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Abstract

The work presented in this thesis is based on studies concerning structural propertics of

molecular solids, and is composed of three different parts.

First, structural aspects of solid state dimerization reactions have been studied using 'H
NMR and powder X-ray diffraction. The experiments are based on the photoreactions of
cinnamic acids in the solid state. These materials show photochemical behaviour upon
irradiation by UV light. The f-phase (photoreactive polymorph) of 4-chloro-trans-cinnamic
acid was chosen as the primary material for study, and a combination of powder X-ray
diffraction and solution state '"H NMR spectroscopy techniques have been used to follow the
evolution of the solid-state photoreaction, and to determine the structural evolution of the
photoproduct. In addition, the structure of a photoreactive material (the S-phase of 4-fluoro-
trans-cinnammic acid) that cannot be prepared as a single crystal suitable for single crystal
X-ray diffraction has been determined directly from powder X-ray diffraction data. This
research exploits modern developments in the application of powder X-ray diffraction

techniques in order to obtain new levels of understanding of a classical solid state reaction.

The second part of this thesis is based on the investigation of transport of molecules
through linear tunnels in solid organic inclusion compounds (host-guest systems); This project
is focused on incommensurate inclusion compounds in which guest molecules are contained
within a system of one-dimensional tunnels (with a diameter of about 5.5 A) in a crystalline
urea host structure. It was shown previously that net transport of guest molecules in one
direction along the crystal can be achieved by insertion of new guest molecules at one end of
the crystal (by dipping it into the liquid phase of another potential guest), with the original
guest molecules expelled from the other end of the crystal. Such phenomena have
considerable potential as the basis of selective micro-scale separation techniques, based on
discrimination of molecular size, shape and chirality. In the present work, the spatial
distribution of the guest molecules in the crystal has been studied together with the changes in
the spatial distribution of the guest molecules as a function of time during the transport

process. This process has been investigated directly by using confocal Raman



microspectrometry as an in situ probe of the molecular transport process. The data obtained
from such experiments have provided access to information on the kinetics of the transport
process and the time-dependence of the spatial distribution of guest molecules within the
channel system. A model has been developed to understand the kinetics of the transport

process, leading to detailed mechanistic insights.

The last part of the thesis is focused on the design of hydrogen-bonded organic
complexes. Underlying all structural aspects of organic molecular crystals is the fundamental
question of what factors control the molecular packing arrangement, and an important related
issue is how to apply an understanding of these factors in the design of crystals with desired
structural properties. The work has focused on the study of components with hydrogen
bonding capability (urea/diols and p-phenylenediamine/diols), with a view to the formation of

hydrogen-bonded complexes with predictable structural features.

Optical microscopy, single crystal X-ray diffraction, powder X-ray diffraction and

confocal Raman microspectroscopy have been applied in this work.



Dedicated to Kyoko,
my parents and my grandmother



Acknowledgements

I would like to thank all the people who have made this PhD possible. First, I would like
to thank my supervisor, Prof. Kenneth Harris, for welcoming me as a member of his research

group. His help, enthusiasm and guidance during my PhD were always helpful and motivating.

I am very grateful to Dr Frangois Guillaume and Dr Arnaud Desmedt who helped me
with my Raman experiments at Université de Bordeaux 1 during the seven moths I spent in
Bordeaux. Their supervision and encouragement were always a source of motivation. Merci
beaucoup! My special thanks also to Dr Eugeénia Estop, from Universitat Autonoma de

Barcelona for giving me the advice and support to start my PhD.

I would like to thank Dr Eugene Cheung, who has helped me from the first day I arrived
in the Harris group. I would also like to thank Dr Colan Hughes who enthusiastically guided
me during the last months of my PhD. Thanks Colan!

I would like to thank Dr Liling-Ooi and Dr Benson Kariuki for their help during my
experiments involving single crystal X-ray diffraction and Rob Jenkins for his help with the
'HNMR.

Part of my research work would not have been possible without the technical support of
Jean-Luc Bruneel and David Talaga from Bordeaux who always made the long Raman

experiments possible.

Many thanks to the whole Structural Chemistry group, both past and present, Dr David
Albesa-Jové, Dr Sang-Ok Lee, Dr Scott Habershon, Dr Mao-Hsun Chao, Dr Siwaporn
Meejoo, Dr Zhigang Pan, Dr Mingcan Xu, Dr Veronique Siegler, Dr Colan Hughes, Dr
Eugene Cheung, Andrew Hanson, Fang Guo, Gianina Tutoveanu, Nathan Dedman, Hasmerya

Maarof, Anabel Morte, Lianne Davis and Zornitza Glavcheva.

I would like to thank all the people who helped me to enjoy during my stay in Bordeaux,
both scientifically and gastronomically, Dr Armaud Desmedt, Dr Raphael Moreau, Dr Cédric

Crespo, Stephanie Palmier, Nicolas and Aurelie. I hope I did not forget anyone.



I am really grateful to all the people who welcomed and helped me in Cardiff, Elisenda

Reixac, Paula Janeiro and Meritxell Casadesus.

I would like to thank The University of Birmingham, Cardiff University and the
European Union for my Marie Curie Fellowship training at Université de Bordeaux i for

funding my research.

I would like to thank my parents and my family for their help and support during these
three years of PhD.

Finally, I would like to thank Kyoko Nakagawa for encouragement and help through

these three years. Arigatou gozaimasu Kyoko!



Table of Contents

Table of Contents

Chapter 1 Introduction 4
1.1 Overview Of this THESIS.....ccceeieeierieereeeierrteeiteeeeeerreeereesreeteesteeseeesesesessaressessseessnens 4
1.2  Photoinduced Reactions Under Crystalline Environments ..........ccccceceviviencnennennens 5
1.3 Solid Inclusion COmMPOUNAS ........ccceereeeueeienerreererreesteseeeesreeesteeessessessesssessessessassnses 7
1.4  Urea Inclusion Compounds..........cccceeeeeeeerrcrnerenmeiniencininntinnresnsecnssssenssesseessneenns 10

1.4.1 Structural PrOPerties ......ccceeeuirecienireccinctiecnertenecncrcsstesnessseessecssseessssssssens 10
1.4.2 Guest Molecules In UICS........oooeeereeencieeniineieceteseceteeeetesnsesseessecssseesssecssees 10
1.4.3 SyNthesis Of UICS. ....ccoceeeeierurerererienereteeeeeserreecsescsstesssessessssessesssssssessssssesnes 13
1.4.4 (03975371l € (o) 771« WU 14
1.5  The Design of Desired Molecular StruCtures ...........cccevcereeuersncnncrnnscsnseesneseseesnne 14

Chapter 2 Experimental Techniques 20
2.1 INPOQUCHION ...ceeeiniieeieeeeeececree e et e et et e st s e et sateeseessesesesassssesasessssssesssensessnsens 20
2.2 Diffraction by CrYStals ........coceeeuerrerrceeerireteeteeseeeseeeeeneesereesseneesestescesssessessassnases 20

2.2.1 X-Ray Radiation SOUTCES ........ccccceerurerrerenneerersuensntsisusnseesssussssnesssesssesssesssssesans 21
222 The Geometry of X-Ray Diffraction. Bragg’s Law ........cccccccevvinciicviiccnncnnne. 23
223 The Structure FaCtor.........ccovuevuierieieeeeeeeererecriteeeeceee et seseesaee e ssesssesanes 24
2.3  Single Crystal X-Ray Difffaction........cccceeceecencenernirnienenentenenrteeseeeseeesseessesseesnens 26
2.3.1 Determination of Lattice Parameters and Space Group Assignment ............... 26
23.2 Structure Determination ..........coccceeeeeerecerescecreenneseeestesersestesesessssssesssesssesssosssess 27
233 Structure Refinement............cccoveueeeeciininiiniininiiinircceinses e 27
2.4  Powder X-Ray Diffraction Structure Determination............c.cceeereeveeeruerccrececrceccenas 28
24.1 Stages of the Structure Determination Process.........cc.ocevceuvveeivcencnncnnncnncnanne 30
2.4.1.1 Unit Cell Determination (Indexing) .................cccooecervueevveriverrcreecreereneceneenens 30
2.4.1.2  Structure SOIULION.................coceeceeeciiiieeeceiteetereenteee st saee e 31
2.4.1.3  Structure Refinement ..................c..ouuceuriuveucmncnnecniicninicinceieecaenineaens 35

2.5  RaAman SPECITOSCOPY --ceceverruereererrienissuresessesssessesssnsssisssssessesssessessessesssssisssossessessessens 36
2.5.1 Theoretical Background ...........ccccceoueeecienniiiinninniieninceenineceeesecetesseeeseceesne 36
2.5.1.1 Molecular ViBrations.................cccuueeueeseeeserseeeeerneeeiescsssessseseseessnsesesenns 36
2.5.1.2 The Molecular Polarizability Tensor ..................cccececevveiiversccrncennncnsnenns 39
2.5.1.3  Raman SCAMETING ...............cucueeeueeeeeeeeeeeeeerceteeteecrteesaeesaeessneestessnteesesaes 40
252 Polarisation of Radiation .........cccceueeueeeeeeerseenneeereerenreeeenintecseeeeseeeesseseesecane 42
253 Experimental Set-up for Raman Scattering..........ccoevevvevevvnueenevcnienernneennns 42
2.5.4 Confocal Raman Microspectrometry (CRM).......cccovuivrnenecnnncnscnnccneceeneennes 44

Chapter 3 Aspects of Solid-State Photodimerization Reactions 47
3.1 INtrOQUCTION .....eeeeeeeteieeteette sttt saee e et e e see s e e e e e seeesae s e e et s saeesnessaessssessanseanas 47



Table of Contents

3.2 Solid-State PhOtOrEaCtionS. .....c.ccerveeeeereercerrerreneensieetescssesssseeseessesssssseesacsssaesssesnsens 47
3.3 MeEthOAOIOZY...ccuiiiiiiieieeeeteeeeeeeec ettt ettt et e st st e e et e e b s et eae e s mneeen 50
3.3.1 SOl SOIULIONS. ....ccoruieieeiieeeeereetrereeetere e e saeeseessseesaeeesneesseeessansssesesssessanesosnaees 50
3.3.2 Wavelength Selection for Irradiation ...........c.ceeceeeceeerecenneeeseensereeenseeesereneennnens 52
333 Homogeneous and Heterogeneous Reactions..........cccccvvveeuiinvenecncnecnncnnnnnacne. 52
3.4 EXPErIMENtAl.........oiiiiieiieeeeieteenreeeseeeireeeeseesssneeesuesesnesestessessnsessseesssesssneessssesssanasns 54
3.5  Results and DiSCUSSION ......cecueereerterereuerreetinrrrncesaeeceesseriesesseseessessessessesssssssessesseesns 55
3.5.1 Structure Solution of 4-Fluoro-trans-cinnamic acid using PXRD ................... 55
3.5.1.1  Crystal SIPUCLUTE ............uoeeeeeeeaeeecreeeteeeeeecaeeeeseseesae et eestesssee st e s sseaeantes 59
3.5.2 Monitoring the Conversion of Reactant to Product by 'HNMR ..................... 59
3.53 Monitoring the Evolution of the Lattice Parameters by PXRD..........cc.cc........ 63
3.5.3.1 Solid-State Dimerization of 4-Chloro-trans-Cinnamic Acid........................ 64
3.5.3.2 Solid-State Dimerization of 4-Fluoro-trans-Cinnamic Acid......................... 71
354 Evolution of Lattice Parameters ........ccccccceeverreireeercneecerinncnsuenscneseesseseessesneenes 73
3.6 CONCIUSIONS ...coouiieiietreneeneeeneerenterereseeseesnessseesneessssessesssessesseseseessssssssssensassseeseessansses 73
Chapter 4 Exploring Molecular Transport Processes in Solid Organic Tunnel
Structures 76
4.1 INTOQUCLION .....ceeniieieeieieeeente et eeneeeeesneesae e aestessa et esee et e esaseesenesaaensesansen 76
4.2  Molecular Transport in Incommensurate SOldS ........c.cocceveeviinrecennrnnnnnncencreeeene. 76
42.1 Basic Properties of Incommensurate Solids.........cccoceeeeieerecennenneeescenenenecnnen. 77
422 Exchange of Guest Molecules...........cccorevirnenirnienincereeeeeeeeeeeseeeseeeeennees 79
43 EXPErMENLAL.......oceeereeeereierenreerereneeteeeeeeesetesenesesesesnesesssessssesesesenssesesas s 81
4.4  Raman Spectra for Urea Host Structure, DBO/Urea and PD/Urea............cc.cccueen.... 84
44.1 Raman Activity for Urea Host Structure and Guest Molecules........................ 84
442 Spectral Region for Monitoring In Situ the Molecular Transport Process....... 84
443 Ratio of Integrated INtENSIIES ......c.covveereeeierciiiciieceteece et 85
4.5 RESUILS oottt s b e s s 87
4.6 CONCIUSIONS ...coeueereeeneerrntreneereerurentesnseneeeseeesesessesoseesesssstssnesnsessessesessessesnsasnsessesennaes 89
Chapter 5 Molecular Transport in Urea Inclusion Compounds: A Kinetic Study ........ 92
5.1 Introduction .........ccccceueunue. et te e ettt e et e et e e et et e e e st et st n st ea e et e et s sa e st ennas 92
5.2  Background to Molecular Transport Processes in Zeolites and UICs...................... 92
5.3  Diffusion Processes in SOLIAS .......ccoceeveeirreeriinserreneerecteeeeereeeereeeeeeessesscs e seeenens 93
5.4  Development of @ Kinetic MOdEl ........ccocccereeeeireieneriinecnnenenieeneseseenestessasseesaens 96
5.5 SHTALEEY ...eeeeeiiieiieiitrnteerttee e eeteesae et ee st e et e s s sneessenessteesse s snesas s aeesaenesasssnerennness 97
5.6  Experimental Methods.........ccoivirieiirniinienieieeceieeeeeseseeseeesresaessnsesssssnaeseessssssnnens 98
5.7  Experimental RESUILS........ccocueoieriiiiinciiieetere et eceteeeeseeteseeeesee st estesaeeesaaens 99
5.7.1 Molecular Exchange of DBO by PD Using One Reservoir. ........ccc.ceeeeueenenee. 99

2



Table of Contents
5.7.2 Molecular Exchange of DBO by PD Using Two Reservoirs Filled with PD and

TMP TESPECHIVELY......c.ceeeieieeeeeeceneeeeeee e eesessee s tesaaesssssesaessessaesssassessseesasessasssessnaesnes 104
5.7.3 Molecular Exchange of DBO by PD Using Two Reservoir.............cccceeee.... 109
5.74 Molecular Exchange of 7-AlKanes ...........cccovveeveiervenneencsneeeceenenenneenesseescneeens 114

5.8 A Theoretical MOdEl.........coouriiirieeiieieteeeieeee ettt esteeee e e ssesesesseees e ssessnnas 117
5.9  CompariSon Of RESUILS ......cccceeirirrirncirnieeeriiecerecreeereeeeeeseesesaeeneeseseesseesenessnncens 118
5.10  CONCIUSIONS .....eoouiereuerurencreeereneeaeeeeteseesenesneeneeeseseessasssessnsssesareseessessssneessossesssens 120
S5.11  FUture WOTK....occeiiiiiiiiitineintcnecenttet et cenesatesesseessessasesssessssesaessssnesossasenans 123
Chapter 6 Design of Urea, p-Phenylenediamine and o,w-Dihydroxyalkanes Co-Crystals
................ 126
6.1 INITOAUCTION ..c.cooveeeeeeeeceteeteeieeeeeeerrrrereeeeeeeeeeeseseeeseessssssessssessssessssssssssssesessenssssnnnnse 126
6.2  Crystal ENGINEETING .......ccccoreerueereieereteetareesreeessesssesessssesssessesssesssasssessesssassessassens 126
6.3 EXPErIMENtal.........coccieviieeeeieniiennietenreneeeeenseeseseesseesseeessesassssseeseessesssessessnsensessessns 129
6.4 RESUIS ...ttt e e et e e r e s st e e e s s e et a e naen 132
6.4.1 Optical Microscopy INVEStiations........c..ceeceeeueruceceereseesiesceseesenseeessnesensanane 132
6.4.2 Preliminary Characterisation by Powder X-Ray Diffraction .........cccccecceueeeee 132
6.43 Structural PrOPEIHIES ......ccccvveeieerereiieeeteereeeeneeeeeeeteesaeeseneessaessnesssanesseesssnses 134
6.4.3.1 Urea/l,4-Dihydroxycyclohexane Co-Crystal.....................ccuuueeveuerecreunne. 135

6.4.3.2 Urea/l,6-dihydroxyhexane Co-Crystal .................cooeevureeenevcevecorenseennens 136

6.4.3.3 Urea/l,8-Dihydroxyoctane Co-Crystal................c...coveoueeerveevceserenennnnes 139

6.4.3.4 Urea/l,10-dihydroxydecane Co-Crystal ...................cccccoceeeeuenvnvvcnannnennnne. 141

6.4.3.5 Urea/l,12-dihydroxydodecane Co-Crystal................cccuuecueevcmecnneecenanneen. 143
6.4.3.6 p-Phenylenediamine/l,4-dihydroxycyclohexane Co-Crystal ....... e 146
6.4.3.7 p-Phenylenediamine/1,8-Dihydroxyoctane Co-Crystal............................. 147

6.4.3.8 p-Phenylenediamine/l,10-dihydroxydecane Co-Crystal............................ 149

6.4.3.9 p-Phenilenediamine/l, 12-dihydroxydodecane Co-Crystal ........................ 151

6.4.4 Comparison of Crystal StruCtures ...........cooceeeveeeeerrirsiereeenenserereeneereseeeseeenes 152

6.5  Conclusions and Further Work.........c.cccocieviiriiriniininniniieineneesecnceneeeetereenaeene 159
Appendix... 162




Chapter I  Introduction

Chapter 1 Introduction

1.1 Overview of this Thesis

Solid-state chemistry is nowadays a well established subject. It appeared in the late
1960’s as a new branch of modern chemistry, related to the development of high technology
materials. Solid-state chemistry, as a branch of science that studies the physical properties of
solids, presents an important overlap between Physics (in particular Solid-State Physics),
Earth Sciences, Materials Science and Engineering. Solid-state science focuses on
understanding and modifying the properties of solids from the viewpoint of the fundamental
physics of the atomic and electronic structure (Figure 1.1). Inorganic solid-state chemistry
focuses in the synthesis of novel materials as well as investigating new uses of existing
materials in electronics, communications and computers. This has intensified the demand for
a systematic approach to the problem of relating properties to structure and necessitates a
multidisciplinary approach. Organic solid-state chemistry, on the other hand, is very
important for studying crystalline stability of some solid materials (e.g., in the pharmaceutical
industry). A deep knowledge of the molecular arrangement in molecular solid crystals is a key

point to understand polymorphism' and phase transformations, often very important processes

Natural Bnommerahmnon
Zeollt&s2 Process3 4

Photo thogra.p 10,11
E"“““‘ " i Solid State Chemi Chemls"y “"“"’“""’“
Englnecrmg ! 1stry Scxences
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Zeolites®® Magnetic Properties’

Materials
Science

Figure 1.1. Diagram showing the multidisciplinarity of different fields usually required in
solid state chemistry.
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in drugs. Crucially, a particular drug substance administered in different polymorphic forms
may have very different properties. It is also very interesting to be able to control the

solubility and the conditions for handling and administration.

The work presented in this thesis is the result of three years of research in solid-state
chemistry. It can be divided, according to the research field, into three parts: i) molecular
transport of linear molecules (alkanes) in a host-guest system, ii) synthesis and structure
determination of novel molecular crystals applying the concept of Crystal Engineering, and
iii) study of solid-state reactivity with interests in structure determination, lattice parameters
evolution and phase separation. In this Chapter, an introduction related to the three fields of

solid state chemistry which have been covered in this thesis is given.
1.2 Photoinduced Reactions Under Crystalline Environments

The majority of crystalline solids are stable both thermally and photochemically.
Reactivity in the solid state is more complicated than the reactions in the liquid state. Firstly,
molecules have to move in order to react properly, which is fairly simple in the liquid or gas
state but this is not the case in the solid state, where there is less motional freedom.
Nevertheless, organic photoreactions in the solid state have been studied widely and date back
to the middle of the last century. The main experimental difficulty was probably the
identification of photoreactive crystals. The technique of X-ray crystallography has proved to
be a very important tool for establishing structure-reactivity correlations. Early observations
of photoreactive crystals suggested that the intrinsic photochemical properties of organic
molecules are relegated to second place and their solid-state photochemistry is controlled by
the periodic environment of the crystal structure. Such reactions are referred to as
topochemical reactions. The topochemical postulate'? states that reactions in crystals may
occur within a minimum of atomic and molecular motion. Another way to classify a reaction
as topotactic is to consider the variation in the lattice parameters during the reaction. Thus, if
a reaction occurs so as to retain one or more of the crystallographic axes of the reactant and a
particular orientation of the product lattice is retained relative to that of the reactant, then this

reaction can be called topotactic.
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A proper distance and orientation between potentially reactive partners is an important
requirement if reactivity is to be expected. In the case of bimolecular reactions, the reactivity
of the system depends on the packing arrangement, whilst unimolecular rearrangements occur
with less atomic and molecular movement. Most bimolecular reactions occur between
molecules that are identical. The restrictions on the number of components allowed in
crystalline phases and the precise distances and orientations necessary for bimolecular
reactivity are the major limitations imposed by the crystalline media for photoreaction to
occur. Photochemical reactions in unimolecular crystals do not depend on the nature and
location of their closest néighbours. Therefore, molecular rearrangements in unimolecular
crystals may be investigated with less concern for packing arrangements. In unimolecular
reactions, structural changes of the reactant toward that of the product can be limited by
repulsive non-bonded interactions which determine whether or not the reaction is

energetically feasible.

A very interesting type of photoreaction are so called single-crystal-to-single-crystal
reactions, in which a single crystal of starting material transforms into a single crystal of
product, without any loss of crystallinity throughout the reaction. Structural similarity
between reactant and product are usually very high in this kind of reaction. Due to the
formation of the product within the lattice of the reactant, most solid state reactions destroy
the crystal lattice of the reactant phase. Although single-crystal-to-single-crystal reactions are
not very common, the cases where they do occur can be studied by X-ray diffraction which
provides information on the structural changes. Single-crystal-to-single-crystal reactions are

usually homogeneous, i.e., the reaction occurs throughout all the crystal, not only at localized
spots.

Although some reactions occur by phase separation mechanisms to the stable form of
the product, others may lead to metastable phases that are not available by crystallization from
solution, sublimation or the melt. It is likely that many solid-state reactions will involve
metastable phases and phase separation and recrystallization will be highly dependent on
whether the reaction is carried out in large crystals or small crystals (e.g., in a microcrystalline

powder). Since phase separation and recrystallization require a great deal of molecular motion,
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solubility limits in the solid-state reaction may exceed those observed by equilibrium co-
crystallization of the components. It is likely that efficient solid-to-solid reactions will require
very high solubility of the product in the crystalline phase of the starting material. Although it
is expected that disordered phases should result in loss of control, it is possible that product-

like phases may have a similar influence on the reaction as does the phase of the reactant.
1.3 Solid Inclusion Compounds

Solid inclusion compounds can be classified as solid materials forming a framework
architecture that contains empty spaces within which other molecules can be included or
incorporated. The framework-building molecule is usually called the “host”, whereas the
molecules included in the cavities are referred to as the “guest”. Solid inclusion compounds
are common in nature. As inorganic materials, solid inclusion compounds are formed in
aluminosilicate minerals such as zeolites. In these materials, the host framework is
constructed from SiO4 and AlQO, tetrahedra, interconnected by corner-sharing to form
“sponge-like” materials but with a very regular structure and pore sizes which are typically of
molecular dimensions. Each AlO, unit is associated with a negative charge, which is balanced
by a positive ion, usually H'. These protons form acidic (Brensted) sites, which behave in a
similar way as the protons in acidic solution. Many important properties of zeolites depend on
the Si/Al ratio, as this clearly dictates the number of extra-framework cations. Due to the
geometrical arrangement of the tetrahedral building blocks, zeolites can form inclusion spaces
with different topologies, ranging from tunnels to cages, which can be parallel (one-
dimensional) or interconnected, forming two- and three-dimensional networks. Since the
1960’s, zeolites have been applied in an increasing number of ways, most involving catalytic
processes. One important advantage of using zeolites is that, due to the great variety and
specific structure of the pores and cages, not all products are formed in a catalytic process,
enhancing the selectivity of the reaction. For example, zeolites are used in applications

involving catalysis of crude oil to produce gasoline, kerosene and other smaller hydrocarbons.
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/ﬁ\ )7\
H,N NH, H,N NH,
urea thiourea
CH
H;C / 3
R= -—-CH\
o} CH,
R R
(o) (o) (0]
(o) CH,
CH; o)
R
tri-ortho-thymotide
perhydrotriphenylene

deoxycholic acid

Figure 1.2. Potential organic molecules that can form host structures with determined
guest molecules.

Solid inclusion phenomena are not only a subject regarding inorganic materials. Host
structures constructed from the crystal packing of organic molecules also can form solid
inclusion compounds. Urea, thiourea, tri-ortho-thymotide, perhydrotriphenylene and
deoxycholic acid are organic molecules that can form porous frameworks (Figure 1.2). Solid
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(a) (b)

1-D Tunnel in Urea Inclusion Compound 3-D Tunnel in Zeolites

Figure 1.3. Two different porous structures showing (a) one-dimensional tunnels (Urea
Inclusion Compound) and (b) three dimensional tunnels (Zeolites).

inclusion compounds can be subdivided into two categories, 3depending on how the structure
behaves after removing the guest molecules. In organic inclusion compounds, the host
structure is often unstable if the guest molecules are removed. Removal of guest molecules
implies collapsing of the host framework. Collapse of the host structure is often irreversible.
This type of framework is called a “soft” host (Figure 1.3a). On the other hand, if the host
remains stable after removal of the guest molecules, such as in zeolites, the structure is
referred as a “hard” host (Figure 1.3b). The structural properties of the soft hosts often vary
substantially depending on the structural and chemical characteristics of the guest molecules
and in general the properties of these inclusion compounds cannot be understood adequately
in terms of the separate behaviour of the host and guest components. The region of contact
between the host and guest components in a solid inclusion compound can be regarded as an
interface and many properties of inclusion compounds are dictated by the nature of the
interface. In the next section some basic structural features of urea inclusion compounds are
presented, since an important part of this work is based on these materials. In addition, urea
can also form specific complexes with a variety of organic and inorganic molecules and ions.

Chapter 6 is dedicated to the study ofmolecular complexes formed between urea and diols.
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1.4 Urea Inclusion Compounds
1.4.1 Structural Properties

Urea inclusion compounds (UICs) were discovered in the 1940’s, with the unexpected
preparation, by Bengen,'* of an adduct between 1-octanol and urea. In UICs, the host
structure is formed by an extensively hydrogen-bonded arrangement of urea molecules. In the
presence of appropriate guest species, urea can form this, one-dimensional, tunnel structure,
with the diameter of the tunnels ranging from 5.5 to 5.8 A. Each UIC single crystal
spontaneously grows either as a right-handed enantiomorph, with space group P 6,22, or a
left-handed enantiomorph with space group P 6522, therefore representing a chiral one-
dimensional environment. Interestingly, in many solid inclusion compounds (for organic
molecular hosts), the host structure is chiral. Although, in some cases, the building blocks of
the host structure are themselves chiral (therefore the construction of a chiral host structure is
obligatory), in many cases chirality is introduced by spontaneous assembly of achiral building
blocks into a chiral packing arrangement in the host structure, as in UICs. Clearly, chiral host
structures can exert an important influence on the structural and chemical properties of chiral
guest molecules. A remarkable fact is that the vast majority of different UICs containing
different guest molecules have essentially the same urea host structure, which is hexagonal at
room temperature with lattice parameters a =b=8227 A, ¢=11.017A; a=p8=90,
v=120°.

1.4.2 Guest Molecules in UICs

The factor that determines whether or not a molecule is appropriate as a guest species to
form a UIC is the ability to fit into the space in the tunnel. Due to the “effective diameter” of
the tunnel, urea can only form UICs with guest molecules based on a sufficiently long alkane
chain, with a limited degree of substitution of this chain allowed. Therefore, the length of the
guest molecule and the degree of branching are two key features for the formation of urea
inclusion compounds. In early studies' it was believed that UICs could only be formed with
n-alkanes and their linear derivatives. Now it is known that other UICs can be formed but
with restrictions concerning the degree of branching allowed. Size, position and number of the

substituents are crucial factors. Bulky atoms in the middle of an alkane chain will not form a
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UIC, whereas the same alkane chain with the same substituents at the chain-ends might be

able to form a UIC'®.

In UICs, the guest molecules are densely packed along the tunnels and generally exhibit
sufficient positional ordering to allow an average three-dimensional guest lattice to be
defined.!”'® An important property of tunnel inclusion compounds concerns the degree of
registry between the host and the guest substructures along the tunnel. In many one-
dimensional inclusion compounds, the guest molecules are arranged in a periodic manner
(with a periodic distance c¢g) along the tunnel and it is then important to consider the
relationship between c, and the repeat distance c; of the host structure along the tunnel
(Figure 1.4). If there are no sufficiently small integers p and g for which the pc, =qcg, the
UIC is said to be incommensurate, whereas, if such integers can be found to satisfy the
relationship, the UIC is said to be commensurate. For an incommensurate system, every guest
molecule along the tunnel occupies a slightly different position with respect to the unit cell of
the host substructure. In fact, the vast majority of UICs are incommensurate and are called
conventional UICs. These are typified by n-alkane/urea inclusion compounds, where the guest

molecules are well ordered along a single tunnel'®

and have some degree of ordering between
adjacent tunnels (i.e., there is an overall three-dimensional ordering). The positional
correlations between guest molecules in different tunnels are stronger for some UICs than
others. Some UICs are, however, commensurate, allowing complete structure determination
from single crystal X-ray diffraction (e.g., 1,6-dibromohexane/urea'® and 1,4-
dichlorobutane/urea®®). Interestingly, for commensurate UICs, the host structure is often

distorted to a lower symmetry than for the conventional UICs.

Cg
—>
L J 1 ] 1 ] [ J L )|

Ch

mm Host — Guest

Figure 1.4. Schematic representation of the host (c;) and guest (c) periodicity in one
single tunnel of a urea inclusion compound viewed perpendicular to the tunnel axis.
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In many cases, a given single crystal contains different domains of the guest
substructure; each domain has an identical packing of guest molecules but has a different
(although equivalent) orientation relative to the host structure. Although diffraction data allow
the average periodicity and symmetry of the basic guest structure to be determined, dynamic
disorder of the guest molecules in conventional UICs can limit the ability to obtain detailed
information about the guest structure. One consequence of the dynamic disorder of the guest
molecules is the appearance of different forms of diffuse scattering in diffraction patterns of
urea inclusion compounds. Other experimental and computational approaches can be used to
obtain direct information on local structural properties of the guest molecules, the interactions
between guest molecules within the tunnel and the orientational distribution of the guest

molecules.

