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ABSTRACT

The work described in this thesis focuses on the urea inclusion compounds o f  

ü)-dibromo-/r-alkanes: Br(CH2)nBr/urea, where n=7-10. The str uctural and dynamic 

properties o f the host and guest have been studied using complementary techniques.

Photographic single crystal x-ray diffraction shows that, in the regions o f three- 

dimensional guest molecular ordering, there is a well-defined offset, Ag, along the 

channel axis, c, between guest molecules in adjacent channels. Ag is exactly one-third 

o f the periodic repeat distance along c of the basic guest str ucture: this represents a new  

mode o f interchannel guest ordering in urea inclusion compounds. Raman spectro

scopy shows that the ‘bulk’ conformation of the guest m olecules is the linear', trans, 

extended form, but that there is a small, but measurable, proportion o f Br end-groups 

in the gauche conformation. Incoherent quasielastic neutr on scattei'ing indicates that the 

guest molecules undergo two motions on the picosecond time-scale, at sufficiently high 

temperature: translations along  the channel axis and reorientations about the channel 

axis. These motions are successfully modelled as, respectively, continuous linear 

diffusion between two impermeable boundaries and uniaxial rotational diffusion in a 

one-fold cosine potential. Deuterium nuclear magnetic resonance spectra are shown, 

via simulations, to be consistent with a 180° flipping motion of the urea m olecules 

about their C = 0  axes, occuning on the microsecond time-scale at room temperature. 

This technique also provides confirmation of guest molecular' motion.

The structure o f 1,6-dibromohexane/urea is found to differ from that o f the 

other a , cu-dibromoalkane/urea inclusion compounds studied: crystal structure 

determination shows that it is monoclinic, and that the host and guest structures are 

commensurate with one another. Raman spectr oscopy confirms that the Br end-groups 

are exclusively in the gauche conformation.

The urea inclusion compounds o f various other guest m olecules have also been 

investigated briefly. The complementary nature of the techniques used is crucial in 

establishing a complete picture o f the sti'ucture and dynamics of all these compounds.
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CHAPTER 1 

UREA INCLUSION COMPOUNDS

1.1 INCLUSION COMPOUNDS

1.1.1 HISTORICAL BACKGROUND

Although naturaUy-occuning zeolites have been known since the mid-eighteenth 

century [Cronstedt, 1756], it was in the early nineteenth century that inclusion  

compounds were first studied scientifically, when Davy and Faraday prepared and 

analysed chlorine clathrate hydi'ate [Davy, 1811; Faraday, 1823]. Wohler [1849] and 

Clemm [1859] prepared the first quinol clathiates; it was later proposed [Mylius, 1886] 

that, during ciystallisation, the quinol molecules were somehow able to lock the volatile 

material into position without chem ically combining with it. This was the first 

suggestion of some form of molecular imprisonment. However, it was not until after 

the development o f x-ray diffraction techniques in the early twentieth century that the 

concepts o f inclusion and molecular imprisonment were vindicated, when Palin and 

Powell solved the structure of the (3-quinol clatlirates [Palin & Powell, 1945 & 1947].

Indeed, it was Powell [1948] who coined the term ’clathrate' (from the Greek clathros, 

meaning cage) to describe these P-quinols; such systems ai*e now more generally called 

inclusion compounds or inclusion adducts. Any molecule that can imprison another 

(either containing unoccupied cavities or capable of adaptation ai'ound a guest) has 

potential for inclusion, and interest in the field of inclusion chemistiy has grown rapidly 

since these eaiiy studies. A brief history of inclusion chemistry is given by Powell 

[1984].

1.1.2 DEFINITIONS AND CLASSIFICATIONS

An inclusion compound may be defined as a system in which one species  

(termed the guest) is spatially confined within another species (termed the host).

Inclusion compounds will be formed only with those guests which have appropriate 

molecular shape and volume to fit closely within the cavities of the host structure. In
■J

1



addition, complementary electronic structures are sometimes necessary to provide 

appropriate host/guest binding sites.

Inclusion compounds may be divided into two classes, which depend on the 

form of the host species:

Class I: the host is a single molecule which possesses a cavity that encloses the guest 

species. Inclusion compounds of this class can be found both in solution and in the 

solid state. One example is the family o f crown ethers, which have cationic guests 

(such as the ion) and are often used to facilitate ion transport through liquid 

membranes. Other examples include cyclodextrins, which have potential for enzyme 

m odelling, and cryptâtes, which have wide-ranging applications involving ion 

separation and transport.

Class II: the host is a solid ciystalline structure containing inclusion cavities in which 

the guest is located. The guest may be atomic, ionic or molecular. There are various 

types of inclusion cavity, such as isolated cages, interconnecting cages, linear non

intersecting tunnels, networks of intersecting tunnels and interlayer spaces (or a 

combination of these topologies). This class of inclusion compounds may be further 

sub-divided, by virtue o f the response o f the host structure when the guest species is 

removed:

(i) the host structure remains intact, such that the guest species may be 

removed and replaced. Some inclusion compounds o f this type have catalytic 

applications, for which this facile exchange of guest species is an important feature. 

One example is the family of zeolites: these are microporous aluminosilicates which are 

widely used as catalysts, e.g. in the petroleum industry, the zeolite ZSM-5 catalyses the 

production of ethylbenzene from benzene and ethylene [Thomas, 1988]. Further 

examples of this category may be found in the historically significant family of P-quinol 

clathrates.



(ii) the host structure collapses on removal o f the guest species. The 

subject o f this thesis, the urea inclusion compounds, fall into this category; other 

examples are the inclusion compounds o f thiourea, selenourea, perhydrotriphenylene, 

tri-or^Ao-thymotide and deoxycholic acid. The m olecules which form these host 

structures are shown in Fig. 1.1.

Comprehensive reviews o f the structure, physical properties and applications of 

many inclusion compounds are given by Atwood et al [1984]; see also Thomas & 

Harris [1987] and Harris [1993].
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1.2 UREA INCLUSION COMPOUNDS

1.2.1 DISCOVERY

Urea inclusion compounds (UICs) were first prepared accidentally by Bengen 

in 1940, when, during an analysis of milk fats using urea, he added a small quantity of 

«-octanol to prevent formation of an emulsion. He was surprised to see that crystals 

had formed. He repeated his experiments without the milk and later using different 

organic compounds (other alkanes, alcohols, carboxylic acids and esters): the resultant 

crystals he termed 'urea addition compounds'. He patented this discovery [Bengen, 

1951 & 1953] for potential use of these compounds as a means o f separating branched 

from straight-chain organic compounds. The first publications concerning the 

discovery o f this new class of compounds appeared in 1949 [Bengen & Schlenk, 1949: 

Schlenk, 1949a; Zimmerschied et al, 1949]. Comprehensive studies by Schlenk 

[1949b] and Zimmerschied e ta l  [1950] showed that these urea addition compounds 

belonged to the newly-discovered class o f inclusion compounds. A review of the early 

work on UICs and other inclusion compounds is given by Montel [1955]. The 

discovery, formation, structure and properties of UICs are discussed more recently by 

Takemoto & Sonoda [1984].

1.2.2 UREA HOST Structure

The formation of urea inclusion compounds requires spatial compatibility 

between the space available within the urea host and the guest molecules. Therefore, 

before discussing the prerequisite properties for guests, w e need to know the size and 

shape o f the inclusion cavities: the urea host structure.

The urea host structure may only form in the presence o f guest m olecules, 

which act as a template for formation and serve to maintain the stability o f the 

framework. Despite this fact, and unlike other host structures, which often depend on 

the identity o f the guest, the urea basic host structure (as defined and discussed further 

in Chapter 2) is generally invariant, regardless o f guest species. The urea molecules 

form an extended hydrogen-bonded structure containing linear, parallel channels.



within which the guest molecules are located. The effective channel diameter ranges 

from ca . 5.1 Â to ca . 5.9 Â [Harris, 1993]. Fig. 1.2 shows the urea basic host 

structure viewed along the channel axis. Because the urea molecules which make up 

the channel walls are arranged on a spiral around the long axis o f the channel, the guest 

m olecules are in a chiral environment: this fact suggests potential for asymmetric 

synthesis (see §1.2.5.2).

Single crystal x-ray diffraction studies on n-hexadecane/urea by Hermann & 

Schlenk [Schlenk, 1949b, 1950 & 1953] showed that the basic host structure is 

hexagonal at room temperature, with six urea molecules per unit cell, space group 

P 6i22  and lattice parameters a=b=8.20 Â, c = l l . l  Â. This was confirmed by Smith 

[1950 & 1952], who found that this structure was essentially invariant for many UICs, 

with lattice parameters a=b=8.24 Â, c=11.0 Â. More recently, Harris & Thomas 

[1990] determined diffractometrically the following lattice parameters for the basic host 

structure o f /i-hexadecane/urea: a=b=8.227 Â, c= l 1.017 Â.

The few exceptions to this urea host structure include trioxane/urea, which is 

similar in structure to cyclohexane/thiourea [Clément et al, 1974 & 1975], and UICs 

with very short guests, such as 1,6-dibromohexane/urea (the structure o f  which is 

discussed in Chapter 2), 1,6-diaminohexane/urea and 1,6-dicyanohexane/urea  

[Schlenk, 1949b; Otto, 1972] and other short-chain dinitrile/urea inclusion compounds 

[Hollingsworth et al, 1991]. Poly(ethyleneoxide)/urea also has an unusual urea host 

structure, which is trigonal and is thought to arise due to extensive hydrogen bonding 

between the host and guest species [Foxman BM & Harris KDM, unpublished work].
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1.2.3 Req u ir em en ts FOR Gu ests

Guest selectivity is governed by molecular geom eüy, the critical factors being 

(i) chain length and (ii) degree of branching.

(i) Chain length

Bengen and Schlenk found that, for /i-alkane UICs, the main carbon chain must 

be a minimum of six carbon atoms long and suggested that there may also be an upper 

limit to chain length [Bengen & Schlenk, 1949; Schlenk, 1949b, Bengen, 1953]. This 

lower lim it was confirmed by other workers [Fetterley, 1964], although it was 

generally found that //-hexane/urea was unstable at room temperature. M onobe and 

Yokoyama prepared the UIC of polyethylene of molecular weight 59 000 [Monobe & 

Yokoyama, 1973; Yokoyama & Monobe, 1980 & 1983], which suggests there may be 

no upper chain length limit for /i-alkane guests. In practice, there is an optimal range of 

chain lengths. With too short a chain, the urea inclusion compound is unstable: 

Schlenk [1949b] suggests this is because the 'empty' van der Waals distance along the 

channel axis between adjacent guest molecules, which is constant for /z-alkane guests, 

takes up too large a proportion of the channel for short-chain guests, and so destabilises 

the structure. For guest molecules o f long chain length, although preparation of their 

UICs is possible in theory, there are problems in finding an appropriate solvent.

(ii) Degree o f  branching

In general, the cross-sectional diameter of the guest molecule must be less than 

that o f the urea host channel (ca. 5 .1-5.9 Â), so little branching is possible. Critical 

factors are size, number and position of substituents: very bulky or numerous 

substituents on a molecule will not allow it to fit into the inclusion cavities. Greater 

tolerance exists towards substituents at the chain ends rather than mid-chain; metliN I 

groups at non-terminal positions are usually acceptable but not larger substituents. 

Carbonyl groups within the chain are acceptable. Cyclic compounds w ill be included 

only if  they possess a very long aliphatic tail, which appears to confer stability



(presumably, the alkyl tail compensates the disadvantage o f the bulky cyclic sub

stituent). The destabilising influence of branching appears to be lessened for longer 

guest molecules.

It was found [Bengen & Schlenk, 1949; Schlenk 1949b; Bengen, 1953] that the 

fonnation of UICs with alkanes, alcohols, ethers, aldehydes, ketones, cai'boxylic acids 

and esters was possible provided the chain had at least six cai'bons and was unbranched 

or only slightly branched. Terminally halogenated compounds and carboxylic acids 

form UICs [Radell et al, 1964], as do primary thiols and terminally epoxidated chains 

[Radell et at, 1963]. The formation of UICs of aiomatics and cyclic alkanes is possible 

provided these guest species possess long aliphatic tails, e.g. 1 -pheny 1-octadecane, 

1-cyclohexyl-eicosane [Schiessler & Flitter, 1952]. Alkenes and alkynes of suitable 

length generally form UICs [Radell et al, 1961], although thermodynamic studies 

[Fetterley, 1964] show they aie less stable than the corresponding «-alkane UICs. To 

summarise. Table 1.1 shows examples o f guest m olecules which form inclusion  

compounds with urea.

Co-inclusion of different types o f guest is also possible. A mixtme o f branched 

and linear guests may be included more readily than the branched guest alone, or a 

m olecule that would normally be too small for inclusion may be 'trapped' in the urea 

channels by the larger guest molecules. Co-inclusion of the preparation solvent is not 

uncommon.
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1.2.4 PREPARATION AND PROPERTffiS

1.2.4.1 Preparation

Urea inclusion compounds are usually prepared by treating a saturated methanol 

(or other alcohol) solution of urea with the organic guest. This may be done either at 

ambient temperature or at higher temperature; evaporation or cooling is normally 

required before UIC crystals are observed. Alternatively, the urea may be dissolved in 

the organic guest by heating, the inclusion compound being formed on cooling. 

Sometimes the UIC can be formed by pouring the liquid guest onto urea in the solid 

state. Decomposition of the UIC can be induced by heating: for the /i-aUcane UICs, this 

occurs at a temperature above the melting point of the «-alkane but below the melting 

point o f urea [McAdie, 1962].

1.2.4.2 Composition and Stability

The host:guest molar ratio, which is generally non-stoichiometric, remains 

constant for a given guest species, regardless of method of preparation. Along a given 

guest homologous series, there is a linear relationship between the chain length of the 

guest molecule and the number o f urea molecules required to enclose one molecule of 

guest [Schlenk, 1949b; Redlich et al, 1950 JACS]. A method for predicting, ab initio, 

the optimal host/guest molar ratio is given by Rennie & Harris [1992a].

The energies of formation correspond to weak van der Waals forces between 

the host and guest components, leading to relatively low stability [Schlenk, 1949b: 

Zimmerschied et al, 1950]. In general, ease o f formation and stability o f the UIC 

increase with the length of the main alkyl chain of the guest; UICs o f volatile guests 

tend to decompose slowly at room temperature. The urea channels must be completely 

filled; they are unstable on removal o f guest and recrystallise immediately [McAdie, 

1962] to the ‘pure’ crystalline phase o f urea, which has a tetragonal structure and does 

not contain empty channels.
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1.2.4.3 Guest Environment

The guest m olecules are densely packed within the urea channels in a 

predom inently extended, linear, trans, ‘zig-zag* conformation (although there is 

evidence that some end-groups adopt the gauche  conformation). Rennie & Harris 

[1992b] have shown that, for n-alkane guests, CHg(CH2)nGHg, there is a linear 

relationship between the value o f n and the periodic repeat distance along the channel 

axis o f the basic guest structure. In general, i f  host and guest components are 

considered together, there is no overall three-dimensional ordering because these 

structures are incommensui'ate, i.e. no well-defined relationship exists between the host 

and guest periodicities: this concept will be defined more precisely in Chapter 2. Due to 

the incommensurability o f the structure, successive guest m olecules along a given  

channel aie in slightly different environments with respect to the host.

1.2.4.4 Phase Transition

It was found [Pemberton & Parsonage, 1965; Parsonage & Pemberton, 1967; 

also Parsonage & Staveley, 1984] that the «-alkane UICs undergo a phase tr ansition at 

a temperature that is directly related to the length o f the guest molecule, provided the 

odd and even series o f /r-alkane guests are considered separately. This transition is 

similar to the 'rotator' phase transition that occurs in crystalline /r-alkanes, although the 

phase transition temperatures for the UICs are lower than the corresponding rotator 

phase transition temperatures for the crystalline «-alkanes [Parsonage & Staveley, 

1978]. Chatani et al [1977 & 1978a] have shown that the crystal symmetry of the basic 

host structure changes at the phase transition, from hexagonal in the high-temperature 

phase to oithorhombic in the low-temperature phase. There is also a significant change 

in motional freedom of the guest. In the high-temperature phase, the «-alkane guest 

m olecules undergo rapid rotation about the channel axis [e.g. G ilson & M cD ow ell, 

1959 & 1961; Connor & Blears, 1969] and translations along the channel axis [e.g. 

Fukao et al, 1986]; these motions occur at a much slower rate in the low-temperature 

phase. Fukao et al [1990], in a study of the effects of pressure on «-alkane UICs.

12



found that the phase transition temperature increases with pressure. They also report 

that a pressure-induced phase transition occurs at room temperature, from hexagonal at 

atmospheric pressure to orthorhombic in the high-pressure phase.

1.2.5 REASONS FOR STUDYING UICS

1.2.5.1 Academic

There are numerous academic reasons for studying urea inclusion compounds, 

quite apart from their potential applications. It is generally very difficult to study the 

«-alkanes and their derivatives from the point of view  o f structure and dynamics 

because these m olecules can adopt many conformations. However, within a urea 

inclusion compound, they are constrained to the essentially trans, planar, 'zig-zag 

conformation and hence their fundamental properties are more accessible to study. 

These compounds thus allow study of the conformational, rotational and translational 

freedom o f the guest molecules within a constrained environment. Such study may 

lead to a better understanding of how organic crystalline materials may be designed for 

specific uses, thus contributing to the field o f crystal engineering [e.g. Desiraju, 1989]. 

Questions to be answered include:

(i) how do the properties and behaviour of the guest molecules change 

when they are placed in an inclusion environment, vis-à-vis the properties o f the pure 

solid-phase guest? How restrictive is the urea host? Are the guest molecules restrained 

to a particular conformation?

(ii) Does the host structure respond to the presence o f the guest 

molecules? If so, how? Does it act as a rigid tunnel or does it undergo structural 

perturbations?

(iii) Is there potential for either guest-guest or host-guest reactions to 

occiu* within the channels? Reactions are possible within the channels, provided that 

the guest m olecules are constrained into a conformation favourable to subsequent 

reaction. Reactions may be host-guest or guest-guest (with or without some catalysing 

role played by the host). For example, Hollingsworth et al [1987] have effected the

13
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photodecomposition o f diacyl peroxides within the urea inclusion channels, as a means 

o f studying this reaction in a constrained environment.

1.2.5.2 Applications

The selectivity o f urea inclusion compounds is the basis for their chromato

graphic applications [Fetterley, 1964; Sybilska & Sm olkovâ-Keulemansovâ, 1984].

UICs have been used industrially for the separation o f straight-chain alkanes from 

branched and cyclic organic compounds: one example is in the petroleum industr>'

[Kobe & Domask, 1952] (although this particular application has now been usurped by 

zeolites). Schlenk & Holman [1950a&b] and Cason et al [1953] report use for 

separation of fatty acids. Schlenk [1952a&b, 1973a,b,c&d; also Arad-Yellin et al,

1984] reports use o f UICs for separation of optical isomers from racemic mixtures by 

virtue o f the chiral nature o f the host structure. This property also suggests potential 

for asymmetric synthesis, in which the reaction between an achiral guest and the chiral 

host gives a chiral product. Thus it may be possible to effect stereo- or regio-speciric 

reactions within the urea channels.

It was White [1960] who first investigated the use of UICs as hosts for addition 

polymerisation reactions [see also Farina, 1984]. Subsequent work in this field has 

been carried out by Ivanov et al [1964], Kawasaki et al [1966], Maekawa et al [1966].

Yoshino et al [1967], Pohl & Hummel [1968], Matsuzaki et a l [1968], Chatani &

Kuwata [1975] and Chatani et al [1978b]. Such reactions give polymers o f high 

regularity: exam ples include the polymerisation o f vinylchloride, acrylonitrile, !

butadiene and pentadiene, and the co-polymerisation of acrylonitrile and ethyl acrylate.

UICs can also be used for transportation of dangerous or unstable materials that 

are stabilised within the UIC. Work o f a fundamental nature, such as that outlined 

above, is indispensable for the study of many of these applications.



1.3 TECHNIQUES

1.3.1 SUITABLE T ec h n iq u e s

The techniques which can be used for the study of urea inclusion compounds 

may be divided into four broad categories: diffraction-based, spectroscopic, thermo

chem ical and computational. These techniques are largely complementary in the 

information they provide.

1.3.1.1 Diffraction-Based Techniques

X-ray diffraction, which can be very informative if high-quality single crystals 

are available, is widely used. However, because UICs are generally incommensurate 

structures, structure solution may not be straightforward. Neutron powder diffraction 

is also possible, using the Rietveld method for structure refinement. Diffraction-based 

techniques probe only the average periodic properties o f the structure, averaged over 

time and space. Study o f the distribution of structural features about this average 

requires other techniques.

1.3.1.2 Spectroscopic Techniques

Spectroscopic techniques may be used for study at the molecular level o f local 

structural properties and local temporal (i.e. dynamic) properties. M ultinuclear 

m agnetic resonance spectroscopy, although not as effective as diffraction for 

quantitative structure solution, is very instructive for study o f the m obility and 

conformational freedom of the guest molecules. Other spectroscopic techniques include 

infrared, Raman, inelastic neutron-scattering, dielectric loss, electron-spin resonance, 

ultraviolet, photoluminescence and x-ray absorption (e.g. EX AFS). Vibrational 

spectroscopy allows effective study of the localised stmcture at the molecular level.
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1.3.1.3 Thermochemical Techniques

Differential scanning calorimetry and differential thermal analysis allow study of  

the heat changes involved in the formation and decomposition o f the UIC, and study of  

thermal anomalies, such as determination of phase transition temperatures.

1.3.1.4 Computational Techniques

Computer modelling can be used to predict the formation or otherwise o f a UIC 

simply from the point of view of spatial compatibility. Monte Carlo simulations follow  

the evolution o f a structure, so can give information on energetic properties and local 

structural properties; however, there is no time-scale associated with M onte Carlo 

simulations. In contrast, molecular dynamics simulations attach a tim e-scale to the 

motion and can be used for study of molecular motions occurring on the time-scale 

lO'^^-lO'^^ s. Molecular mechanics calculations and other computational techniques 

minimise the energy of the structural model and may be used for predictive purposes. 

Unlike experimental methods, computational techniques never suffer from practical 

hindrance; they also allow simultaneous study of properties of both host and guest 

components, and their interaction.

1.3.1.5 Other Techniques

In addition, optical microscopy can be used to verify the external morpholog>* 

of the UIC. However, any technique involving use o f an electron beam (e.g. high- 

resolution electron microscopy, electron diffraction, photoelectron spectroscopies) is 

precluded, because organic materials are rendered unstable both by the electron beam 

and by the ultra-high vacuum conditions required with electron beam techniques.

1.3.2 Com plem entary  Features

The approaches outlined above are complementary in many respects. W e can 

highlight this contrast for x-ray diffraction, vibrational spectroscopy and neutron 

techniques. The wavelength o f x-radiation is in the range 10"^-10’^̂  m, so is the same
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order of magnitude as the interatomic bond distances (i.e. a few  Â); thus, x-rays are 

ideal for the study of atomic and moleculai* structure. However, their high energy 

means they are unsuitable for study of dynamic properties. Conversely, the energy o f  

visible, infrared and microwave radiation is in the range 10^-10“̂ cm"  ̂ (i.e. a few meV), 

so is compatible with the study of molecular translations, rotations and vibrations. 

H owever, the wavelength is too long to allow study o f structural properties. In 

contiast, suitably moderated neutrons have an energy of a few  meV and a wavelength 

o f a few  Â, so may be used for the study of both the structure and the dynamics of 

atoms and molecules.

1.3.3 TECHNIQUES USED

In this work, four complementary experimental techniques were used: these 

were x-ray diffraction (XRD), Raman spectroscopy, incoherent quasielastic neutron 

scattering (IQNS) and %  nuclear' magnetic resonance (NMR) spectroscopy. XRD was 

used to study structural properties, Raman spectroscopy to study conformational 

properties, neutron scattering and ^H NMR to study dynamic properties. However, the 

tim e-scales accessible by IQNS and ^H NMR are different: IQNS allows study of 

motions occurring on the timescaie 10‘^ -̂10"^  ̂s, whereas the timescale for a ^H NMR  

study is the range 10"^-10’  ̂ s. These techniques were chosen in order to build up a 

complete picture of the physicochemical properties of the UICs studied.

The choice o f single crystal versus powder studies is often dictated by the 

quality o f single cr*ystals available. Where possible, single crystal studies are generally 

preferable, as they produce more specific information due to the oriented nature o f the 

experiment. In the current work, both single crystal and powder samples were used, in 

keeping with the samples available and tlie experimental set-ups used.
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1.4 OUR STUDY

1.4.1 Co m po u n d s  Stud ied  AND A ims

The work described in this thesis focuses on the urea inclusion compounds of 

the a,û>-dibromo-«-alkanes, Br(CH2)nBr/urea and Br(CH2)nBr/urea-d4, generally with 

n=7-10. This is the first known study of this family o f guest molecules: it covers both 

properties o f the guest and properties of the host. Other urea inclusion compounds are 

also investigated briefly, namely: Br(CH2)nBr/urea with n=6 ,11,12; Br(CD2)ioBr/urea; 

I(CH2)nI/urea with n=8,10; Cl(CH2)nCl/urea with n=8, 10; Br(CH2)nCHg/urea with 

n=9-12; and «-Ci^Dg^/urea.

1.4.1.1 Properties o f the Guest

Our objective was to study how various properties of these guest m olecules are 

influenced by their inclusion environment. Specifically, we studied the structural, 

dynamic and conformational properties of the Br(CH2)nBr guests, with n=7-10. The 

structural properties were studied by single crystal XRD, the conformational properties 

were studied using polarised single ciystal Raman spectroscopy, and the dynamic 

properties were studied using IQNS of semi-oriented polycrystalline samples. In 

addition, guest properties o f Br(CH2)nBr/urea with n=6 , l l , 12, I(CH2)ioV urea, 

C l(CH 2)ioC l/urea and Br(CH2)nCHg/urea with n=9-12 were studied using single 

crystal XRD. Guest properties of Br(CH2)ôBr/urea, Br(CH2)nBr/urea, I(CH2)gI/urea 

and Cl(CH2)gCI/urea were also studied by Raman spectroscopy. Guest properties of 

Br(CD2)ioBr/urea were studied using "H NMR spectroscopy.

1.4.1.2 Properties of the Host

Although the basic hexagonal urea host structure has been studied extensively 

and does not change significantly with guest species, much less is know about its 

dynamics. Study of the motion of the host molecules o f the Br(CHo)nBr/urea family, 

with n=7-10, was achieved using "H NMR spectroscopy of polycrystalline and single 

crystal samples. The host structure of Br(CH2)6Br/urea, which was found to differ
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from hexagonal, was investigated by single crystal XRD. The host motion of 

«-Ci^Dg^/urea was studied by IQNS of a polycrystalline sample.

1.4.2 THESIS CHAPTERS

The current chapter has served as an introduction to urea inclusion compounds: 

many o f the topics intioduced here aie explored more extensively in subsequent 

chapters. Each of the four experimental chapters o f the thesis (Chapters 2, 3, 4 & 5) 

focuses on one experimental technique (XRD, Raman spectroscopy, IQNS and 

NMR specti'oscopy, respectively). The theory behind each technique is outlined at 

the beginning of the appropriate chapter. Relevant previous work on UICs is described 

and the objectives o f the study are examined. Our results are then presented and 

discussed in the light of the previous knowledge.

Chapter 6 di'aws together the individual conclusions reached in the experimental 

chapters: its aim is to present the overall state of knowledge regaiding the stincture and 

dynamics o f the a ,0!>dibromo-«-alkane/urea family of inclusion compounds. Som e 

comment is also made concerning the other UICs studied. The complementaiy nature 

of the conclusions discussed in Chapter 6 highlights the value of using a combination 

of experimental approaches.
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CHAPTER 2 

X-RAY DIFFRACTION STUDIES

2.1 THE TECHNIQUE

2.1.1 INTRODUCTION

X-ray diffraction (XRD ) is a very powerful technique w hich  allow s 

determination o f crystal structures on a time and space average. This technique 

averages over the many x-ray scattering events occurring during the time taken to 

record the data. It thus provides information regarding average atomic positions, bond 

lengths and bond angles, so supplying details of molecular packing and geometry. It 

can be contrasted with neutron diffraction, a complementary technique in many ways 

[e.g. Von Dreele, 1990]. Both x-rays and neutrons o f appropriate energy have 

wavelengths o f a few  angstroms, comparable to the periodic repeat distances in 

crystals, and so are diffracted by crystal lattices. X-rays are scattered by electrons, 

whereas neutrons are scattered by the atomic nuclei. However, x-ray diffraction has 

certain limitations. Because scattering power increases with atomic number, scattering 

from hydrogen atoms is weak and thus x-ray diffraction is not ideal for accurate 

determination of their positions. Isotopes are also indistinguishable. Furthermore, 

intensity falls off dramatically with increasing scattering angle, leading to problems in 

the structure determination o f many large organic m olecules, e.g. proteins. Single 

crystal neutron diffraction does not suffer from these limitations, but much larger 

crystals are required due to the low neutron flux available.

In this introduction we shall discuss some background theory to diffraction by 

crystals before examining the experimental aspects of x-ray diffraction. The theoretical 

discussion will concentrate on single crystal diffraction. However, for the m ost pan. 

these concepts apply equally to powder diffraction since a powder sample is merely a 

random orientation of crystallites. Further background theory can be found in gener.il 

references such as Atkins [1986], Bragg [1968], Dunitz [1979], Eberhart [1991], 

Giacovazzo e t al [1992], Glusker & Trueblood [1972] and Stout & Jensen [1989].
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2.1.2 BACKGROUND THEORY

2.1.2.1 The Crystal

A fundamental characteristic o f the crystalline state is a very high degree o f  

internal order. A crystal consists o f an ordered array o f atoms which is repeated in 

three dimensions throughout the structure. A ll crystals belong to one of seven crystal 

systems: triclinic, monoclinic, orthorhombic, rhombohedral (or trigonal), tetragonal, 

hexagonal and cubic. Each system  has a characteristic set o f internal symmetr>^ 

elem ents, viz  the number o f axes required to generate the principle features o f the 

crystal’s shape and the angles between these axes. Taking account of additional point 

group symmetry elements which may be present gives us a total of 32 crystal classes. 

Each o f these crystal classes belongs to one of 11 Laue groups.

Various terms are used to describe the internal symmehy of a crystal: these may 

be defined as follows [Glusker & Trueblood, 1972; Atkins, 1986].

(1) The asymmetric unit is the unique portion of the crystal structure that has no plane, 

axis, centre o f symmetry or translational symmetry. The space group symmetr>- 

operations, when applied to the asymmetric unit, generate the contents of the unit cell.

(2) The unit cell is the smallest fundamental unit from which the entire crystal may be 

constructed by purely translational displacements in three dimensions. The unit cell 

must possess the full symmetry of the crystal.

(3) The crystal lattice is the three-dimensional, infinite network of points which defines 

the periodicity of the crystal. The crystal structure is constructed by convolution of the 

crystal lattice with a structural motif (for a primitive lattice, the structural m otif is the 

content of the unit cell).

In three dimensions there are 14 types of unit cell, leading to 14 crystal lattices, 

termed the Bravais lattices, which fall into seven groups corresponding to the seven
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ciystal systems. A consideration o f the combinations of symmetry elements that can be 

arranged on these 14 lattices leads to 230 distinct crystallographic space groups. 

Knowledge o f the space group and the asymmetric unit allows generation of the entire 

structure.

2.1.2.2 X-Ray Diffraction

Diffraction is the elastic, coherent scattering of a beam of particles: thus, there is 

no energy change during the scattering event, and the scattered beam has a well-defined 

phase relationship with the incident beam. The diffraction of x-rays by crystals was 

discovered in 1912 by Friedrich, Knipping and von Laue [Friedrich et al, 1913; von 

Laue, 1913], who interpreted this phenomenon by extending the theory of optical 

diffraction by gratings to three dimensions. Thus each diffracted x-ray beam was 

viewed as a wave; for constructive interference (and hence diffraction) to occur required 

that the interfering wavefronts were in phase with one another. Bragg, in 1913 [Bragg 

& Bragg, 1913 & 1914; Bragg, 1914; see also Bragg, 1968], took an alternative 

altliough geometrically equivalent approach, considering x-ray diffraction in terms of 

reflection from parallel planes through points in the crystal lattice (these planes are 

termed lattice planes'). This led to Bragg's Law, which is illustrated in Fig. 2.1. 

Constructive interference w ill occur only if this law is satisfied. Diffracted rays may 

thus be termed 'reflections'.

nX -  I d  sin0 Bragg's Law

where n -  order o f difffactiont

X = wavelength of radiation used 

d  = spacing between crystal lattice planes 

0 = angle of incidence (or 'glancing angle')

I The parameter n is often omitted, since different orders of diffraction are embodied within the 
definition of Miller indices (see §2.1.2.3).
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2.1.2.3 Reciprocal Space

The positions o f intensity maxima in the diffraction pattern o f a crystal can be 

understood in terms o f a lattice tiiat is reciprocal to the direct lattice o f the crystal. This 

concept of reciprocality is a powerful tool in the analysis o f x-ray diffraction data. 

Located in direct space are the crystal and the corresponding crystal lattice (or 'direct 

lattice'). The unit cell of the crystal lattice is defined by basis vectors a,b,c (which are, 

in turn, defined by lengths a,b,c and angles a,p ,y, respectively). The position of a 

point N  of the crystal lattice may be described by a vector r :̂

= usL+vb+wc where (uvw) are integers: the numerical coordinates of N

Located in reciprocal space are diffraction effects and the reciprocal lattice  

coiresponding to the crystal lattice in direct space. Variables in reciprocal space are 

designated by asterisks: thus the reciprocal lattice is defined by basis vectors a*,b*,c*  

(with lengths a*,b*,c* and angles respectively). The position o f  a point G

of the reciprocal lattice is described by a vector Tg*:

rg* = /ia’̂ +^b*+/c* where (hkf) are integers: the numerical coordinates o f G

Concepts in reciprocal space are related to those in direct space by a Fourier transform. 

Thus the reciprocal lattice basis vectors a*,b*,c* are normal to the (b,c), (a,c) and 

(a,b) planes, respectively, o f the direct crystal lattice. Consequently, the vector product 

r^.rg* is given by:

Tn-Tg* = uh+vk+wl = m where m is an integer

The integers (hkl) are used to index intensity maxima (i.e. reflections) in the diffraction 

pattern and are known as the Miller indices. In direct space, each (hkl) is associated 

with a set of lattice planes o f spacing d^/. The Miller indices are defined such that each

31



lattice point is on one lattice plane for a given Qikî)\ they are thus prime with respect to 

each other. If the lattice parameters and the crystal system aie known, dhkl may be 

evaluated for any given (hkt).

The Laue condition, which is analogous to Bragg's Law, states that diffraction 

w ill occur only when the scattering vector, Tg*, is a vector o f the reciprocal lattice.

Because diffraction is an elastic scattering process, the initial and final wavevectors are 

equal in magnitude, i.e. Ikil = Ikfl, where Tg* = kf- ki. Both wavevectors, k{ and 

kf, fall on the surface o f a sphere o f reciprocal space, o f radius drawn through the 

origin o f the reciprocal lattice. This sphere is termed the Ewald sphere or tlie reflecting 

sphere (see Fig. 2.2). Wherever a reciprocal lattice point intersects the surface o f the #

Ewald sphere, diffraction will occur. The Ewald sphere can thus be used to predict the 

dhection o f the reflections and hence the difûaction pattern (see §2.1.4.2).

Ewald Sphere
Radius = Ik̂ l = kfi = 1/À,

Diffracted beam

Incident beam

Reciprocal lattice 
origin

Fig. 2 .2: The Ewald Sphere
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2.1.3 Structure  DETERMINATION

The data, which are collected using a diffractometer (see §2.1.4.2), consist of  

the relative intensities, / ,  o f all reflections from the set of lattice planes {hkl) within a 

given range. There are three principal steps involved in determination o f  the crystal 

structure from this data;

(i) calculation o f the lattice parameters and the space group

(ii) derivation of a sensible initial structural model

(iii) refinement o f the structural model to minimise the difference between calculated 

and experimental intensities.

2.1.3.1 Scattering Characteristics

The positions, defined by three scattering angles (corresponding to 20 in each 

dimension), o f the intensity maxima in the diffraction pattern give the size and shape of 

the unit cell (i.e. the lattice parameters a,b,c,cx,p,y) via the reciprocal lattice parameters: 

the intensity o f scattering, / ,  gives the distribution of scattering matter, hence the 

positions o f atoms within the unit cell (i.e. the atomic positional parameters). Certain 

sets of reflections may have exactly zero intensity, implying that the structure contains a 

specific element of symmetry: this aids in the determination of the space group.

Any scattered wave has an amplitude (magnitude) and a phase. Because x-rays 

are scattered by electrons, the amplitude of scattering for an isolated atom depends on 

the number o f electrons it contains and hence on its atomic number. This amplitude is 

termed the atomic scattering factor/(or atomic form factor) and is defined as:

f  -  ^P ^ tud e of scattering by the atom's electrons 
amphtude of scattering by a single electron

At (sin0)A =O ,/is equal to the atomic number the value of/decreases with increase in 

(s in 0 )A . The effective value o f /  is also affected by isotropic and anisotropic 

vibrations o f the atom, due to either thermal motion or static disorder: variables
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FQikl) =

Jx

ç{x,y,z) exp [-2m {hx + k y +  lzj\ dxdydz
J z

y

Hence, F{hkf) may be expressed as a complex number:

¥{hkf) = A + IB where | F | = (A“ +

iïa  = tan'  ̂W
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describing these vibrations are termed temperature factors or atomic displacement I

parameters.

The scattering by the crystal structure in the direction specified by the Miller 

indices (hkl) is described by the structure factor ¥(hkl), which contains information on 

the amplitude and phase. The structure factor at the reciprocal lattice point (hkl) is the 

Fourier transform of the electron distribution in the unit cell. F(hkl) is thus dependent 

on the nature and arrangement of the scattering material (i.e. the electron distribution, 

specified by p(.v,y,z)) and on the direction o f the scattering (specified by h, k  and [):

IFI represents the resultant o f the scattering from the individual constituent atoms and a  

the resultant of the phases of the waves scattered from the individual constituent atoms.

The relative intensity I  of any reflection (hkl) is proportional to IF? in an ideally I5

imperfect crystal. In reality, various other factors exist such that:

I  = K \V \^L.T .A



where K  -  scale factor

L -  geometric correction (corrects for shape and position o f crystal 

relative to x-ray beam)

T -  temperature factors (corrects for thermal vibrations - isotropic and 

anisotropic - o f atoms within crystal)

A -  absorption correction (corrects for absorption of x-rays by crystal).

2.1.3.2 Derivation of the Trial Structure

A knowledge o f IFI and a  for each {hkl) would allow computation, via a three- 

dimensional Fourier synthesis,* o f an electron density map from which the crystal 

structure could be solved directly. Because the intensity o f the diffraction pattern is 

proportional to IF?, experimental data allows determination of structure factor 

amplitudes but not of phase angles a . This inability to extricate values o f a  is termed 

‘the phase problem’. Unfortunately, the accuracy of an electron density map is more 

sensitive to values of a  than to those of IFI. Nevertheless, several methods can be used 

to circumvent this phase problem in order that a trial structure may be derived: these 

methods will now be outlined.

