion compound, liberating 

the polymer into the ethanol solution. Alternatively, branching in the product would 

strongly imply that the inclusion compound decomposed prior to reaction with NH3, and 

that the branched polymer is formed in the solution phase. It could be envisaged that 

linear polymer may further react in the solution phase, after decomposition of the 

perhydrotriphenylene host had occurred, in the presence of excess NH3.

Further NMR studies, as indicated above, are vital before these questions can be 

answered.

6.4 Conclusion

From the combined evidence of infraied spectroscopy and solid and solution state 

13C NMR, several conclusions can be drawn about the fonnation of the amidine bridged 

polymer from 6-aminocapronitrile monomers, in the perhydrotriphenylene inclusion 

compound. On heating the 6-aminocapronitrile/perhydrotriphenylene inclusion 

compound to 50 °C, polymerisation of the guest molecules occurs with the generation of 

a linking group containing a carbon-nitrogen double bond. This excludes the formation 

of configuration III as the linking group. A change is also observed in the infrared 

spectrum with the appearance of a new single band in the N-H stretch region (3328 cm-1); 

we suggest that this is the N-H stretch for the C=N-H group in configuration I (expected 

as a medium strength band at 3400-3300 cm-l), as the primary amine (configuration II) 

would give rise to two bands. As mentioned before, the linkage in configuration I 

requires least rearrangement of the nitrile and amine groups.

The absence of a peak at ca. 162 ppm in the solution state i3C NMR spectra 

suggests, however, that the polymer is too unstable to exist outside the confinement of 

the perhydrotriphenylene host tunnel structure - the polymer reverts to the 6- 

aminocapronitrile "monomer" units upon dissolution of the host matrix. Also, the
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solution 13C NMR and infrared spectra of the inclusion compound that had been heated to 

70 °C show that the guest has been lost from the tunnels of the perhydrotriphenylene host

structure.

The sensitivity of the techniques used has been a problem here in obtaining results 

on this system. Due to the fact that the vast majority of the sample is 

perhydrotriphenylene (> 90 %), the features of interest, in relation to polymerisation of 

the guest molecules, are relatively weak. In this respect, labelled compounds will provide 

an avenue for future work. In particular, 13C or l4N labelling of the nitrile group will 

facilitate the assignment of the mechanism for amidine polymer formation.

It has been demonstrated, from the preliminary experiments on the reaction of the 

a><»-drhaloalkane/perhydrotriphenylene inclusion compound with NH3, that there is 

potential for the formation of amines. Although it has not yet been possible to ascertain 

whether the reaction occurs inside or outwith the perhydrotriphenylene host stmcture, 

there is still considerable scope for tuning the reaction conditions (e.g. examining more 

closely the role of the ethanol). Even if the reaction does not produce the regular linear 

polymers that are the target of this work (e.g. if the ammonia is unable to diffuse into the 

tunnels) there is the possibility to use haloalkylamines [X(CH2)nNH2; X = Br, Cl] as 

guest, with the host constraining the guest molecules to approach in the required 

orientation for reaction. For such guests handling in the pure state may be problematic - 

X(CH2)4NH2 and X(CH2)5NH2 readily cyclise to give pyrrolidine and piperidine 

respectively. In such cases, formation of tunnel inclusion compounds with 

perhydrotriphenylene could indeed be exploited as a means of "storing" such unstable 

guest molecules.
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Chapter 7

High-Resolution Solid State 13C NMR Studies 
of Metallocenes as a Function of Magic Angle 

Sample Spinning Frequency

7.1 Solid State NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has been known for almost 50 

years, first being observed in 1946. It has only really come to full fruition, however, 

since the 1970's and the advent of Fourier transform NMR, and is now recognised as one 

of the most powerful spectroscopic techniques [1].

While much of NMR spectroscopy is applied to the analysis of liquid samples, 

solid state NMR can probe properties of all types of solid, which may be difficult to 

investigate by other methods. For example, it is possible to gain a knowledge of the 

kinetics of motions (e.g. chemical exchange) occurring within a solid. In relation to 

crystallography, NMR can be used to determine the composition of the crystallographic 

asymmetric unit, and to supplement X-ray diffraction data by providing information on 

the positions of H atoms and detecting hydrogen bonding ainangements [1].