Raman spectroscopy has been used”’ to probe conformational properties of
o,0-dihalogenoalkane guest molecules [X(CH2),X; n=8 for X=Cl; n=7-11 for X=Br;
n=8 for X=1I] in UICs. The C - X stretching vibrations were used to assess the relative
amounts of trans and gauche end groups as a function of the length (n) of the guest molecule,
the identity of the terminal substituent X, temperature and pressure. These results suggest that
there is no well-defined relationship between the proportion of end groups in the gauche
conformation and the length of the Br(CH;),Br guest molecules. High resolution solid-state
F-NMR spectroscopy was employed” to study the interaction between adjacent guest

molecules in a UIC containing 1,10-difluorodecane guest molecules.

Bromine K-edge extended X-ray absorption fine structure (EXASF) experiments were
carried out” to investigate a variety of local structural properties of UICs containing
a,0-dibromoalkane guest molecules, including the intramolecular geometry around the
bromine atom, based on the Br:--C(3) distances for the three intramolecular carbon atoms
closest to the bromine atom. The value of the Br---C(3) distance indicates that the bromine
end groups exist predominantly in the frans conformation, in agreement with results from

Raman spectroscopy.

Interactions between guest molecules in UICs containing o,w-diiodoalkane I(CHj),l

guest molecules have been analysed® to establish the intensity distribution of diffuse sheets in
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X-ray diffraction patterns. These diffuse sheets are often observed in X-ray diffraction
patterns of UICs and correspond to one-dimensional ordering of guest molecules along the
tunnel axis. Thus, analysis of the intensities of the diffuse sheets provides information on the

structural properties of the periodic linear array of guest molecules along an individual tunnel.
1.4.3 Synthesis of UICs.

UICs are usually easy to obtain, although in many cases it is not easy to obtain large,
good quality crystals. Preparation of the UICs is usually done by slow cooling, using a
thermal bath or incubator, from a methanolic solution from 55°C to 25-20°C. Sometimes it
may be necessary to use mixtures of solvents to obtain a homogeneous solution containing
both the host and guest species, e.g., tert-amyl-alcohol (which is too bulky to be included in
the urea tunnels)” and methanol. Once the single crystals are removed from the solution, it is
necessary to wash the surface of the single crystal. The solvent used to wash the crystals is
2,2,4-trimethylpentane (TMP) which does not dissolve the urea host structure and is too big to

fit into the tunnel structure of the UIC.

The stability of the UICs depends on the type of guest molecules. For n-alkanes and
their linear derivatives, liquid or solid at room temperature, the UICs generally remain stable
at ambient temperature. For n-alkanes, the minimum chain length required for inclusion is
C¢*, at room temperature and pressure. Schlenck’’ reported one explanation for the existence
of a minimal chain length. His approach states that, when the guest molecules are too short,
regions between two adjacent guest molecules represents a big proportion of the tunnel
length, hence destabilizing the urea framework due to a lack of host-guest interaction. It has
been demonstrated®® that UICs can be formed by polymers with molecular weights as high as
4x10°. More information regarding the variety of guest molecules that can form UICs can be
found elsewhere.'®? If a volatile or very bulky guest species is included, the UIC may be
unstable, usually collapsing the porous structure to form a more dense and tetragonal
structure, corresponding to pure urea molecules. This is visible by eye, as the single crystal
becomes cloudy. Conventional UICs can be easily identified by optical microscopy which
reveals the typical hexagonal shape of the UIC needle-like crystals. Using powder X-ray

diffraction, UICs can be routinely characterized.
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1.4.4 Crystal Growth

On a macroscopic scale, most UICs form long hexagonal needles. However, it has been
found that certain molecules (notably ketones) form flat plate crystals instead. During the
crystal growth process, the first stage is the protrusion of guest molecules above the surface of
the crystal, around which host molecules collect. This in turn provides a large, longitudinal
surface area to which other guest molecules can attach, which in turn attracts more host
molecules and so on. However, if there is a strong host-guest interaction, the first step is
inhibited and lateral growth is preferred. Crystal growth is generally governed by kinetic
factors and to alter the crystal morphology requires control of the relative rates of crystal
growth m different directions. A general strategy has been re:ported28 to control the crystal
morphology of tunnel inclusion compounds, and demonstrated for alkane/urea inclusion
compounds. It has been shown that it is possible to dictate the shape of the crystal form long-
needle to flat-plate if the rate of crystal growth along the tunnel direction is reduced by using

a selective inhibitor in the crystallization solution.

1.5 The Design of Desired Molecular Structures

The last part of this thesis focuses on the design of novel organic complexes.
Underlying all structural aspects of organic molecular crystals is the fundamental question of
what factors control the molecular packing arrangement. An important related issue is how to
apply an understanding of these factors in the design of crystals with desired structural
properties. Schmidt, during his studies of photodimerization of cinnamic acids and
derivatives, introduced the concept of crystal engineering.29 The objective was to design
organic molecules in order to adopt a particular molecular packing, leading to structures with
high regioselective and stereoselective reactivity. Therefore, crystal engineering is the
understanding of intermolecular interactions in the context of crystal packing and the
utilisation of such knowledge in the design of new solids with desired physical and chemical

properties.

The term “crystal engineering” means to design a supramolecular structure on the basis
of intermolecular interactions, such as hydrogen bonding and Van der Waals interactions.

This focus on the identification of determined patterns of intermolecular motifs, which can be
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found in crystals such as ribbons, layers, chains and tunnels, can be applied to act as a
template for desired chemical and physical purposes (e.g., catalysis, photoreactivity, proton
conduction and nonlinear optics). In crystal engineering, it is very important to be able to
predict the molecular network structure (i.e., one-, two-, or three- dimensionality) of the
desired crystal. The conventional O-H-O and N-H--O hydrogen bonds have been
considered the building blocks of the molecular architecture, whereas weaker interactions

such as C-H:--O, C—H---N, have been proposed to be determining the course of crystallization.

Weakness of interaction does not mean lack of specificity. The roles played by some of
the weaker interactions during crystallization could be of specific nature. For hydrocarbons,
the interactions are exclusively of the Van der Waals type, which means that crystal structures
may be easily predicted assuming a close-packing model, without interference from
anisotropic and stronger interactions. In heteroatom containing structures, however, the

interactions are much more complex, with different strengths, directionalities and distance

Figure 1.5. Examples of supramolecular synthons.
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dependencies. In such situations, direct and simple extrapolations from molecules to crystal
structure are difficult in the best cases and impossible in the worst. The situation becomes
even more challenging if one is dealing with flexible molecules and if solvent inclusion is a
possibility. Supramolecular synthons are structural units which can be generated by synthesis-
like operations involving intermolecular interactions. Supramolecular synthons are spatial
combinations of molecular interactions as design elements for the solid-state architecture. An

example of supramolecular synthons is shown in Figure 1.5.

For recognition between identical molecules, as is the case of most crystal structures, it
is the dissimilar parts that come into close contact and not the similar surfaces-bumps fit into
hollows just as keys fit into locks. Conversely, identical parts of neighbouring molecules tend
to avoid one another. Therefore, space groups containing only rotation axes and mirror planes
are found much less frequently compared to those containing inversion centres, screw axes
and glide planes. Centro-symmetric close packing is preferred even for molecules that do not
possess an inversion centre. Geometrical preferences of the common heteroatom interactions
reinforce the close-packing tendencies, with the result that there is a dominance of a small
number of space groups which contain translational symmetry elements. Because the typical
organic molecule has an irregular shape, low symmetry crystal systems (triclinic, monoclinic,
and orthorhombic) are preferred over the high-symmetry ones. Kitaigorodskii’s close-packing
principle states that molecules undergo a “shape simplification™ as they progress towards
dimers, higher aggregates and ultimately crystals.*® Shape is a very effective tool for
molecular recognition. Supramolecular arrays in a crystal structure have simpler shapes than

the constituent molecular species, and their packing patterns may be easier to predict.

In summary, crystal engineering is the design of crystal structures for specific purposes
and applications. Crystal structures are determined by intermolecular interactions and so the
study and understanding of interactions, such as the hydrogen bond, are of considerable
importance in the developments of this subject. The description of a crystal as a
supramolecular entity has had a direct impact on crystal engineering, for if a crystal is a super

molecule, crystal engineering is supramolecular synthesis in the solid state. Instead of
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building molecules with atoms and covalent bonds, one builds crystals (supermolecules) with

molecules and non-covalent interactions according to a predetermined protocol.

The utilization of weak hydrogen bonds in crystal engineering strategies follows
directly from their known important role in crystal packing and also in the formation of
bicomponent species such as host-guest systems. Host-guest complexes are of importance in
supramolecular chemistry because the very fact that two different molecular components have
crystallized together is significant. When the interactions responsible for the co-crystallization
are strong hydrogen bonds, one is more confident that such interactions can, in turn, be used

for the design of new crystal structures.
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Chapter 2 Experimental Techniques

2.1 Introduction

The purpose of this chapter is to describe the background theory of the techniques that
have been used in this research and focuses particularly on the methods employed. The
different experimental techniques used in this thesis range from single crystal X-ray

diffraction to powder X-ray diffraction and Raman microspectrometry.

2.2 Diffraction by Crystals

Since the development of X-ray diffraction, there has been a great advance in the
knowledge of crystalline structures of solid materials. A deep understanding of the structure
of both molecular and non-molecular materials is one of the fundamental aims of chemistry
and is essential for a deeper understanding of the physical and chemical properties of the
materials. The term structure can be considered as the relative positions of ions, atoms or
molecules which form the substance under study and therefore a description in a geometrical
basis in terms of bond lengths and angles, torsional angles, non-bonded distances and other
geometrical arrangements of interest. This knowledge makes possible the pictorial
representation of chemical structures. Knowledge of the structure may be sought simply as a
means of identifying a newly synthesised compound and gaining an understanding of growth
mechanisms, or detailed geometry may be important for further investigations of reactivity,

bonding, structure-energy relationships, etc.

A crystalline material is characterized by its high degree of internal order where the
atoms, ions or molecules of which a crystal is composed are arranged in a regular manner that
is repeated periodically in the three-dimensional space. The simplest portion of the structure
which is repeated and shows its full symmetry is called the unit cell. The unit cell is defined
by three axes a, b, and ¢ and three angles «, B, and y (Figure 2.1). Diffraction methods

provide a way to obtain a detailed image of the contents of a crystal at the unit cell level.
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Figure 2.1. Geometrical representation of two unit cells.

The first experiments involving the scattering, or diffraction, of X-rays by crystals were
initiated by von Laue in 1912. It is well known that similar effects with visible light can be
achieved with a ruled diffraction grating, provided that the rulings are spaced at about the
same order of magnitude as the wavelength of the light. The analogy in the crystalline state is
that the wavelength range of the X-rays must be of the same order of magnitude as the
distance between the scattering units in the crystal. These scattering units are the electron
clouds associated with the atoms in the structure and their regularity is provided by the crystal
lattice. Hence, a crystal acts as a three dimensional grating, capable of diffraction with a
wavelength of the order of a few Angstréms (0.7 A to 2.0 A), i.e., X-rays. The resulting
diffraction pattern can then be analysed by various methods and provides a space averaged
and time averaged representation of the atomic, ionic or molecular arrangement within the

crystal.
2.2.1 X-Ray Radiation Sources

X-rays are electromagnetic radiation with a wavelength of the order 0.1-100 A and are
situated energetically between y-rays and UV radiation. In conventional laboratory X-ray
sources, X-rays are produced when high energy electrons (emitted from a heated filament)
collide with a metal target, often copper or molybdenum. The electrons are slowed down or

stopped by the collision and some of their lost energy is converted into electromagnetic
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radiation. This process gives ‘white radiation’ which is independent of the metal used.! In
addition, when the electrons bombarding the metal reach certain critical energies, they can
remove electrons from the innermost K shell in the target metal. These vacancies are
subsequently filled by electrons from the outer L or M shells, with the emission of energy as
X-rays. The transition energies have fixed values and so the wavelength of the X-ray

generated has a fixed value depending on the transition that has occurred.

For copper, the L — K transition, called K, has a wavelength of 1.5418 A and the
M — K transition, Kg, has a wavelength of 1.3922 A. The K(Cu) transition occurs much more
frequently than the Kp, transition and the more intense K, radiation is often used in diffraction
experiments. In fact, the K, transition is a doublet, K, =1.5405 A and K, =1.5443 A,
because the transition has a slightly different energy for the two possible spin states of the 2p
electron which makes the transition; the Kp transition is also a doublet (Kg;, Kg). As the
atomic number (Z) of the target element increases, the characteristic lines shift to shorter
wavelengths, and one can select a target to give almost any desired value for the K, line. In
practice, the transition elements (Z=21-30 and 39-48 in the periodic table) have
characteristic radiation in the region that is most useful for X-ray diffraction experiments. Cu
X-ray sources generally produce a higher flux of X-rays than Mo and are diffracted more
efficiently. Thus Cu radiation is useful for small or weakly diffracting crystals. The longer
wavelength of Cu radiation is preferred over Mo radiation when studying crystals with large
lattice parameters, as the greater wavelength minimizes problems due to overlap of reflections
in the diffraction pattern. Mo radiation is preferred to study organometallic materials due to

the absorption effect caused by heavier atoms (i.e., less absorption for Mo that Cu radiation).

Most X-ray tubes used for X-ray diffraction studies are operated under conditions which
give a wide band of white radiation on which is superimposed a characteristic spectrum of Kp,
K, and K, lines, with perhaps some contaminating K or L lines from target (window, etc.)
impurities. Many diffraction techniques preferentially require a monochromatic beam. K,
fulfils this requirement but the presence of the accompanying K is inconvenient. Fortunately,
Kjg can be removed by a selective filter (an element of atomic number Z — 1).>? An alternative

method of obtaining monochromatic X-rays is by the use of a crystal monochromator.* In this

22



Chapter 2  Experimental Techniques

case, the direct beam from the X-ray tube is diffracted from a large single crystal of a suitable
material before being used. Because of the nature of X-ray diffraction, only a very narrow
band of wavelengths appears at a given crystal setting and so the resulting beam is very nearly

monochromatic. A crystal monochromator is used in most modern X-ray diffractometers.
2.2.2 The Geometry of X-Ray Diffraction. Bragg’s Law

W. L. Bragg developed a description which is universally used as the basis for X-ray
diffraction geometry (Figure 2.2).‘ Bragg showed in 1913 that the angular distribution of
scattered radiation could be understood by considering that the diffracted beams behave as if
they are reflected from planes passing through points of the crystal lattice. This “reflection” is
analogous to that from a mirror, for which the angle of incidence is equal to the angle of
reflection. Waves scattered from adjacent lattice planes are in phase only for certain angles of
scattering. From such considerations, Bragg derived the famous equation that now bears his

name

2dsin8 =ni @.1)

where A4 is the wavelength of the radiation used, n is an integer (analogous to the order of
diffraction from a grating so that nA is the path difference between waves), d is the
perpendicular spacing between the lattice planes in the crystal and 8 is the complement of the

angle of incidence of the X-ray beam. The Bragg equation can be derived by considering that

incident beams<

reticular planes <

path difi'erences
2duu sin 6

Figure 2.2. Construction for Bragg reflection of X-rays from two (hkl) lattice planes with
an interplanar spacing d.
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the path difference between waves scattered from adjacent parallel lattice planes must be an
integral number in wavelengths. Diffraction maxima occur only when the relation of
wavelength, interplanar spacing and angle of incidence of the X-ray beam is satisfied by

equation 2.1.
2.2.3 The Structure Factor

Since the electrons are the only components of the atom that scatter X-rays significantly
and since they are distributed over atomic volumes with dimensions comparable to
wavelengths of X-rays used in diffraction experiments, X-rays scattered from one part of an
atom interfere with those scattered from another at all angles of scattering greater than 0°. At
6 = 0°, all electrons in the atom scatter in phase and the scattering power of an atom at this
angle, expressed relative to the scattering power of a free electron, is just equal to the number
of electrons present (the atomic number for neutral atoms). The amplitude of scattering for an
atom is known as the atomic scattering factor, £ The atomic scattering factor falls off with
increasing scattering angle or, more precisely, increasing values of sin(6/N. Since the
diffraction pattern is the sum of the scattering from all unit cells, vibrations or disorder may
be considered the equivalent of smearing out of the electron density, so that there is a greater

fall-off at higher sin(6/N).

The two numerical values associated with each reflection in a crystal diffraction pattern

are the amplitude |F] and the phase ¢ of the diffracted wave

F=|Fle* @2
Each reflection is labelled by its three Miller indices A, k and / so, for each reflection

F(hki) = |F (hkl)| exp (i p(hkl)} (2.3)

The structure factor for a given reflection, F(hkl), depends on the electron density. As
the electron density is repeated periodically through the unit cell, it is possible to represent the
electronic distribution by addition of periodic functions. For this purpose, we use the Fourier

transform of the electron density which can be expressed as
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F(hkl) = [ p(xyz)exp{2ni(hx + ky + Iz)}dV (2.4)
cell

where p(xyz) is the electron density at position (x, y, z) in the unit cell. The expression in Eq.
(2.4) shows the contribution of each portion of the structure. The total diffraction pattern of a
crystal is just the Fourier transform of the contents of the unit cell, multiplied by a scale factor
between the observed and the calculated set of amplitudes. The scaling factor reproduces all
the unit cells in the crystal. This equation is a continuous function p(xyz) which is not
convenient for calculation. Expressing the electron density instead in terms of individual
atoms, the calculation becomes more straightforward. The Fourier transform expressed as a

function of discrete atoms becomes

F(hkl) =Y f, expl-872U ; sin®(8,)/ 2 JexpQmi(hx, +ky, +1z,)} 2.5)
J

where f;is the scattering amplitude for atom j (which depends on sin’(f)/N for X-rays), xj, yj,
and z; are the fractional coordinates of atom j within the unit cell and U; is the displacement
parameter of atom j (representing its average distribution around the point (x;, y;, z;)). The

displacement parameter can be considered as either isotropic or anisotropic.

The reverse Fourier transform (FT') is the electron density of a given structure which
consists of discrete reflections. This Fourier transform is thus a summation rather than an

integral. Therefore the expression given in Eq. (2.4) can be expressed as

p(xyz) = %Z F(hkl) exp{—2mi(hx + ky + Iz)} (2.6)
hHl

From the experimental data, the amplitude |F(hkl)| can be measured from the diffraction
pattern but the phases of the reflections unfortunately cannot be measured experimentally, so
the determination of p(xyz), and hence determination of the structure, cannot be carried out
straightforwardly. This is known as the phase problem. Methods devised to overcome the

phase problem are presented in the following sections.
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2.3 Single Crystal X-Ray Diffraction

Following this introduction of the fundamentals of the X-ray diffraction process, we
now consider how the method of crystal structure determination works by considering single
crystal X-ray diffraction. The result of the collection of X-ray diffraction data is a relative
intensity, /, for each “reflection” with indices, 4, k and /, together with the corresponding
value of the scattering angle, 28, for that reflection. The angular positions at which scattered
radiation is observed depend only on the dimensions of the crystal lattice, while the intensities
of the different diffracted beams depend only on the nature and arrangement of the atoms
within each unit cell. Nowadays, the data required for structure determination is recorded on a
diffractometer, which produces a set of observed structure factor amplitudes |F(hkl)|. The
main steps in the process of structure determination from single crystal diffraction data are:
determination of lattice parameters and space group, structure solution and finally structure

refinement.
2.3.1 Determination of Lattice Parameters and Space Group Assignment

The unit cell type of a crystal is defined by three lengths a, b, ¢ and three angles o, 8, 7.
With area detector diffractometers, several X-ray photographs are recorded for a crystal
oscillating about the direct lattice axis oriented perpendicular to the incident X-ray beam.
Indexing the diffraction pattern consists of assigning the correct indices Akl to each maximum
in the diffraction pattern. This process is carried out by indexing programs that take into
consideration the observed positions of the diffraction maxima. With this information, data
collection can proceed covering the total range of 180° rotation of the crystal through a series
of frames, each over a restricted oscillation range. The optimum oscillation range per frame
and optimum exposure time per frame depend on the nature of the crystal being investigated.
Once a good set of unit cell parameters has been obtained, they are refined by least squares
methods.

To assign the space group it is necessary to identify the systematic absences in the
indexed diffraction pattern. From the patterns of systematic absence, it is possible to derive
the lattice type (body centred, face centred, etc) and whether or not the crystal possesses

elements of space symmetry, i.e., screw axis and/or glide planes.
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2.3.2 Structure Determination

Determination of a crystal structure of an unknown crystalline material is carried out by
solving a set of simultaneous equations. The unknowns in the equations are the atomic
coordinates and the observations are the experimental intensity data. In general, it is necessary
to have more observations than variables in order to obtain good quality structure
determination. Unfortunately, there is an intrinsic problem within the structure solution
process. From the experimental data, only the amplitudes |F(hkl)| are known, rather than
F(hkl), and the experimental data does not contain information on the phase associated with
each reflection. Thus, directr solution of the crystal structure is not possible. This inability to
extract the phases from the experimental data is known as the phase problem. Knowledge of
the phase of each structure factor is necessary to estimate the electron density as a function of
position (x, y, z) within the unit cell. Several methods have been developed in order to tackle

this problem. The most common methods are the Patterson technique’ and direct methods.®’

The Patterson method is suitable for structures containing a few heavy atoms that
dominate the scattering. A Fourier series using values of |[F(hkl)]* as coefficients instead of
F(hkl) produces a so-called Patterson map. In this map, the magnitude and direction of peaks
from the origin corresponds to a vector between pairs of atoms in the structure. The locations
of these atoms can then be deduced, representing an approximate structure. Direct methods
involves selecting the most important reflections (those which contribute most to the Fourier
transform), and working out the probable relationships between the phases of these
reflections. For the most promising combinations, Fourier transforms are calculated from the
observed amplitudes and trial phases, and these are examined for recognizable molecular

features.
2.3.3 Structure Refinement

Once we have solved the phase problem and have obtained a reasonable structure
solution, the atomic positions in the unit cell can be refined by least square methods (the
structure solution only gives approximate coordinates). During the refinement process, slight
variations in the atomic positions (and other parameters) will produce variations in the values

of the calculated structure factors. The best agreement between the calculated and observed

27



Chapter 2  Experimental Techniques

structure factor amplitudes corresponds to that given by the best set of structural parameters.
The most convenient measures of the correctness of a structure are given by the “reliability

factor” or R-factor

Z‘ Fobs| - |preate
= hid |F°”‘| x100% 2.7
hkl

where |F2*| and |F,52“| are the observed and calculated structure factor amplitudes,

respectively and the weighted R-factor, R,,, which is defined as

obs
F hkl
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where w,,, is a weighting factor for each hkl reflection. The value of the R-factor is typically
about 12 % after the structure solution but after refinement of the model it usually falls to 5%

or less.

2.4 Powder X-Ray Diffraction Structure Determination

The most important and powerful technique used for crystal structure determination of
solid materials is single crystal X-ray diffraction, but this technique requires that a single
crystal of appropriate dimensions must be available. If the single crystal is not big enough, or
if the material cannot be crystallized, then it is convenient instead to consider the use of
powder X-ray diffraction (PXRD) for structure elucidation. Powder diffraction also has
important uses in chemical analysis (identification of crystalline phases, determination of
sample purity, study of phase transformations, etc.) and for the identification of materials,
since all crystalline solids have a unique powder X-ray diffraction pattern. In mixtures of
phases, each crystalline phase will contribute to the observed powder diffraction pattern, and
the relative intensity of the contribution of a given phase will depend on the amount in which

it is present.
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If several single crystals of the same material in different orientations are irradiated
simultaneously by X-rays, each of them gives its own diffraction pattern, and for a powder,
these separate diffraction patterns are superimposed. As the composite sample is rotated, any
particular reflection will be generated by each of the individual crystals at a different time as
the Bragg equation is satisfied; the Bragg angle and intensity will be the same in each case
(assuming equal sizes of crystals) but the direction of the diffracted beam will vary, while
always being inclined at 260 to the direction of the incident beam. On a flat detector
perpendicular to the incident beam and on the opposite side of the sample, the set of
corresponding reflections from the multiple crystals appear as identical spots on a circle. With
an increasing number of identical and randomly oriented crystals, more such spots appear, all
lying on the same circle, which is where a cone of diffracted radiation hits the detector. A
microcrystalline powder consists of an essentially infinite number of tiny crystals and this

produces a complete circle for a particular reflection.

The same occurs for every Bragg reflection, each one giving a cone of radiation with
semi-angle 20 and hence producing a circle on the detector. The overall result is a set of many
concentric circles (Figure 2.3), with radii dictated by the Bragg equation and hence the unit
cell geometry, and with intensities closely related to those that would be produced by one

single crystal. The effect of using a microcrystalline powder instead of a single crystal is to

4

Incident X-Ray

Figure 2.3. Scattering of X-rays generated by a microcrystalline (powder) sample.
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compress the full three-dimensional diffraction pattern into a one-dimensional pattern (the

only geometric variable is ).

Essentially the same information is contained in single crystal and powder diffraction
patterns but in the former case this information is distributed in three-dimensional space
whereas in the latter case the three-dimensional diffraction data are compressed into one
dimension and peak overlap occurs. The ambiguity in the data creates particular problems in
the determination of the unit cell and the application of Patterson techniques and direct
methods for structure solution. Sophisticated methods are currently being developed that have
guided to a possible approach to determine crystal structures of organic solids directly from
powder X-ray diffraction.® Considering the potential of powder X-ray diffraction for
determining crystal structures from those crystalline materials that are inappropriate for single
crystal X-ray diffraction, there is a great opportunity to make a considerable impact in
structural sciences. For this reason, much research activity in recent years has been devoted to
the development and application of new techniques for carrying out structure determination
directly from powder diffraction data and has led to significant advances in the scope and

power of techniques in this field.>"!

2.4.1 Stages of the Structure Determination Process

Crystal structure determination from powder diffraction data can be divided into three
stages (Figure 2.4): 1) unit cell determination (indexing) and symmetry determination (space-

group assignment), 2) structure solution and 3) structure refinement.
24.1.1 Unit Cell Determination (Indexing)

Indexing the powder pattern is the first step after collecting the data from the
diffractometer. The goal of indexing is to find values for the lattice parameters (q, b, ¢, @, S,
7) so that every observed peak satisfies a particular combination of Miller indices. Several
programs are routinely used to determine the lattice parameters from diffraction data (ITO,"?
TREOR," DICVOL'* and CRYSFIRE'®). These programs consider the peak intensity at low
diffraction angles since peak overlap at high diffraction angles is considerable. Once the
correct lattice parameters are known, the space group can be assigned by examining

systematic absences.
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Figure 2.4. Schematic diagram to illustrate the different stages involved in complete
structure determination from powder diffraction data.

24.1.2 Structure Solution

The techniques that are currently used for structure solution from powder diffraction
data can be subdivided into two categories: traditional and direct-space approaches. The
traditional approach follows a close analogy to the analysis of single crystal diffraction data,
in that the intensities of individual reflections are extracted directly from the diffraction
pattern and are then used in the types of structure calculation (e.g., direct or Patterson

methods) that are used for single crystal diffraction data.

The direct-space approach'S, on the other hand, follows a close analogy to global
optimization procedures, which find applications in many areas of science. In the direct-space
approach, trial structures are generated in direct space (independently of the experimental
powder diffraction data), with the suitability of each trial structure assessed by directly
comparing the powder diffraction pattern calculated for the trial structure and the
experimental powder diffraction pattern. The comparison can be quantified using the R-factor,
R,
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obs calc
Vi =Y
R =Z’—’—x100% (2.9)

p Zly;bs|

where yj-’” is the intensity of the jth observed point in the experimental powder diffraction
calc

profile, y;"* is the intensity of the jth corresponding point in the calculated powder
diffraction profile. The weighted profile R-factor R, is defined as

Sy
[Zmb V]

x 100% (2.10)

where w;is a weighting factor for the jth point in the powder diffraction profile. The value of
R,, decreases as the level of agreement between the experimental and calculated powder
diffraction patterns improves. Importantly, R, and R,, consider the whole digitized intensity

profile and thus implicitly take care of peak overlap.

In the direct-space approach, the structure is generally defined by a structural fragment,
which represents an appropriately chosen collection of atoms within the asymmetric unit. The
direct-space strategy involves exploring an n dimensional R, hypersurface (Figure 2.5)
(where n is the number of variables) to find the best structure solution (lowest R,,). In
principle any technique for global optimization may be used to find the lowest point on the
R,, hypersurface and much success has been achieved using Monte Carlo/Simulated

Annealing'®? and Genetic Algorithm (GA)?**® methods.

Our GA technique for structure solution from powder diffraction data is implemented in
the program EAGER? that is being developed in our laboratory. The GA technique is based
on the principles of evolution and involves familiar evolutionary operations such as mating,
mutation, and natural selection, to optimize the quality of a population of structures. A

schematic flow-chart of our implementation of the GA? is shown in Figure 2.6.
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Figure 2.5. A two-dimensional section through an Rvphypersurface. The deep minimum in
Rwp corresponds to the correct structure solution but the plot clearly shows the existence of
other significant local minima.

The fitness (F) of a structure is a measure of its quality with respect to the property
being optimized. In our application of the GA technique in structure solution from powder
diffraction data, structures giving rise to good agreement between experimental and calculated
diffraction data, (i.e., low R»p) have high fitness. In the evolution ofthe GA, the structures of
highest fitness have the best chance ofpassing on their characteristics (genetic information) to

the next generation.

Our GA works as follows. Each structure is described as a set of variables (T), such as
the fractional coordinates (x, y, z) of the centre of mass or a defined pivot atom, the rotation
angles ()5> /) around a set of orthogonal axes and the intramolecular geometry specified as a
set of n variable torsional angles {ri, ti,... 7,}. The set of variables I'=(x,",z,
0, £y, i, B,... 7,) represents the “genetic code”. A number (n) of trial structures are
randomly generated to create the first population, Po. From this initial population, a number
(Am) of mating operations are carried out, in each of which two “parent” structures are
selected and their “genetic codes”, T, are combined with each other to generate two offspring
giving a total of 2Am offspring in each generation. These offspring together with all Np
structures from the previous generation give rise to an intermediate population of (NA+2Am)

structures.
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Population Ps
Population Comprising Np «————
structures
Select Nm pairs of parents
and generate 2Nwm ofspring
using the mating procedure
Minimization of Rwp
for all offspring L

Construct an intermediate population
comprising (Np+2Nw) structures {population

Pj plus offspring}
Natural Selection Mutation
Select the (Np-Nx) best structures Generate Nx mutants from
from the intermediate population structures in the intermediate

[ population

Minimization of Rwp
|, for all mutants

Population PJ+J

Population comprising Np structures

Figure 2.6. Flow chart representing the steps during the evolution of the population from
one generation (population Pj) to the next generation (population Pj;) in the GA for
powder structure solution.