(i) Direct methods (Fourier methods). These rely on the fact that electron density is a 

probability distribution and, as such, can never be negative. For both centrosymmeuic 

and non-centrosymmetric structures, the phase angles for individual reflections are 

constrained to certain values. From such requirements and on the grounds o f prob- 

abilit}*. the phases of strong reflections can be derived; an approximate electron density 

map may then be generated via a Fourier synthesis, using IEqI values (obtained from the 

obser\ ed structure factor amplitudes IFqI, where IFqI=/1EqI) and computed phase angles.

A Fourier synthesis is the summation of sine and cosine waves to give a periodic function.
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(ii) Patterson methods. No information on phase is required: these methods use only 

the indices Qikl) o f  each diffracted beam and the corresponding intensity-derived value 

o f ipQ?. These parameters, on summation via a Fourier synthesis, lead to a Patterson 

map, in which the magnitude and direction of vector peaks correspond to the distance 

and relative orientation between atoms in the crystal. Patterson methods are most 

effective for structures containing a few  heavy atoms which dominate the scattering 

sufficiently to allow their locations to be accurately determined. These locations can 

then be used as ‘starting points’ for the crystal structure refinement Patterson methods 

are also successful in solving few-atom structures since the number of possible atomic 

connectivities is low. However, a serious problem is that o f overlapping peaks (an 

N-atom unit cell gives rise to N^ vector peaks on the Patterson map); for this reason, 

many-atom structures cannot readily be solved using Patterson methods, unless they 

contain a dominant scatterer.

(iii) Isomorphous replacement. This method allows direct determination o f phase 

angles but requires a pair or a series of isomorphous crystals (i.e. crystals with identical 

unit cell dimensions and atomic arrangements but different atoms present). Such 

crystals can be identified via a preliminary Patterson map. Isomorphous replacement is 

the only method sufficiently powerful to allow structure determination o f macro- 

m olecules such as proteins.

2.1.3.3 Refinement o f the Trial Stmcture

We now outline two methods for improving the structural model such that the 

data computed from the trial structure become acceptably close to the experimental 

observations.

(i) Fourier methods. These methods produce an electron density difference map by 

comparing the electron density map generated using IFqI values with that determined 

from calculated structure factor amplitudes (IF̂ I values). (Calculated phases are used
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for both electron density maps.) The coordinates o f electron density maxima on the 

difference map are used as a basis for an improved structural model. A new difference 

map is then produced and the process repeated. This is continued until the difference 

map is as flat as possible.

(ii) Least squares method. This is applicable so long as there are many more 

experimental observations than parameters to be determined. Certain variables are 

altered, via a least squares fitting procedure, in order to minimise the disagreement 

between the observed and calculated structure factor amplitudes. The variables are the 

positional parameters and temperature factors for each atom, and the scale factor, K, 

Measurements are weighted according to their perceived accuracy.

2 .1.3.4 Correctness o f the Structure

One measure of the correctness of a structure is the value of its discrepancy 

index, R. This quantifies the agreement between IFqI and IF̂ I, and is defined as:

I  IF .

Typically, R<8% for the final structural model, although the minimum value achievable 

often depends on the extent of structural disorder. Further criteria for a correct 

structure are that its electron density difference map has no significant peaks or troughs, 

and that molecular packing and geometry (and thus bond lengths and angles) seem  

chemically reasonable. Estimated standard deviations in bond lengths and angles 

should be small, and the atomic displacement parameters should have appropriate 

values.

All the methods o f structure determination discussed may contain both random 

errors and systematic errors. Sources of systematic error are numerous: bonded atoms 

may not have spherically-symmetrical electron densities; the methods used for
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modelling thermal vibrations may be oversimplified; absorption and instrumental effects ;

may introduce errors; re-diffraction of diffiracted beams may lead to erroneous intensity 

values. It should not be forgotten that precision, in itself, does not ensure accuracy.

2.1.4 INSTRUMENTATION

X-ray diffraction may be performed on either powder or single crystal samples.
I

The radiation used is generally monochromatic (i.e. o f single wavelength). |

2.1.4.1 Powder Diffraction

Powder studies have obvious advantages regarding sample availability; 

however, less information is derivable since there is random orientation of the 

crystallites: the three-dimensional diffraction data is effectively compressed onto one 

dimension. Powder diffractograms (or 'powder patterns') are recorded using either a 

camera (such as the Debye-Scherrer) or a powder diffractometer; the diffraction pattern 

is generally displayed as intensity as a function of diffraction angle, 20. Powder  

patterns o f well-characterised structures are often used routinely as 'finger-prints' for 

phase identification. Analysis o f unknown stmctures is less successful, especially for 

many-atom systems, because scattering power declines markedly at high 20.

2.1.4.2 Single Crystal Diffraction

In contrast, single crystal studies, whilst obviously requiring a well-defined  

single crystal sample, can lead to routine and accurate determination o f the cr>’stal 

structure. The two techniques available for recording single crystal diffraction data are. 

in many ways, complementary; these are photographic and diffractometric techniques.

(i) Photographic techniques. These are very useful for the calculation o f lattice 

parameters, a ,b ,c ,a .p .y , knowledge of which is required before a full structure 

determination can be attempted. The first step is the recording o f an oscillation  

photograph. This shows the complete reciprocal lattice, but with each plane of
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reciprocal lattice points projected onto one dimension (see Fig. 2.3), The crystal is 

aligned along one o f its crystallographic axes (if these are discernible from the external 

morphology) and is then oscillated about this axis through an angle o f typically +30°. 

This oscillation moves the crystal into the different orientations required to satisfy 

Bragg's Law for different diffraction maxima. The diffraction pattern is recorded on a 

cylindrical film  surrounding the sample. This technique immediately yields the direct 

lattice repeat distance along the chosen ciystallographic axis, as shown in Fig. 2.3.

The Weissenberg technique gives a distorted image o f the distribution of lattice 

points on one reciprocal lattice plane, m (see Fig. 2.3). This technique involves placing 

a cylindrical screen in front o f the cylindrical film, so as to expose only the selected 

reciprocal lattice plane, and gearing the film so that it m oves parallel to the axis of 

rotation o f the crystal. However, Weissenberg photographs are distorted and often 

cannot be readily indexed. Retigraph (or de Jong-Bouman) and precession techniques 

both give undistorted recordings of a reciprocal lattice plane, using a plane film  

positioned parallel to the reciprocal lattice plane to be recorded. The de Jong-Bouman 

technique involves rotation of both the crystal and the film about the crystal mounting 

axis; a given layer is selected by displacing the layer screen along the crystal axis. In 

the precession technique, the crystal and layer screen are subjected to precessions with 

different centres; translating the screen and the film results in the selection of layers.

The complementary nature of the oscillation, de Jong-Bouman and precession 

techniques is clearly evident on considering Fig. 2.3. The oscillation photograph 

shows a projection through the complete reciprocal lattice, whereas the de Jong- 

Bouman and precession photographs show an individual layer, m (perpendicular to the 

plane o f the page in Fig. 2.3). The complete set of lattice parameters may be obtained 

from the appropriate combination of oscillation, de Jong-Bouman and precession  

photographs. Systematic ally-absent reflections in any of these photographs can help to 

identify the space group.
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(ii) Diffractometric techniques. These are necessary for a full structure determination. 

A typical instrument is the four-circle diffractometer. The crystal is set in an arbitrary 

orientation and, the unit cell dimensions being known, the instrumental settings 

required to observe any particular Qikt) reflection are computed automatically. At each 

setting, the diffractometer systematically measures the intensities o f all (Jhkl) within a 

specified range; the background intensity is also assessed. Measurement o f selected  

reflections is repeated at regular time intervals to check for consistency during data 

collection. Appropriate corrections are applied to the accumulated intensity data for aU 

QikJ) reflections before these data are used to solved the structure.

2.1.4.3 Techniques Used

A description of the x-ray diffraction techniques used in this work, and 

justification for those chosen, will be found in §2.3.2.
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 ̂A more rigorous definition of incommensurability, considering energetics of host-guest interaction, 
is given by Rennie & Harris [1990]. However, for present purposes, the above definition suffices.

42

I
2 .2  STRUCTURAL CHARACTERISTICS OF UREA INCLUSION 

COMPOUNDS

2.2.1 PRELIMINARY DISCUSSION

As described in Chapter 1, the urea inclusion compound is characterised by the

packing o f urea molecules in an extensively hydrogen-bonded array to form linear, "I

parallel tunnels in which the guest molecules are located. The prerequisite features of

the guest species were also discussed in Chapter 1.

We can consider the urea inclusion compound to be made up of distinguishable

(although not independent) host and guest substructures. Each substructure comprises

a basic structure which is subjected to an incommensurate modulation that arises from

the presence of the other substructure of the urea inclusion compound. (The term

’incommensurate' will be defined below.) Each basic structure has conventional

crystallographic three-dimensional periodicity. The incommensurate modulation

describes structural perturbations to the basic structure arising from the interactions

between host and guest. Thus, as discussed by Harris et al [Harris. 1988; Harris &

Thom as, 1990a], the host substructure consists o f a basic host structure which

experiences an incommensurate modulation arising from its interaction with the guest

species. This modulation self-evidently possesses the same periodicity as the basic

guest structure. Similarly, the guest substructure comprises a basic guest structure

which is subjected to an incommensurate modulation arising from its interaction with ;l

the host.

The periodic repeat distances o f the basic host and guest structures along the 

channel axis, denoted C|̂  and Cg respectively, are generally incommensurate, i.e. no 

sufficiently small integers m and n can be found to satisfy the equation mc^ = nCg."

Because of this incommensurability, the basic host and guest structures have different 

periodicities and often different space group symmetries.
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1
The nomenclature in this chapter will use 'h’ to denote the host substructure, ^

and 'g' to denote the guest substructure. Thus the basis lattice vectors for the basic 

host structure are ah, bh and Ch; those for the basic guest structure are ag, bg and Cg.

The corresponding basis reciprocal lattice vectors are a*h, b*h and c%, and a*g, b*g 

and c*g.

2 .2 .2  C h a r a c t e r ist ic s  o f  x r d  Ph o t o g r a ph s  fo r  u r e a  i n c l u s i o n  

Co m po un ds

Single crystal X-ray diffraction from any incommensurately modulated stmcture 

produces two sets o f reflections: the ’main' reflections and the 'satellite' reflections.

The positions o f  the main reflections are described by a reciprocal lattice which 

corresponds, in direct space, to the three-dimensional periodicity o f the basic structure.

The positions o f the satellite reflections are dependent on the incommensurate 

modulation to this stmcture.

A urea inclusion compound consists o f two incommensurately modulated 

structures: the host substructure and the guest substmcture. Thus, an XRD oscillation 

photograph of a urea inclusion compound shows two components of x-ray scattering 

[Harris & Thomas, 1990a], as shown in Fig. 2.4:

(i) the 'h' diffraction pattern: a set of layer lines comprising intense, 

sharp, well-defined spots (diffraction maxima); the spacing between these layer lines 

corresponds to a periodicity, c^, for the urea host structure of ca. 11.0 Â. Each point 

in the 'h' diffraction partem represents both a main reflection from the host substmctiue 

and a satellite reflection from the guest substmcture.
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(ii) the 'g' diffraction pattern: a set o f less intense, more closely spaced 

layer lines, which are either discrete spots or diffuse bands (or often comprise both), 

depending on the nature o f guest ordering within the channels.^ The periodicity, Cg, 

along the channel axis, as calculated from the spacing between these layer lines, is close 

to the predicted length o f the guest m olecule in its m ost extended (linear) 

conform ation .tt Each point in the 'g' diffraction pattern represents both a main 

reflection from the guest substructure and a satellite reflection from the host sub

structure.

2.2.3 P R E V IO U S  XRD S T U D IE S  O N  U R E A  IN C L U S IO N  C O M P O U N D S

2.2.3.1 The Basic Host Structure

For the majority o f urea inclusion compounds, the basic urea host stincture 

remains invariant regardless of the guest species. It is this structure which fashions the 

external morphology of the inclusion crystals. As noted in Chapter 1, the space group 

and unit cell dimensions o f the average basic host structure at room temperature have 

been determined [Schlenk, 1949: Smith, 1950 & 1952; Harris & Thomas, 1990a] by 

single crystal x-ray diffractometric studies: this structure belongs to the hexagonal 

crystal system  and is chiral, with space group P6%22 and lattice parameters 

ah=bh=8.218 Â, Ch=l 1.013 A, as determined by Harris & Thomas [1990a] for 

1,10-dibromodecane/urea. Chatani et a l [1977 & 1978] showed that the /i-aUcane/urea 

inclusion compounds undergo a phase transition: in the low-temperature phase, the 

basic host structure is orthorhombic, with probable space group P 2 i2 i2 i. This was 

confirmed for /i-hexadecane/urea by a detailed powder x-ray diffraction study [Harris et 

al, 1990].

Although the majority of urea inclusion compounds have this basic host 

structure, there are exceptions, especially where the guest m olecules have short carbon

 ̂Discrete spots in reciprocal space indicate three-dimensional ordering in direct space, whereas diffuse 
bands in reciprocal space indicate one-dimensional ordering in direct space.

In fact, Cg is usually up to ca. 0.5 A shorter than the predicted ‘van der Waals length' of the all-tran.'c 
guest molecule [Laves e t  a l ,  1965]. indicating that neighbouring guest molecules are subject to 
longitudinal repulsive forces along the channel [Rennie & Harris, 1992].
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chains. Such exceptions include 1,6-dibromohexane/urea [Schlenk, 1949; Otto, 1972], 

the structure of which is discussed in detail later in this chapter.

2.2.3.2 The Basic Guest Structure

Because the average basic host structure has been so fully elucidated, we have 

concentrated our attention in this work on the properties o f the basic guest structure. 

The guest molecules usually exhibit substantial dynamic disorder at room temperature, 

undergoing translations along and reorientations about the channel axis (see subsequent 

chapters), but show sufficient positional ordering for an average three-dimensional 

lattice to be defined. The characteristics o f the basic guest structure depend on the 

identity o f  the guest. However, some generalisations can be made. Single crystal 

photographic XRD studies [Harris & Hollingsworth, 1990; H anis & Thomas, 1990b] 

on diacyl peroxide/urea inclusion compounds have shown that:

(i) The periodic repeat distance, Cg, o f the guest along the channel axis is 

dependent on the length of the guest molecule and is generally incommensurate with the 

periodic repeat distance, c^, of the basic host structure along the channel axis,

(ii) The basic guest structure shows pronounced inhomogeneity. Each single 

crystal contains both:

a) Regions in which the guest m olecules are ordered only in one 

dimension (along the channel axis). The 'g' diffraction pattern gives rise to 

diffuse bands in the oscillation photograph; in such regions there is only 

inti^achmviel ordering of guest molecules.

b) Regions in which the guest m olecules are three-dim ensionally 

ordered (both along the channel axis and with respect to the guests in adjacent 

channels). Here the 'g' diffraction pattern gives discrete spots in the oscillation 

photograph (see Fig. 2.4); in such regions there is bo th  intrachannel and 

interchannel ordering. The basic guest structure in these regions is monoclinic 

with probable space group C2 or C2/m [Harris & Hollingsworth, 1990].
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Fig 2 .6: De Jong-Bouman photograph for lauroyl peroxide/urea: 
[ from Harris & Hollingsworth, 1990]

(a) De Jong-Bouman (hk\)^ photograph

• •
• • •

•  • • •  • •
# • •  • • •

#  # •  * • ^ • •

•  •  * • •
#  # #  # • •  # •

# • •  • # •
•  • • ^ # •

• • •
• •

P O R T I O N  OF ( h k O ) P O R T I O N OF ( h k l ) g
RE C I P ROCAL L A T T I C E RE C I P R O C A L L A T T I C E
L A Y E R L A Y E R

(b) Interpretation of de Jong-Bouman (hk\)^ photograph as a convolution

48



PEROXIDE Guest n Cg/Â Ag/Â

dioctanoyl 8 23.9 4.63

diundecanoyl 11 31.5 4 .59

lauroyl 12 34.2 4.57

Table 2.1: Values of Cg and Ag for diacyl peroxide guests

49

Figs. 2.5 and 2.6a show typical de Jong-Bouman {hkQi) and {hkl)a  photo

graphs, respectively, for diacyl peroxide/urea inclusion compounds. Each point in the 

ihk(S) photograph is the superposition of an 'h' and a 'g' reflection. This diffraction 

pattern, which is termed the Qikff) reciprocal lattice net, is essentially identical for all 

hexagonal urea inclusion compounds. The {hkl)g diffraction pattern is a repeating 

array of hexagons: this may be regarded as a convolution between a set o f six points at 

the comers o f a hexagon and an array identical to the {hkkS) reciprocal lattice net (see 

Fig. 2.6b). The set o f six points represents six alternative positions o f the (OOl)g 

reciprocal lattice point. Thus the 'g' diffraction pattern arises from six identical 

reciprocal lattices related by 60° rotation about c^*. These correspond, in direct space, 

to the six different domains o f the basic guest structure which exist in the three- 

dim ensionally ordered regions of the crystal. The relative packing o f the guest 

molecules within each domain is the same, the six domains differing only in orientation 

by 60° rotation about the channel axis. These concepts are discussed in more detail 

elsewhere [Harris, 1988; Harris & Hollingsworth, 1990].

W e define an offset, Ag, to be the distance along the channel axis between 

equivalent points o f two guest m olecules in adjacent channels as illustrated 

schematically in Fig. 2.7. The diacyl peroxide guest, {CHg(CH2)[n-2] ]2, shows a 

constant offset (within experimental error) of Ag » 4.6 Â, inespective o f the length of 

the guest molecule (i.e. irrespective of the value o f Cg), as shown in Table 2.1 [Harris 

& Hollingsworth, 1990]. This suggests that the relative interchannel packing of the 

guest molecules is controlled solely by some property of the diacyl peroxide functional 

group.
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Turning to other guest species in their urea inclusion compounds, w e note that 

Ag values have been determined [Harris, 1988; Harris & Thomas, 1990a] for 

n-hexadecane/urea and 6fj-(6-bromohexanoyl) peroxide/urea. The «-hexadecane guest, 

CHg(CH2) i4CHg, has Ag=0 in the three-dimensionally ordered regions, i.e. the guest 

m olecules are at the same relative 'heights’ in all channels. The reason for this is not 

clear (the compound is incommensurate). To further complicate the issue, Forst et al 

[1986, 1987 & 1990] have concluded that this inclusion compound has no three- 

dim ensional guest ordering whatsoever. The Ao=0 m ode o f guest ordering has 

subsequently been found in other CHg(CH2)nCH2/urea inclusion compounds, where 

n=9-14 [Shannon IJ & Harris KDM, in preparation; also Harris, 1993].

The acid anhydride guest family, CHg(CH2)nCO.O.CO.(CH2)nCH^, o f urea 

inclusion compounds shows three-dimensional guest ordering with Ag=0 for n=3,4 

and n=6-10, but for n=5 the basic guest structure is anomalous with Ao=2.3 Â 

[Stainton NM  & Harris KDM, unpublished work]. The reason for this anomaly is 

unclear.

The Nj-(6-bromohexanoyl) peroxide guest. Br(CH2)5(CO)0O(OC)(CH2)5Br, 

is noteworthy in that it combines the terminal dibromo and the diacyl peroxide 

functional groups. H owever, the inclusion compound was found to exhibit 

predominantly one-dimensional guest ordering [Harris, 1988; Harris & Thomas. 

1990a]: it is possible that the ‘competition’ between these two functional groups to 

dominate the mode o f three-dimensional ordering m erely achieved total loss o f  

ordering.
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2.2 .4  Objectives

A preliminary investigation by Harris [1988] on 1,10-dibromodecane/urea 

indicated that Ag=Cg/3. This implies that, in this case, unlike that for the diacyl 

peroxide/urea and /i-alkane/urea inclusion systems, the value of Ag depends upon the 

periodic repeat distance, Cg, o f the guest m olecule along the channel axis, i.e. it 

depends upon the length o f the guest molecule. The work described in this chapter 

focuses on the a,û)-dibromo-«-alkane family o f guests; its aim was to investigate the 

generality o f the above hypothesis for this family o f urea inclusion compounds. Other 

a,ty-d ihalo-;i-a lkane and 1-bromo-n-alkane guests have also been studied for 

comparison. Specific objectives included:

(1) To determine the lattice parameters, ag, bg, Cg, ag, Pg, Yg, of the basic guest 

structures.

(2) To determine the extent of guest ordering: one-dimensional (solely intra

channel) or three-dimensional (both intrachannel and interchannel).

(3) To determine, for the three-dimensionally ordered regions, the size o f the 

offset, Ag, and the relation (if any) between Ag and Cg.

Som e of the work discussed in this chapter has been published [Harris et al,

1991].
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2.3 SYSTEMS STUDIED AND TECHNIQUES USED

2.3.1 Ur ea  INCLUSION COMPOUNDS STUDIED

The urea inclusion compounds to be discussed in this chapter were prepared 

and characterised according to the methods detailed in Appendix A. These compounds 

were:

Cf,û>-dibromoalkane/urea: Br(CH2)nBr n=6-12

a,cu-diiodoalkane/urea: I(CH2)nI n=10

a, 6)-dichloroalkane/urea: Cl(CH2)nCl n=10

1-bromoalkane/urea: Br(CH2)nCHg n=9-12

2.3.2 XRD TECHNIQUES USED

Single crystal x-ray diffraction was used to investigate the stractural properties 

o f these UICs. The basic guest structures cannot be fully determined, due to (i) the 

incommensurate nature o f the UICs and (ii) the guest m obility, and hence partial 

disorder o f the guest molecules within the UICs. Therefore, photographic techniques 

(oscillation and de Jong-Bouman) were used in order to calculate the lattice parameters 

o f the basic guest structures and to study aspects of the guest molecular packing. The 

crystals selected had dimensions ca. 0.2x0.2x0.8 mm^; these were mounted along 

their channel axes (crystallographic c axes) onto glass fibres. Single crystal x-ray 

diffraction photographs were recorded using Ni-filtered Cu-K a radiation (wavelength 

1.5418 Â) as follows.

(i) Oscillation photographs were recorded for all samples: the angle of 

oscillation was ±30° about the channel axis, c. An Enraf-Nonius oscillation camera 

was used (this camera had previously been calibrated using Fisons Analar ammonium  

oxalate, 99.5% minimum assay.)

(ii) Where the oscillation photograph indicated that three-dimensional 

guest ordering was present, this was investigated further by selecting the (hkO) and 

(hkl)g layers of the guest reciprocal lattice using de Jong-Bouman photography. The 

instrument used for tliis was a Stoe Reciprocal Lattice Explorer.
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Crystals o f 1,6-dibromohexane/urea did not possess the long hexagonal needle

like morphology that is usual for urea inclusion compounds; this suggested that the 

structure was different from that of the other urea inclusion compounds studied. 

Preliminary photographic x-ray diffraction studies were carried out using a crystal of 

dim ensions ca.  0 .5x0.5x0.2  mm^. Oscillation, de Jong-Bouman and precession  

techniques were used; the crystal was aligned along an arbitrarily-chosen crystallo

graphic axis. A full structure determination was then performed, using data collected  

on an Enraf-Nonius CAD4 single crystal diffractometer with graphite-monochromated 

M o -K a  radiation o f wavelength 0 .71069 Â. The data were collected, at room  

temperature, by Professor Mark Hollingsworth and Dr Bernard Santasiero at the 

University of Alberta, Edmonton. These data were then used by us to carry out the 

structure solution and refinement, details o f which are given in §2.4.2.3, part (I).
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2.4 RESULTS AND DISCUSSION

2.4.1 Ph o t o g r a p h ic  S ing le  Cr y s t a l  x r d

2.4.1.1 'h'Diffraction Pattern 

For all the urea inclusion compounds studied (except 1,6-dibromohexane/urea),

the 'h' diffraction pattern was found to be essentially invariant, in accordance with 

previous work [Harris, 1988; Harris & Thomas, 1990a]. The ‘h’ diffraction pattern 

was readily identifiable as such on the oscillation photograph: as expected, the ‘h ’ layer 

lines comprised sharp, discrete reflections which were generally much more intense 

than those of the ‘g ’ diffraction pattern.

2.4.1.2 'g' Diffraction Pattern 

(1) a,cchdibromoalkane guests: Br(CH2),fir: n=7-10

Qualitatively, all the 'g' diffraction patterns were the same, varying only in the 

spacing between reciprocal lattice layers. Channel-axis oscillation photographs for the 

four compounds are shown in Fig. 2.8. In each case, the 'g' diffraction pattern 

contains both discrete and diffuse scattering. The diffuse scattering (sheets perpen- j

dicular to the channel axis) indicates that some regions of the crystal have solely one

dimensional ordering o f the guest molecules (along the channel axis), i.e. inti achannel 

ordering. However, the presence of discrete reflections ('spots’) indicates that other 

regions o f the crystal have three-dimensional ordering of the guest molecules, i.e. both 

intrachannel and interchannel ordering. This is analogous to the situation with the 

diacyl peroxide guests.

55



!
I
’-o
oô o

VO»n

î
I
ex
o
%

%i
i

u
OO
ri
oi

tu

i

cO

■•?On



Br(CH2)nBr guest: n=7 n=8 n=9 n=10

tagl/Â  9.45 9.69 10.05 10.19

Ibgl/Â  9.45 9.69 10.05 10.19

Icgi/Â  14.1 15.5 17.4 18.1

a g / °  119.5 122.0 125.2 126.3

P g /°  119.5 122.0 125.2 126.3

Yg/° 97.8 94.5 90.1 88.5

Table 2.2: Lattice parameters for the basic guest structure of a.<D-dibromoalkane/urea

inclusion compounds. Appromixate errors, 5, in these values are:

For lagl, Ibg1: Ô = ±0.1 Â

For ICgl: 5 = ±0.4 Â

For ttg, Pg, 7g: Ô = ±1°

Br(CH2)nBr guest: n=7 n=8 n=9 n=10

ICgI/Â 14.1 15.5 17.4 18.1

A g /Â  4.65 5.13 5.79 6.03

3 A g /Â  13.95 15.39 17.37 18.09

Table 2 .3: Values o f iCgI and Ag for the basic guest structure o f a ,û)-d ibrom o- 

aUcane/urea inclusion compounds.
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The repeat distance, Cg, o f the guest molecules along the channel axis was 

calculated directly from the distance between layers of the oscillation photograph (using 

the equation derived in Fig. 2.3). Further analysis of the ‘g ’ diffraction pattern using 

de Jong-Bouman photography led to calculation of the other lattice parameters o f the 

basic guest structure and also o f the offset, Ag, along the channel axis between guest 

m olecules in adjacent channels. The general methodology used for this calculation is 

detailed by Harris & Hollingsworth [1990: Appendix therein]. The full set o f  lattice 

parameters is listed in Table 2.2, and the values of Cg and Ag are given in Table 2,3. 

A s expected, the Cg values are close to the calculated lengths o f the guest m olecules in 

the extended conformations that they are required to adopt within the channel o f the 

urea inclusion compound. Notwithstanding experimental error, it is evident that the 

value o f Ag is given by the exact relationship Ag=Cg/3: indeed, this is required by the 

crystal symmetry (see below).

As expected, the de Jong-Bouman (hkO) photographs were essentially identical 

for all four inclusion compounds: the positions of the reflections were the same 

although their relative intensities may have differed slightly from compound to 

compound. A typical (hkO) photograph is shown in Fig. 2.9. The four (hkl)^  

photographs were also qualitatively identical: an example is shown in Fig. 2.10a. The 

(hk l)^  photograph contains twice as many reflections per unit area as the (hkO) 

reciprocal lattice net. Furthermore, the positions o f the (hkl)a  reflections can be 

rationalised as a convolution between a pair o f points and the (hid)) reciprocal lattice 

net: this concept is illustrated by Fig. 2.10b. (This interpretation fo llow s the 

methodology used by Harris [1988] and Harris & Hollingsworth [1990] for discussion 

o f the diacyl peroxide/urea inclusion compounds, as outlined earlier.) We deduce that:
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(i) there are two domains of the basic guest structure

(ii) the lattices which define the periodicities o f these domains differ in 

orientation by 180° rotation about the channel axis, but are otherwise 

identical

(iii) the metric symmetry o f each of these lattices is rhombohedral (although 

a general triclinic system is used initially in the discussion below).

The relative packing o f the guest m olecules in each domain can be illustrated 

using a numerical labelling scheme, as shown in Fig. 2.11. This is based upon a 

triclinic description of the basic guest structure. Each channel is labelled with a value r 

according to the relative height o f the guest molecules within it. Thus r signifies that 

the relative z-coordinates of the guest molecules in that channel are rAg+jCg (where r  

and 5 are integers, and s varies sequentially for the guest m olecules along a given 

channel).

If indexed on the basis o f a hexagonal reciprocal lattice, the 'g' reflections can 

be subdivided into two sets, satisfying the following conditions:

Set (1): -h -h k + I = 3n (n = integer)

Set (2): (/lA'Ag: h - k  + l ~ 3 n  { n -  integer)

When /=3w (m=integer), each 'g' reflection satisfies both conditions, hence each {hkff) 

'g' reflection is the superposition o f a reflection from Set (1) and a reflection from 

Set (2). When l¥3m  (e.g. /=1), a reflection that satisfies one condition does not satisfy 

the other, hence reflections from Sets (1) and (2) occur in different positions. This 

accounts for the presence of twice as many observed reflections in {hkl)g as in (/zAO). 

These two sets o f conditions allow the hexagonal lattice to be described alternatively as 

a rhombohedral lattice with two domains: the obverse setting and the reverse setting. 

The obverse setting corresponds to Set (1) and the reverse setting to Set (2).
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DOMAIN I DOMAIN n

Fig. 2 .11: Definition o f the two domains o f the basic guest structure, based on a 

triclinic description. The vectors shown are ag  ̂and bo^ which are directed 

beneath the plane of the page. The vector Cg( is directed outwards perpen

dicular to the page.

DOMAIN I DOMAIN H

Fig. 2 .12: Définition o f the two domains o f the basic guest structure, representing the 

obverse and reverse settings o f the rhombohedral description. The vectors 

shown are b /  and c,/: these are directed outwards from the plane o f the 

page.
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The rhombohedral description requires that the offset, Ag, is given exactly by: 

Ag=Cg/3. W e can thus transform the triclinic representation o f relative guest m olecule 

packing within the two domains, shown in Fig. 2.11, to a rhombohedral system . 

Every channel labelled (3p+<^) in Fig. 2.11 (p=integer; ^=0,1 or 2) contains guest 

m olecules in exactly the same positions as every channel labelled q. Relabelling all 

such channels as q gives a packing that can be recognised as rhombohedral, as shown  

in Fig. 2.12.

Although we have shown here that the metric symmetry of the lattice describing 

the basic guest structure is rhombohedral, this does not  prove that the structure itself is 

rhombohedral. Nevertheless, the Laue group of the 'g' diffraction pattern arising from  

each domain of the basic guest structure is probably 3m. This suggests that the 

structural symmetry is  described, at least on a space- and tim e-average, by a 

rhombohedral space group. Since the highest possible point symmetry of an individual 

CK,6>-dibromoalkane molecule is 2/m, the symmetry at the local level must be lower than 

rhombohedral. However, static positional disorder and/or dynamic disorder (see 

Chapters 4 & 5) could explain the fact that the average symmetry is rhombohedral.

It is instructive to contrast these results with previous work (discussed in 

§2.2.3.2). The diacyl peroxide/urea inclusion compounds studied contain six m ono

clinic domains of the basic guest structure: these domains are identical in all but 

orientation, each being offset from the others by 60° rotation about the channel axis. 

The value o f Ag is constant (4.6 Â). For the «-alkane/urea inclusion com pounds 

studied, the value of Ag is also constant (Ag=0). Both these urea inclusion fam ilies 

appear to belong to a mode of guest molecule packing for which Ag is independent o f  

the repeat distance, Cg, o f the basic guest structure and so effectively independent o f tlie 

length o f the guest molecule.

Clearly, the family o f a,û>-dibromoalkane/urea inclusion compounds represents 

a new mode of guest m olecule packing, in which Ag varies linearly with Cg. So, what 

are the factors governing the mode of interchannel ordering o f the guest m olecules in 

urea inclusion compounds? Because of the incommensurate nature of UICs, it is clear
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that specific host-guest interactions cannot be responsible. However, little is known 

concerning the method in which information regarding the siting o f a guest molecule in 

one channel is transmitted to the neighbouring channels. Som e hypotheses include:

(i) there may be some direct electrostatic interaction between the guest molecules in 

neighbouring channels. These interactions would have to be effective over large 

distances {ca. >8Â): however, this could indeed be the case for the diacyl 

peroxide guests, which have a highly polar (CO)OO(OC) functional group.

(ii) there may be an indirect interaction between guest m olecules in neighbouring 

channels transmitted via their mutual interaction with the urea molecules which 

form the channel wall. Included in this is the possibility that bulky substituents 

on the guest species could distort the channel wall, creating favoured positions for 

the guest m olecules: in the case o f the a,û>-dibromoalkanes, the terminal 

bromines may be viewed as bulky substituents which could play such a role,

(iii) kinetic factors relating to crystal growth may have an influence on the mode of 

interchannel guest ordering. However, this seems unlikely, given that two 

different preparation methods for 1,10-dibromodecane/urea (ours and that of 

Harris [1988]) led to the same mode of ordering. Their dynamic properties also 

suggest that, whatever the method of preparation, the guest molecules have scope 

for 'relaxing' into the favoured mode of packing.

If the guest ordering is controlled by factors (i) and (ii) above, the observed 

value o f Ag will represent the optimum interaction between a guest molecule in one 

channel and the guest molecules in surrounding channels. Evidently, the identity and 

position o f the functional group are relevant factors. If a guest molecule's functional 

group interacts significantly with more than one functional group in each adjacent 

channel, we could expect the optimum value o f Ag to depend on the periodic repeat 

distance, Cg. However, if there is interaction with just one functional group, we could 

expect Ag to be constant. For guests of short molecular length, many interacting 

neighbours is more probable, whereas for longer guests just one interacting neighbour 

may be expected. This suggests that each family of urea inclusion compounds
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(excluding the «-alkane guests, which do not possess a functional group as such) may 

have a 'crossover point' with respect to the mode of guest molecular ordering. The 

o;a)-dibromoalkanes we have studied are relatively short molecules, whereas the diacyl 

peroxides discussed were of much longer chain length. It is possible that within the 

same urea inclusion family, short guest m olecules show ordering for which Ag is 

dependent on Cg, whereas longer guest molecules show a constant Ag. However, this 

theory does not appear to hold for the acid anhydride guest family, for which relatively 

short guest molecules have been shown to have a constant Ag.

(2J Other dibromoalkane guests Br(CH 2 ) ,f ir

( i ) n - 6

It was found that the Br(CH2)6Br/urea inclusion compound has a com pletely  

different crystal structure from the higher members o f the series. A full structure 

determination was therefore carried out, the results o f which are described and 

discussed in §2.4.2.

( i i )n=I l -12

These compounds showed diffuse bands only in the guest diffraction pattern of the 

oscillation photographs, indicating solely intrachannel (one-dimensional) ordering. 

A typical oscillation photograph is shown in Fig. 2.13a.

(3) Other dihaloalkane guests

(i) IJO-diiododecane: KCHzjioi

This guest showed the same structural behaviour as that of the n=7-10 family of 

dibromoalkane guests: three-dimensional ordering with Ag=Cg/3:

Cg=19.1 (± 0 .4) Â  

Ag=6.3 (+0.2) Â

The oscillation photograph is shown in Fig. 2.13b and the full set o f lattice 

parameters for the basic guest structure is listed in Table 2.4.
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Parameter Value Error, Ô

lag) /  Â 10.37 +0.1

Ibgl/Â 10.37 ±0.1

ICgI/Â 19.1 ± 1 .4

127.6 ±1

127.6 ±1

V° 86.7 ±1

Table 2.4: Lattice parameters for the basic guest structure o f 1,10-düododecane/urea

(ii) 1,10-dichlorodecane: Cl(CH2 )ioCl

The oscillation photograph for this urea inclusion compound (see Fig. 2 .1 3 o  

showed only diffuse bands in the 'g' diffraction pattern, indicating no interchannel 

ordering (i.e. the basic guest structure is ordered only in one-dimension, along the 

channel axis).

(4) 1-bromoalkane guests: Br(CH2 ),iCH^: n~9-12

These guests showed only diffuse bands in the guest diffraction pattern, 

indicating solely intrachannel ordering o f guest m olecules, A t>*pical oscillation  

photograph is shown in Fig. 2.13d.

In the light of these results, certain questions present themselves.

(i) Why do the n = ll-1 2  a,tu-dibrom oalkane guests lack three-dim ensional 

ordering? No explanation is apparent, unless the crystals were contaminated by 

solvent co-inclusion. Due to the low  solubilities o f 1,11 -dibromoundecane and 

1,12-dibromododecane in methanol, ethanol had been used as the preparation 

solvent: this may have a higher propensity to be co-included in the urea channels.
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thus disrupting the guest molecular ordering. Nevertheless, solution state NM R of 

these UICs dissolved in dg-dimethylsulphoxide showed that solvent inclusion was 

negligible.

(ii) W hy does the 1,10-diiododecane guest show the same Ag=Cg/3 m ode of 

ordering as for the dibromoalkane guests? It is plausible that the bulky iodine 

substituents, of van der Waals radius 2.15 Â (c.f. bromine: 1.95 Â; chlorine: 

1.80 Â [Atkins, 1986]), distort the urea channel wall, leading to a Tocking-in’ of 

guest molecules. Therefore, as the guest molecules are relatively short, an ordering 

mode dependent on the guest repeat distance, Cg, may be expected

(iii) Why should the 1,10-dichlorodecane guest not show any three-dimensional 

ordering? It may be that there are no dominant features o f the guest functional 

groups which can dictate any Tocking-in’ mechanism compatible with either o f the 

modes of ordering cited above. However, the /i-alkane guests do not have well- 

defined functional groups, as such, and yet they do  show  three-dimensional 

ordering, with Ag=0.

(iv) The lack of three-dimensional ordering for the 1-bromoalkane guests is a more 

complex issue as the guest molecules are unsymmetric. The relative orientation of 

adjacent molecules along the same channel (i.e. head-to-head or head-to-tail) 

becomes relevant and may be responsible for lack of three-dimensional ordering.

Harris [1988] puts forward the argument that the precise structural character

istics o f the guest substructure often depend critically upon the history of the UIC 

crystal being examined, the important aspects of this history being the process of 

crystal growth and the extent of x-radiation undergone. However, for the majority o f  

inclusion compounds investigated in the present work, more than one crystal o f each 

was studied. Some crystals o f those compounds containing shorter chain guests (e.g. 

1,7-dibromoheptane/urea) visibly decomposed over the course o f an experiment: the 

results from such crystals were disregarded. However, with these exceptions, the 

results obtained were reproducible.
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2.4.2 CRYSTAL Structure  d eterm inatio n  of  1,6-Dibro m o h exaneAJrea

2.4.2.1 Morphology

As already stated, the external crystal morphology suggested that 1,6-dibromo- 

hexane/urea is not a conventional urea inclusion compound: instead of being hexagonal 

needles, the crystals were truncated pyramids. Plan and side view s o f a typical crystal 

are shown in Fig. 2.14.