The basic theory behind solid state NMR is the same as that for solution state 

NMR. However, in order to obtain high resolution solid state NMR spectra there are 

several important problems, which do not apply to liquids, which must be overcome. 

These problems are discussed here with regard to 13C NMR, but are valid for all dilute 

spin - nuclei [2].

For dilute spin - nuclei, there are many nuclear interactions which affect the 

properties of the nuclei in a magnetic field, of which the major ones are the direct and 

indirect dipole-dipole interactions between magnetic nuclei, and electron shielding, which 

alters the effective external magnetic field experienced at the nucleus. In solution NMR, 

these interactions are averaged by rapid molecular tumbling - the direct dipole-dipole
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interaction is averaged to zero, the indirect dipole-dipole interaction to the scalar coupling 

constant (J), and the chemical shift anisotropy to the chemical shift (8). However, in 

solids this is generally not the case, as the molecules are in a fixed (or spatially restricted) 

environment within the sample. In order to obtain high resolution solid state NMR 

spectra, similar to those for liquids, these interactions must be averaged by other 

methods. For dilute spin - nuclei in solid samples, the two major contributions to NMR 

line-broadening arise from chemical shift anisotropy (CSA) and direct heteronuclear 

dipole-dipole interactions.

i) Chemical Shift Anisotropy

In a powdered solid, all orientations of a molecule relative to the external magnetic 

field (Bo) are present. Each of these orientations has a different chemical shift, and 

consequently the NMR spectrum obtained is a superposition of the resonances obtained 

from different crystallrtes [3], leading to a broad line powder pattern.

To remove this broadening an equivalent to the tumbling of molecules in liquids is 

required. This is achieved by a process known as magic angle sample spinning (MAS) 

[4,5]:

The chemical shift teim for an AX system is given by:

v = VA ±|r(3cos20 - 1) Eq. 7.1
\

where va is the Larmor frequency, R is the dipolar coupling constant, and 0 is 

the orientation of the ccystal with respect to the external magnetic field, and can take any 

value for a polycrystalline powder.

However, it can be shown that if the sample is rotated about an axis at an angle p 

to Bo [Fig. 7.1], in the limit of sufficiently rapid rotation, the average value of (3cos20 -

1) isgiven by:

<3cos20 - 1> = &3cos2P - 1)(3cos2% - 1) Eq. 7.2
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where % = p - 0. The angle p is under the control of the experimenter.

Fig. 7.1: Diagram of the geometric relationship for a sample rotating at an angle p

to the magnetic field.

If p = cos"1(l/a/3) = 54°44', then <3cos20 - 1> = 0. Rotation of the sample (at 

frequency Vr) about an axis inclined at this angle P with respect to the applied magnetic 

field, will transform an NMR line-broadened by CSA effects. For sufficiently rapid 

rotation, only a single line corresponding to the isotropic peak would be observed. The 

position (i.e. chemical shift) of the isotropic peak is independent of Vr. In practice, it is 

not possible to attain these high spinning speeds, and consequently the line is split into a 

set of comparatively narrow equally spaced lines consisting of the isotropic peak and 

spinning sidebands. The spacing between adjacent lines is equal to the spinning 

frequency, Vr.

ii) Heteronuclear Dipole-Dipole Interaction

For most organic solids with natural isotopic abundance, the only appreciable 

dipole-dipole interaction directly affecting the 13C NMR spectrum is that between 13C and 

JH [3]. Due to the fact that each nuclei is in a fixed environment within the solid, and that 

all orientations of molecules with respect to the external magnetic field are present, the
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dipolar coupling is different for different molecular orientations resulting in broader lines 

in the spectrum. [As before, in solution rapid tumbling of the molecules in the sample 

ensures that the direct dipole-dipole interaction is averaged to zero]. The magnitude 

(Add) of this interaction (typically ca. 30 kHz for rigid organic solids) is usually 

significantly larger than the maximum experimentally attainable MAS frequencies, and, in 

general, substantial averaging of this interaction in order to give high-resolution spectra 

cannot be achieved using MAS. For this reason, high power JH decoupling is generally 

applied (in addition to MAS) during acquisition of the 13C free induction decay in order to 

eliminate line-broadening due to the direct 13C-lH dipole-dipole interactions. [It should 

be noted that such high power *H decoupling wiU also eliminate splitting of 13C spectral 

lines due to the indirect (electron-coupled) ^C-^H dipole-dipole interaction (which is 

rendered isotropic by MAS), and that the effects of direct l3C-13C dipole-dipole 

interactions in samples with natural abundance 13C are generally insignificant].

