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Abstract

The main focuses of this project have been inyasbns of a variety of hydrogen
bonding systems for unusual behaviour such as dabksed or migrating
hydrogens/protons with both single crystal X-raydameutron diffraction,
crystallisation of a large number of molecular ctemps of the chloranilic acid
molecule, and examining the bifurcated hydrogendbomtif found in many of the

chloranilic acid co-crystals discovered.

The neutron single crystal diffraction instrume8D and VIVALDI have been used
to provide conclusive results in cases of suspeatesual hydrogen bond behaviour
in  molecular materials. 2,4-dihydroxybenzoic acahd its isomer 2,5-
dihydroxybenzoic acid have been examined usingyXaad neutron diffraction to
investigate possible disordered cooperative hydrogend systems. The energy
difference of the three possible tautomers of 2sttoxybenzoic acid in different
environments have been calculated in theoreticalpcations which concur with the
neutron results. Single crystal neutron diffractexperiments were also carried out
on isonicotinamidium formate, 2-iodoaniliium picatchloranilic acid 2,4-lutidine
and malonic acid, where unusual behaviour in thdrdyen systems was also

suspected.

The molecular complexes of chloranilic acid withrigas pyridine-based molecules
have been the main focus of the X-ray diffractioorkvof this thesis. Multiple
crystallisations over a range of different condiovere set up for chloranilic acid
with various series of molecules including lutidn@imethylpyridines) and picolines
(methylpyridines). This resulted in a large numimr new crystal structures,
determined by X-ray diffraction and all found tontain a bifurcated hydrogen bond
motif producing two robust hydrogen-bonded supramaar synthons. The
investigation examines the bifurcated hydrogen bioeractions and the suitability
of chloranilic acid complexes for crystal enginegri The two related supramolecular
synthon units are discussed and difference Fouragys and Hirshfeld surfaces used
to examine the hydrogen bond architecture. Broheaacid co-crystals are also

studied to examine the effect of the halogen inctiystal structures.
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1. Introduction and Methods
1.1 Preamble

Hydrogen bonding and techniques of X-ray and neutfiffraction are key to this

project. Although generally well known, the basancepts of crystallography with
an added focus on neutron diffraction will be déxem here as well as an in depth
introduction to hydrogen bonding, especially thbgdrogen bonds that are bifurcated

and disordered in character.

1.2 Hydrogen bonds

The term hydrogen bond started appearing in th@4,98ith probably the first use by
Pauling in 1931 in a paper on the nature of thenita bond. The concept itself had
been around long before with scientists like Latiraed Rodebush (1920jgnd
Huggins (1922 describing weak bonds that we now classify as dryein bonds.
Indeed intermolecular interactions that we woulavimow as hydrogen bonds were
observed and referred to many years before thiscbwld not be explained. The
importance of this type of interaction is seen iolenular association where its
associated energy allows formation or dissociattdhmany hydrogen bonds at
ambient temperatures, notably in biological reaxgiowith the abundance of
hydrogen, oxygen, and nitrogen in biologically impot materials making it
commonplace. The definition of the term hydrogendhas evolved over the years,
but even today there is some dispute over thetypssal varieties and the boundaries

of what should be included within the class of iat¢ion.**

Although hydrogen bonds are much weaker than tmvesdional chemical bonds
such as metallic, ionic and covalent, they areeemély important and significant in a
wide range of materials. Affecting many physicatlahemical properties of solids,
liquids and gases, their importance can be sean enormous number of situations:
melting and boiling points, solubility, the layowit crystal structures, viscosity, molar

volume, reactivity, and colour, to name but a few.



The hydrogen bond plays a significant role in bjital systems: for example, it is
present in DNA and proteins and accounts for mantheir important properties.
Therefore it is not surprising that they are alsportant to synthetic chemists both
organic and inorganic, where they determine strectand reactivity. Their
applications range from biological and chemicaldeto physics, where charge

transfer and other physical properties can be itapor

Infrared (IR) spectroscopy allows the vibrationaddas of the hydrogen bond to be
investigated. IR spectra showing the shifts inghaks of OH groups give a measure
of the effects of the interaction and this was fin& technique able to prove the
existence of hydrogen borids Since then, many techniques have been andilire st
used to look at hydrogen bonds, but importantlythwihe advent of X-ray
crystallography, a direct visual representationldooe produced. A diffraction
experiment provides the average motion of the atanesit their equilibrium position,
with the data typically being collected over seVdraurs. More recently, neutron
diffraction has provided an increasingly used ttwlocate the proton in hydrogen
bonds more accurately, and computational studige baened many new routes to
examine other aspects of the interaction, includimg energies involved and the
associated potential surfaces. Another major tgcienemployed in the study of
hydrogen bonds is (solid state) NMR; hydrogen bogdihifts the resonance signal of
a proton to lower field. NMR can be used to lodkttee kinetics of hydrogen or
deuterium transfer in the bonds by observing thentgbal shifts of for example the
OH group protons. There are many other technithegsare used to study the effects
of hydrogen bonds.

While a typical covalent bond energy is around k2®nol (100 kcal/mol), the energy
associated with hydrogen bonds ranges from aro@skd/mol to < 4.2 kJ/mdl.
This wide range arises from the varying natureyafrbgen bonds.

A hydrogen bond can be viewed as a type of polaraction with the electropositive
hydrogen atom located between two electronegatimasg often N or O. Hydrogen
bonding occurs where the donor atom is an elecgatne atom drawing the
electrons away from the hydrogen atom forming atqorodonor group (D*-H**

dipole). A lone pair of an acceptor (A) is attext to the positive charge of the



partially shielded proton. Thus the hydrogen forangroton bridge between two
electronegative atoms. The hydrogen bond is atitirgal intermolecular interaction

although a reasonable variation in angle ( DAJ can occur.

It is also possible to have multifaceted hydrogemds in which the donor forms
hydrogen bonds with more than one acceptor simedtasly, or the reverse situation
of one acceptor with multiple donors. For thisotxur, several acceptor groups are
required to be present in the same area. Bifulchiglrogen bonds are the most
common multifaceted hydrogen bond but trifurcatedeso are also observed.
Normally in such cases one acceptor forms the gésincomponent of the hydrogen
bond with the others playing a weaker part in toadd Another possibility is a
hydrogen bond being formed with theslectrons of an aromatic group as the acceptor

group, a situation that can be very important oldgical systems.
1.2.1 Categorizing hydrogen bonds-focusing on Strg@iMedium

The hydrogen bond can occur in a very wide rangeadatiffs, covering a large span of
energies. In the gas phase, or even liquid, hysrdgonding is often the dominant
force, whereas in crystals and other solid materiglacking forces and steric
constraints, for instance the requirement for malesto stack together, have a large
influence on the structure, generating more vamatn hydrogen bonding motffs
Hydrogen bonds with a single donor-hydrogen-acceeptmfiguration are generally
split into three types: these are strong, modeaateweak with bond energies in the
ranges of ~168-62.8 kJ/mol, ~62.8-16.7 kJ/mol aié.74.2 kJ/mol respectively.
This classification is only made for practical reas with no natural borderlines truly
existing between these categories. Other charstitsrcan be used to differentiate
between the categories, such as the geometry tidimatity) of the hydrogen bond.
The interaction is generally shorter and more lir(&H---A angle near to 180for
stronger hydrogen bonds. There is also a reldtipnsetween atom types of the

donor and acceptor atoms and the strength of theobgn bondTable 1.1).

Strong hydrogen bonds with energies in the rangé8-62.8 kJ/molare highly
covalent in nature (sharing of electrons), and radiyrarise because of an increased

attraction resulting from either a deficiency oé@aton density on the donor group or



a surplus of electron density on the acceptor gratjith a deficiency of electrons on

the donor group, some of the electron shieldinthefhydrogen is removed increasing
the positive charge on the atom. This increasedgehwill strengthen the bond. The
same will happen if there is a surplus of electlensity on the acceptor. The strong
hydrogen bond tends to be linear (D<A angle close to 180°) with a short distance

between the acceptor and donor atom of arounc25tA.

1 Weak donor, strong acceptor
C—H---0=C C—H---N C—H---CI’
P—H---O Mo—H---0=C I—H---Cl—Ir
2 Strong donor, weak acceptor
N—H---Ph Cl1—H---CC O0—H---CC
O—H---F-C O—H---Se N-H---Co
3 Weak donor, weak acceptor
CC—H---CC CC—H---Ph C—H---F—C
C—H---Pt C—H---CI—C C—H--H—Re
4 Other varieties
Agostic N—H---H—B  Formyl hydrogen bonds
5 Conventional but weak
O—H---O—H

Table 1.1 An example of some of the different types of lggdrdond in the different
categories.

Moderate hydrogen bonds have energies in the regfidd2.8-16.7 kJ/mol and are
also rather longer than strong hydrogen bonds, tyfftal distances of around 2.5 to
3.2 A between the donor and acceptor atoms. Tieetibnality of the bond is also
generally less constrained, with D-H---A bond amgigically in the range of 130°
and above. The moderate hydrogen bond is mos#gtrektatic in nature. The
moderate hydrogen bond is a far more commonly @kdganteraction than the strong
hydrogen bond and is found in acids, alcohols aydidies as well as almost all
biological molecules and in many other types ofenal. The donor and acceptor
atoms are normally neutral for moderate hydrogerbo

Weak hydrogen bonds have even longer D---A ler{tgphially >3.2 A), bond angles
in a still wider range (around 90° & above) and oagssed energies below
~16.7 kcal/mol. The nature of the weak hydrogendois more in line with Van der



Waal force (weak electrostatic). Even so they banimportant in such fields as
crystal engineering where it is thought they canused to tailor intermolecular
interactions in arranging molecules to produce tatgswith the desired architecture
and hence properties.

1.2.2 Bifurcated hydrogen bonds

As previously discussed the conventional view biydrogen bond is that of a single
hydrogen atom between an acceptor and a donor diomin reality the range of
conformations, with both intra- and inter-molecuarangements, that arise in the
solid state is far more variéf. The hydrogen bond is a long-range interaction
potentially allowing a donor hydrogen group (D-H) interact with more than one
acceptor (A). Where two acceptors or donor arelired it is called a bifurcated
hydrogen bond or sometimes referred to in theditee as a three-centred hydrogen
bond due to that fact the hydrogen is bonded teettatoms. Bifurcated hydrogen
bonds exist in a range of situations from the saspbf molecules such as wafteto

the more complex like DNA. Hydrogen bonds with three or more acceptor groups
are also possible but very rare and tend to be geoynetrically constrained. In some
cases the word bifurcated has been used to desdndéated or similar hydrogen
bonds Figure 1.1) or situations with two hydrogen donors and oneeptor, referred

to as a bifurcated donor hydrogen btndn this text it will only be used to describe
those as shown iRigure 1.1 (b).

a) b) A c) d)

Hq. H—D
D —H,----H;—I D—H

Figure 1.1 Some examples of systems that have been refesred tifurcated

hydrogen bonds) Two hydrogens between the donor atob)spne donor and two
acceptor atoms (also called three-centred in litara, type referred to in this thesis);
c) one donor possessing two hydrogen but only onepaeog d) two hydrogen bonds

share acceptor. (bifurcated acceptor bond)



Like the classical single hydrogen bond, the b#ited hydrogen bond (BHB) has
geometric constraints. The three individual boimiis/actions that make up the BHB
are all attractive forces and cause the hydrogea BHB to lie close to the plane
made by the donor and two acceptor atoms. An atidic of this is that the sum of
the anglesy+oo+az add up to 360° when totally flat; the angle reduites greater the

system deviates from planaritiyigure 1.2)*.

a2
D—H a3
o1 -

Ao

Figure 1.2 The sum of the angles+a,+az for the bifurcated hydrogen bond gives an

indication of the planarity of the interaction.

When referring to bifurcated hydrogen bonds on sicees the nomenclature
D-H---A(A2) will appear, showing the second acceptor atoforatkets. Bifurcated
hydrogen bonds are normally asymmetrical as incommon that the two acceptor to
hydrogen distances are the same. The dominanptacce® hydrogen interaction,
referred to as major component, has the shorteAistance and generally a larger
D-H---A angle (i.e. closer to 180°). The other-iA-bond can be referred to as the
minor component, generally with a longer bond langhd smaller angle. In
comparison to the classical hydrogen bond the ¢ated hydrogen bond generally
has a major component that is equivalent in stretgta moderate hydrogen bond,
and a minor part that is either moderate or weakature. This appears to be
influenced by the fact that a majority of BHB acerhed in acceptor-rich complexes
where the second acceptor weakens the dominanaatiten. For ease of comparison
we will introduce the phrase “level of bifurcatiomhich is a rough classification of
the ratios between the major and minor parts ofBR&. A highly (symmetrical)

BHB would have almost equal major and minor parg a weakly (asymmetrical)



bifurcated bond would represent the case wher@Hm® is made up of a very strong

major component and a weak minor component.

a) A b) A
e D/H:

7’ \

Figure 1.3 Representation &) highly BHB (symmetrically) weakly BHB

(asymmetrical) with major and minor components.

This latter case could be better described as ssicl HB having a very weak
interaction with an additional acceptor, i.e. itas the margin of what would be
described as a BHB. The BHBs associated with dnth@ hydrogen-bond rich
molecules studied in this work, involving chloraniacid Chapter 8 and 9, are in
general highly bifurcated with some containing BHBat have dominant and minor
parts and some that are nearly equal. Bifurcatedl® can be a mixture of intra- and
intermolecular bonds and evidence of this was &een IR spectroscopy as long ago
as 196& in naphthoquinone. Another typical situation ihigh combined intra- and
intermolecular BHB is often present is in a patatleam shaped formation, where
two BHBs are involved. This situation is relatiyetommon especially with
compounds that have the acceptor and donor atoose dbgether on the same
molecule; the two bifurcated hydrogen bonds camestiée same hydrogen acceptor
atoms although the major and minor components aversed thus forming the
parallelogram shap&'”. This is shown irFigure 1.4 in the structure of 2,3,4,5-

tetrafluoro-N-(4-fluorophenyl)-6-hydroxybenzamide.



Figure 1.4 Two bifurcated hydrogen bonds forming a paralletog shape in the
crystal structure of 2,3,4,5-tetrafluoro-N-(4-flumphenyl)-6-hydroxybenzamide.

The overall description of a BHB can be very variédan involve many atom types;
intramolecular or intermolecular components; vagylond lengths and angles of
both the major and minor parts; planarity; and g@ngton disorder that may be
present.

1.2.3 Potential energy wells, proton disorder and igration

Since we are frequently looking for disorder oresttanomalous” behaviour in the
hydrogen-bonded systems of interest in the typgayk presented here, extensive use
is made of difference Fourier maps generated inplhee of the hydrogen bond.

Fourier maps are a schematic representation otiémsity (electron density in the

case of X-rays diffraction) produced using the obse structure factors| F(O|) and

the calculated phases for the current model. Riffee Fourier maps are a schematic

representation of the electron density not accalfite by the model, using the

difference in structure factordF(|-|F.|) and the phases from the model. Any

disorder present in hydrogen bonds can be visuhliseng a difference Fourier map
where the hydrogen under investigation has beemvedfrom the model prior to

calculating the map. In the first instance, thddgkerence maps are calculated from
X-ray diffraction data, as an initial diagnosti¢f there is any hydrogen disorder or
other anomalous effects present it will show ugpistinct ways depending on the

nature of potential energy surface governing thdrdgen bond, e.g. elongation of the



electron density associated with the H atom, omptiesence of secondary sites. As an
illustration Figure 1.5 left shows the X-ray difference Fourier map of 2,4-
dihydroxybenzoic actf. The hydrogen atoms show up as peaks while tioeHw
atoms involved in the dimeric hydrogen bond showne&oindications of small
secondary positive density peaks, often used asdacation of possible disorder and
encouraging further diffraction investigation. Tieutron difference Fourier map of
the same material in fact reveals regularly shapexilar minima for the hydrogen
atoms (hydrogen has a negative neutron scatteaictgr), ruling out the possibility of

disorder.

Figure 1.5 Left: 2,4-dihydroxybenzoic acid, X-ray difference Fourmeap in the

plane of the molecule showing small secondary tiepsiaks that could be indicative
of potential disordered hydrogen secondary siight: Neutron difference Fourier
map proves that there is no disorder in the prgbosition in this case; the apparent
weak features in the X-ray map are attributablentmse or polarisation of the
electron density towards the acceptor atom, a cpunsece of the relative difficulty in

accurately locating hydrogen from X-ray data.

Potential energy surfaces bear resemblance toga@ucal landscape, with maxima,
minima, and saddle points dictated by the elecitmshature of the atoms. A one-
dimensional representation can be used to showrteegy minimum in a covalently
bonded atom-pair with the parent atom at the or{gilgure 1.6). Very close to the

parent atom to which the subject atom is bondeekeths a large repulsive force,
hence a large potential. Near the ideal bond kebgtween the pair of atoms is the
minimum and as the subject atom is moved furtheayatlie potential converges on

the value for the two atoms being dissociated.emal energy wells can be used to



represent the probability density of hydrogen imydrogen bontf. The minimum in
the potential energy well corresponds to the eguilim position of the hydrogen,

with additional vibrational modes able to occupyrene@xtended regions of the

potential caused by increased temperature, etc.

F 3

Potential Encrey

[
Lail

Distance

Figure 1.6 The potential energy profile for an atom bondednother located at the

origin of the plot.

The potential energy surface describing a hydrogem in a hydrogen bond is
different from this because it is interacting witho atoms. InFigure 1.7 three

possible hydrogen bond potential wells are showrgasymmetrical double minimum,

a symmetrical double well, a flat-bottomed singllw

FPotential Energy

ﬁ I Barrier
height A

g i -

Position in hiydrogen bond

Figure 1.7 Different types of hydrogen bond potentia) asymmetrical double

minimum b) symmetrical double welt) flat bottomed single well.
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The unsymmetrical double minimum is the standape tfpr hydrogen bonds, where a
second high energy minima is present due to thepaoc atom, although this is
normally not occupied by the hydrogen atom. The ragtnical double well is

essentially a special case of the double minimuhere the two minima have equal
energy. Where the potential energy curve of thérdgyen bond has a double well
potential, the proton can occupy both minima, lertegally only one is populated. In
some cases, particularly where the local environnmgefairly symmetric, these two

positions can be so close in energy that both arypoccupied with populations that
change with varying temperature. As the vibratiomaldes increase in energy the
second minimum can become accessible and the lmqumh level of occupancy of

the higher energy minimum is governed by Boltzmiatistics. Disordered hydrogen
bonds with a second occupied hydrogen site aralpess both the symmetrical and

unsymmetrical double potential wells.

A flat-bottomed single well arises when the two Iwelf the double well potential
merge and the barrier height becomes very low (lmarier hydrogen bonds -
LBHBS). Such energy profiles make it possible foe hydrogen to travel between the
donor and acceptor atoms with only a small incréasmergy. This type of potential
also facilitates proton migration, as the equilibmi position for the hydrogen can
move towards the middle of the potential well wittle energy gained from increased

temperature?%
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Figure 1.8 Difference Fourier maps for urea-phosphoric aciibwing migration of
the proton toward the centre of the boheft: neutronRight: X-ray*.

Both X-ray” and neutron diffraction can be used to probe promigration but the
resulting images can be very different as the wahimiques probe different aspects of
the atoms involved. The structure of urea-phosphamid®* shows migration within
the hydrogen bond but the effect on the nucleasitigralthough definitely present, is
less pronounced than that for the electron denbityzigure 1.8 (Right) the X-ray
difference Fourier maps show that at 150 K the itfe@ssociated with the hydrogen
bonded hydrogen atom is positioned near O5 withgatselongation of the density
peak. As the temperature is increased the eledensity peak is clearly moved
towards the acceptor oxygen O4 and the shape bacelorgated; this represents the
evolution of the electron density as the naturéhefhydrogen bond changes slightly.
On theFigure 1.8 Left the neutron data shows the same signs of the timigriaut the
movement of the hydrogen nucleus probed by thermeutxperiment is far less

pronouncetf.

The straightforward explanation for many of the esliled examples of anomalous
hydrogen atom behaviour can be related to the asang ability of the H atom to

explore different parts of the hydrogen bond poétras the temperature increases.
However, because the hydrogen bond potential ersndgice is also dependent on all

12



the atoms in the structure, and thus on latticeaegipn as the temperature is raised,

the nature of the HB potential well might itselaciye.

The acid dissociation constalt gives a measure of how easy it is to remove the

hydrogen from an acid, H= A"+ H'

A1+
K, — A
Equation 1.1 [H"‘i]

Where [HA], [A] and [H] are the equilibrium concentration of acid, depratted
acid (base), and the hydrogen ion respectivelye [y value is —logy Ky and is a
measure of the strengths of acids and bases. bLalyes indicate weak acids,

meaning it is more difficult to remove the hydroggam.

The K, value of hydrogen bonded molecules becomes anrtangoconsideration
when examining hydrogen bonding, because of ilsente in the positioning of the
proton in the interaction. There is a great irgeia proton transfer and associated
charge transfer, so being able to predict whetherproton will be on the original
donor or be transferred to the acceptor atom bynexag K, value is a useful tool.
Where the K, of one molecule is much higher than that of theegta strong case can
be made for expecting the proton to be bound tontbéecule with the higherkf
value. Where theKy's of the two molecules involved are of close ou@galue the
situation is not so clear and it has been posultiat H disorder, with the proton
shared over two sites, is likely (double minimunepial well) this is referred to as
pKa matching. Liquid g; matching has been shown to be very reliable archses
these K, trends can also be useful in the solid statecrgstals, although a lot of
other factors are involved in the solid state sthong hydrogen bonds the two minima
can merge, resulting in a single flat bottomed wélere temperature effects can be
important, with the possibility of temperature iltéd hydrogen migration. This
proton, and hence charge, transfer leads to patemjpplication of materials
exhibiting this phenomenon as molecular switchdsgrmochromic materials,

temperatu re/pressu re sensors.
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1.3 Crystal engineering — designing and tuning intermi@cular interactions

Crystal engineering is the design and synthesisolecular solid-state structures
exhibiting a desired motif or large-scale strudtumechitecture with the aim of
controlling physical and chemical properties. Ehare two main strategies adopted
in this field; one based around non-covalent intdectular forces with hydrogen
bonding being the most important; the second, doatidn complexes.
Intermolecular forces can be used where combinatidriunctional groups on either
separate or the same molecule form preferred tiers allowing the molecules to
be joined together in a predetermined maff&r Coordination complexes can be
produced with metal centres holding the complexetiogr and/or metal clusters
formed, for example metal-organic frameworks (MG¥®) and polyoxometalates
(POMsy*3*2

Ab initio prediction of a crystal structure is extnely difficult, although some success
has been achieved by computational methods wor&mgimple single molecule
systems or on simple comple£e¥. Predicting how molecules will pack, orientate
and interact in complex systems is presently coatprally a very demanding and
time-consuming process, and currently not viableuoy significant scale. To design
a crystal structure with desired interactions ahaecture we therefore have to use
trial and error methods and construct from smdhaggments. Structural motifs can
be used as building blocks (or supramolecular yrghto try to reduce the task of
crystal engineering to that of manipulating smedginents. The structural motifs that
can be used are those that repeatedly reoccur lamd the same interactions of
particular molecules or functional groups, for amste hydrogen bonded ladder motifs
displayed by amidéa Sometimes the motif can be tuned, so over aerafgimilar
molecules a variety of systems can be arrangedkxample isonicotinamide adducts.
In a more complex form this could be regarded asvatent to nucleotides forming
DNA, or amino acids forming proteins, where eachichs made up of the building

blocks with consistent HB or conformational projesst
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1.3.1 Molecular complexes and supramolecular synthons

Supramolecular synthons are used as building blocksystal engineering, allowing
either structural components or properties to ki mio a material. Knowing that
certain chemical groups or systems interact inmsistent way to form bigger systems
allows a crystal to be designed from smaller coneptgén Molecular complexes that
contain hydrogen bonding acceptors and/or donoas tbrm specific hydrogen
bonding motifs are very useful in this manner,tes/tcan be used to join the material

together in a self-assembled way.

Strong or even bifurcated hydrogen bonds are alsd fpr this type of application as
they have geometric restraints that could be salwktpredictable, although this is not
always the case. One of the main materials stuigiettiis work, chloranilic acid,
forms bifurcated bonds with pyridine molecules wightly reliably that it has

become championed by several groups for use inatrgsgineering
1.3.2 Co-crystallisation

Crystal structures containing two types of moleada be referred to as a co-crystal
or molecular complex. There are many reasons rfoorporating more than one
chemical into a crystal and the process is used wmide range of industrial and

research areas.

In the pharmaceutical industry co-crystals are usathange physical properties such
as solubility, melting & boiling points, taste, oar and many others. Compounds
that would make potential drugs but fail to be bt#uin the body, form pills or are not
transported to the required area of the body, @uénely screened for co-crystals to
see if their physical attributes can be alteredevtetaining the biological activity of
the drug component. A growing area in co-crystd is in forming polymorphs of
known and patented active pharmaceutical ingreslighlPls); one reason for this is
the possibility to avoid breaching patent lawsti€an be proved a new preparation
method is different to the documented scheme. Tdwe industry uses co-
crystallisatiofi* for encapsulating flavours into manageable forthis can be used
for processes such as making sweets taste of oramgeange of studies have

examined co-crystals that melt at low temperatuisexample pyrazine and n-alkyl
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carboxylic acid¥ studied usingn-situ crystal growth. Approaches such as these
open up the possibilities of seemingly unlimitednners of co-crystalline molecular

materials, with varied qualities that can be explbifor many new uses.

Co-crystallisation in crystal engineering has seetarge increase in applications,
where combinations of molecules can be used tdedssired motifs or structures in
the crystalline form. The use of multi componemystallisations for crystal

engineering has increased exponentially in recexdrsy with attempts to form
molecular materials for nanotechnology, catalyais] as molecular complexes for

storage devices for hydrogen fuel cells, along w#my other applications.

Getting the right combinations of molecules is Key to successfully using multi-
component crystallizations in crystal engineeringlany combinations either only
produce crystals of the separate materials or ystaltine solid at all. Combinations
that do interact often require the right conditiofier example temperature and
solvent) before they will grow a co-crystal. Sormembinations can form in
stoichiometric variations containing different cetiof each component (2:1, 1:2, 3:1,
3:2, etc). Although determining the starting eamments to achieve the desired
product can be haphazard, trends in results can o used in deciding compounds
and conditions to gain the desired structure. fOneation of such complexes also
has to be reliable enough to prevent other intemastdominating and preventing the
required synthon from forming, and when made, rolem®ugh to prevent it being
destroyed”

O
Cl OH

HO Cl
O

Figure 1.9 Schematic diagram of chloranilic acid.
In this research the focus is on hydrogen bondmit chloranilic acid Eigure 1.9)
the main target molecule for creating new co-ciijsel molecular complexes.

Combining chloranilic acid with pyridine derivatsvean be shown to form bifurcated
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hydrogen bonds (BHBs) and hydrogen bonded unita predictable manner. The
hydrogen-bonded units can then be used as supreameniesynthons, from which
large-scale structural systems can be extrapolayeithe formation of chains or 2D

sheets.

1.4 General approach

The number of combinations of different conditiamsder which crystallisation can
be attempted are essentially infinite. It woulditn@ractical to screen even a fraction
of these possibilities in the search for the righniditions under which a co-crystal or
polymorph will form. To reduce the number of pbdsdies, choices of the important
or most representative conditions have to be ma&lgen used variables are solvent,

temperature, ratios of reactants, and evaporatidace.

An initial characterization of the samples is regdiwith many crystalline materials
being grown. Screening to see if new forms of Ktals or polymorphs are present
and separating them from those already known isalvedys possible through visual
examination. Most samples result in a powder, powder can be easily made, so a
quick way to identity the material is to use powd#iraction or differential scanning
calorimetry (DSC). Comparing the powder spectridnwhose of the original samples,
or of known complexes of the components used, @wldne using programs like
polySNAP*, where similar patterns are grouped together amdpkes with large

differences, that indicate potential new materiate, highlighted.