Fig: 2.14: Morphology of the 1,6-dibromohexane/urea crystal

Plan view

0  Crystal aligned along this axis (= a axis), which 
is perpendicular to plane o f page in plan view

Side view
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2.4.2.2 Photographic XRD Studies

The oscillation photograph for 1,6-dibromohexane/urea is shown in Fig 2.15a.

As is common with urea inclusion compounds containing short-chain guest molecules, 

the thermal stability of 1,6-dibromohexane/urea appears low: when left in daylight at 

room temperature for a few  days, it showed evidence of partial decom position to 

polycrystalline urea. Fig. 2.15b shows the oscillation photograph o f such a partially- 

decomposed compound.

Unusually for a urea inclusion compound, the diffraction pattern on the 

oscillation photograph comprises only one set o f layer lines and can be rationalised in ^

terms of a unique three-dimensionally periodic reciprocal lattice: this implies that the 

host and guest substructures are commensurate. Because of this commensurability, a 

full structure solution was possible. The de Jong-Bouman and {Ikl) photographs 

are shown in Fig. 2.16. The {Ikt) photograph shows a diffraction pattern identical, in 

terms of positions of maxima, to the {Qkî) diffraction pattern, although the (0/:/) has 

two mirror planes whereas the {Ikï) has only one, as is shown by the intensity o f the 

reflections. These photographs, and the information given by the (/rO/) precession  

photograph also recorded, show that the structiae is monoclinic (a=y=90°) and belongs 

to space group P2i/n. The lattice parameters calculated from these photographs were as 

follows:

a = 8.45 (+0.1) Â 

b = 10.95 (+0.1) Â 

c = 13.62 (±0.4) Â 

P = 92.5“ (+1°)
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Fig. 2.15: Oscillation photographs (about a axis) for 1,6-dibromohexane/urea

(a) For a compound of high structural integrity

(b) For a partially-decomposed compound
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Fig. 2.16: De Jong-Bouman photographs for 1,6-dibromohexane/urea

(a) (Okl) photograph

(b) (UV) photograph
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I
2 .4 .2 3  Crystal Structure Determination

(I) Details o f stt'ucture solution and refinement

The crystallographic data were as fo llow s. Content o f  unit cell: 

2(C5H i2Bi2).12(N H 2.C O .N H 2). Crystal system: monoclinic. Space group: P2j/n.

Content o f asymmetric unit: l/2(C^H i2Br2).3(NH 2.C0.N H 2). Lattice parameters:* 

a=8.587 Â. b=10.899 Â, c=13.468 Â, p = 92 .80°, a = y = 9 0 ° . V = 1258 .96  Â. |

X (M o-K a)=0.71069 Â, |x(M o-K a)=31.81  cm-1, F(000)=620.00. 2814  diffracto- 

metric data were measured in the ranges 0</î<1 1; 0 ^ < 1 4 ; -17</<17.

The data were corrected for absorption using the measured crystal dimensions.t 

The structure was solved using direct methods (the SHELXS86 program) and refined 

using full-matrix least squares methods (SHELX76). Hydrogen atoms were located 

from electron density difference maps. Due to the poor behaviour o f free refinement o f 4

the hydrogen atom positions, the car bon-hydrogen bond lengths were fixed at 1.080 Â t

and soft restr aints were applied to the positions of hydrogens bonded to nitrogen. 183 .. i

parameters were refined; 2248 reflections (for which F > 3 (7 (F ) )  were included in the A

refinement. Unit weights were given to all reflections.
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(II) Results

The atomic coordinates of the non-hydr'ogen atoms in the asymmetric unit are 

given in Table 2.5. Values o f the anisotropic thermal parameters, Uy, for the non

hydrogen atoms are shown in Table 2.6. The atomic coordinates and the isotropic 

thermal parameters, U, o f the hydrogen atoms are given in Table 2.7. Interatomic 

distances and angles are listed in Tables 2.8 & 2.9, respectively. A lso listed in each of |

these Tables are the estimated standard deviations (BSD) in the values quoted.

* The lattice parameters used in the structure determination were those determined diffractometrically by |
Professor Mark Hollingsworth; these values aie in close agreement with those determined from our
XRD photographs (see §2.4,2.2). __ _   _
t These were as follows: face (014): j) . 197 mm; (012): 0.277; (021): 0.309; (014): 0.238; (010):
0.332; (021): 0.312; (100): 0.348; (101): 0.318; (201): 0.340. (It was necessary to supply nine faces 
as the crystal morphology was not precisely that of a truncated pyramid.)



T a b le  2 . 5 :  A tom ic  c o o r d in a t e s  f o r  t h e  n o n -h y d ro g en  atom s  
(w ith  c o r r e s p o n d in g  ESD shown b e lo w  e a c h  v a lu e )

ATOM X/A Y/B Z/C

B r l 0 . 1 3 5 7 0 . 1 4 3 8 0 . 9 6 2 6
0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1

C2 - 0  . 0407 0 . 2 0 9 9 1 . 0 3 0 6
0 . 0 0 1 0 0 . 0 0 0 8 0 . 0 0 0 8

C5 - 0 . 0 8 9 6 0 . 3 3 5 4 0 . 9 9 3 1
0 . 0 0 1 0 0 . 0 0 0 8 0 . 0 0 0 8

C8 0 . 0323 0 . 4 3 4 6 1 . 0 1 5 7
0 . 0 0 0 9 0 . 0 0 0 8 0 . 0 0 0 7

N i l 0 . 5 4 3 5 0 . 1 4 8 6 0 . 9575
0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 5

C12 0 . 5 1 1 2 0 . 2 5 1 7 0 . 9 0 4 8
0 . 0 0 0 7 0 . 0 0 0 6 0 . 0 0 0 5

N13 0 . 4 8 2 1 0 . 3 5 5 1 0 . 9 5 5 1
0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 4

014 0 . 5 0 9 8 0 . 2 5 1 8 0 . 8105
0 . 0 0 0 5 0 . 0 0 0 4 0 . 0 0 0 3

N15 0 . 8 3 2 0 - 0  . 0174 0 . 7 4 8 3
0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 5

C16 0 . 8 8 9 9 0 . 0 8 7 1 0 . 7 1 2 0
0 . 0 0 0 7 0 . 0 0 0 6 0 . 0 0 0 5

N17 0 . 8 1 0 1 0 . 1914 0 . 7 2 2 6
0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 5

018 1 . 0 1 6 9 0 . 0 8 6 5 0 . 6 6 8 7
0 . 0 0 0 5 0 . 0 0 0 4 0 . 0 0 0 4

N19 1 . 1 9 3 0 0 . 3 1 7 6 0 . 7 2 0 1
0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 5

C20 1 . 1 0 7 3 0 . 4220 0 . 7 1 0 7
0 . 0 0 0 7 0 . 0 0 0 6 0 . 0005

N21 1 . 1 6 9 9 0 . 5 2 5 9 0 . 7 4 8 4
0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 5

022 0 . 9 7 5 1 0 . 4 2 0 1 0 . 6 6 7 6
0 . 0 0 0 5 0 . 0 0 0 4 0 . 0 0 0 4
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T a b le  2 . 6 :  A n i s o t r o p ic  th e r m a l p a r a m e te r s , U i j , f o r  t h e
n o n -h y d r o g e n  atom s  

( w i t h  c o r r e s p o n d in g  ESD shown b e lo w  e a c h  v a lu e )

ATOM U l l U22 U3 3 U23 U13 U12

B r l 0 . 0 4 2 3 0 . 0 3 2 7 0 . 0 7 4 1 0 . 0 0 3 0 0 . 0 2 7 5 0 . 0 0 2 1
0 . 0 0 0 5 0 . 0 0 0 5 0 . 0 0 0 7 0 . 0 0 0 5 0 . 0 0 0 4 0 . 0 0 0 4

C2 0 . 0 3 2 6 0 . 0 3 1 2 0 . 0 7 4 0 0 . 0 1 1 6 0 . 0 2 0 2 0 . 0 0 5 6
0 . 0 0 4 0 0 . 0 0 4 4 0 . 0 0 6 7 0 . 0 0 4 4 0 . 0 0 4 2 0 . 0034

C5 0 . 0 3 6 2 0 . 0 2 9 5 0 . 0 7 2 1 0 . 0 0 1 7 0 . 0 0 6 6 0 . 0 0 1 6
0 . 0 0 4 4 0 . 0 0 4 4 0 . 0 0 6 8 0 . 0 0 4 3 0 . 0 0 4 4 0 . 0 0 3 5

C8 0 . 0 2 6 3 0 . 0 3 4 2 0 . 0 5 2 2 0 . 0 0 1 5 0 . 0 0 3 5 0 . 0 0 3 6
0 . 0037 0 . 0 0 4 3 0 . 0 0 5 5 0 . 0 0 4 0 0 . 0 0 3 5 0 . 0 0 3 1

N i l 0 . 0 3 4 1 0 . 0 1 3 7 0 . 0 2 7 5 0 . 0 0 2 2 - 0  . 0 0 0 4 0 . 0 0 1 0
0 . 0 0 3 1 0 . 0 0 2 5 0 . 0 0 3 1 0 . 0 0 2 5 0 . 0 0 2 5 0 . 0 0 2 4

C12 0 . 0 1 1 1 0 . 0 1 5 2 0 . 0 2 7 2 - 0 . 0 0 0 7 0 . 0 0 1 6 - 0 . 0 0 3 5
0 . 0 0 2 5 0 . 0 0 2 9 0 . 0 0 3 4 0 . 0 0 2 6 0 . 0 0 2 3 0 . 0 0 2 2

N13 0 . 0 3 5 0 0 . 0 1 4 5 0 . 0 2 7 9 - 0 . 0 0 2 1 0 . 0 0 6 9 - 0 . 0 0 1 2
0 . 0 0 3 1 0 . 0 0 2 6 0 . 0 0 3 2 0 . 0 0 2 4 0 . 0 0 2 5 0 . 0 0 2 4

014 0 . 0 2 7 4 0 . 0 1 3 9 0 . 0 1 7 5 0 . 0 0 1 2 0 . 0 0 5 1 - 0 . 0 0 1 2
0 . 0 0 2 3 0 . 0 0 2 1 0 . 0 0 2 3 0 . 0 0 1 8 0 . 0 0 1 9 0 . 0 0 1 8

N15 0 . 0 3 2 6 0 . 0 1 2 3 0 . 0 3 7 5 0 . 0 0 4 3 0 . 0 1 4 1 - 0  . 0 0 4 8
0 . 0 0 3 2 0 . 0 0 2 6 0 . 0 0 3 6 0 . 0 0 2 5 0 . 0 0 2 7 0 . 0 0 2 3

016 0 . 0 1 7 9 0 . 0 1 7 3 0 . 0 2 2 6 - 0  . 0 0 3 8 0 . 0 0 4 0 0 . 0 0 0 4
0 . 0 0 2 8 0 . 0 0 3 0 0 . 0 0 3 3 0 . 0026 0 . 0 0 2 4 0 . 0 0 2 4

N17 0 . 0 2 6 6 0 . 0 1 3 1 0 . 0 3 9 1 - 0 . 0 0 0 1 0 . 0 1 0 7 0 . 0 0 1 5
0 . 0 0 2 8 0 . 0 0 2 6 0 . 0 0 3 6 0 . 0 0 2 5 0 . 0 0 2 6 0 . 0 0 2 2

018 0 . 0 2 3 5 0 . 0 1 5 3 0 . 0 2 6 0 0 . 0 0 0 6 0 . 0 0 8 2 0 . 0 0 1 3
0 . 0 0 2 3 0 . 0 0 2 2 0 . 0 0 2 6 0 . 0 0 1 9 0 . 0 0 1 9 0 . 0 0 1 8

N19 0 . 0 2 5 0 0 . 0 1 8 2 0 . 0 3 5 8 0 . 0 0 1 3 - 0  . 0008 0 . 0 0 3 5
0 . 0 0 2 8 0 . 0 0 2 7 0 . 0 0 3 7 0 . 0026 0 . 0 0 2 6 0 . 0 0 2 3

020 0 . 0 2 1 0 0 . 0 1 5 7 0 . 0 1 8 0 0 . 0 0 1 5 0 . 0 0 7 1 0 . 0 0 1 4
0 . 0 0 2 9 0 . 0 0 3 0 0 . 0 0 3 1 0 . 0 0 2 5 0 . 0 0 2 4 0 . 0 0 2 3

N21 0 . 0 2 9 8 0 . 0 1 3 8 0 . 0 3 1 8 - 0  . 0034 - 0  . 0027 - 0 . 0 0 2 1
0 . 0 0 3 0 0 . 0 0 2 6 0 . 0 0 3 4 0 . 0024 0 . 0 0 2 5 0 . 0 0 2 2

022 0 . 0 2 0 8 0 . 0 1 3 8 0 . 0 2 7 9 0 . 0016 0 . 0 0 0 2 - 0 . 0 0 0 8
0 . 0 0 2 2 0 . 0 0 2 1 0 . 0 0 2 6 0 . 0019 0 . 0 0 1 9 0 . 0 0 1 8
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T a b le  2 . 7 :  A to m ic  c o o r d in a t e s  and  i s o t r o p i c  th erm a l
p a r a m e te r , U, f o r  t h e  h yd rogen  atom s

( w i t h c o r r e s p o n d in g ESD shown b e lo w  e a c h

ATOM X/A Y/B Z/C U

H3 - 0 . 0 0 8 9 0 . 2 1 6 5 1 . 1 0 8 9 0 . 2 1 1 7
0 . 0 0 1 0 0 . 0 0 0 8 0 . 0 0 0 8 0 . 0 3 1 4

H4 - 0  . 1 3 8 2 0 . 1 4 7 9 1 . 0 1 9 6 0 . 2 1 1 7
0 . 0 0 1 0 0 . 0 0 0 8 0 . 0008 0 . 0 3 1 4

H6 ■ - 0 . 1 1 0 4 0 . 3 2 9 9 0 . 9 1 3 5 0 . 2 1 1 7
0 . 0 0 1 0 0 . 0 0 0 8 0 . 0 0 0 8 0 . 0 3 1 4

H7 - 0 . 1 9 6 2 0 . 3 6 1 1 1 . 0 2 7 1 0 . 2 1 1 7
0 . 0 0 1 0 0 . 0 0 0 8 0 . 0 0 0 8 0 . 0 3 1 4

H9 0 . 1 1 0 4 0 . 4 6 9 0 0 . 9 6 1 7 0 . 2 1 1 7
0 . 0 0 0 9 0 . 0 0 0 8 0 . 0 0 0 7 0 . 0 3 1 4

HIO 0 . 0 2 4 5 0 . 5 0 0 2 1 . 0 7 5 3 0 . 2 1 1 7
0 . 0 0 0 9 0 . 0 0 0 8 0 . 0 0 0 7 0 . 0314

H23 0 . 6 9 7 1 0 . 1 5 8 6 1 . 0 0 4 6 0 . 9 6 0 6
0 . 0 2 0 3 0 . 0 2 9 9 0 . 0 2 5 6 0 . 0 8 5 0

H24 0 . 3 9 6 7 0 . 0 4 5 4 0 . 9 8 0 9 0 . 9 6 0 6
0 . 0 3 4 6 0 . 0 2 5 7 0 . 0 1 2 5 0 . 0 8 5 0

H25 0 . 4 7 0 1 0 . 2 8 8 1 1 . 0 4 0 5 0 . 9 6 0 6
0 . 0 5 2 9 0 . 0 2 6 0 0 . 0 0 8 5 0 . 0 8 5 0

H26 0 . 4 8 0 4 0 . 4 3 5 0 0 . 9 5 9 5 0 . 9 6 0 6
0 . 0 5 3 0 0 . 0 1 1 2 0 . 0138 0 . 0 8 5 0

H27 0 . 7 5 4 5 - 0 . 0 5 0 0 0 . 8 3 3 9 0 . 9 6 0 6
0 . 0241 0 . 0 2 7 6 0 . 0 3 0 0 0 . 0 8 5 0

H28 0 . 9 9 0 1 - 0 . 0 2 9 9 0 . 8749 0 . 9606
0 . 0 2 9 7 0 . 0 2 3 5 0 . 0 1 2 2 0 . 0 8 5 0

H29 0 . 5 8 6 4 0 . 1 1 7 7 0 . 7 2 4 7 0 . 9 6 0 6
0 . 0 2 8 8 0 . 0 2 4 2 0 . 0 1 8 4 0 . 0 8 5 0

H3 0 0 . 7 0 2 1 0 . 2 4 4 9 0 . 6 0 5 6 0 . 9 6 0 6
0 . 0 3 9 1 0 . 0 1 8 5 0 . 0 2 4 4 0 . 0 8 5 0

H31 1 . 1 3 3 3 0 . 1 8 6 6 0 . 7 4 6 7 0 . 9 6 0 6
0 . 0 3 5 0 0 . 0 2 1 5 0 . 0 1 1 5 0 . 0 8 5 0

H32 1 . 0 3 3 7 0 . 3 0 5 8 0 . 5 8 2 4 0 . 9 6 0 6
0 . 0 3 5 7 0 . 0 2 1 8 0 . 0 2 6 9 0 . 0 8 5 0

H3 3 1 . 3 0 5 0 0 . 5 2 9 7 0 . 7 3 1 8 0 . 9 6 0 6
0 . 0 1 3 5 0 . 0 3 1 0 0 . 0 2 9 1 0 . 0 8 5 0

H34 1 . 1 6 0 6 0 . 5 7 0 7 0 . 8 1 3 4 0 . 9 6 0 6
0 . 0 2 9 8 0 . 0 2 4 0 0 . 0 0 6 7 0 . 0 8 5 0
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Table 2.8: Interatomic distances

Atoms Distance /  Â E S D /Â

B r l— C2 1.946 0.008
C 2--C 5 1.511 0.011

C5— C8 1.525 0.011

C2— H3 1.080 *

C2— H4 1.080 *

C5— H6 1.080 *

C5— H7 1.080 *

C8— H9 1.080 *

C8— HIO 1.080 *

N i l — C12 1.352 0.008

N 13— C12 1.344 0.008
0 1 4 — C12 1.268 0.008

N i l — H23 1.440 0.277
N i l — H24 (1.730) n/a

N 13— H25 1.370 0.167

N 13— N26 0.873 0.111

N15— C16 1.344 0.008

N 17— C16 1.338 0.008

0 1 8 — C16 1.262 0.007
N 15— H27 1.404 0.236

N 15— H28 (2.131) n/a

N 17— H29 (2.083) n/a

N 17— H30 (1.882) n/a

N 19— C20 1.358 0.008

N 21— C20 1.342 0.008

0 2 2 — C20 1.250 0.007

N 19— H31 (1.564) n/a

N 19— H32 (2.254) n/a

N 21— H33 1.193 0.072

N 21— H34 1.010 0.114

* => Lengths o f these C— H bonds fixed at 1.080 Â
n/a =» ESD not given by program as refinement of these hydi'ogen positions was poor

78



Table 2.9: Interatomic angles

Atoms A n gle/° E S D /°

H3-C2-Brl 108.6 0.3
H4-C2-Brl 108.7 0.3
H4-C2-H3 109.5 *

C5-C2-Brl 112.8 0.6
C5-C2-H3 108.5 0.6
C5-C2-H4 108.6 0.5
H6-C5-C2 108.1 0.6
H7-C5-C2 108.7 0.5
H7-C5-H6 109.5 *

C8-C5-C2 113.5 0.7
C8-C5-H6 108.4 0.5
C8-C5-H7 108.6 0.5
H9-C8-C5 123.7 0.5

H10-C8-C5 123.4 0.5
H10-C8-H9 109.5 *

H23-N11-C12 109.2 10.3
N13-C12-N11 118.1 0.6
014-C12-N11 121.2 0.6
014-C12-N13 120.8 0.6
H25-N13-C12 90.0 9.2
H26-N13-C12 150.9 13.5
H26-N13-H25 118.2 9.1
H27-N15-C16 135.3 13.2
N17-C16-N15 118.7 0.5
018-C16-N15 120.5 0.6
018-C16-N17 120.8 0.6
N21-C20-N19 117.8 0.6
O22-C20-N19 120.3 0.6
O22-C20-N21 121.9 0.6
H33-N21-C20 109.5 13.3
H34-N21-C20 133.6 11.2
H34-N21-H33 105.3 9.4

H-C-H angles constrained to 109.5° due to fixing o f C— H bond lengths
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The final value o f the R-factor was 7.3%. Whereas the refinement o f the non

hydrogen atom positions was well-behaved, yielding intuitively reasonable parameters, 

many o f the refined parameters for the hydrogen atoms are not reasonable. This is 

reflected in some excessively long bond lengths, some large ESDs in the bond angles 

and som e high isotropic thermal parameters. It is possib le that the absoiption  

correction may not have been entirely realistic: this may be a reason for the poor 

behaviour o f the hydrogen atom refinement.

Fig. 2.17 shows two view s along the channel axis, b, o f a single channel of  

1,6-dibromohexane/urea and Fig. 2.18 shows a view peipendicular to the (ab) plane. 

Although the central portion o f the Br(CH2)6Br molecules is predominantly in the 

linear, tran s, extended conformation, it can be seen that the Br end-groups are 

exclusively in the gauche conformation: this is unusual for a Br(CH2)nBr m olecule in 

its urea inclusion compound and is discussed further in Chapter 3. Note that the angle 

o f tilt o f  the m olecule relative to the channel axis is more pronounced than in 

‘conventional’ urea inclusion compounds.

2 .4.2.4 Discussion

Previous work on 1,6-dibromohexane/urea has been can ied  out by Schlenk  

[1949] and Otto [1972], although neither o f these workers actually solved the structure. 

Schlenk [1949] notes that its structure is not of the conventional hexagonal type and 

Otto [1972] found that the structure is monoclinic and quotes the follow ing lattice 

parameters, which agree closely with our values:

a = 8.69 Â 

b = 11.03 Â 

c = 13.80 Â 

P = 92.6°
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Fig. 2.17: CHEMX plots of the structure of 1,6-dibromohexane/urea:
views of a single channel down the b axis

(H atoms have been omitted from both plots)

Y
Y

Y

(a) With atomic radii zero

(b) With van der Waals radii shown
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Fig. 2.18: CHEMX plot of the structure of 1,6-dibromohexane/urea:
a view perpendicular to the (ab) plane

(H atoms have been omitted and, for clarity, the ureas in front

of and behind the C(5Hj[2® 2̂ molecules have been removed)

3.603 A

3.603 A

b axis



Interestingly, Schlenk [1949] found that 1,5-dibromopentane/urea w as  o f the 

conventional hexagonal type, implying that 1,6-dibromohexane/urea is a structurally 

anomalous member of the a,0)-dibromoalkane/urea inclusion family. The reason for 

this anomaly is unclear. If 1,5-dibromopentane/urea is indeed hexagonal, it cannot be 

that the 1,6-dibromohexane guest is too short to be stabilised within the usual 

hexagonal host framework. However, the driving force behind its forming this novel 

structure (in preference to simple non-inclusion) could be the opportunity to lock in 

commensurably to the host, presumably via some coordination o f the Br end-gi oups to 

the urea molecules. It has recently been found [Hollingsworth MD, unpublished work] 

that l-bromo-6-chlorohexane/urea has the same structure as 1,6-dibromohexane/urea. 

This implies that one Br end-group is sufficient to achieve this commensurability.

Finally, as the commensurate nature o f the 1,6-dibromohexane/urea structure is 

detectable by x-ray diffraction, it seem s unlikely that the guest m olecules exhibit 

significant motion: this contrasts with the considerable dynamics shown by guest 

molecules in 'conventional' urea inclusion compounds (see Chapter 4).

83



2.5 CONCLUSIONS

2.5.1 SUMMARY OF RESULTS

Photographic single crystal XRD studies of the urea inclusion compounds of 

Br(CH2)nBr, where n=7-10, have shown that each single crystal contains both  regions 

in which the guest m olecules are ordered only in one dimension (along the channel 

axis) and regions in which the guest m olecules are three-dimensionally ordered. For 

the regions of three-dimensional ordering, there are two domains o f the basic guest 

structure: the lattices which define the periodicities of these domains differ only by 180® 

rotation about the channel axis and have rhombohedral metric symmetry. In these 

regions, the value along the channel axis o f the offset, Ag, between neighbouring guest 

molecules in adjacent channels is given by the exact relationship:

This represents a new mode of guest molecular ordering which contrasts with those 

guest fam ilies for which Ag is known to be constant, e.g. /t-alkanes: Ag=0; acid 

anhydrides: Ag=0 (in general); diacyl peroxides: Ao=4.6 Â. Factors controlling the 

mode o f intermolecular guest packing are thought to involve either direct electrostatic 

interaction between the guest molecules in neighbouring channels or indirect interaction 

transmitted via the urea molecules which form the channel walls.

I(C H 2)ioI/urea was also found to belong to this Ag=Cg/3 m ode o f  guest 

molecular ordering. However, there was no evidence, from the oscillation photo

graphs, for three-dimensional guest molecular ordering either in Cl(CH2)ioCl/urea or in 

Br(CH2)nBr/urea with n = ll-1 2 .

It was found that Br(CH2)6Br/urea has a totally different structure from that of 

‘conventional’ urea inclusion compounds. Single crystal x-ray diffraction photographs 

showed that the structure o f Br(CH2)6Br/urea is monoclinic and that the host and guest 

structures are commensurate with one another. Consequently, it was possible to solve 

the complete structure using x-ray diffractometric methods.
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2.5.2 FUTURE WORK

Further studies could be done to establish the reasons for one and/or three- 

dimensional ordering o f the guest molecules in these urea inclusion compounds, for the 

mode o f interchannel guest packing in the three-dimensionally ordered regions, and for 

the existence o f  structurally anomalous members within certain fam ilies o f urea 

inclusion compounds. These include the following.

2.5.2.1 Low-Temperature Studies 

" The studies described here were carried out at ambient temperature, where the

guest m olecules have considerable mobility (as discussed in Chapter 4). Variable 

temperature x-ray diffraction studies could give us a clearer understanding of the factors 

affecting guest molecule ordering. The a,Ohdibromoalkane/urea inclusion family 

undergoes a phase transition, similar to that o f the «-alkane/urea inclusion family, to a 

low-temperature orthorhombic phase. Investigation o f the inclusion compound 

structure below the phase transition temperature (in the range ca. 135-166 K for the 

compounds studied here: see Appendix B) could give insight into the changes occurring 

at the phase transition.^

2.5.2.2 Extended Range of Guest Molecules 

Investigation of longer and shorter guest m olecules within the families already

studied could indicate the generality or otherwise o f the conclusions drawn, and the 

prevalence o f anomalous structures. Studies on new guest fam ilies could also be 

instructive, e.g. diketones, and other symmetric guest species. Once such urea 

inclusion compounds are understood, mixed functionality species as guests and even 

mixed guest systems could be studied. Such studies would be possible provided the 

stability o f the inclusion compounds was such as to allow facile preparation.

"i" To date, there has been no satisfactory study of guest molecular ordering in any urea inclusion 
compound below the phase transition. Preliminary photographic studies [Harris, 1988] on the diacyl 
peroxide/urea inclusion system at low temperature (down to 183 K) showed no significant structural 
changes, other than the expected slight contraction of the host structure on cooling. However, this 
family of urea inclusion compounds is not thought to undergo a phase transition,
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2 .5 .2 3  Different Hosts

The study o f the same guest species within different host frameworks could 

afford interesting structural comparisons. Some alternative hosts are thiourea, per- 

hydrotriphenylene, tri-o/YAo-thymotide and deoxycholic acid.

2.5.2.4 Decomposition Studies

As mentioned earlier, some of the inclusion compounds studied here, especially 

those containing the shorter chain guest molecules, became increasingly polycrystalline 

with heat, time and/or x-ray exposure. A study of the cause, rate and mechanism of  

decomposition o f  such compounds could reveal the factors which determine their 

structural stability. It is possible that diffuse guest scattering (leading to an assignment 

o f one-dimensional ordering) may, in fact, be a consequence o f thermal or x-ray 

induced composition. This was proposed by Harris [1990] during studies o f x-ray 

scattering from monohalocyclohexane/thiourea.

2.5.2.5 Complementary Techniques

The use o f techniques such as computer simulation could be instructive by 

providing the theoretically optimum structure of these compounds. This could also 

yield significant insight regarding the factors determining the Ag offset, and enable us 

to understand and predict into which category of interchannel guest ordering a particular 

family o f luea inclusion compounds w ill fall. Such techniques could also elucidate 

factors governing the formation of anomalous guest structures.

Techniques such as Raman spectroscopy, neutron scattering and ^H solid state 

nuclear magnetic resonance spectroscopy (discussed in Chapters 3, 4 & 5, respectively) 

provide dynamic and conformational information regarding the guest species. This 

information w ill be complementary to the structural information derived from these 

x-ray diffraction studies in building up a coherent picture o f the physical properties of 

these inclusion compounds.
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CHAPTER 3 

RAMAN SPECTROSCOPIC STUDIES

3.1 THE TECHNIQUE

3.1.1 INTRODUCTION

The Raman effect was discovered in 1928 by C.V. Raman, and the 

development o f laser sources in the m id-1960’s has allowed Raman spectroscopy to 

become a routine laboratory technique. It can, in principle, be used for the study o f  

molecular ti'anslations, rotations and vibrations. As discussed by Sloane [1971] and 

Davies [1984], Raman spectroscopy is complementary to the absorption process o f  

infrared spectroscopy, many vibrations being active in either Raman or infrared, or 

both. Activity is governed by molecular symmetry and polarity: in general, symmetric 

vibrations and non-polar groups are most easily studied by Raman, antisymmetric 

vibrations and polar groups by infrared.

Raman has an advantage over infrared in the generality o f its experimental set

up: study of the whole range of molecular rotational and vibrational levels need involve 

only one dispersive system, one detector and one sample cell (glass or quartz). In 

contrast, infrared spectroscopy requires different set-ups for different frequency 

ranges. Raman also has advantages in ease of sample preparation. However, infrared 

spectr oscopy is the better technique for quantitative analysis. For the present study of 

a,û>dibromoalkane/urea inclusion compounds, Raman spectroscopy was chosen in 

preference to infrared, because the infrared spectra of urea inclusion compounds are 

dominated by absorption of the urea.

The follow ing section outlines the theory underlying Raman spectroscopy; 

further details on theory and chemical applications may be found in general references 

[e.g. LSMC, 1991; Grasselli et al, 1981; Long, 1977].
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3.1.2 Ge n er a l  principles of Ra m a n  Spectroscopy

When a m olecule is subjected to an electromagnetic field , the resulting 

perturbation o f the molecule's electron cloud gives rise to an induced dipole moment, 

P, which is not necessarily parallel to the electric field vector, E. This induced dipole 

moment is related to the electric field vector by the power series:

P = a.E+lp:E.E + ...

where a  is the molecular polarisability tensor (of rank 2)

p is the molecular hyperpolarisability tensor (of rank 3)

For relatively weak incident radiation, such as that produced by a continuous laser, the 

hypeipolarisabihty contribution to the induced dipole is negligible, so only the first term 

o f this series is significant. Thus:

P = a E - eqn (1)

This can be written:

fPxl Gtxx Otxy Otxz\ fEx
Py ttyx ayy Ctyz Ey

lOtzx CXzy Otzz / IEz

a  may be decomposed into thi*ee tensors such that:

a  =  (X isotropic ^  anisotropic ^  antisymmetiic
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These three tensors are defined respectively by tlie invariants a  , and 0 ,̂ where:

a  = 1/3 (a^x + cXyy + a^g)

7^ — 1/2 [{(CXjfx " Gtyy) Y- (Otyy - (Xgg) +  (OCgg - }'-yy/ ■ v-yy

+ 1/2 { (CCjjy + OCyjj) + (OCyg +  OCgy) + + OC^g) } ]

5^ = 3/4 [(axy - CCyx)̂  + (Otyz - «zy)^ + (oCzx - (%xz)̂  )]

a  is termed the average polarisability or trace, y  the symmetric anisotropy and Ô the 

antisymmetric anisotropy. However, a  is generally real and symmetric, hence  

oCxy = oiyx ^nd a^z = cXzx and ttyz = agy. There are thus only 6 independent terms and 

0^ = 0. a  is isotropic, so is independent o f the orientation o f the m olecule, unlike y  

wliich depends on the orientation of the molecule.

The vibrations o f the molecule are now considered. The nuclei oscillate about 

theh* equilibrium positions: a non-lineai' molecule o f N nuclei has (3N-6) normal 

coordinates Qj, each describing a specific mode of vibration. For a given mode of  

vibration of frequency D the normal coordinate may be expressed Q = Qo cos (2jta)t), 

Qo being the normal coordinate amplitude at equihbrium. Because a  is dependent on 

the geometry o f the molecule, it varies with Q. Thus, for a given noiTnal coordinate Q, 

a  can be developed in a Taylor series as follows:

9 a 1
a  = oto + . Q +

0=0 2! LaQ^J Q=0
. +

- eqn (2)

Under the harmonic hypotliesis, in which the amplitude of vibrations is small, only the 

first two terms of this series are considered.
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Substituting eqn (2) into eqn (1) gives:

P = otQ.E + Q .a .E  where a d a
dQ. Q=o - eqn (3)
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A mode of vibration with nonnal coordinate Q will be Raman active only if at least one 

o f the 9 components of a  is different from zero.

Let the applied radiation be a monochromatic electromagnetic wave with electric t

field vector E such that :

E = Eo cos (27CDot)

Substituting into eqn (3) gives:

P = ao.Eo cos (27tt>ot) + Qo.a'.Eo [cos (ZTtDgt) cos (2jti)t)]

Hence:

P = ao.Eo cos (2nvQt) + ^  .a'.Eo [cos 27t('Uo+'o)t + cos 27c(t)o-D)t]

Thus, for a normal mode o f vibration of frequency v ,  the induced dipole gives rise to 

three em issions with frequencies o f Dg ('Oq+'o) and ('Uo-'o) respectively (Fig. 3.1). 

These correspond to the three relaxational scattering processes that can occur when the 

molecule is excited (to the vhtual energy levels shown) by a photon hDq.

— - - —  -
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The resultant scattering may be Rayleigh or Raman:

(1) Rayleigh scattering: return to tlie initial energy level by emission of a photon hi)o

giving rise to elastic scattering (i.e. w ithout change in 

frequency with respect to the exciting radiation)

(2) Raman scattering: inelastic scattering, of which there are two forms:

- Raman Stokes: return to a higher energy level by emission of a photon 

hDj such that:

energy change = h\)o - Im  ̂ where < Vq

- Raman anti-Stokes: return to an lower energy level by em ission o f a 

photon ht)2 such that:

energy change = hDp - hx>2 where 1)2 > Dq

The frequency of Raman scatteiing is symmetiical since:

At) = I Dq ~ Dj I “  j - D2 I

However, the Stokes and anti-Stokes intensities differ, the intensity o f  any transition 

being dependent on the population o f the initial energy level. By the Boltzmann  

distribution, a higher energy level is always less populated (at least for vibrations), 

hence the intensity o f anti-Stokes scattering is always weaker than that o f the 

corresponding Stokes scattering. In practice, therefore, we usually study the Raman 

Stokes scattering: it is the value Ad (in cm‘ )̂ that is actually measured ( d  = d / c , where 

c is the speed of light in a vacuum).
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3.1.3 DEPOLARISATON RATIO

The electiic field vector of electi'omagnetic radiation may be decomposed into 

three mutually orthogonal components (polarisations). In Raman spectroscopy, the 

intensity o f this polarised radiation may be denoted Ir §, where R and S refer to the 

polarisations o f the incoming laser beam and the scattered rays, respectively (i.e. 

horizontal or vertical with respect to the plane o f scattering). For a non-oriented sample 

(i.e. liquid or gas) in the direct geometry set-up normally used (see §3.1.4), it can be 

shown that:

4 5 ( a f + 4 ( y f
ly v  = -----------    and IvH = Ih v  =  Ih h  =

45 15

where a  and T are the derivatives, with respect to Q, o f a  and y  respectively (as 

defined in §3.1.2).

The depolarisation ratio, p, of the scattered light is defined [e.g. Strommen, 1992] as: 

Therefore, in the general case:

IvH _  3 ^ ) ^p =
4 5 ( a f + 4 ( y ) '

Let us consider two specific cases.

1. If (Xxy — CXyx — Otxz = CXzx — CXyz — CCzy

and (Xxx — OCyy “  ^zz

then â  ' = Ozz and (y)^ = 0

hence ly y  = (a z z ) and IvH = 0
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thus p = 0

The mode of vibration is totally polarised.

2, If (Xxy = (Xyx : Œxz = (Xzx : (Xyz = (Xzy, wlth at least one of these terms 0

and (̂ xx ” (Xyy = (Xzz — 0

then a  = 0

4 ( v f  ( v f
hence Ivv = - ^ g— and

thus p = 0.75

The mode of vibration is totally 'anisotropic', i.e. it is depolarised.

In summary, for a given vibrational mode:

0 < p < 0.75 i.e. 0 < IvH — 0.75 ly y  

If p = 0 =» mode totally polaiised

If p = 0.75 => mode depolarised

3.1.4 THE Ex perim ental  Set-Up

The appaiatus comprises four essential elements: the laser, the optical transfer 

device (incoiporating the sample holder and cryostatic attachment), the monochromator 

(double or tiiple) and the detector (photomultiplier or bank of diodes). The general set

up in diiect geom etiy (defined below) is shown in Fig. 3.2. Laser light is used as the 

incident radiation because a high-energy monochromatic source is requked in order to 

produce an easily obsei-vable Raman effect. The gas may be either neutial atoms (e.g. 

He-Ne) or ions (e.g. Ar+, Ki+). The plasma emits several parasitic rays o f intensity 

simiiai* to tliat of the Raman scattering; these are eliminated using an interferential filter.

The radiation emitted by the laser is polarised vertically by constmction (due to 

the Brewster angles). To turn this polaiisation by 90°, a half-wave crystal is used (with 

X/2 corresponding to the frequency o f em ission). The Raman effect is usually 

obsei'ved at 90° to the direction of the excitation: this is termed direct geometry. (A
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back-scattering (or retro) geometry may also be used, in which the scattering is 

observed at 180° to the direction of excitation.) As the scattered light can have any 

direction, a polariser is used to select either the horizontal or vertical component. In 

order to balance the response of the system to scattered radiations polarised horizontally 

and vertically, a quarter-wave crystal (or quartz scrambler) is placed between the 

polariser and the monochromator. This cii’cularises all polarisations equally (ie. ly v ,  

IvH, Ih v  Ir h ) ’ hence allowing a direct comparison between the light intensities 

obtained in the Raman spech a.

