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Chapter 1 

1.  Introduction 

1.1 Preamble 

This thesis concerns the exploration of hydrogen bonded networks in solid-state molecular 

complexes with a view to designing materials with interesting, and potentially useful, 

chemical and physical properties.  Full structural characterisation of such materials is vital 

in their development and understanding and single crystal X-ray and neutron diffraction 

are the key techniques which have been used in this work.  All general background theory 

will be described here including an in depth introduction to hydrogen bonding and the 

potentially tunable properties of certain categories of hydrogen bonds such as proton 

migration and proton disorder. 

It should be noted that when describing structures solved using X-ray diffraction, the term 

hydrogen atom is used to refer to the electron density associated with the hydrogen which 

is not normally located at the same position as the nuclear density.  This is not the case in 

structures determined using neutron diffraction where it is the nuclear density which is 

located from the diffraction experiment. 

1.2 Hydrogen Bonding 

The first use of the term hydrogen bond is thought to have first been in a paper by Pauling 

on the nature of the chemical bond in 1931; this was followed up in his book, Nature of the 

Chemical Bond, where hydrogen bonding is introduced when discussing the [H:F:H]- ion.1  

In the subsequent years, many papers on the nature of the hydrogen bond have been 

published alongside papers on the chemical and physical properties which are affected by 

hydrogen bonding.  Jeffrey summarises much of the hydrogen bonding literature and also 

discusses the techniques used to study the hydrogen bond in his 1997 book, An 

Introduction to Hydrogen Bonding.2   

As one of the most common interactions in chemistry, the hydrogen bond is important in 

many fields of research and also in day to day life; the relatively high boiling point of water 

is a classic example of the importance of the hydrogen bond.  Hydrogen bonds are also 

key in many biological systems, playing a role in determining the shapes of folded proteins 

and in linking base-pairs in strands of DNA.  There are many different types of hydrogen 

bond and their properties vary; the strongest hydrogen bonds can have strengths 

approaching those of covalent bonds while weak hydrogen bonds are little stronger than 
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a well understood phenomenon, in part due to the relatively few examples which have 

been found to date but also due to the fact that it can be difficult to observe.  Variable 

temperature neutron diffraction data is usually required to observe definitively any 

migration of the hydrogen atom as the effect is very subtle and requires extremely 

accurate location of the hydrogen atom.60,62-65  As most crystallographic studies are 

conducted using X-rays, migration may be missed (though X-ray studies can give some 

indications as to whether migration is present).66  Computational studies can also play an 

important role when studying materials that display proton migration as they allow access 

to information which can confirm the presence of migration and lead to a greater 

understanding of the underlying causes.67-69 

 

Figure 1.6 The O-H···N hydrogen bond in the complex of pentachlorophenol and 4-

methylpyridine showing the hydrogen atom migrating across the hydrogen bond as the 

temperature is varied.60  

One of the first studies to explicitly mention tunable proton migration was by Steiner et al 

in 2001.60  In the paper, the authors presented neutron data which confirmed the presence 

of variable temperature proton migration in an intermolecular O-H···N hydrogen bond in 

the complex of pentachlorophenol and 4-methylpyridine (Figure 1.6).  Previous X-ray 

studies had shown the presence of an O-H···N SSHB within the structure (O···N distance 

of 2.515(4) Å at 80 K),60 though it was not possible to locate the hydrogen atom within the 

bond.  Variable temperature structural determinations were carried out using single crystal 
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neutron diffraction at eight temperatures over the 20 - 200 K temperature range.  The 

results showed that as the temperature was increased, the hydrogen atom moved from 

being closer to the acceptor atom to be closer to the donor atom; over the temperature 

range studied the D···A distance also increased slightly.  The authors stated that the 

migration was either the result of increased thermal population of an unchanging 

asymmetric hydrogen bond PES or due to the shape of the PES itself being temperature 

dependent.  The diffraction data from the complex were insufficient to make an informed 

decision between the two possibilities. 

 

Figure 1.7 The evolution of the short, strong hydrogen bond with temperature in the 

complex of urea and phosphoric acid.62  

Perhaps the best known system to date which displays proton migration is the 1:1 

complex of urea and phosphoric acid (Figure 1.7).  This complex has been the subject of 

several studies examining proton migration in the intermolecular O-H···O hydrogen bond 
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formed between the two materials.62,63,66-69  As with the previous example of the complex 

of pentachlorophenol and 4-methylpyridine, variable temperature neutron diffraction data 

is essential to locate accurately the hydrogen atom of interest.  The first neutron study of 

the urea phosphoric acid complex was conducted in 1972 by Kostansek and Busing.70  

They found that the hydrogen atom of the O-H···O SSHB (O···O distance of 2.421(3) Å at 

room temperature (RT)), which was not located in previous X-ray studies,71,72 was 

approximately centred within the hydrogen bond and displayed a thermal ellipsoid which 

was elongated in the direction of the hydrogen bond at RT.  Such behaviour is often 

indicative of a proton disordered over two sites.  A second neutron structural 

determination by Harkema in 199373 at 100 K found that the SSHB was more asymmetric 

at lower temperature than in the previous RT study and the thermal ellipsoid was no 

longer elongated as it was in the structure determined at RT.  This led to Wilson and      

co-workers conducting a series of variable temperature neutron measurements 

investigating whether the hydrogen atom migrated across the bond as the temperature 

was varied.62,63  Over a temperature range of 150 - 350 K, the results showed that at low 

temperatures the hydrogen bond is asymmetric with the hydrogen atom residing closer to 

the acceptor atom on the urea molecule, while as the temperature is increased the proton 

migrates toward the donor atom and is approximately centred in the hydrogen bond at 350 

K.  Unlike in the complex of pentachlorophenol and 4-methylpyridine, the O···O distance of 

the SSHB remains invariant over the full temperature range.  It was suggested that the 

migration in this complex is a result of a change in the shape of the hydrogen bond PES 

as the temperature is varied. 

Wilson and Morrison followed up the confirmation of migration from the neutron data with 

a theoretical study in 2002.67  Initial isolated molecule calculations did not reproduce the 

experimentally observed SSHB and instead produced a more conventional hydrogen 

bond with the hydrogen atom clearly bound to the donor molecule and an O···O distance 

of 2.61  Å.  On the other hand, plane-wave density functional theory (DFT) calculations 

which produced a geometry optimised 0 K structure in a periodic (crystalline) environment, 

did reproduce the SSHB and showed a good agreement with the low temperature neutron 

data.  Importantly, this showed the potential for computationally modelling proton 

migration systems.  

The next study of urea phosphoric acid, a joint X-ray and neutron crystallographic study, 

was carried out by Parkin et al. in 2004.66  While this study did not attempt to find the 

underlying features of the material which caused the proton within the short strong 

hydrogen bond to migrate, it did show that the migration may be observed from high 
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quality X-ray data, albeit with less accurate hydrogen atom positions.  The authors also 

showed that the migration could be visualised using Fourier difference maps of the 

hydrogen bond with the hydrogen atom removed from the structural model.  This is 

especially useful when trying to observe whether migration is present in a material during 

initial X-ray characterisations. 