There is an important distinction between the way in which the effects of CSA and 

direct dipole-dipole interactions are affected by MAS [4,6]. In the case of an NMR line- 

broadened by CSA, relatively slow MAS is generally sufficient to break up this line into 

the set of narrow, equally spaced lines discussed above (this arises even for Vr « Acsa, 

where AcsA denotes the linewidth, due to CSA, for the static (i.e. Vr = 0) polycrystalline 

sample). For an NMR line-broadened by direct dipole-dipole interaction, on the other 

hand, significant line-narrowing will occur only when Vr is in the region of (or greater 

than) the magnitude of the dipole-dipole interaction. As discussed by Maricq and Waugh 

[3], this difference arises from the fact that CSA gives rise to inhomogeneous broadening 

of the spectral line, whereas dipole-dipole interaction is a source of homogeneous 

broadening. It can be shown that the value of Vr required to achieve effective line

narrowing is larger (relative to the linewidth of the static sample) in the case of 

homogeneous broadening. Furthermore, for a system in which there are sources of both 

homogeneous and inhomogeneous line-broadening, the resultant behaviour (with respect 

to the effect of MAS discussed above) is that of a homogeneously broadened system.
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7.2 Solid State NMR of Metallocenes

In this chapter, we report high-resolution solid state 13C NMR spectra of 

metallocenes [(r^^^^JMCr^^^); M = Fe, Ni, Ru] recorded as a function of magic 

angle sample spinning frequency. It is well known [7-9] that, at room temperature, there 

is substantial molecular motion in crystalline ferrocene. The existence of two solid 

phases of ferrocene, interconverted at 163.9 K, was demonstrated [10] via heat capacity 

measurements in the range 125-200 K. Reorientation of the cyclopentadinnyl (C5H5) 

rings, which is thought [11-13] to involve a five-fold jump mechanism, occurs both in 

the low-temperature and high-temperature phases. A relationship between the correlation 

time for this motion and temperature has been established [11] for the high-temperature 

phase; the correlation time at 293 K is tc = 5 x 10_12 s. The correlation time for ring 

reorientation in nicknlrcene at room temperature is essentially the same as that for 

ferrocene, whereas the correlation time for ring reorientation in ruthenrcenn is 

significantly longer (tc = 5 X 1O'10 s at 293 K) [11,12]. It has been suggested [8] that 

there may be some additional slower molecular motions in ciystalline feiTocene at ambient 

temperature. All experiments reported in this study were carried out at (or close to) 293 

K, and hence the coinelation time for molecular motion for a given metallocene can be 

assumed to be constant for the set of results presented here.

In l3C NMR spectroscopy of crystalline metallocenes, CSA and direct l^C-lpI 

dipole-dipole interaction are important sources of line-broadening. Suwelack et al [14] 

have given a detailed theoretical and experimental consideration of the linewidth of the 

isotropic peak, recorded under MAS conditions, for a spin system that is broadened by 

CSA. One major result of their work was the demonstration that, by studying the 

valuation of linewidth with temperature (and hence the variation of linewidth with 

correlation time), detailed information relating to slow molecular motions could be 

elucidated. It was also shown theoretically and experimentally (see Fig. 10 of ref. 14) 

that, at fixed temperature, the linewidth of the isotropic peak decreases as the MAS 

frequency (vr) is increased, approaching a limiting value at sufficiently large vr (see also 

relevant aspects of ref. 15).
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In a second paper, Rothwell and Waugh [16] considered the linewidth of a spin 

system S, dipolar coupled to an unlike spin system /, under conditions of isotropic 