In the mutation procedure, structures are selected randomly from the population and
random changes are made to parts of their genetic information to generate new structures,
called mutants. There are two different types of mutation, so-called static and dynamic
mutation. In static mutation, a subset of the variables in the “genetic code” is randomly
selected and new random values are assigned to them. In dynamic mutation, the change
involves random displacements of the selected variables from their existing values. The
introduction of mutants within the population is necessary to maintain genetic diversity (i.e.,

to prevent in-breeding within the population) and to prevent the GA calculation converging on
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a non-optimal structure, (stagnation). The introduction of mutants within the population

allows new regions of the hypersurface to be explored.

Each new structure generated during the calculation is subjected to local minimization
of R.p, and only these minimized structures are used subsequently in the evolution of the
population. This minimization is analogous to Lamarckian evolution, which differs from
Darwinian evolution and is based on the assumption that characteristics acquired by an
individual during its life can be passed to the next generation. The overall quality of the

population increases from one generation to the next.

The EAGER program also allows the use of the multi-population approach to
parallelization. In this approach, Nj,, different sub-populations, each comprising N,
structures, are present on Ny, processors. In each population, the evolutionary operations are
carried out as in the normal, serial GA approach. In the parallel genetic algorithm (PGA)
method, a further evolutionary operation (mixing) is involved in the calculation. This
operation involves the transfer of structures between the sub-populations in order to produce
Nup new sub-populations. The method that is used in this mixing procedure is known as
migration. In this method, each sub-population generates a random number x (where
0 <x <Il) at the beginning of each generation and compares it to a user-defined exchange
probability, & If x <g, then Nsnq structures are selected from the current population, with
selection biased towards fitter members of the population. The N, selected structures are

then copied into the intermediate population of another randomly chosen sub-population.
24.1.3 Structure Refinement

Structure refinement is the last stage of crystal structure determination. Starting from
the structure solution, which is quite close to the actual structure, parameters of the structural
model are refined using the Rietveld technique.”’38 In Rietveld refinement, the variables that
define the structural model are adjusted by least squares methods in order to obtain a better fit
between the experiment and calculated powder diffraction patterns. In general, the weighted
powder profile R-factor, R,,, is used to assess the fit between the experimental and calculated

powder diffraction patterns. For successful Rietveld refinement, the initial structural model
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(obtained from the structure solution stage) must be a sufficiently good representation of the

correct structure.

As Rietveld refinement can often suffer from problems of instability, it is generally
necessary to use geometric restraints based on standard molecular geometries to ensure stable
convergence of the refinement calculation. The structural model obtained in the structure
solution stage can sometimes be an incomplete representation of the true structure. In such
cases, difference Fourier techniques can be used in conjunction with Rietveld refinement in
order to complete the structural fragment. A properly refined crystal structure from powder
diffraction data provides reliable information on the arrangement of atoms and molecules in
the crystal structure that are of interest to chemists (such as details of the molecular packing

arrangement and identification of the molecular interactions).

2.5 Raman Spectroscopy

The Raman effect was discovered in 1928 by Sir C. V. Raman and since the
development of Fourier transform methods and powerful laser sources, Raman spectroscopy
has been used routinely for studying vibrational properties of molecules. Raman scattering
experiments involve shifts in the wavelength of an incident monochromatic beam. In Raman
spectroscopy, the spectrum between 100 cm™ and 4000 cm™ is obtained in one experiment.
Raman spectra can usually be recorded non-destructively and can be recorded from samples

in a closed ampoule.
2.5.1 Theoretical Background
2.5.1.1 Molecular Vibrations

Molecules consist of atoms which have a certain mass and which are connected by
elastic bonds. As a result, they can perform periodic motions. All motions of the atoms in a
molecule relative to each other are a superposition of so-called normal vibrations, in which all
atoms are vibrating with the same phase and frequency. The amplitudes are described by a
normal coordinate. Polyatomic molecules with n atoms possess 3n — 6 (i.e., for non-linear

molecules) normal vibrations which define their vibrational spectra. These spectra depend on:
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(i) the masses of the atoms, (ii) their geometrical arrangement and (iii) the strength of their

chemical bonds.

Each atom can move independently along each of the axes of a Cartesian Coordinate
system. If n atoms constitute a molecule, there are 3n degrees of motional freedom. Three of
these degrees of freedom (the translational ones) involve moving of all atoms simultaneously
in the same direction parallel to the axes of a Cartesian coordinate system. Another three
degrees of freedom also do not change the distance between atoms, as they describe molecular
rotations, e.g., about the principal axes of the inertial ellipsoid of the molecule. For a non-
linear molecule, the remaining 3n — 6 degrees of freedlom are motions which change the
distances between atoms: the lengths of the chemical bonds and the angles between them.
Since these bonds are elastic, periodic motions occur. All vibrations of an idealized molecule

result from superposition of 3n — 6 non-interacting, normal vibrations.

Since the centre of gravity is immobile when a molecule vibrates, the amplitudes are
inversely proportional to the masses of the atoms. The force necessary to move the atom to a
certain distance x from an equilibrium position is proportional to the force constant f, a
measure of the strength of the bond. This is Hooke’s law

F=-f (2.11)

The potential energy, ¥, of a molecule which obeys Hooke’s law is obtained by integrating
Eq. 2.11

V=Y f (2.12)

in which = x—x,, x,is the Cartesian coordinate of the potential minimum. The graph of this
function is a parabola; it is referred to as a “harmonic” potential because the model performs a
“harmonic” vibration. The atoms move with a definite frequency, according to the cosine

function

x = x, cos(2zvt + ) (2.13)
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that describes the motion of the atom as a harmonic oscillation. Here v is the vibrational
frequency and ¢ is the phase angle. The bonds in actual molecules, however, do not obey
Hooke’s law exactly. The force to compress a bond by a definite distance is larger than the
force required to stretch this bond. According to classical mechanics, a harmonic oscillator
may vibrate with any amplitude, which means that it can possess any amount of energy, large
or small. Quantum mechanics, however, shows that molecules can only exist in definite

energy states. In the case of harmonic potentials, these states are equally spaced in energy

E; =hv(v, + %) where v; =0, 1, 2,...,n (2.14)

For anharmonic potentials, the distances between energy levels decrease with increasing
energy. These energy levels are numbered v;, the vibrational quantum number. At v; =0, the

vibrational energy has its lowest value.

For polyatomic molecules the frequency of normal vibrations may be calculated by
applying the Lagrange equation of the kinetic and potential energy of the molecule. The

kinetic energy of a molecule is given by the masses (m;) of the atoms and their velocities (v;)

E, = %Zmiviz (2.15)

Generally, the potential function of a polyatomic molecule can be described by a Taylor series

v(r)= V0+Zf, +}/ny T+ Yo X fuliri + (2.16)

i,j,k

where the r; are suitable displacement coordinates from the equilibrium geometry at a

potential minimum and the constants
oV oV o’V
== e 2.17
/i (a’i) T (5’&] = (f%arjarkl =17

are called linear, quadratic and cubic, force constants. The potential can be defined such that
V, = 0. By definition, the second term in Eq. 2.16 is equal to zero, because the molecule is
regarded as being in equilibrium
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2. fir =0 (2.18)

The cubic and higher terms are difficult to determine; they have many components with a
comparatively small value. Therefore, to a good approximation, an acceptable potential

function has the form

2
V- yz(j ;] )
=}éz.ﬂ_’irirj

(2.19)

The off diagonal force constants (f;; with i # j) describe the change of the elastic properties of
one bond when another bond is deformed. Thus, the force constant of the bonds, the masses
of the atoms and the molecular geometry determine the frequencies and the relative motions

of the atoms.

In the following sections, it is useful to keep in mind that molecular potentials are not
exactly harmonic but that the harmonic approximation is generally sufficient. We have seen
that classical mechanics describes molecular vibrational frequencies but only quantum
mechanics can specify the change of energy of the vibrational states and the interaction with

the light quanta which is absorbed, emitted or scattered by a molecule.
2.5.1.2 The Molecular Polarizability Tensor

We consider a sample irradiated by an intense monochromatic radiation, such as a laser
beam, such that the frequency v, does not correspond to any characteristic vibrational or
electronic frequency of the molecule. The electric field £ of the incoming electromagnetic
radiation perturbs the electronic cloud of the molecule and consequently creates an induced

dipole moment P defined by

-

P=aE (2.20)

where & is the molecular polarizability tensor of rank two.
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2.5.1.3 Raman Scattering

During the vibrations of the molecule about its equilibrium position, » atoms of the
molecule vibrate at the same frequency and each atom passes through its equilibrium position
at the same time. As a consequence, the centre of gravity of the molecule does not change.
The polarizability of the molecule can thus be described in a fixed reference frame related to
the molecule. The polarizability tensor of the molecule may then be expressed as a function of
the normal coordinates of vibration, Q;, of the molecule, c—?.(Ql,Qz,Q3 ,-..,Q3,,-5)- It can be

shown®®* that @ may be written as a function of Q such that

= = [oa 1{d*a) 1(8"a) ..
a=a0+(—} Q+—-(——7J (0] +...+——‘[ ”] (0] (2.21)
0Q), " 280%), n\oQ" ),

where 30 is the molecular polarizability at the equilibrium and (J, is the normal coordinate at
equilibrium.
In the harmonic approximation, all but the first two terms of equation (2.21) become

negligible and we can then write the polarizability tensor as

G@=a,+a0 (2.22)

where

=, (oa
a =|—= 2.23

Although the incoming monochromatic radiation of frequency v, does not correspond to any
molecular energy transition, the electric field E (described as E = E, cos(2zv,t) ), gives rise
to an induced molecular dipole. Remembering that in the classical description, the normal

coordinates may be written Q = Q, cos(27rv t), equation (2.20) can be written as

P = &,E,cos2zvyt + @QyE, cos(2nv t)cos(2rv,t) (2.24)

which can be rearranged to give
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P= o:EOE‘o cos2nvyt + Y c?i'QOE'O (cos2m(vy + V)t +cos2m(vy —V)i) 2.25)

and contains terms of frequency (v, +v;) and (v, —v,). Thus, for each normal mode of
vibration of frequency », the induced dipole re-emits a polychromatic electromagnetic signal

composed of three different emissions with frequencies v,, (v, +v; ) and (v, —v; ).

These three frequencies belong to two different types: the Rayleigh activity, which
depends on the permanent polarizability tensor oy and gives rise to ¥, and the Raman activity,
which depends on the derivative of the polarizability tensor and gives rise to (v, +v, ) and
(VO —vk). Figure 2.7 shows that when excited by the incoming photon A»,, the molecule
cannot reach a stable and quantified higher energy level. Upon incidence of photon A, the
molecule passes through a virtual excited level and can follow three different relaxational

scattering processes in order to return to the fundamental energy level.

In Rayleigh scattering, the molecule returns to its initial energy level through emission
of a photon A»,. This scattering therefore occurs without change of frequency with respect to
the incident monochromatic wave (elastic scattering). In Raman Stokes scattering, the
molecule returns to a level through emission of energy hv . The change in molecular energy
is

hvg =hvy—hvg with hvg <hy, (2.26)

In Raman anti-Stokes scattering, the molecule returns to a level of lower energy than the

original level, with release of energy kv . The change in molecular energy is

Raman Scattering
Rayleigh Scattering ~ Stokes Anti-Stokes
................................................... £ T Vitual levels
......... JRT TP PP C TP T S
Incoming radiation
ANNNS> hvo hvg hvk
hVo
hvs § Vibrational levels

Figure 2.7. Rayleigh and Raman processes. 41
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hvg =hvg —hv, with hvg > hv, (2.28)

The two scattering processes correspond to different initial energy levels. The Boltzmann
distribution shows that, at a given temperature, the respective populations of these two initial
energy levels can be significantly different. For a given transition between two energy levels,
the lower level is the initial level for the Raman Stokes band and the upper level is the initial
level for the Raman anti-Stokes band. The lower energy level is more populated and thus the
Raman Stokes band is more intense. Therefore, the Raman Stokes spectrum is mainly used in

Raman vibrational analysis.
2.5.2 Polarnisation of Radiation

We use the reference system of Porto*!, in which the sample is situated at the centre O
of the reference frame defined by the system of orthogonal axes (X, Y, Z). The X axis is
defined as the direction of the incident laser beam and the Y axis is defined as the direction of
observation of the radiation scattered by the sample. The XY plane is known as the scattering
plane. The polarisation state of the radiation (incident or scattered) is defined with respect to
the scattering plane. Normally, the radiation is either polarised vertically or horizontally (i.e.,
perpendicular or parallel to the scattering plane) and its intensity is then denoted Iy or Iy,
respectively. The polarisation of the observed radiation is expressed by a notation that
describes the polarisation of the incident radiation and the polarisation of the scattered
radiation. If the incident laser beam is polarised vertically, the scattered beam may be
polarised vertically or horizontally and the corresponding intensities of the observed
radiations are denoted /yy and Iyy respectively. In a similar manner, if the incident laser beam
is polarised horizontally, the scattered beam may be polarised vertically or horizontally and
the corresponding intensities of the observed radiations are denoted Iyy and Iyy respectively

(Note that, in theory, Iyy = Iyy).
2.5.3 Experimental Set-up for Raman Scattering

Four different elements comprise a typical Raman spectrometer: the laser, the transfer
deck, the monochromator (double or triple) and the detector (photomultiplier or bank of

diodes). Figure 2.8 displays the general experimental set-up for direct geometry. Lasers are
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the most widely used radiation sources as they provide the high density monochromatic
radiation necessary to observe the Raman scattering effect. The gas used in the laser device
can either be neutral atoms such as He-Ne, or ions such as Ar+ or Kr+ The laser beam is
nearly parallel and, in general, is vertically polarised by construction (1y). In order to turn its
polarisation by 90°, to give horizontal polarisation (/#), a half wave crystal is placed before
the transfer deck. The transfer deck comprises the sample holder and two optical devices
designed to focus the laser beam onto the sample and to focus and concentrate the scattered

radiation onto the entrance slit ofthe monochromator.

Raman scattering is usually observed at an angle of 90° with respect to the direction of
the incident laser beam and this observation set-up is termed direct geometry. As the scattered
radiation can have any polarisation, a polarizer is generally placed after the transfer deck to
select either the vertical or the horizontal polarisation. Finally, in order to avoid an anisotropic
response of the monochromator to the vertically or horizontally polarised scattered rays, a
quarter wave crystal (or quartz scrambler) is placed between the polarizer and the
monochromator. This crystal circularises all possible polarisations, allowing a consistent
comparison of the Raman intensities obtained from experiments involving different

polarisations.

The monochromator analyses the radiation and provides a corresponding intensity for
each wavelength resolution unit. The monochromator is based on the combination of two or
three diffraction gratings. Upon hitting the reflecting surface of the diffraction grating,

composed of a series of closely and regularly spaced grooves each acting as an individual slit,

Laser
Sample Halfwave crystal
Circularised Light
Scattered Rays
Polariser
Scrambler
Monochromator

Detector

Figure 2.8. Instrumental set-up for a direct geometry Raman experiment.
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Sthe scattered light that comes through the entrance slit is diffracted at various angles towards
the exit slit. Only the diffracted radiation leaving the grating at a specific angle can then pass
through the exit slit towards the detector. Entrance and exit slits are equal in size, which
determines the spectral resolution. The detector is generally a photomultiplier placed after the
exit slit of the monochromator. The photomultiplier collects the incoming light generating an
electric signal proportional to the amount of photons striking its surface. The signal is then

processed by a computer to generate the spectrum.

2.5.4 Confocal Raman Microspectrometry (CRM)

Raman microspeci:rometry42 is a well-known, routine, non-destructive analytical
technique which offers a unique combination for probing the chemical and structural
properties of a sample on a micrometric length scale. This is achieved by using very efficient
optical filtering, a high brightness spectrometer, optically matched to a wide-aperture
microscope, and very sensitive detection charge-coupled device (CCD) components. With
confocal Raman microspectrometry (CRM), the spectral resolution is improved markedly
depending on the entrance slit used and depending on the grating selected to perform the

analysis. The spatial resolution is determined by the confocal apertures of the objective used.

Most Raman spectrometers for material characterization use a microscope to focus the
laser beam to a small spot (1 — 100 #m diameter). The scattered light from the sample passes
back through the microscope optics into the spectrometer at an angle of 180° with respect to
the direction of the incident laser beam (backscattering geometry) and is detected with a CCD
detector. A computer is used for data acquisition and curve fitting. These factors have helped
Raman spectroscopy to become a very sensitive and accurate technique. Confocal Raman
microspectrometry is used in different applications which include, for instance, the
characterization of gaseous, liquid or solid inclusions in materials (minerals), the depth
profiling of layered polymer samples, the investigation of subcellular features in biological

objects, and the molecular transport processes in organic solid materials.
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Chapter 3 Aspects of Solid-State
Photodimerization Reactions

3.1 Introduction

Structure-reactivity correlations require an understanding of the initial reactant crystal
structure. The S-phase of 4-fluoro-trans-cinnamic acid had an unknown structure. Using
powder X-ray diffraction, we solved the crystal structure. In this work, we monitored the
solid-state photodimerization of the S-phase of 4-chloro-tfrans-cinnamic acid (of known
structure) and the B-phase Vof 4-fluoro-trans-cinnamic acid under UV irradiation and we
followedv the structural evolution of the reactant and product phases by powder X-ray
diffraction. With this study, we were able to observe the behaviour of the crystal structure at
different stages of the photoreaction which will help us to understand phase separation

mechanisms between reactant and product.

3.2 Solid-State Photoreactions

Environmental and economic concerns in avoiding the expensive cost of recovering
polluted air and water as well as the intellectual motivation of the desire to show that
chemical processes can be carried out in a cleaner and safer way are important aspects of the
so called green chemistry. Green chemistry is the effort to reduce or eliminate the use or
generation of hazardous substances in the design, manufacture and application of chemical
products.' One of the techniques available to green chemistry is photochemistry. The use of
light as an energy source, and as an agent of chemical change, can allow very mild reaction
conditions that will lead to a cleaner, less polluted, solvent-free chemistry. In this regard,

solid-state photochemistry has contributed to the idea of green chemistry.

Photochemistry of organic crystals has been studied extensively”” in the last 40 years or
so. The basic concepts in organic solid state reactions were first established by Schmidt and
co-workers.” They systematically studied (in the early 1960°s) the factors that govern the
course of organic solid state reactions, especially photoinduced reactions. From the work
carried out by Schmidt and co-workers in the photochemistry of cinnamic acids, they

confirmed the topochemical postulate® established in 1918 by Kohlshutter, which states that
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reactions in the crystalline solid-state proceed with the minimum amount of atomic and
molecular movement. In a topochemical reaction, the constraining crystalline environment
controls the nature and properties of the products of the reaction. Therefore, the reactions in
the crystalline state are very different from those reactions that take place in solution or gas
phase photochemistry, because the crystalline environment can induce a high degree of regio-
selectivity, and stereo-selectivity, resulting in a high degree of control. As a result of the work
of Schmidt and co-workers, some important principles have been established. These
principles state that the intrinsic reactivity of a molecule is less important that the nature of
the packing of neighbouring molecules around the reactant, and the separation distance,

mutual orientation and space symmetry of reactive functional groups are crucial.

In crystalline solids, there are very few conformations (usually just one) taken up by
molecules which, in the dispersed state, are very flexible. Organic molecular crystals display a
rich variety of polymorphic forms, in each of which a particular conformer or particular
symmetry and separation of functional groups prevails. A polymorphic system comprises a
set of crystalline materials with the same chemical composition but different crystal
structures. Thus, in the case of molecular solids, polymorphism arises when a given type of
molecule can form different crystal structures. The phenomenon of polymorphism’? is of
considerable interest in the field of organic solid state chemistry since by crystal structure
comparison of different polymorphs we can understand relationships between physical

properties of the particular polymorph and its crystal structure.

[2+2] photodimerization reactions in crystalline frans-cinnamic acid and its derivatives
represent the classic example of a set of solid-state reactions which conform to the
topochemical principle. The trans-cinnamic acids and their derivatives crystallize in one or
more of three possible types'® (&, B, or 7), which may be distinguished by the product of their
photoreactions (Figure 3.1). In crystals of the a-type, the double bond of the molecule in one
stack overlaps with that of a centrosymmetrically related molecule in an adjacent stack. The
distance between the double bonds related by translation is greater that 5.5 A but that between
the double bonds related across the inversion centre is about. 4.2 A. Upon irradiation of this

type of crystal a centrosymmetric dimer is obtained. In the S-type structure, potentially
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COOH
B-type crystal B-truxinic
a a
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HOOC COOH HOOC - COOH
mﬁ a
a-type crystal a-truxillic
hy R
7 -type crystal > no photoproduct

Figure 3.1. Classification of crystals of trans-cinnamic acid derivatives according to their
behaviour upon UV irradiation. Note, that as shown, potentially dimerizable monomer
molecules in o-type crystals are related across a crystallographic center of symmetry,
whereas potentially dimerizable monomer molecules in B-type crystals are related
crystallographically by translation. This results in the production of a B-truxinic acid
following topochemical dimerization in S-type crystals.

reactive molecules are related by translation and are separated by a short repeat distance of
3.8-4.2 A, thus neighbouring molecules along the stack are translationally equivalent and
show considerable face to face overlap. All cinnamic acids which crystallize in this structure
react photochemically to give products of the same stereochemistry (mirror symmetric
dimers).

The single-crystal X-ray diffraction studies of Schmidt demonstrated well-defined
correlations between crystal structure and photoreactivity in these materials. In the type
structures, adjacent molecules are offset, so that the potentially reactive double bonds do not
overlap and, furthermore, the distance between them is large (4.8-5.2 A). Crystals of this type

are photostable. [2+2] photodimerization reactions of zrans-cinnamic acid and its derivates
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114 Using vibrational spectroscopy, it is

have also been analyzed by Raman spectroscopy.
possible to monitor the Raman intensity of the double bond of the monomer as a function of

conversion.

In our work, we have chosen the reactive phases (S-phases) of 4-chloro-trans-cinnamic
(CLCN) acid and 4-fluoro-trans-cinnamic (FLCN) acid. We also have determined the crystal
structure of FLCN acid using PXRD data (see section 3.5.1). '"H NMR showed that this
polymorph of FLCN was a photoreactive phase. By crystal structure determination, we
demonstrate that this is the Sphase of FLCN that will enable us to study its structural
properties under UV irradiation and to compare it with the CLCN case. Here, we demonstrate
correlations between crystal structure and photoreactivity, with a particular interest in
understanding, by means of powder X-ray diffraction, the structural evolution of the system
on passing from the reactant phase to the product phase. One of the main challenges in solid-
state photochemistry is to protect the single crystal from degradation by the reaction.
Crystallinity may degrade gradually during the photoreaction, for example through fracturing
of the single crystal to produce a polycrystalline product phase. Using powder X-ray
diffraction, the ability to monitor structural changes during the reaction is not affected by the
reaction proceeding in a “single-crystal to polycrystalline” manner. Indeed, by exploiting this
technique, we have the opportunity to monitor the evolution of structural changes associated

with such reactions.

3.3 Methodology
3.3.1 Solid Solutions

The first stages of any solid-state reaction can be described as a dilute mixed crystal of
the product in the crystal phase of the reactant. Mixed crystals or solid solutions are
structurally regular solid-state phases with a crystal structure characteristic of one of the two
components. Mixed crystals do not have precise stoichiometric composition like inclusion
complexes or clathrates, but they can exist over an extended and continuous range of
compositions. Nevertheless, they may have limited co-solubilities with compositions beyond
which they may not exist. The extent and possibility of mixed crystallization is still

determined by the similarity between the reactant and product. It is interesting to note that
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Phase Liquid
Separation
Starting Material Starting Material-like Reactant-like Product-like Product
Mixed Crystal Mixed Crystal Mixed Crystal
Phase
Separation

Product-like phase
recrystallizes from
Reactant-like phase

Figure 3.2. Accumulation of product can occur in a continuous mixed crystal (center), or
by phase separation to a liquid (top) of'a bi-phasic (bottom) solid.

structural factors facilitating solid-state reaction (such as complementarity between the
product molecule and the reaction cavity in the reactant crystal) may also facilitate the
formation of a mixed crystalline phase ofthe product in the lattice of the reactant. Solid-state
reactions having a reactant ideally predisposed to form a given product will be favoured in
this regard. Products that cause small perturbation to the crystal lattice of the reactant should
be tolerated and allow for high conversion values, producing mixed product/reactant crystals
across a wide composition range. Limited solid-state solubility, on the other hand, can cause
severe crystal lattice perturbations, leading to large numbers of defect sites. Such reactions are

likely to proceed to low conversion limits or to lead to rapid loss of selectivity.

The evolution of a solid-state reaction occurring throughout the bulk of a crystal
following the formation of a dilute mixed crystalline phase should depend on: i) the solubility
of the product in the crystal phase of the reactant, ii) their phase separation mechanisms and
ill) the influence of intermediate and final solid phases on the reactivity of the starting
material. While the number of possible scenarios may be large, one may distinguish three
general pathways (see Figure 3.2) that depend on the overall changes that occur as the

composition ofthe crystal changes from reactant to product.
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3.3.2 Wavelength Selection for Irradiation

One of the main problems that we found carrying out solid-state photoreaction in
cinnamic acids is the degradation of the crystal when irradiated with UV light. Irradiating the
sample in the range in which the crystal absorbs light strongly can cause the sample to suffer
strong internal strain'> and thus become less crystalline. This fact reduces the quality of the
powder diffraction data (broad lines). A proper selection of excitation wavelength can help us
to reduce the internal strain thus preventing the crystal degradation. Excitation with
wavelengths that are strongly absorbed by the reactant (high molar extinction coefficient)
result in a high conversion near the crystal surface. On the other hand uniform excitation
throughout the whole crystal can be achieved if the sample is irradiated at wavelengths for
which the molar extinction coefficient of the reactant is as small as possible and that of the
product is zero. The wavelength chosen for irradiation has been shown to be extremely
important for maintaining the homogeneity of the reaction.'® Frequently, this occurs at the
“tail” of the UV-Vis spectrum of the reactant.

3.3.3 Homogeneous and Heterogeneous Reactions

In a homogeneous reaction, it might be presumed that initial product formation occurs
randomly throughout the bulk of the crystal but this is not always the case. Wegner'' has
introduced a useful distinction between heterogeneous and homogeneous solid-state reactions.
Heterogeneous reactions show preferential product formation at distinct nucleation sites,
defined by defects or a surface. The resulting product distribution leads most often to the
separation of a new phase when the product locally reaches the limit of its solid-state
solubility. Homogeneous reactions are those in which the product is distributed randomly in
the crystal throughout the reaction. These proceed by way of a solid solution of product in the
reactant crystal, without ever undergoing phase separation. The strict requirement of random
product distribution implies that no photoreaction can be truly homogeneous, since absorption
at the surface will always be greater that in the interior. Here, we use “homogeneous” to mean
reactions that proceed by way of a continuous solid solution that preserves the mixed-

crystalline nature of the reacting crystal throughout the transformation.
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R P
L
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Pure Product: P Product-like Mixed Crystal: PMC Eutectic Point: E

Figure 3.3. Possible phase diagram representing the solid state solubility of a binary
system.

Thus, homogeneous reactions maintain the structure of the reactant crystal, but with the
reactant molecules gradually replaced by product molecules. Such reactions can be followed
by X-ray crystallography and the structure of the as-formed product can be determined in
situ. 81 Single-crystal-to-single-crystal reactions are rare, as most solid state reactions disrupt
the lattice hosting the reaction to some extent. Some reactions destroy the crystallinity of the
medium to give liquid or amorphous phases and some reactions lead to new crystalline phases
by poorly understood reconstructive mechanisms. In principle, the evolution of a reacting
system, from a phase transformation point of view, may be followed according to the phase
diagram of the reactant and the product(s). A solid-to-solid reaction along the dotted line in
the hypothetical phase diagram (Figure 3.3) would start with formation of reactant-like mixed
crystals (RMC). In the example in Figure 3.3, the reaction would continue within the RMC
phase until the solubility limit of the product was reached, for example at about 20%
conversion in Figure 3.3. After this, the RMC no longer tolerates the product, and phase
separation would occur. Segregation of the reactant and the product would result in
recrystallization into the RMC phése and “product-like” mixed crystal phase (PMC).
Conversion values between 20 and 90% would involve a weighted mixture of crystals with
compositions given by the solubility limits of the two allowed solid phases and, at the end, the

reaction would reach completion within the PMC phase.
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Potentially the preferred product from the solid state reaction can change as a function
of conversion. While dimerization is favoured at low conversion values, rearrangement can
become increasingly important as the reaction proceeds. However, as the reaction proceeds,
the local structure may be altered, so that potential reaction partners may no longer exist or

may not have the required orientation.
3.4 Experimental

Samples of CLCN and FLCN were obtained from Aldrich and recrystallized from
ethanol before irradiation. For the irradiation experiments, single crystals of CLCN and FLCN
acid were spread over a glass slide to form a thin layer of single crystals. We then introduced
the sample into a UV lamp housing and the sample was irradiated with an Oriel ultra-high-
pressure 200 W (Hg(Xe)) UV lamp. The power used to irradiate the crystals was 40 W and
the time was varied between 1 and 34 hours. We used a CVI Technical Optics 305 nm filter to
control the wavelength used in our experiments. In our samples, the optimum wavelength to
be used is at 305 nm, as shown in Figure 3.4. The starting material in both cases was

colourless, but turned yellowish on irradiation with UV light.

Once the reaction was finished, we immediately ground the sample using a pestle and
mortar until a fine crystalline powder was obtained. This sample was packed into a capillary
0.40 -
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-0.05 v—

Ei v T v T ¥ T v T v T -r
269 319 369 419 469 519 569
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Figure 3.4. Preferable excitation wavelengths used for 3-phase of 4-chloro-trans-cinnamic
acid.
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glass tube which was mounted into a goniometer head to perform the PXRD analysis. It is
important to highlight that we performed the PXRD just after the solid-state reaction was
finished, as we noticed that the photoproduct was unstable and further recrystallization
processes were observed. The same samples used for the PXRD analysis were removed from
the capillary tube and dissolved in DMSO-d¢ to carry out solution state 'H NMR study in
order to assess the conversion from reactant to product. The changes in the lattice parameters
of the reactant and product were followed by a series of Le Bail refinements using the GSAS

package.
3.5 Results and Discussion

In this section, the crystal structure of the 3-phase of FLCN, solved from PXRD data, is
presented. This is followed by the description of the evolution of the lattice parameters of
CLCN and FLCN acid upon UV irradiation.

3.5.1 Structure Solution of 4-Fluoro-trans-cinnamic acid using PXRD

The powder X-ray diffractogram was measured at ambient temperature on a Siemens
D5000 diffractometer (operating in transmission mode using Ge-monochromatized Cu K
radiation). The data were recorded for 26 in the range 3.5-70° and the total data collection
time was 10 h. The diffractogram was indexed by the program DICVOL to give a monoclinic
unit cell @ =31.706(4) A, b=6.489(5) A, ¢ =3.878(1) A; B=94.74(0)°; ¥ =795.132(35) A%,
Z=4. The Pawley?® fit gives an agreement factor of R, =5.5 %, representing an acceptable
fit of the whole powder diffraction profile using this unit cell and allowing reliable peak width
and peak shape parameters to be determined for use in our subsequent GA structure solution
calculations. From systematic absences, the space group was assigned as P2/a and from

density considerations, there is one molecule in the asymmetric unit.