In 2005 Morrison et al. published a more in depth computational study of urea phosphoric 

acid.68  Plane-wave DFT was used to carry out molecular dynamics (MD) simulations at 

four temperatures over a total simulation time frame of 0.6 ps; the first 0.2 ps of data was 

discarded and the remaining 0.4 ps was used to generate time-averaged theoretical 

structures.  These structures agreed with those obtained from experiment and showed a 

similar level of migration to that seen in the variable temperature neutron diffraction 

experiments, though to a slightly lesser degree and with a more asymmetric hydrogen 

bond.  The results also confirmed that the shape of the short strong hydrogen bond PES 

is temperature dependent, as was hypothesised by Wilson and co-workers.62,63  The MD 

simulations also allowed access to the solid-state vibrational spectra at each temperature; 

these were in good agreement with a variable temperature IR/Raman study74 and also 

allowed access to low energy vibrations which can be difficult to distinguish in 

experimental data.  From these results the authors tentatively suggested that the 

migration is a consequence of coupling between the -NH2 and -OH stretching modes. 

 

Figure 1.8 The PES of the short, strong hydrogen bond in urea phosphoric acid (black 

curve). The lower blue curve shows the ground state wavefunction of the hydrogen atom 

(n = 0) while the upper red curve shows the first excited state (n = 1).69  
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atom to occupy one site at low temperature, with the hydrogen bond evolving in such a 

manner that a second site becomes increasingly occupied as the temperature is 

increased.  As with proton migration, this subtle dynamic proton effect is best 

characterised using neutron diffraction data where accurate hydrogen atom occupancies 

can be refined.  Because most crystallographic studies are conducted using X-ray 

diffraction where disorder is less obvious, and many researchers are not looking for proton 

disorder, there may be cases where disorder is present but is missed.  Recently it has 

been shown that occupancies can also be refined from high resolution X-ray data which 

give good agreement with the neutron data.76  Evidence for proton disorder from X-ray 

data may be deduced from larger than expected hydrogen thermal parameters, trends in 

bond lengths involving non-hydrogen atoms, for example approximately equal C-O and 

C=O bond lengths in the carboxylic acid group, and visualisation of two electron density 

peaks in Fourier difference maps.   

Proton disorder is once again a tunable solid-state charge transfer process where the 

degree of charge transfer can be controlled by varying the temperature and / or pressure.  

Combined X-ray and neutron studies, complemented with theoretical calculations, provide 

the best route towards explaining the underlying causes of the disorder and can play a 

role in the future design of materials which exhibit this potentially useful property. 

 

Figure 1.9 The 4-dimethylaminobenzoic acid dimer, a system known to show proton 

disorder, showing the inversion centre in the dimer (black dot). 

Benzoic acid dimers, containing the carboxylic acid group, are known to be systems in 

which temperature dependent proton disorder can be found.  This is especially true of 

dimers which lie on an inversion centre containing molecules which are symmetrically 

substituted (Figure 1.9), though disorder is by no means present in all such systems.  

This class of benzoic acid dimers contains moderate strength hydrogen bonds with a 

symmetric double-well PES in an isolated dimer with the possible hydrogen atom sites 

equal in energy.  In the solid-state, however, the crystal packing and local environment 

affects the PESs of the hydrogen bonds linking the molecules in the dimers, removing the 

symmetry, so the two positions are no longer identical in energy.  However, proton 
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disorder is still more likely in these types of benzoic acid dimers due to the two possible 

sites being close in energy.   

 

Figure 1.10 A disordered dimer of benzoic acid at 175 K.77 

The best known, and most studied, material which exhibits proton disorder is benzoic acid 

itself (Figure 1.10).39,77-81  The first X-ray study (RT), carried out by Sim et al. in 1955,78 

showed that the molecules formed planar dimers and had some evidence of disorder in 

the C-O and C=O bond lengths, though the hydrogen atoms could not be located.  The 

next RT X-ray study by Bruno and co-workers in 198079 described the hydrogen atoms as 

being disordered over two positions within the hydrogen bond with relative occupancies of 

50:50.  A combined X-ray and neutron study was conducted in 1981 by Feld et al.39 where 

disorder was assigned from the X-ray data; due to difficulties with the data, only a 5 K 

neutron structure was determined and did not display disorder, hinting at the temperature 

dependence of the effect.  The definitive neutron studies were conducted by Wilson and 

co-workers in 199677,80 and data were collected at 5 temperatures from 20 to 175 K.  The 

relative occupancies of the two hydrogen atom positions were found to evolve from 87:13 

at 20 K to 62:38 at 175 K.  This clearly showed the dynamic nature of the effect and how 

the degree of charge transfer could be controlled by temperature.  A recent study has 

found that the proton disorder is also pressure dependent.81  Benzoic acid has also been 

studied by a number of spectroscopic techniques82-87 and using computational methods.88-

91  These studies found that tunnelling and solid-state vibrations also facilitate the proton 

disorder along with the thermal population of higher energy states.  

Proton disorder has also been found in other materials,76,92-97 however in this work the 

focus is on one class of benzoic acids which have previously shown proton disorder 

(Chapter 6).  Some recent studies have investigated how the local crystalline environment 

affects the energetics of hydrogen bonds which may exhibit proton disorder.76,98  A study 

by Adam et al. in 200998 used X-ray and neutron diffraction data together with theoretical 

calculations to look at the structures of two isomeric compounds, 2,4-dihydroxybenzoic 

acid and 2,5-dihydroxybenzoic acid.  In these studies, no disorder was found in these 
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urea.  However, the only interactions between other tapes are weak C-H···N 

interactions.115,117     

The simple substitution of urea, a component known to form complexes exhibiting proton 

migration effects (e.g. in urea phosphoric acid), allows the effect of subtle changes on the 

electronics of a predictable hydrogen bonded unit to be probed and the effect of other 

weaker interactions influencing the proton migration unit to be investigated.  The use of 

methylureas (Figure 1.11) instead of urea would not be expected to alter the primary 

hydrogen bonding motifs but could encourage the formation of shorter, stronger hydrogen 

bonds due to an increased basicity of the urea moiety.  This key crystal engineering 

design principle could thus enhance the potential for synthesising complexes likely to 

exhibit interesting properties such as proton migration.  This effect has already been 

observed in the complex of N-methylurea and oxalic acid,112 in which a hydrogen bond 

was formed which was shorter than those seen in the related urea oxalic acid 

complexes.108,109  

Urea has also been used in the solid-state to create urea inclusion compounds (also 

known as clathrates, host-guest compounds and adducts).118  In these materials urea 

molecules form a hexagonal porous network where the pore dimensions are of the order 

of molecular dimensions and may therefore host guest molecules.        