molecular motion and decoupling of the I spins. Again, it was shown that parameters 

relating to the molecular motion could be determined by studying the variation of 

linewidth as a function of temperature (and hence as a function of conelation time xc). Of 

more relevance to the work reported here, however, was the consideration of how the 

linewidth varies with decoupler field strength (denoted ©i). It was shown (see Fig. 3 of 

ref. 16) that, in the limit of long correlation time (i.e. ©iX » 1), the linewidth is 

proportional to c^i2, whereas in the limit of short correlation time (i.e. ©jx « 1), the 

linewidth is independent of ©i. Thus, for a sample at fixed temperature (and hence fixed 

tc), the linewidth would be expected either to decrease as the decoupler field strength is 

increased (in the long correlation limit of the sample of interest) or to be independent of 

the decoupler field strength (in the short correlation limit). The effects of anisotropic 

molecular motion on the measured spectrum were also discussed briefly in ref. 16, it 

being shown that the extent of the broadening effects observed are lessened due to only 

part of the total interaction between the decoupler field and the sample to be time 

dependent.

Here, we consider a situation in which both MAS frequency and decoupler field 

strength are important in controlling the linewidth of the isotropic peak. If the separate 

effects discussed above can be combined in a simple way, then it should be expected that: 

(a) at fii^c^dtt^r^^p^^rattirr^ and fixed decouj^ler fild strength, the lii^e^^ii^ttisi^oull^. d^crr^cise^ 

with idcressidg MAS frequency (at least up to a limiting value, beyond which the 

linewiete should be effectively independent of the MAS frequency); and (b) at fixed 

temperature and fixed MAS frequency, the linewidth should either decrease or remain 

constant as the decoupler field stiength is increased, depending on the relevant regime of 

the sample at the temperature of interest (i.e. whether it is in the long codclatiog limit or 

the short con'elation limit, respectively).

We focus here on an investigation of how the lidewieth of the isotropic peak of 

metallocenes varies with MAS frequency. It is shown that, for ferrocene and
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ruthenocene at room temperature, the effects of MAS frequency and lH decoupler field 

strength on the 13C NMR linewidth cannot be combined in this simple way, since the 

effective decoupler field strength is modulated by altering the MAS frequency. 

Nickelocene is paramagnetic, and for this reason it is not valid to consider nickelocene in 

the same way as ferrocene and ruthenocene in relation to the NMR properties discussed 

here.

7.3 Experimental

A polycrystalline sample of ferrocene was obtained by recrystallisation from 

hexane, and powder X-ray diffraction confirmed that it was a monophasic sample of the 

high-temperature phase. This sample of ferrocene, with natural isotopic abundances, is 

subsequently denoted ferrocene-hio to distinguish it from the sample of perdeuterated 

ferrocene (ferrocene-dio) discussed later. Samples of nickelocene and ruthenocene were 

used as received.

Finely ground samples of each metallocene were packed into zirconia rotors (4 

mm external diameter) for use in the MAS NMR experiments. The same samples of 

metallocenes was used in all the NMR experiments reported here, and the zkconia rotors 

were not emptied and repacked at any stage during the series of experiments.

13c NMR spectra were recorded at 125.758 MHz on a Bruker MSL500 

spectrometer using a standard Bruker magic angle spinning probe (with double-bearing 

rotation mechanism). MAS frequencies of between ca. 1 kHz and 12 kHz could be 

attained using this probe, with stability typically better than ca. ± 10 Hz. All spectra were 

recorded at room temperature (293 ± 2 K).

Except where specifically indicated otherwise, the pulse sequence used to record 

the spectra involved a single i3C 90“ pulse, with high power lH decoupling applied 

during acquisition of the 13c free induction decay. Typical experimental parameters 

were: 13C 90“ pulse length = 3.5 jis; recycle delay = 10 s. [Note that such spectra are 

normally recorded using the l3C CPMAS method (which combines the cross polarisation 

(CP) and magic angle sample spinning (MAS) techniques together with high power lH
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decoupling). Due to the short Ti(13c) for ferrocene at room temperature, and the 

extensive molecular motion in this system (which renders cross-polarisation 

comparatively inefficient), spectra recorded using the "single pulse" 13C method on this 

sample had signal/noise ratios comparable to, or better than, those of spectra recorded 

using the 13C CP-MAS method].