The structure solution was carried out using the “direct-space” methodology with a
Genetic Algorithm search method. The molecular fragment used in the structure solution
calculation is depicted in Figure 3.5. Each structure was defined by a total of six variables
(x,y, 2, 6, ¢, @) as there are no variable torsional angles (the molecule is constrained to be

planar).
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Figure 3.5. Structural fragment used in the GA structure calculation of the /5-phase of
4-fluoro-trans-cinnamic acid.

The program EAGER, using the multi-population approach to parallelization, was used
to solve the structure involving evolution of 2 sub-populations, each containing 500 structures.
The mating rate was set at 50% and 30 mutants were allowed per generation. In the mating
procedure, coordinates and orientation angles were kept as blocks and spliced to generate
offspring. Figure 3.6 depicts the best (Rmin), the average (Rave) and the worst (Rmwy Rup values

as a function of generation number, reaching the minimum value of 16.42 %.

mm/Tpopi
nmfl*pop,
avefljxp,

£ maxy'pg,

- aveflppop.

200 300 400 500

Generation Number

Figure 3.6. Evolutionary progress plot for the GA calculation showing the minimum,
maximum and the average values of  for two sub-populations as a function of generation
ofthe /5-phase of 4-fluoro-/ra«s-cinnamic acid.
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Figure 3.7. Experimental (+ marks), calculated (black solid line) and difference (blue lower
line) powder X-ray diffraction profiles for the final Rietveld refinement for
4-fluoro-/ra«s-cinnamic acid.

Rietveld refinement calculations were then carried out using the GSAS program
package, taking the structure solution corresponding to Rwp= 16.42% as the starting
structural model. Soft constraints were applied to the geometry of the molecule and hydrogen
atoms were added to the structure in positions consistent with standard geometry. For the non-
hydrogen atoms, isotropic atomic displacement parameters were fixed at physically plausible
values. A preferred orientation parameter was refined along the a axis. The total number of
variables was 62 and the number of data points was 3245. For the final refined structure,
Rwp=4.6 % and Rp = 3.4 %. The experimental diffractogram, the diffractogram calculated for
the fully refined structure and the difference between these diffractograms are shown in
Figure 3.7. The fractional coordinates for the non hydrogen atoms and their Uiso values are
given in Table 3.1. The structure ofthe /?-phase of4-fluoro-rra«s-cinnamic acid after the final

Rietveld refinement is shown in Figure 3.8.
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Table 3.1. Fractional coordinates and Uiso for the reactant phase of FLCN.

Atom x/a
F 0.21311(10)
C  0.18735(7)
C  0.14328(2)
C  0.11707(5)
C  0.13385(5)
C  0.17809(3)
C  0.20438(5)
C  0.10437(3)
C  0.06244(3)
C  0.03400(5)
0 0.04786(5)

0 -0.00372(11)

Figure 3.8. View along the c axis ofthe molecular arrangement in the FLCN.

y/b z/c
-0.5117(5)  0.8662(6)
-0.35881(25)  0.7324(4)
-0.37626(23)  0.7393(4)
-0.22090(14)  0.6041(4)
-0.04633(22)  0.4605(4)
-0.03049(23)  0.4538(4)
-0.18762(13)  0.5915(4)
0.1184(6) 0.3216(20)
0.1092(8) 0.3343(22)
0.26935(35)  0.1956(5)
0.44289(29)  0.0377(4)

0.2468(4)  0.2132(6)

Uisjk
0.0890
0.0561
0.0870
0.0567
0.0331
0.0850
0.0850
0.0600
0.0300
0.0374
0.0850

0.0826
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d=3.878 /

Figure 3.9. Stacking pattern in the /3-phase of 4-fluoro-fr*a«s-cinnamic acid showing
adjacent molecules in different sheets.

3.5.1.1 Crystal Structure

The packing of the /3-phase of 4-fluorocinnamic acid is very similar to the structure
observed in the /8-phase of 4-chloro-fr'aHS-cinnamic acid.01 The molecules of FLCN are planar
and pairs of molecules are related to each other by an inversion centre (the carboxylic acid
dimer motif) (Figure 3.8) involving the formation of hydrogen bonds between carboxylic acid
groups. These hydrogen bonds are formed between FLCN molecules that are coplanar and
involve the OH group of one monomer with the OH of the adjacent monomer. The geometry

ofthis hydrogen bond is O-H—O: 162.30° and O—O: 2.586 A.

The FLCN molecules form stacks parallel to the ¢ axis (the shortest unit cell axis) with
adjacent molecules related by translation (3.878 A) as shown in Figure 3.9. This close
distance between the double bonds and the head-to-head packing favours the formation, via a
topochemical reaction, of the /3-truxinic acid dimer (mirror symmetric dimer) under exposure

of UV light. This is discussed in the next section.
3.5.2 Monitoring the Conversion of Reactant to Product by JH NMR

Solution 'H NMR allows us to follow the conversion from reactant to product in the
solid-state reaction. In Figure 3.10, we can see the /H NMR spectrum for the reactant phase of
4-chloro-/ra«s-cinnamic acid (Figure 3.10a) and the *H NMR spectrum for both the reactant
and photoproduct phase (Figure 3.10b). The peaks corresponding to the photoproduct are
labelled with a star mark. Clearly, it is possible to assess the conversion of the photoreaction

by *H NMR. Integrating these intensities, we calculate the ratio that corresponds to the
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photoproduct and the maximum conversion is very close to that calculated by theoretical

approaches® for reaction maximum in B-phase cinnamic acid crystals.
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Figure 3.10. (a) Solution '"H NMR spectra for the reactant 4-chloro-trans-cinnamic acid
and (b) the mixture of 4,4’-dichloro-B-truxinic acid and 4-chloro-frans-cinnamic acid
obtained for the photoproduct after 8 hours of photoreaction. Expanded region shown in the
inset.
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As mentioned in Section 3.2, this kind of reaction corresponds to a reaction along a

stack of monomer molecules to produce a mirror-symmetric dimer, and the theoretical

maximum conversion calculated for a 8-phase structure is 86.46 %. The o and 8- phase differ

| <

COOH
COCH

Figure 3.11. Tlustration of dimerization in 8- and o phase cinnamic acids, showing that,
by the end of the reaction, certain monomer molecules can remain unreacted (‘isolated’) in
the B-phase, whereas for o~ phase structures all monomer molecules can react.
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in the theoretical maximum possible conversion into dimer. Whereas in the a-phase, two
monomer units are paired (across the crystallographic centre of symmetry) and are therefore
capable of dimerization so long as they can maintain this alignment, irrespective of progress
of dimerization elsewhere in the lattice, in the /3-phase, a monomer molecule may find itself
eventually isolated (Figure 3.11): a parallel stack designated by M...M...M...M...M may
react to form Mz2.. .M... Mz in which the remaining monomer molecule is unable to react. Such
“isolated” monomer molecules are only able to react subsequently if a solid state

recrystallization mechanism is operative.

Photodimerization in many /3-phase trans-cinnamic acids is thought to occur according
to a dimerization-followed-by-recrystallization mechanism. In summary, the mechanism
proceeds as follows. Dimerization within the monomer crystal will produce a dimer/monomer
solid solution and, after a certain extent of dimerization (when the concentration of dimer in
this crystal has reached its solubility limit), phase separation will occur to give a monomer-
rich (or pure monomer) phase and a dimer-rich (or pure dimer) phase:

dimerization recrystallization
{MZIM =-mmmmmmmmmmmeeeeee »{MxDy} M » {MaDb}\i + {M<ID G D

M and D represent monomer and dimer, respectively, { jm and { }d denote the monomer and
dimer crystal structures. The important question here concerns the identity of the monomer

phase produced following the recrystallization step. Ifthe /3-phase is generated, then in further

100n

Crinvo

Time(h)

Figure 3.12. Product conversion as a function of time for CLCN (red line) and FLCN
(black line).
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dimerization-followed-by-recrystallization steps, the monomer-to-dimer conversion in the
system as a whole will progressively increase. If the monomer recrystallizes out as the
+phase, then this monomer can not take part in further reaction. In our experiments, the
maximum rate of conversion for 3-CLCN acid was obtained after 33 hours of photoreaction
with a yield of 86.6 %. In the case of B-FLCN acid, the maximum conversion was 77 % and

was achieved after 34 hours of photoreaction (Figure 3.12).
3.5.3 Monitoring the Evolution of the Lattice Parameters by PXRD

Powder X-ray diffraction patterns are valuable because they contain information
relating to the changes in structure. Using this technique, we can follow the evolution of the
lattice parameters corresponding to the reactant and product phases. As far as we know, this is
the first time that the photoreaction in a cinnamic acid crystalline phase has been evaluated
using PXRD. First of all, we demonstrate that the photoproduct obtained after irradiation
could not be described using only one phase, thus, it was necessary to use a second phase
(dimer) to fit the experimental data. We also checked that it was not possible to fit the data
using only product phase. Two phases, reactant and product phase, were necessary to monitor
the structural evolution of the system. In order to follow the evolution of the lattice
parameters, we carried out a series of Le Bail refinements. The first Le Bail refinement was
carried out for the original phases of S-CLCN and S-FLCN which provided us with the
starting point in our calculations. The lattice parameters were labelled as {aq, bo, co} for the
starting unit cell for both compounds, whereas the lattice parameters at different stages of the

photoreaction were labelled as {a, b, c}.

A feature of the results is the presence of both reactant and photoproduct peaks in the
powder diffraction pattern during the reaction. The model in Figure 3.11 for the B-phase
implies that if the reactant and photoproduct form a continuous solid solution after
dimerization, then a single set of peak positions (which may shift as a function of conversion)
is expected. Indexing of the pattern using conventional programs (ITO, TREOR, DICVOL) is
extremely complicated because in some areas of the diffractogram both sets of peaks overlap
and distinguishing between product and reactant peaks is difficult. For this type of solid-state

reaction, we expect to observe a doubling of the lattice parameter along the direction in which
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the stacking pattern of the monomer phase takes place (shortest unit cell axis). Once we had
established the lattice parameters corresponding to the dimer phase, we carried out Le Bail
refinements always using the previous photoproduct (i.e., from the previous value of
conversion) as the starting point. With this approach, we can monitor the evolution of the
lattice parameters of both reactant and product phases, and hence detect phase separations, as

a function of conversion.
3.5.3.1 Solid-State Dimerization of 4-Chloro-trans-Cinnamic Acid

Single crystals of CLCN acid were irradiated for different periods of time. The
maximum conversion (86.6 %) was obtained after 33 hours of reaction. The lattice parameters
for the reactant phase were: ap=32.813 A, by=3.890A, cy=6.538A4; S =95.94°
Vo=1830.30 A. The space group was P2;/a. Even in the early stages of the photoreaction
(=10 % conversion), there is already a second phase present in the sample. Thus, in the
PXRD diffractogram, there is a shoulder in the main peak (26 =18.5°) that is not predicted
for the starting unit cell (see Figure 3.13). Therefore, a second phase must be introduced to
match this peak, indicating that phase separation occurs in the early stages of the
photoreaction for CLCN acid (Figure 3.14). The unit cell used to predict the peak position
corresponding to the photoproduct was: a =32.813 A, 5=6.90 A, c = 6.538 A; = 95.94°;
V'=1476.96 A (the space group assumed for the Le Bail fit used was P2). Using this unit cell,
we could exactly predict all the peaks due to the dimer phase. This unit cell was refined using
the Le Bail method and was used as a starting unit cell for the photoproduct at the next value
of conversion. In carrying out the mixtures of reactant and product phases, the reactant unit
cell was refined while the product unit cell was held fixed and vice versa, until optimal fit was
obtained. This method was applied to analyze the materials cells obtained at all stages of this

solid-state photoreaction.
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Figure 3.13. Phase separation is observed from the early stages of photoreaction, (a) At
10 % conversion, using one phase for unit cell refinement is already inadequate -a shoulder
peak has appeared at 26 =18.5°. (b) At high conversion (26 %), the discrepancy in the
difference plot (blue line) especially ~18.5° is much greater. Clearly, as shown in the
difference plots, the experimental diffraction pattern cannot be fitted using only one phase.
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Figure 3.14. Introduction of a second phase (red tick marks) significantly improves the
difference plot at both high and low conversion, (a) The unit cell refinement for reactant
and product phases at 10 % conversion, (b) The unit cell refinement for reactant and

product phases at 26 % conversion.
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0 10 20 30 40
20

Figure 3.15. Evolution of the diffraction pattern during the photoreaction after 0 %, 10 %,
26 % 40 %, 64 % of conversion. The peak marked with asterisks show the main change in
the diffraction pattern. The second phase is introduced to fit the photoproduct unit cell.

Figure 3.15 shows the evolution of the diffraction pattern at different stages of the
photoreaction as a function of conversion. The peak marked with an asterisk (20= 18.5°)
belongs to the dimer phase. After 10 % conversion, the solubility of the reactant has been
exceeded and phase separation takes place. As reaction proceeds, the amount of dimer is more
evident. It is also clear that the crystallinity of the sample decreases (the background
increases) as a function of conversion (Figure 3.15). After 86.6 % conversion, the crystallinity

ofthe sample was poor and the photoreaction was not possible to follow beyond this point.
To monitor the structural evolution ofthe reactant phase, we used normalized change in

lattice parameters

A L =13.1)
Lo

where L is the lattice parameter (a, b, ¢, J3or V) and L0 is the initial value. For the product

phase, the lattice were obtained from a Le Bail refinement.

The absolute values of'the lattice parameters are given in Tables 3.2 and 3.4, whilst the
values of AL are given in Tables 3.3 and 3.5 and are plotted in Figure 3.16. The normalized

changes in the unit cell parameters are of the order of 0.005 - 0.05. As expected for a
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topotactic reaction, the variation in the lattice parameters are very small. The values obtained

in this work are similar to the values observed in previous solid-state photoreactions.'®

(a) Reactant

0 10 20 30 40 50 60 70

% Conversion
(b) Product
0.02 .
0.01 ]
0.00 .- s 2
-0.01 .

0 10 20 30 40 50 60 70
% Conversion
Lattice parameters: m a; @ b, A ¢ VvV V. & B

Figure 3.16. Lattice evolution for (a) reactant and (b) product phase of CLCN.
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Table 3.2. Lattice parameters for the reactant phase of CLCN during conversion.

% Conversion a (A) bA) cRA) BO) VA
0 32.813 3.89 6.538 95.94 830.30
10 32.8491 3.893 6.533 96.186 830.54
13 32.877 3.891 6.536 96.341 831.04
27 32.884 3.886 6.539 96.278 830.77
40 32.888 3.886 6.54 96.327 830.84
64 32.888 3.885 6.537 96.354 830.16

Table 3.3. Normalized change of lattice parameters for the reactant phase of CLCN.

% Conversion Aa Ab Ac AB AV
0 0 0 0 0 0
10 0.0011 0.00066 —0.00073 0.0026 0.00028
13 0.00195 0.00026 —0.00038 0.0042 0.00089
27 0.00216 -0.0010 0.00015 0.0035 0.00056
40 0.00229 -0.0010 0.00030 0.0040 0.00065
64 0.00229 -0.00129 -0.00015 0.0043 -0.00017
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Table 3.4. Lattice parameters for the product phase of CLCN during conversion.

% Conversion a (A) bA) cA) BEO) V@AY

0 32.813 6.9 6.538 9594 1476.956
10 32.892 6.8974 6.5479 96.194 1476.85
13 3294 6.893 6.5515 96.323 1479.677
27 © 32988 6903 6.528 97.457 1473.947
40 33.01 6.902 6.533 97.479 1475.788
64 33.026 6.903 6.534 97.707 1477.263

Table 3.5. Normalized change of lattice parameters for the product phase of CLCN.

% Conversion Aa Ab Ac AB AV
0 0 0 0 0 0
10 0.00241 -0.00038 0.00151 0.0265 -0.00007
13 0.00387 —0.00101 0.00206 0.0399 0.00184
27 0.00533 0.000435 -0.00153 0.01581 -0.00204
40 0.0060 0.000290 -0.00076 0.01604 -0.00079

64 0.00649 0.00437 —0.00061 0.01842 0.000208
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3.5.3.2 Solid-State Dimerization of 4-Fluoro-trans-Cinnamic Acid

Single crystals of FLCN acid were irradiated for different periods of time. For this
compound, the maximum conversion of 77 % was obtained after 34 hours of reaction. The
initial lattice parameters for the reactant phase were: ap=31.706 A, by=6.489 A,
co=3.878 A; By=94.74° and V,=795.132 A. The space group was P2i/a. The PXRD
analysis showed that the changes in the diffraction pattern are not as evident as in the case of
CLCN acid. Mainly the peaks with hkO shifted towards lower 26 values, reflecting the
increase in size of the photoproduct. For FLCN, the introduction of a second phase was not
required until 50% of conversion. This fact reflects that the solubility of the product in the
FLCN phase is higher than that of the CLCN. The unit cell used to predict the peak position
corresponding to the photoproduct was: ap=31.706 A, by=6.489 A, c,=6.942 A;
Bo=95.74° and ¥V, =1421.09 A and for the Le Bail fitting, the space group was assumed to
be P2. Using this unit cell, we could predict exactly all the peaks that belonged to the dimer

phase.

We only monitored the evolution of the lattice parameters corresponding to the reactant

phase, since phase separation took place at a very advanced stage of the photoreaction. The

0.02
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-0.014 . . ' r —
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Figure 3.17. Lattice evolution for the reactant phase of FLCN.
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same approach as in the CLCN case was used here to follow the lattice evolution. The

variation of the lattice parameters is given in Tables 3.6 (absolute) and 3.7 (normalized) and

plotted in Figure 3.17. As expected for this type of solid-state reaction, the changes in the

lattice parameters are small but consistent for a topotactic reaction.

Table 3.6. Lattice parameters for the reactant phase of FLCN during conversion.

% Conversion  a (A) bAA) ¢cA) BC) V&)
0 31.706  6.489 3.878 94.742 790.061
10 31.698  6.501 3.873 95.395 794.424
22 31.597  6.524 3.865 95.991 792.285
28 31.613  6.526 3.861 96.280 791.691
40 31.610  6.527 3.861 96.297 791.773
50 31.616  6.542 3.864 96.414 794.232
56 31.623  6.543 3.864 96.434 794.345

Table 3.7. Normalized change of lattice parameters for the reactant phase of FLCN.

% Conversion Aa Ab Ac AB AV
0 0 0 0 0 0
10 —-0.000252 0.001849 -0.001289 0.006892 0.005522
22 —0.003438 0.005394 -0.003352 0.013173 0.002815
28 —-0.002933  0.00570 -0.004384 0.016234 0.002064
40 —0.003028 0.005856 —0.004384 0.016413 0.002166
50 —-0.002839 0.008168 —0.003610 0.017648 0.005279
56 -0.002618 0.008322 —0.003610 0.017859 0.005422
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3.5.4 Evolution of Lattice Parameters

In Figure 3.16, the evolution of lattice parameters for the reactant and product phases of
CLCN acid show that the main change in the unit cell of the reactant takes place in the early
stages of the photoreaction, 0-12% conversion. The lattice parameters show no significant
variation in the further stages of the reaction. For the product phase, we see that between 0
and 26 % conversion, the lattice parameters of the new phase have undergone a major
variation (particularly 8) due to the phase separation process. After this, the product phase
does not show significant changes. We interpret that after phase separation, the reactant phase
does not change as there is no more solid-state reaction within the reactant unit cell. In the
photoproduct case, since phase separation occurs at 12 % and it is possible to observe changes
in the lattice parameters until 26 %. In the early stages of the reaction (i.e., from 12 % to
26 %) is where the main changes are observed due to the dimerization involving the doubling
of the shortest unit cell axis (stacking pattern direction). After 26 % of conversion the product
phase does not change significantly since the main change in the lattice parameters has

already been carried out.

Figure 3.17 shows the evolution of lattice parameters for FLCN as a function of
conversion. Interestingly, in this case the reactant phase seems to accommodate the
photoproduct within the reactant unit cell better than the case of CLCN acid. Phase separation
was observed only after 50 % conversion and, as observed in Figure 3.17, the lattice
parameters are stable after approximately 30% conversion. The solubility of the photoproduct

phase in the reactant crystal is clearly higher for FLCN than for CLCN.
3.6 Conclusions

The topochemical principle states that reaction in the solid state occurs with a minimum
amount of atomic or molecular movement. This implies that a certain amount of motion of
various atoms in the crystal is tolerable. In cinnamic acids, the double bonds in the crystal do
not stack precisely on top of each other.?’ We understand the variation of the lattice
parameters, some structural reorganization is required to accommodate the product mixture
reactant crystal. Even under ideal conditions, movement of double bonds towards each other

is essential for dimerization to take place. The criterion of less than 4.2 A of separation
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implicitly assumes that such a motion can be accommodated in the crystal. Using PXRD we
have successfully determined the crystal structure of the B-phase 4-fluoro-trans-cinnamic acid.
This structure conforms to that of other S-phase of cinnamic acids with a short repeat distance
of 3.878 A. Therefore, it was an ideal sample to be used in the study of its physical properties
under UV light.

In this experiment we have observed how the lattice parameters for both CLCN and
FCNA acids vary between 0.004-0.02 A during the photodimerization reaction. Such
variation can be explained on the grounds of structural reorganization required for the reaction
to occur and to accommodate product molecules within the monomer crystal, at least up to the
solubility limit. We observed that this small variation is consistent with this type of process
which appears to be very similar to other photoreactions studied previously. As far as we
know, this process has not been analyzed previously using PXRD technique. Using PXRD we
can study solid-state photoreactions even if the reaction proceeds in a single-crystal to
polycrystalline manner with the possibility to study systems that are not possible to

investigate by single crystal X-ray diffraction.

Unfortunately we did not succeed in obtaining the crystal structure corresponding to the
pure product phase using PXRD. The presence of two phases in the photoproduct represents a
hindrance to structure determination. Therefore, we cannot know the final molecular
arrangement of the photoproduct. Recrystallization of the product phase from solution can
provide one way to determine the structure of the dimer phase, although the recrystallized
phase could be a different polymorph from that obtained directly by the solid state reaction.
Further experiments geared towards a better understanding of the product phase as well as
crystal structure solution, will enable us to elucidate the reactivity of molecular crystals under
UV light. Solid state chemistry in crystalline organic materials provides a promise for
materials applications, for carrying out selective synthetic transformations and for use as tool
in studying fundamental aspects of organic reactivity. A better knowledge on phase-
separation mechanisms and how microscopic reactivity is related to macroscopic phase
changes is an important objective to fully exploit the potential of organic solid-state

chemistry.
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Chapter 4 Exploring Molecular Transport
Processes in Solid Organic Tunnel
Structures

4.1 Introduction

In this chapter, the molecular transport of linear molecules (alkanes) along one-
dimensional channels is presented. The material is based on an incommensurate urea
inclusion compound, in which guest molecules are contained within a system of parallel, one-
dimensional channels in a crystalline urea host structure. It has been demonstrated previously
that exchange of guest molecules in one direction along the urea channel system can occur by
inserting new guest molecules at one end of the crystal (by putting in contact with the liquid
of another potential guest), with the original guest molecules expelled from the other end of
the crystal. To understand details of the transport process in this system, it is essential to
understand the spatial distribution of the two types of guest molecule within the crystal and
the variation of the spatial distribution of the two types of guest molecule as a function of
time during the transport process. This molecular transport is studied in situ in this chapter
using confocal Raman microspectrometry, yielding information on the spatial distribution of

guest molecules, including its time dependence.
4.2 Molecular Transport in Incommensurate Solids

Many important processes, including several of biological'?, industrial’, and
nanotechnological®® interest, rely upon the transport of molecules or ions through channel
systems. Although details of the transport process clearly differ from one system to another,
well defined model systems have an important role to play in furnishing a general
fundamental understanding of such processes. In this regard, the design of a molecular-scale
capillary, capable of selective molecular transport process, was demonstrated.® The material is
based on an incommensurate inclusion compound, in which guest molecules are contained
within a system of one dimensional channels (diameter ca. 5.5 A) in a crystalline urea host

structure.””
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4.2.1 Basic Properties of Incommensurate Solids

In a conventional crystal, atoms or molecules are arranged in a periodic manner
throughout a macroscopic region of three-dimensional space, with the translational symmetry
characterised by three non-coplanar lattice vectors {a, b, c}. If a crystal requires more than
three lattice vectors to define its structural periodicity, the crystal is described as “aperiodic”.
To describe an incommensurate intergrowth material, it is necessary to define two basic
structures, each with three dimensional periodicity and characterized by the sets of lattice
vectors {a, b, c1} and {a, b, c;}. Incommensurate, intergrowth structures are a class of

aperiodic crystals'®*?

and comprise at least two interpenetrating substructures with the
property that, along at least one direction, the two substructures have different repeat
distances. In the simplest case, the ¢; and ¢, vectors are parallel and the ratio |c1}/|cz| is not
equal to a low-denominator rational number. This is the case studied here. Conversely, if this
ratio is equal to a low-denominator rational number, the composite system can be described
by a single repeat distance. As a result of the interactions between the two systems, each
substructure has a periodic modulation, the periodicity of which is the same as the periodicity
of the other basic structure. Therefore, substructure 1 has an incommensurate modulation with
period ¢; and substructure 2 has an incommensurate modulation with period ¢;. A
substructure is based on a basic structure and a modulation. In terms of dimensionality, four

lattice vectors @, b, c; and c; are required to define the translational symmetry of the complete

incommensurate system (Figure 4.1).

s
C1 5 (4]
b b
a , a
Periodic Crystal (g, b, ¢1) Aperiodic Crystal (g, b, c), ¢2)
@) ()

Figure 4.1. Schematic representation of the lattice vectors in a periodic crystal (a) and for
the case of an aperiodic crystal (b).
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Conventional urea inclusion compounds7'9 are a well known family of incommensurate
intergrowth materials. In these solids, long-chain alkane or substituted alkane guest molecules
are arranged within one-dimensional host tunnels, formed by a helical hydrogen-bonded
network ofurea molecules (Figure 4.2). The tunnels run the length ofthe crystal (along the c-
axis). There is an incommensurate relationship between the periodicities (& and cg
respectively) of the basic host structure and the basic guest structure along the tunnel

direction.

Incommensurate intergrowth materials, can also be classified by considering the
fluctuation in energy associated with translating one substructure relative to the other
substructure.14,15 We consider the magnitude of variations in the average host-guest
interaction energy per guest molecule as the guest substructure (with fixed cg) is translated
along the one-dimensional host tunnel structure. If the variations are sufficiently small, the
inclusion compound can be classified as an incommensurate material. If the variation in the
average host-guest interaction energy is significant, an energetic “lock in” will occur for a
specific position of the guest substructure relative to the host substructure. For the
incommensurate case, on the other hand, the energy of the inclusion compound is essentially
independent of the position of the guest substructure relative to the host substructure, giving

rise to the concept of activationless translation ofthe guest substructure along the host tunnel.

Figure 4.2. View along the tunnel axis of a single urea channel filled with one alkane guest
molecule with an arbitrary orientation. The diameter of the tunnel is about 5.5 A. Colour
code: carbon-grey; hydrogen-white; oxygen-red; nitrogen-blue.
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Interestingly, for an incommensurate system, the fluctuation in the host-guest interaction
energy for a single guest molecule translated along the host tunnel can be significant, even
though the fluctuation in the average host-guest interaction energy for the complete set of

guest molecules is negligible.

4.2.2 Exchange of Guest Molecules

Solid inclusion compounds can be classified depending on the stability of the host
structure upon removal of the guest molecules. Hard hosts are stable after the guest molecules
are removed from the tunnels. Zeolites are an example of hard inclusion compounds which
are often used in applications involving exchange of guest molecules. Soft host are those
structures that collapse after guest molecules are removed from the inclusion cavity. Usually,
the host recrystallizes to form a more compact and denser structure that does not contain
cavities. Thus, for soft hosts, the guest component generally acts as an essential template for
the formation of the host structure as well as an essential buttress for maintaining the stability
of the host structure; the collapse of the host structure on removal of the guest component is
often an irreversible process. In urea inclusion compounds, the urea host structure is unstable
in the absence of guest molecules and if the guest molecules are removed, the tunnels collapse
and re-crystallize as the crystal structure of pure urea (which does not contain empty tunnels).
The fact that the empty urea tunnel structure is unstable limits the scope for applications based
on urea inclusion compounds. For example, applications such as those exploited for
microporous inorganic hosts'®!” involving diffusion of guest molecules into, within and out of

the empty host structure are not feasible.

However, it has been shown® that, for soft hosts such as urea inclusion compounds,
exchange of the “original” guest molecules (G;) can be carried out by inserting “new” guest
molecules (G;) at one end of the tunnel and expelling the original guest at the other end of the
tunnel, providing that the structure remains filled throughout the transport process. Figure 4.3
shows how the exchange of guest molecules can be carried out by putting a urea inclusion
compound containing “original” guest molecules in contact with an environment containing a
potential “new” guest molecule (liquid). After some time, the “new” guest molecules will

replace the “original” molecules that will be extruded at the other end of the tunnels. The
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o “Original” Guest (Gi) New” Guest (G2

Figure 4.3. Schematic representation of molecular exchange by dipping a single crystal
into a liquid containing potential new guest molecules.

efficacy of'this exchange process should depend on properties ofboth the inclusion compound
and the external environment. The most important property ofthe internal environment should
be the relative affinity of the host structure for the two guest molecules, which depends
mainly on host-guest interactions. The most important property of the external environment
should be the chemical potentials of the guest molecules, the surface properties of the crystal
at the ends of the tunnels and the differences in the chemical potentials at the two ends of the

crystal.

While the occurrence of this transport process was demonstrateds on the basis of visual
observation, chemical analysis and X-ray diffraction, these previous studies did not
investigate the spatial distribution of the two types of guest molecules within the crystal nor
its variation as a function oftime. To address these issues, the present work demonstrates that
confocal Raman rnicrospectrometrylﬁ can be used successfully as an in situ probe of the
molecular transport process, yielding information on the spatial distribution of guest
molecules and its time dependence. Although several different combinations of guest
molecules are of interest, the focus here is on the system in which the “original” and “new”
guest molecules are 1,8-dibromooctane (DBO) and pentadecane (PD), respectively, as the
C-Br stretching vibration can be used to assess the relative amounts of DBO and PD guest
molecules in different regions of the urea inclusion compound single crystal and this can be
studied in a spatially resolved and time-resolved manner during the transport process within

the channel system.
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The driving force for the replacement of DBO by PD is the greater thermodynamic
stability for PD/urea than DBO/urea. It has been observed that similar exchange processes
occur for a wide variety of different sets of guest molecules in urea inclusion compounds and
that the exchange is found to be most favourable when there is a significant thermodynamic
driving force based on host guest interaction. In general, urea inclusion compounds containing
long-chain, unbranched guest molecules are more thermodynamically stable than those

containing short-chain or branched guest molecules.’
4.3 Experimental

Single crystals of the DBO/urea inclusion compound were prepared using standard
procedures. An excess amount of the guest species (excess with respect to the expected molar
guest/host ratio in the inclusion compound) was added to a saturated solution of urea in
methanol at 50°C. On obtaining a homogeneous solution, it was cooled slowly (for 120 hours)
to 20°C. Experiments were performed using a Labram II spectrometer (Jobin-Yvon), an Ar/Kr
2018 Spectra-Physics laser (514.5 nm) and a grating of 1800 lines/mm (spectral resolution
~6cm™). The laser was focused on the sample through a microscope (50% Olympus
objective) of 0.55 numerical aperture and the diameter of the confocal pinhole was 700 pum.