New complexes that are identified can then be emadhusing single crystal X-ray
diffraction which provides accurate structural mf@tion. Multiple temperature
studies can show the evolving hydrogen bond in alitgtive way and give
information about the environment of the interaactioThose of interest can then be
taken forward for neutron experiments to gain extrsight into the hydrogen
behaviour. Computational studies are another piiggi able to examine some
features that are not easily accessible througlsipalyexperimental work (extreme
temperature, pressure or materials that form nacystals).
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Materials used throughout the project have beeacts either because of their
potential to show interesting hydrogen bondingheir ability to co-crystallising with

chloranilic acid. All the chemicals and substaneese purchased from suppliers
then either recrystallised individually in solvemtdissolved in solvent and combined
in attempts to grow co-crystals. Whilst individuakchniques provide answers on
certain parts of the investigation, the combinatioh experiments carried out
complement each other, showing a fuller picturethef materials and interactions

under study.
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2. Theory

2.1 Crystallography

Crystallograph§/+°

is the analysis of crystalline solids using a beameither
electromagnetic radiation or particles to deterntime structure of the material via
diffraction - a form of elastic scattering. The shaommon type of diffraction
experiment is carried out with X-rays although mens and electrons are also used.
Neutron diffraction is less common because of thecwl facilities needed and
electron diffraction is more of a surface probeaclt technique works on the same
diffraction theory but each has different advantaged disadvantages, providing
complementary information on different aspectshef ¢rystal structure. Crystals are
solids that consist of a three-dimensional latbéea motif arranged in an ordered,
repeating manner. The crystal has translationadnsgtry with the basic unit (unit
cell) repeating essentially infinitely in all diteans. The diffraction from each unit
cell accumulatively amplifies the signal, allowiagliffraction pattern to be measured.
Mathematical manipulation of the intensities of ttiéraction pattern enables the

structure to be determined.

X-ray, electron, and neutron diffraction are veifyedent to each other mainly due to
how each interacts with matter. Electrons are gddhuparticles and interact with the
electron cloud of molecule via the Coulomb forc€&his is a strong effect and in

probing a bulky sample they do not penetrate aglgeas X-rays. X-rays are

electromagnetic radiation and are also primarilgtteted by the electrons of the
atoms. Their wavelength is within the Angstrom mnghich is the same order of
magnitude as bond lengths and therefore, ideadttatying molecules. Neutrons are
neutral particles so have no electrostatic intevastwith the electrons of the atoms;
instead they are diffracted by the nuclei (corpratons and neutrons), mainly via the
strong force. Despite being uncharged, they carspin and therefore can interact
with magnetic moments revealing the magnetic stinect The nucleus of an atom is
tiny in comparison to that of the volume coveredthy electrons, so neutrons travel
much further through crystals than X-rays or et@wérthus probing the bulk of the

material, but requiring larger samples.
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X-ray diffraction is a technique that is routinadgrried out with laboratory sources
making it a relatively inexpensive and accessil@source. Powder diffraction is
generally used for sample characterisation, althocagdyanced techniques can allow
structure determination from powder data on soneasions. Neutrons can also be
used for both powder and single crystal diffractut because of the large facilities
required these are much less common, with onlysomece in the UK. Powerful X-
ray beams can be produced at synchrotron sourdégh these it is possible to do
more exotic experiments or push the limit thatasgible in terms of smaller crystals
or larger unit cells, for example in protein crylstgraphy. Synchrotron radiation
requires large facilities, similar to the scale refutron facilities, and again has a
limited availability.

2.2 Theory of diffraction

Much of the theory behind crystallography and alystructure was known well
before it was measured experimentally on crystliiraterials, from the diffraction of
light and mathematical models of theoretical latfpackings. With the discovery of
X-rays in 1895 by Rontgéf) followed by Von Laue demonstrating that crystaisld
diffract X-rays in 191%, the first important stages of practical crystgiphy had
been established. The first structure solutiotovedéd in 1913, with the structure of
table saft® but it was not until 1923 that an organic molecwlas solvef. From
these initial experiments the large field of criisgraphy has emerged, both in its
own right as an important research tool, but als@aomplementary technique to
other work in areas such as chemistry, biology.theaciences, and physics.
Diffraction methods are often utilised to determihe crystal structure of materials,
distinguish between compounds, determine purity gaid a greater insight into the

bonding involved.
2.2.1 The lattice

A crystal can be represented by an array of idahpoints (lattice points) formed by
applying translational symmetry, with each poirg fposition on which a repeating
pattern (the unit cell) is placed. Wallpaper isn@ dimensional example, where a
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flower or another pattern represents the unitaredl by repeating this horizontally and
vertically the entire pattern can be produced. Wit cells have a shape of a
parallelopiped defined by six parameters; the lengt, b, c and anglesp, y. There

are seven varieties of crystal systems dependinghenunit cell parameters and

symmetry:

Table 2.1 Unit cell types with length and angle associatiomdicated and possible
Bravais lattices.

Triclinic azb#c a#pB#£y#90° P
Monoclinic azb+#c a=y=90°B#£90° | P+C
Orthorhombic azb#c a=pB=y=90° P+C+F+l
Tetragonal a=b#c a=pB=y=90° P+
Cubic a=b=c a=p=y=90° P+l +F
Trigonal a=b#c a=p=90°y=120°| R
Orla=b=c a=p=y<120°
Hexagonal a=b#c a=pf=90° =120°| P

P=primitive, C=centred] =body-centredF=face-centredR=rhombohedral

In some cases it can be convenient to define tlitecetl to contain more than one
lattice point so as to convey the symmetry betlédrese come in the forms of Centred
(C), Body-centred (), Face-centred (F), and Rhomeldoal (R) lattices although only
certain combinations can arise, forming 14 assedidravais lattice possibilities
(Table 2.1). The asymmetric unit is the most basic repedt amd represents the
smallest motif which when acted upon by a symmepgration within the unit cell
produces the unit cell contents and therefore tigeecrystal when the translational
symmetry is applied. 32 point groups are possiliden combinations of all the
internal rotation and reflection elements with fi#eBravais lattices. These symmetry
elements combined with the translational elementslable in three-dimensional

space leads to 230 possible space groups to whictystals belong.
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2.2.2 Diffraction

When atoms in a crystal diffract X-rays, the patteroduced is a series of spots, with
their positions and intensities determined by ttystal symmetry and contents. The
spots form from the constructive and destructiverfierence of the X-rays with each
other, forming a 3 dimensional reciprocal spaceepatthrough which 2 dimensional
slices are measured using area detectors in adiifin experiment. The reciprocal

lattice represented in reciprocal space has dirneasf a*, b* and c* where:

Equation 2.1 a*=(bx9/V b*=(xa/V c*=(axb/V

and V is the volume of the unit cell.

Miller indices kl) representing planes through the unit cell, cpoesd to fractional
intercepts of a plane cutting through the unit eath the axes at (1/h, 1/k, 1/1). Each
spot in the diffraction pattern can be assignedtatMiller indices determined from
the position that the spot is located on the detegiiven the knowledge of the unit
cell dimensions and the diffractometer geometryepé&nhding on the symmetry of the
system and the data collection strategy there easeleral equivalent spots measured
in different locations in the data set.

2.2.3 Bragg's law

A convenient way of visualising diffraction is tlugh the Bragg construct. Bragg
showed that the crystal could be thought of asriesef parallel planes from which
the incoming beam is scattered. A diffraction spotonly produced when the
diffracted beams from each layer are in phasejigad constructive interference. It
follows that the path difference between two diffel beams must be equal to an

integral number of wavelengths for a diffractiorert/to be detected.
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Figure 2.1 Bragg’s construct showing the additional path diste undertaken by the

lower beam.

Figure 2.1 shows that the path difference (2p) for the twoomimg beams can be
calculated from the angle of incidence of the bé&gg and the distance between the

planes of the crystal,d. Hence Bragg’'s equation can be derived:

Equation 2.2 P+ p=m=20nSinG

where n is an integer, andthe wavelength of the incoming wave.
2.2.4 The Ewald sphere

The Ewald sphere is another important visualisatomh for determining the location
of the Bragg spots. A circle is drawn of radiusl@f around the crystal (C) such that
its edge sits on the origin of the reciprocal ta#t{(O). From Bragg's law a beam is
scattered by the crystal as shown, and crossesiratp on the sphere. Frofigure
2.2 we see that a diffraction spot will be observethéd scattering vector is equal in
length to the distance and in the same directioa asctor OP, from the origin to P
the reciprocal lattice point. So to satisfy Braggw, the reciprocal lattice point must
touch the surface of the Ewald sphere. The crystaintation can be changed to

measure the required lattice positions.
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Figure 2.2 Ewald circle with parallel planes representing Bgs law. A reciprocal
lattice point can only be observed if it occurstla circumference of the circle and at
the scattering vector from the origin. In 3 dimens a sphere is formed. Adapted
from Wilson 2008

| L
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Figure 2.3 Ewald diagram for a (time-of-flight) Laue diffra@h experiment with only

one detector. The observed reciprocal lattice i{marked in blue) are limited by
the wavelengths used, (area between Ewald cire@ed)the detector coverage (for
each wavelength arc marked in green and over alased by dotted lines). Adapted
from Wilson 2008
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If a different wavelength is used the size of theakel sphere will change, with larger
A producing smaller sphereBi@ure 2.3). This allows experiments using a range of
wavelengths to measure sections of reciprocal spacéhe context of the work
presented here this is especially applicable te4niaflight Laue neutron diffraction)

containing many lattice points in one image witt@ionary detector and crystal.

2.2.5 X-ray Data collection

The collection of a data set for structure deteatiam first requires determining the
unit cell and space group of the crystal. Thengetry of the reciprocal space pattern
is related to the lattice and unit cell geometing pattern’s symmetry is related to the
symmetry of the Bravais lattice, and the intenseityhe spots is related to the contents
of the unit cell. The vectors between spots caneflore be used to work out the unit
cell dimensions, with equivalent lengths, and asmghé 90°, giving clues to the
Bravais lattice. An estimation of the space gr@ap be made by examining the
symmetry of the pattern and systematic absencesgshdhe Bragg reflections,
although if there is any doubt a lower symmetryugravould be used in determining a
data collection strategy as choosing too high ansgtry will lead to insufficient
reflections being measured. A strategy for theadatllection can be determined
using the diffractometer software, positioning tletector and sample to measure the
required positions using the pattern calculatedhftbe unit cell dimensions and the
geometry of the crystal mounted on the diffract@metA diffraction pattern always
has inversion symmetry so only a hemisphere of datax has to be measured to
ensure all unique reflections are accessed. Gatllsmore symmetry need even less;
a monoclinic cell needs less data than a triclone, with orthorhombic and higher

symmetries requiring even less.

2.2.6 Fourier synthesis

The intensity (k) of each reflection is measured along with anrevadue 6(ln«))
and these are written into &kl file where they are all assigned Miller indicesnir
their position. Transferring between reciprocaba® where the reflections are
observed and real space (the crystal structure)beaachieved mathematically by

carrying out a Fourier transform. Using Fouri@mgforms it is possible to transfer
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between the diffraction pattern to the electronsitgnand therefore it should be

possible to produce a model of the crystal strectur

The intensities of the spots in the diffractiontpat are determined by the unit cell
contents (atoms) as well as by other factors deétémmn the diffraction quality

(mosacity, crystal quality, absorbance, size...)hef ¢rystal and are quantified by the

structure factor Fkl). (The intensityl,,, O F.2,)

Equation 2.3 Foia| O e

The structure factor can be defined as the Fouaderponent at each reciprocal lattice

pointhkl, expressed as:

N
Equation 2.4 F (hkl) = z f, expRri(hx; +ky; +1z;)]
j=1
where the summation is over the N atoms in the oalit with atom j having the

atomic scattering factorlbcated at position;xy;, z.

Several factors affect the structure factor inatgdihe atom types present in the
crystal, and the Debye-Waller temperature effedrays are diffracted from the

electron density in the crystal and are therefafieadted by the heavier atoms to a
greater extent (this is reflected in the valuefipfthe atomic scattering factor in

Equation 2.4). The electron density in the unit cell can bpressed as:

Equation 2.5 po(XY,2) = (l/V)z F (hkl) exp[-277(hx + ky +12)]

hkl

where (X,y,z) represent the fractional coordinates.

The Debye-Waller factor takes into account the atffef temperature on the
intensities measured for each reflection. Thentamotion/vibration of the atoms
reduces the intensities, due in part to a smeanfrtige electron density. This effect is
not equal for all reflections, with those at lardg@agg angles affected more. The
thermal vibrations have a small effect on reflawsioat small Bragg angle, but

dominate reflections at high Bragg angle. Thisasilg taken into account in modern
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refinement programs, by refining the average ammpdis of vibration of each of the

atoms in the structure.
2.2.7 Structure solution

The solution of a crystal structure requires th&eeination of the structure factors,

which contain both the intensity of the reflectamd the phase of the diffracted wave.

iahy

Equation 2.6 Fra = |Fral€

2.2.7.1The phase problem

Unfortunately the phase information is lost as dthlg intensity is measured in the
experiment (equivalent to the modulus of the stmecfactor squared). Therefore it is
not simply an inverse Fourier transform that neiedse performed, as only half the
information is available. This is referred to ag tphase problem. The quantity of
data, with thousands of spots measured, prevemislaand error approach being
feasible (unless the phases from a similar systempeeviously known), although

several very effective methods have been develtpedlve the phase problem. The
job is made slightly easier as it is known whaexpect in the unit cell, with atomic

positions at bond length distances apart, evehi# not known what molecules are

present.
2.2.7.2Heavy atom method

The heavy atom method relies on using phases defreen one strongly scattering
atom as a start to solving the whole structureerBwithout phases a very large atom
can be found in a map of interatomic vectors (agPsdn map) and from its position a
set of starting phases can be produced. If the aamuch more strongly scattering
than the rest of the atoms its phases can be esplimythe whole structure as they
dominate. As the model improves the phases algwowe, so better detail can be
seen in the Fourier map. The better Fourier mégwal a better model with better
phases and so on. After a few iterations with gdaiz the full structure can be found

and refined.
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2.2.7.3Patterson method

The Patterson method does not require phases, analdeals with the intensities
directly. A map of the interatomic vectors, simita a Fourier map, is created with
the height of the peaks relating to the scattepogers of the two atoms that the
vector is between. The positions of any heavy apoesent or significant structural
components can be found and added to a model. &vgtarting model providing

approximate phases the remaining atoms can beetbagith Fourier maps and the

structure refined to completion.
2.2.7.4Direct methods

Direct methods is the most widely used techniqud eEnbuilt into most of the
structure solution programs. The method should Bieectly from the intensities of
the Bragg reflections to the phases. It is basedtatistical relations found between
the intensities and relies on various assumptiémis,example that the scattering
density is positive throughout. In one of thesatiens the reflections are grouped
into threes where triplet relationships can be ldistaed relating the values of the
three phases of the reflections involved in theleti Multiple iterations of possible
deduced phase sets are tried (often several hunaneldfrom this the best solution is
picked and a density map generated. This resnlta list of peaks from which
fragments of the structure can often be seen, relijethe user or with additional
refinements by the program. There are severabbkes that can be changed for
direct methods to improve the possibility of gegtiaa better solution. The two main
variables are the number of triplet reflectionsatiehs used or the number of
variations of phase relationships attempted, botheiasing the chances of finding a
solution although the time required for the caltiola gets progressively longer.
Direct methods have a very high success rate inrgpsmall molecule structures and
are by far the most common method used.

2.2.8 Structure refinement

After the basic framework or initial fragments bktstructure have been found using
one of the solution methods, a combination of FEumaps and refinement is
required to produce a complete maflel Using the calculated phases with the
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measured reflection intensities, a map of the edaatiensity can be calculated, which

are referred to as Fourier maps, as already meadtiorChapter 1.

Equation 2.7 pP(XY,2) = z ‘Fh"kl exp(27i(hx+ky+1z) + ay,,)

hkl

with each new Fourier map a better model of thecsiire is created and this in turn
improves the phases that are used for the nexidfaalculation, creating a cycle that
if repeated homes in on a complete structure. therowords this Fourier recycling is

an iterative procedure.

The positions of the atoms are the peaks on theidromap, but to model the
structure correctly the description of the atomedsebe refined to give the model that
offers the best possible fit to the observed datd also to include thermal
displacement. Crystallographic structure refinetngarying the atomic (positional
and thermal vibrational) parameters to achievelist model, is carried out using
least square methods. Even for a small molecwentimber of parameters that
require refinement can be large, and the abilityrate whether a change in a
parameter carried out in the least squares proeedutorrect is important. The R-
factor Equation 2.8, 2.9) is a rating of how good the structure model &} generally
reduces when the model improves. It is a gaugedanparing the data and model
during the refinement process, and is a factor etemnining whether the refined

structure is publishable.

ZHFO|_|FC|

Equation 2.8 R=——=——

2.[Fdl

WR2 = Z""(Foz_':cz)2
Y

The R-factor can be used to assess the agreemegwtdrethe measured structure

Equation 2.9

amplitudes, and those calculated from the atomsitipos of the model being refined.
If the model exactly represented the structure,RH@actor would equal zero. This

never happens, as there are always inherent eémomseasuring the data, a truly
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complete data set cannot be collected (truncatiwvar®) and disorder or added
complexity that cannot be modelled. The higheruvhklie of the R-factor the worse
the model and data match, so the lower the beitartypical published data having R
(Equation 2.8) around 0.02-0.07. The weighted R-factBgyation 2.9) works in the

same way but with weighting factors for the reflees based on the(F?) values and

using the squared values of the structure facliine cycle of improvements to the
structure generally follows the rule that a bettexdel creates a better R-factor, with
consequently better phases improving the Fourigp, imaturn resulting in a better

overall description of the scattering density diefjnthe structure.

Another important value used for evaluating the el@hd data quality is the S-value,

the goodness of fit:

\7

.
Equation 2.10 S= \/ Z W(Fhk' Fivg )

n-p

where n is the number of reflections used and mtheber of parameters refined.

In general for refinement the more successfullyjectéd reflections the better the
data set, providing more information to refine #tieictural model. As the number of
parameters refined increases, more data is requiiéda good ratio in a typical least
squares procedure being around 1 parameter tofle@trens, but higher preferably.

Because the S-factor is dependent on these vagidibkcts as a deterrent against

artificially manipulating the R-value by removingtd.
2.2.9 Difference Fourier maps (Finding hydrogen)

Difference Fourier maps are scattering density ntaps only show the density not
accounted for by the model. These are especialpfili when looking for the
hydrogen atoms (which can be hidden in normal X-Fgurier maps, being
overwhelmed by the larger surrounding atoms) ohlighting mis-assigned atoms
and atoms that are not modelled well. This is eadl by subtracting the structure
factors calculated from the model away from thosasared and using the resulting

differences with the phases calculated from theehqatoducing an electron density

30



map Equation 2.11). Atoms not accounted for will show up as pealsthis
difference Fourier map; if the wrong atom is udeehteither a peak will show that the
atom was too small, or a trough that it was togdar

Equation 2.11 Ap(X,Y,2) = Z (‘ Fox Yexp(27i(hx+ky +1z) +ay,,)
hkl

Cc
‘Fhkl

The background noise of Fourier difference mapgimates from several sources:
Fourier termination errors, thermal disorder (Delyaller effect) and electron
density which is not taken into account in the atomodel, such as bond density and
lone pairs. Truncation of data is always inevigah$ it is not possible to collect to
infinite resolution, but it is usually possible ¢ollect to a small enough d spacing to
achieve reasonable resolution and minimise thasgser Thermal motion is present
in all atoms in the structure as they oscillateuarb their equilibrium positions,
displacing more with increasing energy; this leadsa general smearing of the
electron density in the map. The atoms are noymelfined using simple ellipsoid
models for these displacements, that do not take a&tcount features such as
anharmonic thermal vibrations, bond density, dte; latter means that unaccounted
density peaks normally arise between atoms espedmhigh resolution data sets

when examining the difference Fourier maps.

2.3Neutron diffraction (and reasons for its use in ths work)

The focus of this work is on hydrogen bonding aetedmining the characteristics of
the hydrogen atom(s) within them as a function eMmperature, crystalline
environment, polymorph, complex, etc. X-ray diffian has been shown to be an
extensively useful tool towards this aim but limits its resolution in regards to
hydrogen, due to its small scattering factor offmevent definitive resulté*
Neutron diffraction, on the other hand, is excdllandetection of protons/hydrogens
even in situations where there is only partial peswcy. The reason for this
difference is to do with the process by which diftion occurs (electromagnetic (X-
ray) vs. strong interaction (neutron)). X-rays acattered by the electrons in atoms,
so the scattering strength of an individual atoereases with its increasing atomic

number (Z). The scattering intensity of X-rayspieportional to Z so small atoms

31



like hydrogen scatter far less than a heavier afemngure 2.4 Top) When looking at
hydrogen bonds, the hydrogen has a scatteringsityenf 1 whereas the other atoms
present, such as carbon, nitrogen or oxygen domitie diffraction with relative
scattering factors of approx 36, 49, 64 respectivélhis is only for the case where

the hydrogen position is fully occupied, so whdreré are disordered HBs, with only

partial hydrogen atoms in the model, the ratiovisneworse.
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Figure 2.4 (Top) The X-ray scattering factors (shown with dotteek) compared

with neutron scattering factorgBottom) An expanded view of the neutron scattering

length versus Z (for the principal isotopé3).
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The plot at theBottom of Figure 2.4 shows neutron scattering length versus Z; of
particular note is the fact that hydrogen has aatieg scattering factor but is of
comparable magnitude to the positive values of ro#lements like oxygen and
carbon. The scattering factor of neutrons doeshawe the same systematic increase
with Z as found for X-ray scattering. The neutswattering factors do still have a
dependence on Z because of the differing mixtufegratons and neutrons in the
nucleus but this is a broadly random distributidrih@ scattering length with atomic
number. Figure 2.4 Bottom) This also means that the scattering length can b
different (often substantially) for two isotopesiatncan be useful for instance when
looking at hydrogen and deuterium. There is ndesyatic trend to the scattering
length distribution but the values are of a simader of magnitude, although this
includes some negative values. For neutron diffracstudies of the type of organic
molecular materials studied here, hydrogen, carlmxygen, and nitrogen have
scattering lengths of -3.739, 6.6460, 5.803, ad® 9 respectively. The hydrogen
atoms therefore have intensities just short ofotihver atoms although with a negative
value. In Fourier density maps hydrogen therefdrews up as a trough of similar
height (depth) to the peaks for other atoms. Téssllts in a higher accuracy of the
hydrogen position from neutron experiments (re&atiscattering of a hydrogen

compared to a carbon with X-rays ~3%, neutrons 932%

Another problem with X-ray diffraction arises besauhere is a drop off in scattering
factor with increasing scattering angle due to lrge size of the electron density.
Therefore it is difficult to obtain high-resolutiatata at large angles, which relates to
short d spacing. Neutrons do not have this prol@acthdo not show the same drop in
scattering power with increasing scattering angléh¢ugh the thermal motion does
effect the scattering at larger angles), makingasier to look at structures to very

high resolution, although thermal effects do $tdl/e an effect on the intensity.

Neutron diffraction also has the advantage thahelds that are next to each other in
the periodic table can have substantially differecattering cross sections giving
larger contrast than can be achieved by X-rayatition. A good example of this is

iron +9.45 fm and manganese -3.73 fm. This algdiegpto isotopes, which can have

very different scattering factors, allowing the uset isotopic substitution as a
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technique. The most relevant in organic or biatabiwork is hydrogenH and
deuterium®H with scattering factors of —3.74 and 6.67 fm essjvely. Substituting
one isotope for the other can yield important gtrcad information; this is commonly
done with hydrogen and deuterium allowing a metbalted contrast variation to be

employed.

In an ideal world, neutron diffraction would be thwin diffraction technique for
looking at hydrogen bonding. Unfortunately availighmeans that X-ray diffraction
is most commonly used. X-ray diffraction is a stamd technique, with in-house
diffractometers common, whereas neutron faciliies large, expensive facilities of
which there are a limited number worldwide. Nentsmurces are normally national
or even international facilities, which require yéarge budgets to build and run. The
UK has a neutron source, ISIS, at the Rutherforgdlégpn Laboratory in Oxfordshire.
Other facilities are available; the most relevanthie ILL in Grenoble which is partly
funded by the UK as well as France, Germany andrakwther European countries.
Despite having these two world-class facilities,ist hard to get time on the
instruments with great competition especially as kbw flux of neutrons requires
long experiments. The utilisation is also limiteyg the need to grow rather large
crystals, on account of the low available flux dmgh penetration of neutrons; crystal
volumes needed for neutron diffraction are typicalf order 1mm, which it is not

always possible to grow for the target sample.

Although both diffraction methods are useful infeliént situations, sometimes the
best solution is to use a combination of both X-@yd neutron studies. A

combination of both X-ray and neutron diffractioroyides information on both the

electron density and the nucleus position, givindgedter overall picture of the

structure and its interactions. The use of X-rdfyattion is essential as a precursor
to neutron studies enabling the selection of malethat show promising behaviour
to be chosen and reduces the number of null re@lttough null results can provide
useful information and insight). The other benefithaving previous X-ray data is

that it provides good unit cell parameters and @pprate atomic positions as a
starting point in processing and refining the nenitata.
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2.4 Powder diffraction

Testing large collections of samples one by onagusingle crystal X-ray diffraction
especially where multiple samples from the samengad screening for the possible
presence of new complexes or polymorphs, is a tediask. A quicker method that
also provides a more complete screening is powifieaction, being able to test the
material from a whole crystallisation experimentdne measurement without the
need to find good quality crystals. Testing a pered representative of the sample
(including powder and crystals from all areas of gample) can identify if new
complexes and co-crystals have formed and idengfy unit cells that could be of
interest. Where single crystals are found theurcstires can then be determined using
single crystal X-ray diffraction, while other tedhnes used to examine different
aspects such as DSC, IR, and NMR, or theoretidalizdions can also be used to
gain additional information. If there is an intstiag HB or suspected disorder in a
HB, larger crystals are grown and the neutron erpart can be carried out to get a

definitive answer.

X-ray powder diffraction provides a fast and releatool for routine identification of
crystalline materials. Powder diffraction can Ibeught of as a reduced form of
single crystal diffraction, where three dimensiorediprocal space is condensed into
a one-dimensional pattern of intensity with02angle. Instead of containing one
crystal orientation the ideal powder sample hasyepessible crystallite orientation in
equal quantities. The diffraction pattern for eacystal will be overlaid on to each

other and therefore each Bragg reflection formsalar band at a sebangle.
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2-Theta- Scale

Figure 2.5 Left: Image of powder ring on an area detecRight: Powder pattern
formed integrating round the powder ring, (beforelug€), and after ¢range)
background removed and pattern smoothed). Powdé&ems can be used as a

fingerprint for crystalline materials as each hasi@ique pattern.

Some of the problems powder data suffers from ecelantal or exact peak overlap
that obscures some of the peaks and finer detail@ssequence of the nature of the
technique and often limited instrument resolutidie powder pattern still contains a
lot of information, which can be used to charasithe sample. The peak positions
are important in the 1D pattern and also theimsity and width. If the sample is of a
single system (one crystal form) the peak posifimvides information on the crystal

system, symmetry, and unit cell dimensions.

Peak intensities are affected by the unit cell eot®, point group symmetry, and for
multi-system samples the relative intensities gavequantitative measure of the
different phases present. From the peak shapewadth, information can be

extracted on the size of the crystallites in thenga, and can show signs of any
extended defects or strains. Broadening can besedaly instrumental effects
(dispersion, divergence, detector resolution), tatysize, or strain and defects in the

sample.
The majority of powder diffraction is used in fimgenting and purity control,

especially in the pharmaceutical industry were potsl are regularly screened to
ensure each batch is the right mixture and doesaomgin any impurities. Programs
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such as polySNAB are able to match large quantities of powder pagtagainst each

other or those from databases or calculated frogiesicrystal structures.

Structure determination, refinement, and even gmius also possible from powder
data, which can be important for samples wheres itmpossible to grow single
crystals, or if they are inclined to twin. Rietdehethods have been developed that

are able to reveal much structural information wétlative ease in many ca3e¥.

2.5Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a techniqueetamine the thermal transitions of
a compound and works according to the heat flowgple. Thermal transitions are
those in which there is an energy exchange withsdr@ple environment as it is
heated. This includes glass transitions, phase sitrams, melting, and
recrystallisation. A few mg of the sample is plhdae the sample pan and in parallel
with an empty reference pan, they are then hedteds®t rate. The difference in
energy required to heat the sample pan compart teeference pan is measured and
plotted as the temperature is increased. The goapie heat flow (representing the
heat capacity of the sample) in relation to theperature provides information on
any endothermic or exothermic reaction or transititat the sample has undergone.
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Figure 2.6 DSC curve showing the three main types of eveitcin occur. A glass
transition where the base level drops and remainere till another event, a
crystallisation that forms an upward peak and atmgltrough. A downward move

shows extra energy is required, an upward move shemergy is given out.