The Hl decoupler field was set on resonance for the JH of /elTocene-hro , and the 

decoupler field strength controlled via the Brnker software used. An accurate assessment 

of the decoupler field strength used in recording the 13C spectrum was made by 

measuring (for adamantane) the length of the iff 90“ pulse (Tpo^H)), when using the 

same level of r.f. power applied to the iff channel as that used for the iff decoupling field 

in measuring the lrC spectra. For the discussion of results, x^^(^H) has been converted 

to a decoupling frequency Vj, with Vj obtained from:

1
4 T9o(1H)

Eq. 7.3

Vj is related to the dncouplnr field strength Hi and to the parameter ©% (used in 

ref. 16) by the equations:

Y(lH)H! coi 
1 2 k 2 k Eq. 7.4

where y is the magnetogyric ratio.

The linewidth of the isotropic peak in the lrC NMR spectrum was measured as 

the full width at half maximum height; the experimental error in the measured linewidth is 

estimated to be less than ca. ± 5 Hz.

7.4 Results and Discussion

High resolution lrC NMR spectra of ferrocene-hio were recorded initially at two 

different settings (v% = 64.9 kHz and 26.6 kHz) of the decoupler field strength, and at 

several MAS frequencies (vr) ranging from ca. 1 kHz to 11 kHz. The spectmm at Vr ~ 5
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kHz was recorded at the start and again at the end of the series of experiments to confirm 

that no irreversible changes in the spectrum had occurred as a consequence of subjecting 

the sample to the high rotation rates. The variation of linewidth (A) of the isotropic peak 

as a function of Vr is shown in Fig. 7.2. Clearly, at a given decoupler field strength, A 

increases as Vr is increased, and this increase is approximately linear, particularly at the 

higher decoupler field strength. Furthermore, the gradient of this graph is greater for the 

lower decoupler field strength. At fixed Vr, the linewidth A is, as expected, smaller at 

higher decoupler field strength, as shown in Fig. 7.2.

Fig. 7.2: Linewidth (A) of the isotropic peak in the 13C NMR spectrum of

ferrocene-hjo versus MAS frequency (vr). The spectra were recorded at decoupler 

field strengths corresponding to Vj = 64.9 kHz (□) and Vj = 26.6 kHz (A).

This observation that the linewidth of the isotropic peak for ferrocene-hio at room 

temperature increases as the MAS frequency is increased contrasts markedly with the 

general comments in Section 7.2 that, under conventional conditions, A is expected to 

decrease, or remain constant, as Vr is increased. It is proposed here that the observed 

increase in A with increasing Vr for ferrocene-hio is arising not because of a direct
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influence of MAS on either the chemical shift anisotropy or the direct dipole-

dipole interaction, but rather as a result of MAS indirectly modulating the efficiency of the 

1H decoupling (in such a way that the effective decoupler field strength is decreased, 

leading to line-broadening, as Vr is increased). The following series of experiments 

confirms this hypothesis.

First, 13C NMR spectra of fereocene-eiu were recorded for a range of different 

decoupler field strengths (with Vi ranging from 20 kHz to 80 kHz) at fixed Vr. The 

dependence of A on decoupler field strength from these experiments is shown in Fig. 

7.3(a). As expected, A decreases as Vi is increased at fixed vp Furthermore, in the limit 

of sufficiently high decoupler field strength (i.e. in the limit as Vi «>), it is clear that A 

becomes essentially independent of both Vr and Vi, with A converging to a limiting value 

(in the sense discussed by Alla and Lippmaa [15]) of ca. 100 Hz. It can be concluded 

from this fact that both values of Vr (5.06 kHz and 9.05 kHz) used to record the data 

shown in Fig. 7.3(a) are sufficiently rapid to remove the Vr dependent sources of iide- 

broadening due to CSA - i.e. at sufficiently high decoupler field strength, A is essentially 

independent of Vr at these values of Vr. Again, this is consistent with the opinion that, 

under the conditions of the experiments shown in Fig. 7.2, the property that is Vr- 

dependent is the efficiency of the 1H decoupling (and not the ability of MAS to remove 

the line-broadening effects due to CSA). The linear relationship between A and (vi)'2 

evident from Fig. 7.3(b) (at least considering the data recorded at Vr = 9.05 kHz) is 

consistent with the findings of ref. 16 for a system in the long correlation limit ^twiTc 