The radial and axial resolutions were 10 um and 50 um, respectively.

Single crystal X-ray diffraction was performed using graphite-monochromated Cu-Ko
radiation (A=1.54178 A) on a Bruker SMART diffractometer equipped with a CCD area
detector. Differential scanning calorimetric (DSC) data were recorded for all samples on a TA

differential scanning calorimeter.

The laboratory reference frame in our Raman experiments is defined in Figure 4.4, with
the Z axis collinear to the direction of the incident laser beam. The direction of polarization of
the incident laser beam defines the X axis. The scattered light was collected in the same
direction as the incident light (backscattering geometry) and was analyzed through a polarizer
along the X direction. A single crystal of DBO/urea was attached (using septum and Araldite
as a sealant) to a reservoir containing liquid PD (Figure 4.4). The long axis (tunnel direction)
of the needle-shaped crystal was aligned parallel to the X axis of the reference frame and

polarized spectra ((Z(XX)Z) in Porto notation'®) were recorded.
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DBO/Urea Single Raman Laser Scanned
Crystal Along the Crystal
Reservoir of Y
Liquid - 19X
| )

Pentadecane (PD)

Sealing System

The actual experimental
set up:

Figure 4.4. Schematic diagram of the experimental assembly, comprising the DBO/urea
inclusion compound crystal and reservoir containing liquid PD.

The DBO/urea single crystal and reservoir of liquid PD were mounted on an X, Y-
motorized microscope table (the (100) face of the crystal was aligned parallel to the XY
plane). Increasing positive values of X correspond to the direction of transport of PD. Spectra
were recorded by scanning a rectangular slice of length 5200 pm (along X) by width 600 pm
(along Y) (Figure 4.5) at a fixed depth of 175 pm below the top surface of the crystal (along

Z). The time to record the entire Raman image ofthe probed area was about 28 min.

To perform these molecular transport experiments, we established a protocol to ensure
that the set up was correct during the whole process (usually around 3 days). First of all, urea
inclusion compound single crystals were analyzed by optical microscopy. Those single
crystals ofhighest quality were selected to perform the experiment. Secondly, the integrity of
the UIC was analyzed using confocal Raman microspectrometry (CRM). Focusing on the
spectral region 950 cm-1 - 1050 cm-1, allowing an assessment of whether the urea inclusion
compound had recrystallized to pure urea (see next section) or if it still had the pure urea

inclusion compound structure.

Following this assessment, a digitized picture of the crystal was recorded to determine
the crystal dimensions. The next step was to attach the crystal to the reservoir containing

liquid PD. The reservoir was glued to a circular plate which was screwed to a goniometer.

82



Chapter 4  Exploring Molecular Transport Processes in Solid Organic Tunnel Structures

0 1000 2000 3000 4000 5000 6000

X(ym)
Radial resolution = 10 nm T Volume probed in each scan.

Axial resolution = 50 pm

Figure 4.5. Schematic representation of the designated area along which the Raman scans
were carried out. Each confocal Raman microspectrometry is probing a small volume of
single crystal (bulk ofsample).

The UIC crystal was then attached to the reservoir. Special attention was taken to confirm that
the single crystal was horizontal. In the case that further alignment was required, it was
performed using the goniometer. Once the single crystal was attached to the reservoir, the
goniometer with the single crystal-reservoir set up was mounted on the motorized microscope
table. The long axis (tunnel direction) of the needle-shaped crystal was aligned along the X
axis of the laboratory reference frame. The ratio R (defined in Section 4.4.3) was used to
assess any misalignment of the crystal. A well aligned crystal gave a ratio R = 0.35. Values of
R less than 0.35 were considered as an indicator of misaligned crystals. This arises from the
fact that the laser was polarized along the X direction of our reference frame. Since the guest
molecules are confined within the urea tunnel, which is oriented along the X direction of the
reference frame, the C-Br stretching vibration ofthe DBO has a significant component along
the X direction, and any misalignment ofthe crystal can be detected by a decrease of the value
of R. Once the crystal was well aligned, we recorded a second picture of the single crystal
which was compared to a third and last picture once the experiment was finished. This is an

important check that indicates if the alignment changed during the experiment.

The next step was to define the area, depth and time required to record each spectrum.
The time needed for each spectrum was dictated by the quality of the single crystal. After the

dimensions and time were set up, a first mapping was recorded. This first mapping contains
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the information which is necessary to determine the relative amount of guest molecules within
the UIC once the molecular transport has started. Once the first mapping was finished, the
liquid PD was introduced into the reservoir and we then started to systematically record
Raman spectra. The last step was to record the third digitized picture of the single crystal after
the last spectrum was recorded to check that the single crystal had not moved during the

experiment.

4.4 Raman Spectra for Urea Host Structure, DBO/Urea and PD/Urea
4.4.1 Raman Activity for Urea Host Structure and Guest Molecules

In the Raman spectra, bands due to urea modes are sharp and most modes due to the

guest molecules are also easily observable. Earlier studies?®?

showed that only a few spectral
regions, such as 2750 cm™ - 3000 cm™ (C—H stretching modes) and 1300 cm ™ - 1500 cm™
(CH; and CHj3; bending modes) can be used to observe specific modes due to alkane guest
molecules. For a,w-dibromoalkane guest molecules, the C-Br stretching modes for the
conformations with trans and gauche end-groups have different characteristic frequencies in
the 300 — 1000 cm™ region of the Raman specu'um.23 In all cases, the vibrations of the guest
molecules give rise to bands that are weaker that those for the urea modes. Raman
microspectrometry is thus an appropriate technique for studying in detail the spatial

distribution of guest molecules in UICs.
44.2 Spectral Region for Monitoring /n Situ the Molecular Transport Process

In the Raman spectrum, some urea internal vibrations are characteristic of UICs?*. In the
range 950 cm™' - 1050 cm™, there is a very strong band at 1025 cm™ at room temperature due
to the symmetric C-N stretching vibration. This C-N stretching band shifts to higher
wavenumber as temperature is decreased. For the pure tetragonal phase of urea, this vibration
occurs at 1010 cm™'. The C-N stretching mode at 1025 cm™' is therefore a reliable test of the
phase purity of UICs. Likewise, in the 500 cm™ - 650 cm™" spectral window, two bands at
533cm™! and 610cm™ are observed in the spectra of UICs and are attributed to the
N—C=0 deformation mode. Concerning other spectral regions, the 3100 cm™ - 3500 cm™
range contains the N-H stretching modes, and the 20 cm™ - 200 cm™ range contains the urea

lattice modes. These modes can also be used to distinguish pure urea and UICs, although
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these spectral regions are not discussed further. Further details concerning modes

characteristic of the urea molecules in conventional UICs may be found elsewhere.>?’

Polarized Raman spectra of ow-dibromoalkane/urea and alkane/urea inclusion
compounds studied previously”®? allow us to establish the Raman peaks that are useful for
monitoring the transport process. Figure 4.6 shows the Raman spectrum of the DBO/urea
inclusion compound measured at room temperature. The C-Br stretching vibration »(CBr) of
DBO (which mainly adopts the all-trans conformation within the urea channel) gives an
intense (Z(XX)Z) polarized peak at about 620 cm™. Figure 4.7 shows the Raman spectrum
of the PD/urea inclusion compound, measured at room temperature. From Figure 4.7 it is
possible to distinguish the methyl rocking vibration n(CH3) for the all-trans PD which is at
900 cm .

443 Ratio of Integrated Intensities

The Raman bands of the urea host structure are identical for both the DBO/urea and
PD/urea inclusion compounds (the average urea host structures in the DBO/urea and PD/urea
inclusion compounds are essentially identical at ambient temperature (see Figures 4.6 and
4.7)). In particular, the symmetric C-N stretching vibration »,(CN) of urea gives a very
intense (Z(XX)Z) polarized Raman band at 1024 cm™'. Thus, variation in the amount of
DBO guest molecules in a single crystal can be probed by measuring the ratio
R = [(CBr)/I(CN) of the integrated intensities (denoted /(CBr) and /(CN), respectively) of the
»(CBr) and »s(CN) Raman bands. In this way, the transport process may be evaluated by
measuring R as a function of position in the crystal. For a single crystal of DBO/urea, the ratio
R is about 0.35. This value is therefore used to determine the alignment of the crystal (Section
4.3). In practice, we used the normalized ratio Ry = R/Ry, where Ry is the value of R (averaged
over the probed area) for the original crystal of DBO/urea (before starting the transport
process). Thus, Ry =1 if the inclusion compound contains only DBO guest molecules, and
Ry =0 if it contains only PD guest molecules. The value of Ry, measured as a function of
position therefore allows the spatial distribution of the two types of guest molecules (DBO

and PD) to be assessed.
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Figure 4.6. Raman spectrum for the DBO/urea inclusion compound in the 200 cm™ - 2000

cm™' region.
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Figure 4.7. Raman spectrum for the PD/urea inclusion compound in the 200 cm™ - 2000

cm™' region.
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4.5 Results

The occurrence ofmolecular transport inside the UIC is clearly evident from Figure 4.8,
which shows the probed area at 18, 29 and 40 h, after commencing the transport process (i.e.,
after one end of the crystal had been put in contact with liquid PD). At 18 h, it is clear (from
consideration of the KCH3) and *>CBr) modes) that both DBO and PD are present near the
end ofthe crystal in contact with liquid PD (RN =0.3), whereas only DBO guest molecules are
present at the other end of the crystal (RN =1). At 40 h, the results show that PD guest
molecules are present over the full length of the crystal. Interestingly, this experiment
(including studies over longer periods of time than those explained above) suggest that
complete exchange does not occur and the ratio R~ typically does not fall below 0.1 even for
long periods of time. Thus, a proportion of the original DBO guest molecules are unable to
take part in the exchange process and it is reasonable to propose that transport in some

channels may be impeded as a result of structural defects.

To assess the variation in the spatial distribution of'the guest molecules as a function of
time, we consider one-dimensional scans (along X) through each of the images shown in
Figure 4.8 (with the scan taken at the same fixed Y value in each case). For each of these
scans, the value of RN is plotted as a function of X in Figure 4.9. An approximately sigmoidal
distribution is observed and at the earlier stages of the process (18 h), there is a comparatively
narrow boundary region (with width ofthe order of 1000 pm) between the DBO-rich (RN *1)

and PD-rich (RN =0.3) regions ofthe crystal.

18 hours
29 hours
40 hours
1.2
1000 2000 3000 4000 5000 0 RV
X (pm)

Figure 4.8. Raman spectra recorded during the transport process at different times after the
commencement of the transport process (green: DBO-rich regions, RN "0.5; blue: PD-rich
regions, RN < 0.5).
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Figure 4.9. Plots of RN as a function of position X along the channel direction at different
times after the commencement of the transport process. The same fixed value Y value was
used for each scan.

Interestingly, the Raman bands assigned to the urea host structure remain unchanged
throughout the period of time investigated, suggesting that the urea host structure is not
significantly affected by the transport process. In the course of'the present work, we have also
carried out single crystal X-ray diffraction measurements, which confirm the previous
results.e From these studies, it is clear that the exchange process is not associated with any
loss of integrity of the urea inclusion compound single crystal (only a slight increase in the
mosaicity of the crystal during the exchange process is evident from Figure 4.10). As time
progresses, translation ofthe centroid ofthe distribution along the crystal and spreading of'the
boundary region are evident. It is clear that such data, recorded as a function of both position
within the crystal and time, can give access to quantitative information on the kinetics of the
transport process and the time-dependence of the spatial distribution of guest molecules
within the channel system. Detailed data analysis, leading towards this information, alongside
experimental studies to obtain insights of other fundamental aspects of the transport process,
has been carried out. Among these aspects, it is clear that the surface properties3o of the
crystals at the ends of the tunnels (the (001) surfaces) must have a significant bearing on the
occurrence and rate of the transport process. All these details are explained in the next

chapter.
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@

(b)

Figure 4.10. Single crystal X-ray diffraction oscillation photographs recorded at ambient
temperature for DBO/urea inclusion compound crystal: (a) before the molecular exchange;
(b) the same crystal after the exchange experiment. The spots corresponding to the host
structure have become towards an elliptical shape due to the mosaicity. Layer lines arising
from the guest componentse are labelled as g| for DBO and g2 for PD are also observed.

4.6 Conclusions

We have demonstrated, by using in situ confocal Raman microspectrometry, that it is
possible to obtain information on the spatial distribution of the guest molecules and variation
of the spatial distribution as a function of time during the transport process. Both of these
aspects are crucial for understanding fundamentals of the transport process, including its
kinetics. The present work shows conclusively that these aspects can be investigated directly

by using confocal Raman microspectrometry as an in situ probe ofthe transport process.
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All crystals contain defects and we cannot rule out the possibility that some amount of
transport may occur within defect regions and/or on the external surfaces of the crystals.
However, Raman measurements carried out during this work provide conclusive evidence that
the transport does occur within the bulk crystal structure (in agreement with previous analysis
from X-ray diffraction studies®). Several aspects of the present study concur with the
conclusion that the molecular exchange takes place within the urea channel structure. First of
all, there is no evidence from the Raman studies reported in the present work for liquid phase
of the guest molecules (if the transport were to occur through macroscopic defect regions,
liquid-like spectra of the guest molecules may be anticipated). Secondly, the Raman
microspectrometry measurements reported in the present work were for a sampling depth 175
um below the surface of the crystal and clearly these measurements probe transport within the
bulk of the crystal, not on the external surfaces of the crystal. Thirdly, there is no evidence
from the Raman spectra for any deterioration in the integrity of the urea host structure during
the transport process, suggesting that the occurrence of the transport process does not itself
lead to any appreciable increase in the defect density within the crystal. On the basis of all
these factors, we conclude that the transport process occurs through the channels of the

crystalline urea host structure.
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Chapter 5 Molecular Transport in Urea
Inclusion Compounds: A Kinetic Study

5.1 Introduction

The aim of this chapter is to determine the time dependence of guest transport within
the host architecture of urea inclusion compounds. Confocal Raman microspectrometry
(CRM) has been used to perform a number of experiments using three different guests: 1,8-
dibromooctane (DBO), dodecane (DD) and pentadecane (PD). We studied the dependence of
the kinetics on the identity of the “original” and “new” guests. The surface properties at the
ends of the tunnels and the molecular exchange from both ends of the tunnels were also
investigated. A kinetic model for the transport process is defined. A general conclusion of the
results obtained through this work is presented.

The results obtained in this work provide insights into the time dependence of the
molecular transport process studied. We can divide the process into three stages: i) the
molecules are introduced into the tunnels, involving the opening up of the tunnels (we believe
that urea molecules can reorganize at the ends of the tunnels to effectively “close” the tunnels,
and therefore opening up of the tunnels is required before “new” guest molecules can enter
the tunnels); i7) the molecules are transported along the tunnels and iii) the expulsion of guest
molecules at the other end of the crystal, which will also require reconstructive processes of
the urea molecules at the surface. The time dependence of these three different stages of the
reaction may be very different from one another, and one may act as a rate-determining step.
Therefore, to be able to assign a model for this process, we need to obtain sufficient

understanding of the kinetics of the process, as described in this chapter.

5.2 Background to Molecular Transport Processes in Zeolites and UICs.

Molecular diffusion processes have been studied considerably, because for example it is
a key step in the catalytic cycle in zeolites.' In this process, molecules have to move through
the channel architecture of the zeolite in order to reach the reaction site in the tunnel, then the
molecules must move out of the tunnel to leave the pore empty, allowing the cycle to start

again. Due to the great variety of tunnel frameworks displayed by these inorganic solids,
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zeolites are the prototype material for studying molecular transport processes such as
diffusion. They can form a wide variety of architectural frameworks, including one-, two- and

three-dimensional tunnels, which can also vary in size and shape.

Diffusion of guest molecules can occur in zeolites because they belong to the “hard”
type of inclusion compounds, in which the host structure remains stable upon removal of the
guest molecules. Hence, it is not surprising to find many studies related to molecular transport
processes in zeolites. On the other hand, substantially less research has been devoted to
studying molecular transport processes within organic solids such as urea inclusion
compounds (UICs). Hitherto, exchange processes have not been applied in UICs because they
belong to the “soft” type of inclusion compounds. For soft hosts, the “empty” host structure is
unstable and it is usually necessary to build up the inclusion compound by crystal growth in
the presence of the potential guests. Moreover, applications in which an increase of
temperature is necessary are not possible either, as this will also destroy the crystalline

structure through loss of the guest molecules and, consequently, its physical properties.

Nevertheless, UICs have the potential to be used in a considerable number of
applications, including nanoscale separation techniques based on molecular size, shape and
chirality. Chemists studying fatty acids, for example, routinely use UICs to carry out
separations. Among industrial examples, UIC formation has been used by the petroleum
industry in the dewaxing of certain oil fractions, although zeolites are nowadays routinely
used in such applications. A number of important applications requiring molecular transport

in organic materials are found in medicine and biochemistry.

5.3 Diffusion Processes in Solids

Diffusion in liquids, gases and solids has been studied for more than a century. It is
caused by the thermal motion and subsequent collisions of the molecules. Diffusion can be
related to a microscopic quantity called the mean-square displacement (MSD), as shown by
Einstein in his contribution on Brownian motion.> The mean square displacement is a measure

of the average square of the distance a molecule travels and is defined as
) . 2 1 &, - 2
(r (t))=<|r(t)—r(0)| >=7V—Z(r,-(z)—r.-(0)) (.1)
i=1
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In this equation, 7,(¢) —7,(0) is the (vector) distance travelled by molecule i over some time
interval ¢. The squared magnitude of this vector is averaged (as indicated by the angular

brackets) over many such time intervals and molecules.

Considering a simple random walk model for a one-dimensional system, it can be
shown that, for sufficiently long time, the molecular mean square displacement will be

linearly dependent on time, i.e.,

(?2(z)> =2D t (5.2)

The factor of 2 results from the one-dimensional nature of the motion, and D; is the diffusion

constant.

Diffusion in microporous materials, such as UICs and zeolites, differs from ordinary
diffusion, since molecules have to move through channels of molecular dimensions (5-20 A).
Hence, there is constant interaction between the diffusing molecules and the host framework.
The molecular motion is thus strongly influenced by the size and shape of the cavities within
the framework, by the temperature and by the concentration. It is also possible that the
neighbouring molecules in one tunnel may have some influence on the transport process. For
one-dimensional structures such as zeolites, the transport of molecules along the tunnels is
called single-file diffusion.>” This type of diffusion arises from the fact that the guest
molecules may be unable to pass each other in the narrow pores of the tunnel structure. This
reduces the mobility of the molecules. As the mutual passage of particles is prohibited in
single-filing systems, the movement of individual particles are correlated, even at long time
periods, because the displacement of a given particle over a long distance necessitates the
motion of many other particles in the same direction. This correlation is reflected in the long-
time behaviour of the molecular transport process, which is predicted for an infinite system to

be8-13

(7 @1)=2Ft (53)
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where the F' is the single-file mobility. Single-file processes, in contrast to one and three-
dimensional self-diffusion (observed in systems like zeolites or colloidal systems),14’15 cannot

be described by a diffusion coefficient.

While, in the case of gases and liquids, the behaviour and exact value of the diffusivity
can be calculated with relative ease, the diffusivity values are much more difficult to
determine in zeolites. The interactions between molecules and the pore wall lead to large
differences in the diffusivities of different alkanes. In the case of zeolites, it is possible to

study the diffusivity ofbranched alkanes.

The present work is the first time that transport of guest molecules has been studied in
UICs. Due to the structural differences between zeolites and UICs, we cannot say that single
file process is expected to be observed in UICs. Therefore, the aim of'this work is to study the
kinetics of the transport process of alkanes within the host structure of UICs. In Figure 5.1 a

graphic representation ofthe classical and single-file diffusion is shown.

Macroporous Tunnel Microporous Tunnel
Structure Structure
(Classical Diffusion) (Single-file Diffusion)
0] Host StructureTransverse (0] Wiggle Room (W)

Pore Section

Guest Molecules

Figure 5.1. Representation of classical and single-file diffusion process showing the space
available for the guest molecules to diffuse along one-dimensional tunnels.
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5.4 Development of a Kinetic Model

In this work, molecular exchange within the UIC leads to a spatial distribution of the
new and original guest molecules that varies as a function of time. This is analysed by
measuring the intensity corresponding to the Raman bands of the “original” guest molecules
and the host structure (see Section 4.4.3). In our calculations we used the normalized ratio of
integrated intensities, RN = R/Ro, where the Ro is the value of R (averaged over the probed
area) for the original DBO/urea crystal before starting the guest exchange process. Therefore,
RN =1 if the crystal contains only DBO guest molecules and RN =0 if the crystal contains

only PD guest molecules (i.e., complete guest exchange).

The shape of this distribution is a front, to be approximately described by a sigmoidal
distribution. Thus, the experimental data has been analysed by means of the following

function, illustrated in Figure 5.2

4 - 42 Iy (5.4)
[ +exp[(X-X0(0)/A(O]

where X0 is the centroid of the diffusion front (which defines the middle of the boundary
between the original and new guest molecules), A is the width ofthe diffusion front, 47 is the
average value of RN for the original UIC and A\ is the average value of RN at the end of the
process. The time dependence of XQis used in our analysis to monitor the migration of the

diffusion front within the crystal. It may be that this motion can be related to time by

0 X
Figure 5.2. Sigmoidal distribution of RN (X,#) versus X at a specific value oftime.
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considering a random walk model for the new guest molecules in each tunnel. By analogy

with the arguments above, the movement of the diffusion front may be described by

X2(@t) <t (5.5)

for classical diffusion or

X2(t) ct'? (5.6)

for a single file-diffusion process. During the fitting procedure, we held the values of 4, and
A, fixed, whereas Xy and A were varied. During the kinetic analysis, we consider both

classical and single file processes, but other models will be also considered.

5.5 Strategy

It has been demonstrated in Chapter 4 that CRM can be used to monitor in situ the
exchange of guest molecules within the host tunnel architecture in UICs.'® In the following
work, several different experiments were performed to study the kinetics of the molecular
transport process. The first experiment presented here consists of a system using
1,8-dibromooctane (DBO) and pentadecane (PD) as the “original” and “new” guest
molecules, respectively. The experimental set up used only one reservoir (containing the

liquid phase of PD).

The second experiment was carried out to study the surface properties at the ends of the
tunnels. Two reservoirs were used in this experiment. Using this set up, both ends of the
single crystal (i.e., the ends of the tunnels) are in contact with liquid, whereas in the
experiment using only one reservoir, one end of the crystal is in contact with liquid whereas
the other end is in contact with air. The guest molecules used were DBO and PD as the
“original” and “new” guest molecules, respectively. In one reservoir, we introduced liquid PD
and in the other reservoir we used 2,2,4-trimethylpentane (TMP). The molecular size of TMP

is too large to enter into the tunnels.

A third experiment was carried out with the aim of investigating the molecular

exchange process from both ends of the tunnels. The “original” and “new” guest molecules
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were DBO and PD, respectively. We used two reservoirs each containing liquid PD. Clearly,

PD molecules can enter the tunnel at both ends of the crystal.

The last experiment reported in this chapter is focused on the case in which the original
and new guest molecules are members of the same homologous series, and differ only in
chain length. In particular, we demonstrate in this work the occurrence of alkane-alkane guest
exchange within the urea channel structure, focusing on the UIC containing dodecane (DD) as
the “original” guest and pentadecane PD as the “new” guest. To monitor the guest exchange
process by confocal Raman microspectrometry, fully deuterated pentadecane (PD-d3;) was
used in order to provide discrimination in the Raman spectrum between the regions of the
crystal containing the original and new guest molecules. We note that, within the homologous
series of alkane UICs, the thermodynamic stability is greater the longer the guest molecule
and there is therefore a thermodynamic driving force for the PD guest molecules to replace

DD guest molecules within the urea channel system.

5.6 Experimental Methods

Crystals of the DBO/urea and DD/urea inclusion compound were prepared using
standard procedures. An excess amount of the guest species (excess with respect to the
expected molar guest/host ratio in the inclusion compound) was added to a saturated solution
of urea in methanol in a flask at 50°C. On obtaining a homogeneous solution, the flask was
placed in a thermal bath at 50°C, then left to cool slowly over a period of several days to
20°C. Needle-shaped crystals with hexagonal cross-section were collected with a diameter
between 1 and 2 mm and typical length of between 20 and 40 mm. The surfaces of the crystal

were washed with 2,2,4-trimethylpentane (TMP) prior to each experiment.

Confocal Raman Microspectrometry experiments were performed with a Labram II
spectrometer (Jobin-Yvon), an Ar/Kr 2018 Spectra-Physics laser (514.5 nm) and a grating of
1800 lines/mm (spectral resolution ~ 6 cm™'). The laboratory reference frame in our Raman

experiments is defined in Chapter 4, Section 4.3.

The laser was focused on the different samples through a microscope using 10x
Olympus objective of 0.25 numerical aperture, respectively, and the diameter of the confocal

pinhole was 700 um. With this setting, the diameter of the area probed by the laser was
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50 pm. Each sample was analyzed between 100 and 300 um below the surface. This range of
depths was used to avoid the roughness of the crystal surface, since it was observed that at

some points due to defects it was possible to find hollows.

Variation in the amount of DBO guest molecules in the crystal during their replacement
with PD guest molecules can be probed by measuring the ratio R = I[(CBr)/[(CN) of the
integrated intensities of the »(CBr) and »((CN) Raman bands (denoted /(CBr) and /(CN),
respectively), which was converted to the normalized ratio Ry defined in Section 5.4. The
ratio of integrated intensities, Ry(x), at a given point (x) of the single crystal is related to the

concentration of DBO guest molecules Cpgo by

Ry(x)=1- p Cppo(x) (5.7)

A transport coefficient has been determined by considering three possibilities. First, we
plotted the data assuming the conventional Einstein law (X o ¢), and second, assuming a
single-file diffusion process (X¢ o t'/?). According to the physical properties of the system
studied, the molecular transport process can behave differently from a classical or single file
diffusion process and, a third, linear model was also considered,

X,(t) <t (5.8)

The data obtained from these plots will be used to determine the rate of transport (by
measuring the gradient), and to assess if there is an induction time before commencement of

the exchange process.

5.7 Experimental Results

5.7.1 Molecular Exchange of DBO by PD Using One Reservoir.

For the in situ confocal Raman microspectrometry, we used a single crystal of the
DBO/urea inclusion compound (needle shaped with dimensions 1 x 1 x 38 mm’). The single
crystal was attached to a reservoir using Araldite. The single crystal and its reservoir were

mounted on the X, Y-motorized table of the confocal microscope.

The in-depth analysis was performed inside the crystal at coordinate Z =175 um. The

diameter of the laser beam was 10 um (using 140 um diameter pinhole due to experimental

99



Chapter 5 Molecular Trasport in Urea Inclusion Compounds: A Kinetic Study

8 12 16 20 24 28 32 36 40 42
Time (h)

Figure 5.3. Raman images of the probed area of the single crystal at different times after

the commencement of the transport process. The regions of the crystal rich in DBO are in

green (RN >0.5) and those rich in /z-pentadecane are in dark blue (Ry< 0.5).
conditions). The Raman spectra were collected along the X coordinates with step 300 pm and
over 3 lines at Y coordinates separated by 100 /xm. The acquisition time for each Raman
spectrum was 2 s, so that the time taken to record each line was about 15 min and the time
required to record the entire Raman image of the probed area (several examples of these
Raman images are shown in Figure 5.3) was about 1 hour and 40 min. In the following, we

consider that the time needed to record the Raman spectra along one line of the single crystal

is negligible compared to the overall time ofthe experiment (about two days).

Before we introduced the liquid PD to the reservoir, we performed the first scan, which
gave us an R = 0.37. This is the value expected for a single crystal of DBO/urea that is well
aligned. The last mapping carried out after 33 hours gave R =0.04. An example of the
experimental data obtained in this experiment is shown in Figure 5.4, which can clearly be
fitted by a sigmoidal function. Interestingly, from this figure it is possible to observe how,
after 19 hours, there is a comparatively narrow boundary region (defined by the width of the

diffusion front (A)) between the DBO-rich (RN *1) and the PD-rich (RN *0.1) regions of the
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crystal. Therefore, the length of the single crystal used to monitor the kinetics of the process
has to be large in order to see this central region ofthe experimental data advancing along the

crystal during a meaningful period oftime.
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Figure 5.4. The experimental data can be fitted by a sigmoidal function. Translation of the
centroid of'the diffusion front alona the crystal as a function oftime is evident.
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The experimental data was analyzed using the function defined in Equation 5.4. During
the fitting procedure, we held the values corresponding to the parameters 4, and A4; fixed,
whereas the X; and A were allowed to vary. The values corresponding to A, are ~ 0.37 while
A, are ~0.04 for the three lines studied in this experiment. The three different lines were
followed for different periods of time. The line with coordinate ¥ =0 um was followed over
18.5 hours, the line with ¥ = 100 um was monitored over a period of 20.31 hours and the line
at Y=200 pum was analyzed for 29.8 hours. This difference of mapping-time arises from the
shape corresponding to the surface area of the single crystal that is in contact with the liquid
PD inside the reservoir. The irregular shape is reflected in the shape of the diffusion front
travelling along the crystal. We performed an initial series of fits of Eq. 5.4 to the
experimental data and we found that the variation of the width of the diffusion front (A) as a
function of time is irregular (Figure 5.5).

The results from the fitting procedure are shown in Figure 5.6. It is found that the best

fits among the three models probed correspond to the single-file (X, g o /2

) process. The
values corresponding to the rate of transport (gradient) obtained from the different models are

shown in Table 5.1 and are discussed in Section 5.9.

The driving force for the replacement of DBO by PD is the greater thermodynamic
stability for the urea inclusion compound containing the long alkane guest molecules. Note
that we have performed an experiment in which a UIC containing PD guest molecules was
immersed in liquid DBO. The UIC was left over a week and no molecular exchange was
observed. Another important feature that arises from these results is that an induction time is
observed, suggesting that there is some reconstruction process of the urea framework near the
interface between the crystal and the solution. It is clear from Figure 5.6 that the transport
process cannot be linear at short values of time (e.g., t < 50 x 10°s) times. It may be argued
that the results are dependent on the fact that one end of the crystal is in contact with liquid
PD (and may therefore undergo reconstruction as described above) while the other end is in
contact with air. To study this possibility, we carried out another type of experiment in which

the single crystal is in contact with liquid at both ends.
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Figure 5.5. Evolution of A as a function of time during the molecular exchange of DBO by
PD (using one reservoir) showing an irregular time dependence.
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Figure 5.6. Fittings of the front positions, Xj, in the three lines analyzed during molecular
exchange of DBO by PD (using one reservoir). The lines were (a), (b) and (c); Y =0 pum,
(d), (e) and (f); Y =100 um and (g), (h) and (1) Y =200 pm. The fitting models were (a),
(d) and (g); X, «t, (b), (¢) and (h); X5 (#) < ¢ and (c), () and (i); X, () <.