Where the sample under investigation undertakesradothermic transition, for
instance that of melting, the sample absorbs hehtequires an increased amount of
energy to retain the same heating rate. In theé tpis is represented as a trough
(minimum peak). The opposite effect is seen foegothermic transition where heat
is given out by the change in the sample resuiting peak in the DSC signal. The
formation of a glass phase is neither an endotlenm exothermic transition, instead
it results in a change in the heat capacity ofsaeple represented as a step in the
baseline of the DSC signal. The process can alsaroghilst cooling the samples.
When a DSC measurement is completed for heatingaolihg on the same sample,
the related peaks and troughs are often not aliggedew phases can form. The area
of the peak can give an indication of the quarditgach polymorph present although
this is also related to the latent heat of melongrystallisation so cannot be used as a

true quantitative method unless these are knowthBpolymorphs involved.
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DSC therefore gives the ability to determine thagghdiagram of a sample as well as
being useful for polymorph screening, where thded#nt forms have different

melting or crystallisation temperatures.

2.6 Computational chemistry

Although most of the work has been based arouncrerpntal work, theoretical
calculations have been used to supply supplementdormation and back-up
theories. Computation can provide complementaigrination that is not accessible
or practical experimentally. The ability to invgstte compounds that have not been
formed, extreme conditions like high pressure (evexgative pressures), high
temperature, electric, magnetic and radioactivie$ier probe interactions that cannot
be seen by any other means makes computationalistmgmof great use and with an

exciting future.

The electrons do not act like classical particiestead these quantum particles (that
travel at relativistic speeds) can be describedwases using the Schrodinger

equation.

]
Equation 2.12 Hy = Ey

Where H is the Hamiltonian operatoE the total energy of the system, and the
wavefunctiony. Unfortunately any realistic sized molecule contatn® many
particles (>2) for a full solution of the equatitm be obtained, even with the most
powerful computers available. To get around thustacle, it is necessary to bring in
some approximations that simplify the situation. heT Born-Oppenheimer
approximation states the nuclei can be consideseteing stationary because the
rapidly moving electrons can adapt to any changesthieir position almost
instantaneously, therefore the momentum of theenuwrdn be ignored. Only the
positions of the nuclei need to be considered wiselving the electronic

wavefunction.
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It is impossible to describe the exact movemernhefelectrons as they are relativistic
particles, so instead probability distributionstiedir density in the molecule are used,
in other words the molecular orbitals. The molacurbitals can be expressed as a
linear combination of atomic orbitals (LCAO). Ihis way the molecular orbital is
built from adding together of the weighted atomibitals. The electrons do not move
independently, but are correlated (electron caoticela Three different contributions
to the energies have to be considered for the relest the electron-electron
interaction, the electron-nucleus interaction, ah& exchange interaction that

accounts for the spin interaction (Pauli principle)

Basis functions are usually Gaussians (which ay eéa calculate), requiring a
combination of them to represent single electrobitals, which make up the
molecular orbitals. Basis sets dictate the nunolbdrasis functions that are used in a
calculation and thus varying in accuracy, with leigtpasis set with more functions

able to determine a better shape when summed &rgeth

The two main ab-initio methods that are widely uged calculating energies are
Hartree-Fock and DFT (density functional theoryBoth are iterative methods that
generate potentials from the wavefunction and fhrexluce new wavefunctions from
these potentials. This cycle continues until mwerges and the energy is minimised
(self-consistent). The way in which Hartree-Fockl &FT tackle the problem of the
electron-electron interactions differs, both havimgsociated advantages and

disadvantages.

2.6.1 Hartree-Fock methods

The basic principle of Hartree-Fock (HF) is it puods a function (wavefunction) for
each electron, based on the average potentialndie&s from the positions of the
nuclei and all the other electrons, with the elmttmoving independently within it.
The biggest problem arises from the fact that theteon correlation is neglected, as it
ignores how the motion of each electron affectgéisé of the system. This means the
electrons can come too close together resulting imgher than expected energy as

well as shorter bonds. This is especially impdrfan systems with high electron
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density. On the other hand the electron exchasidelly accounted for with the HF

method.
2.6.2 Density functional Theory (DFT)

Density functional theory DFT uses the ground saéetron density of the system

instead of single particle wavefunctions to caltaildtne energy of the system. The

DFT energy is written as the sum of the nucleitetets energyJ'Vext(r)p(r)dr and

the electron-electron interactiongf}].

Equation 2.13 E[,o(r)] = jvext(r)p(r)dr +F[o(r)]

The electron-electron interaction energy can barsged into the sum of the kinetic
energy of electrons (), inter-electronic interactions including the Camub
interaction () and the exchange and electron correlation ere(gig).

Equation 2.14 F[p(r)] = Ece[0(r)] + B, [o(r)] + Exc[0(r)]

The exchange-correlation takes into account thehaxge and correlation
contributions, and any other interaction betweenelectrons not accounted for by the
classical K.E. + Coulomb interactions, but cannet dalculated exactly, as no
wavefuntions are produced. Therefore the exchaogelation term is approximated
using the ground state density. Two methods flauating the exchange-correlation
are the Local Density Approximation (LDA) and Gealesed Gradient
Approximation (GGA). Both techniques work by diwid the electron density into
small volumes, with the LDA these volumes are agslito have a uniform value
determined by quantum Monte Carlo calculationsdafal gases. GGA takes into
account the gradient of the electron density abh gamnt. GGA works better for
molecular systems where there are sharp densitygelsaas a function of distance,
whereas LDA works well for metallic systems.

HF calculates the exchange energy exactly but d¢aredoulate a value for electron
correlation, whereas DFT approximates both the &xgh and correlation energy.
Hartree-Fock generally overestimates the energidsereas DFT normally

underestimates it. Correcting the HF or DFT eresrdiiy applying a weighting factor

41



is one possibility, but this weighting factor woulé dependent on the system under
investigation. The usual method is to apply Hyluadctionals which are a mixture of
both techniques using the fact that the values fineyide lie on either side of the true
energy. The over estimation in the Hartree-Fockgnean be countered by adding a

percentage of the DFT energy.

Condensed matter calculations take into accounintieeactions between atoms both
within the molecule(s) and within the surroundingvieonment of the crystal
structure, based around the electron distributionhere are two approaches to
modelling solid state materials, where the repegatinit imposes periodic boundary
conditions, both using potentials made of Gausgiactions. The valence electrons
can be modelled using a linear combination of atoonbitals (localised basis sets) as
is the case in the CRYSTAL prograhor by using pseudopotentials and planewaves
(CASTEP™.

A full description of condensed matter calculati@ml Density Functional Theory

can found iPA Chemist's Guide to Density Functional Thedry
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3. Techniques and apparatus

The techniques used in the project have requiredardety of apparatus from
laboratory equipment and in-house X-ray diffractteng to large-scale neutron
facilities. The diversity of techniques providegormation into different aspects of
the crystals studied, complementing each otheivi® @ more complete picture.

3.1 Sample preparation

Sample preparation is an essential stage in tHgsam@rocess, with results dependent
on the sample quality. The solid-state sampled ase all obtained by crystallisation.
The different techniques require different typesl aizes of sample, which can be
accommodated with several crystallisation method&he optimal size of crystal
required for X-ray single crystal diffraction isoand 0.2 - 0.4 mm in at least two
dimensions although it is possible to use sampl#ith this range. Neutron single
crystal diffraction needs a much larger samplehwipical volume of 1 mrhor larger
(dependent on unit cell size) the normal requirdméior best results a single crystal
will be pure, free of defects, with no additionahterial on the surface (small crystals
or powder) and not include any stress and straagtdres. In samples that are
inherently twinned or contain defects, good singlgstals may be impossible to
obtain. Twinned crystals can be used but additipr@essing of the data is required
to separate the data sets from the different pesttend often the quality of the data is
poor because of overlap of reflections. Whereaglaicrystal work is used to
determine the structure unique to the one crystigicted for the experiment, powder
data can be use to determine the identity of al phases present throughout the

crystallisation vessel.

Powder samples can naturally form in the vial wipiteparing the sample or can be
produced from a single crystal by grinding, althlowginding can induce additional
reactions and these may not be desired. The dgsioperties in a powder sample for
screening are a well-mixed sample, randomly ortedtacrystallites, dry and small

particle size. These are important for both fglitne capillaries and in the collection
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of the data. For structure solution the availépitif pure sample makes it easier, and

a high quality data set is required.
3.1.1 Crystallisation methods

There are several techniques for growing crystdlsroall molecules and their

complexes. All the crystals used during the cowbdhese investigations were
produced from evaporation from solution, althoughesal variations were adopted
around this basic method. The choice of solvepedds on the physical properties of
the target materials, although often a varietyrgétallisations from different solvents

were used in case polymorphs or new phases af@sesome occasions a mixture of
solvents were used, often where the constituents-afystals need to be dissolved in
different solvents. Acetone, methanol, acetomitriethanol, and water were
commonly used, with the water solvent on severabsions becoming incorporated

into the structure, forming hydrates.

In the majority of cases the solutions are prepamesiall 7 mmi glass vials, with a
weighed molar quantity of chemicals dissolved i@ $olvent. The vials are then kept
somewhere where they will not be agitated and @alevith pierced parafilm as a
mechanism to slow the evaporation in an attempoltain larger single crystals.
Powder samples were obtained by allowing the samgpévaporate quickly; leaving
the sample uncovered and applying heat can befasé#us. As a simple alternative,
H-tubes allow a gradient of concentrations to be wgein one sample container
(Figure 3.1). The two compounds are dissolved and addecdetseparate ends of the
H-tube, as they mix into each other a diversitycomcentrations is formed in which
hopefully a suitable crystal-growing medium is teel
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Figure 3.1 Photo ofa) samples in a temperature controlled hot pldtg,typical
sample vial and equipment) H-tube crystallisation of chloranilic acid and 3,5
dimethyl pyrazole at different stages.

The temperature of the solution is also importantarge temperature gradient can
cause twinning whereas heating or cooling the sangain control the rate of
evaporation and therefore rate of crystal grondemetimes different polymorphs or
structures are created at different temperatusedifgerent products become stable or
the energies for different reaction paths vary. e TUse of a fridge or cold-room
allowed sustained cooling over the whole crystafie, without large temperature
gradients that are often detrimental to crystaliguaContinuous Heating is achieved
using either specially adapted hotplates or a Resy Microvate (programmable
temperature controller) both of which can also hitld temperature to a specified
level for prolonged times. The samples are notnadly allowed to dry out as this
can cause the single crystals to be encrusted akebrwhen they are removed.
Powder samples are the exception, requiring tortsel &ind ground prior to filling a
capillary.

3.2Characterisation and screening

It is important to note that a single crystal takemm a re-crystallisation is not a
reliable representation of the full contents of #wire sample jar. When working

with co-crystals it is common that single crystbhwore than one structure can form
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as well as additional powders or oils. As weltlasintended product, these can be in
the form of starting materials, polymorphs, co-tajs of different ratios, and

solvates.

It is therefore important to be able to examine Wele sample vial and have a
system of extracting single crystals of new comeéexhere the presence of these
may be indicated. When looking for different seglystals the morphology can give
clues, often with crystals of different composisoproducing differently shaped
forms. Needles, blocks, plates are all commontahferms, and of course can vary
greatly in size. Colour is also another good dgitishing feature, and simply the
position in the jar i.e. on the side or at the twotican be an indication. Unfortunately
the quality of the crystal is often related to tt@mplex or crystal form adopted,

making it impossible to acquire good crystals ahedorms.

The unit cell can be used to recognise if the stingcis already known, with a search
through the CSP using the unit cell. Powder diffraction is idéalcharacterise the
crystalline contents of a sample, with the powdattggn of a compound being
essentially a unique fingerprint (EVa Mixtures can also be distinguished, and the
ratios determined approximately with programs sashpolySNAP®. This makes
powder screening useful for determining if the iesgior a new complex is present,

although they may not be available as single clysta
3.2.1 Powder diffraction, DSC, sample identification andpurity

The identity of a crystalline material can quickhg determined through powder
diffraction. The powder diffactometer used in thsrk is a Bruker D8 using the
software Ev&, usually run at room temperature. A normal rdfesaabout one hour
with scan scans from 5- 65 degrees at a one-degreminute rate, producing a rough

pattern suitable for general comparison.

Differential scanning calorimetry DSC can also bsedi to distinguish whether
additional structures are present or if samples @me. Different products or
reactants will melt or undergo phase transitionsaaying temperatures resulting in

different peaks and troughs in the DSC trace.
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Other physical attributes can also be used for @kamhloranilic acid has a distinct
red colour and co-crystals containing it have ailamcolour although often a

different shade. This makes it easy to identifystals that are not co-crystals of
chloranilic acid which helps prevent time being tedsscreening starting materials
that have not reacted. As noted above the morglatan also be a distinguishing

factor between different samples.
3.2.2 Powder pattern analysis technique

The powder data in this project have been analysigi EVA®>’ by comparing the
measured patterns against calculated powder psitfernthe known single crystal
structures. The measured patterns were correotdzatkground using a polynomial
fit and the resulting patterns were smoothed. Eiative proportions of each phase

present in the sample were estimated by compagiagjre peak heights.

3.3 Single crystal X-ray diffraction

Although it is possible to produce a crystal stouetfrom X-ray powder data, the
resolution required to examine hydrogen bonds atelyr is not in general possible.
Therefore all the structures in this project haeerb produced using single crystal
diffraction. Three different diffractometers weused. A Nonius / Bruker Kappa
CCD area detectdt; a Bruker APEX2’ also with a CCD area detector, and an R-
AXIS Rapid (Rigaku’ equipped with an image plate area detector.

To solve and refine the structures several diffesftware packages were used.
SHELXL® implemented within WinG¥, and CRYSTALS? are the two refinement
programs used extensively throughout the projeBtR®*, and SHELXS!, are the

structure solution programs that produce the sigrtiodels these are based on.
3.3.1 Unit cell determination and indexing

On all the instruments, the primitive unit celldstermined using a preliminary set of

frames. The reflections are auto-indexed to ghegdrimitive unit cell and crystal
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orientation, which are then refined. The apprdpr@aystal system and Bravis lattice
are then chosen, although sometimes a lower symirtadtice is chosen where there

is any doubt, to ensure sufficient data are calect
3.3.2 Data collection

The data collection depends on the crystal symmaitith all three machines able to
generate a collection scheme to fit the crystalen&sally completeness to around
0.8 A of 100% and redundancy of around four is airffoe. A typical data collection
can last for a few hours to a day depending onsikhe of the crystal, unit cell,
symmetry and how well it diffracts. The data ne¢nlde integrated, with several
correction factors (Lorentz, polarization, absapfi extinction, decay, multiplicity
corrections) introduced before &Rl file is produced. The data is then input into a
structure solution + refinement program such as SRALS>® or WinGX®? where
Direct Methods will typically be used to gain austiure solution, followed by

refinement.
3.3.3 Variable temperature methods

Hydrogen bonds and any disorder within them arenoftependent on temperature,
therefore the experiments are often repeated f&relift temperatures so the evolution
of the hydrogen bond over a temperature range eaxamined. Using this method,
anomalous results can also be spotted where theywdbt in with a sequence. The

availability of a structure at multiple temperatgives the results added credibility
and in improving the verification of the conclussomarticularly when subtle effects
are being examined. It can also yield new inforomgt for example where a

disordered site is filled with increasing temperatua plot of the rate can be
determined, rather than just a snap shot of therais.

All the diffractometers used have cryo-systemschtd, at least capable of getting
samples down to temperatures of 100 K. A commdéetsen of temperatures used is
100 K, 200 K, and 300 K with additional temperasurpossible for interesting

complexes.
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An additional benefit of the low temperature stuetdeterminations comes with the
reduced thermal movement of the atoms, allowingi@esor structure model to be

created.

3.4 Neutron sources

Neutron sources fit into two categories; pulsedllapan e.g. 1SI1$° and nuclear
reactor sources e.g. IPf, both types have been used in this project. Tiffgr in
both the way that they produce the beams of nesitaod in the characteristics of the

beam itself.

Spallation sources work by smashing highly enecgptbtons into a heavy metal
target, effectively chipping away neutrons from theget. This produces a pulsed
white beam of neutrons, as the protons are actetena packets. This allows time of
flight methods to be used, which utilise the pulsature of the beam to allow a large

range of wavelengths to be used.

The reactor source works in a similar way to thah dission nuclear power station
with a cascade reaction producing a continuoud) Higk, white beam of energetic
neutrons. Different moderators slow the neutrangroduce hot and cold sources,
and monochromators and collimators are used tatsélme and align the neutrons to

the energies (wavelengths) required for each agujic.
3.4.1 ISIS spallation neutron source

Spallation sources such as 1S1%t Rutherford Appleton Laboratory (Oxfordshire,
UK) produce neutrons by colliding energetic protonso a heavy metal (tantalum or
tungsten) target. The impact of the protons ejgatgments (mostly neutrons) from
the target, the word spallation coming from the imgnterm meaning to chip. The
process to create the energetic protons starts amtion source producing H- ions,
which are accelerated in a pre-injector column.e figdrogen ions are then passed
through several linear accelerators increasing 8p@ed using a large potential field.
They then pass through a thin sheet of aluminiundeofoil that strips them of their
electrons producing a beam of protons. The protweded into a synchrotron where
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powerful electromagnets controlled by radio freques are used to accelerate the
protons further to very high speeds. At ISIS tyxechrotron is 26 m in radius and has
10 dipole bending magnets to keep the beam tragedround the circular path as
well as quadrupole magnets to keep the beam tigbtlysed. The process splits the
beam into two packets and accelerates them to 890, M80 % of the speed of light.
The protons make approximately 10 000 revolutiohghe synchrotron and the
production process is repeated 50 times a secoXter being accelerated to the
desired velocity the protons are kicked into theasted proton beam line that directs
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Figure 3.2 Layout of ISIS, with the synchrotron on the laftlahe target with the

instruments surrounding it on the right

At ISIS there is a muon target made from 10mm apgite, upstream of the neutron
target. Protons colliding with the carbon prodpaans, which decay into muons that
can be implanted into materials in several resessthuments, mostly for looking at

magnetism.

The neutron target is made from a heavy metalhéncase of ISIS it is tantalum and

tungsten plates although depleted uranium hasb&len used. The target is cooled by
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water to prevent it over-heating. Each proton poe$ on average around 15
neutrons, which initially have high energies. Maters are used to slow the neutrons
to thermal energies for experiments. Ambient walguid methane and liquid
hydrogen are generally used as the moderators $eaduheir high H content, with
the choice governed by the desired flux profileuresd by individual instruments.
This feeds a wide range of instruments for variegppses, including crystallography,
spectroscopy, engineering, and materials. In thsecof the single crystal
diffractometer SXD used in this work, the moderarambient water, providing
high-energy neutrons with wavelengths in the rafg2 — 10 A. The colder

moderators produce a range of neutrons with longeelength/lower energies.
3.4.2 SXD, time-of-flight single crystal neutron diffractometer

The single crystal diffractomefé{SXD) at ISIS is able to carry out experimentsaon
variety of crystal samples with sizes varying frdnmnt to larger than 100mmn
Using a Helium cryostat allows access to tempeeatdown to 4.2 K or below, while
a furnace allows temperatures in excess of 1200beteached (although only part of
this range can be accessed in any experiment faesetif set ups are required). The
collection software can be programmed to changeeéeature as part of the overall
experiment control. The layout of the instrumelsoapermits specially designed
apparatus to be fitted, for example the Paris-Edigib cell to allow extreme pressures
to be applied to the sample. The sample is satvacuum tank (although this does
not need to be used, for instance for fragile samhat would sublime) and can be
rotated aroundo (@) as well as tilted to a 45° angle out of the pldgpe The
instrument has an array of 11 optically encoded ZaiStillator area detectofsigure
3.3: six around the equatorial plane, four at a 48°and one directly below the

sample, giving a detector solid angle oft&r.
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Figure 3.3 a) Diagram representing the layout of the 11 detexton SXDb)
Photograph of SXD from the top with the inlet ¢ treutron beam at the bottom of

the picture and 6 equatorial detectors visfBle

The pulsed nature of the neutron beam allows time-of-flight technique to be
applied. The velocity of the neutron is dependamtits energy/wavelength of the
neutron, with the higher energy neutrons movingefas With all the neutrons in a
pulse being created at the same time and traveltmg same distance the
wavelength/energy of an individual neutron can éednined by the time it arrives at
the detector. The neutron beam used by SXD fibveredoes not need to be
monochromated and has a large range of energiegfdine having a much higher

flux than if a single wavelength had to be used.
3.4.3 Data collection method

The data collection method for SXD, as with anyeotdiffraction experiment, is
dependent on the crystal space group, requiringerfédvames for higher symmetry
systems. The crystal is wrapped in foil and modmde an aluminium pin. The
orientation of the crystal is not important althbug slight tilt prevents any crystal
axis being completely hidden, and the crystal disi@rs in relation to its position are
noted for the absorption correction. A predictederage for a given set of data
frames can be calculated prior to the start ofcthiection using an inbuilt program in
the SXD200%’ software Chapter 4). The time of exposure for each crystal

orientation is dependent on unit cell size, crysia¢, the property under investigation
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(which determines how accurately the structure seedbe determined), and the
crystal quality. A normal exposure time would ewnd 1-2 hours but with large

well formed crystals times as short as tens of memare possible. If the crystal has
high symmetry it is often possible to collect enlowtpata with just a set of frames
rotating the sample around the vertigal,axis (e.g. -90, -45, 0, 45, 90). The crystal
can be tilted up to 40° out of the planeyifor lower symmetry systems that require

addition frames.
3.4.4 ILL steady state reactor source

The ILL®® built in the 1970s (although refurbished sevéraks since), produces the
world’s most intense neutron flux for condensedteragxperiments. It works in the
same way as a power station reactor using enriaheaum fuel to create a fission
reaction producing a high flux of neutrons. Thacteon is initiated by a neutron
being absorbed by the nucleus of a uranium-235 atehich splits into lighter
elements as well as emitting radiation (gamma ragg)er small fragments and a
large amount of energy. Most of the small fragrmere free neutrons, which can go
on to induce fission of another uranium atom. iBisss an exothermic reaction and
creates large quantities of neutrons allowing ibéoa self-sustaining chain reaction.
In a research reactor only a small fraction of rieetrons are required to sustain the
chain reaction, with the remainder available taubed for experiments. The reactor
is cooled by deuterated water ,(I) and a separate light water tank, which
additionally acts as a moderating medium. The maiohg region is required to slow
the neutrons to energies suitable for experimente reactor and cooling area is
surrounded by a reflector tank, which reflects fastitrons that escape the core and
can induce further fission incidents increasingftbe acquired. The set up allows the
ILL to produce a high flux of neutrons for 50-dayckes, after which the fuel cell is

replaced. In all, the reactor is operational fmuad 225 days a year.

At the ILL, the neutrons are fed to a suite of a0 instruments for the use of
diffraction, inelastic scattering, spectroscopyd arhost of other techniques including
tools to investigate nuclear and particle physitee neutrons from the reactor have a
large range of energies but can be tuned for tfiereint uses, as required, by using
different moderators. Graphite at 2400 K is used &ot source producing a beam of
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very short wavelength neutrons with a Maxwelliastidbution around 0.8 A. The
water moderator produces thermal neutrons wittsailition around 1.2 A whereas
materials such as liquid deuterium at 25 K candegllas a cold source were the beam
of neutrons have a much larger peak wavelengthnar@A. In the case where an
instrument requires a single wavelength multilagieneonochromators can be used.
One hot or cold source in the reactor region presideutrons to several different
instruments, with a beam guide to direct and sihlé beam to the appropriate
experimental area. Supermirror guides are useshsoire the most intense flux of

neutrons reach the instrument.
3.4.5 D9 and VIVALDI single crystal diffractometers

The two important instruments at ILL with regarddhtis project are the single crystal
diffractometers D9 and VIVALDI. These two instrumg overcome the problem of
the multiple wavelengths of the neutrons in verfijedent ways. D9 is a traditional
reactor neutron four-circle diffractometer, fed ly hot neutron source and is
positioned very close to the reactor to achievehighest flux possible. A multilayer
monochromator is used to acquire a single wavelefigin the entire spectrum of the
beam. Because the neutrons of other wavelengthgliacarded this dramatically
reduces the flux. After the monochromator, the bgasses through a collimator to
ensure the beam is parallel before it interactsh wite sample thus improving
resolution. A two-dimensional 64x64 rirarea detector is used to measure each
reflection individually which makes the processatefely slow. The short
wavelength makes D9 suited to accurate determmatib very small atomic
displacements and thermal motion, the instrumeimigbable to create high-resolution
nuclear density maps.

The VIVALDI (Very Intense Vertical Axis Laue Diff@dometer) instrument uses a
white beam from a thermal neutron source (0.8 #) Jalthough instruments that
precede it on the same beam line affect the spaatfuwavelengths that VIVALDI
receives). The multi-wavelength beam results ibaae pattern with the different
wavelengths diffracting differently (technicallylgrquasi-Laue because a wavelength
range of ~1 A is typically used). This adds extanplication in processing the data
but the greatly increased flux obtained by not nobmomating speeds up data
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collection by ten to a hundred-fold. The use ofyindrical image-plate detector that
wraps around the sample allows coverage fS2 solid angle of the sample. The
instrument can thus scan large volumes of recipregace very rapidly. The image
plate mounted on the detector drum is activated rfieutron detection using
BaFBr:Ef* mixed with GdOs. The image plate has to be read and erasedegftér

frame although this process only takes a few msiuteis arranged vertically with an

active area of 800 x 400 nfrand a radius of 159.7mm.

Whilst as on other neutron instruments the rulatimey to sample size is normally
“the bigger the better”, VIVALDI uses crystals arfsmaller size. Both the Laue
technique and the large detector coverage pretenfrom being a problem in terms
of long experiment times. This is of great advaataghere previously crystals
considered too small to be used for single crys¢aitron diffraction experiments are
now possible. Crystal quality has to be high tevpnt deformation in spot shape in
the Laue image which can lead to difficulties inegrating and overlap in spots.
Other restraints on the suitable crystals are widthy the wavelength, with primitive
unit cell axes less than 25 A preferred to prewd®itimental overlap of reflections.
Sample temperatures of 1.5 to 315 K can be achievidd the cryostat or up to

1500 K with a furnace, and high-pressure cellsbmmserted.
3.5Examination and imaging of experimental results

While processing data and refining the structuiie important to be able to examine
the results. This is also true when the refinemsntomplete, to be able to draw
conclusions and analyse the results, it is importanbe able to represent the
structural model or produce images representingigilighting different aspects of
the data. Because the results are 3 dimensiodabmamop of this have many different
layers of information or properties that need tovimwed a wide range of imaging
programs have been produced, several of which Heen used throughout this

project.
The main program used to view structures refinedhfsingle crystal diffraction has

been Mercur§f. Most of the black and white structural diagramse been produced

using the Bruker program XP the standard settings were ellipsoids at 50%
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probability and for neutrons the hydrogens are shawith fully elliptical settings
(anisotropic ADPs). Imaging electron density formal or difference Fourier maps
was achieved mostly with MapViél taking 3x3 A slices through the structure with
resolution of 0.1 A, with contours shown. Depemgdin the circumstances X-ray
Fourier maps are either shown with negative valugsoff or the full range; for
neutron data the full range of density is alwayswah (since hydrogen atoms appear
as troughs). MCE is a second program used for Fourier maps thapoavide a 3-
dimensional structural image with slices or are&density overlaid. Hirshfeld
Surfaces have also been used to examine the hydioged interactions with the
program CrystalExplorét. ChemSketclf has been used to produce some of the

molecular sketches.

Programs used to view powder data have included’Efae DSC graphs were
produced using Universal Analy§ls Dendrograms, structure overlays and cluster
plots from dSNAP* have been produced using the software within thgram.