The instrumental resolution is determined by the size o f the entrance and exit 

slits o f the monochromators. The detector is usually coupled to a computer, thus 

allowing the summation of several acquisitions of the spectrum.

half-wave
crystal

Iv or Ih

scattered rays

13 polariser 

e.g. IvH

__________ quarter-wave
crystal

y  IvH circularised

LASER SAMPLE

MONOCHROMATOR

DETECTOR

Fig. 3.2: Experimental set-up in direct geometry
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3.1.5 REFERENCE FRAMES

Consider the relationship between the molecular reference frame, g, and the 

space-fixed (or laboratory) reference frame, F. In our experiments, the long axis (z) of 

the crystal was aligned along the Z axis o f  the laboratory reference frame and the xy 

plane was randomly oriented with respect to the XY plane, as shown in Fig. 3.3. This 

is termed the semi-oriented set-up. The study of a semi-oriented single crystal using 

polaiised radiation allows us to distinguish, a priori, the Raman bands o f vibrations 

which have different symmetries.

X  Fixed laboratory frame

X

Mobile molecular frame
F ^  a(F)

Angular offset (|) between F and g

Fig. 3.3: Relationship between space-fixed and molecular* reference frames
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Although the z and Z axes are equivalent in space, there is an offset between tlie 

xy and X Y  planes equal to the angle <|). In order to convert the moleculai* components 

(ocÿ ) o f the derivative o f the polarisability tensor to those measured experimentally 

(a u  ) in the fixed reference frame, a rotation matrix R is introduced [e.g. Snyder, 

1971] such that:

I.e.

a{F ) = R a ( g ) R '

where R =

cos (j) sin ({) 0

- sin (j) cos (j) 0

0 0 1

and R is the tianspose matiix of R.

The fixed  frame polarisation being studied is denoted using the Porto 

nomenclature, generally written:

A(IJ)B

where A -  diiection o f propagation of laser

I -  orientation of laser polaiiser

J = orientation of observation polariser

B = direction of propagation of scattered light
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Our experimental set-up in direct geometry allows study of Y(IJ)X, giving foui* 

possib le polarisations: Y(ZZ)X , Y (ZY )X , Y (X Z )X  and Y (X Y )X , as shown in 

Fig. 3.4. In theory Y(ZY)X s  Y(XZ)X: however, comparison of these polaiisations 

is useful for checking the calibration o f the spectrometer. In retro geometry, the 

possible polarisations are X(ZZ)X, X(ZY)X, X(YZ)X and X (Y Y )X . (For brevity, 

polarisations may be denoted ZZ, XZ, XY, etc, and refer to direct geometry unless 

otherwise stated.) Because the retro geometry was used primarily for purposes o f  

verification, the theory discussed here refers to tlie dkect geometry set-up.

For the semi-oriented set-up described previously, the intensity of the Raman 

spectrum in a given polarisation is proportional to the square o f the corresponding 

component o f the derivative o f the polarisability tensor in the fixed reference frame, 

averaged over all values of (j) [Snyder, 1971]:

I.e. In (otij )

where ( a u  = %  ( %  «ij Rjj ) and
7(()=o

By matrix calculation, we find that:

ForY(ZZ)X:

Izz ^  ( azz  ) where ( (%zz ) = ( (%zz )

ForY(XZ)X:

Ixz ^  ( ccxz ) where ( a x z  ) = ^ . ( otxz ) + ( ocyz )

ForY(XY)X:

IxY ( axv' )  ̂ where ( a x y  )  ̂ = «xx - Oyy )  ̂ + 4 {  Œxy }
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Lyv

•-VH

IHV

X

Y Y(ZZ)X

Z

X

Y Y(ZY)X

/ Y Y(XZ)X

X

Y Y(XY)X

Fig. 3.4: Possible configurations o f the experimental set-up in direct geometry
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3.2 VIBRATIONAL ANALYSIS

The Raman spectmm of a urea inclusion compound is expected to show bands 

coiTesponding to two sets of vibrational modes:

(i) those due to the urea host structure; the frequency o f these m odes may be 

expected to remain more or less constant, regai'dless of the guest molecule.

(ii) those due to the guest molecule; in this study, a,ft)-dibromo~«-alkane guests 

Br(CH2)nBr (where n = 7-10, in general) were investigated. The number and 

frequencies of the modes is a function of n.

3.2.1 MODES D u e  TO UREA

For the urea host, there aie two types o f vibrational modes: internal modes and 

external modes. Internal modes aie due to the individual urea m olecules, whereas 

external modes aiise from the unit cell, due to the fact that the urea molecules constitute 

a lattice. Hence the external modes are often termed ‘lattice m odes’. Because the 

fi'equency x> of any vibration is inversely related to tlie vibrating mass M:

where k is the force constant, the lattice modes occur at low frequency (< ca. 300 cm ‘l) 

and tlie internal modes occur at higher frequencies.
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C l axis = z

C

N *

Fig. 3 .5: An isolated ui'ca molecule and its symmeti'y elements

Fig. 3.5 shows an isolated urea molecule. This is planar and belongs to the 

point gioup C iv  It has 18 internal vibrations as follows:

rurea “ ^^1 + ^^2 + 3Bj + 6B2

At room temperature, the urea host structure is hexagonal with space gi'oup 

P 6i22  and 6 m olecules per unit cell [Schlenk, 1949; Smith, 1950 & 1952]. The site 

symmetry o f the urea molecule is C2 and the factor gioup Dg. The correlation given in 

Scheme 3.1 shows 45 internal and 13 external vibrations to be Raman active:

rRlS!an = 9Ai + 18Ei + 18E2 

r R ^ ‘an = 2A i + 5Ei + 6E2

104



UREA MOLECULE

C ly

CRYSTAL

D,

[1:RJ 2 A .

[2:T,RJ 3 B i

[2:TyR,] 6 B2

int ext active

A i 9 [2] R

A ; 9 [4-1]* IR

B i 9 [2] -

« 2 9 [4] -
E l 18 [6- 1]* R, IR

E 2 18 [6] R

Scheme 3.1: Correlation for tlie high temperatui’e (hexagonal) phase

UREA MOLECULE 

C 2v

CRYSTAL

D

L T J  7

[1:R J 2 A .

[2:TzRy] 3 B i

[2:TyRJ 6 B2

int ext active

18 [6] R

18 [6- 1]* R, IR

18 [6- 1]* R, IR

18 [6- 1]* R, IR

Scheme 3.2: Coirelation for the low temperature (oithorhombic) phase

t  C2 axis o f point group C2V is parallel to C 2  axis of factor groups Dg and D2 

* Subtiaction of the 3 tianslations in phase (Ej and E2 are doubly degenerate)

Abbreviations: T&R => translations and rotations
ext => no. of external modes [denoted in square brackets]
int => no. of internal modes
R, IR => Raman, infrared
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At low  temperature, the urea host structure in /z-alkane/urea inclusion  

compounds is orthorhombic, having undergone a phase tr ansition [Chatani e t al, 1977 

& 1978]. Oui* studies by differential scanning calorimetiy (see Appendix B) suggest 

that this is also the case for a,û)-dibromoalkane/urea inclusion com pounds. The 

orthorhombic phase has space group P2 i2 i 2 |̂ , site symmetry C^, factor group D2 and 

four molecules per unit cell. This gives the correlation shown in Scheme 3.2 with 72  

internal and 21 external Raman active vibrations:

T R i =  ISA + 18B] + I8B2 + I8B 3

T R ^ an  = 6A + SB; + 5B2 + 5B 3

In practice, the difference between the spectra above and below  the phase 

transition is minimal, and we thus interpret both sets o f vibrations on the assumption 

that the uiea is in the hexagonal phase (i.e. as at high temperatuie). This is justifiable in 

view  of the fact that the urea structure undergoes only a weak defoi*mation at the 

tiansition point [Chatani et al, 1978; Hanis et at, 1990].

The character table for D5 indicates that the Raman-active components o f the 

polarisability tensor for the high temperature symmeù’y elements are:

A j:  XX, y y ,  z z

E j:  XZ, y z

E 2: XX, yy, xy

Recalling that:

For Y(ZZ)X: ( «zz  )  ̂= ( otzz )
2

ForY(XZ)X: ( a x z  i [ ( a x z  )^ + (ayz  )

For Y(XY)X: ( «XY ) “ = ( cCxx - cXyyO  ̂+ 4 ( a ^ /  )

106



we can devise a conelation table o f activity for the symmetry elements:

ZZ

POLARISATION

XZ XY

A l V X poss

El X V X

E2 X X V

3.2.2 MODES D u e  t o  th e  G u e s t  m o l e c u l e s

3.2 .2 .1 General Considerations

The vibrational modes o f the guest molecules necessarily reflect the constraints 

im posed by theh* one-dimensional environment o f urea channels. In this analysis, all 

the a,(S>-dibromoalkane molecules are assumed to be in the dl\-trans confoi*mation. In 

theory, the number and frequency of vibrational modes are dependent on chain length, 

n. In paiticular, we expect 'odd/even relationships' for the a,£U-dibromoalkane guests 

(Br(C H 2)nBr), i.e. one behavioural relationship along the n =  7 , 9 , ... series and a 

second behavioural relationship along the n = 8, 10, ... series. This distinction  

between the n-odd and n-even series aiises from the different relative positions o f the 

two Br end-groups on a given m olecule, which is evident if  we consider the trans 

confoi*mations o f the included chains, as shown in Fig. 3.6. For n-odd the Br atoms of 

any given m olecule are mutually eclipsed, whereas for n-even the Br atoms are 

staggered by 180° relative to one another.
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Br Br Br Br

n = 7 n

Br

n = 8

Br
Br

n = 10

Br

Fig. 3.6: Extended tt'ans linear confomiation of guest molecules

In the dl\-trans conformation, the odd chains belong to the point group C2y and 

the even chains to the point group C2h- The total number of vibrational modes expected 

for each dibromoaUcane molecule is detailed in Table 3.1 and may be summarised as 

follows:

C7: r y ii)  = 19Ai + I3A2 + 17Bj + 14B2 = 63 modes

C9: ryj]) = 24 A 2 + I7A2 + 22Bj + I 8B2 = 81 modes

C8: Pyib = 2 IA 0 + 15Bo + 16 An + 20B„ = 72 modes

CIO: Tyib = 26Ao + 19Bo + 20 A„ + 25B„ = 90 modes

The character tables for C2y and C2h show tliat the Raman active components o f  

the derived polarisability tensor for each symmetry element ai*e:

Al: XX, y y ,  z z

A2: xy

Bi: XZ

B2: yz
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^2h Ag

Bg

Au

XX, yy, zz, xy 

xz, yz

Raman inactive

Raman inactive

Again, recalling that:

For Y(ZZ)X: ( azz  )  ̂ -  ( oczz ) ^

ForY(XZ)X: ( « x z  ) = ^ [ ( a x z  ) + ( a y z  ) ]

For Y(XY)X: ( ccxY )  ̂= g [ ( - ocyy' )  ̂+ 4 ( a%y' )

we can predict the activities of each symmetry element:

POLARISATION 

ZZ XZ XY

C2v

Ai V X poss

Ag X X V

B i X V X

B% X V X

C2h

Ag V X V

Bg X V X

Ay Raman inactive

B^ Raman inactive
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3.2.2.2 The Longitudinal Acoustic Mode

(I) Definition

Longitudinal acoustic modes, or LAMs, correspond to stationary vibrational 

waves with one or more nodes in the longitudinal displacements o f the skeletal carbon 

atoms [Minoni & Zerbi, 1982]. Only modes with an odd number o f nodes aie Raman 

active, and Raman intensity strongly decreases with increasing number of nodes. 

LAM -1, which has one node and is often called ‘the accordion m ode’ (Fig. 3.7), gives 

rise to the strongest LAM line in the Raman spectmm.

(II) Previous Studies

The LAM-1 mode has been modelled (primarily for polymers) using vaiious 

different approaches:

(/) The elastic rod model

M izushim a & Shimanouchi [1949] have approximated the trans planar 

‘polymethylene’ molecule to an elastic rod of length L, density p and Young's modulus 

E, for which the LAM-1 frequency, O), at a specific temperature, is given by:

2Lc p

where c is the speed of light in a vacuum. The frequency of the LAM-1 mode is thus 

inversely proportional to the length o f the m olecule. This m odel is a good  

approximation for solid phase polyethylene; however, a,n>-dibromoalkanes have heavy 

Br end-groups, which perturb the LAM-1 vibration (due to their laige inertial masses), 

thus affecting its frequency. These end-gioups are not taken into account in the simple 

elastic rod model.
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(ii) The Minoni-Zerbi model

The chain m odel o f M inoni & Zerbi [1982] is more realistic. Here the 

m-dibromoalkane molecule is heated as a one-dimensional, infinite system, the repeat 

unit o f which is a single, symm ehic chain (Fig. 3.8). Groups o f atoms are taken as 

point m asses, M representing the terminal substituents (in this case CH2Br) and m 

representing the CH2 units. F is the intrachain force constant and f  the force constant 

between chains. The ü'ans planar geometry of the real system is again approximated to 

a linear one. Interactions are taken to the immediate neighbours and only longitudinal 

displacements are considered.

^ m m m m  M  ^  m  m  m  m  ^

etc

Fig. 3.8: The Minoni-Zerbi model for an infinite system

From an examination o f the equations of the atomic motion (which is simple 

hai’monic), the following dispersion relation is derived:

cô  = ^  ( 1-cos Û)

where O) = c h  = angular frequency (h being the LAM frequency)

Û =  tlie molecular phase

A value for F can be extracted by approximating co for a particular value o f f  to the 

dispersion curve derived by Schaufele & Shimanouchi [1967] for polyethylene.
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The moleculai* phase relation turns out to be:

s in (N -l)i) (C 0 S Û -1 ) [(2K -l-2K ^)cosû + 2K^ - 2K + R- 2RK]

+ cos(N -l)'d  sim3-[(l-2K)(cos'ti-l)-R] + R s i n d c o s k L  =  0

where R = f/F

K = M/m

N  = number o f point masses in repeat unit 

k = 2 k x > =wavevector

L = distance between point masses (i.e. intermolecular bond length)

This equation has N  solutions in û  for each wavevector k; for Raman scattering, k -0  

(since \) is relatively small). As F, f, m and M are known, the molecular phase relation 

can be solved (taking k=0) to give values for -6. LAM frequencies can then be 

calculated using the dispersion relation.

The simplest case is a system o f isolated chains, i.e. f  = 0. For isolated chains:

û  =  0 for CO ~ 0 (pui'e translation)

^  ^  for LAM-1 (where n = number of C atoms)

The CO = 0 and LAM-1 modes may be represented as shown in Fig. 3.9a; the LAM-1 

occui'S in the low-frequency region of the Raman spectrum (0-300 cm'^). As end- 

gi'oup mass and/or chain length increases, the LAM-1 frequency decreases.
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This model can be extended to consider the case o f coupled chains (i.e. f  > 0). 

Chains may be coupled either in the same sense or after a rotation o f 180° (Fig. 3.9b). 

This coupling leads to an asymmetric splitting o f each vibrational level into two 

components corresponding to the g and u modes (gerade and ungerade, respectively) of 

the coupled chains. New LAM' modes are thus generated as shown (Figs. 3.9b & 

3.10). The extent o f splitting is a function of the strength o f the force constant, f, 

which couples the two chains. As f  increases, both the frequency and the intensity o f  

the LAM'-3 (pseudo LAM-1) increase. In the general case:

i)(LA M -l) = D(LAM'-3) if  f  = 0 => isolated chains

D(LAM -l) < a)(LAM'-3) if  f  » 0 => coupled chains

However, d (LAM-I) and d (LAM'-3) always occur in the same frequency region, even 

for sti'ongly coupled chains.

In a real system  a strong f  may coiTespond to a hydrogen bond (ca . 

0.5 mdyn/Â), and a weak f  to a van der Waals interaction (ca. 0 .05 mdyn/A). For 

com paiison, 5 mdyn/Â is o f the order of the force constant F for the C-C bond in the 

tf'ans confoimation.

Viras et al [1989 & 1991] have applied the Minoni-Zerbi m odel to the ‘pure’ 

crystalline a , tn-dibrompalkanes, the success of this approach depending on whether n 

was even or odd. They used the following paiameters (taking k=0):

F -  4,2 mdyn/A 

f  = 0.05 mdyn/A

m = 2.33 X 10-26 kg (for the CH2 groups)

M = 1.56 X 10-25 kg (for the CH2Br gi'oups)

These values were determined from the work of Krimm & Hsu [1978] on 

n-alkane force constants, in accordance with experimental studies by O lf & Fanconi
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[1973]. As Viras et al [1989 &1991] do not quote numerical values for their calculated 

frequencies, we have repeated their calculations, using the above parameters. The 

theoretical LAM -1 frequencies obtained for some cc^co-dibromoalkanes (Br(CH2)nBr, i

where n=7-10) are shown in Table 3.2. These are compaied with the experimental 

values, at 173 K, o f Viras and co-workers. For the n-even m olecules, the theoretical 

and experimental frequencies aie in reasonable agreement. However, Viras et al {I9 9 l\  

note that for the n-odd molecules, even reducing the value of f  to zero did not lower the 

theoretical frequencies sufficiently to give agreement with experiment.

n calc. V /  cm-1 obs. V /  cm-l

7 158 140

8 145 150

9 135 121

10 127 126

Table 3.2: LAM-1 frequencies for crystalline Br(CH2)nBr: calculated values (using 

Minoni-Zerbi model) versus obsei*ved values [Viras etaly  1989 & 1991]

(Hi) Calculations o f  Edwards and co workers

Edwards e t al [1991] have carried out calculations o f force constants for various 

n-even n-alkanes and teiTninally-substituted n-alkanes, then aim being to investigate the 

effect on LAM-1 frequency o f substituting end-gioups with heavy atoms. They 

showed that the LAM-1 frequency decreases with increase in chain length and with 

increase in terminal m ass. They used a m odified version o f  the Snyder- 

Schachtschneider [1963] program with a simple valence force field and interaction 

constants. Input data consisted o f molecular parameters, symmetry elem ents, the
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number o f atoms in the m olecule, the molecular stereochemistry and the molecular 

vibrations. They find that, for the even a^cio-dibromoalkanes, the LAM-1 occurs at the 

frequencies, i), shown in Table 3.3. The stretching force constant used was 

2.90 mdyn/Â. Their observed values are also shown for comparison; the temperature 

was not specified.

n calc. i ) / c m - l obs. D /  cm*l diff. = Ai) /  cm'l

8 148.6 149.0 - 0 . 4

10 124.5 123.8 + 0.7

12 106.8 108.0 - 1.2

14 90.5 96.0 - 0.5

Table 3 .3: Calculated and obsei^ved LAM-1 frequencies for crystalline Br(CH2)nBr

[Edwards et al, 1991]

(iv) LAM-TAM coupling theoty o f  Mazur & Fanconi

Mazur & Fanconi [1979] have performed a normal m ode analysis for the 

acoustic modes of /i-alkanes, CH3(CH2)nCHg, with n=6-18. The aim of this work 

was to compare the calculated intensities and frequencies of the LAM-1 modes with 

experimental values. They have shown that, for the n-odd m olecules, there is a 

coupling between an ’unperturbed' LAM-1 and an 'unperturbed' transverse acoustic 

mode, TAM -4, which leads to a shift in frequency o f both vibrations. They propose 

that such vibrational modes can interact provided they belong to the same symm etiy 

species and their unperturbed frequencies are close to each other. Therefore, this 

coupling cannot occur for the n-even molecules since LAM-1 has sym m etiy Ag and 

TAM -4 has symmetiy B^ (although LAM-1 and TAM-3 have the same symmetry and 

may interact if  their frequencies are sufficiently similar). However, for the n-odd
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molecules, LAM-1 and TAM-4 both belong to symmetry species A^ and to point group 

C2v  The coupling occurs through Fermi-type resonance, which is created by the 

difference in masses between the terminal methyl groups and the methylene repeat 

units. The maximum coupling for the n-alkanes occurs when n = l l .

3.2.2.3 Existence o f Gauche Defects

(I) Definition

Although the bulk conformation of the a,cu-dibromoalkane m olecules in the 

urea channel is trans, there may be a small percentage o f end-group Br's which are in 

the gauche conformation, as illustrated by the Newman projections shown in Fig. 3.11. 

W e term such end-groups "gauche defects’. For molecules containing gauche defects, 

the molecular point symmetry is Cj, as discussed by Snyder [1967]: all vibrations are 

thus Raman active.

180'

B r

H

H

trans

B r

H

gauche

Fig. 3.11: Newman projections showing the trans and gauche conformers at the 

terminal carbon (R represents the rest of the chain)
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The v(C-Br) stretching modes for the trans and gauche  conformations have 

different char acteristic frequencies in the 300-1000 cm 'l region of the Raman spectrum. 

Despite their different symmetries, these modes can be used to probe the existence o f  

gauche defects.

(II) Previous Studies

The M-alkane/urea inclusion compounds have already been studied from the 

point o f view  of CH3 gauche  defects. Unlike the trans m d  gauche  bands due to the 

stretching v(C-Br), the rocking r(CH3) trans  and gauche  bands occur at similar 

frequencies in the Raman spectrum, so it is more difficult to distinguish between them.

N evertheless, Kobayashi e t  a l [1990] have studied the n-even n-alkane guests, 

CH3(CH2)nCH3 where n=14-22, by Raman spectroscopy: they quote an average o f ca.

5%  o f gauche end-groups at room temperature, irrespective o f chain length.

The proportion o f gauche to trans end-groups, P(gt)/P(tt), was calculated from  

the relative intensities, I(gt)/I(tt), of the tt'ans and gauche r(CH3) bands measur ed in the 

ZZ polarisation. To allow for the different polarisations of the trans and gauche modes, 

a factor o f 0.45 was introduced, calculated according to the bond polarisability model 

of Kim et a / [1989]:

P(gt)
P(tt) I(tt)

Studies o f the /î-alkane/urea inclusion compounds, using other techniques, have 

yielded w ildly inconsistent values for the proportion of CH3 gau ch e  defects. A  

summary of these studies is given in Table 3.4. From the values given for Ç, w e J

conclude drat there may be a chain-length dependence, the proportion o f gauche defects 

generally being higher in the shorter molecules. However, this conclusion is not clear- 

cut and, notwithstanding the diversity o f chain lengths studied, there is evidently much 

controversy. An alternative conclusion is that studies by vibrational spectroscopy
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suggest that the percentage o f gauche defects is low (<-7% ), whereas studies by H 

NM R give a much higher value (>-15% ), and computational methods yield variable 

results.

Reference n g /% Method

W ood c? <2/ [1989] 16 ‘small’ Raman /  infrared

Casal [1990] 13-19 < 3 Infrared

Lee e t a l [1992] 13,23,33 < 3 MDS

Kobayashi et ai [1990] 14-22 - 5 Raman

Newton [1990] 19 < 7 Raman

Cannarozzi et a l [1991] 8,10,12,16,19,36 7-15 % N M R

Imashiro et al [1989] 7-10 16-25 %  N M R /M M C

Void gf a / [1989] 19 40 %  N M R / M D S

Table 3.4: Percentage of CH3 gauche defects

compounds

in CH3(CH2)nCH3/urea inclusion

Abbreviations: NMR = nucleai* magnetic resonance specti’oscopy 
MDS = molecular dynamics simulations 
MMC = molecular mechanics calculations

Although the gauche defects in Br(CH2)nBr/urea inclusion compounds have not 

been studied as such, Meakins [1955] has carried out dielectric loss spectroscopy on 

Br(CH2)ioBr/urea. He concluded that the Br end-gioups undergo motions independent 

from the rest o f the guest molecule: we suggest that these motions may be the source of  

trans^gauche  interconversion.
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3.3  O B JE C T IV E S

The purpose o f this Raman spectroscopic study was to characterise the 

(W-dibromoalkane/urea inclusion compounds through the identification and inter

pretation o f their vibrational modes occurring in the spectr al range 20-2000 cm '^  

Spectra were recorded both above and below the phase transition temperature.t 

Specific objectives were as follows:

(I) For the urea host:

i) verification of the hexagonal (or orthorhombic) phase, in order to assess the 

integrity of the inclusion compounds (pure crystalline urea being tetragonal)

ii) study of the urea ‘lattice modes’

(II) For the dibromoalkane guests:

i) study o f the frequency of the longitudinal acoustic mode, and whether this 

frequency is affected by the constraining envhonment o f the guest molecules

ii) analysis o f gauche defects at the chain ends by study of the v(C-Br) gauche  

and trans bands, and investigation o f the evolution of the relative intensities o f  

these bands as a function of:

(a) end-substituent (by comparison with other a,û)-dihaloalkane guests)

(b) temperatine

(c) pressure

The ratio o f the intensity of the gauche band relative to that of the trans is denoted Ig/t: 

this is defined in different ways depending on the spectra being considered (see later).

 ̂ Differential scanning calorimetry (Appendix B) showed the phase transition temperature to be ca . 
156 K for 1,8-dibromooctane/urea, for example.
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3.4 EXPERIMENTAL CONDITIONS*

3.4.1 Sa m p l e s  S t u d ie d

The inclusion compounds were prepared as detailed in Appendix A. The 

samples were single crystals o f a,m -dihaloalkane/urea-h^ inclusion compounds. 

Typical crystal dimensions were ca. 3.0 x 0.5 x 0.5 mm^. Each crystal was sealed in a 

thin glass tube with its long axis (which corresponds to the channel axis c) parallel to 

the Z axis o f the laboratory reference frame, i.e. in the semi-oriented set-up described 

previously. The sample tube was placed in a cryostat, allowing investigations in the 

80 K to 300 K temperature range; the temperature measurement was accurate to ±3 K.

3.4.2 Spectral  CONDITIONS

The incident radiation was the 5145 Â (514.5 nm) line o f an Ar’*' ion Spectra 

Physics laser, o f  power in the region 150-300 mW at the sample. Spectia were 

generally recorded in three frequency ranges: 20-300 cm"^ 300-1000 cm"^ and 

1040-2000 cm"^. Spectrometers used were a triple-monochromator Dilor Z24 and a 

double-monochr omator Jobin-Yvon Ramanor (the latter principally for the 20-300 cm"  ̂

region). The spectral slit widths were 1.45 cm"  ̂in the low-frequency (20-300 cm'^) 

region and 2.74 cm"  ̂ above.

3.4.2.1 General Study o f Br(CH2)nBr/Urea

The samples studied were Br(CH2)nBr/urea, generally with n=7, 8, 9, 10. 

Spectra were recorded in the low temperatme phase (denoted LT) at 93 K or 108 K and 

in the high temperature phase (denoted HT) at 298 K. Polarisations used were 

Y(ZZ)X, Y(XZ)X, Y(ZY)X and Y (XY )X in direct geometry, and X(ZZ)X, X(ZY )X , 

X(YZ)X and X (Y Y )X  in retro geometry. The spectral range investigated was ca . 

20-2000 cm'*.

* Details of the sample and experimental conditions for the study of 1,6-dibromohexane/urea are given 
later (§3.6.2).
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3.4.2.2 Detailed Study of v(C-Br) Gauche Bands

Additional spectra were recorded in order to follow  the evolution of Ig/t as a 

function o f :

(a) end-substituent

Spectra were recorded at 298 K in the direct ZZ, XZ and X Y  polarisations for 

C l(C H 2)gCl/urea, Br(CH2)gBr/urea and I(CH2)gI/urea in the frequency ranges 

450-650 cm "\ 500-700 cm'^ and 500-800 cm "\ respectively (these being appropriate 

frequency ranges for the respective v(C-X) stretching modes [Dollish e t al, 1974]).

(b) temperature

B r(C H 2)gBr/urea was studied in the direct (ZZ+X Z) polarisation in the 

frequency range 500-700 cm ’  ̂ over the temperature range 93 K to 203 K. Spectia 

were recorded at intervals o f 20 K; smaller temperature intervals (of 5 K) were used 

near the phase transition (i.e. ca. 156 K).

(c) hydrostatic pressure*

These experiments were carried out at 298 K using a hom e-built device  

described in detail by Martin e t a l [1986]. The nature of these experiments allowed 

only polycrystalline samples to be studied; those used were Br(CH2)nBr/urea with 

n = 7, 9 and 11 (to probe chain length effects for the n-odd series). The pressure 

range was 1 bar to 6 kbar; He was used as the compressing fluid. Unpolarised spectra 

were recorded (in direct geometry) on the double-monochromator Jobin-Yvon Ramanor 

spectr’ometer in the frequency range 500-700 cm’ .̂

* The experimental work in §3.4.2.2 part (c) was can ied out by Dr François Guillaume and Abdelkarim 
El Baghdadi.
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3.4.3 METHODS OF SPECTRAL ANALYSIS

The general spectra (described in §3.4.2.1 above) were used for study o f both 

urea and guest modes across the entire spectral region (20-2000 cm"^). In addition, the 

low-frequency spectra (20-300 cm “ )̂ were used to study the LAM-1 mode. It was 

expected that the LAM-1 bands would be partially hidden under bands due to urea: 

therefore, frequencies and bandwidths o f the LAM-1 were deteimined by fitting several 

Lorentzian functions, convoluted to a triangular instrumental resolution, to the 

experimental profiles. The following equation was used for each Lorentzian function; 

the scaling factor accounts for the difference between the calculated and experimental 

intensities (the former being equal to unity), and the fitted parameters were A, T| and

^max •

I (t)) = 2c I [ exp ( -a t ) . exp (-27iic \) t ] dt
Jo

where I (\)) = T) Î  {v) and 1(A) =

where I (i)) = experimental intensity o f band 

Î ('o) = calculated intensity of band

T] = J  I (Ï)) dt) -  scaling factor = amplitude of fitted band

\) = t) t)max where: O) ' is frequency of band (cm"^)

Dmax is maximum frequency of band (cm"^)

A = = half-width of band at half-height (cm'^)
Z k c

t = time (s)

c = speed of light in a vacuum (cm.s"^)
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For the mid-frequency specüa (300-1000 cm ‘i), an integiation program was 

used to determine relative intensities o f the v(C-X) bands: this involved calculation by 

the trapezium method of the surface area under the bands between specified frequency 

limits. The gauche:trans band intensity ratio Ig/t was then evaluated, from the general 

spectra (described in §3.4.2.1 above), for all the com pounds in the different 

polarisations at the two temperatures studied. Using the specha described in §3.4.2.2, 

the evolution o f Ig/t was followed as a function of end-substituent, temperature and 

pressure.

This work was carried out at the Université de Bordeaux 1; some o f it has been 

published [Smart et al, 1992; see also Smart et al, submitted for publication & Smart et 

al, in preparation].
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3.5 RESULTS AND DISCUSSION

In general, the total number of bands observed both at high and low temperature 

is consistently lower than the number predicted theoretically. The m issing bands are 

presumably o f very low intensity: either they lie under stronger bands or they cannot be 

distinguished fi'om the noise in the spectium.

Lowering the temperature generally results in an increase in band frequency by 

several cm “̂  and a sharpening o f the bands. Other differences in the spectra on going 

to low temperature are minimal. In pai ticulai", the total number of bands obsei*ved is the 

same as at high temperature, indicating that any stmctural changes occuning are small; 

a hexagonal-phase analysis thus seems justified both for the high-temperature and the 

low-temperature spectia. t

3.5.1 U r e a  HOST

The frequencies o f the vibrational modes due to the host remain more or less 

constant for all chain lengths o f the guest. The band frequencies have been listed, with 

their assignments, in Table 3.5. The external vibrations (lattice m odes) of urea all 

occur at low  frequencies (i.e. < 300 cm"^). The 5(NCO) modes occur at ca, 530 cm “̂  

and ca. 608 cm “  ̂ in the HT phase; the other internal urea modes occur in the high 

frequency region (1000-2000 cm'^).

Note the very intense Vg(CN) mode, which occurs at 1025 cm'^ (HT) and 

1030  cm"^ (LT): this peak is of A j  sym m etiy, is strongly ZZ polarised and is

characteristic o f hexagonal (and oithorhombic) urea, as noted, inter alia, by Fawcett & 

Long [1975], Le Brumant e t a l [1984] and Casal [1984]. Due to its extreme intensity, 

w e did not actually record it in our spectia. Instead, this mode was used, prior to 

recording the spectia, to:

t Although the orthorhombic phase is the more general (hexagonal being a special case of ortho
rhombic), the hexagonal-phase analysis is simpler and is conventionally the one chosen.

129



13

S
Xi

eu

C3

&C3
S

s

,(U co

o

X î i s u q :i u i

i
XX

s

zc
c i CJ

s

c3ce
&a

<o
o

o
coo

o
OJ
o

Ja
= 3

O
CJ>cr>

CD
OO
en

CD
CD
CNi
CD
CO

CD
CD

CD

5̂2
CD o3 
C\J _ o

-  S

/C jISU SJtlt

CD
CD

CD
CO

CD
CO

CD
-cr

I
I
I
f
i

I

f
3  13 

§
»

i

I
(U

I
*0

i

73

i

I
a

s i

1
I
ü

I
i

I
I
Qh
cd

I
§

o

es
co
bi
PU

(U

I
4
I
g

I

I
B

I

R



m

- verify the structural integrity o f our inclusion com pounds (the 

coiTesponding peak for pure crystalline urea occurs at 1010 cm'^ at HT)

- ensure the spectrometer was well calibrated

- optim ise the experimental conditions such that this peak was indeed  

sti’ongly ZZ polarised (by comparison with the XZ and X Y  polarisations).

Raman spectra o f a partly decomposed urea inclusion compound are shown in Fig. 

3.12, illustrating the presence o f bands at 60 cm'^ and 1010 cm'^ due to tetragonal 

urea. These spectra are contrasted with those o f a urea inclusion compound o f high 

stmctui’al integrity.

3.5.1.1 Lattice Modes

These occur at frequencies o f < 300 cm'^. As discussed previously, a 

maximum of 13 Raman active modes are expected for the HT phase:

rext==2A i + 5 E i + 6E2

o f which A l is ZZ active (possibly also active in XY)

El is XZ active 

E2 is XY  active

Fig. 3.13 shows low-frequency Raman spectra for one sample (1,8-dibrom o

octane/urea) in ZZ, XZ and XY polarisations at LT and HT. O f the four obseiwed 

lattice modes, thiee have been assigned as having the following symmetries:

A l + E l + E2
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Some of the lattice modes reflect the changes in channel structure which occur at 

the phase h ansition. Note that:

(i) The band at 185 cm'^ at LT, which is polarised XY  (i.e. E2 symmetry) m oves 

considerably (to 164 cm'^) on going to high temperature. Scheme 3.1 (see §3.2.1) 

shows that E2 modes arise from T^Ry and TyR^ coupled translations and rotations. 

Although this band cannot be definitively assigned to a well-defined lattice vibration, it 

is not incompatible with an oscillation (or 'breathing') o f the urea channel in the plane 

perpendicular to the c axis. At the phase transition there is a drastic change in 

frequency o f this vibration as the channel radius dilates (LT ->  HT) or contracts 

(HT LT), as described by Chatani e t al [191S], This assignment is in accord with 

Le Bmmant et a! [1984].

(ii) The ZZ polarised band at ca. 135 cm‘  ̂ at LT and ca. 130 cm'^ at HT is of A j 

symmetry. Scheme 3.1 shows that Aj modes result from translations T% along and 

rotations R^. Therefore, this band may be assigned tentatively to the ‘stretching’ of the 

urea channel in the c direction. This assignment is in disagreement with that o f  

Kobayashi e t al [1990], who attiibute this band to the 'totally symmetric breathing 

mode o f the lattice' (i.e. perpendicular to the c axis). However, our spectra show that 

the frequency vaiiation with temperature for tire band at 135 cm‘  ̂ is much smaller than 

for the band at 185 cm"^. This suggests that ours is more likely to be the coiTect 

assignment. Nevertheless, because the host lattice constitutes a spiral, these two 

‘respiration’ modes are related, and they may both have both X Y - and ZZ-polarised 

components.

(iii) T h e‘broad XZ-polarised band at 101 cm"  ̂ (symmetry E^) does not shift 

significantly witli change o f temperature. Tliis band is observed by both Le Brumant et 

al [1984] and Fawcett & Long [1975].
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(iv) The other band aiising from lattice vibrations occurs at ca. 60 cm'^ and is o f  

comparatively weak intensity at both LT and HT. It is not obviously polar ised, hence a 

definitive assignment to a vibrational mode is difficult; indeed, there may be several 

different modes contributing to this band. Fawcett & Long [1975] and Le Brumant e t 

al [1984] assign this band to a ZZ polarised vibration (i.e. symmetry A^) o f hexagonal 

urea. However, a sharp, intense peak at 60 cm"  ̂ is characteristic of tetragonal urea. 

Since the band at 60 cm"  ̂ in our spectr a was broad and not very intense, it is probably 

akin to that seen by Fawcett & Long [1975] and Le Bnimant et a t [1984].

3.5.1.2 Internal Modes

A ll the internal modes o f urea occur at frequencies above 300 cm" ̂  As 

discussed previously, there are a maximum of 45 Raman active m odes at HT, as 

follows:

r in t  = 9A i + 18Ei + 18E2

In total, we have identified 11 internal m odes o f urea in the frequency range 

300-2000 cm"  ̂ at HT with symmetries:

5A i + 6E 1

However, spectra were not recorded above 2000 cm "\ in which region Fawcett & 

Long [1975] predict 4 v(N H 2) stretching modes. The 11 modes that w e did obseiwe

are assigned as follows:

0(NH2): lA i + 3Ei

r(NH2): lA j + lE j

6(NCO): lA i + lE i

v(CN): lA i + lE j

v(CO): lA i
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The A l  modes are polarised ZZ, the modes XZ. These assignments agree with the 

observations of Le Bmmant et al [1984].

The presence o f  the hexagonal phase o f urea is confirmed by the very intense 

Vg(CN) band at 1025 cm'^ (as noted previously), and also by the characteristic 

frequencies o f the two Ô(NCO) bending modes, which occur at 608 cm'^ (E^) and 

530 cm"  ̂ (A i) in the HT phase. By comparison, tetragonal urea is characterised by a 

sharp band at 60 cm " \ and two 5(NCO) bands and a Vg(CN) band at 556, 570 and 

1010 c m ' \  respectively, at HT [e.g. Fawcett & Long, 1975; Le Brumant et al, 1984; 

Casai, 1984, 1985 & 1990].

3.5.2 DIBROMOALKANE G u e st

The frequencies o f the Raman bands due to the guest m olecules, with their 

proposed assignments, are presented in Table 3.6.

3.5.2.1 The LAM-1 Mode

ZZ-polarised Raman spectra illustrating the LAM-1 bands at LT and HT are 

shown in Fig. 3.14 a&b. The existence of bands due to the LAM-1 mode confirms that 

the dibromoalkane molecules are indeed in the all-trans conformation within the urea 

channels and that they do not contain mid-chain kinks. This mode is strongly ZZ 

polarised. Lorentzians fitted to the spectra recorded in the ZZ polarisation at LT and 

HT yield the LAM-1 frequencies, x>, and bandwidths, a , given in Table 3.7.

1
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n LT HT

1) /cm‘^ 0/cm"^ D/cm’^ 0/cm"^

7 132 5.0 133 7.1

8 151 4 .9 151 7.1

9 115 4.3 116 7 .0

10 122 3.4 126 7 .9

Table 3.7: LAM-1 frequencies and bandwidths

The uncertainty in these values at LT is generally (\) ±  0.5) cm and (0  ±  0.2) cm  . 