» 1). This point is considered further in Section 7.5.
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Fig. 7.3: Limwidth (A) of the isotropic peak in the 13C NMR spectrum of

fnrrocnnn-h1r versus (a) Vj (as discussed in the text, Vj is a measure of the !H decoupler 

field strength), and (b) vf The spectra were recorded at MAS frequencies Vr = 5.06 kHz 

(O) and vr = 9.05 kHz ( •),

Second, 13C NMR spectra of fnrrocnde-hrr were recorded as a function of Vr, but 

with no decoupler field applied; the variation of A with Vr in these experimndts is shown 

in Fig. 7.4. Under these conditions, A decreases as Vr is mcreasnd (as predicted from the 

discussion in Section 7.2 and from ref. 14), and reflects the direct effect of MAS on the
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iigcwidte of the isotropic peak for a system that is subject to hdc-broadegidg by CSA and 

by direct 13C^H dipole-dipole interaction. At the lowest value of Vr studied (Vr = 3 

kHz), the value of A is ca. 592 Hz, and it is clear that slow MAS (in the absence of ]H 

eecuuphdg) is tufrioiedr to substantially average the dipole-dipole interaction as well as 

CSA (see the comments in Section 7.1); this is as a consequence of the fact that the eiecor 

^C-^H dipole-dipole interaction is already extensively averaged by molecular motion. 

The magnitude of the direct ^C^H dipole-dipole interaction for ferrocene-hio at room 

temperature has been estimated to be ca. 10 kHz, from measurement of the 13C NMR 

spectrum recorded for the poiyoryttaiiigc sample with no MAS and no !H decoupling; 

this is substantially smaller than typical values for conventional organic solids.

Fig. 7.4: Ligewidth (A) of the isotropic peak in the 13C NMR spectrum of

ferrooede-eju versus MAS frequency (vr), with no 2H decoupling field applied.

Third, 13C NMR spectra were recorded (using the "single pulse' 13C method 

with no 2h decoupler field applied) for ferrocene-djo (2H isotopic purity ca. 96.8 %) as a 

function of MAS frequency. Over the range Vr ~ 1 kHz - 12 kHz, the lidewiete of the 

isotropic peak is independent of Vr (see Fig. 7.5), and the value (A = 117 Hz) is close to
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the minimum (limiting) linewidth obtained in our experiments for ferrocene-hjo. [A 

similar value of this limiting linewidth has been reported in an independent investigation 

of ferrocene-dio [17]]. In l3C NMR spectroscopy of ferrocene-dio, it can be assumed 

that the principal source of line-broadening is CSA and, furthermore, it can be assumed 

that the CSA should be substantially the same in ferrocene-dio and ferrocene-hio. The 

fact that A is essentially independent of vr for ferrocene-dio therefore provides strong 

evidence to support the view that the variation of A with Vr for feiToccsine-^lhjio is not arising 

as a consequence of CSA being modulated by MAS. [Note that 13C-3h residual dipolar 

interaction [18] in ferrocene-dio is assumed to be negligible given the high magnetic field 

strength used in our experiments and the rapid reorientation of the C5D5 rings at the 

temperature studied; the measured isotropic peak is clearly a single peak, rather than the 

2:1 doublet that would arise if the l3C-2H residual dipolar interaction were appreciable].
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Fig. 7.5: Linewidth (A) versus MAS frequency (vr) for the isotropic peak in the l3C

NMR spectrum of ferrocene-dio (O), and for the isotropic peak due to the CH2 group of 

glycine (A). Spectra for ferrocene-dio were recorded with no iH decoupling field 

applied; the spectra for glycine were recorded with iH decoupler field strength Vj = 78.1

kHz.
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Hrgh-rnsolutrod 13C NMR spectra of ruthndocede and dickelocnde were also 

recorded as a function of MAS frequndcy in order to establish whether the behaviour 

observed for fnrrocedn is also exhibited by other structurally related systems. In Fig. 