3.6 Computational methods

Quantum chemical calculations have been carriednopérallel with several areas of
the research, most noticeably in conjunction whie tesearch into the hydrogen
bonds of 2,4-dihydroxybenzoic acid, but also theofame chloranilic acid co-crystal
structures and more generally looking into the basbice of hybrid functional
mixtures for carrying out solid state calculatiamfshydrogen bonded systems in the
future. With their ability to probe the hydrogemnil potential well, quantum
chemical calculations can provide complementarprimgition as well as back up

experimental work.
3.6.1 CASTEP, Gaussian03, CRYSTALO6

The computational work has been carried out onraéwemputer clusters including
those local to the chemistry department (Coop, &3té@nhd the University of Glasgow
computer cluster. Solid state periodic calculatibave used the software CASTEP
and CRYSTALO3?® whereas gas state isolated molecule calculatiere win using

Gaussian03.
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3.6.2 Hybrid functionals — mixing Hartree-Fock and DFT

Predicting energetic barriers to proton transfehyrogen bonds is a particularly
difficult problem in theoretical structural modedimn the solid-state. The small size
of the barrier height relative to the surroundimgndscape of the energy surface
coupled with difficulties related to the modeling weaker interactions results in

techniques tending to have large errors or unceresi

Although the use of high-accuracy wave functionhnds produces very good results
it is not viable to apply these to every problempezxially for extended systems,
because there are very computationally costly.mApoevious work comparing pure
Hartree-Fock and pure DFT functional meth@ds is generally believed that they
overestimate or underestimate respectively theidsaheight of hydrogen bonds.
Using a hybrid functional that combines the chaastics of the two should enable a
method that produces a reasonable result as lotigeagptimal proportion of each is
utilised. One issue for this method is that thenbbmation would not necessarily be
the same for all situations, with studies into logln bonding typically requiring a

different percentage mixture than that for, saygnedic studies or an inorganic solid.
3.6.3 Calculations on hydrogen peroxide, HO,

A systematic evaluation with the aim of finding tbe@rrect mixture of Hartree-Fock
and DFT for a hybrid functional to deal with calatibns on small organic hydrogen
bonded materials was carried out, using severais bsets within the program
CRYSTALO3>. The ultimate aim was to find a method that cdaddadopted for such
systems that is reasonably accurate without bewegly computationally demanding.
In the long term this could result in a significareduction in the computational
requirements for calculations into hydrogen bondgdtems and increase their

accuracy in assisting studies of proton disorder.

It is important that the structure used in thiselepment work is not dependent on
weak Van der Waals forces as these often resulistable or inaccurate calculations.
A simple molecule that contained a three-dimengibgdrogen bonded network was

therefore chosen. Hydrogen peroxide is just sudmall molecule and forms a
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simple crystal structure with a three-dimensionalrbgen bonded network making it

an ideal candidate for the study.

Figure 3.4 a) Structure of HO, showing the two positions of the H atom; the ndrma
position is shown in white (B, and the centred position in greenyEb) The
potential energy well with the barrier height andeegies & and & for the normal

and the centred hydrogen positions.

In each case two calculations had to be perfornoedatculate the energy of the
potential energy barrier within the hydrogen botie total energy of the system with
the hydrogen in its normal position (at the bottointhe potential energy well;; and

the total energy of the system with the hydrogea mentred position within the HB
(on top of the potential barrien)E(Figure 3.4). The difference in the two calculated
energies in the solid state would roughly showehergy of the sum of the potential
barrier of the eight identical HBs in the unit ¢elb dividing by eight gives the energy

of one.

The calculation was carried out at the B3LYP lewéltheory and using several
different basis sets (TZP, DZP, 6-31G*, 6-311G*d&t311G**) so a comparison
could be made. After the initial optimisation thmesulting structure of each
calculation was used as the input for the higheelldasis set calculations. The
percentage mixture of Hartree Fock to DFT was alsered so that for each basis set
there were eleven barrier heights measured, sgawntith pure DFT and adding 10%
HF contributions until it was pure HF. To ensune tesults would be comparable
with different strength HBs, calculations were atsoried out with the volume of the

unit cell decreased. Reducing the unit cell voludexreased all the distances
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between the atoms, similar to applying a pressar¢hé crystal. The O---O HB
lengths decreased as follows: ambient pressur@t823, 2.5% reduction = 2.678 A,
5% reduction = 2.628 A, 7.5% reduction = 2.572 8%lreduction = 2.511 A.

The results can be seenkigure 3.5-3.11. The first set shows for each percentage of
DFT:HF mixture a plot of the HB lengths versus bagrier energy with the different
lines representing the different basis sets uBégli(e 3.5, 3.6 and 3.7). The second
set shows for each basis set used, a plot of theepge of HF versus the barrier

energy with different lines representing each Higjtb Figure 3.8, 3.9 and 3.10).

There is a linear dependence of the HB length thighenergy of the barrier shown for
pure DFT inFigure 3.5 and all the tested basis sets show the same gtadidis is
consistent throughout all the 11 different mixtuodOFT:HF used (50% HIFigure

3.6 and 100% (pure) HIFigure 3.7). This overall trend shows that as the hydrogen
bond length decreases (reduced cell size) theebdmeight decreases in energy which
is the expected trend (as the double potential stalits to merge towards a single
minimum potential). There is a small range of giesr between different basis sets,
and the TZP, 6-31G*, and 6-311G** calculations aeey similar, which is important
as it makes it more likely that a lower level bass could be used instead of the more

computationally expensive large basis sets.

Figure 3.8 show a close to linear dependence between theddaRock exchange
content of the functional and the barrier heiglitdhe HB for all the unit cell volumes
(HB lengths) in the DZP basis set. This is true d the basis sets and was not
expectedigure 3.9/Figure 3.10 6-31G* and 6-311G**). For all different basis set
evaluated, the difference in the barrier energthefdifferent sized cells increases as
the amount of HF is increased. This implies theatfof the differing DFT:HF ratios

is more pronounced in longer hydrogen bonds.

To determine which mixture of DFT:HF obtains thestbeesult for each basis set
requires an exact measurement of the barrier erfergy.O,, which was beyond the
scope of this project. When this value is obtajribd best ratio of DFT:HF can be
extrapolated fromFigure 3.11 which is a plot of the barrier energies inQd at

ambient pressure versus the percentage of HF vd#taaseries for each basis set.
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Figure 3.5 Results of KD, calculations showing variation in the energy barrvs.

HB lengths with different basis sets with pure DFT.
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Figure 3.6 Results of KD, calculations showing variation in the energy barris.
HB lengths with different basis sets with 50 % orixtof HF and DFT.
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Figure 3.8 Results of KD, calculations showing variation in the energy barrvs. %
HF with different unit cell volumes for the DZP Isaset.
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631G* Calculations
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Figure 3.9 Results of KD, calculations showing variation in the energy barrvs. %

HF with different unit cell volumes for the 6-3184sis set.
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Figure 3.10 Results of kD, calculations showing variation in the energy barrvs.

% HF with different unit cell volumes for the 6-81*f basis set.
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Figure 3.11 Results of b, calculations showing the variation in the energyrier

vs. % HF with different basis sets and no compogssf the cell.
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4. SXD2001 data reduction software

The single crystal diffractomefér(SXD) at ISIS is positioned on beamline S3 on
target station ond=fgure 3.2). Over the many years that SXD has been opegdtibn
has been evolving and incorporating the latestneldgy especially with regards to
detector design. In 2001 the instrument was cotalyleefurbished upgrading from
three detectors to 11 so that the sample posigBoalmost completely surrounded,
allowing for faster data collections. To keep upthwthe massive changes in the

instrument new software also had to be developed.

4.1SXD98, software for two position-sensitive detectsr

Prior to the upgrade in 2001, SXD only had thregg{oally two) (Figure 4.1)
position-sensitive detectors and was a much smatfistrument. Although the
software only had to deal with data from 2 or 3edadrs there was still the time-of-
flight aspect to be considered. The data reducimhanalysis procedure was carried
out in steps by a collection of individual prografeading into each other. Despite
good results being achieved with many crystal stines solved using this equipment
the software required to be upgraded to reliablgdie the tilted and underneath
detector banks. This upgrade also allowed forea friendly GUI to be implemented,

allowing experienced users to process the datemratian rely on the beamline

scientist which was the case for the SXD98 software

Figure 4.1 SXD before the upgradésft: instrument box and some of the controls

right: the sample environment with the two detectorgeldimg removed)
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4.2 SXD2001, software for array of eleven position-seiisve detectors

The current SXD instrument is capable of doing expents on crystal samples
around a millimetre cubed and larger in size arabige to access temperatures below
4 K using a Helium cryostat. The instrument hasuaay of 11 area detectors, giving
a detector solid angle of A2Sr and thus increasing the data collection reigure
3.3). In addition, SXD collects data using the timfeflgght method for neutrons;
therefore the data needs to be normalised for #nelength profile of the incident
beam. A complex program has to be used to prottesdarge volume of data
resulting from the data collection method. From ploint of view of this project, the
11 detector array makes the data processing a catga and time-consuming task —
much of the initial neutron work in this projectshheen spent in learning and in
helping to identify bugs or inconsistencies in sioftware, particularly with respect to
data sets for chemical crystallography. SXD280k the program designed
specifically for the purpose, created by Dr Matsh@@utmann the station scientist for
SXD.
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Figure 4.2 Main display of SXD2001. From here it is posstbleun all the different
routines needed to process the neutron data.
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The program requires at least 1Gb of memory, Wirsdl®®, OPEN GENIE and IDL
Virtual Machine v6.3. Installing the program issdribed in the user manual written
by M. J. Gutmanfi. Once started the main display window appegigufe 4.2)
from which all the program routines are accessatslevell as being able to view the

data.

Figure 4.3 Eleven detector display showing the diffractiott@an. Below the display

a plot of the counts vs. wavelength from a selegtadt is shown.

A useful feature of SXD2001 is the data visualmatarea Figure 4.3) where it is
possible to view all the 11 detectors at once dt agethe time-of-flight spectrum of
one pixel. As SXD has about 45000 pixels, eaclsisting of more than 1000 time
channels, it is often wise to look at a summargwéry detector rather than examine

lots of individual areas.
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4.2.1 Flow Diagram

peak lizt
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Figure 4.4 Flow chart for processing data on SXD2001 from SXD
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The flow chart inFigure 4.4 shows the stages which are required to processathe
data from the single neutron diffractometer at |SIXD, to a format that allows a
structure to be refined. A peak search is cawigidbf the raw data producing a list of
all the observed reflections and their positiontioa detectors. From the strongest
reflections, the program can produce a UB matrixttos can be imported from
previous runs. The UB matrix is refined until agla number of the reflections are
indexed and the peak list is updated with tkévalues for the indexed peaks. The
data is integrated using the information from tlealplist and the refined UB matrix,
which produce intensities for all the peaks inpleeak list. The data is normalised and
an absorption correction applied taking into acc¢dime shape of the crystal. The
output reflection file can be generated in sevdiférent forms to allow it to be used

in a variety of refinement programs.

4.3 Peak searching and indexing

A normal experiment on a crystal requires seveitierént crystal orientations,
normally around 10. For each positionaav file is produced that contains all the raw
data from the eleven detectors including the tirhdight profile. Thisraw file is
loaded directly into SXD2001, where the data caexamined in the viewer showing
a 2D image from the detector and the time of fligidfile below Eigure 4.5).
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Figure 4.5 SXD2001 with raw data loaded and displayed invilegver.

With the raw data loaded, the first job is the psa#trch. All that is needed as input is
the detector area and range of time-of-flight; treids problems with peaks close to
the edge of the detectors and allows the waveleragige to be selected from the
white beam of neutrons. The program will then md®m the peaks found in the
peak search to produce a UB matrix; alternativiélg,run from the same temperature
for the crystal has been previously indexed therhHrix can be imported from that
run. If the initial attempt is not successful, aldtom different combinations of
detectors can be tried. In a reasonable dataosed hon-twinned crystal a large
number of the strong reflections should be indexstich can be assessed by
checking the peak lists.
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4 .4 Unit cell refinement

To refine the UB matrix is currently the hardesttjgd the process, and much harder
for twinned or poor quality data sets. The refieatwindow Figure 4.6) is an array
of numerical and tick boxes, allowing the refinemen the unit cell dimensions,
detector position, sample position and offsetse $ystem offers the ability to refine,
fix or re-set selected parameters and is ablefitwerérom 1 to all 11 detectors at once.
Although the system is flexible in the way the URitnx can be refined, due to the
sheer volume of data present the process requieasbof skill to control and can be
time consuming if reliable UB matrices representabf all 11 detector data sets are
to be obtained.
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Figure 4.6 a) UB matrix refinement screen with added pop upestref actived and

indexed peakd) Indexed peak list from a single detector.
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4.5Peak integration

There are several different integration technigaesilable to extract the peak
intensities Figure 4.7). The simplest is the “shoe box” which integratikes peaks
under the time of flight graph, within a certairctangular area of pixels around the
location of each peak found in the peak searchdyAamic box size can be used
which varies the rectangular area of pixels integtdor each peak individually, to
allow a better fit. A line integral option is alswailable, which only integrates a line
of pixels through the peak, which it then factosisg to represent the whole peak.
The 3D profile fits both the peak shape on theaetqusing an area that matches the
peak shape rather than a rectangular box as ishibe boxes) and the time-of-flight
profile as well. The options and required paramset@re all accessible via the
integration interfaceHigure 4.7). All the data for a run at a given temperature a

integrated at the same time with each run intedraséng an individual UB matrix.

Manual integration is a way to check the qualitytlod integration, letting the user
integrate individual peaks. This allows the userselect the criteria and integrate
individual peaks manually, thus offering an evawmatof the different types of
integration and to select the best for the spediita set. This also allows the user to
replace values for peaks that they believe to bermrect and ensuring the program is

operating correctly.
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Figure 4.7 Integration window allowing a varied array of castised integration.

4.6 Data correction, normalisation, absorption, extincton and refinement

To get the intensity information into a usable fatrfirst has to be scaled to take into
account the size of the crystal, the absorptiothefdifferent atoms in the unit cell,
extinction and the incident flux of the data colien frame. These are calculated by
the program in one step, requiring information be trystal size, scattering and
absorption cross section and the density. The $XD2rogram can then output the
data in several file formats so that it is usalde different refinement programs
(SHELXL (WIinGX), GSAS, FULLPROF, and JANA2000).

In this project the structures from the neutroradave been refined using WinGX
(SHELXL) using thehkl 2 data format (includes wavelengths) output by S8@1.
The atomic scattering factors need to be alterethéoneutron values and the data
from each detector has to be to scaled to accaurthé difference in flux, which is
done by Batch Scale Factor (BASF) values within 8ME In a good data set the
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BASF values should be around one, whereas lardatizar in the values can indicate
a problem with the processing of the data. Indhdy stages of this project there
were some problems arising from the integrationtted data but the structures
reported here all show reasonable values for th8BAR-factors, and realistic atomic
displacement parameters. Any anomalous valueanpof these can be an indicator
of a poor integration. SXD2001 produces relialdsuits and provides a flexible

platform for processing data from SXD.
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5. Hydrogen bonding in dihydroxybenzoic acids

As previously discussed neutron diffraction prosgidguite different information
compared to X-ray diffraction regarding moleculausture, despite both techniques
having a lot in common. The differences betweerayand neutron diffraction are
especially relevant when looking at hydrogen atams hydrogen bonding because of
the relative accuracy in determination of hydrogémms that can be achieved. The
relevance of neutron diffraction to the project hasant that it has played a large and
vital role throughout. Time on two European nemtsmurces, ISIS at Rutherford
Appleton Laboratory in the UK and the ILL in Grem®bFrance, have provided
useful data and results that have been integriidaesearch, as well as presenting
several hurdles. The difference in techniques softlvare at the two facilities and
between the instruments used, SXD (ISIS), VIVALDHaD19 (ILL) provide distinct
advantages and disadvantages. Difficulties, eafygcn data processing, from both
sites have presented problems that have requimesl dnd effort to overcome during

the project. However the results have generalgnbeell worth the effort.

Although the project has revolved round the samemth looking at suspected
disordered hydrogen bonding and hydrogen bondetérags each time slot at the
neutron sources has naturally been allocated fmreaific complex or molecule or in
some more recent cases a series of closely retat#elcules or complexes. Each
experiment can therefore be considered almost atgharwith each material studied
by neutrons examined in collaboration with diffdrealleagues, or as a result of other
work done during the project. This section will and convey the reasons that each
target molecule or complex has been chosen, theriexgnt carried out in each case
and the results and conclusions that can be drayA-dihydroxybenzoic acid and
2,5-dihydroxybenzoic acid, although examined inasefe experiments, will be
discussed jointly because of their obvious sintilesi and will form chapter 5. The
collaborative experiments on compounds of isonm@otiidium formate, 2-
lodoanilinium picrate, and malonic acid will be deked in Chapter 6. The
VIVALDI neutron experiments for 2:1 2,4-lutidine ldhnanilic acid form | co-crystal
will be discussed withitChapter 7, as the results should be considered in conjumctio

with the other research done into this complex.
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5.1 Carboxylic acid dimer motifs in benzoic acids

Benzoic acid and its derivatives have been of ltarghng interest for their hydrogen
bonding networks and motifs® and for some derivatives showing proton
disordef>#384 carboxylic acid dimers are well known to exhipibton disorder in the
solid staté’. The benzoic acid structure is based round hyrdgpnded dimerised
carboxylic acid groups, which is also a common miotiseveral of its derivatives.
This motif can form in two configuration$igure 5.1), differing by the transfer of
two protons across the hydrogen bonds. Tautontemsaf the two forms results in
proton disorder, with the hydrogen in each hydrodgpemd having two possible
locations. In the solid state the potential enexgiface of the system in this situation
is an asymmetric double minimum well with one cguofation at a slightly lower

energy than the otheFigure 5.2).

Neutron diffraction measurements have been perfdromebenzoic acid®® allowing
the occupancies of the two sites to be mappedffarelt temperatures. At 20 K the
occupancy is 87 % to 13 %; the occupancy of thersgary site increases with rising
temperatures until at 175 K the ratio is 62 % t&8& Increased hydrogen disorder
with increasing temperature is a common trend a@ndes with the results of IR and
NMR studies which have been used to examine beremiit previouslS. Proton
tunnelling, which dominates the transfer rate at temperatures, is of great interest
in this material, and has been studied by NMR darpant$®®2 Ab initio quantum
mechanical calculations (described Bection 5.5)%° and molecular dynamics
simulationg’ fit well with the experimental results, and wergleato predict the

energy barriers and different conformations, ad agemodel the tautomerism.

Figure 5.1The two possible tautomers for benzoic acid carboxagid dimer.
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4-lodobenzoic acid is a derivative of benzoic atidt also shows signs of dynamic
proton disorder in a similar manner to that seehdnzoic acid itselfRigure 5.1)%,
The X-ray difference Fourier maps show clear seaondpeaks that grow in
population with increasing temperature. Thesecéarly present at 100K, and at

around room temperature are almost as occupidtkawiginal positions.

A halo-substituted benzoic acid that shows protandgfer is 4-chlorobenzoic acid.

Wilson et al®*

used neutron diffraction to show the temperatuepeddence of the
two dimer configurations and compare it with theibenzoic acid. The results backed
up previous NMR relaxometry measurement estimabesttfe energy asymmetry
associated with the proton transfér and similar studies have been carried out on
other halo-benzoic acids. The energy asymmetrtheftwo wells of the potential
energy surface is significantly larger for the haldostituted molecule than for

benzoic acid itself (around 2.6 times greater).

2,4- and 2,5-dihydroxybenzoic acid, cooperative hydgen bonding

Figure 5.2 The dimerised structure of 2,4-dihydroxybenzoi agth the classical
representation of an unsymmetrical double well mum indicating the possibility
for proton disorder by thermal population of thegbktly higher energy configuration.
The dotted line indicates the alternative locatiémsthe disordered protons.

2,4-dihydroxybenzoic acid and 2,5-dihydroxybenzaicid both form structures
incorporating carboxylic acid dimers: they are ofira interest because of their
additional hydroxyl groups that can also act asrtgen bond donors and acceptors
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(Figure 5.2) in potential intramolecular hydrogen bonds. Theboxylic acid group
and the two hydroxyl groups thus have great paérftor forming interesting
hydrogen bonding networks in the solid state. Buatilecules have hydroxyl groups
in the ortho-position, adjacent to the carboxyltdagroup, and these have a strong
tendency to form an intramolecular hydrogen bondhwhe hydroxyl of the
carboxylic acid group. The other (para) hydroxybup in both structures usually

forms an intermolecular hydrogen bond.

As both the intramolecular and dimer hydrogen bositire the same oxygen as an
acceptor atom, a change in one will most likelggar an effect in the other. This
leads to the idea of a cooperative effect. Sewdfi@rent tautomeric layouts, with the

hydrogens taking up different positions, are pdssib

w
Form | T Form IlI
o

OH

Form I

Figure 5.3 Scheme showing three possible tautomers of 2ythdikybenzoic acid.

In Figure 5.3 the three likely end-point tautomers in the ison2e4-dihydroxy
benzoic acid are shown. There are only three e$dahas the other combinations
would have two hydrogens on the same donor atotineotwo hydrogens of the dimer
on the same side, both of which are energeticabyadoured. Although these
alternative configurations do not exist as longtistable conformers, it is not to say
they do not exist as excited states or transitiates with respect to the three main

tautomeric dimer configurations. A cooperative atieinship between the
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intermolecular carboxylic acid dimer and the intodecular hydrogen bond can
therefore be imagined where they interchange betwee three formsHigure 5.3).

In the solid state, this can be manifest by thegmee of partially occupied alternative
hydrogen sites in the determined structure.

5.22,4-dihydroxybenzoic acid

The original structure of 2,4-dihydroxybenzoic a¢@HsO,) was solved inP1 %
as part of a programme aimed at finding a suitablatrix-assisted laser
desorption/ionisation matrix molecule. Work cadrieut as part of the present
project found a new polymorph in a monoclinic spagceup, which from initial
indications appeared to show cooperative tempezatiependent disorder among
the hydrogen bonding configuratidn

The structure of the new polymorph was charactérisemultiple-temperature X-ray

diffraction and followed up with preliminary solgtate DFT computations. Because
of the possibility of a cooperative disordered logm-bonded system, neutron
diffraction was then carried out to provide an aatel and unambiguous description
of the material. Additional comprehensive periodiantum chemical calculations,
both static and dynamic, were run, allowing theedwutnation of the energy

differences between the potential hydrogen-bondedigurations.

5.2.1 Experimental

Crystals of 2,4-dihydroxybenzoic acid were growanir acetone solution by slow
evaporation in a vial covered with pierced parafitmoom temperature. Large single
crystals suitable for neutron diffraction studiegrg obtained in the same way

although in this case the vial was sealed to slewate of evaporation.
5.2.2 Comprehensive variable temperature X-ray studies

An initial X-ray study of the new polymorph of 2¢dhydroxybenzoic acid was
carried out in order to examine the hydrogen bomdnvolved in the material. The
structure of the new polymorph consists of centmosgetric dimers Kigure 5.4,

labelled A) linked by hydrogen bonds between the carboxyfimugs as shown in
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Figure 5.2. An additional intramolecular hydrogen bond isnied between the
hydroxyl group on the ortho-position and the hygtoof the carboxylic acid group
(Figure 5.4, labelled B). The oxygen on the ortho-position also actsras@eptor
for an intermolecular hydrogen bond with the hydtogroup at the para-position
(Figure 5.4, labelled C). All the hydrogen bonds are therefore connecsb@ring
donor and acceptor atoms. The molecules form yairobonded layers which

interact with each other by-n interaction Figure 5.4). The layers have a slight

undulation and are comprised of tautomer Form figamation Figure 5.3).

Figure 5.4 Structure of 2,4-dihydroxybenzoic acid showingyel (viewed along the
a-axis) that is held together by three hydrogendmwog motifs: A) intermolecular
dimer; B) intramolecular; C) intermolecular. The view on the right shows the

staggeredr- stacking.

Initial analysis of the hydrogen bonding showednsigf potentially anomalous
behaviour of the hydrogen atoms within the carbexgtid dimer and intramolecular
hydrogen bonds. In the refined model the isotrofpgzmal parameters are larger than
would be expected for normal hydrogens. The difiee Fourier maps revealed
possible extra density peaks suggesting hydrogeorakr Figure 5.6). In light of

this further multiple temperature X-ray studies evandertaken.

A variable temperature X-ray experiment allows demto be tracked over the
temperature range. In the case of hydrogen disamdeupancy level of the second
site would be expected to increase with increasemgperature as more energy is
available for the proton to move across the baaret fill the excited states. Visible
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signs of this would be that the refinement therpeiameters of the hydrogens under
investigation become enlarged at higher temperatiie neutron studies where
anisotropic refinement is possible, disfigurationetbongation across the bond can be
seen). Another indication would be that in thdeddnce Fourier maps the electron
density for hydrogen would deviate from a smoothesgal shape, or additional

peaks appear in case of hydrogen disorder.

Table 5.1 Crystallographic data for 2,4-dihydroxybenzoicaaeit 90 K.

a(A) 3.6686 (5) V(R) 646.58 (15)
b(A) 22.333 (3) Notal 5714

cA) 8.0046 (11) Nunique 2022

a(®) 90 Nparam 125

B(*) 99.630 (3) Ril>20(1) 0.0560

() 90 WR(all data) 0.1449

The hydrogen positions were refined for all the pematures from the X-ray data. In
the refinement shown ifrigure 5.5, the hydrogen atoms were allowed to refine
isotropically to highlight any possible signs osalider. InTable 5.1 the refinement
details are summarised for the 90K data anBlaiole 9.7 the refinement details for all

the published variable temperature data.

Figure 5.5 Structure 2,4-dihydroxybenzoic acid determineanfig-ray data atléft)
90 K and (ight) 150K with hydrogens allowed to refined isotrofii.a

Two of the structures from the multiple temperat¥reay experiment are shown in
Figure 5.5. The large isotropic thermal parameters for thre¢ hydrogen bonded
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atoms are an indication that disorder could be gmies The expected increase in
thermal parameters by going from 90 K to 150 K tienpunced for the H atoms

involved in the intermolecular HBA(andC Figure 5.4).

90K 100K

110K 150K

Figure 5.6 Difference Fourier maps of 2,4-dihydroxybenzoimat 90 K, 100 K, 110
K, and 150 K in the plane of C7, 08, and 09. RM&G9 e/&, 0.09 e/A 0.09 e/R
0.09 e/R

Difference Fourier maps, in the plane of the caraod two oxygens of the carboxylic
group, for four temperatures are showrfFigure 5.6. An initial low temperature of
90 K is shown with three higher temperatures of KDQ10 K, and 150 K revealing
how the bonds evolve with a temperature increade90 K the peaks in the dimer
(A) do not show much sign of disorder but in theantolecular bondB) indications
of a secondary peak around a third of the heighh@fmain peak of the hydrogen is
seen close to O8. This would suggest at 90 K tlser® disorder irA but possible
disorder inB. The other relatively large peaks correspondatading electron density
between the atoms and is normal in good data wihereefinement model does not

take into account the density involved in the cemibonds.

At 100 K the secondary peak Bis reduced to around a quarter of the main peak
height; the dimerA) has now developed a secondary peak just less hhHirthe
relevant hydrogen peak height beside O8. At 11 intramolecular hydrogen
bond @) disorder is all but disappeared with only a difupatch of electron density
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present beside the original hydrogen position. e @isorder peak i® appears to
have grown in area but not height and shows a @redfiliation with the original
peak. At the highest temperature shown, 150 K, iadjcation of disorder in the
intramolecular bondR) is totally gone, and the hydrogen peak is cinculéhe peaks
representing the hydrogen in the dim&) (@re irregular and misshapen along the
length of the bond.

The difference Fourier maps suggest that at lowptratures H disorder may be
present in the intramolecular hydrogen b&dnd as the temperature rises that this
decreases and disappears. On the other handrtfexglic acid dimer initially has no
disorder but as the temperature increases, posasitilzations of a second position of
electron density appears and the electron densityHf becomes more irregular in
shape. This would be consistent with a pattermyafrogen bonding cooperativity
between the intermolecular carboxylic acid dimea amramolecular hydrogen bonds.
A tentative theory that the disorder started in ititeamolecular bond but was then
transferred to the dimer due to the shared oxygecemor atom was thus

hypothesized.