For 1,10-dibromodecane/urea, there is a larger uncertainty in the frequency and band

width since the LAM-1 mode is hidden under urea lattice modes. The uncertainties in x> 

and 0  are slightly greater in the HT phase since the band is broadened: it is probable 

that the LAM-1 vibration is perturbed by other moleculai* motions which ai*e increased 

at high temperature (e.g. molecular reorientation).

As expected, the LAM-1 frequencies of the a,û>-dibromoalkanes in their urea 

inclusion compounds decrease with increasing chain length within the n-odd and 

n-even series. There does not appear* to be any significant temperature dependence. 

Perhaps surprisingly, our experimental LAM-1 frequencies are in close agreement (see 

Table 3.8) with those quoted for the pure a,<î>dibromoalkanes by Viras et al [1989 & 

1991] and Edwards et a l [1991]. Hence it seems that the constr aining environment o f  

the urea channel structure has little influence on the frequency of the LAM-1 mode.
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Table 3.8 also lists the LAM-1 frequencies calculated using the Minoni-Zerbi 

model described above (with force constants f= 0.05 mdyn/Â and F = 4.2 mdyn/Â) and 

those quoted by Edwards et a l [1991] for the n-even dibromoalkanes. For the Minoni- 

Zerbi model, we find that the agreement between calculated and experimental values for 

the LAM -1 frequency is good only in the case of the n-even dibromoalkanes. This 

supports the LAM -TAM  coupling theory o f Mazur & Fanconi [1979] (discussed in 

§3.2.2.2, part (II)(iv)). Thus, the discrepancy between the calculated and the experi

mental LAM -1 frequencies for the n-odd dibromoalkanes can be explained by the 

existence o f a coupling between the 'unperturbed' LAM-1 and TAM -4 modes. This 

coupling is only possible in the case o f the n-odd molecules, for which LAM-1 and 

TA M -4 belong to the same symmetry species. Indeed, bands which we tentatively 

assign to TAM modes can be seen in the low-frequency ZZ-polarised Raman spectr a of 

the n-odd (but not the n-even) dibromoalkane/urea inclusion com pounds (e.g. 

Fig. 4 .14 c; see also Table 3.6).
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3.5.2.2 Analysis of Gauche Defects

(i) Identification o f  the v(C-Br) gauche band

W e recall that Table 3.1 (§3.2.2.1) shows that the v(C-Br) stretching mode for 

cc, to-dibromoalkanes in the Qnd-trans conform ation com prises the fo llow in g  

symmetries:

rv (C -B r) = A i + B i  

rv(C-Br) = A„ + Bu

forC 7an d C 9  

for C8 and CIO

(point group: C2v) 

(point group: C2h)

for which:

C2v - Aj is ZZ active (possibly also active in XY)

- is XZ active

C2h - Ag is ZZ and XY active

- By is Raman inactive

Fig. 3.15 shows Raman spectra Ulustiating the v(C-Br) stretching modes in the 

ZZ, XZ and XY polarisations for one sample (1,9-dibromononane/urea) at both LT and 

HT. It can be seen that the v(C-Br) trans  band is polarised ZZ and occurs at a 

frequency of ca. 656 cm'^ in the HT phase. The v(C-Br) gauche band is also apparent: 

it occurs at ca. 570 cm'^ in the HT phase, is much less intense than the v(C-Br) trans 

and is less strongly ZZ polarised. In fact, it appears to be polarised preferably XY.

The ratio o f intensities, Ig/t, of the gauche and trans bands can be calculated in 

various ways. W e have evaluated (see Table 3.9) three ratios for Ig/t for the 

(%,m-dibromoalkane/urea inclusion compounds:

V i w

Ratio (1) Ratio (2) Ratio (3)
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As discussed in §3.2.2.3 part (II), Kobayashi et al [1990] after Kim et a l [1989] used 

intensities in the ZZ polarisation in their study of gauche CH3 groups in the n-alkane/ 

urea inclusion compounds.^ W e thus report Ratio (1) for comparison. However, the 

v(C-Br) trans mode is strongly polarised ZZ, but the v(C-Br) gauche mode is polarised 

preferably XY. The relative intensity o f a given band in a given polarisation is 

dependent on the depolarisation ratio, p, for the mode, and it is clear that the value of p 

for the v(C-Br) trans mode differs from that for the v(C-Br) gauche. However, the 

ratio o f gauche intensity in the XY  polaiisation to trans intensity in the ZZ polarisation 

(Ratio (2)) introduces errors due to the comparison of different components o f the 

derivative o f the molecular polarisability tensor. The ratio o f all the intensities summed 

over all polarisations appears intuitively the most valid ratio: this is Ratio (3) and is 

given by:

X  lyv + 2Ivh + Irh

W e have verified experimentally that this is equivalent to the band intensity ratio o f  

spectra recorded using circularised incident radiation and circularised scattered 

radiation. Ratio (3) is henceforth denoted 3g/t.

Table 3.9 thus shows these three intensity ratios for each sample at LT and HT. 

Despite our limited knowledge regarding the relationship between intensity ratio and 

proportion of gauche defects, we propose that die extent of gauche defects at the chain 

ends is in the range 4-15 % (corresponding to 3g/t values). There is no discernible 

relationship for any of the compounds between relative gauche  intensity and chain 

length, nor is there any significant change in relative gauche intensity on crossing the 

phase transition (although there m ay  genuinely be a slight increase in proportion of  

gauche defects in the HT phase).

t  To apply the bond polai isability model of Kim e t a l [1989] to tlie a,<y-dibromoalkane/urea inclusion 
compounds would require theoretical calculations involving nonnal modes and their Raman activities: 
such calculations are complex and time-consuming, but are a prospect for future work.
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Trans

C H, 1,/Urea T = 298 K

1 Gauche
X(ZZ)Y

g

X(ZX)Y

X(YX)Y

5 7053045 0 610 6 50490

Wavenumbers/cm’’

TransC H Br,AJrea T = 298 K

I Gauche
X(ZZ)Y

500 580 620540 680 700

Wavenumbers/cm’

CgHj^a/Urea T = 298 K

Trans

U
X(ZZ)Y

X(ZX)Y

500 650 700550 600 750 300

W avenumbers/cm"

Fig. 3.16: Polarised Raman spectia illustrating the v(C-X) stretching regions 

of CgHi5X2/urea (where X=C1, Br and I) in the HT phase
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(ii) Evolution o f  gauche!trans intensity ratio

(a) Study as a function of terminal substituent

Typical spectra, recorded in the ZZ, XZ and X Y  polarisations at 298 K for 

X (C H 2)gX/urea, where X = Cl, Br and I, are shown in Fig. 3.16. The frequencies o f  

the gauche and trans bands and the intensity ratios 3g/t are shown in Table 3.10.

X Frequency  /  cm'^ ^g/t

v{Q-^j^auche V((2~X)irans

Cl 656 734 1.03 = 51%

Br 570 660 0.08 = 7 %

I 476 610 0 .0 1 =  1%

Table 3.10: v(C-X) band frequencies and 3g/t values for X(CH2)gX/uiea

Thus it appears that the proportion of gauche defects decreases as the size o f the 

terminal substituent increases. Presumably the gauche conformation becomes relatively 

more difficult to accommodate within the urea channel on going from Cl to Br to I end- 

group. W e assume here that the 3g/t ratios may be compared for the tliree compounds: 

this approach is justified by the fact that, for the liquid-phase dihaloalkanes, the 

measured depolarisation ratios for the three v(C-X) trans bands are comparable, as are 

those for the three v(C-X) gauche bands.
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(b) Study as a function of temperature

The spectra recorded for 1,8-dibromooctane/urea in polarisation {ZZ+XZ} 

show that Ig/t increases slightly with temperature but exhibits no dr amatic jump at the 

phase transition, where Ig/t is defined for these spectra as:

Tg
ẐZ+XZ

ZZ+XZ

From this we conclude that the proportion o f gauche  defects has a weak direct 

dependence on temperature. The evolution of Ig/t with temperature is shown in Fig. 

3.17. A s discussed by Chatani e t a l [1978], the lattice parameters a and b o f the urea 

host structure increase slightly with temperature (c remaining constant): this may allow  

a greater proportion of end-groups to adopt tlie gauche conformation.

(c) Study as a function o f pressure

The spectra were qualitatively similar for all three samples (Br(CH2)nBr/urea 

with n=7, 9 ,1 1 ) , and were reproducible and reversible, being identical for the high-to- 

low  pressure and low-to-high pressure cycles. Constant band frequencies for the 

Vs(C-N) and the two 8(NCO) modes, chai acteristic o f hexagonal urea (at ca, 1025, 610 

and 530 cm "\ respectively), implied that the inclusion compound does not decompose 

under pressur e. The ratio Ig/t is defined for these spectra as:

T ^unpolarised 
 —

^unpolarised

Ig/t increases markedly with pressure for all three samples; typical spectra illustrating 

this increase for 1,11-dibromoundecane/urea are shown in Fig. 3.18. The change in 

molecular volume of the guest molecules, AV, on increasing the applied pressure, P, 

can be calculated from the relationship:

In (Ig/t) AV
RT
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G aucheP=6 kbar

TransË

5 6 0  6 2 0  6 6 0  7 0 0

Wavenumbers /  cm*’

P = 4 kbar

Trans

Gauche

c
c

I

7 0 0560 6 2 0 6 6 05 0 0

Wavenumbers /cm '

1 bar
Trans

I
.=

Gauche

7 0 058 0 6 6 05 4 0 6 2 05 0 0

W avenumbers /  cm  ’

Fig. 3.18: Evolution o f the Raman spectnim in the v(C-X) stretching region 

as a function o f pressure for C ^ H 22Bi*2/urea at 298 K
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Fi^. 3.19: Pressure dependence of ln(Ig/J for C„H2nBr2/urea 

(where n=7,9 and 11) at 298 K
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where R is the universal gas constant and T is the temperature (298 K), Fig. 3.19 

shows this relationship graphically for the three samples. However, it can be seen that -ê

the relationship holds well only for 1,11-dibromoundecane/urea. The gradient o f the 

best-fit line for this compound gives AV=7.4 cm^mol'^

Because the samples used were polycrystalline, no absolute estimate o f  the 

proportion of gauche defects can be infeiTed (due to problems o f multiple scattering); 

however, there is a clear- trend to increasing proportion with increasing pressure.

Fukao e t a l [1990] show that the cross-sectional area of the (ab) plane o f the unit cell 

decreases with increasing pressure, hence compression could ‘trap’ the end-groups o f 

the guest m olecules into the gauche  confonnation. This is, however, the converse 

argument to that given above for the temperature-dependence o f gauche defects. The 

pressure-dependence of the proportion o f gauche defects clearly requires further 

investigation.

Finally, it should be stressed that this behaviour is obseiwed for the urea 

inclusion compound under the hydi ostatic pressure generated by He as the compressing 

fluid. Other compressing fluids, such as N2, CO2, Ar, Xe, etc, may give different 

results, since the possibility that the compressing fluid enters the channels cannot be 

excluded.

S.5.2.3 Other Vibrations of tlie Guest Molecule

The other bands attributable to vibrations o f the guest m olecule are pre

dominantly polarised ZZ (i.e. Aj or Ag symmetry) with the exception o f the rocking 

and tw isting CH2 m odes, which are polarised XZ (B 2 or Bg symmetry). The 

assignments aie generally in line with those given by Le Brumant e t a t [1984] and by 

Fawcett & Long [1975] for «-alkanes included in uiea. Points to note:

(i) Several bands arising from vibrations of the guest m olecules occur in the low- 

frequency (< 300 cm'^) region of the spectium, as also noted by Cho et a t [1986]. 

Definitive assignment of these bands has not been possible.

153



(ii) In the HT phase there is a noticeable broadening o f the ô(C H 2) and t(CH2) 

bands: W ood et al [1989] have proposed that such band-broadening is due to the fast 

reorientations of the guest molecules in the channels.

(iii) At LT, the frequencies of the bands assigned to ô(C-C-Br) bending and v(C-C) 

stretching modes increase by an average o f ca, 10 cm "\ witiiin the n-odd or the n-even 

series, as chain length increases. However, with these exceptions (and the exception of 

the LAM -1), band frequencies do not shift markedly with chain length, and differences 

between the spectia of n-odd and n-even guest molecules are not generally evident.

(iv) Theoretically, we predict that the longer the guest molecule, the gieater will be 

the number of vibrational modes obseiwed. In practice, this is not the case. There are 

probably two reasons for this: firstly, some modes occur at the same frequency and, 

secondly, modes at similar fiequencies tend to couple with each other. A single band in 

the Raman spectrum may thus be due to several different modes.
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3.6 STUDY OF 1,6-DIBROMOHEXANE / UREA

3.6.1 INTRODUCTION

In Chapter 2 it was found that, unlike ‘conventional’ urea inclusion  

compounds, 1,6-dibromohexane/urea is commensurate and has an monoclinic structure 

at room temperature, and that the bromine end-groups on the guest molecules exist only 

in the gauche  conformation. However, it is not known whether 1,6-dibromohexane/ 

urea undergoes a low-temperature phase transition similar to that shown by the 

'conventional' (%,6>-dibromoalkane/urea inclusion compounds.

Studies of 'pure' crystalline 1,6-dibromohexane [Viras e t al, 1989] have shown 

that its low-frequency Raman spectrum contains bands assigned to whole-chain single

node bending modes (27 cm-^ and 34 cm*l at 263 K; 30 cm"l and 35 cm 'l at 173 K) 

and the longitudinal acoustic mode LAM-1 (199 cm"l at 263 K; 201 cm ‘l at 173 K). 

Other low-frequency bands were observed at 45 cm ‘l and 118 cm 'l at 263 K, and 

50 cm-^, 115 cm ’l, 125 cmr^ and 166 cm 'l at 173 K.

The present study has two aims. Firstly, since the 1,6-dibrom ohexane  

molecule in its urea inclusion compound exists exclusively in an unusual confonnation 

with both end-groups gauche, we can use its urea inclusion compound to characterise 

the vibrational properties o f gauche  end-groups in terminally brominated «-alkanes. 

Secondly, Raman spectroscopy allows us to study the contrast between the urea 

channel structure of 1,6-dibromohexane/urea and that o f 'conventional' a,cc)-dibromo- 

alkane/urea inclusion compounds.

3.6.2 EXPERIMENTAL

A single crystal o f 1,6-dibromohexane/urea was used, o f  approximate 

dimensions 2.0 x 1.0 x 0.5 mm. This was sealed in a thin glass tube; however, its 

orientation with respect to the laboratory reference frame could not be readily 

ascertained. The sample tube was then placed in the cryostat. Spectral conditions were 

as detailed in §3.4.2: the spectrometer used was a triple-monochromator Dilor Z24. 

Spectra were recorded for the spectral regions 50-300 cm ’  ̂ and 300-1000 cm “  ̂ at

155



298 K (denoted HT) and at 90 K (denoted LT). A spectrum was also recorded for the 

1000-1040 cm"  ̂ spectral region at 298 K. The direct geometry set-up was used and the 

polarisation was 'mixed', i.e. {ZZ+XZ}. The absence, in both the HT and LT spectra, 

o f  a sharp peak at 60 cm"^, characteristic o f 'pure' crystalline urea, was taken as 

confirmation of the structural integrity of the inclusion compound.

3.6.3 Re s u l t s  a n d  d is c u s s io n

W e consider first the Raman spectra o f 1,6-dibromohexane/urea recorded at 

298 K. The v(C-N) mode for urea in 1,6-dibromohexane/urea occurs at 1024 cm ‘1, 

which is in close agreement with the corresponding mode for the 'conventional' 

a,ft)-dibromoalkane/urea inclusion compounds (1025 cm ’^), perhaps suggesting  

similarity in the hydiogen-bonding involving the NH2 groups in these structures.

Fig. 3.20a shows the low-frequency Raman spectrum at 298 K. The band at 

225 cm-1 is assigned as the LAM-1 mode for the 1,6-dibromoalkane m olecule  

containing gau ch e  end-groups at each end of the m olecule. This band was not 

obseiwed for the 'conventional' a,ft)-dibromoalkane/urea inclusion compounds: the 

probability o f a guest m olecule containing gauche  end-groups at bo th  ends in a 

‘conventional’ UIC is low.

Fig. 3.20b shows the Raman spectrum for the 300-1000 cm“̂  spectral region at 

298 K. The v(C-Br) mode for 1,6-dibromohexane/ urea is at 567 cm~l and is close to 

our previous assignm ent for the g a u c h e  Br end-group in the 'conventional' 

a,cu-dibromoalkane/urea inclusion compounds (570 cm"l). This result confirms our 

previous conclusion that there is a proportion o f g a u c h e  end-groups in the 

'conventional' a,co-dibromoalkane/urea inclusion compounds.
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Fig. 3 .2 0 : Raman spectra for CgH^^Br^/urea in the H T phase
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T=298 K
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I
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(b) For the 300-1000 cm 'l spectral region
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Table 3 .11: Observed bands in the Raman spectia of in the spectral

region 50-1000 cm 'l at 298 K

RAMAN BAND TENTATIVE ASSIGNMENT Comparison with 
conventional UICs*

Frequency /  cm 'i Urea or Guest Mode Frequency /  cm^

51 guest ?
69 urea? lattice mode? 57

87 guest? ? 90

97 urea lattice mode 97

131 urea lattice mode 130

151 ? ? -

181 urea? lattice mode? 164(185 atLT)

225 guest LAM-1 dept on chain length

335 guest? ? 356 (339 for n=8)

402 ? ? -

530 urea 0(NCO) 530

567 guest v(C-Bv)gauche 570

606 urea 0(NCO) 608

767 ? ? -

840 ? ? -

988 guest v(CH2) 988

*The values quoted here are the average frequencies, at 298 K, o f the corresponding 

bands for CnH2nBr2/urea, where n=7-10

Listed in Table 3.11 are the observed band frequencies at HT with their tentative 

assignments for the 50-1000 cm'^ spectial region. For compaiison, frequencies o f the 

corresponding bands (where they occur) for 'conventional' CnH2nBr2/urea (n=7-10) 

are also given. Whereas some of the bands assigned to urea 'lattice modes' are o f  

comparable frequencies for the two structures, others differ substantially, reflecting the
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different structural properties o f the host in these materials. In particular, the band at 

181 cm"i for 1,6-dibromohexane/urea is noteworthy: the coiTesponding mode for the 

conventional cu-dibromoalkane/urea inclusion compounds is at 164 cm -i at HT, and 

in view  o f our assignment o f this mode as a 'breathing' of the urea channel in the plane 

perpendicular to the long axis c, this result may suggest a naiTower tunnel diameter for 

1,6-dibromohexane/urea. In contrast, the band at 131 cm"  ̂ corresponds closely in 

frequency to the band we assigned as a 'stretching' of the urea channel in the c 

direction. The band at 151 cm'^ has no equivalent in the spectra o f the 'conventional' 

n>dibromoalkane/urea inclusion compounds.

In the higher frequency region, tlie bands attributed to Ô(NCO) bending modes 

of urea are of very similar frequency for C(5H j2Br2/urea and 'conventional' C;^H2[̂ Bi'2/  

urea inclusion compounds. The other bands are harder to assign: die existence of many 

bands at frequencies substantially different from those for 'conventional' CjjH2nBr2/  

urea (where n=7-10) presumably reflects the fact that the 1,6-dibromohexane guest 

m olecule is relatively short and thus has effectively heavier end-groups (relative to the 

rest o f the m olecule), which would affect band frequency. Because the spectra were 

effectively  unpolarised, it was not possible to assign these bands via symmetry 

considerations.

The Raman spectra of 1,6-dibromohexane/urea recorded at 90 K (Fig. 3.21) 

contrast markedly with the spectra recorded at 298 K. As shown in Fig. 3.21a, there is 

a dramatic change in the urea lattice modes in the LT phase compared witli the HT 

phase, there being a considerably greater number o f bands (with significantly smaller 

line widths) in the LT phase. In contrast, the 'conventional' a,£0-dibromoalkane/urea 

inclusion compounds show few differences in the urea lattice modes between the HT 

and LT phases. This evidence suggests tliat 1,6-dibromohexane/urea does  undergo a 

phase transition at a temperature between 298 K and 90 K, and that the difference in the 

urea structure between the HT and LT phases is considerable.
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Fig. 3.21 : Raman spectra for C^H  ̂̂ Br^/urea in the LT phase

T=90K
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(a) For tlie 50-300 cm’l spectral region

T=90K

v(C-Br)gauche
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(b) For the 300-1000 cm 'l spectral region
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From the spectrum of the higher frequency region at 90 K (Fig. 3.21b), it is 

clear that the 1,6-dibromohexane m olecule still exists exclusively with gauche  end- 

groups in the low-temperature phase, since there is no evidence for the v(C-Br) band 

characteristic of the trans end-group. However, the v(C-Br) band for the gauche end- 

group has developed some structure in the 90 K spectrum, with two subsidiary peaks 

on the low-frequency side o f the main peak at 570 c m ~ i .  The origin o f these subsidiary 

peaks has not yet been ascertained.
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3.7 CONCLUSIONS

3.7.1 S t u d y  o f  X (C H 2)nX /  UREA FOR n > 6

In general, the number o f vibrational bands observed in the Raman spectra o f 

the a,ft>-dibromoalkane/urea inclusion compounds was considerably less than expected; 

the observed bands were predominantly o f symmetries and Ej for the urea, and Aj 

or Ag for the dibromoalkane molecule,

3.7.1.1 Urea Host Structure

The structural integiity of the inclusion compounds was verified by the presence 

of vibrational frequencies characteristic o f hexagonal urea, especially the Vg(CN) and 

5(NCO) modes. The minimal change in spectral characteristics on passing through the 

phase transition suggests that the low temperature orthorhombic phase is, in fact, very 

similar in structure to the high temperature hexagonal phase (as has been proposed 

previously [Chatani, 1978; H anis et a ly 1990]).

3.7.1.2 Dibromoalkane Guest Molecule

(I) The LAM-1 M ode

The LAM-1 modes were identified at LT and less readily at HT. As expected, 

the frequency was found to diminish, within each n-odd or n-even series, with increase 

in the length of the guest molecule. On applying the Minoni-Z^rbi coupled chain model 

to the m-dibromoalkanes, we found that the calculated LAM-1 frequencies were in 

reasonable agreement with the experimental values for the n-even dibromoalkane guest 

m olecules. For the n-odd dibromoalkane guest m olecules, the calculated LAM-1 

frequencies did not agiee with the experimental values: it is believed that the LAM-1 

and the TAM -4 couple, by virtue o f then identical symmetry and similar' frequencies, 

and that this coupling perturbs the LAM-1 frequency.
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(II) Gauche Defects

Both trans  and gauche  v(C-Br) stretching modes were identified for all the 

samples studied. The gaucheltrans band intensity ratios suggest that the percentage o f 

end-groups in the gauche  conformation is in the range ca. 4-15%. Studies o f the 

evolution of the intensity ratio Ig/t as a function o f terminal substituent, temperature and 

pressure show that:

(a) Ig/t decreases markedly with increase in size of terminal substituent

(b) Ig/t increases (but only very slightly) with increasing temperature

(c) Ig/t increases markedly with increase in applied pressure (at least for n-odd series)

In the current study, changes in the gaucheltrans intensity ratios were used to 

indicate approximate changes in tlie proportion o f gauche defects. These changes (i.e. 

the trends) have much greater validity than the absolute values, given the differences in 

polarisation of the v(C-Br) trans and gauche modes.

3.7.2 St u d y  o f  1,6-Dibrom ohexaneAJrea

The Raman spectia show that the 1,6-dibromohexane m olecule in its urea 

inclusion compound has gauche groups at both ends, yet exhibits a LAM-1 mode. To 

our knowledge, this is the first example of such a molecule. This study confirms our 

assignment of the yi{C-Bv)gauche stretching frequency. It also confirms that the urea 

host structure o f 1,6-dibromohexane/urea is measurably different at room temperature 

from that o f ’conventional' a,tn-dibromoalkane/urea inclusion compounds (as shown 

in Chapter 2), and that it undergoes a significant structural change to a low-temperature 

phase at a temperature between 298 K and 90 K.
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CHAPTER 4 

NEUTRON SCATTERING STUDIES

4.1 THE TECHNIQUE
4.1.1 INTRODUCTION

The neutron was discovered in 1932 by Chadwick. It has zero electrical 

chai'ge, diameter o f the order o f 10‘ ^̂  m, mass comparable to that o f a proton 

(1 .67  X 10"27 kg) and magnetic spin o f I/2. Neutrons are produced either at a 

continous source by the fission o f heavy atoms in a nuclear reactor (e.g. Institut Laue- 

Langevin, Grenoble) or at a pulsed spallation source, by bombai’ding a uranium tar get 

with accelerated protons (e.g. ISIS, Didcot). D iscussion o f methods of neutron 

production may be found elsewhere [e.g. Bée, 1988; Carlile, 1988a & b; W illis e t al, 

1991].

The neutrons produced may be either accelerated further using, for example, 

graphite at high temperature, or slow ed down using a moderator, such as liquid 

hydrogen or deuterium. When suitably moderated, the thermal neutron has an energy 

similar to that o f atomic vibrations and rotations (i.e. a few  meV), and a wavelength o f  

the order of interatomic distances (i.e. a few A). These properties make it an ideal 

probe for the study of atomic and molecular structure and dynamics. For comparison, 

photons of appropriate energy allow the study o f structural properties o f materials (x- 

ray diffraction), but then' high energy is incompatible with the study o f dynamic 

properties. Conversely, photons of long wavelength may be used to probe dynamic 

properties (Raman, infraied and microwave spectroscopies), but they have wavelengths 

too long to allow the study of structur al properties.

W hen a neutron beam interacts with a sample, the neutrons may be either 

absorbed (leading to y  emission) or scattered. The relative extents o f absorption and 

scattering depend on the relative cross-sections for these two processes: these are 

denoted <7̂  & d̂ Og respectively. For organic molecules, is small and Og is large. 

Neub'ons are scattered isotropically by nuclei (the nuclei acting as point scatterers) and,
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by virtue o f their spin, also give rise to magnetic scattering via dipole-dipole  

interactions. This latter fact enables neutron scattering to be used for the study o f  

magnetic properties. The dominant scattering process, however, is the neutron-nucleus 

interaction (magnetic scattering being negligible unless the sample is paramagnetic) and 

the neutron scattering theory outlined in this chapter will assume that this is the sole 

interaction. Scattering power varies non-systematically with atomic number, such that 

isotopes and neighbouring elements o f the Periodic Table are easily distinguishable. 

An exchange o f energy may occur which is of the order o f transitions between  

vibrational and rotational levels.

The main limiting factor in neutron scattering experiments is that available 

neutron beams have inherently low flux. A further difficulty arises because, by virtue 

of its relatively small diameter and lack of charge, a neutron can travel large distances 

without being scattered or absorbed. This means that neuti'ons a ie only weakly  

scattered by the very pai'ticles they probe and that detection of the scattered neuti'ons is 

difficult. In practice, detectors use one o f the few atoms that absorb neutrons strongly 

enough to produce ionising radiation: examples are ^He and ^Li [Bailey e t al, 

1981]. These two problems mean that neutron scattering is a signal-limited technique. 

However, it is complementary to techniques based on scattering of x-rays, electrons 

and light, and, notwithstanding the above limitations, is very informative in its own 

right. It allows study of many aspects of the solid, liquid and amorphous states, our 

interest being chiefly in its use in moleculai* spectioscopy.

4.1.2 BACKGROUND THEORY

This section gives a brief outline of the essential theory underlying the scattering 

of neutl'ons; further details may be found in references by Bée [1988], Cai'lile [1988a], 

Pynn [1990], Gunn [1988] and W illis et al [1991].

According to the de Broglie relation, a neutron of mass m travelling with 

velocity v can be described in terms of its kinetic energy E, its de Broglie wavelength
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X, and its wavevector k, which points along the trajectory o f its motion (where h is 

Planck’s constant):

Kinetic Energy E = ^  mv^ = ^

De Broglie Wavelengtli 1  = mv

W avevector k = ^  mv

A scattering event is characterised by its scattering law, S(Q,co), 

which expresses the scattered intensity, S, as a function of the variables Q  and co, 

where Q  is the scattering vector and its magnitude is proportional to the momentum  

transfer, and co is proportional to the energy tiansfer. S(Q,co) may be defined [e.g. 

W illis e t al, 1991] as the probability that the scattering system will undergo an energy 

change dE (=ïïcû) accompanied by a momentum transfer HQ. The following equations 

define Q and co:

Momentum transfer = |^ J  Q = |^ J  (kf-kj)

= HQ = H(kf-ki)

Energy transfer = Ef-Ei = Hco = (kf^-kA

where kj and kf are, respectively, the initial and final wavevectors

and Ej and Ef are, respectively, the initial and final energies

The scattering event may be represented by a scattering triangle defining Q, as shown 

in Fig. 4.1. By convention, the energy transfer is defined as positive when the neutron 

gains energy and the sample loses energy.
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Q  = kf - ki

Ei

neutron beam

detectors

sample

Fig. 4 .1: Scattering triangle, defining Q

A scattering experiment measures the partial double differential scattering cross- 

section: this gives the fraction of neutrons which are scattered, by an airay o f N  atoms 

with cross-section a, at an angle 20 into a solid angle dO with energy change dE:

-  - -  =  iN Î ^ S (Q ,c o )
a n a s  ^  a n a »  ^

The scattering law S(Q,co) is the time Fourier transform of the intermediate scattering 

function I(Q,t):

S (Q ,c o )= ^ | exp{-icot} I(Q,t)dt
J~oo

Following the Van Hove formalism [1954]:

N N
I(Q4) exp {-iQri(O)) bj exp {iQrj(t)) )

i=i j=i
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where bj and bj are the scattering lengths of the nuclei at and rj, respectively. The 

angular brackets < > denote the average over all possible starting times for observations 

of the system: tliis is equivalent to the average over all possible theimodynamic states o f  

the sample. This equation can be separated into two components, which correspond to 

the incoherent scattering law Sinc(Q,co) and the coherent scattering law Scoh(Q»<^)'

Iinc(Q>t) =  “
N

{ (b2) - (b)2) 2  exp {-iQ(ri(0) - n(t))}
i=l

i c o h ( Q d )  — ^ S  Gxp {-iQ{ri(0) - rj(t)))
i=l j=l

where i=̂ j

I(Q ,t) may be derived for various motional models; it is, in turn, the space 

Fourier transform of the time-dependent pair-correlation function G(r,t):

M)=J
J-'

I ( Q d ) = | exp{iQr) G(r,t)dr

where:
N

Ginc(r,t) = ^ (  %  6  (r + n (0 ) - n(t)}^
i=i

N N
Gcoh(r,t) E  8 {r + n(0) - rj(t)y w hereH

G(r,t) may be defined [Willis et al, 1991] as the probability that, given a particle at tlie 

origin at time zero, there will be some particle (including the original one) at position r 

at time t.

These equations constitute the Van Hove formalism [1954] in defining the 

relationship between neutron scattering and the relative positions and motions o f atoms.
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It is the simplicity of this relationship which underpins the success o f this technique as 

a probe o f atomic structure and dynamics. Q  and co are thus related, via Fourier 

transforms, to space and time respectively, and as Q  is a vector quantity, the technique 

allows the study of properties o f the sample in specific orientations.

These equations show that a neutron scattering experiment involves two types 

o f scattering, coherent and incoherent, depending on the manner o f nuclear* interaction. 

Coherent scattering occurs when the incident neutron wave interacts with all the nuclei 

in the sample in a coordinated fashion, such that all the scattered waves have definite 

relative phases, and so can interfere with each other. Coherent scattering reflects 

collective properties o f the sample; it depends on the relative distances between the 

sample's constituent atoms and thus provides str uctural information.

Conversely, incoherent scattering occurs when the incident neutron w ave  

interacts independently with each nucleus in the sample. The scattered waves from the 

different nuclei have random relative phases and so cannot interfere with each other in a 

coordinated manner. Incoherent scattering may, for example, arise fiom  the interaction 

of a neutron wave with the same atom but at different positions and times. Incoherent 

scattering provides information about atomic and molecular* motions, so is used in the 

study of dynamic properties.

4.1.3 Scattering  Cr o ss-Sections

The scattering of a neutron by a single nucleus is described by its scattering 

cross-section , Gg, which is quoted in barns (1 barn = lO'^^ m^). This may be 

visualised as the effective area presented by the nucleus to the passing neutr on. The 

scattering length, b, which is related to the scattering cross-section by the equation 

ag=47t(b^)  ̂ indicates the strength o f the interaction between the neutron and the

scattering nucleus; b is characteristic o f a particular* nucleus, depending solely on its 

identity and spin state, and being independent of the incident energy of the neutron. 

The total scattering length for a given isotope is averaged over all its spin states, and for* 

a given element is averaged over all its isotopes.
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According to the previous equations, the total scattering can be written as: 

S(Q,C0) =  [ M  -(b > 2]S i„e(Q ,C 0)+  (b>2Scoh(Q.W)

Thus, the scattering cross-section may be split into its coherent and incoherent 

components:

Gg = (?coh Ginc

where Gcoh = 47t(b)  ̂= coherent scattering cross-section

Ginc = 47t[(b )̂ - (b)^] = incoherent scattering cross-section

and (b) denotes the ensemble average of b over all isotopes and spin states 

)̂ ) denotes the ensemble average o f b  ̂over all isotopes and spin states

Values of scattering cross-sections for common nuclei may be found elsewhere 

[e.g. Bee, 1988]; those relevant to the current discussion are shown in Table 4.1. The 

incoherent scattering cross-section o f hydrogen is very much gieater than the total 

scattering cross-section of carbon or any other commonly encountered nucleus. There

fore, neutron scattering o f most organic compounds is dominated by incoherent 

scattering from hydrogen. Consequently, incoherent neution scattering is often used 

for study o f the dynamics of organic molecules. The contrast between the incoherent 

scattering cross-sections for hydrogen and deuterium enables selective study of par ts of 

the m olecule, scattering from the rest of the molecule being minimised by deuteration. 

Vanadium, being a pur ely incoherent scatterer, is often used as a standard in incoherent 

scattering experiments.

174



NUCLEUS Gcoh/bani Ginc/bam

IH 1.8 79.9

2h 5.6 2 .0

C 5.6 0 .0

V 0.0 5 .2

Table 4.1: Values of scattering cross-sections

4 .1 .4  ELASTIC, INELASTIC AND QUASIELASTIC SCATTERING

Neutron scattering can be either elastic, inelastic or quasielastic, depending on 

the energy change involved. Elastic scattering results in no energy change, i.e. Kco=0; 

thus the direction of the neutron wavevector k changes, but its magnitude remains 

constant (i.e. Ikjl=ikfl). Elastic scattering occurs for atoms localised in space; it always 

satisfies the following equation, where Q q is the elastic momentum transfer vector:

Qo I = j sin 0

Elastic coherent scattering constitutes neutr on diffraction (occurring in accordance with 

Bragg’s Law) and gives details about equilibrium structure.

In contrast, inelastic scattering results in an exchange o f  both  energy and 

momentum between the incident neutron and the scattering nucleus; thus both the 

direction and the magnitude o f the neutron wavevector change. Inelastic scattering 

results from the interaction of atomic and molecular vibrations with the neutron beam. 

The energy difference between the incident neutron and the scattered neutr on is equal to 

a quantum, Iru (=ïïco), o f energy, v  being the frequency of the atomic or molecular 

motion. Inelastic incoherent scattering is used for study o f the motions of individual 

atoms or m olecules, whereas inelastic coherent scattering is used for study of the 

dynamics o f collective periodic motions, such as phonon dispersion cur*ves.
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Scattering is termed quasielastic in that region where the energy change on 

scattering tends to zero. Quasielastic scattering results from low  energy (< lm eV )  

inelastic processes, such as translational and rotational diffusion: such scattering 

broadens the elastic line o f the spectrum. This class of scattering is discussed further in 

§4.1.5.

The intensity o f incoherent neutron scattering spectra is a function of both the 

momentum transfer, ïïQ , and the energy transfer, Em. For a given value o f 20 (and 

hence a given value o f Q ), the spectrum may be divided into the three regions o f  

scattering discussed above, as shown in Fig. 4.2.

4.1.5 INCOHERENT QUASIELASTIC NEUTRON SCATTERING

4.1.5.1 U s e o f lQ N S

Each class of neutron scattering can be used to probe specific aspects o f a 

system. In this work we use incoherent quasielastic neutron scattering (IQNS) to study 

the motion of both the guest and the host molecules within urea inclusion compounds, 

specifically:

(i) The m-dibromoalkane guest molecules in their urea-d^ inclusion compounds

(ii) The urea host molecules in the u-hexadecane-dg/|/urea inclusion compound

As the scattering is incoherent, it provides details about the dynam ics o f these 

molecules; it is also quasielastic, and thus results from atomic and molecular diffusion. 

Diffusional motion may be divided into two classes: ti*anslational diffusion, in which 

the centre o f mass o f the diffusing atom or molecule moves, and rotational diffusion, in 

which the centre of mass remains stationary but rotation of the m olecule or groups 

within the molecule occurs.

Both translational and rotational diffusion occur randomly with respect to time; 

they often take place simultaneously on different tim e-scales. The instrumental 

resolution is necessarily non-zero, and is approximated by a triangular, Lorentzian or
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Gaussian function (depending on the spectrometer). The instrumental resolution  

defines the time-scale over which motions are obsei-vable: for quasielastic scattering the 

instrumental resolution is typically between several neV and 100 |ieV . Observable 

tim e-scales are thus 10"  ̂ to 10’ s: these coiTespond closely with the typical jump 

frequencies for translational and rotational diffusion (i.e. 10^ to 10^2 jumps per 

second).

4.1.5.2 IQNS Theory

An atom diffusing within a fixed volume has an incoherent scattering law  

S(Q,co) in the quasielastic region which may be separated into two components: a 

purely elastic component and a quasielastic component centred on co=0. This can be 

written generally [e.g. Leadbetter & Lechner, 1979; Carlile, 1988a] as:

S (Q,co)=Ao(Q)5(co)+2An(Q)L„(co) 

where ô(co) is the Dirac delta function:

+̂00

§(co)=oo at (0=0 ; ô(co)=0 at (o#0 and j ô(co)dco = 1

and Lji(co) aie Lorentzian functions:

l-'n(^) — 1 — 1 An

The intermediate scattering law is then:

I(Q,t) = A o(Q )+ X  An(Q) exp(-AcOnt)
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and n is the number of Lorentzian functions and depends on the model used:

É  A„(Q)=1
11=0 ;
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The elastic Ao(Q)Ô(co) and quasielastic ZA^(Q)L^((o) terms contain information on the 

geometry and time-scales o f the diffusion. The Lorentzians arise from the different 

types o f motion occuiTing in the sample. The proportion of the scattered intensity 

which is purely elastic is termed the elastic incoherent structure factor (EISF):

EISF= A M )  -  0̂ - ELASTIC INTENSITY
io+yi„ TOTAL INTENSITY

The theoretical EISF may thus be compared with that found experimentally (i.e. 

measured from the spectrum) in order to assess the validity o f the fitted motional 

models. The EISF describes the static limit o f the diffusing atoms (i.e. their average 

positions over time).