1.10 DMAN 

1,8-Bis(dimethylamino)naphthalene (DMAN)119 is a highly basic molecule which may form 

stable ionic complexes with a variety of acids.  When complexed with an acid the DMAN 

molecule will often accept a proton (becoming DMANH+) and form a strong intramolecular 

[N···H···N]+ hydrogen bond (Figure 1.14).  For this reason, DMAN may be classed as a 

proton sponge.120  The addition of substituents to the naphthalene rings makes it possible 

to tune the N···N distance,121 with there now being a large number of naphthalene-based 

proton sponges in existence.122 

            

Figure 1.14 Unprotonated (left) and protonated (right) DMAN molecules.     
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The proton within the intramolecular N-H···N hydrogen bond in complexes of DMAN does 

not always take up the same position within the hydrogen bond.  An X-ray charge density 

study of four DMAN-acid complexes found that the electron density in the N-H···N 

hydrogen bond was asymmetric and dependent on the local environment.123  In other 

work, a variable temperature X-ray study of the complex of DMAN with 4,5-

dichlorophthalic acid found that the behaviour of the hydrogen atom electron density 

within the N-H···N intramolecular hydrogen bond was temperature dependent.124  At lower 

temperatures the hydrogen atom electron density appeared disordered over two sites 

while at higher temperatures the density was smeared out across the bond, suggesting 

behaviour similar to that observed in proton migration materials.  This change in the 

behaviour of the hydrogen atom was attributed to changes in the local environment of the 

molecule arising from the expansion of the lattice with temperature. 

A recent study by Kállay125 studied a range of DMAN-acid complexes and found that the 

behaviour of the hydrogen atom within the N-H···N hydrogen bond may depend on the 

acid component of the complex, though the hydrogen atom positions were ambiguous 

from the X-ray diffraction data.  In this work, neutron data has been collected on a number 

of the complexes studied by Kállay to understand better how hydrogen atoms behave and 

how this may be related to the local environment of the molecules.  In several of the 

complexes studied by Kállay the acid component of the complex is a substituted benzoic 

acid, which forms a single strong charge-assisted O-H···O hydrogen bond linking pairs of 

acid molecules in a dimer.  These types of bond are also relevant for study using neutron 

diffraction as they may also show anomalous hydrogen atom behaviour which could only 

be accurately described using this technique.    
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2.2.2 Diffraction of X-rays, Neutrons and Electrons 

As stated in Section 2.1, diffraction experiments mostly use one of X-rays, neutrons or 

electrons.  The main difference between X-ray, neutron and electron diffraction is the way 

in which the different forms of radiation interact with matter.  X-rays are a form of 

electromagnetic radiation which interact with the electron clouds of atoms and can be 

used to probe the electronic structure of the sample.  Neutrons are neutral particles which 

interact with the nuclei of atoms through the nuclear strong force and this yields 

information of the nuclear positions in a crystal structure.  While neutrons have no charge 

they do have a spin meaning that they can also interact with unpaired electron spins, 

giving information about the magnetic structure of a material.  Due to the small size of the 

nucleus of an atom relative to the electron cloud surrounding it, neutrons penetrate very 

deeply into samples, probing the bulk, and meaning that larger samples are often 

required.  Both X-rays and neutrons typically have wavelengths of the order of Ångstroms 

so are ideally suited to studying molecular structures due to the similarity in magnitude to 

chemical bond lengths.    Electrons are charged particles which interact with the electron 

cloud of an atom through the Coulomb force.  As this is a strong interaction electrons do 

not penetrate significantly into a sample and hence electron diffraction is mainly a surface 

technique.  

Diffraction from each unit cell in the sample contributes to the diffraction pattern which 

contains many diffraction peaks or reflections.  The observed positions and intensities of 

these peaks can be treated mathematically to give information about the location of the 

atoms within the sample and reveal the crystal structure.  

X-ray single crystal diffraction is the principal technique used for crystal structure 

determination, routinely being used as a rapid and accurate method for studying 

molecular crystal structures.  X-ray powder diffraction is used mainly to characterise 

samples though modern techniques now allow for structure determination from powder 

diffraction data alone.  Neutrons can be used for both single crystal and powder diffraction 

though these techniques are less common due to the large facilities needed to generate 

neutrons.  These are typically large scale national or international facilities and 

experiments are often costly and time consuming when compared with routine laboratory 

X-ray experiments.  For the study of small or weakly diffracting samples and / or samples 

with very large unit cells (e.g. proteins) powerful X-ray beams generated at synchrotron 

facilities can be used.  Again these experiments are not routine due to the large scale 

facilities required. 
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lengths will be different.  Neutron scattering lengths tend to be of the same order of 

magnitude as each other and values do not differ as greatly as those for X-rays, though 

some elements have a negative scattering factor.  Hydrogen is one of the elements with a 

negative scattering length so appears as a trough when viewed in a Fourier difference 

map.  These combined factors mean that neutron diffraction is the ideal technique for 

unambiguous refinement of the positional and anisotropic thermal parameters of hydrogen 

atoms. 

 

 

Figure 2.5 X-ray scattering factors (dotted line) compared with those for neutrons (top) 

and an expanded view of neutron scattering factors (bottom). 

One other reason why neutron diffraction would be preferable to X-ray diffraction is that it 

is relatively easier to obtain high-resolution data.  This is due to the fall off in scattering 

factor with increasing scattering angle for X-rays.  This occurs because of the large size of 

the electron cloud and makes it difficult to obtain good intensities at high angles, 

corresponding to small d-spacings and therefore higher resolution data.  Neutron 

diffraction does not suffer from this problem as the atomic nuclei by which neutrons are 
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scattered are much smaller and closer in nature to a point-like object.  It should be 

remembered that there will still, however, be a fall off in intensity at higher temperatures 

as thermal motion still affects the intensities. 

2.4 Computational Chemistry 

Computational chemistry has grown rapidly as a field in recent years driven by the 

increasing power and availability of modern computers so that there are now very few 

areas which could not benefit from theoretical modelling.  Different types of calculations 

can be performed ranging from ab initio quantum mechanical studies to those based on 

classical mechanics.  The type of calculation carried out depends on what information the 

user wishes to obtain and the type of system to be studied.  While these calculations can 

never completely replace experimental studies, they can be used to complement 

experimental work by giving further information about the material under study.  In the 

areas where theory and experiment overlap, agreement between the two can be used to 

strengthen observed experimental results.  Calculations can also provide access to 

information which is not directly attainable by experiment, such as the energetics of 

specific bonds within a crystal structure or the behaviour of a material under extreme 

conditions.   

2.4.1 Molecular Mechanics 

Molecular mechanics, or force field methods, is the name given to calculations which use 

classical mechanics as their basis.  In these types of calculations atoms are treated as 

being large enough to obey the laws of classical mechanics and are connected through 

bonds which behave like harmonic springs.  Electrons are not treated as being large 

enough to obey these laws and so are ignored.  The properties of functional groups are 

transferable so that, for example, all C-H bonds have the same properties regardless of 

the surrounding environment.  Collecting this information from all of the functional groups 

and atoms in a system allows a force field to be generated which can give the energy 

penalty for any bond stretch, rotation, etc away from the lowest energy equilibrium 

structure.  More sophisticated force fields can include terms which improve on the simple 

harmonic approximation and these can be tailored to model particular systems, e.g. 

proteins.  The main advantage of these types of calculations is that they are relatively 

quick and computationally cheap so can be applied to large systems.  There are however 

some major disadvantages.  As electrons are ignored, any property which relates to the 

electronic structure is unavailable so the amount of information which can be extracted 

from the calculations is limited.  Force fields are derived from experimental data, so the 
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thermostat so the temperature will only fluctuate slightly around a chosen value.  NVE 

simulations have no thermostat and temperature will often split between kinetic and 

potential meaning that a much higher starting temperature (often twice as high) is required 

which can be damaging to the model.  The final ensemble, NPT, is the closest to real 

experimental conditions where only the volume of the cell is allowed to change.   