Further X-ray experiments were carried out withfedé#nt crystals and on different
instruments to check that this was not a specifystal effect, and to demonstrate a
repeatable experiment. Not all results showedst#wmndary density peaks possibly
indicative of disorder, although it was presentairsignificant number. The X-ray
studies thus did not fully rule out the cooperatmwyelrogen bonding disorder making
further experiments necessary. Both neutron expris and computational studies

were then used to determine whether any disordsrinviact present in this system.

5.2.3 SXD variable temperature neutron studies

Since the results from the X-ray experiment did nae out the possibility of

disorder, neutron diffraction experiments were iedrrout. Four days of data
collection on the material were obtained on the SXfrument at the ISIS spallation
neutron source. The neutron data would be ablgvi® an unambiguous answer to
whether there was disorder present and on any cakdyge hydrogen bonding effect

due to the more reliable imaging of proton posgitmom neutron diffraction data.
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Initial aims were to obtain data for a range of pematures from 20 K to 300 K but
due to technical difficulties, crystal degradatiamd loss of beam, data sets at only
three temperatures were fully collected. The Imelicryostat allows temperatures
below 4 K to be achieved but 20 K was chosen asldivest temperature as no
significant gain would be achieved by going lowar T and this was the most
effective use of time. Data at two further tempares of 90 K and 150 K were also
collected. These temperatures were chosen to &lodirect comparison with the X-
ray data. At 90 K the disorder was expected initkramolecular hydrogen bona)
from the results of the X-ray experiment, wherela$s® K the disorder should have
transferred across to the carboxylic acid dim&) if the cooperative model was
correct. The 20 K structure provides a good refegeto compare with the other

temperatures and also allows the low temperatwiemeo be explored.

The structure models of 2,4-dihydroxybenzoic aefined from the neutron data are
shown inFigure 5.7. At 20 K the data refines well, the hydrogensvelsome lateral
motion in the slant of the ring but this is in lingth their relative mobility and they
show reasonable anisotropic displacement parametditse two hydrogens most
suspected of disorder ik andC (H1 and H2) show no abnormal behaviour at this

temperature.

The X-ray refinement and the neutron refinementleth very similar with all the
bond lengths and angles comparable, apart frorbdhd lengths involving hydrogen
that are inevitably shorter in the X-ray model;agequence of the electron density

being drawn into the bond.

There is a gradual increase in the size of the iataisplacement parameters for all
atoms as the temperature is increased due to therlaisplacements at higher
temperatureKigure 5.7). As expected, this is most marked in the hydnogems,

but the overall shapes stay close to sphericaldédormation in shape is observed for

the hydrogens under investigation.
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(b) 90 K

Figure 5.7 The structure of 2,4-dihydroxybenzoic acid refifiein neutron data at
(@ 20 K, p) 90 K, and €) 150 K
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(a) 20 K

(b) 90 K

(c) 150 K

Figure 5.8 Difference Fourier maps for 2,4-Dihydroxybenzoiidaat (a) 20 K, (b) 90
K, and(c) 150 K produced from neutron data collected on SkDhe plane of C7,
08, and 09. The well-defined H atom density is apmaat all temperatures. The
scale is in fm and the respective RMS on theseesadme(a) 0.07 fm/&, (b) 0.05

fm/A, and(c) 0.04 fm/&
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Table 5.2 Bond lengths and angles for the hydrogen bondg,4rdihydroxybenzoic

acid from the neutron refinements.

D-H H---A D---A Z  D-H---A
20KA | 1.003(2) 1.653(2) 2.6539(17) 175.1(3)
B| 0.985(2) 1.756(3) 2.6270(19) 145.40(19)
C| 0.976(2) 1.831(3) 2.776(2) 162.13(19)
90KA | 0.996(3) 1.659(3) 2.653(2) 174.9(4)
B| 0.979(3) 1.762(4) 2.628(2) 145.5(3)
C| 0.973(3) 1.835(3) 2.776(2) 162.1(3)
150KA |  0.999(4) 1.657(4) 2.654(3) 175.2(4)
B| 0.977(4) 1.762(4) 2.626(3) 145.4(3)
C| 0.979(4) 1.837(4) 2.785(3) 161.9(3)

A: 09-H1---08B: 02-H2---0O8C: O4-H4---02

The neutron difference Fourier maps of 2,4-dihygt®nzoic acid in the plane of C7,
08 and 09 (carboxylic acid group), show well shapgdrogen positions and it is
evident that there is no proton disorder in anyhef hydrogen bondd-(gure 5.8).
Even at the highest temperature measured in theomeexperiments (150 K) both the
dimer (A) and intramolecularg) proton densities are spherical with no evidemceaf

second position.

There is a gradual increase in the size of the iatoisplacement parameters of the
hydrogen atoms with increasing temperature relatntpeir increasing mobility, but
the overall shapes stay close to spherical andeoonsl (disordered) positions for the

hydrogen atoms are observed.

The bond lengths for all the non-hydrogen atomsragood agreement with those of
the X-ray structure, they differ only slightly amde within the experimental error.
The length of bonds to hydrogens cannot be compdiredtly between the X-ray and
neutron structures unless the associated shéikentinto account. Both change very
little as the temperature increases with a slightt@iation in the position of the
hydrogen in some of the bonds and the donor-accdetmth virtually the same
throughout. Examining the three temperatures ofrtbetron experiment the three
bonds have only slight differences in hydrogen fomsithroughout. The changes in
bond A and C are random, the changes i follow a progression of the donor
hydrogen bond reducing in length and the acceptdrdgen increasing in size as the

temperature rises but these are so small thapibisably incidental.
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This is an important “null” finding; with no disoed observed in the definitive
neutron diffraction experiments, there is no evaerof cooperative behaviour

between hydrogen bonds in this system.
5.2.4 Conclusions on 2,4-dihydroxybenzoic acid

The neutron diffraction data give a decisive cosidao that the protons within the
three hydrogen bonds are not disordered. Thisdvappear to contradict the initial
X-ray diffraction experiment that showed possildemdary density peaks that could
have indicated hydrogen disorder in at least twotled hydrogen bonds, and
cooperation between these. The results from thexyXexperiment were only
providing an indication of possible disorder dedvieom small secondary density
peaks and these alone were obviously insufficidearcto prove disorder in the
hydrogen bond. However, it was, important to usatron diffraction to ensure no

proton disorder existed.

A further possibility is that although the protohtbe hydrogens doesn’t show any
sign of a second position, the electron densityiccatill show anomalous effects.
The neutron diffraction only observes the hydrogacleus so any abnormal
behaviour in the electrons can not be detecteck €ldctrons are far more mobile than
the proton, so it is possible that even if the @nots in a stable state the electron

density around it could show anomalous behaviour.

5.32,5-Dihydroxybenzoic acid

The closely related structure of the isomer 2,5xdibxybenzoic aci has a very
similar hydrogen bonding motif to that of 2,4-dilhg”lybenzoic acid. With 2,4-
dihydroxybenzoic acid suspected of containing pratisorder, 2,5-dihydroxybenzoic
acid, because of its similarity in structure, waesrt also a candidate for investigation.
A study using variable temperature X-ray and neusmgle crystal diffraction as
well as theoretical calculations was undertaken parallel with that of 2,4-

dihydroxybenzoic acid.
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2,5-dihydroxybenzoic acid-f{gure 5.9) contains a carboxylic acid group (labelled C7,
08, 09, H1) and two hydroxyl groups (O5, H2, and @3), which are involved in
hydrogen bonding in the crystal structure.

31

Figure 5.9 Molecule of 2,5-dihydroxybenzoic acid showing alabels

Crystals of the material can easily be grown bywskvaporation from acetone
solution, normally forming white opaque flat blocks

5.3.1 Variable temperature X-ray diffraction

X-ray diffraction data for 2,5-dihydroxybenzoic doivere collected from 100 K to
350 K at 50K intervals to chart the evolution dfethydrogen bonds. 2,5-
dihydroxybenzoic acid forms planar ribbons thatkt#iat on each other forming
layers with adjacent layers having the ribbons mgpperpendicular to each other. It
also contains three crystallographic unique hydndgends (HBs), two intermolecular
(A andC) and one intramoleculaB] (Figure 5.10). The carboxylic acid group (C7,
08, 09) forms an intermolecular HB dimé&k)(with the centre of the dimer located
on an inversion centre. 08, the non-protonatedyenyof the carboxylic acid group,
also acts as the acceptor atom with the hydroxgugr(02-H2) forming an
intramolecular HB B). The other hydroxyl group (O5-H5) forms an imetecular
HB (C) with its symmetry equivalent on a neighbouring lecale, forming a
continuous hydrogen bonded chain along the b-axis.
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Figure 5.10 Structure of 2,5-dihydroxybenzoic acid in the plasf one of the flat
ribbons also showing the perpendicular ribbonssibonded to. The three hydrogen-
bonding motifs are labelled: (A) intermolecular baxylic acid dimer, (B)

intramolecular, (C) intermolecular chain involvir@5 and H5.

Figure 5.11 Structure models of 2,5-dihydroxybenzoic acid frdme multiple

temperature X-ray experiment.
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Table 5.3 The crystallographic data for 2,5-dihydroxybenzaad. At 100 K all H

positions were fully refined.

a(A) 5.5591(2) V(A3 631.23(4)
b(A) 4.8698(2) Niotal 11756
c(A) 23.3593(9) Nunique 1463

(1(0) 90.00 Nparam 120

B(°) 93.448(2) Ril>246(1) 0.0391
7(°) 90.00 WR(all data) 0.1302

The structure refinement of 2,5-dihydroxybenzoiddawas carried out using
CRYSTALS®. The refinement data for the 100 K experimentsarmmarised in
Table 5.3 and the refinement data for all temperatures afeabie 9.7. In Figure
5.11 the structures at four of the temperatures medsare shown (100 K, 150 K,
200 K, 350 K), with the hydrogens allowed to refingotropically. The
progression in increase of the size in the thermlpsoids (spheres for the
isotropic thermal parameters of the H atoms) isblés concluding with large
ellipsoids at 350 K. Even at 100 K the size of tihhermal motions of H1 (in bond
A), and to a lesser extent the other two hydrogansydrogen bondsB(andC),
are larger than those for the other hydrogens.s Tauld suggest either disorder or
a more extensive thermal motion of the H atoms Iwew in H bonding with the
thermal parameter increasing to accommodate thee rddfuse nature of the H

atoms and thus the associated electron densities.
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Figure 5.12 Difference Fourier maps of 2,5-dihydroxybenzoidaat 100 K, 150 K,
200 K, 350 K in the plane of C7, 08, and 09. RM&G8 e/&, 0.09 e/R 0.08 e/A
0.08 e/R

The difference Fourier maps from the X-ray study ZB-dihydroxybenzoic acid
compared with those for the 2,4-dihydroxybenzoiw ato not give any particular
indication of any possible secondary density peaks.100 K the electron density
peaks representing the hydrogens in question ayepveminent. Although the dimer
(A) hydrogen has additional areas of density attadbetthe main peak both in the
direction of the bond and to the side of it, thase weak and are comparable with the
level of the noise therefore not supportive of gnesence of a secondary occupied
site. The intermolecular bon®8) has an elongated shape along the direction of the
bond; this could be a sign of proton migrationhattie hydrogen and electron density

being transferred towards the middle of the hydnogend as the temperature rises.

The temperature trends in these hydrogen atom tggpesaks again do not provide a
consistent picture of any significant disorder aadions. However, while this is
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compelling, the X-ray difference Fourier maps foe 22,5-dihydroxybenzoic acid do
not necessarily conclusively rule out the posgipitif disorder or migration in the
hydrogen bonds. Neutron data were used to imastithis system further both to
eliminate conclusively this possibility and to aoffelirect comparison with the

structure of the 2,4-dihydroxybenzoic acid.
5.3.2 SXD multiple temperature neutron studies

A separate but similar experiment to that carriedt dor its isomer, 2,4-
dihyroxybenzoic acid, was thus scheduled to inges#i the hydrogen bonding
network in this material. Three days on SXD wellecated to allow a multiple

temperature neutron study on 2,5-dihydroxybenzoid. a

Complete data sets were collected for three terpess 20 K, 100 K and 200 K.
Diagrams of the structures at the three tempemtime2,5- dihydroxybenzoic acid
are shown below ifrigure 5.13 and Fourier difference maps are showrfigure
5.14.

Figure 5.13 The structure of 2,5-dihydroxybenzoic acid deteedi from neutron
diffraction data at(a) 20 K, (b) 100 K, andc) 200 K.
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At 20 K (Figure 5.13 a), all the carbon atoms and oxygen atoms show samall
reasonably spherical ellipsoids, as would be exgeat this temperature because of
the lack of thermal motion. The protons have lagdigpsoids in line with their larger
freedom to explore the hydrogen bond potential, thed shapes reveal no indication
of any unusual behaviour. With increasing tempeeato 100 K and 200 Krjgure

5.13 b and c¢) the ellipsoids expand at the same relative rate.

The bond lengths and angles for the three hydrdgerws (D-H, H-A, DA and
Z D-H*A) remain constant, apart from small deviation hwitcreasing temperature.

D-H H---A D---A L D-H---A
20K A 1.000(2) 1.715(2) 2.7097(16) 172.81(18)
B| 0.988(2) 1.691(2) 2.5761(17) 147.09(18)
C| 0.989(3) 1.772(3) 2.7506(13) 169.8(2)
100KA | 0.997(3) 1.712(3) 2.7049(17) 173.4(2)
B| 0.984(3) 1.689(3) 2.573(2) 147.4(2)
C| 0.981(3) 1.784(3) 2.7540(15) 169.6(2)
200K A 1.000(3) 1.713(3) 2.709(2) 173.8(2)
B| 0.984(4) 1.691(3) 2.573(2) 146.9(2)
C| 0.980(3) 1.792(3) 2.7619(16) 169.7(2)

A: O°-H'...0, B: O*-H*-.0, C: O>-H>---O
Figure 5.14 Bond lengths and angles for the hydrogen bond&s5rdihydroxybenzoic

acid from the neutron refinements.
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(@) 20K -
(b) 100 K~

Figure 5.15 Difference Fourier maps of 2,5-dihydroxybenzoicdathown afa) 20 K,

(b) 100 K, and(c) 200 K, produced from neutron data collected on SiKRhe plane

of C7, 08, and 09. The well-defined H atom dernsigpparent at all temperatures.
The scale is in fm and the respective RMS on thakes are(@) 0.09 fm/& (b)

0.06 fm/&, and(c) 0.04 fm/A.
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5.3.3 Conclusions on 2,5-dihydroxybenzoic acid

The similarity of the difference Fourier maps togh found for 2,4-dihydroxybenzoic
acid is evident with no proton disorder observethini any of the HBs. Only the
thermal ellipsoid sizes increase with increasinggderature as expected. The shape
of the electron density for H2 in the intramolecUtB diverts slightly from spherical
but this is a minor effect and is unlikely to bgrsficant and not a sign of proton

disorder.

The neutron experiment conclusively rules out thespbility of proton disorder but
because of the nature of the experiment it givegdization of the characteristics of
the electron density involved in the interactiohile this leaves the possibility that
although the proton is not disordered the electtemsity of the atoms involved in the
hydrogen bond could show some anomalous behaviwith more diffuse
arrangement where the density is spread acrodsotiet and not fixed to the positions
of the protons; there, however, is little evidefmeany such effect in this case. Any
effect is more likely caused by the general digtarbf the electron density present in
hydrogen bond3.

The neutron experiment was able to rule out conalysany disorder of the protons
in any of the hydrogen bonds up to a temperatur@Qff K. This result is again
important in ruling out cooperative hydrogen bomd this system involving an

interchange of tautomers.

5.4 Computational studies of dihydroxybenzoic acids

After the initial discovery by X-ray diffraction eeriment of characteristics
potentially indicative of hydrogen bond disorded-8jhydroxybenzoic acid, it was
clear that further methods were necessary to gléné picture. The time needed to
arrange and carry out neutron experiments is tilgiaathe range of months and so
although this was the best route to give a defiaitesult, computational studies were

also carried out in the interim.
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To obtain the energy difference between the thossiple end point tautomeric forms
(Figure 5.3), total energy periodic quantum chemical calcaolai were carried out
using the CASTEP code The unit cell was fixed to the 90 K X-ray dasad the
initial atomic positions were taken from the refment model. The HB
configurations of the three tautomeric forms weseé manually. Subsequently the
geometries were optimised until all atomic forcesravless than 0.01 eVA The
unit cell was fixed to the experimental values asent gradient-corrected functionals

are known to be poor for describing weak, long-eaimgeractions.

Tautomer form Il was not stable in the optimisatard reverted back to form | (the
dominant crystallographically observed configuma}idy transferring the hydrogen
back across the intramolecular HB. Form IIl wasbkt but had a higher energy than
form I. The calculated energy difference of 8.64nkol* between the two optimized
tautomers (forms | and Ill) is larger than similaystems that have shown
unambiguous proton disord&f®?>°! One explanation could be that this large energy
difference is caused by the asymmetry imposed endimer interaction by the
intramolecular HB. The presence of a hydrogen @ ntakes it a less effective
acceptor, weakening the intramolecular bond. tncd, however, be fully ruled out

as a possible conformation.

A further calculation to estimate the energy ofridt was carried out. By moving the
proton across the intramolecular HB along the lofethe two oxygens a rough
relative energy was obtained of 90 kJ tholA correction was applied to account for
the overestimation in energy due to the heavy-gbositions remaining fixed using
the stretching frequencies of the relevant borfis.approximate value of 51 kJ niol
was obtained for the difference in energies betwieems | and Il. This was later A
value of 51 kJ mdt for the difference in energy compared to form bignificantly
large making it improbable that any thermal popatabf form Il will be observed.

A fuller description of these experiments can bensga the paper by Parkin et'al.

Further calculations were carried out to probe deepto the two possible stable
forms of 2,4-dihydroxybenzoic acid (I &lll), examiny the difference in energies in
several environmerits The relative energies of the isolated dimer tradisolated

molecule were determined by first principle elesteostructure calculations to add to
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the previously calculated relative energies ofrtia@ecule in the crystal environment.
The energy of formation of the intermolecular dinki#8 (Figure 5.16 b, labelledA)
can be worked out from the difference in the isatlimer and isolated molecule
(Table 5.4). Similarly the stabilisation of the dimers amigifrom their interaction
with the crystalline environment was obtained bkirtg the difference between the
total energies per molecule of the isolated dinret the total energy of the crystal
system. Table 5.4 shows that tautomer | has a lower energy than taertdll in all
the environments presented. Previously this endifjgrence was attributed to the
presence of the intramolecular HBidgure 5.16 b, labelledB) but this was ruled out
when the calculation showed that O9 had a highestrelnic population than O8 by
0.14e, which should lead to a strengthening of the mtkecular HB B) and
therefore an increase in the stability.

Table 5.4 Results from calculations on forms | and IIl of-BjAydroxybenzoic acid in
various environments as well as the energy of thedHB @) and the stabilisation

energyA gains from the crystalline environment. All eriesgin kJmot.

Environment E (Form 1) E (Form )  AEromin-rormi
Crystal 0.00 8.64 8.64
Isolated dimer 19.65 29.23 9.58
Isolated molecule 55.12 76.67 21.55
Intermolecular dimer HBA) 35.47 47.44 —
Stabilisation energies & in

lattice 19.65 20.60 o

The deformation electron density mdpidqure 5.16 a), generated from the isolated
molecule calculations on Form |, shows that anogassibility is that the O in the
carboxylic acid group has a less favourable ortemaof the lone pairs in form lil.
The 09-H1 and C7=08 groups have tetrahedral anthplarientations respectively
due to the shand sp hybridization of orbitals. In the deformation ei®n density
map the planar orientation of O8 can be seen te la& lone pair also lying in the
plane of the molecule making it a better hydrogendoacceptor than O9 which has
the lone pairs pointing out of the plane.
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Figure 5.16 a) The deformation electron densjiye(r) = pmolteculdl)—2patomdr) Of the
isolated form | monomer of 2,4-dihydroxybenzoicda8iolid, dashed and dot-dashed
lines indicate positive-, negative- and zero-valusmhtours respectivel§; b) The

atomic numbering and hydrogen bond labelling fer-@ihydroxybenzoic acid.

The difference in energy between forms | and IHuees with the formation of the
dimer bond A) as seen iTable 5.4. This can be attributed to fact that O8 (referring
to the O atom involved in the intramolecular BBand protonated) lone pairs in form
Il will be able to relax from the tetrahedral canfration therefore increasing the
strength of the intramolecular HB) whereas the other monomer has no equivalent
energy reduction mechanism. The relaxation happeoause of the formation of the
dimer HB, which redistributes the electron densityhe bond and lengthens the O8-
H1 distance. The packing of the dimer into thestaline state does not significantly
change the energy difference showing that the miffees are mostly due to

intradimer effects.

5.5.1Computational Conclusions

For more detailed and fuller computational detadtfer to the papét Overall the
calculations agree with the neutron results, shgulat form | has the lowest energy
which is the tautomer found in the neutron expentse They also begin to explain
why this is the case, showing that the two oxygeinthe dimerA (08,09) take up
different orientations which affect the lone paargd their abilities to be the acceptor

for the intramolecular bond.
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6. Neutron Structures Determined on SXD

6.11sonicotinamidium Formate

The first neutron experiment of the project wasriedr out on isonicotinamidium
formate, an organic co-crystal that showed pronusalisorder effects within its
hydrogen bond system. The initial X-ray work orstiystem was carried out by Dr
lan Oswald, from the Parsons group (Edinburgh)¢calaboration with the Wilson
group. X-ray structures and Fourier maps carrietlas part of the original work
provided enough evidence to show the complex haubpected migrating proton and

potential hydrogen bond disorder.
6.1.1 X-ray studies

The crystal structure of the 1:1 molecular compéisonicotinamide and formic acid
contains three crystallographically uniqgue N---Qirbgen bonds through which it
forms ribbons perpendicular to the a-axis. Thés®ons are stacked above and below
each other, and extend in the third direction sostiacks of ribbons are interlocked at
their edges. The ribbons are constructed fronmwloeisonicotinamide molecules end
on; the amide groups form a dimer around the ineBreentre, such that the pyridyl
nitrogens are hydrogen bonded to an oxygen of ehai€ acid Figure 6.1). This
four molecule unit is then connected to the next timough hydrogen bonds between
the free oxygen of the formic acid and the nitrofjem the amide group which is

involved in the dimerKigure 6.1).

Figure 6.1 (&) The X-ray structure of isonicotinamidium formak®wing the ribbon
structure with one dimer unit highlighted in greand the hydrogen bonds shown.

(b) The ribbons stack in a staggered fashion as shown.
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From the X-ray data, the complex, at least at lemgeratures, exists in the salt form
with the hydrogen in the intra-molecular hydrogemdb between the pyridyl nitrogen
and the formic acid observed to be on the nitrog&his is also the shortest of the
three hydrogen bonds with a-XD separation of 2.544(2) A at 100 K, due most jikel
to these being the most basic and acidic atonfseistructure. In some of the neutron
refinements the oxygen-hydrogen (acceptor-hydrogéisjance is relatively short
because of the strong nature of the hydrogen kbed;lassification of this as a strong
hydrogen bond is supported by the position of thardigen being relatively central.
This leaves an ambiguous situation as to whether ghould be represented as a
quasi-covalent bond. To avoid confusion in allgdgans and figures such a strong
potentially covalent HB it will be represented inetsame manner as the other
hydrogen bonds. The other two hydrogen bondsearctmplex are medium in length
with the dimer N-O distance 2.908(2) A at 100 K, and the amide géroformate
hydrogen bond having a distance of 2.823(3) A & H0 In both cases the hydrogen

is located on the nitrogen as is necessary forlietan amide.

X-ray diffraction data were collected from a crystaisonicotinamidium formate at
multiple temperatures to allow trends in the bebawiof the hydrogen atoms to be
studied systematically. Details of the X-ray refiments for all temperatures are in
Table 9.8. The results showed that the most significanteoleion regarding the
hydrogen atoms is that the short pyridyl formatdrbgen bond has signs of disorder.
Difference Fourier maps of the pyridyl formate bamith the hydrogen removed can
be seen irFigure 6.2, from 100 K to 300 K; these show secondary electtensity
that could indicate a second proton site at thendrigtemperatures. This is a
potentially exciting result as such proton disorgdenormally only seen where both
the donor and acceptor are oxygen atoms; this ignaisual example of a N-H---O
hydrogen bond possibly exhibiting temperature-ddpah hydrogen atom disorder.
The dimer hydrogen bondr(gure 6.3) has slightly deformed peak shapes but a single
hydrogen site is indicated. The third hydrogendonthe complex has well defined
peaks indicating the location of the hydrogen atéonthe whole temperature range
studied.
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Figure 6.2 Multiple temperature difference Fourier maps obngotinamidium
formate showing the pyridyl formate hydrogen borre the H has been removed
from the model. RMS respectively = 0.10%/409 e/& 0.09 e/& 0.08 e/A and
0.07 e/R
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Figure 6.3 Multiple temperature difference Fourier maps obngotinamidium
formate showing the dimer and amide formate hydndgends where the hydrogen
has been removed from the model. RMS respectivelgGe/&, 0.09 e/& 0.09 e/A
0.08 e/R and 0.07 e/A

The X-ray experiments were also repeated usingragparystals and on different
diffractometers in Glasgow and Edinburgh with samilresults. This was a
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reassurance that the indications of possible deoir the short N-H---O hydrogen

bond wasn't a crystal or diffractometer specifisul or just a one off occurrence.
6.1.2 Variable temperature neutron data

The neutron experiment on isonicotinamidium formages allocated four days at the
single crystal diffractometer SXD, at ISIS, using helium cryostat for low
temperatures. The lowest temperature was set ata4tle X-ray data indicated that
the interesting behaviour occurred at a much higéeperature, removing the extra
time and difficulties associated with getting t@ xtremely low temperatures. The
data collection at 40 K was required to provideoadyquality structure and reference
point when examining the proton positions at theent higher, temperatures. Data
were also collected at 100 K, 150 K, and 200 K.adetof the refinements for all
temperatures are imable 9.9 and Table 9.10. As discussed previously there are
several reasons to collect the data at multiplgoegatures. The X-ray data indicates
that both migration and split protons between deuydatential wells may be present in
this complex and this can be quantified fully frene X-ray experiment. Full data
runs of 10 data frames for 40 K, 100 K, 150 K af@ K were collected; the images
on examination looked good apart from slight spiifton some of the diffraction
spots. The splitting is most likely due to a snsatondary crystallites or twin that
always seemed to be present, possibly fragmented fine main body of the crystal
on cooling, where the crystal is being put undeesst because of the contractions

involved.

Initial attempts at processing the data using SXI128roved to be difficult. After the
integration section of the program was improvedthsy ISIS team, the data for all
four temperatures were integrated successfully evegh the slightly fragmented

diffraction spots using the 3D profile fit option.
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Figure 6.4 Structure of isonicotinamidium formate as refirfiemm the 40 K neutron

diffraction data.

Refinement of the 40 K data produces a structbrgufe 6.4) that looks reasonable

with all the ellipsoids having dimensions in thepegted range. The R-value is
0.0764, which is good for multiple wavelength neatdata, and other factors that
might indicate a bad data set, for instance the B&&8ues, all look reasonable. The
majority of the atoms, especially the hydrogen, ehan ellipsoid with a long

dimension out of the plane of the molecule. THisewvation is not against reason as
slight flexing in this direction is expected withet hydrogen having the greatest

freedom of movement.

Table 6.1 The hydrogen distances and angles for the threstaitographically
unique hydrogen bonds in the 40 K structure ofismmamidium.

DA D-H He--A D-H---A
Ni-H;--Q 2.560(2) 1.224(6) 1.337(6) 176.1(5)
Na-Ho---Q1 2.922(2) 1.031(4) 1.893(5) 175.8(5)
N -Ho--O 2.827(3) 1.013(5) 1.839(5) 164.2(4)
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The N1-H1---O1 hydrogen bond is short at 2.560(2)#ich is close to the X-ray
value of 2.544(2) A; the slight difference may heedo the difference in temperature
(40 K vs. 100 K). Even at low temperature the @nas found to be near the centre of
the bond.