5.7.2 Molecular Exchange of DBO by PD Using Two Reservoirs Filled with
PD and TMP respectively.

The purpose of this experiment is to study the effect of having liquid in contact with the
crystal at both ends of the tunnels, using two reservoirs containing PD guest molecules in one
and TMP in the other. With this set up, both ends of the crystal are in contact with liquid. To
follow the experiments in situ, we used a single crystal of the DBO/urea inclusion compound
(needle shaped with dimensions 1 x 1.6 x 38 mm?®). The single crystal was sealed to two
reservoirs using Araldite.
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The experimental set up is depicted in Figure 5.7. The in-depth Raman analysis was
performed at 200 pm below the surface along three lines separated by 100 pm. The step (Ax)
between measurements along each line was of 300 pm. The diameter of the laser beam was
50 pm (using 700 pm diameter pinhole). The time needed to record the micrograph across the
entire probed area was 97 min. Each line took approximately 14 minutes to be scanned. The

spatial and spectral resolutions are the same as those used in the previous experiment.

@

DBO/Urea Single Raman Laser Scanned
Crystal Along the Crystal
Reservoir of Reservoir of Liquid
Liquid _ 2.2.4-
Pentadecane trimethylpentane
(PD) (TMP)
Sealing System
(b)
*g 1000 M
2000 -
0 10000 20000 30000 40000
x(m)
©

Figure 5.7. (a) Schematic diagram ofthe experimental assembly, comprising the DBO/urea
inclusion compound crystal and two reservoirs containing liquid PD and 2,24-
trimethylpentane (TMP); (b) single crystal of the DBO/urea inclusion compound attached
to two reservoirs (black strips correspond to the glue); (c) actual experimental set up with
the single crystal attached to both reservoirs.
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Figure 5.8. Molecular exchange process between DBO and PD guest molecules. Note that
the guest transport is from left to right. PD-rich (RN < 0.5) region of single crystal in blue
and black; DBO-rich (RN "0.5) region of crystal indicated in green.

Once we introduced the liquid PD and TMP inside the reservoirs, we started to
systematically record Raman scans. The molecular exchange is evident, as is observed in
Figure 5.8 at three different stages of the process. The blue areas indicate regions rich in PD
guest molecules and the green areas indicate regions of single crystal rich in DBO guest
molecules. After 65 hours of the molecular transport process, there is an excess of PD
molecules throughout the scanned area. The experimental data R(x), as in the previous
experiments, showed a distribution that can be fitted by the sigmoidal model defined in

Section 5.4.

For the data analysis, we used three lines, F=0, 100 and 200 pm, to follow the
evolution of'the process. The 42 parameter was obtained from the mapping carried out for the
original DBO/urea inclusion compound with a value of ~ 0.326, whereas the 4| value was
~ 0.048 determined from the last mapping carried out in our experiment after 65 hours. The
experimental data were analyzed by means of Equation 5.4. In this experiment, we first did
the fitting analysis considering A to be constant but we observed that this was not possible as
the fitting diverged. Instead, we performed the analysis allowing A to vary. Examples of the
three different fitted models are shown in Figure 5.9. The rate of exchange is very close to the
previous experiment and the induction time is also very similar. From the fitting analysis, we

observed that the time dependence ofXg is well explained by assuming a single-file process.
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Figure 5.9. Fittings of the front positions, Xj, in the three lines analyzed during molecular
exchange of DBO by PD (using one PD reservoir and one TMP reservoir). The lines were
(a), (b) and (c); Y =0 pum, (d), (¢) and (f); Y = 100 um and (g), (h) and (i) Y =200 um. The
fitting models were (a), (d) and (g); X, «< ¢, (b), (¢) and (h); Xg (#) <t and (c), (f) and (i);
X2(t) <2,

From Figure 5.10, we observe that A has a different behaviour from the previous experiment
(with only one reservoir). Here, we observe a slight increase of A towards the end of the

process. Values of rate of exchange and induction time are given in Table 5.1.

We have demonstrated with this experiment how there is no influence on the transport
process by having the single crystal in contact with liquid at the end of the tunnel at which the
“original” guest molecules are expelled. The main difference compared to the previous

experiment is that the width of the diffusion front increases with time. We have also observed
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Figure 5.10. Values of A obtained for the three monitored lines in the experiment with two
reservoirs and TMP. We can see how there is an increase of A towards the last experiental
values.

that the exchange between DBO and PD guest molecules is never complete. After several
days of the exchange process, there remains some amount of the original (DBO) guest

molecules throughout the crystal.
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5.7.3 Molecular Exchange of DBO by PD Using Two Reservoir

In this experiment, we are investigating if molecular transport is possible by insertion of
PD guest molecules from both ends of the tunnels at the same time. The kinetics of this
process will also be evaluated. To follow the experiments in situ, we used a single crystal
(needle-like shaped with dimensions 1 * 1.5 * 35 mm3) ofthe DBO/urea inclusion compound.
This long single crystal was sealed to two reservoirs using Araldite. The experimental set up
is the same as the one depicted in Figure 5.7 but with the difference that liquid PD is
introduced into both reservoirs. Clearly, the molecular transport process is expected to occur

from both ends ofthe tunnels.

The in-depth Raman analysis was performed at 100 pm below the surface along three
lines (7=0, 7= 150 and 7=300 pm) with a distance between each line of 150 pm. The
diameter of the laser beam was 50 pm (using 700 pm diameter pinhole). The step between
points was of 300 pm. The time needed to record a map was 81 min. Each line took
approximately 14 min. to be scanned. Spatial and spectral resolutions were the same as used

in previous experiments.

PD-Rich Region DBO-Rich Region
Of Crystal Of Crystal
Glued Area 1 /" Glued Area
i * 11 hours * 1

IL

15 hours

25 hours

29 h
% 200 9 hours

16000 24000 36000 40000
X(pm)

Figure 5.11. Exchange process in PD experiment with PD molecular transport from both
ends. The regions of the crystal rich in DBO are in green (RN >0.5) and those rich in
w-pentadecane are in dark blue (RN <0.5).
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Three different lines were used to perform the analysis. The values corresponding to A4
and A4; obtained for the three different lines studied in this experiment are 0.326 and 0.05
respectively. The 4, parameter was obtained from the mapping carried out for the DBO/urea
inclusion compound before the start of the process, whereas the 4, value was determined from
the last measurement carried out after 29 hours. From Figure 5.11, it is evident that the
molecular transport process occurs from both ends of the single crystal since molecular

transport is now measured from left to right (L-R) and right to left (R-L) at the same time. As
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Figure 5.12. Evolution of Ry as a function of time for the PD from both ends experiment. It
is clear from the picture how the exchange of guest molecules is from both ends of the
single crystal at the same time.
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shown in Figure 5.11, the process does not appear to be symmetrical (i.e., the encounter of

both diffusion fronts does not take place at the middle point of the crystal).

In Figure 5.12, we observe how the ratio Ry decreases from both ends of the tunnels at
the same time (i.e., with transport occurring from left to right and from right to left) and a
double-sigmoidal distribution of experimental points is observed. Hence, the molecular

transport process can be evaluated using the Eq. 5.4.

We performed a first fitting process keeping A constant but we observed that the fits did
not converge, so we decided to allow A to vary. For the analysis of the kinetics, we used the
three different models as in the previous experiments. For the transport process from left to
right and right to left, the best fitting corresponded to the linear process (X, «?). The
gradient obtained in both cases was very similar, indicating that the molecular exchange is not
affected by the fact that there are two fronts moving in opposite directions at the same time. It
is also observed (see Table 5.1) that the gradient obtained in this experiment is very close to
the previous experiments discussed above. An example of the fits for the three models is

shown in Figure 5.13.

In this experiment, the probabilities to start the molecular transport process at both ends
of one single tunnel are the same ca. 50% (Figure 5.14). Once the process has started at one
end of a given tunnel, this implies that the first PD to enter the tunnel “pushes” the entire row
of DBO guest molecules until one DBO and a fraction of a second DBO molecule have been
“pushed out” or extruded at the other end of the tunnel. Therefore, the energy of that single
tunnel is now more favourable containing both DBO and PD rather than only DBO. A
molecular exchange in the same tunnel but starting from the opposite end is also possible. The
energy of the UIC will be the same if the molecular exchange process starts either from left to
right or from right to left (Figure 5.14). If, for the same tunnel, there is now a PD molecule
pushing in the opposite direction to get inside the tunnel, the energy that this PD has to
overcome is too large, thus it is easier to keep the transport process proceeding from the side

where the first PD has been introduced.
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Figure 5.13. Fittings of the front positions, Xp, in the three lines analyzed during molecular
exchange of DBO by PD (using two PD reservoirs). The lines were (a), (b) and (c);
Y =0 pum, (d), (e) and (f); Y = 100 um and (g), (h) and (i) Y =200 um. The fitting models
were (a), (d) and (g); X, < ¢, (b), (¢) and (h); X2(z) < ¢ and (c), (f) and (i); XZ(t) o< 1'/2.

According to the explanation stated above, it is expected for this process to observe five
different stages: (i) a flat line with Ry = 1 (before molecular exchange begins); (ii) two fronts
moving in opposite directions 1 > Ry > 0.5 (Figure 5.15a); (iii) a flat line with Ry =0.5 when
the two fronts meet (Figure 5.15b), (iv) two fronts moving in opposite directions 0 < Ry < 0.5

(Figure 5.15c); and (v) a flat line following complete exchange with Ry = 0.
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In our experiments, we do initially observe two fronts moving in opposite directions and

these two fronts converge to form a flat line. However, we do not observe stages (zv) and (v).
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sl PD to enter into the rPOO0OoOoDOooog < PD to enter into the
tunnel £ l tunnel
w Stage 2
I Es: > m m <
u Stage 3
5
ES3 I>M»imiZ31=IEZ]CDCZ] o O O o

=1l DBO m PD

Esi: UIC Energy in Stage 1
Es2: UIC Energy in Stage 2 Esi > Es2 > Es3
ES3: UIC Energy in Stage 3

Figure 5.14. Representation showing the equal probability to start the exchange process at
both ends of one single tunnel. The UIC is more energetically favourable containing PD
guest molecules (black boxes).

FLR

L-R

FR.L
X X X

FL-R:Front moving from left to right (L-R)
FR.LiFront moving from right to left (R-L)

Figure 5.15. Schematic representation for the two diffusing fronts (L-R) and (R-L) moving
in opposite directions at three different stages of the molecular exchange process: (a) for
values 1>Ry> 0.5 behind the two fronts, (b) values of RN =0.5 after the two fronts have
converged into a flat line and, (c) fronts moving in opposite directions 0 < RN < 0.5.
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5.1 A Molecular Exchange of n-Alkanes

In this work, we study the dependence on the kinetics of the identity (different lengths)
of'the guest molecules used in the exchange process. Hence, the system used to perform the
molecular exchange was: dodecane (DD) as the “original” guest and PD-d32 as the “new”

guest.

Confocal Raman Microspectrometry experiments were performed using the
experimental set up described in Section 5.6, but using a grating of 600 lines/mm (in order to
see a wider spectral window). The radial resolution was 50 pm (700 pm pinhole). Raman
spectra were recorded for pure liquid PD-d32 (99 % deuterated), as used in this work, and
showed that the intensity of the C-H stretching band is negligible for this material. Thus, as
discussed below, we can confidently conclude that, for UICs containing both DD and PD-d32
guest molecules during the guest exchange process, the PD-d32 guest molecules will make no

significant contribution to the observed C-H stretching band.

The confocal Raman microspectrometry experiments used a single crystal of
dodecane/urea (dimensions 1x 1* 16 mm3), which was attached (using Araldite) to a
reservoir containing liquid PD-d32 (Figure 5.16). The long axis (channel direction) of the
needle-shaped crystal was aligned parallel to the X-axis of the reference frame and polarized
spectra were recorded ((Z(XX)Z) and (Z(XY)Z) in Porto notation; note that no polarizer
was used for the backscattered light).

Single Crystal

of Urea In ion [111 Raman Laser Scanned
Compou 8881 * Along the Crystal

Reservoir
Containing Liquid
of die New Guest

Sealing System

Figure 5.16. Schematic representation of the experimental assembly, comprising the single
crystal of the urea inclusion compound (green), initially containing DD guest molecules,
attached to a reservoir containing liquid PD-d32. The laboratory reference frame (X, Y, Z) is
also defined.
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The analysis was performed at a depth Z=175 pum beneath the upper surface of the
crystal. The Raman spectra were collected in scans along the X-axis with a step size of 400
pm and a total scan range of 14 mm,; six separate scans of this type were carried out at Y-
coordinates separated by 75 um (the “width” of each scan along Y, determined by the spatial
resolution, was ca. 50 um). The acquisition time for each Raman spectrum was 2 s, and the
time to record each scan was about 70 s. The time to record the complete Raman micrograph
of the probed area was thus about 7 min, which is significantly shorter than the overall

timescale of the guest exchange process.

To monitor the exchaﬁge of guest molecules, the C—H stretching band (2900 cm™) due
to the DD guest molecules was compared to the N-H stretching vibration (3300 cm™) due to
the urea molecules in the host structure. The ratio of integrated intensities R = I(C-H)/I(N-H)
was measured and converted to the normalized ratio Ry = R/Ry, where R, is the value of R
(averaged over the probed area) for the original DD/UIC crystal (before starting the guest
exchange process). Thus, Ry =1 if the crystal contains only DD guest molecules and Ry = 0 if
the crystal contains only PD-ds3; guest molecules (i.e., complete exchange). The value of Ry
allows an assessment of the relative amount of DD guest molecules as a function of position

in the crystal and as a function of time.

In the results shown in Figure 5.17, it is clear that alkane-alkane guest exchange occurs
in this system, with the proportion of the original guest molecules (DD) decreasing as a
function of time and as a function of position in the crystal as the new guest molecules (PD-
ds;) enter the channels (from the left-hand side in Figure 5.17). Further work is in progress to
assess in more detail the factors that dictate the rate of the guest exchange process in such
materials, including systematic studies of the dependence on the chain lengths of the original
and new guest molecules and the dependence on the presence of particular functional groups

in the guest molecules.

A relevant aspect of such future studies is to recall that many UICs exhibit three-
dimensional ordering of the guest molecules. The inter-channel ordering of guest molecules
(characterized by the offset A; shown in Figure 5.18) depends on the functional groups

present in the guest molecule and different homologous families of guest molecules exhibit
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Figure 5.17. Graphs showing the variation of Ry as a function along the tunnel axis (X-
axis) for different values of time after commencement of the guest exchange process: (a) 0
hours, (b) 3.6 hours, (c) 10.4 hours, and (d) 19 hours. The crystal is in contact with liquid
PD-ds; at X= 0, and thus the transport of PD-d3; guest molecules occurs from left-to-right
in the graphs shown. Note that the region of the crystal between about X' = 1200 um and
X = 2800 um is “hidden” by the sealing system.

characteristic modes of inter-channel ordering. For example, at ambient temperature, A, =0 A

for alkane/UICs, whereas for o,o-dibromoalkane/urea inclusion compounds, A; depends on

the periodic repeat (c;) of the guest molecules along the channel by the following relationship:
A= g3V

In our previous experiments involving exchange of 1,8-dibromooctane guest molecules
by pentadecane, there is a mismatch in the value of A; between the original and new guest
molecules, whereas for alkane-alkane exchange, the original and new guest molecules have
the same value of A,. This issue may have an important bearing on the local structure at the

interface between the original and new guest molecules in the inclusion compound, and may
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Figure 5.18. Schematic two-dimensional representation of a urea inclusion compound,
viewed perpendicular to the channel axis, indicating the definitions of ¢y and A,.
therefore have important implications for several aspects of the guest exchange process.

Systematic studies of this issue are also central to our on-going research in this field.

In summary, the preliminary results reported in this work provide direct evidence for
the occurrence of alkane-alkane guest exchange in urea inclusion compounds, with the alkane
of longer chain length (in this case PD) replacing the alkane of shorter chain length (in this
case DD). The confocal Raman microspectrometry technique employed in this work, with
appropriate deuteration of one of the alkane guest components, represents a viable strategy for

in situ characterization of the guest exchange process.

5.8 A Theoretical Model

In collaboration with a member of our group (Dr. Hughes), a simple theoretical model
has been developed to attempt to predict and understand the transport process under
investigation. It is based on treating the insertion of each new guest molecule as a separate
step with a rate. To begin with, each rate of insertion was taken to be equal. A set of
differential equations was generated and solved to give the concentration as a function of time
and position in the crystal. From this, plots corresponding to those presented for the
experimental data can be produced. Values of X and A can be determined by identifying the
point of inflection of plots of concentration against position which are analogous to the values
determined experimentally using a sigmoidal fitting procedure. The calculations predict a

linear dependence of X, upon time, with a gradient equal to k, where £ is the rate of insertion

117



Chapter 5 Molecular Trasport in Urea Inclusion Compounds: A Kinetic Study

of each new guest molecule. The value of A is found to increase with time. A positive

induction time is observed.

More complex models have also been employed. First, the rate for the insertion of the
first new guest molecule was made different from the rate for all subsequent insertions.
Second, an additional, reverse process is considered, in which new guest molecules are
expelled by the reintroduction of old guest molecules. Neither of these modifications affect
the linearity of the time dependence of X, although the gradient and induction time are

affected. The value of A is again found to increase with time.
5.9 Comparison of Results

Extensive experimental data has been obtained from the four different experiments
reported in this chapter as shown in Table 5.1. From this table, we have the values of the rate,

the induction time for each process and the values of the standard deviation (R?) in each case.

From the three different models considered, classical diffusion, single-file diffusion and
the linear process, it appears that the best results correspond to the linear process (Eq. 5.8). It
is true that there are also good fits corresponding to classical and single-file diffusion but the
linear process most commonly gives the best fit to the data. It is interesting to note that the
actual transport process itself is single-file, but the kinetics of the overall process depends not
only on the transport along the tunnel but also on the processes at the ends of the tunnel. A
physical description of the occurrence of this linear process will be presented in the following

section.

As mentioned previously, the transport process in UICs is different from that observed
in zeolites, therefore, it is not correct to compare the molecular transport process in UIC with
that in zeolites. However, to have an approximate idea of how close this process is to the
zeolites case, we compared these cases by assuming a single-file model. From this
comparison, it is observed that the single-file displacement of guest molecules inside UICs is

12

faster than in zeolites. The calculated value of F in UICs is ~ 10~ mm?%/s'? and for zeolites is

~ 10712 m?¥/s}2.18
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Table 5.1. Values corresponding to the linear fittings obtained to determine the induction time (¢,), the transport coefficients considering three models:
linear process (X, vs. ), classical diffusion (X C vs.t) and single-file difussion (X 3 vs.t'2). Best fittings (R?) are highlighted in bold.

DBO/PD - Molecular exchange of DBO by PD using one reservoir.

TMP - Molecular exchange of DBO by PD using one PD reservoir and one TMP reservoir.

PD L-R - Molecular exchange (left to right) of DBO by PD using two PD reservoirs.

PD R-L - Molecular exchange (right to left) of DBO by PD using two PD reservoirs.

Linear Classical Single File
Experiment. Y (um) to (s) R’ Grad. (mm/s) to (s) R* D (mm’s) to (s) R* F(mm’/s"™)
0 [ -2.509%10% 0.9345 2.01x107° | 2.263x10* 0.9509 8.01x107 [ 5.603x10° 0.9648  1.40x10~
DBO/PD 100 | —1.798x10* 0.9706 2.05x107* | 2.782x10* 0.9816 8.12x107° | 5.913x10° 0.9834  1.44x10~!
200 | 5.144x10° 0.9762 227x107* | 4.419x10* 09764 8.40x107 | 6.977x10° 0.9753  1.56x107"
0| 1.865x10° 0.9728 1.77x107% | 3.655x10* 0.9890 4.64x107 | 6.397x10° 0.9909  7.68x107
TMP 100 | —4.417x10° 0.9819 1.75x107* | 3.670x10° 0.9967 5.20x107 | 6.502x10° 0.9992  8.60x107>
200 | 2.454x10° 0.9914 2.20x107* | 3.551x10* 0.9681 6.84x107 | 6.219x10° 0.9483  1.04x10”"
0| 3.689x10' 0.9952 2.30x107* | 2.231x10* 0.9878 5.24x107 | 4.955x10° 0.9693  8.63x1072
PDL-R 150 | 4.664x10° 0.9959 2.22x107% | 2.163x10* 0.9818  5.67x107 | 4.947x10° 0.9599  7.96x107>
300 | -8.550x10° 0.9987 2.14x107 | 1.956x10* 0.9809 5.48x107 | 4.784x10° 0.9586  7.59x1072
0 | -6.330x10* 0.9906 2.16x10™ | -6.925x10° 0.9872 11.76x10° | 3.853x10° 0.9823  1.84x10™
PDR-L 150 | -4.256x10° 0.9959 2.41x107% | 1.012x10* 0.9937 12.25x107 | 4.584x10° 0.9909  1.97x10°"
300 | —6.858x10* 0.9998 1.87x107* | 2.765x10° 0.9939 9.17x107 | 3.801x10° 0.9952  1.46x10”"
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Interestingly, it has been found that the width of the diffusion front is not constant
during the course of molecular exchange. An increase of A towards the end of the process is
observed. It has been observed that there is an induction time, that is, at early stages of the
process, there is a delay before any significant amount of exchange is observed. The induction
time, according to the kinetic model defined in Section 5.4, is expected to be positive but, due
to the difficulties in determining the exact position of X= 0 (e.g., due to the rough shape of

the end of the crystal) this induction time can appear to be negative.

The values of the gradient assuming a linear process are similar in all experiments,
~2x10* mm/s. It is important to notice that, within a given single crystal, the time
dependence of the molecular transport process is homogeneous, that is, that we do not observe
large differences in the kinetics in different regions of the crystal. No major differences in the
kinetics of the process have been observed between the experiments in which the single
crystal was in contact with liquid at only one end or both ends. It seems that the molecular
transport process depends more upon the details of the insertion rather than expulsion of guest

molecules.

A considerable effect upon the kinetics of the transport process has been observed
depending on the identity of the guest molecules. For alkane-alkane exchange (using
dodecane (DD) as the “original” guest and pentadecane (PD) as the “new” guest), the kinetics
of the exchange is considerably slower than in the case for DBO as the original guest and PD
as the new guest. Clearly a wider range of experiments is needed before the underlying reason
for this observation can be understood. The much slower rate of exchange may be dependent
on the fact that the energy difference between compounds is less for the DD/PD case than the
DBO/PD case (on account, probably, of the more similar lengths of the guest molecules in the
former case), but such a conclusion must wait until systematic studies of the effect of chain

length have been carried out.
5.10 Conclusions

As far as we know, this is the first time that in situ studies of guest exchange in UICs
have been carried out. It has been demonstrated how this molecular exchange process is

reproducible. During these experiments, different set ups for studying the transport of guest
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molecules using confocal Raman microspectrometry have been designed and constructed.
Two different set ups have been developed: i) one reservoir set-up, in which the transport
process occurs only from one end and i) two reservoir set-up in which the transport process

can occur from both ends.

Different number of experiments have been carried out in which it has been found,
using confocal Raman microspectrometry, that the molecular transport process can be
monitored in situ, yielding valuable information on the kinetics as well as other mechanistic
insights (i.e., the shape of the diffusion front and the induction time) of the transport process
of a,w-dibromoalkanes aﬁd n-alkane molecules within the one-dimensional tunnel
architectﬁre of UICs. Furthermore, a preliminary mathematical model has been developed.
With this mathematical approach, it can be shown that the dependence of X, upon time is
linear. The experimental data and the theoretical approach are in good agreement as stated

above.

From the results obtained in this work, it appears that the introduction of guest
molecules inside the tunnels can be considered as the rate-determining step. Once the guest
molecules are inside the tunnels, the rate of transport appears to be constant. The physical
explanation of this process is that once the guest molecules are inserted into the urea tunnel,
and since it is a linear process, the molecules can only move in one direction (¢ axis in the
UIC case). There is no external force applying a backwards movement to the guest molecules
since the insertion of an “old” guest molecule is not likely by the fact that: (i) DBO guest
molecules which are expelled from the tunnel undergo evaporation (i.e., one reservoir
experiment) or are diluted in liquid PD or TMP (i.e., two reservoir experiments) and, (i) the

process of inserting DBO guest molecules is not an energetically favourable process.

A schematic representation of these three different processes is given in Figure 5.19. As
a process itself, the guest molecules are absorbed by the host tunnel and, once they start
migrating through the tunnels, the kinetic process is linear with time. Therefore, this
molecular transport is neither a classical diffusion nor a single-file process. In essence, the

entry of guest molecules into the tunnel is a critical aspect of the process, which may indeed
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Figure 5.19. Schematic representation of the random walk process in classical diffusion
(a), single file diffusion (b) and linear process (c) observed in this experiments.

dictate the kinetics of the entire exchange process. In many other systems exhibiting one-
dimensional diffusion, this is not the case.

Crucially, the stability of the urea tunnel structure is an important aspect of the
molecular exchange. Therefore, the guest exchange is only possible if the tunnels are filled of
guest molecules at any time during the molecular exchange. We believe that this structural
aspect may have a direct influence upon the kinetics of the molecular transport process (i.€.,

host-guest interaction).

There is a large dependence of the transport upon the identity (chain length) of the guest
molecules. This indicated that the driving force for the molecular exchange to occur is the
greater thermodynamic stability of the long-chain guests in UICs. In summary, the
preliminary results reported in this work provide direct evidence for the occurrence of alkane-
alkane guest exchange in urea inclusion compounds, with the alkane of longer chain length (in
this case PD) replacing the alkane of shorter chain length (in this case DD). The confocal
Raman microspectrometry technique employed in this work, with appropriate deuteration of
one of the alkane guest components, represents a viable strategy for in situ characterization of

the guest exchange process.

122



Chapter 5 Molecular Trasport in Urea Inclusion Compounds: A Kinetic Study
5.11 Future Work

An important aspect of future research will be to carry out an extensive set of
experiments for several different combinations of alkane/o,co-dihalogenalkane guest
molecules as a function of chain length. These experiments will give valuable information
upon the effect of the chain length of the guest molecules (since in this work only one
experiment has been performed), and also information depending on the size and identity of
the halogen used (i.e., Cl, F, I). Using a bigger halogen in the guest molecule may have an

influence upon the transport process.

Another important aspect is the design and construction of an appropriate cell for in situ
studying the temperature and pressure dependence of this molecular transport process. With

these experiments it will be possible to determine the activation parameters of this process.

View of'the Transversal Sectiony-y 'ofthe
Coated Area UIC Single Crystal
Before Before Molecular
Molecular Exchange Exchange
[J
(a) 1 Y
0
m
(b)

©
<eoe>
Molecular Transport t.
Direction
o “Original” Guest Coated Surface
M  “New” Guest Expected Area With

Molecular Exchange
Pinhole

Figure 5.20. Schematic representation concerning the experimental set up using a coated
crystal at one end. As observed (blue area) it is expected that the molecular exchange will
be observable only in the central area delimited by the dashed lines.
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Size and shape of the single crystal used in the experiment may have also some influence
upon the molecular exchange. Carrying out an extensive set of experiments for a range of
different lengths (long or short) and shapes (flat or round) of single crystals will provide

interesting information on the exchange process.

It is believed that the shape of the single crystal that is in contact with the liquid
containing the potential “new” guest may have some bearing upon the shape of the diffusion
front (see Section 5.7.1). Therefore, if we are able to partially cover the surface of the single
crystal which is inside the reservoir, thus leaving a pinhole where the crystal is in contact with
the liquid containing “new;’ guests (for detailed explanation of the experimental set up see
Figure 5.20), we can monitor the transport of guest molecules only in a specific area of the
crystal. As the tunnels in the UIC are parallel to each other, we would not expect molecular
transport outside the area delimited by the pinhole. As observed in Figure 5.20, the dashed
line highlights the expected area defined by the pinhole, where the molecular transport should
occur. We can not rule out that in some tunnels there can contain structural defects which can
bifurcate one tunnel into two, giving the opportunity of guest molecules to migrate to some
points outside the dashed area. Although structural defects are unavoidable, we nevertheless
expect a well defined area of molecular transport. Therefore, a new spatially-controlled
molecular exchange experiment can be carried out as in the schematic representation shown in

Figure 5.20.

Molecular dynamic computer simulations combined with the above experimental
approaches would be essential for elucidating the dynamic properties of molecules in UICs

and other nanoporous solids.
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Chapter 6 Design of Urea,
p-Phenylenediamine and
o,w-Dihydroxyalkanes Co-Crystals

6.1 Introduction

In this chapter, the crystal structures and packing of nine new co-crystals are presented.
These new co-crystals can be described in terms of two major types of hydrogen-bonded array
motif between OH and NH, groups: the double-stranded ribbon motif and the infinite chain
geometry. The prediction of homologous structures based on crystal engineering grounds has

been achieved with the design of these new co-crystals.

6.2 Crystal Engineering

The absence of a direct correspondence between molecular functionality and crystal
structure is a great challenge in the design and engineering of molecular crystals.'? Therefore,
the supramolecular behaviour of a functional group in a molecule depends on the location of
the other functional groups. Crystal structures arise, therefore, from a complex convolution of
recognition events.>> The definition of well-defined interaction motifs in crystals leads® to a
simplification of this complexity, based on the fact that these motifs are reproduced from
structure to structure and can be found within a family of molecules. Much of the fundamental
work in current crystal engineering is geared towards developing a reliable understanding of
preferred interaction motifs, judged by the frequency of occurrence of specific intermolecular

interactions and connectivities.’

Alcohol and primary amine molecules do not by themselves, completely satisfy, their
potential for hydrogen bonding. This follows simply from the fact that the number of
respective donors and acceptors are different. While the hydroxyl function can donate one H
atom to a hydrogen bond and receive two hydrogen bonds as acceptor (the two oxygen lone

pairs), the amino group involves two donor H atoms but only one acceptor size.

With regard to hydrogen bonding, alcohols and amines are obviously complementary,
both stoichiometrically and geometrically. Interchange of hydrogen bond donors and

acceptors transforms the bonding pattern of the hydroxyl group into that of the amino group,
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Figure 6.1. H — Bond donor-acceptor complementarity of alcohols and amines.

and vice versa, and in both cases the geometric disposition of the valencies is tetrahedral
(Figure 6.1). Therefore, molecular recognition may be expected between alcohols and primary
amines, since complementarities represent the crucial prerequisite supporting favourable

interactions between molecular partners.

Recently, a new crystal structure formed between urea and 1,4-dihydroxybutane has
been reported.® In this structure, the amino groups from the urea molecules form a
hydrogen-bonded network with double-stranded ribbons that run parallel to the q-axis. The
two strands of the ribbon are linked by a network of N — H---O hydrogen bonds between urea
molecules, involving the C =0 group and one NH, of each urea molecule. The other NH,
group of each urea molecule protrudes from the edge of the ribbon. For these NH, groups,
each N—H bond is engaged in a N— H--O hydrogen bond with the OH group of 1,4-
dihydroxybutane molecule, and each OH group is involved in two N — H---O hydrogen bonds

with different urea molecules.