The precise shape o f  the EISF as a function of Q  is characteristic o f the 

geometry o f the diffusional process. For unbounded tr anslational diffusion, the EISF 

is always zero since there is no perfectly elastic component. For rotational diffusion, 

the EISF is unity at Q =0 and falls to a minimum at a Q value which is an inverse 

function o f the radius o f gyration of the rotation; past this minimum the EISF versus Q  

function is oscillatory in nature. The EISF is thus indicative o f the geometry o f the 

diffusional process. In order to analyse small-amplitude motions in detail (e.g. deter

mination of number of sites for a jump process), it is often necessary to record spectra 

at high Q  values. For a dynamic process, analysis o f the temperature-dependence o f  

the quasielastic scattering allows determination of the activation energy.

4 .1 .6  INSTRUMENTATION

The objective o f a neutron scattering experiment is to determine the scattered 

intensity, S(Q,co), at a given momentum transfer, HQ, as a function of energy transfer, 

Hco. There are three ways to determine the energy of a neutron: by measurement o f its 

velocity, its wavelength or its rate of precession in a magnetic field. Each of these three 

parameters is detennined using a different type o f spectrometer: the direct geometry
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time-of-flight (t-o-f) spectrometer, the inverted geometry spectrometer and the neutron 

spin-echo spectrometer, respectively. As shown in Table 4.2, each specti'ometer has a 

chaiacteristic energy resolution and corresponding motional tim e-scales that may be 

observed [Bée, 1988; Carlile, 1988a]:

spectrometer resolution /peV time-scales /s

direct geometry t-o-f 10-100 10-10.10-13

inverted geometry 1-20 10-lO.iQ-ll

neutron spin-echo 0.005-1 10-7-10-10

Table 4 .2: Resolution and observable time-scales for the different types o f spectrometer

4.1.6.1 Direct Geomehy Time-of-Flight Spectrometer

This type of spectrometer uses rotating mechanical choppers, which open at 

specified time intervals, to select out the incident neutron energy. The scattered 

neutrons are timed over the known distance from the sample to a bank of detectors 

(typically ^^B) which are set at a range o f scattering angles. The distribution o f  

velocities o f the scattered neuti'ons can thus be measured and the energy spectrum  

derived. Since the incident neutron energy is known (by prior calibration), an energy 

transfer spectiiim may be constructed. The t-o-f geometry spectr ometer has relatively 

low  resolution but a large available energy transfer range. The spectrometer used in 

this work was tlie dhect geometry t-o-f spectrometer IN5 at the Institut Laue-Langevin 

(ILL) in Grenoble.

4.1.6.2 Inverted Geometiy Spectrometer

This type of spectrometer uses a white incident neutron beam and selects out 

from the scattered radiation a single neutron energy using an energy analyser. In
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practice, the wavelength o f the scattered radiation is analysed by Bragg diffraction from 

a single crystal. The resolution is dependent on the scattering angle 29 , and is 

optim ised (at ca. 0 .5-10 peV ) as 20 tends to 180°: consequently, this type of 

spectrometer is also called the backscattering spectrometer. Examples are IN 10 and 

IN I3 at the ILL. The backscattering spectrometer gives the advantage o f high 

resolution but with a small energy transfer range.

4.1.6.3 Neritron Spin-Echo Spectrometer

This type o f spectrometer uses the neutron's magnetic moment to detect its 

energy change, the underlying principle being that a polarised neutron travelling a 

known distance in a magnetic field precesses about the direction of the field. The 

number of precessions undergone is proportional to the neutron velocity, the magnitude 

o f the magnetic field and the direction of the field with respect to the neutron spin. 

Monitoring change in precession rate during the scattering event will thus give change 

in neutron velocity and hence energy. The final spin state of the neutr on, relative to its 

initial spin state, determines whether or not an 'echo' is produced. An example o f a 

neutron spin-echo spectr ometer is INI 1 at the ILL.

4.1.7 D a t a  Tr e a t m e n t

Various corrections need to be applied to the raw data before m odels can be 

fitted. Details of general corrections that may be required can be found in Lindley & 

Mayers [1988] and Springer [1972]. Those pertinent to IN5 data are outlined below: 

they constitute the data reduction program INX [Rieutord, 1990].

Firstly, the experimental set-up itself gives rise to a non-negligible scattering (or 

‘background’): to take account of this, a spectra is recorded o f the empty sample- 

holder. Secondly, the spectra are measured at variable scattering angle, so in order to 

render them comparable with each other, it is necessary to normalise the detectors. 

This is done using the spectrum of vanadium, which is a com pletely incoherent and 

isotropic scatterer. Thus, a typical neutron scattering experiment requites:
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(i) measurement of the sample spectrum

(ii) measurement o f the spectrum of the empty sample-holder

(iii) measurement o f the spectrum o f vanadium

Data reduction consists of:

- normalisation of each spectrum witli respect to total number of neutrons used

- subtraction of the background (i.e. the spectrum of the empty sample-holder)

- normalisation of each sample spectrum against that of the vanadium standard

- conversion of the data from time-of-flight to energy

- regrouping of the spectia so as to improve the quality o f the signal, and 

elimination of data from the detectors which were situated at scattering angles corres

ponding to coherent scattering ( ‘Bragg peaks’).

- coiTection of the spectra for absorption of the sample (the extent of absorption 

depends on the thickness of the sample)

- coiTection for the efficiency of the detectors, which varies with the wavelength 

of the scattered neuti'ons

These conections allow spectra measured at different scattering angles during one 

experiment to be compared, either with each other, or with spectra recorded during 

another experiment. The spectral data may then be analysed using vaiious models o f 

atomic and moleculai* motion, details of which are described fully in B ée [1988] and 

Guillaume [1988].
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4.2 INVESTIGATION OF GUEST MOLECULAR MOTION

4.2.1 BACKGROUND AND A im s

4.2.1.1 Previous Studies

The guest m olecules which lie within urea inclusion compounds undergo 

considerable motion in the high temperature phase. Alkane/urea inclusion compounds 

aie known [Pemberton & Parsonage, 1965] to display a phase transition from a low- 

temperature orthorhombic phase to a high-temperature hexagonal phase. In the high- 

temperature phase, the /i-alkane molecules undergo rapid rotations about the channel 

axis [Gilson & M cDowell, 1959 & 1961; Connor & Bleais, 1969] and translations 

along the channel axis [Fukao et al, 1986]. These motions occur at a much slower rate 

in the low-temperature phase. We believe that the phase Uansition which occurs in the 

(%,m-dibromoalkane/urea inclusion compounds has similai* consequences for the motion 

o f the a,u>dibromoalkane molecules.

A wide range o f «-alkane/urea incluson compounds has been studied from the 

viewpoint o f guest molecular motion. Inelastic incoherent neution scattering investi

gations [Guillaume, 1988; Guillaume et al, 1990 & 1991] of CigH^g/urea-d^ indicate 

the existence, along the channel axis at very low temperature (1.5 K), o f a longitudinal 

acoustic mode of frequency 12 cm"^. At higher temperatures, this mode becom es 

sti'ongly overdamped; in addition, quasielastic broadening indicates that restricted 

tianslational motions are occurring. There is also evidence, in the high temperature 

phase, for a diffusive rotational motion about the channel axis. However, these 

conclusions are in conflict with those o f Boy sen et al [1988], who performed 

incoherent neution scattering studies on «-hexadecane/urea-d^. These workers propose 

a model of 27c/6 jump motion (with correlation time ca. 1 ps) o f the guest m olecules 

about the channel axis, in conjunction with overdamped librations.

Other studies, using different techniques, o f various guest species (mainly 

«-alkanes) have invoked numerous models for guest molecular motion. W ood e t a l 

[1989] have developed an approach to investigate Raman band-widths, in which the 

reorientational motion of the «-alkane CH2 groups is modelled as a damped Brownian
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harmonic oscillator. Also from a Raman study, Cho et al [1986a &b] propose a 27i/6 |

jump model for the docosane (C20H42) guest. Models derived from nuclear magnetic 

resonance (NMR) spectroscopic studies propose large amplitude oscillations [Bell &

Richards, 1969], uniform uniaxial rotations [Casal et at, 1984a & b] and 27t/3 jumps 

[Meii'ovitch & Belsky, 1984]. Greenfield et a t [1985 & 1989] have studied C 19D 40/  

urea-h4 by NMR and have modelled the reorientations of the guest molecules about 

the channel axis both by jump motions and by rotational diffusion. Lee et al [1992] 

model the motion of «-alkane guests, using molecular dynamics simulations, as rotation 

o f the CH2 groups about the channel axis.

Previous work on the dynamics o f a , m-dibromoalkane guests is not extensive.

Dielectric loss spectroscopy has been used [Meakins, 1955] to study the dynamic 

properties o f Br(CH2)ioBr in its urea inclusion compound. The fact that a signal is 

detected suggests, p er  se, that the Br end-groups undergo motions independently fi*om 

one another.^ Bell & Richards [1969] have studied Br(CH2) %QBr/urea by NM R  

spectroscopy: they conclude, on the basis of T 1 measurements, that rapid rotation of tlie 

guest m olecules about the channel axis occurs, even at low temperatures. Tliey find 

evidence for additional guest motion at higher temperatures, and suggest that this may 

be either segmental motions of the guest molecules or reorientational motions o f the 

urea m olecules (the latter hypothesis is investigated in Chapter 5). Guest motion o f  

Br(CD2)loBr/uiea is also investigated by NMR specUoscopy in Chapter 5.

4.2.1.2 Outline of Cunent Study

W e aim to compaie and contrast the motions of the a,cu-dibromoalkane guest 

m olecules with those of the «-alkane guest molecules. The presence o f the heavier Br 

end-group, vis-à -v is  the CH3 end-group, may affect guest dynamics. The average 

guest sti'uctui'al properties in these two families of inclusion compounds differ: Ag=Cg/3

t Dielectric absorption is shown to be due to the orientation of long-chain dipoles within the urea 
inclusion compound. The Br(CH2)ioBr molecule in its fully extended tr a n s  conformation has a 
resultant zero dipole moment, hence should give no dielectric absorption. This implies that the two 
C-Br dipoles of a given molecule aie capable of orientation independently of one another.
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for Br(CH2)nBi7urea (as seen in Chapter 2), whereas for CH3(CH2)nCH3Airea, Ag=0. I

It is plausible that this difference in structure may have an effect on the guest dynamics.

The previous studies, cited above, on Br(CH2)nBr/urea inclusion compounds investi

gated only one chain length, viz n=10. The cuiTent work focuses on the motion of the 

guest m olecules in Br(CH2)nBr/urea-d4 inclusion compounds, where n=8-10: we thus 

study chain-length dependence. These compounds were investigated over the 

temperature range 120-280 K in order to establish the translational and reorientational 

dynamics o f the guest m olecules on the picosecond time-scale. The use o f sem i

oriented polycrystalline samples allows molecular motions about and along the channel 

axis c to be studied independently, as described below. Appropriate models were fitted 

to the experimental data, and the results then compared with previous studies of the 

dynam ics o f n-alkane/urea inclusion compounds. This work has recently been 

published [Smart et al, 1992; Guillaume et al, 1992; see also Guillaume et al, submitted 

for publication].

4.2.1.3 Experimental Considerations

As outlined previously, IQNS investigations allow us to assess the exact 

geometry o f the molecular motions, via the evolution o f the EISF with Q . More 

specifically, the scattering law can be written:

S(Q,co) = Fourier U ansform of (exp {iQd(t)})

where d(t) = r(t)-r(0) = displacement of the proton

This equation can be written in tenns of the perpendicular sine and cosine components 

o f Q .d . Two experimental geometries can thus be adopted, in which Q  is either 

paiallel or perpendiculai' to d, in order to analyse precisely the motions occurring along 

and about the uiea channel axis. These experimental geometries are shown in Fig 4.3:
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(i) the momentum transfer vector Q  is parallel to the urea channel axis c. This 

geom etiy allows study of the motion o f the guest m olecules along  the c axis 

and is denoted Qp.

(ii) Q  is perpendicular to the urea channel axis c. This geometry allows study of 

die reorientation of the guest molecules about the c axis and is denoted Qj .̂

In the Q// geometiy (Fig. 4.3a), the channel axes lie in the scattering plane and form an 

angle o f 135° with the incoming neuti'on beam; this condition for Q/y geometry is |

satisfied only when the scattering angle 20 is 90°. In the geom etiy (Fig. 4.3b), the 

channel axes aie peipendiculai* to the scattering plane: this condition is satisfied for any 

value of 20 .

Our studies had the fo llow ing requirements: temperature 5<T <300 K, 

resolution o f the order o f 10-100 fieV , momentum transfer IQqI in the range 

0<lQ ol<3 Â 'I. O f the suitable spectrometers, the direct geom etiy tim e-of-flight 

spectrometer IN5 was chosen; as T>5 K, the vibrational spectrum can be measured in 

neutron energy gain (i.e. sample energy loss). This instrument is described in The 

Y ellow  Book [Blank & Maier, 1988] and is shown schematically in Fig. 4.4. Its 

resolution is in the range 20-160 q eV , corresponding to 5<%o<16 Â and

0.6<IQol<5.5 Â. This allows study of time-scales in the range ca. 0 .3-100 ps. The 

resolution function is almost precisely tiiangular in shape, so allowing easy assessment 

o f quasielastic broadening.

4 .2 .2  Ex p e r im e n t a l  DETAILS

The a,u>dibromoalkane/urea-d4 inclusion compounds were prepared as detailed 

in Appendix A, except for the sample of l , 8-dibromooctane/urea-d4, which was kindly 

provided by, Mr Ali Mahdyarfar. The deuteration of the host urea ensured that the 

incoherent scattering contribution from the urea molecules was minimised, such that the 

dynamic properties o f the guest molecules could be studied selectively. The degiee of 

deuteration of the host molecules was estimated by infrared specUoscopy to be ^98%.
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M l M 2

a = 260.0 cm, c = 40 .4  cm, e s  128.8 cm, g s 397.7cm,
b= 325.2 cm, d= 92.4  cm, f= 51.1 cm, h = 409.0 cm,
S : sample D : detectors Ml, M2, M3 : monitors
B: sam ple-box  with collimator
FD: fixed detectors r-IO® to 130'*
FA : forbidden angles; 47 .5"-51”, 77“-81", and 107"-111"
1 ,2 ,3 ,4  choppers

E i^ A A : Schematic view  of the t-o-f spectrometer IN5 [from Blank & Maier, 1988]
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Semi-oriented polycrystalline samples were used, comprising single crystals (of 

typical dim ensions 0.5 x 0.5 x 5 mm^) placed in a grooved aluminium sample 

holder such that the channel axes (crystallogiaphic c axes) of all ciystals were parallel 

to each other. The crystallographic a and b axes (perpendiculai' to the channel axis) 

were randomly oriented with respect to rotation about the channel axis. IQNS 

experiments were caixied out using the time-of-flight spectrometer IN5 at the Institut 

Laue-Langevin in Grenoble. Experimental conditions were as follows: 

incident A, = 6 Â

specual resolution (at full-widtli half-maximum) = 67 |aeV 

standai'd sample = vanadium 

The sample thickness was chosen such that transmission was approximately 90%: this 

ensured that the effects of multiple scattering could be neglected in the data analysis. 

Temperature control was achieved (to ±2 K) using a helium-cooled cryostat.

The urea inclusion compounds studied were Br(CH2)nBr/urea-d4, with n=8-10. 

The phase transition temperatures for these compounds aie in the range 135-157 K (as 

shown by differential scanning calorimetiy: see Appendix B). Temperatures below and 

above the phase tiansition ai‘e denoted LT and HT, respectively. The neuü'on scattering 

was measured as a function of:

(i) Length o f  guest m olecule: Spectra were recorded for Br(CH2)nBr/urea-d4, with 

n=8,9,10, at 120 K and 240 K in the Q// geometry, and at 240 K in the Qj  ̂geometry.

(ii) Temperature: Spectra were recorded for Br(CH2)gBr/urea-d4, in both the Q // and 

the geometries, over the temperature range 120-280 K, at intervals o f 40 K.

The detectors were normalised using the spectium o f a vanadium standard, 

recorded at 5 K, for both the Q// and geometiies. The vanadium standard had the 

same dim ensions as the sample and was measured under identical experimental 

conditions. The measured scattering at a given angle 26 was normalised for all sample 

counts, the data obtained for the empty A1 sample holder was subtiacted and the
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resultant data normalised against the same data obtained for the vanadium standard. 

Thus:

Normalised sample counts =

sample counts at 20 A1 can counts at 20
. total sample counts . total can counts

V counts at 20 A1 can counts at 20
. total V counts. total can counts .

These, and the other conections outlined in §4.1.7, were earned out using the INX  

data reduction program [Rieutord, 1990]. The spectrum of vanadium recorded at 5 K 

was also used as the instrumental resolution function.

4.2.3 RESULTS AND DISCUSSION 1

4.2.3.1 Quantitative Analysis o f Results 

(i) Experiments in Qn geometry

The IQNS spectia o f Br(CH2)pBr/urea-d4, recorded in the Q// geometry for the 

LT and HT phases, are shown in Figs. 4.5a and 4.6a, respectively; spectia o f the other 

two compounds studied are qualitatively similar. At LT, quasielastic broadening is 

negligible but inelastic peaks (termed ‘side-peaks’) are obseiwed at ca, 0.7 meV: these 

conespond to a veiy  low-frequency vibration (oscillatory motion). In view  of the very 

low  energy of these side-peaks, this oscillatory motion is probably a co llective  

excitation of the guest m olecules, i.e. a longitudinal acoustic-type mode (rather than 

inti'amoleculai' oscillations). At HT, the obseiwed profiles consist of two components:

(i) the side-peaks, which are considerably broadened and (ii) a quasielastic broadening 

o f the elastic line. Component (i) corresponds to the oscillatoiy motions seen in the LT 

phase: these becom e heavily damped above the phase transition temperature.

Component (ii) coiTesponds to a tianslatory motion of the whole guest molecule in the 

c direction.
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(ii) Experiments in the Qj  ̂geometry

The IQNS specti*a o f Br(CH2)çBr/mea-d^, recorded in the Qj^ geometiy for the 

LT and HT phases, are illustrated in Figs, 4.5b and 4.6b, respectively. Spectra  

recorded at 240 K of the other two compounds studied were qualitatively similar to Fig. 

4.6b (spectra at LT were not recorded for these two compounds in this geom etiy). In 

the LT phase, only the elastic peak is seen (quasielastic broadening being negligible); 

there is no evidence for side-peaks. The spectrum in the HT phase shows considerable 

quasielastic broadening; this corresponds to a reorienting motion of the guest molecules 

about the c axis.

4.2.3.2 Quantitative Analysis of Results

(I) M odels Used

(i) Qjf geometiy: translations along the channel axis

The tianslations of the guest molecules along the channel axis may be separated 

into two components: the motion o f the centre of mass o f the m olecule (translatory 

m otion) and the motion o f the constituent atoms relative to the centre of mass 

(oscillatory motion). These motions aie assumed to be unconelated with respect to 

time, so giving an intermediate scattermg function:

IKQ4) = Psc(Q,t).Itrans(Q,t)

where I°^^(Q,t) refers to oscillatory motions and itrans^Q refers to translatory 

motions. This coiTesponds to a scatteiing law of the general fomi:

S^(Q, CO) = S®sc(Q,co) ® S^"S(Q,co)

where ® denotes the convolution. The following scattering law has thus been derived:

S^(Q, co) = exp {-Q ^ ^ )). [s^^"^(Q,co) + F°^^(Q, co) + p2^^(Q, co)] - eqn (A)
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where and F2 define the shape o f the side-peaks, in accordance with the model o f a 

damped hairnonic oscillator:

F r ( Q ,o ) )  =
( ÿ M K o Q o

K (i^o - CÔ ) + 7t Kq CÔ

F § ^ ( Q ,  CO) =_[qV)]
27C

Ko
l-q^

1 .1 6 n o ^ ( l - q 2 ) - (  W - c o ^ ) 1  ----------------

(40o^ -0)2) + 4 K o V eqns(B )

where the fitted parameters aie as follows:

= mean square amplitude of the oscillations (along the channel axis)

Kq = damping factor

Q q = mean frequency of the oscillator

and q =
2O0

The translatory component, is modelled as a continuous linear

diffusion between two rigid impermeable boundaries. This has an intermediate 

scattering function as derived by Hall & Ross [1981]:

Itrans(Q  ̂t) = Ag^"(Q) + %  ̂ exp(_AcOnt)
n=l

This corresponds, on Fourier tiansformation, to the following scattering law:

S t r i m s ( Q ^  CO) =  A g " " » ( Q )  S (C O ) +  %  A g ™ » ( Q ) . L n ((0)
n=l

with:
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,ti-ans/r»A _  ;2 QLA8":"'(Q)=j6
A|pms(Q) = 4 (Q L )^ [l- (-!)"  COS (QL)] 

^ ’ " [(QL)2 - (njc)2] ^

a n d  X  A1P"®(Q) =  1
n -0

where:

jo = spherical Bessel function of zero order

Lj (̂co) = Lorentzians of half-width half-height given by: AcOn = Dt

The fitted pai’ameters are:

L = translational lengtli

Dj = translational diffusion coefficient

For the experimental Q range used in our experiments, it is sufficient to consider just 

two L„(co) functions in the scattering law, thus giving:

0)) = A§™ (Q ) 6(0)) + i  A!,™s(Q) . £„(co)
n=l

(ii) Q i  geometry: rotations about the channel axis

The model for rotations of the guest molecules about the channel axis was 

chosen as follows. From the experimental data, an experimental EISF, AqCQ), can be 

calculated as a function of Q, as outlined in §4.1.5: this is illustiated in Fig. 4.7. It can 

be seen that Aq(Q) decreases with increasing temperature: a jump model cannot account 

for this behavioui'. Such an EISF indicates that the motional amplitude increases with 

temperature. For comparison, we have also plotted in Fig. 4.7 the calculated EISF for 

2tz/6  jump rotations, as given by Bée [1988]:

6 r
Ao( Q ) = 1 £  Jo 2Q .rsin ®6  n eqn (C)
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where Jq = zero order Bessel function of the first kind

r = radius o f gyration = 1.39 A for straight-chain CH2 groups 

p = number of jump sites

W e immediately conclude that a 2)i/6 jump model is not valid. A rotational model 

which is to hold good for the temperatures we have studied should correspond to 

smaller amplitude reorientations than the 2ti/6 jump model. In addition, the absence o f  

low-frequency side-peaks in both the LT and the HT phase suggests that tlie motion is 

diffusive rather than oscillatory.

We thus propose a model which we found is applicable at all the temperatures 

studied: this is uniaxial rotatonal diffusion in a one-fold cosine potential, a model first 

developed by Dianoux & Vohno [1977]. Shown m Fig. 4.7 are the experimental EISF 

plots at various temperatures versus the theoretical curves calculated using this model 

(eqn (D): see later). This model has the following scattering law:

S W , w) =  A5>‘( Q ) 5 ( co) +  s  A K '( Q ) .L m W
m=l

where Lm(co) = Lorentzians o f half-width half-height given by: AcOm = Dr m^

Because our crystals were randomly oriented with respect to rotation about the channel 

axis (specified by rotation angle <p), it is necessary to average over (p, so giving the 

following expression for the EISF:

îï[Io(T)]̂  Jo
Aq ‘(Q) = I Jo(2Q.r.sin (p) Io(2ycos (p) dtp

- eqn (D)

The fitted parameters are Dj. and y, where Dj. is the rotational diffusion coefficient, and y 

is related both to the effective potential barrier, Vq, for the rotations and to the mean 

angle, ({), of fluctuations about the channel axis:
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“  riifyl
Vo = IkgTy and (]) = co s-l ^

In these equations, kg is the Boltzmann constant, T is temperature in Kelvin, r is the 

radius o f gyration (=1.39 Â), Jq is the Bessel function of the first kind and zero order, 

and Iq and Î  are the modified Bessel functions o f zero and first order, respectively.

For the Q range investigated in these experiments (0-2 Â"^), it is sufficient to 

consider the scattering law up to six L^(co), giving:

S^(Q ,co) = A&“‘(Q )8(cd) +  X  A(S‘(Q).Lm(<»)
m=l - eqn (E)

(II) Fitting Procedure

Theoretical scattering laws for fitting to the experimental Q// and Qj^ spectra 

were obtained by convoluting eqns (A) and (E), respectively, with the instrumental 

resolution function, as follows:

N
S«'«’‘J'(Q,co)=Ao(Q).V(Q,co) + £  Ai(Q).[A(o>) ® T(Q,co)]

i=l

where V(Q,co) denotes the spectrum of the vanadium standard at 5 K (representing the 

instrumental lineshape function for the elastic peak), and T(Q,co) denotes a triangular 

instrumental resolution function detennined by fitting the experimental spectium for the 

vanadium standard at 5 K.

For the Q// geometiy, only the data from the detector at scattering angle 20=90° 

were fitted, since it is only at this angle that Q is exactly parallel to c. For the Q_l 

geometry, the scattering law was fitted simultaneously (using a com m on set o f  

parameters) to each individual spectium recorded in the range 3O°<20<12O° (excluding 

those containing significant coherent scatttering): this approach implicitly takes into 

account the Q-dependence of the scattering law.
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Energy transfer /  mcV

1.5

Enerzy transfer /  meV

Energy transfer /  meV

O'
240 K 
(X 4)
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E n e rg y  T ra n s fe r  /  tn cV

Fig. 4 .8 : Experimental and fitted spectra for Br(CH2)çBr/urea-d4, recorded in the Q//

geometry as a function o f temperature in the LT (120 K) and HT phases. 

The Q// geometry coiTesponds to Qo=L5 Â‘l.
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(Ill) Results Obtained 

(I) Qn geom etry

Shown in Fig. 4.8, as a function o f temperature in the LT and HT phases, aie  

the fitted spectra for Br(CH2)gBr/urea-d4. The best-fit parameters obtained aie listed in 

Table 4.3 for Br(CH2)9Br/urea-d4 at temperatures in the range 120-280 K, in Table 

4 .4 a  for Br(C H 2 )n B r /u r e a -d 4 (n=8-10) at 120 K and in Table 4 .4b  for 

Br(CH2)nBr/urea-d4 (n=8-10) at 240 K.

Some obsei*vations can be made regaining the values o f these parameters:

1. There is some uncertainty in the parameters pertaining to the oscillatory motion. 

This is due in part to the very low intensity of the side-peaks, but also to the fact that, at 

280 K, the and Kq parameters are conelated.^ Thus Qq was fixed at the value 

obtained for 240 K (i.e. 0.8 meV) in order to derive Kq; greater uncertainty therefore 

exists in the values of Q q and K q  at 280 K.

2. For the Br(CH2)gBr guest in the temperature range 120-280 K, Table 4.3 

shows that ^2q decreases slightly and K q increases with increase in temperature: this 

explains the overdamping of the motion at HT. <r^> increases with temperature, hence 

the amplitude o f the oscillations is increased at HT. L and Dj both increase with 

increase in temperature. They have values in the range: 0.9<L<2.3 Â; 0.7<Dj<7.0 Â. 

On the assumption of Arrhenius behaviour for Dj, the variation of D  ̂with temperature 

in the HT phase corresponds to an activation energy for guest translations of 

(6±1) kJmol"^.

3. For Br(CH2)nBr guests with n=8-10 at 120 K, Table 4.4a shows that neither 

O q nor K q appears to have an n-dependence. For Br(CH2)nBr guests with n=8-10 at 

240 K, Table 4.4b shows that O q remains approximately constant and K q increases 

with increase in n. For L and Dj it is difficult to assign a definitive tiend with n; this

n o yt When Kq is large relative to flo, as occurs at T>280 K, eqns (B) become functions of  ̂ / kq*
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may depend on the parity o f n: both L and Dj decrease when n is increased from 8 to 10 

in the n-even series.

4. Despite the uncertainty in the paiameters for the oscillatory motion, the values 

vindicate the assumed time-decoupling of the oscillatory and tianslatory motions, the 

quasielastic broadening being of the order of a few tens o f jaeV, whereas the oscillation 

frequency, O q’ is in the range 0.8-0.9 meV.

(ii) Q ± geometry

The fitted specha (at Qo=1.5 Â"^) for Br(CH2)9Br/urea-d4 are displayed, as a 

function o f temperature in the HT phase, in Fig. 4.9. The best-fit paiameters obtained 

aie listed in Table 4.5 for Br(CH2)9Br/urea-d4 at temperatures in the range 120-280 K, 

and in Table 4.6 for Br(CH2)nBr/urea-d4 at 240 K for n=8-10. Because the value of 

Vq varies with temperature, the Amhenius equation does not apply, so it is not possible 

to evaluate an activation energy. Fig. 4.10 displays the Q-dependence of the specti'a at 

2 8 0  K.

The trends displayed by the data listed in Tables Y & Z are as follows:

1. Table 4.5 shows that Dj. increases with increase in temperature, (j) increases and 

hence Vq decreases with increase in temperatuie.

2 . Table 4.6 shows that, at 240 K, Dj. decreases and (j) increases with increase in n. 

These paiameters have values ranging as follows: 0.16<D^.<0.23 ps'^; 21<(j)<54°.
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280 K 
(x 2)

0.5 1 1.5-0.5 0 —,
Energy transfer /  meV

-1.5 1 2
meV

?
a 240 K 

(x 4)M

1.5-0.5 Q 0.5 
Energy transfer /  meV

1

3
a 200 K 

(x4)crt

1.5 2-0.5 0

Energy transfer /  meV
0.5 11.5 1

160 K 
(X 5)

1  S 2t $ 0  )  0  0 . 5  1

Energy transfer / meV

Fig. 4 .9 : Experimental and fitted spectra for Br(CH2)9Br/urea-d4, recorded in the Qj^

geometiy at Qo=l-5 Â'^, as a function of temperature in the HT phase.
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4.2.3.3 Comparison with Previous Studies

Our spectra are qualitatively similar to those previously cited for /z-nona- 

decane/urea-d^ [Guillaume e t al, 1990 & 1991] in the Q // and Qj^ geometry. The 

paiameters o f our fits can be compaied with those obtained previously by Guillame e t a t 

[1990 & 1991], using the same motional models. However, exact quantitative 

agreement is not expected as both the guest species and the chain length were different 

in the two studies.

(i) Qu geom etry

The best-fit paiameters for the tianslatory component in the HT phase are o f the 

same order o f magnitude, as shown in Table 4.7a. The values for the low-frequency 

side-peaks in the LT phase ai*e also comparable, as shown in Table 4.7b.

Fukao e t a t [1986], following measurement of x-ray integiated intensities of 

meridional Bragg reflections of «-hexadecane/urea, have also modelled the motion of  

the guest m olecules along the c axis: their parameters analogous to our translational 

lengths, L, aie of the same order of magnitude at equivalent temperatures.

Source Guillaume et al [I990&1991] Our results

Sample Ci9H4o/urea-d4 Br(CH2)nBr/urea-d4 (n=8-10)

Temperature range 1 6 0 ^ < 3 0 6  K 1 6 0 ^ ^ 8 0  K

Transational lengtli 1.1<L<2.7 Â 0.9<L<2.3 Â

Diffusion coeff. (l.l<Dt<15).10'®cmV' (0.7<Dt<7.0).10'®cm^s‘^

Table 4.7a: Compaiison of parameters for tianslatory component of motion along the

channel at HT
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Source

Sample

Guillaume et al [ 1990&1991] Our results 

C i9 H4 o/urea-d4  Br(CH2 )nBr/urea-d4  (n=8-10)

Tempemture T=140 K T=120 K

Oscillator ffeq. 0 0 = 1.2 meV Oo=0.8 meV

Table 4.7b: Comparison of parameters for low-frequencv side-peaks in the LT phase

(ii) Q ±  geome tiy

Again, our best-fit parameters for the HT phase aie comparable with those for

«-nonadecane/urea-d4, as shown in Table 4.8.

Source Guillaume e ta l  [1990&1991] Oui* results

Sample C i9H4o/urea-d4 Br(CH2)nBr/urea-d4 (n=8- 10)

Temperature range 1 6 0 ^ < 3 0 6  K 1 6 0 ^ ^ 8 0  K

Potential bander 5 < V o< n  kJmor* 8<Vo<16 kJmoT^

Diffusional coeff. 0.10<D ,<0.30 ps'^ 0.16<Dj.<0.21 ps'^

Fluctuation angle 28<(|)<66° 21<(()<54''

Table 4 .8: Comparison of parameters for uniaxial rotational diffusion about tlie channel

axis at HT

Our values for V q, the potential barrier for rotations, are in reasonable 

agreement with the activation energies, E^, given by Bell & Richards [1969] for the 

reorientational motion o f Br(CH2)ioB r in its urea inclusion compound: for free 

rotational diffusion, they quote £^=9.2 kJmol'^; for molecular reorientation between

two potential minima of very unequal deptli, they quote Ea=10.9 kJmol-1
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Our pai'ameters for the reorientational motion of the guest m olecules may also 

be compared with those obtained for M-alkane guests using techniques other than 

IQNS. From NM R experim ents, Greenfield e t  al [1985] quote a value o f  

Dj.=2 .0x l 0 ^̂  s"̂  for the guest motion in C^^D^o/urea-hz^, as modelled by unrestiicted 

diffusive rotation: this is two orders of magnitude different from our values. 

Although Cho et at  [1986a & b] used a 27t/6 jump model for the motion of the docosane 

(C20H42) guest, their correlation times {ca. 0.7 ps), deduced from Raman bandwidths, 

aie the same order o f magnitude as our Dj. values. Applying the model o f a damped 

Brownian harmonic oscillator. W ood e t  al  [1989] quote ^=44° and (j)=41° for the 

C 14H 30 and C20H42 guests respectively at 300 K, in reasonable agreement with our 

range for (j>. However, their value for effective harmonic frequency {ca. 6 ps'^) is 

considerably larger than our Dj. values for uniaxial rotational diffusion; their model also 

takes into account overdamped librations o f the guest molecules on a slightly shorter 

tim e-scale {ca. 1 ps). (Such librations, coiTesponding to low-frequency side-peaks in 

spectra recorded in the geometry, were not observed in our studies.) Lee e t  al 

[1992] quote (|)<40° for n-alkane guests using molecular dynamics simulations, but their 

approach considers just a single guest molecule in one urea channel, so the validity o f  

their results is questionable.

An IQNS study subsequent to ours [Harris et al, 1992a] has shown  

qualitatively similai* results for I(CH2)gI/urea-d4: this is perhaps surprising, given the 

very much greater atomic mass and van der Waals radius of I compared with Br. In 

contrast, recent IQNS experiments on (CHg(CH2)6CO .0 )2/urea-d4 [H anis et  al, 

1992a] show that both the translational and the reorientational motions (if any) of the 

dioctanoyl peroxide molecules occur on much longer time-scales than for the n-alkane 

or (%,m-dihaloalkane guests. Further, the reorientations are of much smaller amplitude, 

and there is no evidence for a low-temperatuie longitudinal acoustic mode.
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4.3 IN V E ST IG A T IO N  O F H O ST M O L EC U LA R  M O T IO N

4.3.1 BACKGROUND AND AIMS

NMR studies o f «-nonadecane/urea [Heaton et al, 1989] have indicated that 

the host urea m olecules undergo 180° jumps about their C = 0  axes. From spectral 

simulations, these workers propose a jump frequency for this motion o f  ca. 2.0 x 10  ̂

s ‘ l at 303 K. These studies, which aie discussed further in Chapter 5, showed no 

evidence for rotation of the NH2 groups about the C-N bond. The theoretical scattering 

law for a uniaxial rotational motion is given below: this law averages over all 

orientations of the momentum transfer vector Q  for a polycrystalline sample, and is 

thus denoted simply S(Q,od). Similaily, the EISF is denoted Ao(Q,o)). Each proton in 

the urea molecule is assumed to jump between two equivalent sites,

1S(Q,0)) = Ao(Q)5(m) + Ai(Q).A
^ 1+co^x  ̂ - eqn (F)

I I jo(Q<^i) +jo(Qd2)
where:

A . jdOdO
2 J - eqn (G)

Ai(Q ) = 1 - Ao(Q)

dj and d2 are the jump distances as defined in Fig. 4.11

(equal to 2.26 Â and 4.10 Â, respectively) 

jo denotes the spherical Bessel function of order zero 

2x defines the mean residence time of each urea proton at each jump site.
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c
H2

Fig. 4 .11: Urea molecule, defining the jump distances dj and d2

The cuiTent IQNS investigation of M-hexadecane-dg^uiea-hz). set out to confirm  

limits for the motional time-scale o f these 180° jumps of the host m olecules for an 

Aî-alkane/urea inclusion compound. The use o f a technique distinct from NM R  

allows comparisons to be drawn regarding the consistency of quantitative results. The 

neutron tim e-scale is of the order o f picoseconds, considerably shorter than that 

{ca. 10-8 to 10-3 seconds) of NMR studies. We also aimed to assess the degree of 

time correlation, if  any, between the motions of the host and the guest. This work has 

been published [Hanis e t  al, 1992b].

4.3.2 Ex p e r im e n t a l  D eta ils

The compound studied was M-hexadecane-dg^/urea-l^, which was kindly 

prepared by Mr Ian Shannon. The /(-hexadecane-dg^ used for this preparation was 

obtained comm ercially from M SD isotopes and was >99% isotopically pure. The 

deuteration of the guest minimised its conUibution to the incoherent scattering to less  

than ca. 1.7% o f the total incoherent scattering.
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The sample used was polyciystalline. IQNS spectra were recorded at 300 K 

using the t-o-f spectrometer IN5 at the Institut Laue-Langevin.^ The spectra were 

recorded for elastic momentum transfer in the range 0 -2  A " \ with an incident 

wavelength o f 6 À and an instrumental resolution of 60 jaeV. The spectrum o f a 

vanadium standard was also recorded at 5 K. Data reduction was as outlined  

previously (see §4.1.7 & §4.2.2) using the INX program [Rieutord, 1990].

4.3.3 RESULTS AND DISCUSSION

The experimental spectrum recorded at 300 K is shown in Fig. 4.12 and is  

compared with the instrumental resolution (approximated by the spectrum o f the 

vanadium standard at 5 K) for tlie detector corresponding to the largest scattering angle 

measured (20=120°). (At this scattering angle the quasielastic broadening can be 

assumed to be maximum). In fact, the quasielastic part o f the spectrum has low  

intensity and a width (0.15 meV) consistent with that observed previously in the IQNS 

studies o f /z-nonadecane-h^o/urea-d^ at 300 K [Guillaume et al, 1990]. The veiy  low  

intensity o f this quasielastic broadening may be explained by the fact that, given the 

>99% isotopic purity o f the deuterated guest used, the intensity o f the incoherent 

scattering from the host relative to that from the guest will be ca. 60:1. Therefore, this 

quasielastic broadening may be attributable to incoherent scattering arising from the 

guest molecules (i.e. from the deuterium and from the residual (<1%) impurities).

t This temperature is well above the phase transition temperature of 151.8 K reported by Pemberton & 
Parsonage [1965].

212



'tr o oo o o oT** T- o to
X X o>
o
00 ” (ro‘D)S

u> ÇQ

a

t
f
o

R
II

cd

î
i
&

I

f
I
g

I

I

ê
S '

;

I

.3
ë

I
I
I
M
«O
cd

13:il

I
CO

I
>

S '

m
<N

o o o o Oo o o o Om Tf co CM T-

(w ‘D)S

(N

bi.