At 40 K the refinementKigure 6.4) looks to show the hydrogen (H1) between the
pyridyl nitrogen and the formic acid to have anpslbid that is slightly elongated
along the direction of the hydrogen bond as ofteseoved. The difference Fourier
map Eigure 6.5), with H1 removed, plotted in the plane of C6, N1 and C1,
shows the peak for the proton is well rounded withsign of a second position. This
Is expected at low temperature. This is also #sedor the hydrogen bond involved
in the dimer and the third hydrogen bond betweentéyo molecules, which can be
seen inFigure 6.6. InFigure 6.6 the difference Fourier map is calculated in thenpl
of O41, N41, and C41 with hydrogens H6 and H7 resdofrom the models. H7
appears twice ifrigure 6.6 because of the symmetry of the dimer, and shovwerya
well located position without disorder. The saraa be said for H6, which also has a
well-located position and no disorder. This ishagrs unsurprising with the low
temperature data where the lack of energy in tlstesy reduces the likelihood of

proton disorder.
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Figure 6.5 Difference Fourier map of isonicotinamidium formatith H1 removed in
the plane of O1,C1,N1 and C6, for neutron dataeméd at 40 K on SXD. RMS =
1.33 fm/R
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Figure 6.6 Difference Fourier map of isonicotinamidium formawith H7 and H6
removed in the plane of O41, C41, and N41, for no@utlata collected at 40 K on
SXD. RMS = 1.33 fm/A
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Figure 6.7 Refined neutron structures of isonicotinamidiummifate at 100 K, 150 K,
& 200 K.

The data collected at the other three neutron testyres were also successfully
refined to produce structures with ADP’s that fitwthe freedoms of the molecules
(realistic characteristics) and no major backgrounmise Figure 6.7). As the

temperature increases the ellipsoid sizes for thensincrease consistently as would

be expected but the overall shape stays closehtrispl.
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Figure 6.8 100K difference Fourier maps of isonicotinamiditormate, showing the
HB hydrogen atom density. RMS = 0.80 fin/A
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Figure 6.9 150K difference Fourier maps of isonicotinamiditormate, showing the
HB hydrogen atom density. RMS = 0.72 fin/A
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Figure 6.10 200K difference Fourier maps of isonicotinamiditormate, showing the
HB hydrogen atom density. RMS = 0.40 fin/A
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The difference Fourier maps collected at 100 K, ¥5@nd 200 K, Figure 6.8a,
Figure 6.9a, Figure 6.10a) respectively, show that the hydrogens H6 and Bi\eh
well defined single location proton positions. Timeutron data thus shows that at
these temperatures there is no hydrogen bond disoadthough H7 does have a
slightly deformed shape in the higher temperatutesontradiction to the indications
of the X-ray Fourier, H1 also shows no significdigorder with a well defined shape
(Figure 6.8b, Figure 6.9b, Figure 6.10b). Although there is no second site indicated
H1 is still of interest as after examination of thend lengths the proton appears to
show the second potential effect of small migratgenoss the hydrogen bond in this

material.

Table 6.2 Hydrogen bond geometry in isonicotinamidium forreg a function of
temperature. (The values showing the migratinggmatre highlighted in grey, and
show the proton to migrate by up to 0.06 A in #iert, strong HB)

Temperature Type D-HA) H---A(A) D---A(A) Angle (°)

40K Ni-H1--O1 1.224(6) 1.337(6) 2.560(2) 176.1(5)
N4i-He---C2  1.013(5) 1.839(5) 2.827(3) 164.2(4)
N41-H7---O41 1.033(5) 1.893(5) 2.922(2) 175.8(5)

100K Ni-H1--O1 1.254(6) 1.254(6) 2.551(3) 176.2(5)
N4i-He--C2  1.029(5) 1.840(5) 2.842(3) 163.5(4)
N41-H7---Os1 1.033(5) 1.887(5) 2.919(3) 176.1(4)

150K Ni-H1--O1  1.261(8) 1.297(8) 2.553(3) 173.0(6)
N4i-He---C2  1.016(5) 1.858(6) 2.847(4) 163.7(4)
N41-H7---Os1 1.016(6) 1.904(6) 2.919(3) 176.9(6)

200K Ni-H1--O1  1.274(7) 1.290(8) 2.562(4) 175.4(6)
N4i-He---C2  1.015(8) 1.863(7) 2.854(5) 164.8(5)
N41-H7---Os1 1.037(6) 1.882(6) 2.916(4) 174.7(6)

The proton (H1) can be seen to move away from tiv@gen (to which it is
covalently bonded although always with a substintedongated bond distance) and
closer to the centre of the hydrogen bond as tinpéeature increases. As can be seen
in Table 6.2, the change in hydrogen position between 40 K20@K is significantly
larger than three sigma. This effect can theret@ne be regarded as real. In the
difference Fourier map the effect is not obvious this is not surprising because of
the scale of the move and the changing shape qidhk. The earlier X-ray data had
suggested that this could be dual site disordethH®ipresence of migration is equally
exciting and significant, Schmidtmaret al have discussed at length the possible
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sources of such ambiguities in X-ray Fourier nfaps The difference in results from
the X-ray and neutron experiments could be dueetceral different factors; the
hydrogen determination from the X-ray data is mgitally poor, further reduced by
the fact that the electrons involved may be diffaselisordered, and the presence of
nitrogen lone pairs can also lead to ambiguity. sécond issue is that the two
techniques measure different properties, X-raysddfeacted from the electrons and
the neutrons diffract from the atom nuclei. Thé&eek on the electron density are
quite likely to be different to the migration ofetlproton so therefore the difference in
results is not surprising and indeed is an intargstaspect of complementary

diffraction studies of hydrogen borfds
6.2 2-lodoanilinium Picrate

The co-crystal complex 2-iodoanilinium picrate hiaee form&®, although only two
are stable with form Il (red plates) changing tonfi | over time. Form | (yellow
needles) and form Il (dark green platelets) havéh boeen studied by X-ray
diffraction, polarized IR absorption, DSC thermabbysis, and the visible absorption
spectra of the single crystal taken wusing a paddriz absorption
microspectrophotometér The investigation was prompted because of ttexdsting
optical properties and thermochromism that the dermexhibits. Form | crystals
change from a light yellow colour to red crystadstlae temperature is increased from
room temperature to around 60 °C. This is postdl&d be caused by charge transfer,
with the proton in the hydrogen bond between the tmolecules being transferred
(Figure 6.11). At room temperature and below the crystal sk with the hydrogen
of the OH group on the picrate transferred ovethto N of the 2-iodoaniline; when
the temperature is increased the hydrogen is &eesf back on to the picrate

reforming the neutral moleculeBigure 6.11).
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Figure 6.11 Thermochromism, in 2-iodoanilium picrate and asswa proton
transfer, salt to molecular. (For th2 polymorph this happens between 330-360
K.)

2-Chloroanilinium picrat® is the only other example of a co-crystal betwaédralo-
aniline and a picrate reported in the CSD. It doetsshow any thermochromism as
seen in the iodine equivalent, although it doesehidne proton transferred from the
OH group of the picric acid to the amino grouplod 2-chloroaniline. Proton transfer
in picrate salts is common. Interestingly, theigiure of 2-chloroanilinium picrate is
not isomorphous with either of the polymorphs ofo@eanilinim picrate, instead
having a similar structure to one of the aniliniymierate structurédd.  This is an
unexpected result as chlorine and iodine are miargas than hydrogen with respect

to their size and properties.

Chris Spanswick from the Pulham group at the Umiterof Edinburgh, in
collaboration with the Wilson group, has been wogkiwith 2-iodoanilinium and
other halo-anilines as well as co-crystals derifrech them. The main focus of the
research was to examine the hydrogen bonding sgséeh any effects related to it.
They reporte® on the crystal structure of 2-iodoanilinium, ameless compound
with a low melting point, measured just above rotamperature (it forms needle
crystals from a solution of benzene). The packimgplives an interesting helix of a
weak hydrogen bond N-H---N network as well as ttherdistinct helices involving
the iodine and C-Hit-interaction respectively. The amino nitrogen does adopt
the usual planar formation because of the hydrdagenling. In the picrate co-crystal
this is taken one step further with the transferthed proton forming a tetrahedral
nitrogen, whereas in the (homogenous) picrate strei¢he nitrogen has a pyramidal
character. There is only one other isolated 2-haltine with a structure in the CSD,

2-fluoroaniline, which had to be grown in situ froanliquid because it has a low
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melting point of —73 °C. The 2-fluoroaniline stture is interesting in itself as it
shows static disorder of the position of the flneti. The fluorine can occupy the 2-
and 6- position on the ring. The asymmetric uniii centains one and a half
molecules, with the occupancies of the possibleriihe positions at 0.73, 0.25 and
0.5 for the half molecule. The molecules stach imay that allows N-H---F, N-H--- N

and C-H---F interactions.

Neutron time was obtained at ISIS on SXD to ingzde further the structure of 2-
iodoanilinium picrate co-crystals. The previousra¥- diffraction experiments are
limited in their ability to detect the hydrogen, st is further hindered by the
presence of possible partial occupied sites anchélaey atom iodine. High quality
multiple temperature neutron diffraction data akoligh resolution mapping of the
proton providing information on the site occupasaié the two possible positions of
the proton. This will allow any proton transferr@gs the hydrogen bond to be
followed, with the effect probably happening grdtuaver a temperature range, or
any sign of disorder of the proton to be observed.

The original proposal was intended to study foraf the co-crystal as this shows the
colour change as well as the proton/charge transfemwever form | crystals of the 2-
iodoanilinium picrate form in long yellow crystalk needles, which present a real
challenge when aiming for the size required fortrusamples. The low flux at a
neutron source requires large sample size to aetsefficient diffraction in a suitable
time frame. Despite several attempts Spanswick weble to obtain crystals of
sufficient size, with growth primarily only in ortémension. Crystals of the second
polymorph of 2-iodoanilinium picrate were grown assubstitute and this second
polymorph forms into blocks. With the right condits large samples were
successfully produced in the mm scale requirednfartron diffraction. Although
form 1l does not exhibit a dramatic colour changasi still believed to undergo
migration of a proton causing charge transfer. Altiple temperature neutron

experiment was feasible on form Il crystals.

The X-ray experiments for the second polymorph riggbin the literature show that
the thermochromic effect happens somewhere bet®86rk and 360 R but also

from experiment the crystal was found to determabund 350 K to 360 K. Despite
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the low (triclinic) symmetry of the structure, withdays of beam time in which to

carry out the experiment, collection of several gematures was feasible. After

evaluating the crystal with a quick collection itasv calculated that it would be

possible to collect between 5 and 6 good qualita dats. Therefore the experiment
was designed to start at 300 K and measure thetsteuat increasing 10 K intervals

until 340 K, with an attempt at 350 K to be madgnfe were available. Although this

would not cover the whole temperature region ofghenomenon, the beginning of
the proton transfer should be visible without majsk of sample decomposition.

The crystal diffracted well providing round difftéan spots. To achieve a full data
set 10 frames per temperature were required. ifbigded 6 at the original mounting
position with changing omega of 90, 30, —30, -680, and —150, followed by 4 in the
tilted position at omega settings of —45, 0, 4% a80.

Good quality data was collected for 300 K, 310 Kl &20 K, from which reliable
structures were produced. When examining the 32bffkaction images it became
clear that the crystal had begun to decomposeeaspibt shape was deformed and the
background noise had increased to a much greatentethan would be expected for
the slight temperature rise. After some assessihemas determined that this has
been down to the crystal being over-heated wheohneg the desired temperature,
combined with the vacuum in the sample area. TDimeptter controller that regulates
the heater uses an algorithm to calculate the poeguired to home in on the
temperature, with the normal range of experimemi®w 300 K, the controller is
calibrated for that temperature range. Unforturyatieis meant the heater required a
longer period to stabilise at temperatures abov@ K@nd consistently over-shoots
the target. The higher temperature and extrinsteused by the vacuum resulted in
the crystal decomposing when attaining the stadgperature at 330 K. A full data
set was still measured for 330 K in the hope thate would be sufficient observed
data to produce a structure, as the crystal didlecay further after it had stabilised at
330 K. When processing the 330 K data it becaneat, however, that the quality
of the images was too poor to achieve a strucforeheating to 340 K the crystal
decayed further and it was obvious that there wafsirther use in continuing.
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The initial three temperatures produced structwids anisotropic thermal parameters
that reflect the freedoms of the molecule and Riegithat are reasonable for neutron
data: 7.2 %, 10.6 % and 9.3 % for the 300 K, 31&nK 320 K respectively. The unit

cell was refined for each temperature with theiahisetting taken from the data

available in the CSD.

Table 6.3 Unit cell dimensions for the co-crystal of 2-ioddanium picrate for both
the published X-ray structure and the neutron strteefor the three temperatures.

a b c a B Y
X-ray CSD unit cell] 7.323 8.245 13.656 75.71 74.05 75.64
300 K Neutron cell| 7.345(4)8.272(3)| 13.688(8)| 75.84(3) 74.15(3)| 75.72(7)
310 K Neutron cell| 7.339(5)8.268(5)| 13.696(10| 75.73(4)| 74.06(4)| 75.66(9)
320 K Neutron cell| 7.349(5)8.323(5)| 13.707(6)| 75.75(4) 74.04(4)| 75.69(8)

The cell sizes determined from the X-ray and neugrperimentsTable 6.3) vary
marginally, which could be a temperature effect isualso likely to be due to the

larger errors associated with neutron cell deteation.

Figure 6.12 Refined neutron structure of 2-iodoanilinium pieratt 300K.
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Figure 6.13 Refined neutron structure of 2-iodoanilinium pigrat 320 K.

In the structure the amino group forms several dgen bond interactions with the
oxygens of the picrate. Although the major interecolar bond is that where the
proton is transferred, the nitrogen also interagth an additional oxygen in the same
picrate molecule and with a second picrate molecutbe same plane. The N-H that
is pointing out of the plane of the 2-iodoaniliniumolecule forms a hydrogen bond
with a picrate above it. To accommodate this cexpgiydrogen bonded network
centred round the 2-iodanilinium nitrogen, the moales are stacked alternately,

which also results in-n interactions between the aromatic rings.

The structures over the three temperatures loolstindentical apart from a slight
increase in the size of the thermal ellipsoids, clvhis normal for a temperature
increase. Movement or disorder in the hydrogerncivié under investigation is not
evident from the refinement although the data ctilb@ temperature is still 30-40 K
away from the temperature at which the thermochsombccurs. However, the best
way to examine the proton is to construct a diffiee2Fourier map with the proton of
interest removed as this will allow any featuresthe density associated with this

atom to be imaged.
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Figure 6.14 Difference Fourier map in the plane of the compleantaining the
hydrogen bond calculated from thag 300 K,b) 310 K andc) 320 K neutron data of
2-iodoanilinium picrate. RMS = 0.30 fmf£0.27 fm/&, 0.58 fm/A

Figure 6.14 shows the difference Fourier maps calculated fitoeeneutron data in the
plane set by the nitrogen N4, O1 and C1 with th@qor H1 removed. The proton
position in the 300 K data clearly has a single,sithich has a well-defined shape.
There is no sign of disorder or a second site t@xhe oxygen. At 310 K there is
slight deformation of the proton peak shape in diféeerence Fourier map. This
presents as an elongation towards the oxygen anld be the result of the start of the
migration of the proton. Unfortunately the map Zt0 K has a very noisy
background, and as the movement is within the rafglee noise level no conclusive
answer is possible. At 320 K the structure showsign of disorder, which suggests

the signs of disorder on the previous temperattgadificial.

The neutron data suggests that there is no disamd2siodoanilinium picrate at the
temperature range of 300 K to 320 K. It does mde put the possibility of such a
change being associated with thermochromism fopé&atures above this where the
X-ray diffraction experiment suggested the effemtwred. Unfortunately because of
the crystal degrading the experiment was not ablerévide any definite answers to
whether the %' polymorph of 2-iodoanilinium picrate undergoesrthechromism,
but has shown that there is no disorder or unuseiaviour in the temperature range
of 300 K to 320K.

117



6.3 Malonic acid

To study the effects of temperature change onritegmolecular hydrogen bonds of
malonic acid, a five-day experiment was carried auSXD (in September 2005).
This was then followed up by a four days experiment VIVALDI providing

additional temperatures and a comparison of the ctatected for the two machines.

The SXD experiment, in collaboration with Dr A.Horsewill of the University of
Nottingham, was to characterise the proton disondtrin the hydrogen bond of the
malonic acid structure. The structure had alrdaelsn determined in the past using
single crystal X-ray diffraction, examined by X-ragnd neutron powder

100101 3nd also extensive NME1%experiments as well as techniques such

diffraction
as vibrational spectroscopy, Raman spectros€@dpynelastic neutron scattering and
DFT calculations. The addition of single crystalutron diffraction to this already
long list of techniques will allow the hydrogen m@i® to be visualised, using
difference Fourier maps and site occupancy refimtreeassess the population ratios

between the two available proton-transfer tautomers

6.3.1 Background on Malonic Acid

The data from the experiment are intended to alleification of the theory

predicting the occupation of the proton positioegig NMR experiments and allow a
more complete quantification of the proton transied phonon-assisted tunnelling
within the carboxylic acid dimers. The NMR experimhaised partially deuterated
molecules to observe the dynamics of the bondse tfansfer of population to the
second site was postulated to fit on to a curvatire to temperature, with the
occupancy of the second site expected to be graatagher temperatures. Malonic
acid is of particular interest when looking at tteboxylic acid dimers because of a
large energy asymmetry, which leads to a protonsfea rate around three times
faster than observed in the model system benzaic ahe proton transfer involves a
simultaneous displacement of the two protons intihe bridging hydrogen bonds

across a multi-dimensional potential energy surface
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Figure 6.15 Alternating positions of the hydrogen atoms inboeylic acid dimers

such as in malonic acid.

The ambient temperature triclinic crystal structafenalonic acid was published in
1956 and has since been redetermifiéthut this is only one of three phases the
molecule forms. The phase adopted between 360dK48nK is termed the beta
phase. Malonic acid also has an alpha phasedhatsfat temperatures above 360 K
and a gamma phase at lower temperatures lower48ad. The beta phase has
several entries in the CSD as well as the two presly mentionetf®>!% these are
isostructura’”*°®® The alpha phase has been determined from anitab feutron
powder diffraction®® study, and found to have an orthorhombic unit .cell
Interestingly the two dimers of the malonic acicusture become equivalent in the

alpha phase which is not the case for the betagphas

The first of the dicarboxylic acid family, malonacid CH(COOH), has been of
interest because of its proton migration but al®aroxylic acids are known to be
substrates of a large number of enzylffesnd have a role in biological metabolism.
Unlike the rest of the dicarboxylic acid family, lmaic acid, with only three carbon
atoms, doesn’t contain any symmetry within the roole in the crystal structure
because of the rotation of one of the carboxylid @toups. The other dicarboxylic
acids with odd numbered chains of carbons havéadd2-otational axis and the even
numbered have a inversion symmé&tfy The lack of symmetry in malonic acids
means that the two dimer carboxyl groups are naivatent showing different
vibrational frequencies in both Raman and infraieestigations”**'°  Although
each dimer is crystallographically distinct, theye aboth planar and close to
orthogonal relative to each other. The beta atrechas the same carboxyl groups
from adjacent malonic acids interacting to form theer hydrogen bondF{gure
6.16 a). The malonic acids arrange in infinitely long cisavia the hydrogen-bonded
dimers. The chains have a zigzag shape becaube bend in the molecul&igure
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6.16 b). In the a-axis direction the chains are heldetbgr by oxygen-oxygen close

contacts and Van der Waals forces hold the rest.

Figure 6.16 a) Chain of malonic acid moleculds) representation of how the chains

form into layers held together by O-O close cordact

6.3.2 SXD Neutron Experiment for Malonic Acid

Examining the hydrogen bonding and quantifying gneton occupancies was the
main aim of the experiment although a data sewatig the refinement of the low

temperature structure would also be interesting.

The triclinic unit cell of malonic acid make it ressary to run additional runs with the
crystal tilted out of the equatorial plane to colla sufficient amount of reciprocal
space for a stable structure refinement. The namsed out for each temperature
were at omega angles of -150°, -120°, -60°, -3t¢,20° with tilted runs at —150°, -
90°, 40°, and 90°.

Initially it was hoped to be able to take measunetmi@t small temperature intervals
of around 25 K starting at 75 K, increasing to a50 K. After some problems
with mounting the crystal it was decided insteadlitoit the measurements to 5
temperatures (75 K, 140 K, 200 K, 270 K, 350 K) #meh, if time permitted, to carry
out low temperature structure determination to gethe low T phase could be
obtained. Unfortunately after the first three temgpures the degradation of the
crystal, combined with significant beam downtimeeyanted the remaining
measurements from being completed. The destruofidime single crystal is thought
to have been caused by a combination of the vaapptied within the cryostat and

the increased temperature of 350 K. Although thepeement proceeded
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systematically, the 270 K experiment following 2@) K experiment, the sample was
heated to 350 K in case problems in the acceleratmded the experiment
prematurely, skipping the 270 K data run. The 35@afa should show a higher
population in the second site of the hydrogen blbechuse of the increased energy
allowing the proton to occupy the higher energyestaUnfortunately the raised
temperature combined with the vacuum was foundatse non-reversible damage to
the sample. After the first scan it was evidert tthe images were unusable. On
removal of the sample it was clear that it had bezqolycrystalline although

maintaining its original volume.

© @

Figure 6.17 The structure of malonic acid at 75 K, 140 K, &0 K.

Looking at the 75 K structure it would appear toeaefined well with reasonable
thermal parameters determined. The three carbawes $pherical ellipsoids, whereas
the oxygens, which have a greater freedom, aregated out of the plane of their
respective carboxyl groups. The hydrogen atomthercarboxyl group are elongated
in the same direction as the oxygen as would beagrd. Looking at the three
temperatures the expected thermal ellipsoids expans observed and the shape of
each is similar to that at 75 K. Although the stanes look reasonable the R values
tell a different story. The 75 K data refined t&Ravalue just below 7%, the 140 K
data is just over 10%, both these are reasonahke1%0 K data, however, has a very
high R value of around 36% making it unreliableheTBASF commands, the scale
factor that indicate the relative intensities betweletectors and runs, also reflect the
quality of data. The 75 K BASF numbers are mostlyuad 1 which relates to the
each data run being similar in intensity and ismaty a good sign. The 200 K data
on the other hand has several values above 50@8hwiotally unrealistic, and cause
for concern. Whether this is to do with the refirent or the quality of the data is not

certain, although the fact that the refinementsgared at other temperature makes it
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most likely that the data quality is poor. Furth@pcessing may result in more

useable results, but these attempts are on going.

Figure 6.18 3D image of the difference Fourier map for O1/O&ltogen-bonded

dimer of malonic acid at 75 K.
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Figure 6.19 3D image of the difference Fourier map for O1/O&ltogen-bonded

dimer of malonic acid at 140 K.

Figure 6.20 3D image of the difference Fourier map for O3/Odlitmgen-bonded

dimer of malonic acid at 75 K.
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Figure 6.21 3D image of the difference Fourier map for O3/Odlitmgen-bonded

dimer of malonic acid at 140 K.

The 75 K and 140 K 3D Fourier maps show that H1ladave single positions, and
there is no sign of a second proton peak. The fmaKl in both the 75 K and the
140 K has a spherical shape without any major desor H2 at 75 K also looks
spherical but at 140 K it would appear to elongateng the hydrogen bond. This
could just be an effect of noise or could be atttathe proton disorder expected in
this material. Unfortunately the difference Fourngaps from the 200 K data has very
large amounts of systematic background noise becatishe poor quality of data.
The lack of data at higher temperatures makespbssible to tell if the indicators of
disorder at 140 K of H2 is a real effect.

6.3.3 VIVALDI measurements on malonic acid

Having only achieved data collection at three terafges in the initial experiments
on SXD an allocation of a further 4 days on VIVALBt the ILL was awarded. The
aim of the VIVALDI experiment was to try and verifge SXD results and take data
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at additional higher temperatures. It was als@@portunity to directly compare the

quality of data obtained from the two instruments.

A reactor shut down caused by a structural failureéhe fuel cell and container
resulted in a delay in the experiment. Large edgsgrown for the original time had
degraded (the surface appeared frosted) in thetheewere out of solution prior to
the rescheduled time. Instead crystals from thgra ISIS experiment were used
that although significantly smaller where of reasae neutron size and formed well
shaped diffraction spots. The delay in carrying the experiment as well as
problems in processing the data (which is curreotigoing) has prevented the results
of this experiment from being presented here. Aliminary non-optimised
integration has been carried out, but the refindrpesduced unsatisfactory results in
the form of non-positive definite anisotropic deggment parameters and a very large
R-factor. The quality of the images (the dataemilbn frames) is good so it is hoped
a better integration will help resolve the problems
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7. Complexes of Chloranilic Acid with Lutidines

Chloranilic acid has a wide range of uses botlegearch and as a starting product for
larger complexes. Relatively recently it has bémmd to be a useful molecule for
crystal engineering, as well as having more histbriphysical chemistry uses.
Throughout this project co-crystals of chlorandid have been generated to examine
both the fundamental aspects of bifurcated hydrdgmrmed systems and to expand

previous studies into the possible motifs towamystal engineering.

7.1 Introduction to chloranilic acid

Chloranilic acid or 2,5-Dichloro-3,6-dihydroxy-benzoquinone is a member of the

anilic acid or benzoquinone family of compoundsg(re 7.1).

a) R b)

HO

HO / /O

OH o)

Inversion centre
R - Cl

Figure 7.1 a) The general structure for the anilic acid familiyraolecules, where R
represents a range of elements or chemical groupls Br, NG, O, H...). b)
Chloranilic acid has a inversion centre becaus¢hef symmetry of the molecule - it is

therefore common for only half to be present inalgmmetric unit cell.

With a distinct red colour, chloranilic acid carystiallise in several morphologies,
including hexagonal blocks, needles and most conlynmectangular blocks. In acid

base reactions and crystallisations, its two hyeinggcan be lost making it a strong
dibasic acid, but it also possesses proton-acaemi@pabilities. It can deprotonate

either fully or partially (losing one and retaininge) creating three possible charged
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states (this is also true for other anilic acidee libromanilic acid) Kigure 7.2),
(pKa:=0.58, pk,=3.18Y%.

HO O 0 o O

Cl Cl Cl
H,CA HCA" CAZ

Figure 7.2 The three charged forms of chloranilic acid, itsutral state HCA,
partially deprotonated HCA-(monoanion) and fullypdetonated, CA(dianion,

The initial crystal structure of chloranilic acicae determined by X-ray diffraction in
1966 Malthough this has since been updated; the useeomtblecule in techniques
such as chromatography dates back much further.straeture of chloranilic acid

dihydrate was also subsequently published by E.Hetsen'?

This varied degree of protanation and oxidatiowlésl for donor-accepter complexes
and allows chloranilic acid to form neutral adduaitsl proton-transfer monovalent or
divalent salts, depending on the basicity and mo#dio of the co-molecuté®

Although not aromatic, the ring is able to formmix stacks, and with the presence of
chlorine, halogen-halogen interactions are alsomom The molecule also contains
a n-conjugated fragment (HO-C=C-C=0) that can be im®dlin resonance-assisted

hydrogen bonding.

In the presence of metal centres, chloranilic asiéble to coordinate in either a
bidentate (has two points at which it can attachh® central atom) or di-bidentate
mode (contains two separate bidentate ligand bingioups¥. Just under half of the
chloranilic acid complexes or co-crystals in theDC&ntain a metal, mostly directly
coordinating with the chloranilic acid moleculehélremaining entries are mostly co-

crystals of chloranilic acid with small organic raoliles particularly amides.
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Chloranilic acid has limited solubility in most comonly used solvents such as
acetone and alcohols but significant amounts dissah acetonitrilie or DMSO
especially when heated gently. Acetonitrile waes sblvent of choice for most of the
work, with DMSO requiring extremely long evaporatibmes. The solution was not
always taken to saturation to prevent the solidghirey out when cooled. Although
only small quantities are dissolvable in water, weheater is present hydrates are
often formed preventing the formation of more deslie complexes, chloranilic acid
often forming 2:1 chloranilic acid hydrate. Chlolle&c acid commonly forms co-
crystals with molecules containing amine groupseesly with pyridine groups
where the nitrogen is involved in an aromatic riag, well as heterocyclic rings
containing multiple nitrogen§*>*4*2° The symmetry of the molecule allows for
ratios of 2:1 in co-crystals although 1:1 compleass also common with other ratios
also produced depending on the substance and tiesintCo-crystals containing the
same compounds in different ratios often ariseywel as polymorphism. Multiple
examples of both have been found for the compolralighout this project. Solvates
(mostly hydrates) of the co-crystals have also lmmsnmon adding to the diversity of
products. The resulting colours for the co-crystad chloranilic acid are in a range

from dark purple to several shades of red and @ang

The crystal structure of chloranilic acid deterntinim 1966 contains medium
strength O-H---O hydrogen bonds from each oxygen@Qlistance 2.769 A, O-H---O
angle 157.5%). These form layers of hydrogen bonded chloramitid molecules in
planes perpendicular to the a-axis; the planeshatd together by CI---Cl close
contacts of distance 3.335 Kigure 7.3). The layers have a netting structure, made

up of loops each containing 4 molecules.
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Figure 7.3 a) The netting structure of the hydrogen bonded layathin the
chloranilic acid structure (with one of the hydrag&onded four molecule loops
highlighted in blue), andb) an illustration of the layers with the Cl--Cl atosontact
of 3.335 A indicated".