By examining this structure, the question arose as to whether this structure could be
reproduced with longer o,w-dihydroxyalkanes (a homologous structure) and whether it would
be possible to prepare the same type of molecular arrangement by exchanging two urea
molecules by one molecule of p-phenylenediamine, as it may be expected that this change
will not strongly affect the molecular arrangement of the co-crystal (see Figure 6.2b). To
study this question, we have prepared different co-crystals with the following compounds:
urea (U), p-phenylenediamine (PDA) and a series of different o,w-dihydroxyalkanes:
1,5-dihydroxypentane (1,5-DHP), 1,6-dihydroxyhexane (1,6-DHHy), 1,7-dihydroxyheptane
(1,7-DHH,), 1,8-dihydroxyoctane (1,8-DHO), 1,9-dihydroxynonane (1,9-DHN), 1,10-
dihydroxydecane (1,10-DHD), 1,12-dihydroxydodecane (1,12-DHDD), 1,16-

127



Chapter 6  Design of Urea, p-Phenylenediamine and a, co-Dihydroxyalkanes Co-Crystals

dihydroxyhexadecane (1,16-DHHD), and 1,4-dihydroxycyclohexane (1,4-DHCH) (see Figure
6.2a). The formation and structures of these complexes are governed by the principles of

amine-hydroxy recognition.9
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Figure 6.2. (a) List of molecules used in this work and (b) proposed molecular substitution
based on crystal engineering grounds.
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In the attempts to prepare complexes between urea and o,w-dihydroxyalkanes, we
sometimes also obtained conventional urea inclusion compounds (UICs). Interestingly, these
urea inclusion compounds did not crystallize together in the same solution with the hydrogen-
bonded complexes (we obtained either hydrogen-bonded complexes or urea inclusion
compounds). Another important feature is that we were unable to prepare co-crystals between
urea and odd a,w-dihydroxyalkanes (1,5-dihydroxypentane, 1,7-dihydroxyheptane and 1,9-
dihydroxynonane). In the even a,w-dihydroxyalkanes, the all-trans conformation leads to an
antiparallel alignment of the two C — O bonds, whereas in odd a,w-dihydroxyalkane the all-
trans conformation projectsr the two C — O bonds in the same direction (see Fig 6.2).” Our
results suggest that this relative positioning of the hydroxy groups is not suitable to form

complexes between odd o,w-dihydroxyalkanes and urea.
6.3 Experimental

To prepare co-crystals between the above mentioned compounds, stoichiometric
amounts (1:1 or 2:1 molar ratio) were mixed and dissolved homogeneously. Methanol and
acetonitrile (CH3CN) were used as solvents. The required amounts of the compounds were
dissolved in a conical flask (100 ml). The flask was heated to 55°C until a homogeneous
solution was obtained and was then placed in the incubator. The temperature was slowly
decreased to 25°C over a period of 2 days. In some solutions (urea/1,6-dihydroxyhexane and
urea/1,8-dihydroxyoctane), no crystals were obtained after this slow cooling process. These
solutions were then left to evaporate until crystals were formed. A summary of the different

crystalization methods used in this work is given in Table 6.1a & 6.1b.
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Table 6.1a. Summary of all experimental methods used to synthesize the single crystals.

. Crystallization
A B Solvent Ratio Method Crystal Type
Urea 1,4-DHCH CH;CN 1:1 Slow cooling Urea
CH;CN 2:1 Slow cooling  No crystallization
MeOH 1:1 Slow cooling  No crystallization
MeOH 2:1 Slow cooling Co-crystal
Urea 1,5-DHP CHiCN 1:1 Slow cooling Urea
CH;CN 2:1 Slow cooling  No crystallization
MeOH 1:1 Slow cooling UIC
MeOH 2:1 Slow cooling Urea
Urea 1,6-DHH, CH;CN 1:1 Slow cooling Urea
- CH3CN 2:1 Slow cooling 1,6-DHH,
MeOH 1:1 Evaporation Urea
MeOH 2:1 Evaporation Co-crystal
Urea 1,7-DHH, CH3;CN 1:1 Slow cooling  No crystallization
CH;CN 2:1 Slow cooling  No crystallization
MeOH 1:1 Slow cooling Urea
MeOH 2:1 Slow cooling Urea
Urea 1,8-DHO CH;CN 1:1 Evaporation Urea
CH;CN 2:1 Evaporation Urea
MeOH 1:1 Evaporation Urea
MeOH 2:1 Evaporation Co-crystal
Urea 1,9-DHN CH;CN 1:1 Slow cooling 1,9-DHN
CH;CN 2:1 Slow cooling Urea
MeOH 1:1 Slow cooling UIC
MeOH 2:1 Slow cooling Urea
Urea 1,10-DHD CHi;CN 1:1 Slow cooling  No crystallization
CH;CN 2:1 Slow cooling  No crystallization
MeOH 1:1 Slow cooling UIC
MeOH 2:1 Slow cooling Co-crystal
Urea 1,12-DHDD CH;CN 1:1 Slow cooling 1,12-DHDD
CH;CN 2:1 Slow cooling 1,12-DHDD
MeOH 1:1 Evaporation UIC
MeOH 2:1 Evaporation Co-crystal
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Table 6.1b. Summary of all experimental methods used to synthesize the single crystals.

Crystallization

A B Solvent Ratio Method Crystal Type
PDA 1,4-DHCH CHi;CN 1:1 Slow cooling Co-crystal
CH;CN 2:1 Slow cooling PDA
MeOH 1:1 Slow cooling No crystallization
MeOH 2:1 Slow cooling No crystallization
PDA 1,5-DHP CH;CN 1:1 Slow cooling PDA
CH3;CN 2:1 Slow cooling PDA
MeOH 1:1 Slow cooling No crystallization
MeOH 2:1 Slow cooling No crystallization
PDA 1,7-DHHp CH;CN 1:1 Slow cooling PDA
‘CHiCN 2:1 Slow cooling PDA
MeOH 1:1 Slow cooling No crystallization
MeOH 2:1 Slow cooling No crystallization
PDA 1,8-DHO CH3CN 1:1 Slow cooling Co-crystal
CH;CN 2:1 Slow cooling PDA
MeOH 1:1 Slow cooling No crystallization
MeOH 2:1 Slow cooling No crystallization
PDA 1,9-DHN CH;CN 1:1 Slow cooling 1,9-DHN
CH;CN 2:1 Slow cooling PDA
MeOH 2:1 Slow cooling No crystallization
MeOH 1:1 Slow cooling No crystallization
PDA 1,10-DHD CH;CN 1:1 Slow cooling Co-crystal
CH;CN 2:1 Slow cooling PDA
MeOH 2:1 Slow cooling No crystallization
MeOH 1:1 Slow cooling No crystallization
PDA 1,12-DHDD CH;CN 1:1 Slow cooling Co-crystal
CH;CN 2:1 Slow cooling PDA
MeOH 2:1 Slow cooling No crystallization
MeOH 1:1 Slow cooling No crystallization

All crystalline samples collected were characterized first by powder X-ray diffraction
(PXRD) at ambient temperature on a Bruker D8 diffractometer (operating in transmission
mode using Ge-monochromated Cu(K,) radiation with a linear position-sensitive detector
covering 12° in 26). The powder diffractograms were recorded in the range 3.5-50° using a
step size 0.017°. Crystal structures were determined by single crystal X-ray diffraction. Data
were collected on an Enraf-Nonius Kappa CCD diffractometer at 150 K using
monochromated Mo(Ky) radiation (A=0.71073 A) and for the experiments carried out at
room temperature, single crystal X-ray diffraction was performed using graphite-
monochromated Cu-Ka radiation (A=1.54178 A) on a Bruker SMART diffractometer
equipped with a CCD area detector. Differential scanning calorimetric (DSC) data were

recorded for all samples on a TA differential scanning calorimeter.
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6.4 Results

6.4.1 Optical Microscopy Investigations

Initially, the single crystals were examined by optical microscopy. For the complexes
formed between urea and diols, we can distinguish between: (i) long, thin needles and (ii)
eight-sided prisms. All of these samples were colourless. The crystals prepared between p-
phenylenediamine and diols are brown in colour. In this case, all the crystals collected were
eight-sided flat plates. Colourless hexagonal needles and flat hexagonal plates for

conventional urea inclusion compounds were also obtained.
6.4.2 Preliminary Characterisation by Powder X-Ray Diffraction

All the samples prepared were initially characterized by PXRD. The diffractograms
showed that it is possible to obtain co-crystals between urea and diols as well as conventional
urea inclusion compounds. Although urea inclusion compounds were formed, we did not
study them, as our main interest here was to study the hydrogen-bonded complexes network
between urea and diols. In all the new complexes formed, we did not observe any impurity of
urea inclusion compounds in the PXRD pattern. Complexes between p-phenylenediamine and
diols were also prepared. Figure 6.3 shows the PXRD pattern for a conventional urea
inclusion compound with 1,10-dihydroxydecane as the guest component. Figure 6.4 shows
the PXRD pattern for the sample obtained by crystallization of urea and 1,10-
dihydroxydecane from methanol solution. Clearly, the sample obtained by crystallization of
urea and 1,10-dihydroxydecane from methanol solution is not a conventional urea inclusion

compound.
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Figure 6.3. PXRD pattern recorded at ambient temperature (K, (Cu) radiation) for the
sample prepared between urea and 1,10-dihydroxydecane from methanol solution. A
typical pattern of UICs is clearly observed.
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Figure 6.4. PXRD pattern recorded at ambient temperature (Ku(Cu) radiation) for the
sample prepared between urea and 1,10-dihydroxydecane from methanol solution.
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6.4.3 Structural Properties

This section discusses first the crystal structures of the hydrogen-bonded complexes
formed between urea and diols. Secondly, all the structural information for the complexes
formed between p-phenylenediamine and diols is presented. A detailed description of the
crystal packing for each hydrogen-bonded complex is given (heavy atom-heavy atom
distances are measured). Following the preliminary characterization described in the previous
section, all crystal structures were solved by single crystal X-ray diffraction. These
investigations reveal that urea and p-phenylenediamine can form complexes with different
alcohols. Due to experimental conditions, three of the crystal structures have been determined
at room temperature, whereas the other six structures were determined at 150 K. We note that
DSC has shown that there is no phase transition on going from room temperature to 150 K in
any of the hydrogen-bonded complexes. In all cases, the powder XRD pattern simulated from
the known crystal structure is identical to the experimental powder XRD pattern, and
therefore the single crystal selected for the single crystal XRD experiments is representative
of the bulk phase.

Intensity (a.u.)

[N -

10 20 30 40 50
26

Figure 6.5. PXRD diffractogram recorded for the urea/1,4-cyclohexanediol.
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6.4.3.1 Urea/1,4-Dihydroxycyclohexane Co-Crystal

The structure of the urea/l,4-dihydroxycyclohexane complex was solved by single
crystal X-ray diffraction at 150 K. The crystal structure is triclinic (space group PI;
a=5.1402) A, b=53722) A, c= 11.158(6) A; a= 96.940(2)°, 0=199.185(3)°,
7=100.942(3)°; V=1294.96(25)A3; Z=1; Dc=1.330mgm*3; R =0.0403). The PXRD
shows no evidence ofurea inclusion compounds (Figure 6.5). Structural parameters are listed

in the Appendix, Tables Al & A2.

The crystal structure contains urea and 1,4-dihydroxycyclohexane in a 2:1 ratio. In this
structure, urea molecules are hydrogen bonded to each other to form double-stranded ribbons
that run parallel to the a-axis (Figure 6.6). The two strands of the ribbon are linked by a
network of N - H—O hydrogen bonds between urea molecules, involving the C=0 group
and one NH2 group of each molecule, containing two different types of cyclic hydrogen-
bonded array (RI/(8) and "4 (8) in graph set notation10'2) alternating along the centre of the
ribbon. The urea molecules are in a head-to-tail alignment, linked by an inversion centre. The
geometry of these hydrogen bonds are N —Hu"*Ou: 2.992 A, 160.1° and N-Hu"*Ou:
2.896 A, 141.7°.

The other NH2 group of each urea molecule protrudes from the edge of the ribbon with

a periodic spacing of 5.140 A. For the pendant NH2 groups, each N - H bond is engaged in an

Figure 6.6. Molecular arrangement of urea/l,4-dihydroxycyclohexane showing the urea
molecules propagating along the a-axis. The dotted lines represent the hydrogen-bonding
network between urea-urea molecules and between urea and 1,4-dihydroxycyclohexane
molecules. Red, blue, grey and green show oxygen, nitrogen, carbon and hydrogen atoms
respectively.
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Figure 6.7. View of the urea/l,4-dihydroxycyclohexane viewed perpendicular to the be
plane with the urea ribbons running parallel to the a axis.

N - H —O hydrogen bond with the OH group of a 1,4-dihydroxycyclohexane molecule and
each OH group is involved in two N - H —O hydrogen bonds of this type with two different
urea molecules. The geometry of these hydrogen bonds is: N - Hu—odheh* 2.984 A, 172.6°,

and N - Hu-Odhch: 3.020 A, 169.9°.

The 1,4-dihydroxycyclohexane molecules that form hydrogen bonds with the NH:2
groups along a given edge of a urea ribbon are themselves arranged in a planar ribbon-like
manner, with OH groups running along each edge ofthe ribbon. Each edge ofthe urea ribbon
is linked to the edge of a 1,4-dihydroxycyclohexane ribbon and, vice versa, by means of the
N-H—O hydrogen bonding discussed above. The O-H bonds of the 14-
dihydroxycyclohexane molecules protrude outwards from the sheet of 14-
dihydroxycyclohexane molecules and participate in O - H —O hydrogen bonds with the
oxygen atoms of urea molecules in adjacent sheet. The geometry of this hydrogen bond is:
O-Hdheh—ou: 2.715 A, 177.3°. The planes containing the urea molecules and the 1,4-
dihydroxycyclohexanes are not parallel to each other, leading to a corrugated sheet as

observed in Figure 6.7.

6.4.3.2 Urea/l,6-dihydroxyhexane Co-Crystal

The crystal structure corresponding to the urea/l,6-dihydroxyhexane complex was
solved by single crystal X-ray diffraction, measured at room temperature. The crystal
structure is triclinic (space group FT; a = 5.164(2) A, b=7.4953) A, ¢ =28.434(3) A;
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Figure 6.8. PXRD diffractogram recorded for the urea/l,6 -dihydroxyhexane co-crystal.

a=94.823(2)°, 0 =6.022(3)°, 7=101.486(3)°; 316.258(2)A3; Z=1; Dc= 1.25
mg m~3; R =0.053). The PXRD diffractogram does not show any evidence of UICs (Figure

6 .8). Structural parameters are listed in the Appendix, Tables A4 & AS.

Urea and 1,6-dihydroxyhexane forms a complex in a 2:1 ratio. The urea motif in this
structure is based on a hydrogen-bond network that form double-stranded ribbons running
nearly parallel to the a-axis (Figure 6.9). The two strands of the ribbon are linked by a
network of N - H—O hydrogen bonds between urea molecules involving the C = O group and

one NH2 group of each urea molecule and containing two different types of cyclic hydrogen

Figure 6.9. View of the urea/l,6-dihydroxyhexane viewed perpendicular to the sheet
formed by the urea ribbons.
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Figure 6.10. Detailed view along the a-axis showing the hydrogen-bonding between
different sheets in urea/1,6-dihydroxyhexane.

bonded arrays alternating along the centre of the ribbon. The urea molecules are in a head-to-

tail arrangement linked by an inversion centre. The geometry of these bonds is N - Hy—Ou:

2.944 A, 145.9° and N - Hy-Oy: 3.004 A, 165.9°.

The urea molecules are arranged in a head-to-tail fashion, giving rise to double-stranded
ribbons of the urea molecules. The two other NH2 groups protrude from the edge of the urea
ribbon (with a periodic distance of 5.16 A). For these NH2 groups, each N -H bond is
engaged in an N -H —O hydrogen bond with the OH group of a 1,6-dihydroxyhexane
molecule and each OH group is involved in two N - H —O hydrogen bonds of this type with
two different urea molecules N -Hy—ODHH: 3.038 A, 158.3° and N-Hy—ODHH: 2.978 A,
168.5°.

The 1,6-dihydroxyhexane molecules that form hydrogen bonds with NH2 groups along
each edge of the ribbon are themselves arranged in a planar, ribbon-like manner, with OH
groups running along each edge of the ribbon. Each edge of the urea ribbon is linked to the
edge of a 1,6-dihydroxyhexane ribbon, and vice versa, by means of the N - H —O hydrogen
bonds discussed above. The 1,6-dihydroxyhexane molecules of adjacent ribbons are parallel
to each other (Figure 6.9). The planes of the urea ribbons and 1,6-dihydroxyhexane ribbons
linked in this way are not parallel to each other and as shown in Figure 6.10, the arrangement
ofurea and 1,6-dihydroxyhexane propagates as a corrugated sheet. The average plane of sheet
is parallel to the ac-plane and the individual ribbons run along the a-axis. The O -H bonds of
the 1,6-dihydroxyhexane molecules protrude outwards from the sheet and participate in
O - H —O hydrogen bonds with the oxygen atoms of urea molecules in an adjacent sheet.
Each urea oxygen atom is involved in one hydrogen bond of'this type. The geometry of these
hydrogen bonds is O - mHpnn -Ou: 2.815 A, 172.1°.
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Figure 6.11. PXRD diffractogram recorded for the urea/1,8-dihydroxyoctane co-crystal.

6.4.3.3 Urea/1,8-Dihydroxyoctane Co-Crystal

The crystal structure of the urea/l,8-dihydroxyoctane complex was solved by single
crystal X-ray diffraction, measured at 150 K. The crystal structure is monoclinic (space group
P2i/c; a=10.430(2) A, b=5.170(10) A, c¢=14.132(3) A; a=90°, B=111.66(3)°, 7= 90°;
V=1708.2(2) A’; Z=4; D.=1.249 mg m™>; R = 0.0403). The PXRD diffractogram indicates
that no UICs were formed (Figure 6.11). Structural parameters are listed in the Appendix,
Tables AS & A6.

The urea/1,8-dihydroxyoctane complex has a 2:1 ratio. The urea motif in this structure
is based on a hydrogen-bonded network that forms double-stranded ribbons running parallel
to the b-axis (Figure 6.12). The two strands of the ribbon are linked by a network of N — H---O
hydrogen bonds between urea molecules including the C = O group and one NH, group of
each urea molecule and containing two different types of cyclic hydrogen bonded array
alternating along the centre of the ribbon. The urea molecules of the two strands of the
double-stranded ribbons are in a parallel orientation, linked by a 2, screw axis. The geometry
of these bonds are N — HyOy: 2.952 A, 165.3° and N — HyOu: 2.916 A, 136.5°.
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Figure 6.12. View of the urea/1,8-dihydroxyoctane viewed perpendicular to the be plane
with the urea ribbons running in the horizontal direction.

The urea molecules in each strand of the ribbon are parallel whereas in the urea/l,s-
dihydroxyhexane complex these urea molecules are oriented anti-parallel. The other NH2
group of each molecule bulges from the edge of the urea ribbon (with a periodic repeat
distance of 5.17 A). For these pendant NH2 groups, each N -H bond is engaged in an
N - H —O hydrogen bond with the OH group ofa 1,8-dihydroxyoctane molecule and each OH
group is involved in two N -H —O hydrogen bonds of this type with two different urea
molecules. The geometries of these hydrogen bonds are N -H y—Odho: 2.952 A, 164.9° and

N-Hy -Odho: 2.986 A, 157.8°.

The 1,8-dihydroxyoctane molecules that form hydrogen bonds with NH2 groups along
each edge of the ribbon are themselves arranged in a planar, ribbon-like manner, with OH
groups running along each edge of the ribbon. Each edge of the urea ribbon is linked to the
edge of a 1,8-dihydroxyoctane ribbon, and vice versa, by means of the N —H—O hydrogen
bonds discussed above. The 1,8-dihydroxyoctane molecules of adjacent ribbons are not
parallel to each other (Figure 6.12). The planes of the urea ribbons and 1,8-dihydroxyoctane
ribbons linked in this way are also not parallel and, as shown in Figure 6.13, the arrangement

ofurea and 1,8-dihydroxyoctane propagates as a corrugated sheet. The average plane of sheet
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Figure 6.13. Detailed view along the ¢-axis showing the hydrogen-bonding between
different sheets.

is parallel to the ac-plane and the individual ribbons run along the 6 -axis. The O -H bonds of
the 1,8-dihydroxyoctane molecules protrude outwards from the sheet and participate in
O- H -0 hydrogen bonds, with the oxygen atoms of urea molecules in an adjacent sheet.
Each urea oxygen atom is involved in one hydrogen bond of this type. The geometry of these

hydrogen bonds is: O - H phe *0ux 2.770 A, 173.4°.
6.4.3.4 Urea/1,10-dihydroxydecane Co-Crystal

The crystal structure ofthis new complex was solved by single crystal X-ray diffraction,
measured at 150 K. The crystal structure is triclinic (space group PI; a =5.163(3) A,
6 =7367(5)A, c=11.101(8)A; a=98.618(2)°, o0 =96.302(3)°, and 7=102.01(3)%
V -403.98(5) A3; Z=1; Dc= 1.210 mg m-3; R = 0.0487). Powder X-ray diffraction (Figure
6.14) revealed that there is no presence of UICs. Structural parameters are listed in the

Appendix, Tables A7 & As.

The crystal structure contains urea and 1,10-dihydroxydecane in a 2:1 ratio. In this
structure, the urea molecules are hydrogen bonded to each other to form double-stranded
ribbons. These ribbons run approximately parallel to the <z-axis (Figure 6.15). The two strands
of the ribbon are linked by a network of N - H -0 hydrogen bonds between urea molecules,

involving the C = O group and one NH2 group of each molecule and containing two different
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Figure 6.14. PXRD diffractogram corresponding to the complex formed between urea and
1,10-dihydroxydecane.

types of cyclic hydrogen-bonded arrays alternating along the centre of the ribbon. In this
structure, as in urea/l,4-dihydroxycyclohexane, the urea molecules are in a head-to-tail
arrangement across an inversion centre. The geometry of these hydrogen bonds are
N-Hu-Ou: 2.996 A, 166.81° and N-Hu-Ou: 2.923 A, 146.01°. The other NH2 group of

each urea molecule protrudes from the edge of'the ribbon with a periodic spacing of5.16 A.

For the pendant NH2 groups, each N -H bond is engaged in an N - H -0 hydrogen

bond with the OH group ofa 1,10-dihydroxydecane molecule and each OH group is involved

A

Figure 6.15. View ofthe urea/1,10-dihydroxydecane viewed perpendicular to the ab plane
with the urea ribbons running in the horizontal direction.
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Figure 6.16. Crystal structure ofurea/1,10-dihydroxydecane viewed along the ¢-axis.

in two N -H —O hydrogen bonds of this type with two different urea molecules. The
geometry of these hydrogen bonds are N -H u —0dhe>: 2.985 A, 159.5° and N -H u*”0dhd
:2.995 A, 165.9°. The 1,10-dihydroxydecane molecules that form hydrogen bonds with NH2
groups along each edge ofthe ribbon are themselves arranged in a planar ribbon-like manner,

with OH groups running along each edge ofthe ribbon.

Each edge of the urea ribbon is linked to the edge of a 1,10-dihydroxydecane ribbon,
and vice versa, by means of the N-H -0 hydrogen bonds discussed above. The 1,10-
dihydroxydecane molecules of adjacent ribbons are parallel to each other. The planes of the
urea ribbons and 1,10-dihydroxyoctane ribbons linked in this way are not parallel to each
other and, as shown in Figure 6.16, the arrangement of urea and 1,10-dihydroxydecane
propagates as a corrugated sheet. The O -H bonds of the 1,10-dihydroxyoctane molecules
protrude outwards from the sheet and participate in O-H* O hydrogen bonds with the
oxygen atoms of urea molecules in an adjacent sheet. Each urea oxygen atom is involved in
one hydrogen bond of this type. The geometry of this hydrogen bond is 0 - H hd"*Ou:
2.780 A, 168.9°.

6.43.5 Urea/l,12-dihydroxydodecane Co-Crystal

The crystal structure ofthis new complex was solved by single crystal X-ray diffraction,
measured at 150 K. The crystal structure is triclinic (space group PI; a=5.165(5) A,
b= 12.262(12) A, c= 14.561(16) A; a=88.518(4)°, 0=281.93)°, 7=79.27(5)°;
V=2897.02(95)A3; Z= 1; Dc=1.194mgm*3; R =0.2309). Figure 6.17 indicates that no
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Figure 6.17. PXRD diffractogram corresponding to the complex formed between urea and
1,12 -dihydroxydodecane.

UICs were detected by PXRD. Structural parameters are listed in the Appendix, Tables A9 &
A10.

The crystal structure of the co-crystal formed between urea and 1,12-
dihydroxydodecane contains urea and 1,12-dihydroxydodecane in a 2:1 ratio. In this structure,
as in the previous structures, urea molecules are hydrogen bonded to each other to form
double-stranded ribbons that run parallel to the a-axis (Figure 6.18). Again, the two strands of

the ribbon are linked by a network of N- H* O hydrogen bonds between urea molecules,

\Y% A4 S

Figure 6.18. Crystal structure ofurea/1,12-dihydroxydodecane viewed along the 6 -axis.
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involving the C = O group and one NH2 group of each molecule and containing two different
types of cyclic hydrogen-bonded arrays alternating along the centre of the ribbon. The urea
molecules are in a head-to-tail arrangement, linked by an inversion centre. The geometries of

these hydrogen bonds are N - Hu—Ou: 2.992 A, 166.9° and N - Hu-Ou: 2.916 A, 140.4°.

The remaining NH2 group of each urea molecules is projected outwards from the edge
of the ribbon with a periodic spacing of 5.165 A. For the pendant NH2 group, each N -H
bond is engaged in an N-H-O hydrogen bond with the OH group of a 1,12-
dihydroxydodecane molecule and each OH group is involved in two N - H—O hydrogen
bonds of'this type with two different urea molecules. The geometries in these hydrogen bonds

are N- Hu-0dhdd: 2.972 A, 163.3°and N - Hu-0dhdd: 2.990 A, 164.5°.

The 1,12-dihydroxydodecane molecules of adjacent ribbons are parallel to each other.
Along each boundary of the urea ribbon, these molecules form hydrogen bonds with the
amino groups (NH2) and hydroxyl groups (OH) running along each edge ofthe ribbon. As in
the previous compounds formed between urea and 1,6-dihydroxyhexane, urea and 1,8-
dihydroxyoctane, and urea and 1,10-dihydroxydecane, the planes of the urea ribbons and
1,12-dihydroxydodecane ribbons are not parallel to each other and, as shown in Figure 6.19,
the arrangement of urea and 1,12-dihydroxydodecane ribbons propagates as a corrugated
sheet. The O -H bonds of the 1,12-dihydroxydodecane molecules are projected outwards
from the sheet and participate in O - H —O hydrogen bonds with the oxygen atoms of urea
molecules in an adjacent sheet. Each urea oxygen atom is involved in one hydrogen bond of

this type. The geometry of'this hydrogen bond is O - Hdanhdd'»0ou: 2.820 A, 164.5°.

Figure 6.19. Crystal structure ofurea/1,12-dihydroxydodecane viewed along the a-axis.
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Figure 6.20. PXRD diffractogram corresponding to the complex formed between
p-phenilenediamine and 1,4-dihydroxycyclohexane.

6.4.3.6 p-Phenylenediamine/1,4-dihydroxycyclohexane Co-Crystal

The crystal structure of this new complex was solved by single crystal X-ray diffraction,
measured at room temperature. Powder X-ray diffraction shows that there is no presence of
starting materials in the powered sample (Figure 6.20). The crystal structure is monoclinic
(space group P2i/a; cell parameters a=8.503(5)A, 5=6.208(4)A, c=11.781(8) A;
B=95.638(3)°; V=62595(7)A% Z=2; D.=1.190 mgm>; R=0.0641). Structural
parameters are listed in the Appendix, Tables A11 & A12.

The crystal structure of the co-crystal formed between p-phenylenediamine and 1,4-
dihydroxycyclohexane contains p-phenylenediamine and 1,4-dihydroxycyclohexane in a 1:1
ratio. The complementary dispositions of shape features and functional groups in the
interacting molecules in this co-crystal, results in the crystal structure depicted in Figure 6.21.
In this structure, p-phenylenediamine molecules form columns running parallel to the g-axis.
Each NH, group of p-phenylenediamine is engaged in an N — H---O hydrogen bond with the
OH group of a neighbouring 1,4-dihydroxycyclohexane molecule and an O — H-"N hydrogen
bond with the OH group of another 1,4 dihydroxycyclohexane molecule to give rise to an
infinite hydrogen bonded chain O — H-“N — H---O — H-"N — H.
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Figure 6.21. Crystal structure of /7-phenilenediamine and 1,4-dihydroxycyclohexane
viewed along the 6 -axis.

The geometry of these hydrogen bonds are N - Hpda—Odhch- 2.985 A, 170.9° and O -
Hdhch*"Npda: 2.806 A, 171.9°. The 1,4-dihydroxycyclohexane molecules, like the p-
phenylenediamine, are arranged in a column running parallel to the a-axis. Adjacent p-
phenylenediamine columns are parallel to each other. As shown in Figure 6.21, the infinite
hydrogen bonded chains control the molecular arrangement of this crystal structure. The
planes of p-phenylenediamine molecules and 1,4-dihydroxycyclohexane in their respective

columns are not parallel to each other.
6.4.3.7p-Phenylenediamine/1,8-Dihydroxyoctane Co-Crystal

Following the preliminary characterization by PXRD (Figure 6.22), single crystal X-ray
diffraction was used to solve this crystal structure. Data were collected at 150 K. The crystal
structure is monoclinic (space group C2/c; a=36.185(5) A, b=5.093(5) A, c=8.124(5) A;
B=101.105(5)°; V= 1469.1(17)A3; Z=38; Dc=1.150 mgnT3; R=0.0581). Structural

parameters are listed in Appendix, Tables 4713 & A14.
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Figure 6.22. PXRD diffractogram corresponding to the complex formed between

p-phenilenediamine and 1,8-dihydroxyoctane.

The crystal structure of the co-crystal formed between /?-phenylenediamine and
1,8-dihydroxyoctane contains /?-phenylenediamine and 1,8-dihydroxyoctane in a 1:1 ratio.