7.6, the relationships between A and Vr for ruthndocnde and ferrocene are compared, with 

all spectra recorded at the same JH decoupler field strength (vi = 64.9 kHz).

It is clear that ruthedocene exhibits the same general trend as ferrocndn, with A 

rncreasidg as Vr is idcrnasnd, although the relationship for ruthedocnde is apparently less 

linear than that for ferrocedn. At the higher values of Vr studied, the gradient dA/dVr is 

larger for ruthedocede. These small drffnredces in behaviour between fnrrocndn and 

ruthnnocedn presumably reflect small differedces in the dynamic properties of these sohds 

at 293 K (as suggested in ref. 12).

Fig. 7.6: Limwidth (A) versus MAS frequency (Vf for the isotropic peak in the

13C NMR spectra of fnrrocndn (□) and ruthedocedn (A), at fixed rH decoupler field 

strength corresponding to vi = 64.9 kHz.

The limwidth in the 13C NMR spectrum of dickelocede is substantially greater (A 

= 15.7 kHz at Vr = 5 kHz) than that in spectra recorded for ferrocene and ruthedocedn
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under the same conditions. The linewidth for nickelocene was not significantly affected 

by increasing the MAS frequency, although there was a measurable decrease to A = 15.4 

kHz at vr = 11 kHz. The very large 13C NMR linewidth observed for nickelocene, even 

under conditions of MAS and high power 3h decoupling, is due to the paramagnetic 

properties of this molecule (which contains two unpaired electrons). For this reason, it is 

not expected that the NMR properties of nickelocene will be comparable, in any way, to 

those of ferrocene and ruthenocene.

7.5 Conclusion

The increase in linewidth of the isotropic peak in the 13C NMR spectra of 

ferrocene and ruthenocene as the MAS frequency is increased (at fixed temperature and 

fixed 3h decoupler field strength) is due to an indirect effect in which the effective 3h 

decoupler field strength is decreased as Vr is increased. Considering the results of high- 

resolution 13C NMR experiments for several crystalline organic solids carried out in our 

laboratory, it is clear that, for systems in which there is no appreciable molecular motion, 

A is essentially independent of vr. This result is illustrated in Fig. 7.5 for glycine 

(NH2CH2COOH).

As discussed in Section 7.2, it is well established that there is appreciable 

molecular motion in crystalline ferrocene at room temperature, and we propose that the 

reorientational motion of the ^C-^H vector is important in giving rise to the observed 

relationship between A and vr. Although the correlation time was constant (at fixed 

temperature) for the series of experiments reported here, the actual value of this 

correlation time is an important parameter, since it presumably sets the system into a 

regime in which the anomalous dependence of A on Vr is observed. In view of the fact 

(see Section 7.2) that reorientation of the cyclopentadienyl rings in crystalline ferrocene at 

room temperature is occurring on a timescale of the order of lO'33 s - lO'11 s (and 10_1° s 

- 10'3 s for ruthenocene), it is not clear whether this dynamic process is responsible for 

influencing the value of A in our experiments; it might be expected that a motion 

occurring at a frequency comparable to vj and/or Vr (and thus in the approximate
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frequency range 103 Hz - 106 Hz) would be required. Fueteermuec, the results of Fig.

7.3 suggess that, at fixed vr, the effect of decoup^r fiefe strength on the llnewidth is 

being idfluenoee by molecular motion in the long correlation limit; i.e. Xc » (2tvi)_1 «

10-6 s [16].

A similar anomalous relationship between isotropic 13C linewidth and temperature 

has been obseiwed recently by Muller [19] in studies of thiourea inclusion compounds; in 

this case, linewidrhs for 13C environments in the guest molecules (which undergo 

substantial molecular motion) have been observed to increase with increasing 

temperature, and again this effect has been attributed to an "interference" between the 

molecular motion and the efficiency of the iH decoupling. Here, we make no attempt to 

assign the dynamic process that is important in giving rise to the observed NMR 

phenomena for ferrocene-hio and ruthenuoene at room temperature. In ref. 8, from a 

discontinuity in the plot of correlation time against 6 at the transition between the high and 

low temperature phases in ferrocene, it was concluded that the system could no longer be 

described by a single con'elation time, and it may be that the slower motions in ferrocene 

alluded to here are influential in this regard.