The chloranilic acid dihydrate subsequently puldistby Anderseri? has a three-
dimensional hydrogen bonded network. The chloi@rakid is bound to water
molecules symmetrically on either side with bifuezh hydrogen bonds (BHB)
(Figure 7.4). Unlike the situation in the amide co-crystafscbloranilic acid the
hydrogen remains on the chloranilic oxygen resglim both an intramolecular and
intermolecular part to the BHB. The ketone oxygémhe chloranilic acid is also an
acceptor for a single HB with a different waterheTwater molecules also hydrogen

bond with themselves to form chains throughoutdhestal and combined with the

HBs to the chloranilic acid produce a 3-dimensiastaicture.

Figure 7.4 a) 3-dimensional hydrogen bonded structure of chldi@acid dihydrate.
b) Hydrogen bonded unit of chloranilic acid with wataolecules on either side and

acceptor-donor lengths showh

129



7.2 Historical and recent uses of chloranilic acid

Chloranilic acid is not just a research chemicdlhmas had various historical practical
uses; a reagent for micro analysts spectrophotometts?, staining calcium in cell
tissues? and even techniques like paper chromatogr&fhy

In micro analysis chloranilic acid salts can be duse determination of the ion
concentration of aluminium salts, sulphides, thiplsates, cyanides and fluoridés
The chloranilate reacts with the ion under invegtan forming an insoluble
precipitate. The quantity of surplus chloranil@dacan be found from the colour of
the solution and from this the amount used is datexd. The amount of chloranilic
acid is not necessarily directly proportional te timount of ion present, but tables of
related volumes are available to consult to allbe ion content to be determined.

This provides a procedure that is simple and rapid.

In paper chromatography, chloranilic acid has besed as a reagent, with good

€4125  |ts main

results for alkali earth metals as well as somemtteavier metat
advantages in paper chromatography of inorganicpoumds are its low specificity

and high sensitivity, allowing it to be used fowale range of samples.

Modern uses of chloranilic acid focus around midtipomponent systems. The
neutral co-crystal complex of chloranilic acid grttenzine has been shown to exhibit
ferroelectricity™® with a large dielectric constant, that provideeiest to the area of
electronic devices. The use of chloranilic acidrem co-crystals in crystal
engineering will be discussed Section 8.3 as well as the predictable supramolecular
synthons they contain. Chloranilic acid has thedepial to be involved in
intermolecular electron transfer interactions tiglodhe hydrogen bonding motifs it
produces. Such interactions are seen as impartgrbteins, and have potential for

future electronics development.
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7.3Hydrogen bonding motifs, and K, matching for proton transfer

One of the ultimate goals of modern day crystalpy is the ability to be able to
predict and design crystal structures to give thbstance the properties desired.
Crystal engineering could allow materials to beigiesd with a purpose in mind
allowing substances with the desired physical ptogse such as physical strength,
conductivity, solubility, etc. to be built in. Albugh several complex computational
techniques are being developed to try to allow iptexh of properties of crystalline
molecular materials, there is a lot that can benké from simple studies of systems
and previous work done with the materials. The aobeco-crystals where one
molecule with additional functionality can be sutegéd in the complex is one of the
simplest forms of crystal engineering, and alloWs target structure to be reached
using the separate molecules like L&§blocks. The added advantage of this idea is
that it can be designed so that the complex idivelst easy to self assemble, where
each unit joins onto the next in a predetermined wacause of the favoured
interactions. Understanding and controlling then-oovalent forces, especially
hydrogen bonding, is key to structural design,hesy twill provide the means to link

and stabilise the different componéfits

Co-crystal complexes of chloranilic acid almost ay& produce hydrogen-bonded
systems. Where the second molecule is an amidafuecated hydrogen bond
between the nitrogen and a pair of the oxygenssigslly observed. This reliable
interaction can be referred to as a motif for tlygstem. Using the motif as a
foundation, larger structural units can be builtvayying the amide and the ratios of
reagents. Previous work by H. Ishida and S. Kreshii®into lutidine chloranilates
and other related structures deposited in the GS®ated that the hydrogen bonded
pattern in 1:1 complexes of chloranilic acid-amsystems can be classified into 3
main types Eigure 7.5). From the following examples in this projectda@antries
deposited in the CSD, it would appear similar brokdsifications can be made for
2:1 ratios. This is an example of another forntaftrol and prediction that can be
exerted on the resultant crystal structure withaheice of co-molecule determining
the final composition and form of the complex. Tdesign of the amine dictates the

topology of the system, for example two pyridylgsnoined by a carbon backbone in
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a 1:1 ratio with chloranilic acid is likely to make chain network with alternating

threads of molecules.
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Figure 7.5 Classification of 1:1 chloranilic acid-amine systenshowing the three

types of hydrogen bond patteths

As well as being a useful motif for crystal engirieg, the bifurcated hydrogen bond
is an interesting interaction in itself. The pmese of three centres brings with it the
possibility of varying ratios of acceptor distarstegngth and unlike the classical
strong hydrogen bond which is essentially linelhe, proton has a plane on which it
can be found. This added “freedom” allows possie# for a more complex

structure, or for potential hydrogen disorder angration effects.
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The crystal structure of chloranilic acid has theleoule fully protonated and
therefore possesses two OH groups. In many ofctiieranilic acid co-crystals,
proton transfer occurs where one or both of therdgehs exchange across the
hydrogen bond. In the case of the amines, thedggir usually transfers from the
oxygen of the chloranilic acid to the nitrogen bétamine forming the salt. Also
known as charge transfer (due to the resultingggsaion the acceptor and donor
atoms), proton transfer has been of interest inymsgientific areas and can be
attributed as the cause of several effects suctuasescence, acid base reactions,

charge transfer, and salt formation.

Discussions about the position of the hydrogenhi& hydrogen bond have often
focused on the relation of th&pof the co-molecule pyridine species to that of the
chloranilic acid®**3’ This leads to the idea that the hydrogen pasitian be tuned
using the K, value. In the case where thK p of two molecules are matched it has
been suggested that the proton could be centredisordered in the hydrogen
bond®?° Issa et at® have suggested that such a centred hydrogen lm@sdexist in

a molecular complex of a lutidine derivative withiaranilic acid based on solid-state
NMR measurements, whereas Ishida ef’atlid not observe it using X-ray
crystallographic methods. However, Ishida et akenfocussed solely on refined X-
ray hydrogen positions for their conclusions, wharle known to give less reliable
information than direct visualisation of the Fourifference maps, particularly in the
case of systems exhibiting solid-state proton ntigmaor transfe¥. In the general
case of strong hydrogen bonds it has been shownetimperature regulated migration
of the proton can occur in other systémuwith the proton moving to the centre of the
bond with increasing temperature. This is belieteetle due to a wide flat bottom to
the potential well of the hydrogen bond. Disordehgdrogen bonds have also been
seen, with secondary positions for the proton priesext to the acceptor atom, in this
case the potential well is thought to have a dows# formation with a low barrier
between them. In bifurcated hydrogen bonds sineléects to the migration and
disorder could be possible although these couldroiocca much wider variety because
of the increased geometric freedom and a more aa#iD potential surface defining

the BHB. With the use of multi-temperature X-raffrdction experiments combined
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with visualisation of the Fourier difference mapssipossible to investigate in detall

the possibility of temperature-dependent protoordisr and migration.
7.4 Structure determinations of chloranilic acid-lutidine complexes

Lutidine or dimethylpyridine of formula #£lgN comes in six different forms, 2,3-,
2,4-, 2,5-, 2,6-, 3,4- and 3,5- substituted, mdsttuch can be obtained from bone oil,
coal tar, or other natural sources. They areledirccolourless liquids with a pungent
odour, some are toxic or irritants. Lutidines havaigh affinity for protons and act as
a H+ ion absorber, with 2,6-lutidine commonly us@dorganic synthesis as a

sterically hindered mild base.

Co-crystals of lutidine and chloranilic acid haweypously been studied by H. Ishida
and S. Klashin®, who published the structures of 1:1 chloranilbidawith 2,4- ,
2,5-, 2,6- and 3,4- lutidine cryst3ls These all produced the same hydrogen bonded
unit made from the supramolecular synthons that @emon throughout the
chloranilic acid amide co-crystals. The chloraniacid forms centrosymmetric
dimers joined by two O-H---O hydrogen bondgygre 7.6 a). The dimers are linked

to the lutidine via N-H---O(O) bifurcated bonds either side, forming a four
molecule unit. The N-H---O(O) bifurcated hydrogeond and O-H---O single
hydrogen bond pair represents the two motifs eidubi throughout the
amine/chloranilic acid co-crystal series.
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Figure 7.6 Representation of the 1:1 andb) 1:2 chloranilic acid lutidine hydrogen

bonded supramolecular synthon units.

The four structures all had the hydrogen transfetoethe lutidine, which is expected
because thely, values of the lutidines are significantly highkam any of the other
reported co-molecules which resulted in no prot@mgfer. Any new co-crystals

grown in this series were therefore expected tabgroton transfer.

Lutidine provides an ideal set of six relativelynple molecules with which to
examine the bifurcated hydrogen bond and from iteeature it is known reliably to
form supramolecular synthons that are created lorahilic acid-amine co-crystals.
By studying simple molecules, information pertagito complex systems or

interactions may be obtained.

In an attempt to produce new forms of lutidiniumocanilates, a screening trial of
different crystallisation conditions including difent ratios of components and
temperatures was undertaken. Solvent choice enafsed as a variable in searches
for different polymorphs or crystallisation scregmibut in the case of chloranilic
acid, the choice of solvent is limited as chlor@nédcid does not dissolve in many

solvents. Acetonitrile was used for the majorifytioe crystallisations because it
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dissolves chloranilic acid fairly well and also peaates in a reasonable time span
because of its low boiling point. A mixture of wa&and acetonitrile was occasionally
used in an attempt to form hydrates. In thesesctse chloranilic acid and lutidine
were dissolved in acetonitrile and the water addetisequently to reduce the
likelihood of chloranilic acid dihydrate formingn the cases where water was added
prior to the lutidine, chloranilic acid dihydrateas almost always the exclusive
product even in cases where co-crystal hydrate® i@med if the mixture was
created in the opposite order. This suggests agwvealution the molecules form into
the hydrogen bonded units which are stable prighéocrystal formation. The ratios
of chloranilic acid to lutidine crystallisationstagp were either roughly 1:1 or with
lutidine in excess, which effectively acted to walld:2 complexes to form. In
crystallisations where chloranilic acid was in doance, pure chloranilic acid crystals
were a major product which meant that the co-cltysteere hard to find. All the
lutidines produced at least one single crystal oéa complex with chloranilic acid;
2,3-, 2,4-, 2,5-, and 2,6- lutidine formed a 2:1-cegstal, with 2,4- forming a
polymorph (i.e. two forms); the 3,4- and 3,5- fodhieydrates. The structures of these

will be described and discussed below.

Powder diffraction was used to assess if any auditicomplexes were present, and
as a rough guide to the ratio of the different picid. Differences in ratios of the
products from the three different crystallisatioonditions (1:1, 2:1 and 2:1 with
added water) were examined to allow a determinaifdhe predominant products for

each or what conditions are necessary for a ceficain.

Hydrogen bonds are directional interactions, as seesingle HB’s by the difference
in range of angled{ D-H---A) between the strong (~180and weak cases (> 9.
The variation in the positioning of the co-molecireelation to the chloranilic acid,
discussing the angles between the rings, ring &hs the positions of the protons will
feature throughout this section in an attempt tomnalise the “level of bifurcation”
and other features of the hydrogen bonded systéhe use of the phrase “level of
bifurcation” is in reference to the amount the setacceptor oxygen is involved. For
instance a case where the nitrogen hydrogen bondirésted between the two

oxygens such that the angles and distances fomt#jer and minor parts are equal,
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could be referred to as being more bifurcated ttten case for the 2,3-lutidine

complex for example, where N-H---O1 is strongen tha minor N-H---O2 part.
7.4.1 2,3-lutidine chloranilic acid 2:1 co-crystals

As 2,3-lutidine chloranilic acid was missing frohretseries of co-crystals previously
reported by H. Ishida and S. Klashino several gitsrwere made to grow 1:1 crystals
chloranilic acid with 2,3-lutidine to fill the gapNo 1:1 crystals were found although
a 2:1 2,3-lutidine chloranilic acid was producet@he 2:1 co-crystal complex was
grown from a mixture of chloranilic acid dissolved acetonitrile and an excess of
lutidine. Crystals were also formed when the stgrratio was 1:1 but with less

abundance.

s -

'

Figure 7.7 a) 2:1 hydrogen bonded unit of 2,3-lutidine-chloramicid. b) Planes of
the rings are near perpendicular but the lutidireerotated so the N-H is directed
towards one of the oxygens.

The structure of the 2:1 2,3-lutidine chloranilicich co-crystal Figure 7.7 a) is
formed around bifurcated hydrogen bonds similathte motif and the molecular
synthon described previousligure 7.6). The four oxygens on the chloranilic acid
allows it to form two separate bifurcated bonds rghe the lutidine only contains one
nitrogen and therefore is only able to participatene bifurcated bond. The 2:1 ratio
of the crystal is therefore determined by the dmdic acid making bifurcated
hydrogen bonds with two separate lutidines.

The hydrogen bonded unit for the 2,3-lutidine corgawo asymmetric units (each

containing one lutidine and half a chloranilic aciti=0.5) as the two lutidines are in
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symmetry related position§igure 7.7 a), although this is not always necessarily the
case for all the co-crystals studied here. Thd®j8ine is near perpendicular to the
plane of the chloranilic acid=(gure 7.7 b) but although the centre of the molecule is
positioned between the oxygens a slight tilt inpiesition directs the hydrogen bond
towards O1. N-H---O1 will be referred to as thenminteraction of the bifurcated
bond (the donor-acceptor interaction with the nioisience over the proton position)
and the minor part of the interaction will refertbee donor-acceptor interaction which

is not as influential, in this case N-H---O2.

It should be noted that for the 2,3-lutidine costay and for all the lutidine and
picoline structures with chloranilic acid reportéglow, the hydrogen has been
transferred across from the oxygen to protonate niwgen which is expected
because of the higherKp values for the lutidines and picolines relative tte

chloranilic acid.

Figure 7.8 a) Hydrogen bonded units in the 2:1 2,3-lutidine chfolic acid complex

stack with overlapping lutidineb) Chloranilic acid surrounded by lutidines.

The hydrogen bonded unit is repeated throughoutctlgstal with overlap of the

lutidine allowing staggered stackingigure 7.8 a). The 2,3-lutidine molecule has the
two methyl groups on the same side of the ringthede stack so that they are “head
to foot” with the adjacent molecules, so the metimdups are adjacent to the ring

below. The chloranilic acid is surrounded by th#&[Rtidines Eigure 7.8 b).
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Figure 7.9 Fourier maps of 2,3-lutidine chloranilic acid coystal at 100 K, 200 K
and 300K taken in the plane of the N and two O lired in the bond. RMS= 0.06
e/A’, 0.06 e/Rand 0.05 e/A

The structure of the 2,3-lutidine chloranilic acio-crystal was determined at 100 K,
200 K and, 300 K allowing the calculations of Feurimaps showing how the
hydrogen in the bifurcated bond was positioned dbes range Kigure 7.9). At

100 K there is a round shaped peak with well-defipesition present indicating no
disorder. As the temperature increases the pegbestiistorts but compared with the

background this is a minor effect and does notcaue disorder.

7.4.2 2:1 2,4-lutidine chloranilic acid polymorphs

Figure 7.10 Form | of 2,4-lutidine-chloranilic acid showingel®2:1 hydrogen bonded

unit.

Two new forms of 2,4-lutidine-chloranilic acid coystals were produced, both in 2:1
ratios and therefore polymorphs, to add to the iptesly published 1:1 structuré.
Form | (Figure 7.10) of the 2:1 structures fits the molecular syntseen for the 2,3-
lutidine structure with Z’=0.5 and the two lutidsy@n either side of the chloranilic
acid interacting via bifurcated HBs. Although thiegs of the chloranilic acid and

lutidines are parallel, the 2,4-lutidine is rotatedthat the major interaction of the HB
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IS much more important than the minor p&itglre 7.11 a). The stacking allows-
Ttinteractions between the chloranilic acid andltitielines, with each chloranilic acid
having a lutidine above and below RiQure 7.11 b). There is also a zigzag motif

where the columns af stacked hydrogen bonded units meet.

Figure 7.11 a) A parallel hydrogen bonded unit of the form | 2(idine chloranilic
acid with the three molecules in the plabgzig-zag structure andr rrinteractions

form between the rings .

Figure 7.12 a) 2,4-lutidine-chloranilic acid Form Il with two sapate 2:1 hydrogen

bonded unitsb) Packing of the structure.

Form Il (Figure 7.12), of the 2:1 2,4-lutidine chloranilic acid co-ctgls, has Z'=1
but this is made up of two non-equivalent pairindsdividually similar to the first
form, of a lutidine and half a chloranilic acidetlangles between the rings of the
picoline and chloranilic acid do, however differ9(81° and 28.93°). Both of the
chloranilic acid lutidine pairings have the ringsan parallel to each other and the N-

H tilted towards O1. The stacking is not similarRorm I, forming a pseudo cubic
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close packed structure. The tilting of the molesuh relation to each other provides

space for the methyl groups.

Figure 7.13 a) Difference Fourier map for the Form | 2,4-lutidicéloranilic acid at
100 K. RMS= 0.08 efAb,c) Difference Fourier maps for the two independenB8H
in Form Il of 2,4-lutidine chloranilic acid at 10Q, b) H1 c¢) H2. RMS= 0.06 e/A

The two difference Fourier maps for FormHligure 7.13 b and ¢) show the two H
atoms to be well defined with no clear signs obdier. The hydrogen peak in the
difference Fourier map for FormFigure 7.13 a) is elongated along the direction of
the bond but this is often observed in hydrogerdsahowing no disorder and may

also be contributed to by background noise.

7.4.3 2:1 2,5-lutidine chloranilic acid

Figure7.14 The 2:1 HB unit of the 2:1 2,5-lutidine chloranikcid co-crystal.

The 2:1 2,5-lutidine chloranilic acid structuredido the same pattern for the
hydrogen-bonded synthon unit. The rings of the tmalecules are perpendicular to
each other and the tilt of the lutidine out thenglaf the chloranilic acid is so large
that the minor part of the hydrogen bond betweenntiolecules is very long even to
the extent that the HB appears not to truly be faréated interaction. The HB
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synthon unit has a zig-zag arrangement and forteslayers so the lutidine can form

TeTtinteractionseigure 7.15 b).

O N o N X w X
, NN \?\ N
Figure 7.15 a) Difference Fourier map of 2:1 2,5-lutidine chlofan acid at 100 K,

RMS= 0.08 e/Ab) view down the a-axis showing the packing of tiyezaiy shaped

synthon units.

The shape of the peak representing the hydrogéreidifference Fourier map of 2:1
2,5-lutidine chloranilic acid Kigure 7.15 a) is irregular in shape but this can be
attributed to poor resolution data for the refinetngue to a poor crystal quality. No

signs of disorder are present.

7.4.4 2:1 2,6-lutidine chloranilic acid

Figure 7.16 2:1 hydrogen bonded unit of 2:1 2,6-lutidine claloitic acid.
The 2:1 2,6-lutidine chloranilic acid co-crystalvsry similar to the 2:1 2,5-lutidine

chloranilic acid, with the rings of the moleculesrpendicular to each other and a
large tilt in the equivalent molecular synthon. thih the bifurcated hydrogen bond
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the minor part is very long in length. There is mat stacking but there is a close
contact between the chlorine and O2 of 3.128 A tviscsmaller than the normal Van
der Walls radii of 3.27 A (O = 1.52 A, and Cl = 8.&) probably contributing to the
weakening of the minor part of the bifurcated HBhe CI-O close contacts connect
the chloranilic acids into layered net structufag(re 7.17), with the HB units
sticking diagonally out of the plane.

Figure 7.17 a) view down the a-axis of the lattice of chlorandgicid (red) forming a

layer via CI-O close contact in the structure ol 2,6-lutidine chloranilic acidb)
view down the c-axis of the layer.

Figure 7.18 a) Difference Fourier map of 2:1 2,6-lutidine chloikn acid at 100 K,
RMS= 0.08 e/A b) Difference Fourier map of 2:1 3,4-lutidine chloito acid
dihydrate at 100 K. RMS = 0.07 &/A
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The difference Fourier map of 2:1 2,6-lutidine chlulic acid Figure 7.18 a) has

background peaks which are comparable in size yeefect that would be expected
which makes it impossible to make any definite dasions, although the peak
formation between N and O1 is worth further invgestiion with X-ray diffraction data

on a different crystal or to a higher resolutionefmight produce a better result.

7.4.5 2:1 3,4-lutidine chloranilic acid dihydrate

Figure 7.19 The 2:1 hydrogen bonded unit of 3,4-lutidine chtolic acid dihydrate.

With the 3,4-lutidine 1:1 structure already exigtint was hoped a 2:1 structure could
be found in our approaches to synthesis of moleadanplexes in this series. No
pure 3,4-lutidine chloranilic acid 2:1 structure emged although a hydrate form did.
In the hydrate, the 2:1 hydrogen bonded unit seetineé other structures is present,
and these units are interconnected by the wateecdulds. In the hydrogen-bonded
unit the rings of the lutidine and chloranilic aawlolecules are parallel, and the
bifurcated bond has only a slight asymmetry tow&ds The water forms hydrogen
bonds through the oxygens of the chloranilic adidstefore each HB unit is attached
to four others via the waters forming layers in #hle planeigure 7.20 a). The fact

that the HB units are flat, combined with the zagzstructure of the layers, allows

© interactions between the rings of the chlorardtal and lutidineRigure 7.20 b).

144



Figure 7.20 The structure of 2:1 3,4-lutidine chloranilic aailthydrate viewed along
thea) c-axis (showing HB layer in purple) and thea-axis, shows a zig-zag layered
HB structure with the water molecules conectingzHeunits via HB to the oxygens

of the chlorailic acid.

The difference Fourier map for 2:1 3,4-lutidinearahilic acid dihydrate is shown in
Figure 7.18 b and the hydrogen is represented by a well defineak pvith no

disorder present.

7.4.6 2:1 3,5-lutidine chloranilic acid hydrate trhydrate (100K)

Figure 7.21 2:1hydrogen bonded unit of 3,5-lutidine chloramidicid, and three water

molecules.

A 2:1 3,5-lutidine chloranilic acid hydrate was wro with three waters for every
chloranilic acid molecule. No unsolvated 3,5-lut@ chloranilic acid co-crystals
have been found or have been published despiteipheulattempts, although
contamination with water of the 3,5-lutidine stocised in the crystallisation
experiments has not been ruled out. The familiart®drogen bonded synthon is
present and it is almost flat apart from a sligahdb of the lutidine away from the
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plane of the chloranilic acid. The interactiongttiiorm the bifurcated bond are
almost equal for ®and G providing a highly bifurcated (symmetric) BHB. &h
water molecules join the synthon units togetheough hydrogen bonding although
with a more complex network compared to the 3,&Hne case (discussed Section
8.4.5). The water molecules form a square mdiiiglre 7.22 c) with waters joining
onto the chloranilic acid molecules via O-H--- OsHBhe 2:1 HB synthon units stack
on top of each other with half a unit displacem@ngure 7.22 a), held together by
the network of water moleculeBigure 7.22 b).

*.——'h\u __.sf k_.‘-‘.ﬁh—_,___ﬂ'_ __)ﬁ *__,_*-\
) *‘_;E — ____Jf *__,_'.‘n\_r -__’_sf
g__,,,_..:a‘fr—._._n,__._!" __)‘6 *‘_,_':r-\_ﬂ .E_’af )C“""':E#-""--rr.-‘

Figure 7.22 a) The 2:1 HB units stack on top of each other dispiaby half a unit))
and are held together by a network of water mokesu{shown in purple)c)

Formation of water molecule network.

Figure 7.23 Difference Fourier maps for 2:1 3,5-lutidine chmiilic acid trihydrate,
a) hydrogen 1b) hydrogen 2. RMS = 0.07 e/A
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7.5Powder patterns for chloranilic acid lutidine co-crystal crystallisations
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Figure 7.24 Powder pattern for the crystallisations of 2,3duie and chloranilic acidiGreerl:1,and Red2:1.
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Figure 7.25 Powder pattern for the crystallisations of 2,4elme and chloranilic acidzreerl:1, Red2:1 andBlue-water
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Figure 7.26 Powder pattern for the crystallisations of 2,5duie and chloranilic acidireerrl:1 and,Red2:1.
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Figure 7.27 Powder pattern for the crystallisations of 2,6€eime and chloranilic acidzreen-1:1, Red2:1 andBlue-water

Chloranilic 26Lutidine

>

) l.-J;,muL LA.& im M prviong Mon s\ n e o e i,

20 30 40 50 60

2-Theta - Scale
[ chioranilic 26L utidine 2tol - File: C26L_2tol.raw - Type: 2THTh locked - Start: 5.000 °- End: 64.997 °- Step: 0.017 °- Step time: 486. s - Temp.: 25 T (Room) - Time Started: 14 s - 2-Theta: 5.000 °- Theta: 2.500 °-
Operations: Smooth 0.150 | Background 0.631,1.000 | Import
26Lutidine chloranilic acid H2O - File: 26LutChlH.raw - Type: 2Th/Th locked - Start 5.000 °- End: 95 .005 °- Step: 0.017 °- Step time: 2904.8 s - Tenp .: 25 T (Room) - Time Started: 17368 s - 2-Theta: 5.000 °- Theta
Operations: Y Scale Add 500 | Y Scale Add 500 | Y Scale Mul 0.458 | Smooth 0.150 | Background 3.162,1.000 | Import
Chloranilic 26Lutidine 1tol - File: C26L_1tol.raw - Type: 2Th/Th bocked - Start: 5.000 °- End: 64.997 °- Step: 0.017 °- Step time: 486. s - Temp.: 25 T (Room) - Time Started: 8 s - 2-Theta: 5.000 °- Theta: 2.500 °-
Operations: Y Scale Add 500 | Smooth 0.150 | Background 0.550,1.000 | Import

LA AN _“.A;_..“_._ o
10

@

150



Chloranilic 34Lutidine
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Figure 7.28 Powder pattern for the crystallisations of 3,4dime and chloranilic acidzreen-1:1, Red2:1 andBlue-water
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Figure 7.29 Powder pattern for the crystallisations of 3,5dime and chloranilic acid, Greerl:1, Red2:1 and Blue-water
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Shown in Figure 7.24 to Figure 7.29 are the powder patterns for sample
crystallisation experiments for mixtures of lutidirand chloranilic acid. Three
samples were set up for each of the six lutidiaek,1, a 2:1 (lutidine in excess) and a
2:1 with water added (testing for hydrate form§)nfortunately the 2,3-lutidine and
2,5-lutidine samples with water added cannot begted as the powder patterns are

not available.

The two powder patterns for the 2,3-lutidine chidlia acid (Figure 7.24) are
different although the 1:1 pattern contains allhef peaks for the 2:1 pattern. The 2:1
matches the calculated pattern for the 2:1 2,8l chloranilic acid almost exactly
with no other products beyond small traces. Pftie1:1 pattern are the peaks from
the 2:1 structure but the majority does not fit afiyhe known structures, although a
small trace of pure chloranilic acid is presenhisTsuggests there is a possible new

1:1 structure that was not found in the single tadysxperiments.