CVJ

CD

CO

‘ X o

a.
s z

o

CO00 o
o o o

^ s i a

a

I
I
I
ë

I'o
in

U  ^
S

Ü
;
.5 É

s i  
il
II
Ô  -I

&

CS

CO

Tf:
bi



The experimental data were fitted using a single Lorentzian function convoluted 

witli the instrumental resolution. This allowed deteimination of the experimental EISF 

as a function o f momentum transfer Q. Fig. 4.13 shows the variation o f  the 

experimental EISF with Q as compared to the theoretical EISF versus Q cuive (which 

was calculated using eqn (G)). The lack o f agreement between these cuiwes implies 

that no 180° jump motion of the type modelled occurs on the instr umental time-scale. 

This suggests that any such motion of the host urea molecules, if  it does indeed occur, 

must have a significantly longer time-scale: this is in agreement with the previous 

NM R studies o f «-nonadecane/urea [Heaton et al, 1989]. Our results also confirm that 

no rapid rotation o f the NH2 groups about the C-N bond occurs on the picosecond  

time-scale. As already mentioned, Heaton et at [1989] have found no evidence for such 

rotations on the 10“̂ -10'^ s ^H NMR time-scale.

This work thus indicates that no rapid motions occur (on the picosecond time- 

scale) o f the urea molecules in M-hexadecane-hg^urea-d^; we conclude that the motions 

proposed by Heaton et al  [1989] at 300 K for M-nonadecane-h^o/ur ea-d4 must occur on 

a time-scale longer than ca. 50 x 10'^^ s. This lower limit for the motional time-scale, 

which w e denote Xl, was derived from an empirical relationship which assumes that 

quasielastic broadenings (defined at half-width half-maximum) can be evaluated reliably 

only if  they are larger than ca. one-fifth of the instrumental resolution, A (defined at 

full-width half-maximum and here equal to ca. 60 qeV). Thus, the value o f x^ given 

above was deduced using the equation:

Xl > i.e. Xl ^ —
(a /5) - eqn (H)

Since we know (see §4.2) that the translational and rotational motion of the 

guest m olecules in urea inclusion compounds, in general, occurs on the picosecond  

time-scale at 300 K, we conclude that the dynamics of the host and guest molecules are 

uncorrelated (i.e. time-independent), at least at this temperature. It is possible that this
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finding may be a consequence o f the incommensurate natine o f urea inclusion  

compounds. This topic is discussed again in Chapter 5, which reports the use o f  

NM R spectroscopy to study both host and guest molecular motion.

A subsequent study of /r-decane-d22/urea-h^ by IQNS [Harris et al, 1992a] is in 

agreement with our results, concluding that the motion of the urea m olecules occur s on 

a time-scale longer than 200 ps. Further studies are necessary to define more precisely 

the rate o f urea motion for comparison with Heaton et al [1989]: to probe longer time- 

scales by IQNS would require much higher instrumental resolution (i.e. a smaller value 

of A in eqn (H)). This may be possible using a neutron spin-echo spectrometer.
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4.4 CONCLUSIONS

4.4.1 GUEST MOTION

4.4.1.1 General Conclusions

The technique o f IQNS, using semi-oriented polycrystalline samples, allowed 

study o f the motion of the guest molecules in Br(CH2)nBr/urea inclusion compounds 

with n=8-10. The two experimental geometries revealed the existence, in the HT 

phase, o f two motions o f the guest molecules: a translational motion along the channel 

axis and a uniaxial rotational diffusion about the channel axis. The tr anslational motion 

comprises a purely translatory component and an oscillatory component (probably 

corresponding to a longitudinal acoustic-type mode): these two components are time- 

decoupled.

The experimental spectra were fitted using uncorTelated models: restricted 

translational diffusion and uniaxial rotational diffusion in a one-fold cosine potential. 

These fits were satisfactory, and it was not necessary to consider more sophisticated 

m odels (such as correlated translation and rotation in a screw-like motion) in order to 

obtain meaningful parameters. In general, our parameters are in good agreement with 

previous studies using similar motional models: the behaviour o f the a,n>-dibromo- 

alkane guests appear s to be similar to that of the «-alkane guests, the replacement of the 

CHg end-group by Br having no significant effect on the m echanism  o f guest 

dynamics.

4.4.1.2 Improvements to the Models

Fmther developments in the methodology for interpretation of the experimental 

spectra could lead to more accurate modelling of the guest motions. The scattering laws 

used here for the Q // and spectra did not consider the possibility o f coupling 

between the tr anslational and reorientational motions. Since these motions occur on the 

same time-scale, and in view of the fact that the urea molecules are arranged in a helical 

manner in the channel walls, correlation of the translations and reorientations in a 

screw-type motion of the guest molecules seems plausible.
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The Q // spectra were fitted for only one value o f Qq (corresponding to the 

scattering angle 26=90°). If the scattering geometry could be modified so that Q  is 

parallel to c at several values of 20, this would allow measurement o f Q// spectra for 

different values of Qq, and the Q-dependence o f the scattering law could then be taken 

into account in the fitting procedure.

4.4.2 HOST MOTION

The motion o f the urea molecules in M-hexadecane-dgz(/urea-h^ was studied by 

IQNS using a polycrystalline sample. The spectra, recorded at 300 K, show no 

evidence for any motion of the urea m olecules on the instrumental tim e-scale  

(loTO_io-13 conclude that the 180° flips of the urea m olecules, proposed by

Heaton et al [1989] for n-nonadecane/urea at 300 K, must occur on a time-scale longer 

than ca. 50 x 10’^̂  s. We thus infer that the motions o f the host and guest m olecules 

are uncorTelated, at least at 300 K.
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CHAPTER 5 

DEUTERIUM NMR STUDIES

5.1 THE TECHNIQUE

5 .L I INTRODUCTION

The phenomenon of nuclear magnetic resonance (NMR) was discovered in 

1946 in the United States o f Am erica, by Bloch of Stanford U niversity and 

simultaneously by Purcell o f Haivard University. High resolution NM R spectroscopy 

has since become an invaluable technique which has many wide-ranging applications in 

physical, biological and medical science. The growth o f this technique has benefited 

enom iously from advances in both instrumentation and NMR theory, and notably from  

the development, pioneered by Ernst & Anderson [1966], of pulsed Fourier transform 

NM R.

NMR of the solid state is often the luethod of choice for probing molecular 

motions; it is also used to study structural properties in cases where single crystal x-ray 

diffraction is impractical or gives inconclusive results. The technique used here was 

solid  state ^H NM R for study o f luolecular dynamics. Compared with other 

spectroscopies such as Raman and infrared, the characteristic time-scale o f ^H NM R is 

relatively long: time-scales observable by ^H NMR are in the range 10'^-10*^ seconds.

This section outlines the general theory of NMR spectroscopy: it covers basic 

principles of NM R (§5.1.2) and NMR of the solid state (§5.1.3), and then focuses on 

solid state ^H NM R (§5.1.4). Selected references covering general NM R theory are 

the following: Abragam [1961], Akitt [1983], Fukushima & Roeder [1981], Freeman 

[1988], Harris [1983], Jelinski [1984], Kemp [1986] and Riddell [1991]. D iscussion  

of solid state NMR, in particular*, may be found additionally in Fyfe [1983], and 

^H NM R of the solid state is also reviewed by Jelinski [1986].

223



5.1.2 BASIC THEORY OF NM R

5.1.2.1 Laimor Precession

When a nucleus with a non-zero spin I is subjected to an external magnetic 

field, the (21+1) nuclear spin energy levels lose their degeneracy and a population 

difference is induced between these energy levels, in accordance with the Boltzmann 

distribution. This phenomenon, termed the Zeeman interaction, causes the nuclear 

dipoles to process about the direction of the applied magnetic field with an angular 

frequency, co, given by the Larmor equation:

co = yHo

where Hq is the str ength o f the external magnetic field and y  is termed the magnetogyr ic 

ratio: tliis is constant for a given nucleus and is defined as follows (q is the magnetic 

moment of the spinning nucleus and h is Planck’s constant):

2tz[L
^ = - h T

Since tire angular frequency, co, is equal to 27cr), the Larmor equation may be rewritten:

where v  is termed the Larmor frequency. For a given nucleus, each chemically distinct 

environment generally gives rise to a slightly different Larmor frequency.

5,1.2.2 Principles of the NMR Experiment

The theory of NMR makes use of the rotating frame of reference, in which the z 

axis is fixed in the direction of the applied magnetic field Hq, and the x and y axes 

rotate about z at the Larmor frequency. In this frame of reference, there exists at
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equilibrium an excess net magnetisation, denoted Mq, along the z dir ection. An NM R  

experiment consists of disturbing this equilibrium by applying a pulsed radioffequency 

(RF) wave, with m agnetic field  component H^, in the x-y plane at the Larmor 

frequency, v .  Energy is absorbed from this RF field as it is in resonance with the 

precessing nuclear dipoles; this RF field thus rotates the nuclear magnetisation by an 

angle (j) about the direction of Hj, where:

(j) = COitp

coi = y H i

and tp is the duration o f the applied RF pulse. The perturbed spin system then strives 

to return to equilibrium via relaxation of tire nuclear dipoles. Two important categories 

of relaxation are longitudinal (spin-lattice) relaxation along the z axis and transverse 

(spin-spin) relaxation in the x-y plane. Eventually, equilibrium m agnetisation is 

re-established and the cycle can be repeated.

During the return to equilibrium, the induced voltage in the x-y plane is 

recorded. This is termed the free induction decay (FID) and it comprises one decaying 

sinusoidal w ave (representing the variation in magnetisation) for each nuclear 

environment. The envelope o f the FID is exponential with respect to time. This time- 

domain signal is converted to the frequency domain using the Fourier transform (FT):

IF(co) = I f(t) exp(-icot) dt

which may also be written:

iF(co) = I f(t) (cos cot - i sin cot) dt
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Fig. 5.1 shows the idealised FID and frequency-domain specti'um for a single nuclear 

envii'onment. The specti'um has a Lorentzian or Gaussian lineshape; the time constant 

for decay of the FID is related to the spectral linewidth (see below).

5.1.2.3 Nuclear Relaxation Processes

W e now discuss in greater detail the two categories of nucleai* relaxation.

(i) Spin-lattice relaxation involves the transfer of energy fiom  the nuclear spins to theh 

surroundings (loosely termed ‘the lattice’). This process has a time constant Tj which 

is known as the spin-lattice, or longitudinal, relaxation time. The rate o f return of the 

longitudinal magnetisation Mg back to its equilibrium value Mq is given by:

dMz _  - (Mg-Mp) 
dt Ti

(ii) Spin-spin relaxation leads to an increase in entropy o f the spin system, but no 

energy change. The application of the RF pulse initially sets all nucleai* spins to process 

in phase at time zero, but this phase coherence is gradually lost due to small magnetic 

interactions between the nuclei which interfere with the exact nuclear precession  

frequencies. The transverse magnetisation thus spreads to a random distribution in the 

x-y plane. This loss o f phase coherence occurs with decay constant T2, known as the 

spin-spin, or ti'ansverse, relaxation time. The value of T2 is the inverse of the natural 

linewidth (i.e. the width at half-height o f the frequency-domain specti*um for a single 

nuclear environment).

In general T2^Tj; often the physical mechanisms which determine these time 

constants are the same and thus T2=Tj. However, in solids T2«Ti and for quadrupolai* 

nuclei Tj is short. Thus for solid state NMR of quadiupolar nuclei, such as % , the 

natural linewidth (equal to ^ ^ 2) is very large. In practice, the time constants derived
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from NM R specti*a, denoted Tj* and often differ slightly from T % and T2 due to 

instrumental shortcomings, such as inhomogeneity of tlie external magnetic field.

5.1.2.4 Mechanisms of Relaxation

The nuclear spins relax back to equilibrium via interactions with their local 

environment; the mechanisms available for tliis relaxation determine the values o f Tj 

and T2. The most important o f these processes for longitudinal (Tj) relaxation are 

outlined below; ti'ansverse (T2) relaxation occurs via the same processes and may also 

make use o f additional mechanisms, although these will not be discussed further.

(i) D ipole-dipole interactions: the nucleus experiences a fluctuating field due to the 

motion of dipoles from neighbouring magnetic nuclei (i.e. those with I>0). These 

interactions may be homonuclear or heteronuclear.

(ii) Electric quadiupolai" interactions: these occur between a quadrupolai* nucleus (i.e. 

one which has an electiic quadrupole moment: I>1) and the electric field gradient tensor 

at the nucleus.

(iii) Indirect spin-spin coupling: this occurs indhectly between the nucleus and another 

magnetic nucleus, and is transmitted via the bonding elections in the molecule. Again, 

these interactions may be homonuclear or heteronuclear.

(iv) Chemical shift anisotropy: election shielding modifies the effective value of the 

applied magnetic field at the nucleus. The extent of this modification depends on both 

the orientation of the molecule with respect to the field diiection and the magnitude o f  

the field.

For spin-1/2 nuclei, dipole-dipole interactions are generally the dominant relaxation 

mechanism. For quadiupolai* nuclei, the quadiupolai* interaction is usually the most 

significant: this is discussed further in §5.1.4.
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5.1.3 NM R OF S o l id s

In solution, the solute molecules are isolated from each other, suiTounded by 

solvent m olecules, and are tumbling freely with respect to the magnetic field. All 

m olecules are equivalent and interactions are averaged out. Dipole-dipole interactions 

and quadrupolar interactions are averaged to zero; spin-spin interactions and chemical 

shift anisotropy aie averaged to isotropic values (denoted J and 5, respectively).

In contrast, in solids the m olecules are trapped in a ‘matrix’ surrounded by 

similar m olecules, and thus are held steady with respect to the magnetic field. Theii’ 

nuclear spin energy levels depend on the orientation of the nucleus and its local 

environment with respect to the field: since averaging cannot occur, all nucleai* 

interactions aie anisotropic. Each of these anisotiopic interactions may be described by 

a second rank tensor.

Due to this anisotropy, solid state spectra are characterised by very broad 

linewidths, often o f the order o f many kilohertz. Techniques used to narrow these 

linewidths include:

(i) magic angle spinning: the sample is rotated about an axis inclined at 54.7° to the 

applied magnetic field; this eliminates chemical shift anisotropy and dipole-dipole 

interactions by modifying the effective spatial coordinates

(ii) multiple pulse methods: these eliminate dipole-dipole and quadiupolar interactions 

by manipulation of the appropriate spin operators.

Other techniques used to improve spectral quality include high-power dipolar 

decoupling, cross-polarisation, non-quaternary suppression and suppression o f  

spinning sidebands. However, since all of the above techniques are most commonly 

employed for spin-1/2 nuclei, such as further discussion is outwith the scope of 

this chapter. We now discuss tlie theory of deuterium NMR of the solid state.
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5.1.4 DEUTERIUM NMR IN THE SOLID STATE

5.1.4.1 Quadiupolar Nuclei

Deuterium is a quadrupolar nucleus with spin quantum number 1=1. The solid 

state NM R spectra o f quadiupolar nuclei aie generally dominated by the nuclear 

quadiupolai* interaction, such that the spin Hamiltonian may be approximated to:

^  =  *3Czeeman~^ ^  Quadrupolar

To a first approximation, dipolai* interactions, chemical shift anisotropy and spin-spin 

couplings may be neglected. (Of these, dipolar interactions aie the most significant and 

affect the spectia as a line-broadening.) For a single spin I, the quadi*upolar interaction 

(denoted '3€ q for brevity) is given by:

where Q = nuclear quadrupole moment 

I = nuclear spin vector

V = elecnic field giadient (EFG) tensor at the nucleus: this is a traceless tensor 

of the second rank, defined as:

‘ Vxx Vxy Vxz
V = Vyx ^yy ^yz

. Vzx Vzy Vzz

An appropriate principal axis system  (PAS) is chosen such that the off-diagonal 

elements of V aie zero and:

|V J  > |Vyy| > |V J
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The asymmetry parameter, r\, and the quadrupolar coupling constant, A, are given by:

A =

^xx - ^yy
^zz

e^qQ
h

where Vgg = eq (e being the charge on an electron) and 0<rj<l. Values o f A and T| aie 

characteristic o f a paiticular nucleus in a given chemical environment. For an EFG 

which is symmetiic about the principal axis (i.e. the z axis o f V in the PAS), Vxx=Vyy, 

hence Ti=0, and the interaction is termed ‘axially sym m etric’. This is a good  

approximation for the nucleus when the principal axis is the C-D (or N-D in our 

case) bond vector, and the following discussion assumes that T]=0 unless otherwise 

stated.

5.1.4.2 NMR Lineshape for Static Douterons

In the high field approximation, which is applicable to deuterium, the Zeeman 

interaction is very much gieater than the quadiupolar interaction. Thus, by first order 

perturbation theory, the energy shift AEq due to the quadrupolai* interaction is given by 

equation (M), where 0 is the angle between the principal axis o f the EFG tensor and the 

magnetic field vector:

AEn = I
e^qQ

(3cos20 - 1) -eq n  (39)

For a single H nucleus, the two allowed spin energy level transitions are:

(m =-l) (m=0)

(m=0) <-> (m =+l)
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The solid state NMR spectium is thus a doublet with peak separation. Ad , given by:

Ad  = 4- 
4

e^qQ
h .

(3cos20 - 1) = 2 AEq - eqn (̂ B)

Thus, each chemically distinct deuteron of a single crystal gives rise to two spectral 

lines (Fig. 5.2a), the frequencies o f which depend on the orientation o f the principal 

axis vector with respect to the external magnetic field. The linewidth is equal to 

and is teiTned the intrinsic, or natural, deuterium NMR linewidth. For a polycrystalline 

sample, equation (J )̂ is averaged over all possible crystal orientations, giving, for a 

single static deuteron, the spectrum shown in Fig. 5.2b. This is known as a Pake 

powder pattern. The sepaiations o f the central components ( ‘horns’) and of the outer 

components ( ‘w ings’) are denoted A d i and AD2 respectively (Fig. 5.2b). These  

correspond respectively to the perpendicular (0=90°) and parallel (0= 0°) peak  

separations and thus are given by the expressions:

Dll
e2qQ

h
= 4-A

4

e2qQ
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5.1.4.3 M obile Deuterons

Any significant deviation from the Pake powder pattern indicates the presence 

of molecular motions. During a reorientational motion, such as molecular jumps, the 

EFG tensor for each deuteron samples a range o f possible sites. The resultant powder 

lineshapes are thus characteristic of the exchange rate, tlie number o f jump sites and tlie 

orientations o f the EFG tensors for each site relative to the axis o f rotation. Rigid  

deuterons have a relatively long longitudinal relaxation time, Tj, whereas more mobile 

deuterons have a shorter T |: this difference is reflected in the spectral lineshapes.

A correlation time for the jump motion may be defined: this represents the 

mean residence time at each site (where the actual jump is assumed to be instant

aneous). The exchange rate o f a jump process is denoted k , where k  = l / x ^ .  Three 

motional regimes may be described in terms of the dimensionless constant 4k/3a:

slow motion: 4 k/3^  « 1

inteiTnediate motion: 4 k/3/  ̂ «  1

rapid motion: 4 k/3^  » 1

A* and r\* denote, respectively, the effective (i.e. measured) values o f the quadrupole 

coupling constant and the asymmetiy parameter. Unlike A and rj, the values of A* and 

Tj* aie affected by the rate of motion. In the slow  and rapid motion regim es, the 

spectral lineshapes aie qualitatively similar to that for static deuterons. However, in the 

rapid regime, A*<A and may differ from zero. Thus, the measured values, A \)i*  

and At>2*, respectively, o f the sepaiations o f the cential horns (0=90°) and the outer 

wings (0=0) are given by:

|a \ ) iH = ^ A *  (1-n*)

1ad2*1 = ^A *
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In the inteiTTiediate motional regime, the lineshape is often broad and featureless [e.g. 

Meier gf <3/, 1987].

5.1.4.4 Quadrupolar Spin-Echo Technique

Deuterium NMR specha cover a very wide frequency range, typically several 

hundreds of kilohertz. The high-power pulses required to excite the full frequency 

range (and the additional effect o f dipolar line broadening) lead to distorted spectra, 

especially in the region o f the outer wings. Therefore, the quadrupolar* spin-echo 

(QSE) technique is used in order to obtain undistorted spectra over wide frequency 

ranges. This technique was developed by Davis e t al [1976] and comprises three 

stages, which are illustrated schematically in Fig. 5.3:

(i) application of a ^/2 pulse

(ii) time delay x

(iii) application of a second '^/l pulse, phase-shifted by ^ 6  radians

(with respect to the first pulse)

The phase-shifted pulse refocuses the spin vectors at time 2x to produce an echo o f the 

original FID, this echo being well-rem oved in time from the first pulse. Fourier 

transformation begins at the echo maximum. This technique avoids loss o f spectral 

data, especially at the beginning of the FID, which may occur as a result o f receiver 

deadtime and pulse breaktlii'ough.
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5.2. NMR INVESTIGATION OF UREA HOST MOTION

5.2.1 INTRODUCTION

Although many studies have been caiTied out on the motion o f the guest 

m olecules inside urea inclusion compounds, by both NM R and other techniques, the 

majority o f these studies have assumed that the urea host remains an essentially rigid 

structure. It is also generally assumed that this host structure does not affect the motion 

o f the guest molecules other than by imposing geometric restrictions. An exception to 

these assumptions is the early NMR work on various urea inclusion compounds o f  

Bell & Richards [1969], who suggest that the motion of the urea m olecules may affect 

the spin-lattice relaxation mechanisms of the guest molecules.

Although NMR studies o f guest motions in urea inclusion compounds are 

discussed briefly in §5.3, the principal NMR investigations carried out here involve 

study of urea motion.

5.2.2 BACKGROUND

Heaton e t al [1989a&b] have studied M-nonadecane/urea-d^ in both its poly

crystalline [1989a] and single crystal [1989b] foim s by NMR using the quadmpole 

spin-echo technique. They proposed that the urea molecules undergo 180° flips about 

their C = 0  axis, as illustrated in Fig. 5.4. There was no evidence for rotation o f the 

NH2 groups about the C-N bonds, although fast librational motion is not ruled out.

The difference in motional time-scales indicates that the host and guest motions 

in urea inclusion compounds are independent, these time-scales being o f the order o f  

10"^  ̂ s for guest motions (see Chapter 4) and 10'^ s for urea flips. Nevertheless, the 

existence o f such urea motion is rather surprising in view of the tight fit o f the guest 

m olecules within the urea channels (the channel diameter being ca. 5 .1-5.9 A). It 

suggests that the presence of the guest molecules may interfere in some way with the 

urea jump motion.
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Fig. 5.4: 180° flip of the urea molecule about its C=0 axis
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Heaton et al [1989a&b] found that the rate o f this 180° flipping motion was 

dependent on temperature, showing AiThenius behaviour with an activation energy o f  

23 (±2) kJmoF^ At 303 K, the rate was 2x10^ s"̂ . Further, it was shown that the rate 

o f motion was also dependent on the pulse spacing, if  this was greater than 40 [is. 

Values of A and r\ were evaluated as follows:

Sample: /z-nonadecane/mea-d^ A /  kHz

Polyciystalline [Heaton 1989a] 208 (±3)

Single crystal [Heaton era/, 1989b] 208 (±1)

T]

0.155 (±0.005) 

0.150 (±0.005)

In comparison, NMR studies on pure crystalline urea [Emsley & Smith, 1961; 

Chiba, 1965; Zussman, 1973; also Mantsch e ta l ,  1977] have shown evidence for 180° 

rotation about the C = 0  axis above room temperature. It has been proposed that 

simultaneous rotation about the C-N bond may also occur [Das, 1957 & 1961; Emsley 

& Smith, 1961], especially at temperatures above 383 K [Chiba, 1965]. ^H NM R
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experiments earned out by Chiba [1965] and Heaton et a l [1989a] have yielded the 

following values o f A and T|:

Sample: urea-d^ A /k H z Î] temp./K f

Polyciystalline [Heaton et al, 1989a] 212 (±2) 0.145 (±0.005) 303
Singleciystal [Chiba, 1965]: Di: 210.7 (±1.0) 0.146 (±0.010) 'room' .

Dz: 210.8 (± 1.0) 0.139 (±0.010) Â:

Ï

Activation energies, E^, for rotation about the C = 0  and C-N bonds in pure crystalline i

urea have also been determined. For the rotation about tlie C = 0  axis:
■5

Reference Eg/kJmoF^ eiTor/kJmol'^ sample technique

Emsley & Smith [1961] 38 'large' urea-li4 % N M R " i
1

Chiba [1965] 46 ±8 urea-d4 % N M R 1
Zussman [1973] 49 ±8 urea-h4 % N M R

Î
1

and for the rotation about the C-N axis:
i

Reference Eg/kJmor^ enor/kJmol"^ sample technique

Das [1961] 51 not stated urea-li4 % N M R i!

Chiba [1965] 63 ±13 urea-d4 % N M R

These values compare with E^=23 kJmol"^ [Heaton et al, 1989a] for rotation 

about C = 0  in the «-nonadecane/urea-d4 inclusion compound. Thus, it appeal’s tliat the 

activation baii’ier to rotation about the C = 0  axis is lower in the inclusion compound 

than in puie crystalline urea. This is rather surprising in view of the constraining nature 

of both the channel structure itself and the guest molecules in the channels. Rotation 

about C-N, which has the higher activation energy in pure urea, appears to be 

precluded completely in the inclusion compound (or, at least, is not apparent on the 

^H NM R time-scale).
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5.2.3 OUTLINE AND AIMS OF OUR WORK

The a,£U-dibromoalkane/urea-d4 family o f inclusion compounds with n=7-10 

was studied by quadrupole spin-echo NM R as a function o f temperature and guest 

molecular length. Our objectives were to assess the occunence o f urea motion and to 

determine the mechanism of this motion. W e also looked for change in deuteron 

mobility at the phase transition. W e then compare our results with those of Heaton et al 

[1989a&b] in order to assess the effect on the urea motion of the relatively bulky Br 

substituents on the guest molecules.

In general, polycrystalline samples were used; however, room temperature 

spectra were also recorded o f l , 10-dibromodecane/urea-d4 single crystals oriented 

parallel and perpendicular to Hq. (It was impractical to record such spectra below room 

temperatui’e due to experimental limitations.)

5.2.4 Ex perim ental  DETAILS

5.2.4.1 Materials

The polycrystalline samples used were a,û)-dibromoalkane/urea-d4 inclusion 

compounds, Br(CH2)nBr/D2N (C O )N D 2, where n=7-10. The single crystal spectra 

were obtained using Br(CH2) ioBr/D2N(CO )ND2. For brevity, these compounds are 

denoted C7, C8, C9 and CIO as appropriate. All compounds were prepared as detailed 

in Appendix A.

(I) Poly crystalline samples

The compounds were ground thoroughly and packed into glass NM R tubes of 

outer diameter 5 mm and lengtli ca. 45 mm. Teflon plugs were inserted at either end of  

each tube to constrain the powdered sample to the central section of the tube. A small 

Supa-seal cap covered by a winding of Teflon tape was used to seal the tube.
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(Il) Single crystal samples

(i) Channel axis oriented pai’allel to Hg: Ten single crystals, each o f approx

imate dimensions 4x1x1 mm^, were positioned, using inert vacuum grease, pai allel to 

one another on a cut-away ledge o f a glass rod of diameter 5 mm and length ca . 

45 mm. The crystals (hexagonal needles) each had one o f their flat faces in contact 

with the glass surface. This set-up is shown in Fig. 5.5a (which shows only three 

crystals as an example). This glass rod was aligned within the NM R probe in such a 

way that the channel axes of all the single crystals were oriented vertically (as assessed  

by eye) and theii' flat faces were approximately paiallel to the magnetic field vector, Hg.

(ii) Channel axis oriented perpendiculai* to Hg: A single crystal, o f approximate 

dimensions 20x1x1 mm^, was mounted, using vacuum grease, inside the glass NM R  

tube described above (see Fig. 5.5b). The ciystal (a hexagonal needle) was positioned 

with its channel axis paiallel to the long axis o f the tube (as assessed by eye) so that, 

when placed in the probe, it was oriented perpendiculai* to Hg. Insofar as was 

possible, w e attempted to position the crystal in such a way that two of its flat faces 

(i.e. opposite faces o f the ciystal) were also peipendiculai* to Hg.

Fig. 5 .5 : Side-on view  o f experimental set-ups for recording H NM R spectra o f
single crystals (not diawn to scale)

H q directed into page

crystals

n p & n

crystal

glass rod
/

5 mm NMR tube

(a) Crystal bank parallel to Hg (b) Crystal peipendiculai* to Hg
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5.2.4.2 NMR Experiments

Spectra were recorded on a Bruker M SL-500 spectrometer, operating at 

76.8 M Hz in the high power mode. The field was shimmed when necessary using 

D2O and the consistency of the ^/2 pulse was checked regularly using a polycrystalline 

standai'd of fully deuterated poly(methyl methacrylate) at room temperature (293 K).

Ambient temperature was ca. 293 (±2) K. Below 293 K, the temperature was 

conti'olled to ±2 K using a Bruker BVT-1000 vaiiable temperature unit with a nitrogen 

gas flow  as the coolant. The temperature was monitored via a copper-constantan 

thermocouple inserted into the probe: this temperature was assumed to be the same as i

that of the sample.

The spectra were obtained using a standard QSE sequence (Fig. 5.3):

%
L2J -  t i  -

X
- t2 - acquire

y
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The length o f each ^/2 pulse was 2.4 qs, and values o f tj and t2 were: t%=13.0 q s , 

t2= 10.0 [IS,  equivalent to a pulse spacing o f 15.4 p,s. A recycle delay o f 60 s was 

used, chosen (after prior testing of many values) as being sufficiently long to allow fuU 

relaxation of aU deuterons in the sample.

Spectra were recorded for all polycrystalline samples at 293 K. In addition, 

spectra were recorded for polycrystalline C7 in the temperature range 293-140 K at the 

follow ing temperatures/K: 293, 240, 200, 160, 150 and 140. Smaller temperature 

increments were used in the 160-140 K range because the phase üansition occurs in 

this temperature range (see Appendix B). Due to the limitations of the experimental set

up, it was possible to record specti'a of the single crystal samples at room temperature 

only. A spectrum recorded at 293 K of undeuterated polycrystalline 1,10-dibromo- 

decane verified that any ^H NMR signal due to natural abundance ^H in the guest 

m olecules in the a ,0)-dibromoalkane/urea-d4 inclusion compounds would be indistin

guishable from the spectral noise. All samples were stationary.



In general, 180 acquisitions were requked to give acceptable signal-to-noise. 

However, at very low temperatures (160-140 K) only 60 acquisitions were recorded: 

signal-to-noise was better and, moreover, experimental limitations precluded longer 

acquisition times at these temperatures. In cases of abnormally poor signal quality, 

more than 180 acquisitions were recorded where possible.

Before Fourier dansformation, the FIDs were treated using zero-filling. Where 

necessary, left-shifting was also applied to ensure that the start o f the FID was as close 

as possible to the echo maximum. However, no other ‘coiTection techniques’ were 

used and the spectra were not artificially symmetrised.

5.2.4.3 Lineshape Simulations

Spectral simulations were performed using a high field ^H NM R program  

written by Dr M. Trecoske (as described by Meier e t al [1987]) and m odified by 

Drs P. Jonsen and K.D.M. Hands. This program simulates the ^H NM R spectrum  

resulting from the application o f a single pulse to deuterons undergoing exchange 

between specific sites. Before Fourier transformation, the program sums the FID data 

points across all crystal orientations to simulate polycrystalhne spectra. Further details 

o f the program and the input parameters aie discussed in §5.2.5.1, part (II)(i).
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Fig. 5.6: NMR spectra for the four samples at 293 K
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5.2.5 RESULTS AND DISCUSSION

5.2.5.1 Polycrystalline Samples

(I) Experimental spectra

(i) General comments

Spectra for all four samples at 293 K are shown in Fig. 5.6, The specti'a aie 

qualitatively identical for all samples, and we concentrate our dicussion on the case of  

C l.  Fig. 5.7 shows the evolution of spectra for C7 over six temperatures: 293, 240, 

200, 160, 150, 140 K (recorded from high to low temperatuie). Although, in theory, 

the spectra should be symmetric about zero frequency , in practice there is som e 

discrepancy: this may be due to imperfections in the applied 90° pulses.

Above the static limit, spectral lineshapes aie highly characteristic o f the jump 

motion as they depend critically on jump rate and relative orientations o f the exchange 

sites. The lineshapes shown in Fig. 5.7 are consistent with the existence, within a 180° 

jump model, o f two distinct sets of urea deuterons, which we denote D j and D2 (see 

Fig. 5.4). Although both sets o f deuterons are necessaiily undergoing the same 180° 

jump motion, the D^ deuterons do not change theii* orientation significantly with respect 

to the applied magnetic field during the motion, because the N-D^ vector is virtually 

parallel to the C = 0  vector (the axis o f rotation). Thus, their contribution to the 

spectrum is almost indistinguishable from that o f static deuterons. In contrast, the 

N -D 2 bond makes an angle o f ca. 60° with the C = 0  vector, hence the orientation of the 

D 2 deuterons relative to the applied magnetic field changes appreciably during the 

motion and their mobility is reflected in the spectium. Thus, in the fast motion regime, 

the Dj deuterons give rise to the essentially static (‘full-w idth’) component o f the 

spectrum, whereas the D 2 deuterons give rise to the features in the centre o f the 

spectiiim.
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Fig. 5.7: %  NMR spectra for 1 J-dibromoheptane/urea-d^
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(ii) Discussion of phase transition

The spectium at 140 K is assumed to represent that o f the 'static' system. Fig. 

5.7 shows that the specti’a at 140 K, 150 K and 160 K are identical, within experi

mental error: there is no discernible change in lineshape with temperatui’e, even though 

the phase transition is thought to occur within this temperature range (see Appendix B). 

There is thus no evidence for an intermediate motional regime. The reason for this is 

uncleai* (unless this regime occurs over a very nanow temperature range). It may be 

that the change in host structure does not, in itself, affect the motions o f its constituent 

urea m olecules (at least, not on a time-scale detectable by NM R). The intiinsic  

temperature-dependence of the rate o f motion is not known: the rate o f motion may 

indeed be changing with increasing temperature, but change in activation energy at the 

phase transition may be small. Furthermore, evidence for the intem ediate regime may 

be difficult to discern, due to the presence o f the spectrum o f the D j deuterons. 

Alternatively, the possibility that the measured temperature does not correspond closely  

to that of the sample should not be discounted: this could mean that these tluee spectra 

all genuinely depict the low-temperature phase, and hence the slow  motion regime. 

Even the spectium recorded at 200 K is only just beginning to show evidence for a 

faster motion regime.

(iii) Evolution as function of temperatuie for C7

As the temperature increases to 240 K and 293 K (Fig. 5.7), ‘inner horns’ of 

splitting ca. 16 kHz, approximately symmeUic about zero frequency, become evident in 

the centre of the spectrum. Such mid-spectral features reflect the mobility of the D 2 

deuterons. A peak at zero frequency is also present at 293 K: this may be either an 

artefact o f the spectrometer or isotropically mobile ^H in the gas phase, arising from 

slight sublimation o f the urea inclusion compound. At T>240 K, a slight shoulder is 

visible at ca. -100 kHz: this occurs only on the negative frequency side o f the spectra 

and is thus assumed to be an aitefact. These spectra aie (at least qualitatively) in good
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agreement with those of Heaton et al [1989a] for n-nonadecane/ urea-d^ at compaiable 

temperatures.

In a given motional regime, changes in exchange rate (corresponding to changes 

in temperature) may be expected to affect the relative intensities o f the different parts of  

the spectrum, but not their frequencies. Splitting frequencies and relative intensities for 

the C7 set of spectra are displayed in Table 5.1. There is no significant change in 

splitting frequency with temperature: the wings and outer horns arise predominantly 

from the deuterons (as their contribution to the spectrum is virtually equivalent to 

that o f static deutrons, regardless o f temperature), whereas the inner horns due to tlie 

mobile' D 2 deuterons are observed only at T>200 K (i.e. the faster motion regime). 

The central region of the spectrum and the inner horns increase in relative intensity witli 

increasing temperature, reflecting the increased mobility o f the D2 deuterons.
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Table 5.1: Splitting frequencies and relative intensities for C7 set o f H NMR spectra

Temp . / K Splitting Frequency /  kHz Relative Intensity

Wings Full-width O. Horns I. Horns Mid-point Wings

140 -315 -1 8 2 127.1 - 0 .54 0.10

150 -3 1 2 -1 8 2 128.3 - 0 .54 0.11

160 -3 1 0 -1 8 2 127.6 - 0 .57 0 .09

200 -315 -182 128.2 - 0 .56 0 .10

240 -3 1 0 -180 129.1 15.8 0.68 0.07

293 -315 -180 132.4 16.3 0 .67 0 .09

Explanation o f  terms:

(i) W ings, full-width spectium, outer horns, inner horns aie defined on Fig. 5.8. 

(In the Table, ‘outer horns’ and ‘inner horns’ are abbreviated to ‘O. Horns’ and 

‘I. Horns’, respectively).

(ii) Splitting frequency of wings and full-width spectrum were measured at half

height to ±2 kHz. Splitting frequency of outer horns and inner horns were 

measured at full-height to ±0.2 kHz.

(iii) Mid-point intensity is defined as the underlying intensity of the mid-point o f the 

spectrum (i.e. discounting any zero-frequency peak or intensity due to the inner 

horns) relative to the average intensity o f the outer horns. W ing intensity is 

defined as the average intensity o f the wings at their mid-frequency point relative 

to the average intensity of the outer horns.
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(iv) Evolution as function of length of guest molecule

As noted earlier, spectra for the four samples at 293 K are qualitatively similar'. 

Listed in Table 5.2 are the splitting frequencies and relative intensities for the four 

spectra at 293 K; Table 5.3 shows the coixesponding values o f o f A* and Tj*. The 

frequencies o f the spectral features do not change significantly (within a few  kHz) witli 

change in length o f the guest molecule. However, the spectra do  differ in relative 

intensity o f the inner horns compared to the outer horns: for C8, C9 and CIO the inner 

horns are approximately equivalent in intensity to the outer horns, whereas for C7 they 

have a significantly lower intensity than the outer horns. A ll four spectra have the 

unexplained shoulder at ca. -100 kHz, belived to be an artefact.

If the guest molecules do interfere significantly with the urea motion, we should 

expect guest molecular length to affect the rate of urea motion, and hence the spectral 

lineshapes. At shorter guest molecular length there is a higher proportion of bulky Br 

atoms per unit length o f channel, so we should expect the motion o f more o f the urea 

m olecules (those adjacent to the Br end-groups) to be hindered, and the NM R  

lineshape to reflect this decreased mobility. This appears not to be the case along the 

series C8, C9, CIO; however, it is possible that for C7 the density o f Br’s along the 

channel is sufficient that this effect is noticeable, and is reflected in the relatively low  

intensity of the inner horns. This possibility is discussed in more detail in §5.2.5.1, 

part (II) (ii).