2.5 Solid-state Vibrations 

As stated in Section 2.4.3.2, molecular dynamics simulations give access to the 

vibrational spectra of the system under study.  In the solid-state, vibrational spectra are 

known as phonon spectra.  Phonon spectra contain a high frequency area consisting of 

bond stretches, bends etc. and a lower frequency area made up of the external vibrations 

of the system where molecules are moving relative to one another.  The long wavelength, 

low frequency vibrations are called lattice modes and they can either be acoustic or 

optical.  Acoustic modes occur when all the molecules in the unit cell move in phase.  

Optical modes are induced by electromagnetic radiation (in the IR region) and are defined 

as when the molecules are moving out of phase with respect to one another.  For a unit 

cell containing N molecules there will be 3 acoustic modes and 3N-3 optical modes.  

Interpreting phonon spectra is a complicated process due to the number of 

atoms/molecules involved and also the fact that molecular symmetry can be lost in a 

crystal lattice and therefore what would otherwise be degenerate bands can be split in the 

spectrum.  Phonons are responsible for a variety of physical properties associated with a 

solid-state system, such as heat capacity, and have also been suggested to be 

responsible for proton migration and disorder, which is of particular relevance to the work 

reported here.67,69,88 
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evaporation.  This is a very simple technique which still allows a large region of the 

crystallisation phase space to be explored through changing a range of variables. 

The crystallisation vessels used in this work were mostly 7 mm3 sample vials.  Lids / 

parafilm were placed over the vials containing the sample solution, with holes punched in 

them to allow the solvent to evaporate; the number and size of holes can be used to 

control the rate of evaporation.  The general experimental procedure involved the 

dissolution of stoichiometric molar quantities of the target chemicals in the chosen solvent.  

Common crystallisation ratios employed when aiming to grow crystals of molecular 

complexes were 1:1 and 2:1 with respect to the two components, dissolved in an excess 

of solvent; however this did not necessarily lead to the complex forming with the same 

stoichiometric ratio as that used in the preparation.  Typical quantities of up to ~0.1g of 

starting materials were dissolved in each vial in ~2-5ml of solvent.  In some cases heating 

of the solution with stirring and / or a sonicator were used to help dissolve the starting 

materials.  Once these were dissolved, the vials were left in place (i.e. free from agitation) 

at the set crystallisation temperature until the solvent had evaporated or suitable crystals 

were formed.  Vials were examined visually and where single crystals or powders had 

formed, the solid sample was extracted for study by diffraction methods.  In general, many 

crystallisations were set up in parallel for a particular target complex, at a variety of 

temperatures and using a variety of solvents.  If the initial crystallisations were 

unsuccessful the crystallisation conditions were varied until the desired crystalline 

products were formed.   

The choice of solvent can play an important role in the outcome of the crystallisation.  

Often a single solvent is used though solvent mixtures are also possible.  Typical solvents 

used in this work were methanol, ethanol, isopropanol, acetonitrile, acetone, water, 

dimethylformamide and diethyl ether.  The solvent may be chosen based on the physical 

properties of the materials (in particular the solubility of the components) and can also be 

used to control the evaporation rate which can be important for finding the kinetically / 

thermodynamically most stable form of a material and also for determining the size of the 

resulting crystals (slow evaporation tending to favour larger crystals).  The solvent may 

become incorporated into the crystal structure, e.g. as a hydrate, or can in some cases 

even form a reaction product with the target material.  
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Figure 3.1 Photographs of the temperature controlled hotplates (left) and the ReactArray 

Microvate (right) used in sample preparation. 

The temperature of the sample solution can be varied to control the rate of evaporation 

and therefore the rate of crystal growth.  In this work the solution temperature was set at a 

fixed value throughout the crystallisation process.  This can be done at higher temperature 

using specially adapted hotplates (Figure 3.1, left) and for crystallisation at lower 

temperatures, by placing samples in a fridge or cold room to allow the solvent to 

evaporate at ~4°C.  Crystallisation at higher temperatures increases the evaporation rate 

and may favour kinetic products and smaller crystals, while the use of lower temperatures 

may favour the thermodynamic product and larger crystals, though this is not always the 

case.  While holding the sample solution at a fixed temperature is the most common 

method employed for crystallisation, other temperature regimes can be used.  A more 

sophisticated method of temperature control was achieved in this work using the 

ReactArray Microvate crystalliser (Figure 3.1, right).  This is a programmable temperature 

control device which offers the possibility of twelve different temperatures (from -20°C to 

160°C) or temperature ramping regimes with up to four samples held in the array at each 

setting.  This instrument allows the temperature to be raised or cooled at a set ramp rate 

to encourage larger crystal formation or the production of different crystal forms.  Samples 

are removed from the hotplates / Microvate as soon as the solvent has evaporated, to 

minimise the risk of leaving single crystal samples at elevated temperatures which may 

cause them to shatter on removal from the sample vial.  This is not a problem for powder 

samples where the powder should be completely dry before analysis. 













56 

 

    

Figure 3.3 A photograph of the D8 powder diffractometer (left) and a typical powder 

diffraction pattern (right). 

3.4 Single Crystal Neutron Diffraction 

Single crystal neutron diffraction has been used extensively in this work, as it is the best 

available method to determine hydrogen positional and anisotropic thermal parameters 

accurately and unambiguously.  This is particularly important when studying systems 

which exhibit subtle hydrogen atom behaviour such as proton disorder or migration.  

Ideally, neutron diffraction would be used in any case where ambiguous hydrogen atom 

behaviour presents itself.  However, there are several difficulties that must be overcome in 

order to obtain good neutron diffraction data.  The nature of neutron production means 

that access to large central facilities is required, meaning that proposals must be 

submitted, often well in advance of any allocated beam time, and there is much 

competition at each proposal round.  The inherently low flux of neutrons and the way in 

which they interact with matter leads to a requirement for large single crystal samples 

(>1mm3); growth of samples of this size can pose significant problems and in some cases 

is not possible.  In addition, processing of neutron data is often much more complicated 

than for X-ray data collected on laboratory diffractometers.  The relatively small number of 

neutron facilities globally means that software can be unique to each instrument and 

specific expertise is required to obtain results. 