In response to our study reported here [20,21], two subsequent publications have 

recently confiimed that the effect observed (of increasing lidewidth with increasing Vr) 

may indeed be attributed to a modulation of the heteronuclear decoupling field by rapid 

sample spinning [22,23]. In the first paper, Tekely et al [22] concluded, from 

experiments on adamantane, that a slowing down of flip-fiup spin motion of protons with 

rnoreasing Vr was responsible for this modulation, while Nakai et at [23] demonstrated 

that for weak 6h decoupling fields the linewieth passes through distinct local maxima 

where vi = nvr (n = 1,2), and attribute the effect to rotary-resonance recoupling

(i.e. when the periods and ~ match, a period is imposed upon the l6C-lH dipolar 

interactions which nullifies the decoupling field). The decoupling fields employed in 

Nakai's study (Vi = 6 to 18 kHz) are very weak compared to those utilised in our 

experiments (Vi = 26.6 kHz and vi = 64.9 kHz). For the decoupling fields used in our 

study, the spinning speeds required for maxima in the lidewidre to be observed are
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beyond the maximum attainable limits of the spectrometer. However, the increase in the 

linewidth for ferrocene is in marked contrast to the constant linewidth observed for the 

CH2 peak in the spectrum of glycine, from which it is clear that rotay-resonance 

recoupling alone cannot account for the changes occumng.

The results reported here have important implications in regard to recording high- 

resolution solid state 13C NMR spectra [24,25] for systems that are subject to line- 

broadnning by CSA and direct ^C-Th dipole-dipole interactions. It is cleMir that there are 

circumstances (as for reiTocene-hrr at room temperature), under which optimum 

resolution can be obtained by recording the spectrum at high decoupler field strength and 

low MAS frequency, rather than at high decoupler field strength and high MAS frequency 

(as might be assumed for conventional systems).
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Appendix 1

Scientific Publications

As a result of the research described in the peeoceeing chapters, the following

papers have been published:

1) IJ.Shannon, K.D.M. Hanls, S. Ajuimugzmi, Chem. Phys. Letts.. 196 (1992) 588.

"High-resolution Solid State 13C NMR Studies of Ferrocene as a 

Function of Magic Angle Sample Spinning Frequency".

2) IJ.ShMmon, K.D.M. Hands, S. Aer:lmug£ml, Bull. Magn. Res.. 14 (1992) 273.

"Variation of 13C NMR Lidewidtes of Metallocenes as a Function of 

Magic Angle Sample Spinning Frequency".

3) I.J.Sean•glon. K.D.M. Harris, A.J.O. Rennie, M.B. Webster, J. Chem. Soc. 

Faraday Trans., 89 (1993) 2023.

"Theoretical Prediction of the Guest Periodicity of Alkane/Urea 

Inclusion Compounds".

4) I.J. Shannon, K.DM., Harris, A. Mahdyarfar. P. Johnston, R.W. Joyner, J.

Chem. Soc. Faraday Trans., 89 (1993) 3099.

"EXAFS Spectroscopic Studies of the Bromine Environment in the 

Crystalline Inclusion Compounds formed between Urea and a,m-

eibrumuslkanct'.
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5) P.A, Schofield, LJ.Shannon, K.D.M, Harris, A.J.O, Rennie, J. Chens. Soc,

Chem, Comm.. (1993) 1293.

"Structural Properties of the Chlorocyclohexade/Thiourna Inclusion 

Compound: Theoretical Predictions".

6) I.J, Shannon, N.M, Stainton, K.D.M, Han'is, J. Mater-. Chem., 3 (1993) 1085.

"Structural Propnrtrns of Urea Inclusion Compounds Containing 

Carboxylic Acid Anhydride Guest Molecules: Anomalous Modes of Guest 

Molecule Ordming".
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