The molecular arrangement in this co-crystal is very similar to that observed in the

/?-phenylenediamine and 1,4-dihydroxycyclohexane complex. The /?-phenylenediamine

molecules form single columns and the 1,8-dihydroxyoctane molecules form columns along

the c-axis (Figure 6.23). Each NH2 group ofthe /?-phenylenediamine forms hydrogen bonds to

Figure 6.23. Crystal structure of/?-phenilenediamine/1,8-dihydroxyoctane viewed along
the 6¢-axis. The /?-phenilenediamine and 1,8-dihydroxyoctane are in a corrugated sheet

conformation.
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two 1,8-dihydroxyoctane molecules. One 1,8-dihydroxyoctane is connected to the
p-phenylenediamine through an N — H--O hydrogen bond involving the OH group of the
1,8-dihydroxyoctane and one NH, group of the p-phenylenediamine. The other
1,8-dihydroxyoctane is linked through an O — H---N hydrogen bond involving the hydroxyl
and amino functional groups of 1,8-dihydroxyoctane and p-phenylenediamine respectively.
The geometry of these hydrogen bonds are N —HppaOpno: 2.805 A, 175.4° and
O — Hpro*Nppa: 3.113 A, 169.7°. Each NH, group of p-phenylenediamine is engaged in an
N-H--O hydrogen bond with the OH group of a neighbouring 1,8-dihydroxyoctane
molecule and an O — H--N hydrogen bond with the OH group of another 1,8-dihydroxyoctane
molecule to give rise to an infinite hydrogen bonded chain O — H-"N — H--O — H-“N — H. The
planes of p-phenylenediamine molecules and 1,8-dihydroxyoctane molecules in their

respective columns are not parallel to each other and, as shown in Figure 6.23.
6.4.3.8 p-Phenylenediamine/1, 10-dihydroxydecane Co-Crystal

The crystal structure of the p-phenylenediamine/1,10-dihydroxydecane co-crystal was
solved by single crystal X-ray diffraction, measured at room temperature. Powder X-ray

diffraction (Figure 6.24) showed that there is no presence of starting materials in the samples

Intensity (a.u.)

10 20 30 40 50
20

Figure 6.24. PXRD diffractogram corresponding to the complex formed between
p-phenilenediamine and 1,10-dihydroxydecane.
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analyzed. The crystal structure is monoclinic (space group P2Val cell parameters
a=8265(6)A, b=5.188(3) A, c= 19.534(13) A; 0=199.01(0)°; V= 827.29(9) A3; Z=12;
Dc= 1.134 mg m~3; R = 0.111). Structural parameters are listed in the Appendix, Tables Al5
&A16.

The structure of this co-crystal is very similar to that observed for
/7-phenilenediamine/1,8 -dihydroxyoctane. The crystal structure of the co-crystal formed
between /?-phenylenediamine and 1,10-dihydroxydecane contains "-phenylenediamine and
1.10-dihydroxyoctane in a 1:1 ratio. The /?-phenylenediamine molecules and the
1.10-dihydroxydecane molecules form columns running along the a-axis (Figure 6.25). Each
NH2 group of the /?-phenylenediamine forms hydrogen bonds to two 1,10-dihydroxydecane
molecules. One 1,10-dihydroxydecane is connected to the /?-phenylenediamine through an
N - H —O hydrogen bond involving the OH group ofthe 1,10-dihydroxydecane and one NH2
group of the /?-phenylenediamine. The other 1,10-dihydroxydecane is linked through an
O-H-—N hydrogen bond involving the hydroxyl and amino functional groups of
1.10-dihydroxydecane and /?-phenylenediamine respectively. The geometry of these hydrogen
bonds are N -H Pda”'Odho- 3.201 A, 167.3° and O - Hdhd” 'Npda- 3.202 A, 174.4. EachlISfflh
group ofp-phenylenediamine is engaged in an N - H—O hydrogen bond with the OH group
of a neighbouring 1,10-dihydroxydecane molecule and an O - H—N hydrogen bond with the
OH group of another 1,10-dihydroxydecane molecule to give rise to an infinite hydrogen
bonded chain O-H-—N-H—O-H-N-H. The planes of/?-phenylenediamine molecules

and 1,10-dihydroxydecane molecules in their respective columns are not parallel to each

Figure 6.25. Crystal structure of viewed along the 6-axis. The "*-phenilenediamine and
1,10-dihydroxydecane is in a corrugated sheet conformation.
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Intensity (a.u.)
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Figure 6.26. PXRD diffractogram corresponding to the complex formed between
p-phenilenediamine and 1,12-dihydroxydodecane.

other , as shown in Figure 6.25.
6.4.3.9 p-Phenilenediamine/l, 12-dihydroxydodecane Co-Crystal

The crystal structure of the p-phenylenediamine 1,12-dihydroxydodecane co-crystal was
solved by single crystal X-ray diffraction, measured at 150 K. Powder X-ray diffraction
(Figure 6.26) showed that there is no presence of starting materials in the samples analyzed.
The crystal structure is monoclinic (space group P2/a; a=8.085(2) A, b=5.136(3) A,
c=22.156(9) A; B=96.136(2)°; ¥=914.75(17) A’; Z=4; D.=1.12mgm™; R =0.1243).
Structural parameters are listed in the Appendix, Tables A17 & A18.

The crystal structure of the co-crystal formed between p-phenylenediamine and
1,12-dihydroxydodecane contains p-phenylenediamine and 1,12-dihydroxydodecane in a 1:1
ratio. The structure of this co-crystal is very similar to that observed for
p-phenilenediamine/1,8-dihydroxyoctane and p-phenilenediamine/1,10-dihydroxydecane
co-crystal. The p-phenylenediamine molecules and the 1,12-dihydroxydodecane molecules
form columns running along the qg-axis (Figure 6.27). Each NH, group of the
p-phenylenediamine forms hydrogen bonds to two 1,12-dihydroxydodecane molecules. One
1,12-dihydroxydodecane is connected to the p-phenylenediamine through an N-—H--O
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1

Figure 6.27. Crystal structure of viewed along the 6-axis. The /7-phenilenediamine and
1,12-dihydroxydodecane are in a corrugated sheet conformation.

hydrogen bond involving the OH group ofthe 1,12-dihydroxydodecane and one NH2 group of
the p-phenylenediamine. The other 1,12-dihydroxydodecane is linked through an O -H —N
hydrogen bond involving the hydroxyl and amino functional groups  of
1,12-dihydroxydodecane and /?-phenylenediamine respectively. The geometry of these
hydrogen  bondsare N - Hpda'”odnda' 2.810, A, 176.5°. Each NH2 group of
p-phenylenediamine is engaged in an N - H—O hydrogen bond with the OH group of a
neighbouring 1,12-dihydroxydodecane molecule and an O - H—N hydrogen bond with the
OH group of another 1,12-dihydroxydodecane molecule to give rise to an infinite hydrogen
bonded chain O-H-—N-H —O-H-—N-H. The planes of /?-phenylenediamine molecules
and 1,12-dihydroxydodecane molecules in their respective columns are not parallel to each

other, as shown in Figure 6.27.
6.4.4 Comparison of Crystal Structures

For the group of complexes formed with urea and diols, the double-stranded ribbon of
urea molecules is the principal hydrogen bonded array observed, whereas, for the complexes
formed with p-phenylenediamine and diols, the infinite chain is the only hydrogen bonded
array and there is no hydrogen bonding between adjacent sheets containing p-
phenylenediamine and diols. For those complexes formed between urea and diols, the motif
adopted by urea molecules is based on double-stranded ribbons. This motifis observed in all
the structures except urea/l,8-dihydroxyoctane. All the other crystal structures are triclinic

(PI), whereas the urea/l,8-dihydroxyoctane crystal structure is monoclinic (P2]/c). In the
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Figure 6.28. Schematic representation of the two urea motifs observed in the crystal
structures formed between urea and a,w-dihydroxyalkanes: (a) antiparallel orientation of
urea strands with inversion centre, and (b) parallel orientation of urea strands with 2, screw
axis.

triclinic structures, the inversion centre, 1, is in the middle of the double-stranded ribbon of

urea molecules. This inversion centre leads to an antiparallel orientation for the two strands of

the ribbon (Figure 6.28a).

In urea/1,8-dihydroxyoctane, the inversion centre on the ribbon is replaced by a 2,
screw axis which leads to a parallel orientation of the two strands of the double-stranded
ribbons. This alteration also affects the relative orientations of the 1,8-dihydroxyoctane
molecules within adjacent sheets (Figure 6.28b). A summary of all the structural parameters
obtained in the crystal structures formed between urea and o w-dihydroxyalkanes and 1,4-

dihydroxycyclohexane is given in Table 6.2.

Interestingly, we observed that, in all the structures, there is a common repeat distance
of ~5.16 A which corresponds to the periodicity of the urea molecules in the double-stranded
ribbons. In all the structures formed with urea and diols, the planes containing the urea
ribbons and the a,w-dihydroxyalkane molecules are not parallel to each other and, as shown in
previous figures, the planes containing the arrangement of urea and o,w-dihydroxyalkane

ribbons propagate as a corrugated sheets.

This work provides a good example of the even-odd effect in substituted z-alkanes. This

effect was first studied by Bayer in 1877, who noted that n-alkane dicarboxylic acids with
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even n melt at higher temperatures than those with odd n."> This phenomenon has since been
observed in many other n-alkanes and terminally-substituted n-alkanes. In particular, detailed
studies have been carried out by Boese and co-workers.'*!” The phenomenon of alternation in
solid-state properties has been attributed to crystal packing factors, so that even n-alkanes
pack more efficiently than odd n-alkanes. In our series, the even-odd effect is apparent from
the inability to obtain co-crystals between urea/p-phenylenediamine and odd
a,w-dihydroxyalkanes, and for the cis-isomer of 1,4-dihydroxycyclohexane.

Table 6.2. Structural parameters for structures formed between urea and
w,o-dihydroxyalkanes and 1,4-dihydroxycyclohexane molecules.

U/1,4-DHCH U/1,6-DHH; U/1,8-DHO U/1,10-DHD U/1,12-DHDD

Crystal system triclinic triclinic monoclinic triclinic triclinic
a(A) 5.140(2) 5.164(2)  10.430(2) 5.1633)  5.165(5)

b (A) 5.372(2) 7.495(3)  5.170(10) 7.367(5) = 12.262(12)
c () 11.158(6)  8.434(3)  14.132(3) 11.101(8)  14.561(16)
a(®) 96.940(2) 94.823(2) 90 98.618(2)  88.518(4)
B(°) 99.185(2) 96.022(3) 111.66(3) 96.302(3)  81.9(3)
Y(°) 100.942(3) 101.486(3) 90 102.007(3) 79.267(5)
Space group  P1 P1 P2/c P1 P1

Volume (A%  294.96(25) 316.26(2) 708.21(2) 403.98(5)  897.02(95)

V4 1 1 4 1 1
Dc(mgm™)  1.330 1.251 1.249 1.210 1.194
Ratio 2:1 2:1 2:1 2:1 2:1
M.P. (°C) 137 120 129 131 134
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For the even diols, the all-trans conformation leads to an antiparallel projection of the
two C— O groups, whereas in odd diols the two C— O groups are projected in the same
direction.'® This is also an efficient method to separate the trans isomer from the cis isomer of
1,4-dihydroxycyclohexane. In the preparation of the complex between urea and
1,4-dihydroxycyclohexane, the starting material was a mixture of both cis and trans isomers,
whereas in our experiments only co-crystals containing the frans conformation of the

1,4-dihydroxycyclohexane were obtained.

Our interpretation ‘of the fact that co-crystals are not formed for odd
a,w-dihydroxyalkanes is based on the impossibility to form parallel double stranded ribbons
of urea molecules when the a,w-dihydroxyalkanes have an odd chain length. In the even case,
the C— O groups are nearly oriented perpendicular to the double stranded ribbons of urea
molecules (viewed perpendicular to the bc plane), so that the CH, group next to the C—O
bond is well oriented to avoid repulsive forces from the NH; group (see Figure 6.29). In the
odd case, the orientation of the C — O groups are not perpendicular to the urea ribbons and the
CH; and NH; groups are too close to each other. In order to maintain the optimum distances
between the CH, and NH, groups, the odd a,w-dihydroxyalkanes would have to rotate.
However, by doing this rotation, the double stranded ribbons of urea molecules will no longer
be in a parallel orientation with the adjacent urea ribbons (Figure 6.30). As observed in Figure
6.30, the rotation of diols will also create a gap (shadow area in Fig. 6.30) in some regions of
the structure, thus with the impossibility of establishing a hydrogen bonding network between
urea and o,w-dihydroxyalkanes. Therefore, it is not possible to form a co-crystal with urea

and odd a,w-dihydroxyalkanes.
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Figure 6.29. In the even-w”-dihydroxyalkanes case the C -0 bond is oriented nearly
perpendicular to the urea ribbons and the distances between CHz2 and NH2 are large enough

to avoid repulsive forces. The arrows indicates the parallel disposition between adjacent
double-stranded urea ribbons
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Figure 6.30. Schematic representation of the co-crystal between urea and odd wu,a-
dihydroxyalkane (1,7-dihydroxyheptane). In this figure, the rotation ofthe OH groups does
not allow formation of'a hydrogen bond network with urea molecules. The adjacent double
stranded urea ribbons are not in a parallel disposition. The CH2 and NH2 groups (Haand Hb

respectively) are in a good orientation in one molecule, but clearly not in the other ones
(shadow area).
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Table 6.3. Structural parameters for structures formed between p-phenylenediamine and o,w-

dihydroxyalkane/1,4-dihydroxycyclohexane molecules.

PDA/1,4-DHCH PDA/1,8-DHO PDA/1,10-DHD PDA/1,12-DHDD

Crystal system
a(A)

b (A)

c(A)

a(®)

B(°)

7

Space group
Volume A*
Z

Dc(mg m™)
Ratio

M.P. (C°)

monoclinic
8.5030(5)
6.2079(4)
11.781(8)
90 |
95.638(3)
90

P2/a
625.95(7)
2

1.190

1:1

140

monoclinic
36.185(5)
5.093(5)
8.124(5)
90
101.105(5)
90

C2/c
1469.1(17)
8

1.150

1:1

121

monoclinic
8.265(6)
5.188(3)
19.534(13)
90
99.01(0)
90

P2i/a
827.29(10)
8

1.134

1:1

126

monoclinic
8.085(2)
5.136(3)
22.156(9)
90
96.136(2)
90

P2,/a
914.75(17)
4

1.127

1:1

129

An infinite chain of the hydrogen bonding motif is observed for the crystal structures

formed between p-phenylenediamine and diols. All the structures reported here are

monoclinic with a common periodic spacing of ~ 5.1 A. Table 6.3 provides a comparison of

the structural parameters for these complexes.

Density variations in this series of complexes are also important (Figure 6.31). In both

groups of co-crystals, the density decreases as the chain length of the a,w-dihydroxyalkanes

increases. For the complexes formed with urea, the variation is more significant than that for

the complexes formed containing p-phenylenediamine. Melting point variations have also

been analysed for the different compounds. In both cases, the melting point increases as the

length of the dihydroxyalkane increases (Figure 6.32).
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Figure 6.31. Density variation as a function of chain length for the p-
phenylenediamine/c,w-dihydroxyalkane co-crystals (star symbol) and urea/c,w-
dihydroxyalkane co-crystals (square symbol). (Note that measurements carried out at room
temperature are shown in red).
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Figur 6.32. Melting point variation as a function of the chain length for the
p-phenylenediamine/a,w-dihydroxyalkane co-crystals (star symbol) and for the urea/o,w-
dihydroxyalkane co-crystals (square symbol). (Note that measurements carried out at room
temperature are shown in red).
In this work, we were able to prepare urea inclusion compounds with certain
o,w-dihydroxyalkanes (Table 6.4). For urea/1,5-dihydroxypentane, the UIC was unstable
at room temperature. The short chain for the 1,5-dihydroxypentane is such that this guest

readily escapes from the tunnel structure of the UICs and the urea host structure
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recrystallized as a pure urea. The other UICs obtained were stable at room temperature.
Interestingly, for all the UICs formed, except that formed with 1,16-dihydroxyhexadecane, the
crystal had needle-like morphology. For the urea/l,16-dihydroxyhexadecane inclusion
compound, on the other hand, the single crystal formed was, instead, a flat hexagonal shape.
Powder X-ray diffraction data revealed that new co-crystals between urea/l,16-
dihydroxyhexadecane and p-phenylenediamine/1,16-dihydroxyhexadecane were formed, but
are too small to use single crystal X-ray diffraction to determine the crystal structure.
Therefore, using PXRD technique, these two crystal structures will be investigated in further
investigations.

Table 6.4. Series of conventional urea inclusion compounds obtained during the preparation
of complexes between urea and w,a-dihydroxyalkanes.

UICs Morphology

Urea/1,5-dihydroxypentane long hexagonal crystals
Urea/1,9-dihydroxynonane long hexagonal crystals
Urea/1,10-dihydroxydecane long hexagonal crystals
Urea/1,12-dihydroxydodecane  long hexagonal crystals

Urea/1,16-dihydroxyhexadecane flat hexagonal crystals

6.5 Conclusions and Further Work

The single crystal X-ray diffraction results reported in this chapter have proved that, by
applying crystal engineering principles, a new family of co-crystal structures have been
prepared. It has been shown how it is possible to predict a crystal structure by replacing two
urea molecules by one molecule of p-phenylenediamine. The double-stranded ribbon of urea
molecules has been substituted by a p-phenylenediamine column, giving rise to another

family of crystal structures.

A good level of understanding has now been obtained for the urea/diol and
p-phenylenediamine/diol systems. Nevertheless, from this work, a number of further avenues
of investigation have been opened. In the structures containing urea and diols, we have
observed a common pattern for the urea molecules but in the case of urea/l,8-
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dihydroxyoctane, the structure is significantly different. Is the urea/1,8-dihydroxyoctane a
polymorph? Could polymorphism eventually be found in this family of structures? With the
correspondence between molecular and crystal structure now being understood for this group
of materials, we conclude that urea and p-phenylenediamine are amenable to the principles of

crystal engineering.
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Appendix

Additional crystallographic and structural information for the co-crystals described in

Chapter 6 is given in this appendix.

Table Al. Crystal data and structure refinement for U/1,4-DHCH.

Crystal Data

Formula sum Cs Hyo N4 Oy

Formula weight 236.27

Crystal system triclinic

Space group P1

Unit cell dimensions a=5.140002) A
b=5.3720(2) A
c=11.1580(6) A
a=96.94(2)°
£=99.18(3)°
y=100.94(3)°

Cell volume 294.96(25) A3

Density 1.330 g/em®

Pearson code aP36

Formula type NOP2Q5

Wyckoff sequence 18
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Table A2. Fractional

U/1,4-DHCH.

coordinates and isotropic displacement

Atom x y z Uis/A

C1 0.13610(3) 0.85579(3) 0.12018(1) 0.018(1)
C2 -0.14772(3) 0.48838(3) 0.37419(1) 0.018(1)
C3 -0.21141(3) 0.27093(3) 0.44718(1) 0.022(1)
C4 0.14538(2) 0.62963(3) 0.41443(1) 0.022(1)
N1 0.21919(2) 1.09453(2) 0.18220(1) 0.023(1)
N2 0.32063(2) 0.73527(3) 0.08223(1) 0.027(1)
01 -0.10904(2) 0.74357(2) 0.10142(1) 0.020(1)
02 -0.20650(2) 0.37810(2) 0.24635(1) 0.022(1)

parameters
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Table A3. Crystal data and structure refinement for U/1,6-DHH,

Crystal Data

Formula sum
Formula weight
Crystal system
Space group

Unit cell dimensions

Cell volume
Z

Density

RAll
Pearson code
Formula type

Wyckoff sequence

Cs Hi N;O,
238.30

triclinic

P1
a=5.1642(2)A
b=17.4945(3)A
c=8.4337(3)A
a=94.82(2)°
B=96.02(3)°
7=101.49(3)°
316.26(2) A’

1

1.251 g/cm’
0.053

aP38
N202P4Q11

19
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Table A4. Fractional

U/1,6-DHH;.

parameters for

coordinates and isotropic displacement
Atom X y z Uiso
C1 -0.4279(3) 0.7242(2) -0.84455(19) 0.042(5)
C2 -0.1494(3) 0.8023(2) -0.87714(19) 0.040(5)
C3 -0.1402(3) 0.9549(2) -0.98660(18) 0.040(5)
C4 0.0110(3) 0.24761(19) -0.60938(17) 0.035(4)
N1 0.0165(3) 0.39050(18) -0.69474(17) 0.046(4)
N2 -0.2224(2) 0.15931(18) -0.57402(17) 0.046(5)
O1 -0.4379(2) 0.59237(14) -0.72981(14) 0.045(4)
02 0.2228(2) 0.19739(14) -0.56395(13) 0.044(4)
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Table AS5. Crystal data and structure refinement for U/1,8-DHO

Crystal Data

Formula sum
Formula weight
Crystal system
Space group

Unit cell dimensions

Cell volume
Density
Pearson code
Formula type

Wyckoff sequence

Os N2 Hi3 G
532.68
monoclinic
P2i/c
a=10.430(2) A
b=5.170(1) A
c=14.1323) A
B=111.66(3) °
708.23(2) A’
1.249 g/cm’
mP88
N202P5Q13

e22
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parameters for

Table A6. Fractional coordinates and isotropic displacement
U/1,8-DHO.
Atom X y vA Uiso
01 0.94504(1) 0.21089(2) 0.63675(1) 0.023(1)
N2 0.82759(1) 0.42550(2) 0.49077(1) 0.023(1)
C1 0.90374(1) 0.42148(2) 0.59073(1) 0.017(1)
N1 0.93318(1) 0.64761(2) 0.64003(1) 0.022(1)
02 1 0.80992(1) 0.57070(2) 0.88334(1) 0.023(1)
C2 0.71244(2) 0.54196(3) 0.78086(1) 0.021(1)
C3 0.67154(2) 0.79807(3) 0.72621(1) 0.021(1)
C4 0.57710(2) 0.76410(3) 0.61503(1) 0.023(1)
Cs 0.54373(2) 1.01807(3) 0.55613(1) 0.024(1)
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Table A7. Crystal data and structure refinement for U/1,10-DHD

Crystal Data

Formula sum
Formula weight
Crystal system
Space group

Unit cell dimensions

Cell volume
Density (calculated)
Pearson code
Formula type

Wyckoff sequence

Ci2 H30 Os Ng
294.39

triclinic

P1
a=5.1630(3)A
b=7.3670(5)A
c=11.1010(8)A
a=98.62(2)°
B=96.302(3)°
y=102.01°(3)
403.98(5) A°
1.210 g/cm’
aP50
N202P6Q15

25
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Table A8. Fractional coordinates and isotropic displacement parameters for U/1,10-DHD.

Atom x y z Uiso

Cl  0.42374(3) 021291(2) 0.41376(2) 0.021(1)
C2  0.29836(4) 0.34583(2) 0.76246(2) 0.025(1)
C3  0.08569(3) 0.45219(2) 0.79098(2) 0.023(1)
C4  0.19998(3) 0.64114(2) 0.87648(2) 0.025(1)
C5  -0.00932(4) 0.75257(2) 0.90470(2) 0.025(1)
C6  0.10515(4) 0.94453(2) 0.98524(2) 0.027(1)
01 0.23334(2) 0.28304(2) 0.44679(1) 0.026(1)
02  0.19290(2) 0.17387(2) 0.67442(1) 0.027(1)
N1  037691(3) 0.03891(2) 0.34881(1) 0.026(1)
N2 0.67668(3) 0.31182(2) 0.44460(1) 0.026(1)
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Table A9. Crystal data and structure refinement for U/1,12-DHDD

Crystal Data

Formula sum
Formula weight
Crystal system

Space group

Unit cell dimensions .

Cell volume
Density
Pearson code
Formula type

Wyckoff sequence

C14 H3s O4 Ny
644.89

triclinic

P1 (no.2)
a=>5.1650(5) A
b=122620(12) A
c=14.5610(16) A
a=88.52(4)°
B=181.9(3)°
y="79.27(5)°
897.02(95) A?
1.194 g/cm®
aP112
N202P7Q17

156
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Table A10. Fractional coordinates and isotropic displacement parameters for U/1,12-DHDD.

Atom X y z Usiso

Cl  1.54668(16) 0.07731(7) -0.13155(6) 0.032(1)
C2  1.95067(16) -0.07545(6) -0.36905(6) 0.027(1)
C3  1.92996(15) 0.76467(7) -0.61131(6) 0.036(1)
C4  1.67167(15) 0.73955(6) -0.56202(5) 0.030(1)
C5  1.71164(15) 0.66037(6) -0.47795(6) 0.032(2)
C6  1.45586(15) 0.63798(7) -0.42790(6) 0.035(2)
C7  1.48841(15) 0.56391(6) -0.34476(6) 0.029(2)
C8  1.22943(15) 0.53960(6) -0.29173(6) 0.035(2)
C9  1.26811(15) 0.46490(7) -0.20676(6) 0.038(2)
C10  1.00916(17) 0.43797(7) -0.15614(6) 0.045(2)
Cll1  1.05239(17) 0.36378(6) -0.07089(6) 0.034(2)
C12  0.78940(15) 0.33728(7) -0.01797(6) 0.029(2)
C13  0.82714(15) 026360(7) 0.06330(6) 0.035(2)
C21 0.56734(15) 0.23673(6) 0.11482(6) 0.033(2)
Ol  1.33355(11) 0.04806(4) -0.10482(4) 0.041(2)
03  0.60659(11) 0.15641(4) 0.18681(3) 0.032(2)
04  1.89577(10) 0.84322(5) -0.68664(5) 0.045(2)
N1 1.75912(11) 0.05186(5) -0.08370(4) 0.023(2)
N2 1.57469(13) 0.13641(5) -0.20785(5) 0.041(2)
N3 1.92645(12) -0.13507(5) -0.28853(5) 0.033(2)
02  2.17343(10) -0.04984(4) -0.40303(4) 0.029(1)
N4 1.73920(15) -0.04868(6) -0.40755(5) 0.048(2)
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Table A11. Crystal data and structure refinement for PDA/1,4-DHCH.

Crystal Data

Formula sum Ci2 Hyg O2 N,
Formula weight 448.60
Crystal system monoclinic
Space group P2i/a

Unit cell dimensions

Cell volume
Density
Pearson code
Formula type

Wyckoff sequence

a=18.5030(5) A
b=6.2790(4) A
c=11.7810(8) A
B=95.64(3)°
625.95(7) A
1.190 g/cm’
mP72

NOP6Q10

el8
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Table AI12. Fractional

PDA/1,4-DHCH.

coordinates and isotropic displacement

Atom X y z Uiso

C1 0.52492(3) 0.29148(4) 0.45150(2) 0.048(1)
C2 0.53558(3) 0.49019(4) 0.38061(2) 0.043(1)
C3 0.43332(3) 0.66484(4) 0.42221(2) 0.050(1)
C4 0.04030(3) 0.30402(4) -0.03939(2) 0.045(1)
Cs 0.1 0840(2) 0.37067(4) 0.06560(2) 0.042(1)
C6 0.06648(3) 0.56936(4) 0.10485(2) 0.047(1)
01 0.48499(2) 0.45350(3) 0.26364(1) 0.062(1)
N1 0.20974(2) 0.23556(3) 0.13637(2) 0.052(1)

parameters

for
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Table A13. Crystal data and structure refinement for PDA/1,8-DHO.

Crystal Data

Formula sum
Formula weight
Crystal system
Space group

Unit cell dimensions

Cell volume
Density (calculated)
Pearson code
Formula type

Wyckoff sequence

C7H3N;04
1017.49
monoclinic
C2/c
a=36.1855 A
b=5.093(5) A
c=8.124(5) A
B=101.11(5)°
1469.14(17) A°
1.150 g/em®
mC176
NOP7Q13

22
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Table A14. Fractional coordinates and isotropic displacement parameters for PDA/1,8-DHO.

Atom X y z Ui
O1 0.85748(1) 0.34671(3) 0.17864(3) 0.030(1)
N1  0.82802(1) -0.20222(4) 0.00276(3) 0.027(1)
C2  0.95668(1) 0.22138(4) 0.40861(3) 0.028(1)
C6 0.78847(1) -0.22123(4) -0.00115(3) 0.021(1)
C1  097975(1) -0.02673(5) 0.45815(3) 0.029(1)
C7 0.77025(1) -0.04883(4) 0.08791(3) 0.023(1)
C3 0.91643(1) 0.16773(4) 0.31989(3) 0.027(1)
CS 0.76776(1) -0.42394(4) -0.08950(3) 0.024(1)
C4 0.89465(1) 0.41374(4) 0.26363(3) 0.029(1)
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Table A15. Crystal data and structure refinement for PDA/1,10-DHD.

Crystal Data

Formula sum Cs His N; Oy

Formula weight 282.42

Crystal system monoclinic

Space group P2i/a

Unit cell dimensions a = 8.2649(6)A
b=5.1883(3)A
c=19.5336(13)A
L£=99.01(0)°

Cell volume 827.29(10) A®

Z 2

Density 1.134 g/cm®

RAll 0.111

Pearson code mP25

Formula type NOP8Q15
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Table A16. Fractional coordinates and isotropic displacement parameters for PDA/1,10-DHD.

Atom X y z Ui
C1 0.2794(4) 0.3939(6) 0.23360(13)  0.0426(7)
C2 0.2347(4) 0.6526(5) 0.20068(13)  0.0428(7)
C3 0.1492(4) 0.6331(6) 0.12640(13)  0.0416(7)
C4 0.1092(4) 0.8901(6) 0.09121(13) 0.0420(7)
Cs 10.0227(4) 0.8711(5) 0.01711(13)  0.0410(7)
Cé6 0.5094(3) -0.0176(5) 0.42923(13)  0.0349(7)
Cc7 0.5921(3) 0.1723(5) 0.46930(13) 0.0396(7)
C8 0.4157(3) -0.1895(6) 0.46059(14)  0.0405(7)
N1 0.5121(3) -0.0276(5) 0.35659(11)  0.0450(7)
01 0.3542(3) 0.4310(4) 0.30334(9) 0.0543(7)
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Table A17. Crystal data and structure refinement for PDA/1,12-DHDD.

Crystal Data
Formula sum CgH;7N;10;
Formula weight 620.96
Crystal system monoclinic
Space group P2i/a
Unit cell dimensions a=28.085(2)A
b=5.136(3)A
c=22.156(9)A
B=96.14(2)°
Cell volume 914.75(17)A°
Density 1.127 g/em®
Pearson code mP112
Formula type NOP9Q17
Wyckoff sequence €28
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Table AI18. Fractional coordinates and isotropic displacement parameters for PDA/1,12-

DHDD.

Atom p'e y z Uiso
01 0.12973(5) 0.40770(7) 0.67270(2) 0.025(1)
N1 0.46904(6) 0.5455009) 0.62578(2) 0.021(1)
C1 0.40357(6) 0.32451(10) 0.52862(2) 0.020(1)
Cé6 0.32381(7) 0.55644(11) 0.83101(2) 0.025(1)
C3  0.57854(6) 0.70162(10) 0.53276(2) 0.020(1)
Cs 0.24728(7) 0.60074(11) 0.76547(2) 0.026(1)
C4  0.19999(7) 034932(10 0.73274(2) 0.023(1)
C8  0.42900(7) 0.76895(11) 0.93186(2) 0.025(1)
C7  036173(7) 0.81064(11) 0.86567(2) 0.026(1)
C9  0.46573(7) 1.02052(11) 0.96687(2) 0.027(1)
C2  0.48300(6) 0.52715(10) 0.56209(2) 0.020(1)
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