While these problems may pose some difficulties, recent advances in instrumentation are 

aiming to address some of these issues and make neutron diffraction a more accessible 

technique.  Historically, neutron diffraction studies require data to be collected for several 

hours at each sample/detector orientation because of the low neutron flux available, 

resulting in several days being required to collect a complete data set.  The use of a white 

neutron beam contributes to resolving this problem by increasing the neutron flux by up to 

an order of magnitude compared with a monochromatic instrument.  This enables much 

faster data collection (a typical complete data set could be collected in a matter of hours) 
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and also opens up the possibility to use sub-mm3 samples.  This technique, the Laue 

method, is used on several modern neutron diffractometers such as SXD143 at ISIS144 in 

the UK, Koala145 at the Australian Nuclear Science and Technology Organisation 

(ANSTO)146 in Australia and VIVALDI147 at the Institut Laue-Langevin (ILL)148 in Grenoble, 

France, the instrument used in the majority of this work.  

Advancements in neutron detection have also helped to speed up experiments and 

provide high quality diffraction data.  Large area detectors are now common place, for 

example arrays of 3He gas detectors and multiple scintillator position-sensitive detectors 

(PSDs), such as those used on SXD, can also be used to obtain much more data than 

would be possible with a single PSD or point detector in one exposure.  VIVALDI and 

Koala each use a cylindrical image plate detector which allows large areas of reciprocal 

space to be studied in each Laue diffraction pattern meaning fewer patterns are required 

for a complete data set. The global shortage and the consequent rise in price of 3He have 

led to a new wave of research into neutron detection with new technologies currently 

being introduced at neutron sources around the world.  These new detectors will hopefully 

continue to improve the speed and quality of neutron experiments worldwide. 

Four different diffractometers were used to collect neutron data at three different neutron 

sources over the course of this work.  Almost all of the data presented were collected on 

VIVALDI at the ILL reactor source in Grenoble, France and this will be discussed at length 

in section 3.4.3 and 3.5.  Other diffractometers used were: the monochromatic instrument 

D19,149 also at the ILL; the time-of-flight (TOF) Laue diffractometer, SXD, at the ISIS 

spallation source in the UK; and Koala located at the OPAL reactor, ANSTO, Australia.  

Koala is a clone of VIVALDI and operates on the same principles with a few minor 

differences detailed in 3.4.3.1.  

3.4.1 Neutron Sources  

There are two main sources of neutrons for scattering experiments: spallation sources 

and reactor sources. 

3.4.1.1 Spallation Sources 

Spallation sources generate neutrons by colliding high energy proton beams with a heavy 

metal target.  These collisions eject fragments from the metal target which mostly consist 

of neutrons.  Examples of this type of neutron source include SNS150 at the Oak Ridge 

National Laboratory in the USA, and ISIS, where some of the data presented in this work 

were collected, at the Rutherford Appleton Laboratory in the UK (Figure 3.4).   
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the results presented in this work were obtained at the ILL, the neutron production 

process of the ILL reactor will be discussed in detail.  Other reactor sources work on the 

same principle with only slight differences in the production process. 

3.4.1.3 The ILL Reactor Source 

The high flux ILL reactor (Figure 3.5) is the most intense continuous neutron source in the 

world with a neutron flux of 1.5 x 1015 neutrons per second per cm2.  The reactor operates 

up to 250 days a year over a number of fifty day cycles allowing for a change of fuel 

element between cycles.  Neutrons are produced through the fission of 235U nuclei.  To 

begin the fission process, control rods (neutron absorbers) within the fuel element are 

slowly removed allowing random fission events to start a chain reaction.  On average 

each fission event will produce 2.5 neutrons, 1.5 of these neutrons are required to 

maintain the chain reaction leaving one useable neutron per fission event.  Throughout 

the fifty day cycle, the control rods are slowly and progressively lifted out to keep the 

neutron flux constant as the fuel is used up.  At the end of the cycle the control rods are 

dropped back into place to stop the chain reaction so that the fuel element can be 

removed and replaced.   

 

Figure 3.5 Diagram of the ILL reactor core showing: 1. Safety rod; 2. Neutron guide pool;     

3. Reflector tank; 4. Double neutron guide; 5. Vertical cold source; 6. Reactor core;                

7. Horizontal cold source; 8. Control rod.148 

As with spallation sources, neutrons produced in the core of the ILL reactor will have 

energies too high for use in most experiments.  Typically these energies will be in the 

order of MeV and they have to be reduced to meV to be useful for the types of structural 
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Figure 3.7 VIVALDI with orange cryostat mounted (left) and schematic diagram of the 

instrument (right).147 

 

Figure 3.8 Plan view of VIVALDI from neutron guide to beam stop showing the cylindrical 

detector.148 

There are two monochromatic instruments (a powder diffractometer, D1B, and a strain 

scanner, SALSA) upstream of VIVALDI on the same neutron guide.  These instruments 

take out segments of the wavelength band resulting in VIVALDI not receiving a truly white 

beam.  Not only does the presence of these instruments reduce the flux received at 

VIVALDI by a factor of ~2 but it also causes numerous sharp dips in the wavelength 

distribution.  This makes the wavelength normalisation process (see 3.5.4) more difficult 

and is one of the main challenges in processing data obtained from VIVALDI.  

The cylindrical image plate detector used on VIVALDI is similar to those used in X-ray 

image plate detectors; a storage phosphor of BaFBr doped with Eu2+ is combined with 

Gd2O3, with the Gd3+ ions acting as a neutron converter due to their high neutron capture 

cross section.  Following exposure to measure the neutron diffraction pattern, the image 
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  3.4.3.1 Koala at the Bragg Institute 

Koala is essentially a clone of VIVALDI with a few minor differences.  Similar types of 

sample environments are available, though the system in place on Koala allows more 

rapid change of sample and more rapid (flash) cooling.  The one major difference between 

Koala and VIVALDI is the wavelength spectrum received at the instrument.  Koala has 

one other instrument upstream on the same guide (a strain scanner, Kowari); however the 

beam to Koala does not pass through the monochromator, meaning that the wavelength 

spectrum which the instrument receives is much cleaner than that of VIVALDI with less 

dips making the wavelength normalisation process more straight forward.  Even though 

the OPAL reactor is less powerful than the ILL reactor (20 MW compared to 58.3 MW), it 

is a more modern reactor with state of the art neutron guides, and Koala receives a 

neutron flux comparable to that of VIVALDI.  

 

Figure 3.9 Koala at the Bragg Institute.145 

3.5 Data Reduction and Processing on VIVALDI  

Processing neutron diffraction data is often not a straightforward process.  The relatively 

low number of neutron sources and instruments worldwide means that there are less 

specialist neutron crystallographers available to write and update software, compared with 

the commercial programs which are available for X-ray data and provided as standard 

with modern X-ray diffractometers.  Neutron diffraction instruments are often unique and 

therefore separate software must often be written for each individual diffractometer, taking 

into account the different instrument designs (VIVALDI, Koala and LADI-3 (also at the ILL) 
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as very similar instruments are exceptions to this, with a degree of commonality in data 

collection and reduction procedures).  The software available for neutron data reduction is 

not as automated and user-friendly as X-ray data reduction, with more user input and 

knowledge required.   

 

Figure 3.10 Flow diagram of the data processing and reduction steps for VIVALDI. 