Table 5 .2: Splitting frequencies and relative intensities for the four samples at 293 K

SAMPLE SPLITTING FREQUENCY /  kHz RELATIVE INTENSITY

Wings Full-width 0 .  Horns I. Horns Mid-point W ings

C l -315 -180 132.4 16.3 0.67 0 .09

C8 -3 1 0 —180 130.3 16.4 0 .74 0.07

C9 -3 1 0 -180 130.4 16.5 0.73 0 .08

CIO -3 1 0 -180 130.0 15.8 0 .72 0.06
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Table 5.3: Values for A* and T]* at 293 K

SAMPLE A * /k H z Tj*

C l 210 0.159

C8 207 0.159

C9 207 0.159

CIO 207 0.161

(II) Simulations

(i) Description of simulation progi am

The simulation program makes use o f a general form o f equation {(B) (see  

§5.1,4.2) that gives the splitting frequency between the two lines observed for a single 

static deuteron under the high field approximation:

Ad  = 4-4
ê qQ

h
[(3cos^0 - 1) + (Tj sin^ 0 cos 2({))]

where 0 and (j) are the spherical Euler angles which describe the tiansformation o f the 

deuteron vector from the PAS of the EFG tensor to the (fixed, but ai'bitiary) molecular 

axis system.

The simulation program requires the following input parameters:

1. The rate k  for the jump process. W e assume that jumps are instantaneous; k  is 

defined as the inverse o f the residence time in each site.

2 . The number of sites available to the deuterons during tlie motion (i.e. four in total).

3. The relative orientation of the piincipal axis system for each deuteron site occupied 

during the motion. This gives a set of Euler angles for each site (see below).

4 . The quadmpole coupling constant paiameter, for the static deuteron: this was 

set to 156 kHz (see below).

252

'/It



5. The asymmetry parameter, T|, for the static deuteron: this was set to 0.183 (see 

below).

6 . The natural linewidth, i.e. ^ ^ 2. This was set to 1600 Hz (=ca. 1% of

1 . The exchange matrix: this defines the sites between which the deuteron can and 

cannot jump.

8 . The relative populations of the deuteron sites: these were all set to 1.

9 . The polar angular increment, Aco, for the powder averaging: this was set to 1°.

180° flips o f the urea molecules were modelled, with D j deuterons parallel to 

the jump axis (the C = 0  bond) and D2 deuterons at 60° to the jump axis. Par ameters 2, 

3, 7 and 8 were invariant within this model; no other motions (such as rotation o f the 

N D 2 groups) were considered.

The cartesian Euler angles (aPy) are those required to transform from each 

principal axis system (XpYpZp) to the fixed molecular axis system (X ^ Y ^ Z ^ ) by 

rotating sequentially around the Zp axis (giving XpYpZp), then around the Yp axis 

(giving XpYpZp) and finally around the Z^ axis. For the urea m olecule, two

possibilities were considered:

(i) Xp in the plane o f the urea molecule

(ii) Xp normal to the plane of the urea molecule

Case (i) was found to give simulations consistent with the experimental spectra. This 

corresponds to the axes systems shown in Fig. 5.9 and the Euler angles listed in Table 

5.4. The Zp axes are assumed to make angles o f 180° (for Dj deuterons) and 60° (for 

D 2 deuterons) with the jump axis C =0. A positive turn is taken to be in the clockwise  

direction when viewed from the origin along the positive axis: this is equivalent to the 

Rose convention [Rose, 1957].
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Fig. 5 .9: The principal axis systems and the molecular' reference frame
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De u t e r o n EULER ANGLES

a P Y

D iA Oz 1 8 0 ° y Oz"

DlB Oz 1 8 0 ° y Oz"

^2 A Oz + 6 0 ° y Oz"

D2B Oz - 6 ( r Y ' Oz" .......

Table 5 .4: Euler angles for the four deuterons

Again, we concenbate our discussion on the C7 spectra. The experimental C7 

spectrum at 140 K was assumed to represent the spectium o f a static system. As 

discussed eaiiier, the splitting frequencies of the full-width spectral components did not 

vary significantly with temperature in the 140-160 K range. Therefore, the measured 

values o f A* and rj* derived from the 140 K, 150 K and 160 K specti'a were averaged: 

the resultant values were used in the simulation program as the static values, A and T[ 

(pai'ameters 4 and 5). Thus A=208 kHz and T) =0.183.** Both sets o f deuterons were 

assumed to have the same A and T] values.^ The values for and Aco (parameters 6 

and 9) were optimised by trial-and-error through visual comparison o f simulated and 

experimental spectra at 140 K. The optimal values o f those tested were ^^2=1600  

H zit and Aco=l°. These pai'ameters (4, 5, 6 and 9) were fixed at the above values for 

the complete set of simulations. .

A change in temperature, T, can be modelled by an appropriate change in k . 

The values of K used are shown in Table 5.5: of the many k  values tested, these gave 

the best agreement between simulated and experimental specti'a. W e assume that, at 

T=140, 150 and 160 K, the system is in the static regime (4k/3a<^10'^), whereas

** This compares with the values used by Heaton et a l  [1989a] of A=208 kHz (±3 kHz) and '0=0.155 |
i(+0.005) for /(-nonadecane/urea-d .̂

 ̂ Although the Di and D2 sets of deuterons may have intrinsically different A and rj values, on the 
basis of the spectrum at 140 K, such differences must be small and may therefore be ignored, 
i i  The value for natural linewidth deteimined from the spectrum of a single crystal at 293 K (see 
§5.2.5.2, part (I)) was ca. 2 kHz.
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T=200, 240 and 293 K coiTespond to a faster motional regime (4 k/3A ^ ~ 10“̂ ). The 

values o f k  in this motional regime correspond (on the assumption of Arrhenius 

behaviour) to an activation energy, E ,̂ for the 180° flips of 36.2 (±0.5) kJmoT^ This 

is in good agreement with Eg=38 kJmoT^ [Emsley & Smith, 1961] for 'pure' urea-h^ 

and compares with E^=23 kmoT^ for M-nonadecane/urea-d^ [Heaton e t al, 1989a].

T / K k / H z 4 k/sA

1 4 0 <  1 .0  X 103 < 6 . 4 x  1 0 -3

1 5 0 <  1 .0  X 103 <  6 .4  X 1 0 -3

1 6 0 <  1 .0  X 103 <  6 .4  X 1 0 -3

2 0 0 5 .0  X 1 0 3 3 .2  X 1 0 -2

2 4 0 2 .0  X 105 1 .3  X lOO

2 9 3 5 .0  X 1 0 6 3 .2  X 10*

Table 5.5: Values for exchange rate, k, at the temperatures studied

(ii) Simulated spectra

The simulated spectra are shown as a function o f temperature in Fig. 5.10. 

These spectra should be compared with the experimental spectra shown earlier (Fig. 

5.7). The simulated spectra for 140 K, 150 K and 160 K were indistinguishable from 

each other and identical to that obtained using k=0 (i.e. the static spectrum). The 

w ings, outer horns and em ergence o f the inner horns are w ell-m odelled by the 

simulations with regard to general lineshape and frequencies. This suggests that the 

parameters used were realistic. However, at T>200 K, discrepancies occur between  

simulation and experimental spectra concerning the intensities, relative to the other 

spectr al features, o f both the underlying central region o f the spectrum {ca. -50 Hz to
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+50 Hz) and the inner horns (where present). The simulated relative intensity o f tliese 

central featur es is consistently higher than in the experimental spectr a. Although many 

other K  values were tested, no better agreement could be found. The relative intensity 

o f the wings is also higher than in the experimental spectra, especially for T<200 K. 

The simulated spectra also show a 'dip' in the lineshape of the w ings which is not 

discernible in the experimental spectra.

One reason for the inconsistency in intensity simulation may be the following. 

W e have assumed that, in the motional regime, the number of static deuterons is zero. 

However, if  there w ere  a proportion of deuterons that remained static, even at high 

temperatures (e.g. those coiTesponding to the ureas next to the bulky bromine atoms), 

they would contribute to the 'full-width' component of the specti’um. This would lead 

to an increase in the intensity o f the outer horns and a coiTesponding decrease in the 

intensity o f the central spectral features. This appears to be the case for C7, for which 

the relative intensity o f the inner horns in the experimental specti um is measurably less 

than that in the experimental spectra of the other compounds. Compaiison of simulated 

with experimental spectra im plies that this may also be the case for the other 

compounds, but that the effect is less marked.
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Fig. 5.10: Simulated NMR spectra for 1,7-dibromoheptane/urea-d.
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Fig. 5.11: NMR specti'a for l,10-dibromodecane/urea-d4

200000 0
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(a) Bank of single ciystals oriented paiallel to Hq

-20000 0

200000 0
HE R T Z

(b) Single crystal oriented peipendicular to Hq
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5.2.5.2 Single Crystal Study of 1,10-Dibromodecane/Urea-d^.

(I) Experimental spectra

(i) Parallel to Hq

The room-temperature spectrum of the crystal bank oriented parallel to Hq 

consists o f two doublets (at frequencies symmetric about zero) o f separation 131 kHz 

and 189 kHz, respectively (see Fig. 5.11a). The linewidth o f each peak is 4.1 kHz, as 

measured at half-height. This value (at 293 K) compares with the value o f 1.6 kHz 

used in the simulation program for C7, estimated to be the ‘static’ value (140 K). This 

suggests either that the single crystal spectrum actually consists o f a number o f  

underlying doublets, at slightly different frequencies, making up these two apparent 

doublets, or that the natural linewidth, is dependent on temperature.

(ii) Perpendicular' to  H q

The room-temperature spectrum of the single crystal oriented perpendicular to 

H q is more complex (see Fig. 5.11b): it comprises five narrow doublets centred around 

zero frequency in the 100 kHz to -100 kHz range, and two overlapping doublets, o f  

lower intensity, at ca. ±150 kHz. The linewidth, which is ca. 2 kHz at half-height, is 

less than that o f the doublets in the spectrum o f the crystal parallel to H q , and 

presumably reflects the orientation-dependence of

(II) Discussion

As shown in Fig. 5.12, there are six different orientations o f the urea molecule 

with respect to the channel axis, c. Hence, in general, there are six different 

orientations o f the C = 0  rotation axis with respect to H q; we define ô as the angle 

between the C = 0  axis and the H q diiection. In the absence of motion, there would thus 

be a total o f 24 doublets: 6 orientations of the C = 0  axis x 4 deuterons per urea-d^ 

molecule.
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Fig. 5.12: Representation of the six orientations of the C=0 axis with respect to c

urea channel walls

crystal

inclusion cavity

(i) Parallel to Hq

When the urea channel axis is oriented parallel to H q, there is only one 

orientation o f the C = 0  jump axes with respect to H q (i.e. 0=90°). Hence, in the 

absence o f motion and for four non-equivalent deuterons, we should expect four 

doublets. That we see only two implies that we have only two non-equivalent deuteron 

environments: this is enthely consistent with 180° flips of the urea molecules about their 

C = 0  axes. Our spectmm is qualitatively and quantitatively similar to tliat recorded in 

the same crystal orientation at 303 K for «-nonadecane/urea-d4 [Heaton et al, 1989b].

(ii) Perpendicular" to Hg

In this orientation, the C = 0  axes make the following angles (Ô) with Hg: 0 ,6 0 ° , 

120°, 180°, 240° and 300°. However, 8=60°  ̂8=240° and 8=120° ^ 8=300°, hence 

we expect 16 doublets, assuming no urea motion; eight doublets would accord with the 

proposed urea motion. Our spectrum shows a total o f seven doublets: this is,
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therefore, consistent with 180° flips of the urea molecules about their C = 0  axes (the 

eighth doublet is presumably too close in frequency to one o f the others to be 

distinguishable).

Our spectrum is reasonably similar to the spectrum recorded at 303 K by 

Heaton e t a l [1989b] for an n-nonadecane/urea-d4 crystal, oriented perpendicular to the 

channel axis and rotated by 2° about the c axis. This is consistent with the fact that we  

attempted to align our crystal so that two of its flat faces were as close as possible to 

being perpendicular to the field. (In saying this, we assume that the position o f a 0° 

rotation about c, as designated by Heaton e t a l [1989b], corresponds to the flat face o f  

the crystal being peipendiculai" to the field, although they do not state this explicitly.) 

However, although tlie agieement with relative intensities and relative doublet positions 

is generally good, Heaton et a l [1989b] resolve only five doublets whereas we see a 

total o f seven. This suggests that w e have better resolution, reflecting the higher 

operating frequency at which we recorded the spectra (76.8 MHz, compared with 

38.4 M Hz used by Heaton e t al [1989b]).

Due to limitations in our experimental set-up, we were not able to record single 

crystal spectra below 293 K, nor were we able to accurately assess the precise 

orientation o f the ciystal with respect to rotation about the channel axis. Further, our 

simulation progiam was not appropriate for simulating the specti'a o f single crystals. 

Hence this study was not developed further.
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5.3 NMR INVESTIGATION OF GUEST MOTION

5.3.1 INTRODUCTION

Previous NM R studies o f guest molecular motion in urea inclusion  

compounds have been caixied out by many research groups. These include investi

gations o f the following guest species: various fully deuterated «-alkanes [Cannarozzi et 

al, 1991; Void et al, 1989]; /i-nonadecane-d^g [Casal e t al, 1984a; Greenfield et al, 

1985 & 1989]; M-hexadecane-dg^ [Harris, 1988; Harris & Jonsen, 1989; Harris & 

Thomas, 1990]; various deuterated derivatives o f stearic acid [Casal e t al, 1984b; 

Meirovitch & Belsky, 1984]; bromo-«-octane-a-d2 [Meirovitch & Belsky, 1984]; and 

octanoyl peroxide-dgg [Harris, 1988].

These studies (som e of which are discussed elsewhere in this thesis) have 

analysed various models for molecular motion. However, from our IQNS studies 

(Chapter 4), w e already know that the guest molecules in the a,£0-dibromoalkane/urea 

inclusion compounds studied undergo uniaxial rotational diffusion on the picosecond  

time-scale. Our aim here is to study for l,10-dibromodecane-d2o/ urea-h^ the effect on 

the ^H NMR specti'al lineshape of change in temperature.

5.3.2 Ex p e r im e n t a l  DETAILS

5.3.2.1 Materials

The sample o f I,10-dibromodecane-d2o/urea-h4 was prepared as described in 

Appendix A. (Although visual inspection showed that the crystals produced were not 

o f the highest quality, excess guest had been removed by washing with 2,2,4- 

tiimethylpentane and any excess host that had not formed the inclusion compound was 

undeuterated, as was the solvent methanol. Hence any ^H NM R signal resulted solely  

from the included guest molecules.) The sample was ground thoroughly and packed 

into glass NM R tubes in the manner described in §5.2.4.1, pait (I).
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5.3.2.2 NMR Spectra

General experimental details were as given in §5.2.4.2, and the same parameter 

values were used in the QSE sequence. Spectia were again recorded at temperatures: 

140, 150, 160, 200, 240 and 293 K (from low to high temperature).

5.3.2.3 Simulations

W e know from our IQNS studies (Chapter 4) that the dominant motion of the 

guest molecules is a uniaxial rotational diffusion about the channel axis. Our simulation 

program, designed to model jump processes, is not entirely appropriate, but develop

ment o f a program to model rotational diffusion is difficult from a computational 

viewpoint. However, we caixied out the simulation by approximating the rotational 

diffusion to a six-fold jump process o f the CD2 deuterons (as the difference between  

these motions is not readily distinguished by NMR). Details of the simulation are given 

in §5.3.3.2.

5.3.3 RESULTS AND DISCUSSION

5.3.3.1 Features of the Specti'a

Fig. 5.13 shows the evolution of the spectra as a function o f temperature. At 

140 K the spectral lineshape is that o f a conventional static Pake powder pattern. 

Through the phase transitional range (160-150 K), the spectra comprise a single peak, 

which is very broad and featureless. At 200 K and 240 K the spectra progressively 

regain lineshape definition, and at 293 K the lineshape is again a Pake powder pattern. 

Note that the full-width frequency of the spectrum at 293 K (ca. 65 kHz) is very much 

naixower than that (ca. 130 kHz) in the static regime, at 140 K. Measured values for 

the quadi'upole coupling constant, A*, and asymmeti*y parameter, T)*, at 140 K and 293 

K aie:

A*=163 kHz and T] *=0.016 at 140 K 

A*=80 kHz and T]*=0.065 at 293 K.
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Fig. 5.13: NMR spectra for I,10-dibromodecane-d2(/urea-h4
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The broad and featureless char acter o f the spectra at 150 K and 160 K indicates 

that the guest molecules have entered an intermediate motional regime. This suggests 

that the change in host structure occuixing at the phase transition significantly affects the 

motional freedom of the guest molecules. These spectra may be contr asted with those 

for the deuterated host, which do not show evidence, at the phase transition, for any 

discontinuity in the temperature-dependence of k  (see §5.2.5.1, part (I)(ii)).

■■"I

5.3.3.2 Simulations

The specti'a were simulated using the program described previously (§5.2.5.1, 

part (II)(i)). A six-fold jump motion was modelled (see Fig. 5.14) using the Euler 

angles listed in Table 5.6. Other parameters were as follows:

(i.e. A=161 kHz)3A/4=121 kHz

T|=0

Vt 2=2400 Hz for TS240 K; V t2=1200 Hz for T=293 K

Relative populations o f all deuteron sites = 1

A œ =l°.

DEUTERON EULER A n g le s

a P T

Dl Oz Oy Oz

D2 Oz - 6 0 ° y ' Oz'

% Oz -1 2 0 ° y Oz

D4 Oz 180°Y Oz"

DS Oz 1 2 0 ° y Oz"

D6 Oz 60°v' Oz

Table 5.6: Euler angles for the six deuteron sites

266



Fig. 5 .14: Six-fold jump model for the CD2 deuterons, showing principal axis systems 

and molecular reference frame
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The values for k  and the corresponding temperatures are shown in Table 5.7. 

At 140 K, the system is in a static regime (4k/3a<10'^); between 150 K and 160 K it is 

in a slow-intermediate regime ( 10^;$4K/g^^ 10^); between 160 and 240 K it is in an 

intermediate-fast regime 10^;$4k/3^^10^); and at 293 K, it has entered a fast motion 

regime (4k/3^>10^). Assuming AiThenius behaviour for the temperature-dependence 

o f K, we can evaluate activation energies (E^) for a single jump. Fig. 5.15 shows a plot 

o f In K against 1 /t, indicating an abrupt change in the value o f at ca. 160 K. This 

im plies that the phase transition occurs at this temperature (although this value is 

somewhat higher than that (135-141 K) determined for this compound by differential 

scanning calorimetry (see Appendix B)). Calculated values for activation energy are 

Eg=56 (±9) kJmol"^ in the slow-intermediate regime and E^=18 (±4) kJmol"^ in the 

intermediate-fast regime. The latter value is reasonably close to the range o f values 

obtained in Chapter 4 for Vq, the potential energy baiTier to uniaxial rotational diffusion 

o f the guest m olecules (7<V q<16 kJm ol’^). However, as the two m otions are 

different, numerical comparison o f these values is not strictly valid.

T /K k /  Hz 4K/3A

1 4 0 2 .5  X 103 2 .1  X 1 0 -2

1 5 0 1 .0  X 105 8 .3  X 10-1

1 6 0 1 .0  X 1 0 6 8 .3  X 1 0 °

2 0 0 1 .0  X 107 8 .3  X 1 0 '

2 4 0 1 .0  X 10* 8 .3  X 1 0 2

2 9 3 1 .0  X 109 8 .3  X 1 0 3

Table 5 .7: Values for exchange rate, k , at the temperatures studied
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Fig. 5 .16 : Simulated NMR spectra for 1,10-dibromodecane-d^g/urea
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The simulated spectra (Fig, 5.16) are in reasonably good agreement with the 

experimental spectra (Fig. 5.13) throughout the temperature range, and indicate that the 

assumption o f a six-fold jump is an acceptable approximation insofar as interpretation 

of the NMR lineshape is concerned.

5.3,3.3 Comparison with Previous Studies

Variable-temperature studies o f polycrystalline /f-nonadecane-d^g/urea-h^  

[Casal, 1984a], /i-hexadecane-dg^urea-h^ [e.g. H anis & Jonsen, 1989] and various 

deuterated derivatives o f stearic acid/urea-h4 [Casal et al, 1984b; Meirovitch & Belsky, 

1984] show evidence for phase transitions (at 160-170 K, ca. 147 K, and 234 K, 

respectively) from a high-temperature hexagonal phase to a low-temperature ortho- 

rhombic phase. In general, the NMR lineshapes close to the phase transition 

temperature are broad and featureless; our spectra are consistent with these  

obseiwations.

However, our spectra show fewer distinguishable powder patterns than these 

and other spectra o f polycrystalline fully deuterated «-alkane/urea-h^ inclusion  

compounds [Cannarozzi e t al, 1991], Even when the powder pattern arising from the 

CD3 gr oups is discounted, these literature spectra comprise many more powder patterirs 

than our spectra. They indicate that there are various types o f CD2 groups, each type 

having a different relative motional freedom and each giving rise to a specific powder 

pattern. For example, due to torsional libration about the penultimate C-C bond in 

n-alkane guests, the powder patterns due to the 'end' CD2 groups are distinguishable 

from those due to the 'bulk' CD2 groups.

In contrast, our spectr al evidence suggests that the 1,10-dibromodecane guest 

contains just one deuteron environment, all CD2 groups thus undergoing the same 

motion, regardless o f their position in the guest molecule. There is no evidence, on the 

NM R time-scale, for additional motions of the CD2 groups near' the chain ends. It 

is possible that the a,ct>-dibromoalkanes are more restricted or ‘locked-in’ by virtue of
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their spatial relationship Ag=Cg/3 that exists between molecules in adjacent channels.t 

However, in view  o f the fact that we know that a measurable proportion o f Br end- 

groups are in the gauche  conformation (as discussed in Chapter 3), it is perhaps 

surprising that the motion of the CD2 groups neighbouring such gau ch e  Br’s is 

indistinguishable from that of those neighbouring the tt'ans Br’s.

t  In comparison, the dioctanoyl peroxide-d^o guest [Harris, 1988] is thought to be highly ‘anchored’ as 
a consequence of its constant offset (Ag=4.6 Â): variable-temperature NMR spectra of this 
compound show no evidence for reorientational motion on the NMR time-scale.
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5.4 CONCLUSIONS

5.4.1 HOST MOTION

The ^H NM R spectra o f the four urea inclusion com pounds studied, 

Br(CH2)nBr/D2N(CO)ND2 where n=7-10, were consistent with the hypothesis that the 

urea m olecules undergo 180° flips about their C = 0  axes at a temperature, T, greater 

than 160 K and at rates observable on the ^H NM R tim e-scale (10^-10^ s'^). The 

activation energy for this 180° flipping motion was estimated, from simulations o f the 

N M R spectra for l,7-dibrom oheptane/urea-d4, to be 36.2 (±0.5) kJmoT^. At 

T<160 K, the spectra were consistent with the urea m olecules being static on the 

^H NM R time-scale. There was no evidence from the spectra for an intermediate 

m otional regime. Although change in chain length o f the guest m olecule did not 

s ig n ifica n tly  affect the ^H NM R lineshapes, the room-temperature spectrum o f  

l,7-dibromoheptane/urea-d4 differed from the room-temperature spectia o f the other 

compounds in the relative intensity of the inner horns. This may reflect the fact that 

there is a higher proportion o f Br end-groups to uiea molecules in 1,7-dibromoheptane/ 

urea-d4 : these Br end-groups may hinder the motion o f adjacent urea m olecules 

sufficiently to cause a detectable change in intensity in the ^H NMR spectrum.

5.4.2 Gu e st  MOTION

The ^H NM R spectra o f Br(CD2)ioBr/H 2N(CO )NH 2 indicate that the guest 

molecules have four motional regimes: a static regime at T=140 K, a slow-intermediate 

m otional regim e at 150 K <T<160 K, an intermediate-fast m otional regim e at 

160 K<T<240 K, and a fast motional regime at T=293 K. The slow-intermediate 

regim e is consistent with the compound passing through the phase transition. The 

spectra imply that all CD2 groups aie undergoing the same dynamic process, regardless 

o f their position in the guest m olecule. In Chapter 4 it was concluded that, at 

sufficiently high temperatures, the guest m olecules undergo a uniaxial rotational 

diffusion about their long axes on the picosecond time-scale. Nevertheless, these 

^H NMR spectra were adequately simulated by approximating this motion to a six-fold
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jump of the CD2 deuterons. Activation energies for the two intermediate motional 

regim es were estimated, from these simulations, to be 56 (±9) kJmol'^ (slow-inter

mediate) and 18 (±4) kJmol"^ (intermediate-fast). This latter value is reasonably close 

to the range o f values obtained in Chapter 4, over a compaiable temperature range, for 

the potential energy bairier to uniaxial rotational diffusion.
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CHAPTER 6 

SUMMARY AND GENERAL CONCLUSIONS

The complementary techniques o f single crystal XR D, polarised Raman 

spectroscopy, IQNS and NMR spectroscopy have allowed us to study the structural 

and dynamic properties o f some urea inclusion compounds. The main focus o f this 

work has been Br(CH2)nBr/urea where n=7-10. Properties o f both the host and guest 

species were investigated. A study of Br(CH2)6Br/urea was also carried out: this 

compound was found to have a totally different structiu’e from the other compounds 

studied and is discussed in §6.3.

6.1  SU M M A R Y  O F R E SU L T S FO R  ‘C O N V E N T IO N A L ’ U IC s

6.1.1 HOST PROPERTIES

Results from photogiaphic single crystal XRD, at room temperature, were 

consistent with the known hexagonal structure of the urea host. Raman spectroscopic 

studies indicated (in agieement with previous work) that although the sti*uctui*e becomes 

orthorhombic in the low-temperature phase, tlie difference between these two structures 

is small. These Raman spectra showed evidence for lattice modes corresponding to a 

‘breathing’ o f the urea channel peipendicular to the c direction and a ‘stretching’ of the 

urea channel along the c direction. ^H NM R studies were consistent with a 180° 

flipping motion of the urea m olecules about their C = 0  axes (at sufficiently high 

temperature): this occurs on the microsecond time-scale at room temperature. From 

spectral sim ulations, the activation energy for this motion was evaluated to be

36.2 (±0.5) kJmol"^ for 1,7-dibromoheptane/urea. The length o f the guest molecule 

does not appear to have a significant effect on the properties of the host, with the 

possible exception that the Br(CH2)yBr guest may have a gieater hindering effect on the 

motion of the urea molecules than the other guests studied. IQNS spectra o f «-liexa- 

decane-dg^/urea were consistent with the proposed time-scale for these motions: there 

was no evidence for urea motion on the IQNS instrumental time-scale (10"^^-10’^̂  s).
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6.1.2 GUEST PROPERTIES

6.1.2.1 a, to-Dibromoalkane Guests (n=7-10)

The Br(CH2)nBr guests, with n=7-10, were studied from the point o f v iew  o f  

their structural, confonnational and dynamic properties. There does not appear to be a 

significant change in guest properties with change in guest molecular* length. 

Photographic single crystal XRD studies showed that, within each single crystal, there 

are both regions in which the guest molecules are one-dimensionally ordered (along the 

channel axis) and  regions in which they are thiee-dimensionally ordered. In the latter 

regions, the guest molecules have a well-defined offset Ag=Cg/3: this represents a new  

mode o f interchannel guest ordering in urea inclusion compounds. There are two 

domains o f the basic guest shuctuie in these three-dimensionally ordered regions. The 

lattices defining the periodicities o f these two domains differ by 180° rotation about the 

channel axis and have rhombohedral metric symmetry; the crystal symmetry o f each 

domain is also rhombohedral.

Raman spectroscopic studies showed evidence for a LAM-1 mode, indicating 

that the confomiation o f tire ‘bulk’ guest molecules is the linear*, trans, extended form. 

However, there was evidence for 'gauche defects’ o f the Br end-groups, as shown by 

the existence o f the v(C-Br) gauche  band in the Raman spectra. Nevertheless, the 

percentage o f these gauche defects was estimated to be relatively low, in the range ca. 

4-15%. This percentage increases markedly with applied pressure but shows only a 

weak temperature-dependence.

IQNS studies showed evidence for extensive guest molecular motion at suffi

ciently high temperature: translations of the molecules along the channel axis (plus an 

oscillatory component which is overdamped at high temperature) and rotations o f the 

m olecules abou t the channel axis. These two motions both occur on the picosecond  

time-scale, and although they were modelled independently of one another, a screw- 

type motion is plausible. The translational motion was modelled as continuous linear 

diffusion between two impermeable boundaries and the rotational motion as uniaxial 

rotational diffusion in a one-fold cosine potential. The activation energy for the
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tfanslational motion was evaluated (on the assumption o f AiThenius behaviour) to be 

E^=6 (±1) kJmoE^ and the effective potential barrier to rotations (which was correlated 

to temperature) was found to be ca. 7<Vo<16 kJmoE^ over the temperature range 

280-160 K.

Simulations o f NM R spectra for guest moleculai* motion were achieved  

using a 6-fold jump model; however, this motion is indistinguishable from rotational 

diffusion on the NMR time-scale (10"^-10“̂  s). This %  NM R study implied that 

all CH2 groups in the guest m olecule aie undergoing the same motion, regaidless o f  

their position in the molecule. The significant change in guest motional freedom at the 

phase transition is reflected by values o f activation energy for a single jump: 

18 (±4) kJmol'^ just above and 56 (±9) kJmol"^ just below the phase transition 

temperature, for 1,10-dibromodecane/urea. (Phase tiansition temperatures for these 

compounds are in the range ca, 135-166 K as measured by DSC).

6.1.2.2 Other Guest M olecules

Other guest species were studied briefly. Photographic single crystal XRD  

indicated that whereas the I(CH2)ioI guest exhibits the same mode o f interchannel guest 

ordering as the Br(CH2)nBr guests, viz Ag=Cg/3, the Cl(CH2)igC l guest did not show  

any evidence for three-dimensional ordering. These XRD studies indicated that the 

B r(C H 2)nBr guests with n = ll-1 2  also lack three-dimensional ordering, as do the 

B r(C H 2)nCH3 guests with n=9-12 (although factors contiolling packing o f such 

asymmetric guest molecules ai e more complex).

Raman spectroscopic studies on I(CH2)gI and Cl(CH2)gCl guests at room  

temperature indicated that the percentage of gauche defects decreases with the size o f  

the teiTninal substituent: the spectra indicated ca. 51%  for the Cl(CH2)gCl guest and ca. 

1% for the I(CH2)gI guest (compared with ca. 1%  for the Br(CH2)gBr guest, measured 

under the same conditions).
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6.2 DISCUSSION

This discussion concentiatcs on the results of the studies on the a,o>dibromo- 

alkane/urea inclusion compounds (studies o f other guest molecules were not extensive 

enough to allow detailed discussion). The motion of the urea m olecules about their 

C = 0  axes is rather surprising in view  of the tight fit o f the guest m olecules in the 

channels, and invites the question of whether the motion of the urea m olecules affects, 

or is affected by, the structure and dynamics o f the guest m olecules. For the 

Br(CH2)7Br guest, it is possible that the higher relative proportion o f Br in the channels 

may allow two Br end-gi'oups in different channels to be adjacent to the same urea 

molecule, thus hindering its motion.

The mode of interchannel ordering of the guest m olecules contiasts with those 

found for other fam ilies o f urea inclusion compounds: /i-alkane and m ost acid 

anhydride guests display Ag=0, whereas diacyl peroxides have Ag=4.6 Â. The factors 

dictating the mode of interchannel ordering have not been satisfactorily established. 

Nevertheless, in view  o f this difference in guest structures, it is suiprising that the 

conformation and dynamics o f the ct,üFdibromoalkane guests appear to be qualitatively 

similai* to tliose of the «-alkane guests.

The urea and guest motions are probably uncorrelated: at room temperature, the 

former occui* on the microsecond, and the latter on the picosecond, time-scale. There is 

no evidence for different types of motion in the one-dimensional and tliree-dimensional 

regions o f guest ordering (although the relative proportions of guest m olecules in each 

of these regions aie not known). Regaidless o f region, the dense packing of the guest 

molecules along the channel implies that tlie translational motions of neighbouring guest 

molecules within a given channel are highly con-elated. It is not known whether gauche 

defects are ‘frozen in’ at the crystal-growing stage, or whether there is a subsequent 

trans<r^gauche interconversion. The tianslation of a guest m olecule towards its 

neighbour in the same channel may be associated with the production o f a gauche end- 

gi'oup: this would require the translation and the interconversion o f the trans<r^gauche 

end-groups to occur on the same time-scale. The repulsive intrachannel interaction
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suggests that the reorientational motions o f neighbouring guest m olecules in the same 

channel should also be highly correlated. The fact that the offset Ag is well-defined, as 

probed by XRD, indicates that independent motions o f greater than ca. 2 Â trans

lational length cannot be occuiring: tliis suggests that the motion of guest m olecules in 

ad jacen t channels is correlated. The reorientational motion o f guest m olecules in 

adjacent channels may also be correlated, although this cannot be assessed from the 

available evidence. Finally, in view  o f the fact that the urea m olecules making up the 

channel wall are arranged in a spiral, it is plausible that the guest rotations and 

translations are coupled in a screw-type motion: if associated with the host spiral, the 

form o f coupling may be independent o f the identity of the guest m olecules for any 

‘conventionar urea inclusion compound, as the urea structure is invariant.

6 .3  1 ,6 -D IB R O M O H E X A N E /U R E A

6.3.1 St r u c t u r e  AND Co n f o r m a t io n

This compound has a totally different structure from the ‘conventional’ urea 

inclusion compounds. The host structure was found to be m onoclinic at room  

temperature. The host and guest structures are commensurate and the guest molecules 

have exclusively gauche  end-groups, yet they still show a LAM-1 mode in the low- 

frequency Raman spectra at both room temperature and low temperature (90 K). The 

Raman spectra also suggest that the structure undergoes a phase transition at a 

temperature between 298 K and 90 K.

6.3.2 DISCUSSION

The reason for this uncharacteristic structure is uncleai': it is possible that the 

relatively short length o f the guest molecule is insufficient to stabilise the formation of a 

‘conventional’ hexagonal urea host structure. The fact that the structure is comm en

surate suggests that some energetically favourable ‘locking-in’ occurs during its 

foiTuation. Further studies are required to elucidate the nature o f the low-temperature 

phase tiansition and to investigate the dynamics (if any) of the guest molecules.
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APPENDIX A 

PREPARATION OF UREA INCLUSION COMPOUNDS

A .l  SY N T H E S IS

The general method of prepaiation for the urea inclusion compounds discussed 

in this thesis was as follows. All materials were standard laboratory reagent grade, 

unless otherwise stated, and were used as received from Aldrich or Lancaster. The 

guest species used were:

a , 0)-dibromoalkanes: 

a, û>-diiodoalkanes: 

a, co-dichloroalkanes: 

1-bromoalkanes:

Br(CH2)nBr

I(CH2)nI

Cl(CH2)nCl

Br(CH2)nCH3

n=6-12

n=8&10

n=8&10

n=9-12

A .1.1 Ge n e r a l  M e t h o d  o f  Pr e p a r a t io n

An excess amount o f the guest species (excess with respect to the expected  

molai* guest/host ratio in the inclusion compound) was added to a saturated solution of 

urea in methanol in a conical flask at ca, 48°C. Extra solvent was then added, as 

required, to dissolve completely the guest and/or any crystals of inclusion compound 

which sometimes precipitated immediately upon adding the guest. The conical flask 

was then stoppered, immersed in a Dewai* flask containing water at ca. 48°C, and left to 

cool to room temperature to allow crystallisation to occur. If necessary, the Dewar 

containing the conical flask in water was then placed in a refrigerator overnight at 5°C to 

allow further crystallisation. After the crystals had been collected by filtration, they 

were washed spaiingly with 2,2,4-trimethylpentane* to remove any non-included (e.g. 

surface-adsorbed) guest species. (Non-included host urea, being very soluble in 

methanol, should have remained in solution.)

* Schlenk [1949] showed that 2,2,4-trimethyIpentane does not form an inclusion compound with urea 
(its molecular" diameter is too lai’ge to allow it to fit inside the urea channel).
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A. 1.2 MODIFICATIONS

(i) For 1,11-dibromoundecane and 1,12-dibromododecane guests, which are only 

sparingly soluble in methanol, the solvent used was ethanol.

(ii) The a,û>-diiodoalkane/urea inclusion compounds were prepared in the dark to 

prevent oxidation o f the guests to iodine (the conical flasks were, therefore, i  

covered in foil throughout the preparation).

(hi) The preparation of deuterated compounds for neutron scattering and NM R  

studies (a ,ty-dibrom oalkane/urea-d4 compounds: n=7-10) required use o f  

deuterated urea, D 2N .C O .N D 2, as supplied by Aldrich (>99% purity), and 

deuterated methanol, CH3OD (Aldrich: >99.5% purity). The sample prepar ation 

was conducted under a nitrogen hood, in order to minimise exchange o f and

iR .

(iv) Br(CD2) 1 QBr/urea-h^ was prepared for NMR studies. The general method of

preparation was followed and no special precautions were necessary.

A .2 C H A R A C T E R ISA T IO N  OF PR O D U C TS

With the exception of 1,6-dibromohexane/urea, all UIC crystals obtained were 

long, white hexagonal needles (unlike the crystal morphology o f ‘pure’ urea). As 

expected, these crystals extinguished under cross-polars o f the polarising microscope.

The structural integrity o f these inclusion compounds was verified by powder x-ray 

diffraction and their chemical composition was confirmed by solution state NM R  

spectroscopy (with dg-dimethylsulphoxide as solvent). A ll compounds showed the 

expected hexagonal urea host str*uctur*e (with the exception of 1,6-dibromohexane/urea) 

and, in all cases, the amount o f solvent included within the urea channels was found to 

be negligible (as assessed from the %  NMR spectra).
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APPENDIX B 

PHASE TRANSITION TEMPERATURES

B .l DSC RESULTS

Differential scanning calorimetry (DSC) was used in an attempt to determine the 

phase transition temperatures o f the Br(CH2)nBr/urea-h4 inclusion compounds, for 

n = 7 - ll .  The calorimeter used was a Perkin-Elmer 7 Series Thermal Analysis System; 

this was calibrated prior to use with a cyclohexane standard. Values for the phase 

transition temperatures are quoted in the table below. However, in some cases, the 

onset o f the phase transition could not be determined precisely, because the DSC  

spectra showed a wide band rather than a sharp peak. The reason for this is unclear. 

In these cases, marked * in the table below, a temperature range is quoted.

COMPOUND PHASE Transition  Tem perature  /  K

Br(CH2)7Br/urea-h4 166-153 *

Br(CH2)gBr/urea-h4 156.5 (±0.5 K)

Br(CH2)9Br/urea-h4 148-141 *

Br(CH2) ioBr/urea-li4 141-135 *

Br(CH2 ) 11 Br/urea-h4 165.5 (±0.5 K)

B .2  C O M M E N T

One would expect, in keeping with the work of Parsonage & Pemberton [1967] 

on Aî-alkane/urea inclusion compounds, that the phase transition temperature would 

increase with the length of the guest molecule. This is indeed the case for the two 

relatively reliable values above (those for n=8 and n=l 1). The remaining values should 

be treated with extreme caution.
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