The suite of programs used for processing data from VIVALDI is adapted from the 

programs used on another Laue diffractometer at ILL, LADI-3,153 used to analyse data 

from macromolecular crystals.  The three main steps in the data reduction process       

are:   (i) finding and refining the crystal orientation, (ii) reflection intensity integration, and        

(iii) wavelength normalisation.  The programs / codes used for these three steps are 

LAUEGEN,154 ARGONNE_BOXES155 and LAUENORM,156,152 respectively.  A new piece of 

software was developed at ANSTO towards the end of this work, the LAUE1234 program 
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a 7th order polynomial and reflections are assigned to a number of bins (usually 20) to 

ensure the curve is smooth.  Each pattern is also assigned a scale factor to account for 

any movement of the crystal in the beam between patterns.  An output file is produced 

showing whether the normalisation has been successful along with an hkl file to be used 

in the structural refinement.   

LAUE4 was used in the processing of all neutron data presented in this work. LAUE4 

performs a similar normalisation to LAUENORM but with a number of additional 

corrections or options that yield data of significantly better quality than those obtained 

from LAUENORM.  An early version of the LAUE4 code tailored specifically for the Koala 

wavelength spectrum was used, however this still gave good quality results when used to 

treat data collected on VIVALDI.  One of the shortcomings of LAUENORM is that the 

wavelength curve is created from evenly spaced steps corresponding to the bin size 

(wavelength range) and does not work if there are too few reflections in a bin.  LAUE4 

creates the curve using a quadratic piece-wise spline fit where the curve can vary more 

accurately even when there are no reflections observed corresponding to certain 

wavelengths.  LAUENORM also assumes constant detector efficiency across the whole 

image plate, while LAUE4 accounts for that fact the neutron path length through the image 

plate can vary across the plate and intensities can appear reduced.  LAUE4 can also 

correct for secondary extinction and for absorption.  As for LAUENORM, after 

normalisation an hkl file is output to be used in the refinement. 

 3.5.5 Refinement 

The final structure refinement step is similar to that for X-ray diffraction data and the 

output reflection file can be formatted for use in several refinement packages including 

FULLPROF162 and SHELXL-97.138  The only change which must be made is that neutron 

atomic scattering factors must be used in the refinement input files in place of the 

standard X-ray values.  During the structural refinement it may be necessary to apply 

other corrections to the data, such as extinction,163 although this is better made during the 

normalisation process.  

3.6 Computational Methods  

Quantum chemical calculations have been used in parallel with diffraction techniques to 

study a range of complexes containing short strong hydrogen bonds.  In this work periodic 

solid-state calculations have been used to probe hydrogen bond potential energy surfaces 

(PES), molecular dynamics (MD) and time-averaged atomic positions. 





72 

 

and plane-waves (300 Ry, which converged the total energy of the system to within 1 meV 

/ atom) coupled to pseudopotential (GTH-PBE) functions was employed, together with the 

DFT functional PBE. 

Following geometry optimisation, a series of MD calculations were performed within the 

NVT ensemble at a number of temperatures for each system.  The MD calculations were 

advanced in time increments of 0.65 fs until trajectories amounting to ~10 ps were 

collected for each temperature.  The atomic coordinates from each frame were then 

binned to the relevant space group producing a cif file containing the time-averaged 

atomic positions.  This was done using in-house codes created within the School of 

Chemistry at the University of Edinburgh. 

One-dimensional PESs were generated by moving the hydrogen atom of the short strong 

hydrogen bond in the systems along the hydrogen bond.  Steps of 0.05 - 0.10 Å were 

used and a single point energy calculations was carried out at each step with the energies 

used to generate the PES. 
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Chapter 4 

4. Proton migration 

To further the understanding of molecular systems which display temperature dependent 

proton migration (Section 1.7), it is necessary to identify new systems which exhibit this 

behaviour.  With such a limited number of examples currently known, only limited insight 

can be gained into the underlying causes and, importantly, this reduces the potential for 

designing proton migration systems to make use of these dynamic charge transfer effects.  

The approach that has been undertaken in this work is to use the best known system 

which displays proton migration, urea-phosphoric acid,62,63 as a basis for the design of 

other systems that contain short strong hydrogen bonds (SSHBs) within which the proton 

undergoes temperature dependent migration.  

Urea has been utilised as a building block in this work based on its potential to form 

SSHBs when synthesised in molecular complexes with co-components and its proven 

capability to form a proton migration complex when crystallised with phosphoric acid.62,63  

Methyl substituted ureas have also been introduced into the crystal matrices with the aim 

of producing shorter, stronger hydrogen bonds to the acid component (A) than those 

observed in urea complexes due to the increased basicity (this has already been 

observed in the structures of urea-oxalic acid and N-methylurea-oxalic acid).108,109,112  In 

this chapter, two complexes of dimethylureas (DMU) with oxalic acid are presented to 

investigate the possible presence of SSHBs and the potential proton migration which may 

occur within these hydrogen bonds.167 

Haloanilic acids are strong acids which are known to provide strong proton donation 

properties.  In this work, they have been complexed with ureas to investigate their 

potential to form SSHBs which may exhibit proton migration effects.  The two haloanilic 

acids used in this work, chloranilic acid (CLA) and bromanilic acid (BRA), have not been 

studied extensively as components of solid-state molecular complexes though some 

studies have been carried out showing the potential for varying degrees of charge transfer 

across hydrogen bonds168 and also ferroelectricity169 in complexes of CLA.  There are also 

limited examples of CLA complexes which contain fairly short, strong hydrogen bonds.  

For example, the complex of CLA with 3-picoline contains an O-H···O hydrogen bond 

between two CLA moieties with an O···O distance of 2.544(1) Å,18 while the complex with 

1,4-diazine contains an O-H···N hydrogen bond with an N···O distance of 2.558(2) Å.170  

The presence of these SSHBs makes complexes of haloanilic acids a suitable target for 

proton migration studies.  Complexes of BRA are even less well studied than those of 
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these rotations.  This effect has previously been investigated in the crystal structure 

of aspirin.171  

 

Figure 4.6 Fourier difference maps showing the electron (left) and nuclear (right) 

density of the hydrogen atom in the short, strong hydrogen bond in the 2:1 complex 

of N,N-dimethylurea and oxalic acid.  The acid oxygens are denoted with an asterisk 

(*). 
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poorly refined (Figure 4.16, left); both of these effects are common in systems 

which display proton migration.   

 

Figure 4.16 Fourier difference maps showing the electron (left) and nuclear (right) 

density of the hydrogen atom in the short, strong hydrogen bond in the 2:1 complex 

of N-methylurea and chloranilic acid.  Acid oxygens are marked with an asterisk (*). 

Instability of the sample at low temperatures led to neutron data only being collected 

at 200 and 250 K for this complex.  However, these data provide strong evidence of 

temperature dependent proton migration.  The refined neutron structures (Figure 

4.17) are in good agreement with the X-ray structures and Fourier difference maps 

of the hydrogen atom nuclear density show a well localised, single position at both 

200 and 250 K (Figure 4.16, right).  A migration of 0.024(8) Å is observed towards 

the donor atom between 200 and 250 K, whilst over the same temperature range 











104 

 

 

Figure 4.20 Fourier difference maps showing the electron density of the hydrogen 

atom in the short, strong hydrogen bond in the 2:1 complex of N-methylurea and 

bromanilic acid.  The acid oxygen is marked with an asterisk (*). 

It was not possible to grow crystals of this complex suitable for study by neutron 

diffraction methods.  The X-ray diffraction data presented here again gives some 

clues as to the possible presence of temperature dependent proton migration.  The 

O-H···O hydrogen bond is very short at 100 K with the hydrogen atom approximately 

centred within the SSHB.  The O···O distance again increases significantly with 

temperature, from 2.455(3) Å at 100 K to 2.494(4) Å at 300 K, and the hydrogen 

atom within the SSHB has a large isotropic thermal displacement parameter when 

compared with other hydrogen atoms in the structure.  Examination of the hydrogen 

atom electron density through Fourier difference maps again shows hydrogen 

atomic positions which do not correspond well to the electron density peaks, 

together with an elongation of the electron density along the hydrogen bond (Figure 

4.20).  It should be noted that there is increased background noise in the Fourier 

difference maps for this complex due to the presence of the bromine atom in the 
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structure; this makes accurate location of the hydrogen atom in the SSHB more 

difficult.  The absence of neutron diffraction data means proton migration cannot be 

confirmed within this complex.  However, the presence of proton migration may be 

inferred from the evidence presented in the isostructural complex containing CLA.  

This is discussed further in Section 4.7.   

4.6 Urea Bromanilic Acid (2:1) 

The 2:1 molecular complex of urea and BRA crystallises in the 1P  space group 

and contains four urea molecules and two BRA molecules in the asymmetric unit.  A 

complex structure consisting of non-planar layers of molecules is formed, which 

contains one O-H···O SSHB amongst many other moderate and weak hydrogen 

bonds.  A proton has also transferred to one of the urea molecules from a BRA 

molecule.  Despite many attempts at crystallising these materials together, only 

complex structures were formed, in contrast with the majority of the complexes 

presented in work (see also the urea-BRA monohydrate presented in Chapter 8).  

The structure can be treated as two subunits, each containing one BRA molecule 

and two urea molecules.  The first subunit (blue BRA with orange and pink urea 

molecules in Figure 4.21) shows proton transfer from the BRA molecule (blue) to a 

urea molecule (pink).  This has caused the C-O bonds on the deprotonated side of 

the molecules to take almost equal lengths of 1.221(2) and 1.234(3) Å at 100 K.  

The transfer is not simply across a hydrogen bond, and the protonated urea (pink) 

interacts with an oxygen on the other side of the BRA molecule (blue), in an O+-

H···O charge-assisted hydrogen bond (O···O distance of 2.579(2) Å).  The two urea 

molecules are tilted slightly with respect to the BRA molecule, at angles of 23.6(2)° 

(orange) and 8.1(2)° (pink) to the BRA ring.  There is another O-H···O hydrogen 

bond (O···O distance of 2.607(2) Å) between the other urea moiety in the subunit 

(orange) and the hydroxyl group of the BRA (blue).  Within the subunit there are 

several N-H···O hydrogen bonds, one is between the carbonyl oxygen of one urea 

(orange) and an amide hydrogen of the other (pink), with an N···O distance of 

2.921(2) Å.  The oxygen atoms on the deprotonated side of the BRA molecule 

(blue) are each involved in a DDHHA bifurcated hydrogen bond.  One is an 

asymmetric bifurcated hydrogen bond to one urea moiety (pink) with N···O distances 

of 2.828(2) and 3.043(2) Å; the other is to both the urea moieties and is 

approximately symmetric, with N···O distances of 2.928(2) Å (to the orange urea) 

and 2.959(2) Å (to the pink urea).  One urea moiety (orange) of the subunit is also 
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involved in N-H···O hydrogen bonds to the BRA (green) (N···O distance 2.958(2) Å) 

and a urea (purple) (N···O distance 3.051(2) Å) in the other subunit.         

 

 

Figure 4.21 Interactions within a layer (top) and between layers (bottom) showing 

the different urea (orange, pink, red and purple) and bromanilic acid (blue and 

green) environments in the 2:1 complex of urea and bromanilic acid at 110 K (X-

ray).  In the top image the two subunits are highlighted in boxes while the short, 

strong hydrogen bond and transferred proton are circled in red and blue, 

respectively. 

The second subunit (green BRA with red and purple urea molecules in Figure 4.21) 

contains entirely neutral species and has the two urea molecules at a greater tilt to 

the BRA ring than in the first subunit, at angles of 67.79(11)° (red) and 83.47(11)° 
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maps for this complex have added noise in the background due to the presence of 

the bromine atom and this makes accurately resolving the hydrogen atom positions 

more difficult.  In the absence of neutron diffraction data is not possible to state 

definitively that proton migration is present, though it seems possible in the case of 

this complex.   

Table 4.13 Lengths of the short, strong O-H···O hydrogen bond in the complex of 

urea with bromanilic acid. 

T / K r(O-H) / Å r(H···O) / Å r(O-H···O) / Å 

110  0.91(4) 1.57(4) 2.425(2) 

200  0.88(4) 1.60(4) 2.435(2) 

300 0.77(4) 1.71(4) 2.448(2) 

 

 

Figure 4.22 Fourier difference maps showing the electron density of the hydrogen 

atom in the short, strong hydrogen bond in the 2:1 complex of urea and bromanilic 

acid.  The acid oxygens are marked with an asterisk (*). 
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structures (the N,N-dimethylurea complex structure is layered while the other is not) 

and the weaker interactions between adjacent molecular units.  These results 

therefore show the impact subtle differences in the local crystalline environment can 

have on the behaviour of the SSHBs within these complexes. 

One final point for discussion is the accuracy of the theoretical data.  Clearly, in the 

three examples presented here, the theoretical data predicts a much smaller 

migration of the proton within the SSHB than is observed in experiment.  The 

theoretical data also predicts a greater degree of proton transfer across the SSHB, 

away from the donor molecule, than is shown in the experimental data.  The choice 

of basis sets / functionals and level of theory will obviously affect the results and 

modelling a subtle effect such as proton migration is difficult.  Whilst there may not 

be an exact agreement between experiment and theory, it is encouraging that both 

show a trend of migration of the proton towards the donor atom.  The simplistic 

model used to generate the SSHB PESs also shows the temperature dependent 

nature of the PES which would be expected in a system which displays proton 

migration.  This work has shown that theory can certainly play a complementary role 

in proton migration studies, though care must be taken not to over-interpret the 

results and to choose the parameters of the simulations carefully.    

4.8 Conclusions 

The crystal structures of five complexes have been presented, all forming in a 2:1 

(urea:acid) ratio and all containing a SSHB, although the urea-BRA complex shows 

a number of other hydrogen bonds in addition, including proton transfer to the urea 

moiety.  Temperature dependent proton migration has been observed in three of the 

complexes from variable temperature neutron diffraction data, whilst strong 

evidence of proton migration is found in the other two complexes.  Crystallographic 

data have been complemented with theoretical studies which predict migration in 

the three complexes studied by this method, while PESs of the SSHBs were 

generated for two complexes and were found to be temperature dependent in 

nature, as would be expected of a SSHB in which the proton undergoes migration. 

The presence of a SSHB in these complexes is key for proton migration to occur.  

Based on the evidence of known proton migration complexes, a D···A distance of 

<2.50 Å seems an appropriate threshold to postulate, below which temperature 

dependent proton migration may occur within O-H···O hydrogen bonds.  Some care 

must be taken in using this length threshold as a guide, as a D···A distance of   
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would hopefully confirm whether the changes in the shape of the SSHB PES arise 

due to phonons, as was described in the case of urea-phosphoric acid.68,69 

Further work utilising haloanilic acids would involve the synthesis of other 

complexes with a view to control the charge transfer properties, both static and 

dynamic, of these materials.  The complex of urea-BRA may be of particular interest 

due to the varying degrees of static charge transfer which have occurred in the 

presence of the dynamic proton migration effect.  This is further underlined in a 

urea-BRA hydrate, discussed in Chapter 8.   

This work shows the complementarity of X-ray, neutron and theoretical data, with 

greater insight available when the techniques are used together.  The variable 

temperature neutron data presented here also show the potential of high throughput 

neutron experiments, made possible by the technical setup on the VIVALDI Laue 

diffractometer.  Being able to study the structure at multiple temperatures is key in 

these types of studies, and the increased speed of data collection enables more 

samples and temperatures to be studied within the allocated neutron beam time.  
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(urea succinic acid,100,105,172 urea fumaric acid102,172 and N-methylurea oxalic acid)112 

have been studied previously by X-ray diffraction, while the other complexes are 

previously unreported.  Variable temperature X-ray data were collected on seven 

complexes, with variable temperature neutron data also collected on five of these.  

The objective of these investigations is to study the effect of blocking hydrogen 

bond donor sites on the ureas through N-methyl substitution has on the crystal 

structures.  The use of succinic and fumaric acid offers the possibility of 

isostructurality of complexes due to the similarity of the molecules, whilst the 

potential flexibility of the alkyl chain in succinic acid is another facet of the crystal 

packing which can be investigated.    

These complexes should also provide a system wherein short, strong hydrogen 

bond (SSHB) lengths between components can be varied.  As in Chapter 4, there is 

an interest in the potential formation of these hydrogen bonds and whether proton 

migration may be present in any of these complexes, with a view to the future 

design of materials with these properties.  In this respect, the need for variable 

temperature data is paramount to observe the evolution of the hydrogen atom 

behaviour and the crystal structure as a whole. 

5.1 Experimental 

2:1 Complex of urea and succinic acid (US) 

Large block shaped colourless crystals of the 2:1 complex of urea and succinic acid 

were grown by slow evaporation from a 1:1 ethanol / dimethylformamide mixture at 

50 °C.  Single crystal X-ray diffraction data were collected on a Rigaku R-AXIS / 

RAPID diffractometer at 100, 200 and 300 K.  The structure was solved using 

SHELXS-97138 and refined with SHELXL-97138 within the WinGX package.140  

Neutron data were collected on VIVALDI at the ILL at 100, 200 and 300 K.  The 

neutron structures were refined using SHELXL-97138 taking the X-ray atomic 

coordinates as a starting model.  Crystallographic data are given in Table 5.1.     

2:1 Complex of urea and fumaric acid (UF)  

Large block shaped colourless crystals of the 2:1 complex of urea and fumaric acid 

were grown by slow evaporation from ethanol at room temperature (RT).  Single 

crystal X-ray diffraction data were collected on a Rigaku R-AXIS / RAPID 

diffractometer at 100, 200 and 300 K.  The structure was solved using SHELXS-

97138 and refined with SHELXL-97138 within the WinGX package.140  Neutron data 
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were collected on SXD at ISIS at 30, 100, 200 and 300 K.  The neutron structures 

were refined using SHELXL-97138 taking the X-ray atomic coordinates as a starting 

model.  Crystallographic data are given in Table 5.2.     

2:1 Complex of N-methylurea and succinic acid (MUS) 

Large block shaped colourless crystals of the 2:1 complex of N-methylurea and 

succinic acid were grown by slow evaporation from ethanol at RT.  Single crystal X-

ray diffraction data were collected on a Rigaku R-AXIS / RAPID diffractometer at 

100, 200 and 300 K.  The structure was solved using SHELXS-97138 and refined 

with SHELXL-97138 within the WinGX package.140  Neutron data were collected on 

VIVALDI at the ILL at 20, 100, 200 and 300 K.  The neutron structures were refined 

using SHELXL-97138 taking the X-ray atomic coordinates as a starting model.  

Crystallographic data are given in Table 5.3.     

2:1 Complex of N-methylurea and fumaric acid (MUF)  

Large block shaped colourless crystals of the 2:1 complex of N-methylurea and 

fumaric acid were grown by slow evaporation from isopropanol at RT.  Single crystal 

X-ray diffraction data were collected on a Rigaku R-AXIS / RAPID diffractometer at 

100, 200 and 300 K.  The structure was solved using SHELXS-97138 and refined 

with SHELXL-97138 within the WinGX package.140  Crystallographic data are given in 

Table 5.4.  

2:1 Complex of N-methylurea and oxalic acid (MOX)  

Block shaped colourless crystals of the 2:1 complex of N-methylurea and oxalic acid 

were grown by slow evaporation from ethanol at RT.  Single crystal X-ray diffraction 

data were collected on a Rigaku R-AXIS / RAPID diffractometer at 200 and 300 K.  

The structure was solved using SHELXS-97138 and refined with SHELXL-97138 

within the WinGX package.140  Crystallographic data are given in Table 5.5. 

2:1 Complex of N,N-dimethylurea and succinic acid (DMUS) 

Large block shaped colourless crystals of the 2:1 complex of N,N-dimethylurea and 

succinic acid were grown by slow evaporation from ethanol at RT.  Single crystal X-

ray diffraction data were collected on a Rigaku R-AXIS / RAPID diffractometer at 

100, 200 and 300 K.  The structure was solved using SHELXS-97138 and refined 

with SHELXL-97138 within the WinGX package.140  Neutron data were collected on 

VIVALDI at the ILL at 20 and 50 K.  The neutron structures were refined using 
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SHELXL-97138 taking the X-ray atomic coordinates as a starting model.  

Crystallographic data are given in Table 5.6.     

2:1 Complex of N,N-dimethylurea and fumaric acid (DMUF)  

Large block shaped colourless crystals of the 2:1 complex of N,N-dimethylurea and 

fumaric acid were grown by slow evaporation from ethanol at RT.  Single crystal X-

ray diffraction data were collected on a Rigaku R-AXIS / RAPID diffractometer at 

100, 200 and 300 K.  The structure was solved using SHELXS-97138 and refined 

with SHELXL-97138 within the WinGX package.140  Neutron data were collected on 

VIVALDI at the ILL at 20, 100, 200, 250 and 300 K.  The neutron structures were 

refined using SHELXL-97138 taking the X-ray atomic coordinates as a starting 

model.  Crystallographic data are given in Table 5.7.   












































































































































































































































































