The three powder patterns for the 2,4-lutidine drdic acid Figure 7.25)
crystallisation have a large amount of similarityt bave some significant peaks that
are different. The 2:1 pattern matches the caledlatructure of 2:1 2,4-lutidine
chloranilic acid Form | with no extra peaks; thex@o additional crystalline material.
The calculated pattern for 1:1 2,4-lutidine chldliaracid matches the major peaks of
the 1:1 graph but the 2:1 Form | structure is gi&sent in a smaller amount. The 2:1
with water added graph is a mixture of the two feraf the 2:1 co-crystals. The
major features of all the graphs are accounted sbogwing no new crystalline
material was produced in significant quantitiegha sample crystallisation although

the possibility of a hydrate being formed in othenditions cannot be ruled out.

There are only 2:1 and 1:1 crystallisation powdettggns for the 2,5-lutidine
chloranilic acid which are very similar to eacheatlapart from some additional peaks
in the 1:1. The calculated pattern for 2:1 2,%dine chloranilic acid matches the 2:1
pattern and the majority of the 1:1 pattern, while temainder fitting the calculated
pattern of the 1:1 structure and a small amouchtdranilic acid.

The powder data for the 2,6-lutidine chloraniliada¢Figure 7.27) show different
patterns for the three sample crystallisation emmrents. The calculated pattern of
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2:1 2,6-lutidine chloranilic acid forms the majcarpof the 2:1 with added water, a
minor part of the 1:1 samples patterns, and theeeitl sample pattern, therefore
representing the sole crystalline product of the £ample crystallisation. The 1:1
2,6-lutidine chloranilic acid structure forms thenraining peaks of the 1:1 sample
pattern and is in more abundance than the 2:1 farhe large broad hump at the start
of the water added powder graph is due to theunmstnt and not a peak caused by the
sample. The majority of the powder pattern for 2hie with added water is from the
2:1 structure but this does not account for all pleeks, these non-referenced peaks
don’t match the structures of chloranilic acid ¢ hydrate.  This leaves the
possibility that there is a hydrated version of thé-lutidine chloranilic acid co-

crystal.

In the powder patterns for the 3,4-lutidine chldliaracid (Figure 7.28) the majority

of the large peaks from all three sample crysttilisis cannot be assigned to the two
known 3,4-lutidine chloranilic acid co-crystalsthe structures of chloranilic acid or
its hydrate. This makes it likely that there ioter form (maybe even a 2:1 form)
that has not been found in the single crystal erparts. Small peaks in the 1:1
sample pattern matched with the calculated pafterh:1 3,4-lutidine chloranilic acid
and some peaks in the 2:1 with added water wernigrest to the 2:1 3,4-lutidine

dihydrate structure found in the single crystal kvor

The three powder patterns for the 3,5-lutidine cnidic acid crystallisationKigure
7.29) are almost identical. Only a hydrate structure 3,5-lutidine with chloranilic
acid was found and no previous structures have peblished. The 3,5-lutidine
chloranilic acid hydrate structure only accounts Jome of the small peaks in the
sample powder patterns, with chloranilic acid atsdhydrate accounting for some
others, but this still leaves several peaks unaesig The fact all three starting
conditions, including the two dry samples, grow tBé®-lutidine hydrate crystal
suggests that the sample of 3,5-lutidine was coint@ed with water prior to being
used for the crystallisations. This and the umggesi peaks leaves the possibility of

1.1, or 2:1 co-crystals of 3,5-lutidine and chlaliaracid being possible to obtain.
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7.6 Hydrogen-bonded supramolecular synthon; comparisonof hydrogen

bonding schemes

All six lutidines produced at least one new co-talysomplex with chloranilic acid,
with 2,4-lutidine producing two. The seven co-tays all contain the same
bifurcated hydrogen bond motif and either the 1r12d lutidine chloranilic acid
hydrogen bonded supramolecular synthon establishddliscussed during this work.

Figure 7.30 shows the bifurcated hydrogen bonds of all theicstires roughly

overlaid using the chloranilic acid plane as thestant geometrical reference.

Figure 7.30 Structure of the nitrogen, hydrogen and chlorandcid fragments of the
lutidine chloranilic acid co-crystals complexes did, roughly overlaying the
chloranilic acid to line up the structures. Thetragen and hydrogen of the
bifurcated hydrogen bond have been coloured forheao-crystal, 2,3-lutidine
(yellow), 2,4-lutidine form I (blue), 2,4-lutidirferm 1l H1 (orange),2,4-lutidine form
Il H1 (red), 2,5-lutidine (green), 2,6-lutidine (mle), 3,4-lutidine(white), 3,5-lutidine
H1 (brown), 3,5-lutidine H2(grey).
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All the complexes have the proton transferred fittin chloranilic acid across to the
lutidine which was expected due to the hidf, palues for the lutidines. IRigure
7.30 there is a clear visual representation of the lefdbifurcation of the BHB in
comparison to the other structures. It appeard ty one of the nine
crystallographically uniqgue BHB shows a high lewélbifurcation, which is the 2:1
3,5-lutidine hydrogen 2 represented in grey. Tas also be seen in the'#D1 and
H-02 lengths shown iifable 7.1 where it has a difference of 0.01 A whereas the
rest have larger values the biggest being 0.8 Ahough the variation in the HO1
and H--O2 lengths of the BHB of the different structuregjuite large, when the two
lengths are combined (HO1 + H--O2) the difference between the structures is quite
small. This suggests no matter what the levelifofdation the overall strength of the

BHB interaction is reasonably constant.

Despite the variation in the BHB motif the spreddh@ N-H bonds in comparison to
the chloranilic acid is relatively small. Lookig the bond lengthsléble 7.1) some
of the minor parts (N-HO2) could be discounted as HB as they are weakgfthre
changing the BHB into a single HB. The best exampl2:1 2,4-lutidine chloranilic
acid Form I, which has a‘NO2 length of 3.138(2) and N:HO2 length of 2.56(3),
the former is very long for a‘NO HB. However, looking at the spreadRigure
7.30 the 2:1 2,4-lutidine chloranilic acid structurésfin well with the other BHB in
the lutidines and therefore is better describedaaweak BHB. The level of
bifurcation of the BHB motifs does not seem hawdract link to the position of the
methyl groups in the lutidine, as iRigure 7.30 form | of the 2:1 2,4-lutidine
chloranilic acid structure is the weakest bifurdaBHB and form Il contains one of
the highly bifurcated BHB.

The overall sum of angles in the BHB, (shows thanatity of the BHBFigure 1.2)

for all the complexes is greater than 355This shows the hydrogen remains close to
the plane of the donor and two acceptors and isginy an indication that the BHBs
are overall quite strong even if some of their comgnts are relatively weak.
Surprisingly there does not seem to be any reldtetween the level of bifurcation

and the overall angle.
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The angle between the planes of the chloranilid aod the lutidine rings varies from
nearly perpendicular to almost parallel but thisgtot seem to follow any trends with
regards to the level of bifurcation or the positiohthe methyl groups. The 2:1
structures of 2,3-, 2,5- and 2,6-lutidine have ¢aamgles at 79.1°, 86.33° and 72.04°
respectively whereas the 2:1 2,4-lutidine strictus an almost flat HB synthon unit
with an angle of 1.64°. It is interesting to nakat the two hydrate forms have

reasonably small angles between the planes irhtke BHB.
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Table 7.1 Distances and angles for the bifurcated hydrogendain the lutidine chloranilic acid complexes sadj and angles between planes

of the rings of the two molecules.

N-O; (A) N-O, (A) N-H (A) H---O4 (A) H---0, (A) N-H:=*O1(°) | N-H***O2(°) | Oy H-0O,(°) | Overall (°) Between
planes(®)

2,3-lutidine
2.663(4) | 2.940(4) 0.98(5) 1.72(5) 2.36(5 163(4) 7(B) 79.96 359.96 79.10

2,4-lutidine
Form 1 2.644(2) | 3.138(2) 0.92(4) 1.75(4) 2.56(3 164(3) 2(22 73.08 359.08 1.64

2,4-lutidine
Form 2 H1 2.742(3) | 2.879(3) 0.89(3) 1.91(3) 2.29(3 156(3) 4(B2 77.76 357.76 39.83

2,4-lutidine
Form 2 H2 2.782(3) | 2.848(3) 0.89(3) 1.95(3) 2.24(3 155(3) 522 78.15 358.15 28.94

2,5-lutidine
2.652(2) | 3.072(2) 0.95(4) 1.73(4) 2.50(3 162(3) 9(B) 74.55 355.55 86.33

2,6-lutidine
2.655(5) | 3.036(5) 0.85(6) 1.83(6) 2.51(6 163(5) 1(52 74.82 358.82 72.04

3,4-lutidine
Hydrate 2.694(4) | 2.901(4) 0.97(4) 1.79(4) 2.24(4 154(4) 5(B2 79.05 358.05 8.86

3,5-lutidine
Hydrate H1 2.681(4)| 2.942(4) 0.93(5) 1.84(4) 2.25(4 149(3) 1(B3 78.04 358.04 16.41

3,5-lutidine
Hydrate H2 2.769(3) | 2.819(3) 0.88(4) 2.07(4) 2.06(4 144(3) 6(B3 79.30 359.3 16.34

158




7.71LL neutron experiment on 2:1 2,4-lutidine chloranilic acid form 1

Although most of the structures refined from nentdata presented here have been
from data collected on SXD at ISIS, several expents have been carried out at the
reactor neutron source (ILL) on the machine VIVALDJnfortunately due to
difficulties processing the VIVALDI data only thé&gcture of 2:12,4-lutidine

chloranilic acid form | has been fully refined witkliable results.

Figure 7.31 The 2:1 HB synthon unit from the neutron refinenw2:1 2,4-lutidine

chloranilic acid form | at 40 K.

The X-ray structure for 2,4-lutidine chloranilicidchas already been described in
Chapter 7.4.2 and it forms a nearly flat 2:1 HB synthon unit. n Amage of the
refinement for the VIVALDI neutron data can be sdenFigure 7.31 and the
refinement data iffable 9.8.

The refinement is not as good quality as the erpanis on SXD, which is mostly
due to the difficulty in integrating the data frofivVALDI. The multiple wavelength

data (in combination with possible problems witlystal quality) leads to peak
overlap, streaky spots, and background noise, wtaectmot always be corrected for.
The refinement is also not helped by the limitethdda602) to parameter (218) ratio
which is below the accepted 10:1 ratio generallgfeared for a good refinement.
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This is reflected in the R-value, which is largean desired although for neutron data
this is acceptable, and good enough to providebldi H-positions and anisotropic
thermal parameters. The ellipsoid shapes of sdritfeecatoms are not as spherical as
expected from a constrained ring, especially CH @& which show flat thermal
ellipsoids (small ADP values in the b-axis). The i@ethyl group shows large atomic
displacement parameters for the hydrogens (H91, &t H93) resulting from the

rotation but this is not abnormal and is a restlt motation of the methyl group.

Table 7.2 The HB lengths of 2:1 2,4-lutidine chloranilic ddiorm | for the 100 K X-

ray and the 40 K neutron refinements.

Neutron D-H (A) H---A (R D---A (A Angle (°)
Ni-H1--Q 1.087(9) 1.573(9) 2.638(6) 164.9(8)
Ni-H1---Q - 2.501(10) 3.136(5) 116.2(6)
X-ray D-H (A) H---A (A) D---A (A) Angle (°)
Ni-H1--Qu 0.92(4) 1.75(4) 2.644(2) 164(3)
Ni-H1---Q - 2.56(3) 3.138(2) 122(2)

The BHB lengths for the X-ray and neutron data banfound inTable 7.2. A
comparison of the position of the hydrogen atonthe BHB shows the expected
difference between the X-ray and neutron experimerithis is because the electron
density associated with the hydrogen is shifted atolw the donor, therefore
shortening the D-H bond length of the X-ray datenpared to that resulting from the
nuclear positions seen in the neutron experim¥vith this taken into account all the
HB lengths and angles compare well, and the samelusion of a low level of

bifurcation in the HB is reached with the neutreaad
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Figure 7.32 Difference Fourier map of 2:1 2,4-lutidine chloikn acid form | at
40 K. RMS = 0.04 fm/A

The difference Fourier maBigure 7.32 shows a well positioned peak representing
the proton within the BHB and no signs of disordee present. In the X-ray
difference Fourier map the peak was slightly eléedavhich was thought to arise
from the high background. This is backed up byribetron data.

7.8 Conclusions

A new co-crystal with chloranilic acid has beenrfduor the six lutidines, and two
polymorphs for 2,4-lutidine. The seven new andrfqueviously determined
chloranilic acid lutidine co-crystals contain oné tbhe two larger supramolecular
synthon units in either a 1:1 or 2:1 ratio, showrFigure 7.6. The two synthons
share a common BHB motif formed between two of @Ghatoms of the chloranilic
acid and the N atom from the lutidine.
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The hydrogen atom in the BHB is located on theogin of the lutidine in all of the
structures meaning that it has transferred acrom®s the chloranilic acid. From
examining the difference Fourier maps none of thectures shown any clear signs of
disorder although the 2:1 2,4-lutidine chloranikcid form | structure has an
elongated peak and the 2:1 2,6-lutidine chlorandad structure has a unusual
pattern, but both have large background noise dbakd account at least in part for

the effects.

The powder patterns showed that the starting ddtibe crystallisation is important in
determining the product. In many of the crystatiien attempts on the four lutidines
that 2:1 structures have been found: the powdeenpashowed that it was the main
product formed for the 2:1 (lutidine in excess) stajlisation, and the 1:1
crystallisation always produced some of the 1:1rmitalways as the main product.
The addition of water was also a determining faototh some forming hydrates. It
is suspected that the 3,5-lutidine sample was oantted with water as all the
crystallisations produced some of the hydrate evieere the lutidine starting material
was meant to be dry. Unassigned peaks in sonted,8-, 2,6-, 3,4- and 3,5-lutidine
sample powder patterns make it likely that theeefarther chloranilic acid complex
crystals being produced in the crystallisationsthase have not been picked up in the
single crystal work either because these phasepaveer in nature or not enough

crystals have been screened.

An experiment on VIVALDI at the ILL has provided feaient data to provide a
refinement of the structure of 2:1 2,4-lutidineartailic acid form [, although this is
not to the same standard seen in the structures 8¥D. This was not the only
experiment run on VIVALDI but it is the only datatsin this project to be fully
refined due to both technical problems and diftiesl integrating the data, although
other data is expected to provide useful resulthénnear future. The results of this
experiment showed the proton position in the BHBb® well defined with no
disorder present, backing up the X-ray diffracti@iinement described ifection
7.4.2. The structure from the refinement has two atoms &6d C5) with atomic
displacement parameters that are anomalous butesieewas stable and matched the

structure defined by the X-ray experiment describaudier.

162



8. Complexes of Chloranilic Acid with Picolines

The work on the lutidine chloranilic acid co-crystépresented itChapter 7) found
many new compounds that show similar motifs andréyein-bonded units. Using
these findings as a basis the study was followedvitlp further co-crystallisation
experiments using the knowledge gained from thalihgs. The three picolines
(methylpyridine isomers) are very simple amide rooles, ideal for the present
investigations into chloranilic acid co-crystalsdatheir hydrogen bond motifs.
Comprising of a pyridine ring with a methyl group the either the 2-, 3-, or 4-
position (also referred to as B, y), the picoline isomers are all colourless, strong-
smelling liquids at room temperature with a chemiocemula GH7N and molar mass
of 93.13 g mot. They are obtained from coal tar, horse urine eirgeum and are
useful as solvents and raw materials for variousngbal products used in the

polymer, textiles, fuels, agrochemicals, pharmacals and colorants industries.
8.1Hydrogen bonding motifs, proton transfer and g, matching

In the case of the lutidine chloranilic acid costats discussed previously, the
bifurcated hydrogen bonded motif was shown to Hebke, forming in all the
structures. This interaction was then used to hgldrogen bonded supramolecular
synthon units together in both 2:1 and 1:1 molacwdamplex stoichiometry.
Although seven new structures are reported it istrfikely this is not an exhaustive
collection of the possible complexes and hydratas ¢ould be produced from the six
lutidines in combination with chloranilic acid. @&lrelated study of picoline (and
additional molecules) presented here will makeosggible to see whether the same
bifurcated hydrogen bonded motif and associateddyah bonded supramolecular
synthon is as prominent in other chloranilic acahtaining systems. An intensive
screening of a large number of distinct crystalisaenvironments will test whether
the motif and synthon is as exclusive as indicateid, under the right conditions, co-

crystals not containing them will form.

Although one of the methods suggested to tunefectathe hydrogen position within

a short hydrogen bond is varyin$ like the lutidines the picolines hav&phigher
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than chloranilic acid and will therefore most likgbroduce structures where the
hydrogen is on the side of the nitrogen. Desplitis indication, and with the
awareness that conclusions from solution-st#tg \@lues will not always translate
across to the solid state, several other moleauiitsa variety of iK,s have also been
crystallised with chloranilic acid and should résnlsome cases where the hydrogen

is not transferred.
8.2 Structure determinations of CA-picoline complexes

The aim with the new crystallisations presentethia chapter is to obtain complexes
of these compositions as seen for the lutidine$ whe picolines but with better
control due to the experience gained in the presviovestigations. As will be seen,

the end result was good with success in gainingstirall the target structures.
8.2.1 Picoline chloranilic acid 1:1 structures

All three picolines form 1:1 complexes with chloitanacid. The 2-picoline and 4-
picoline molecules form similar hydrogen bondedtairido those found in the 1:1
lutidines in the paper by Ishida ef’afFigure 7.6 a). Two chloranilic acid molecules
are linked through two hydrogen bonds and on eiide, a picoline forms a
bifurcated hydrogen bond, which results in a fowleoule hydrogen bonded unit
with centrosymmetric symmetry. The 3-picoline sttucture with chloranilic acid
has more in common with the 2:1 structures of titielihes Eigure 7.6 b) and the 2:1
picolines Gection 8.2.2), than the other two 1:1 structures. In the 3lme
chloranilic acid structure, the chloranilic acid lexule is directly bonded to two
picolines with bifurcated HBs as seen for the Z1dcrystal complexes of lutidine with
chloranilic acid. Additional chloranilic acid maleles then connect the units together
with O-H---O single hydrogen bonds and chlorinegexyclose contacts.

In all three structures the hydrogen in the biftedebonds has been transferred across
to the nitrogen of the picoline, although some stk semi-protonated as they form

bonds between two chloranilic acid hydrogen molesul

8.2.1.12-picoline chloranilic acid complex
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Figure 8.1 The 1:1 hydrogen bonded unit from the 2-picolirdo@nilic acid

structure.

In the 2-picoline complex, the picoline chloranikcid 1:1 hydrogen bonded units
(Figure 8.1) are almost flat with the two chloranilic acid reolles in the same plane
and the picoline only slightly out of this plan&he tilt aligns the N-H with the one
oxygen and makes the minor part of the bifurcatgdrdgen bond almost non-
existent. The HB units are packed in staggerekidaswith adjacent picolines head
to tail, this allows for somer-n interactions between chloranilic acid molecules
(Figure 8.2).

Figure 8.2 a) Stacked HB units showingz interactions (purple) and adjacent

rotated picolines (orangeh) stacked HB units end on.
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8.2.1.23-picoline chloranilic acid

Figure 8.3 The 1:1 structure of 3-picoline chloranilic acid) showing the 2:1 HB
units connected via single O-H:---O bonds and oxghtride close contactdy) the

connector chloranilic acid (red) joining 4 separbteoloured 2:1 HB units.

Although a crystal of 1:1 3-picoline chloranilicidcwas successfully grown the
structure has more in common with the 2:1 units i@ other 1:1 structureBigure
8.3 a). One 3-picoline molecule is hydrogen bonded thegiside of the chloranilic
acid forming the 2:1 HB synthorFigure 7.6 b). These hydrogen bonded units are
then joined via an additional chloranilic acid nmalke that forms O-H---O hydrogen
bonds and CI-O close contacts (3.244A) with theomilic acid between the
picolines Figure 8.3 b). The combination of the HB units and the coninect
chloranilic acid molecules make 2-dimensional pfanleat stack in layers. The
bridging chloranilic acid retains its protons whesdhe other is de-protonated, with

the protons transferring across the bifurcated diBhé picoline nitrogens.
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8.2.1.34-picoline chloranilic acid complex

Figure 8.4 Hydrogen bonded unit from the 1:1 4-picoline chlatic acid.

As with the 2-picoline case the two chloranilic dgciin the 1:1 HB unit in the 4-
picline chloranilic acid co-crystal are in the sapiane but the 4-picoline is severely
rotated and tilted off this plane giving the 1:1 HBIit a zig-zag shape. Additional
close O---O contacts between the chloranilic actecnles connect the hydrogen-
bonded units on either side, forming a stack altregb axis Figure 85 a). The

stacks of the 1:1 HB units pack together in a ragatray, with the tilt in the picoline
(relative to the chloranilic acid) probably presémiallow the methyl groups to move

apart from each other, with the HB units end on.
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Figure 8.5 a) HB units form chains in the structure of 1:1 4¢dice chloranilic acid,

b) the packing together of these, here viewed dowb-idnes.
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8.2.2 Picoline chloranilic acid 2:1 structures

The three picolines produce very similar structundgen forming 2:1 molecular
complexes with chloranilic acid. Grown from mix¢srof chloranilic acid and the
respective picoline in excess, the majority of talgsgrown were 2:1 although a small
proportion of the respective 1:1 structur8ecfion 8.2.1) were also produced. In the
case of the 3-picoline, two forms of 2:1 co-crysta@re formed. The structures have
the supramolecular synthon already seen in therailec acid lutidine co-crystals
with 2:1 picoline-chloranilic acid forming blocksell together by bifurcated N-
H---O(O) hydrogen bonds. The centre of the chilizazacid unit is located on an
inversion centre and the picoline ring is positidise the nitrogen is between the two
oxygen atoms of the chloranilic aci&igure 7.6 b). Similar again to the lutidine
case, the chloranilic acid is totally de-protonatéth the hydrogen being transferred

to the nitrogen.

8.2.2.12-picoline chloranilic acid

a)

f R

4
o/

Figure 8.6 a) Hydrogen bonded unit of the 2:1 2-picoline chlot@nacid co-crystal
at 100 K, the ellipsoids on the picoline show laxgdues indicative of disordeh)
The two molecules shown at 200 K ar)d300 K.

The carbons of the picoline show large and anipatrthermal displacements, from
the direction of the elongation it would appeartttias is due to pivoting of the
molecule around the bifurcated HBiQure 8.6). This could be due to static or
dynamic disorder and is present at all the tempezat In the 2-picoline complex
(Figure 8.7) the hydrogen bonded blocks are orientated albadangc-axis forming
stacks in thea-direction. In theb-direction the hydrogen-bonded blocks are tilted by
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90° shifted along by half a block each layer tooammodate the bulk of the methyl
group.

A - "‘f :-j‘ { /i '-~z.¢/“i e ﬁ“ i ~
1 /Z i ¥
t,f*“ ~ 1 ‘i __,}/:F &/;»‘_ - \7 i _\,{:’ ‘/)p /"‘\7«/“
USSR Sl
.

Figure 8.7 View of the 2:1 2-picoline chloranilic acid struceé along the b-c plane
showing the stacking of the hydrogen bonded uditsveng space for the methyl

groups.

8.2.2.23-picoline chloranilic acid complex, forms 1 and 2

Figure 8.8 The hydrogen bonded units from the structuresheftivo polymorphic
forms of the 2:1 3-picoline chloranilic acid co-stgl complex) Form 1b) Form 2.

The crystallisations of excess 3-picoline with chtdlic acid produced two
polymorphs of the 2:1 complex. Form 1 of the 2:pi®line chloranilic acid
complex is the more common of the two forms growimg much higher abundance
and generally producing crystals that are largesine, although both polymorphs
form rectangular blocks. Form 1 has the ring @& ficoline perpendicular to the
chloranilic acid Figure 8.9 b) with a slight tilt lining up the N-H with O1. Eh
stacking has to accommodate the methyl groupseopitoline, as the molecule is at
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right angles to the plane of the chloranilic adidglre 8.9 c). The packing seems
less favourable; there are ner interactions and the methyl group of one picolge

directed towards the ring of a second picoline.

Although form 2 produces the same HB synthon amfbrigure 7.6 b) they are
different in the way the two molecules are oriesdatwith form 2 having almost
parallel rings between the picoline and chloraraloed Figure 8.9 a). The nitrogen
hydrogen bond is also directed between the two emxygof the chloranilic acid
making the bond in form 2 much more bifurcated atune. The hydrogen-bonded
blocks are orientated along thec plane and in contrast to the stacking of formhg, t
flat HB units lie on top of each other in slantimys Figure 8.10). The rows are
then stacked with a half a unit offset.

Figure 8.9 View showing different angles between the chldiaacid (red) and 3-
picoline (blue) fora) form 2, andb) form 1 of the 2:1 3-picoline chloranilic acid

complexc) the stacking present in form 1 viewed down theia-a
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Figure 8.10 The stacking viewed along the b-axis in 2:1 34meochloranilic acid
form 2.

8.2.2.34-picoline chloranilic acid complex

Figure 8.11 4-picoline chloranilic acid 2:1 co-crystal hydrog&onded unit.

The structure of the 4-picoline complex is very ifamto that of the 2-picoline, and
has the HB units orientated close to thaxis Figure 8.12). In theb-direction they

are stacked above and below each other. The pahave a tilt away from the
plane of the chloranilic acid presumably to accordate the methyl groups as the

stacking involves them being end to end with eablero
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Figure 8.12 The stack viewed along the b-axis in 2:1 4-picothranilic acid.

8.2.3 Picoline chloranilic acid solvates

As well as the pure co-crystals between the piesliand chloranilic acid several
hydrates were produced during the crystallisatittenapts, including the previously
known structure of 2:1 3-picoline chloranilic adihydraté*®. There was also a new
hydrate of 3-picoline chloranilic acid formed whigittorporates the 2:1 HB units in a
more complex system. The ratio in this complex Wa&s2 of 3-picoline, chloranilic

acid and water respectively. Another new hydrateneéd involved 4-picoline and

chloranilic acid in the ratio 2:1, with four watepsesent. This was similar to the
previously known 3-picoline chloranilic acid hydeatvith the simple 2:1 HB units

connected by the water molecules via HB, and fognanayered structure. The 2-
picoline did not form any hydrated forms of chlatanacid co-crystal, although a red
thick oil was created at the bottom of some of ¥las. This suggests a hydrated
form was produced (but its melting point was befoem temperature) as none of the

samples without water formed oil.
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8.2.3.12:1 3-picoline chloranilic acid dihydrate

Figure 8.13 Flat hydrogen bonded unit within the 2:1 3-picelichloranilic acid
dihydrate.

Although already in the CSD the structure of 2:Ipi@line chloranilic acid
dihydraté'* is relevant to the series of co-crystals studiethis chapter so will be
briefly described here. The 2:1 hydrogen bondel ((fingure 8.13) is clear in the
structure and is flat with the picoline and chlaliaracid rings in the same plane. The
water molecules form additional hydrogen bonds whign oxygens of the chloranilic
acid joining them into saw tooth layers that indek with each other as shown in
Figure 8.14.
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Figure 8.14 Interlocking hydrogen bonded saw-tooth layers wvitthe 3-picoline

chloranilic acid dihydrate.
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8.2.3.23-picoline chloranilic acid hydrate 4:3:2 complex

Figure 8.15 The HB units contained in the structureapfthe 2:1 unitb) the offshoot

unit, in the 4:3:2 complex.

Figure 8.16 a) 2:1 HB units in the complex hydrate of 3-picolingwvehloranilic acid
are formed into hydrogen bonded chains throughslimade by water molecules, and
additional chloranilic picoline groups stick outoim this, forming BHB to the water
b) colour coded version highlighting the chain ofcetad 2:1 3-picoline chloranilic
acid HB units (ed), the HB unit bifurcated to the water moleculékué), and the

waters connecting the structurgréen).

The new hydrate of the 3-picoline chloranilic aggnthesised in this work is a
mixture of the 2:1 HB unitsHigure 8.15 a) seen several times already and a new unit
involving the water Eigure 8.15 b). The water molecules do not simply act as links
between the blocks, but also replace some of tlvelipes forming bifurcated
hydrogen bonds. The 2:1 hydrogen bond units camgione chloranilic acid

molecule with two picolines, are formed into a ahmensional HB chain via the
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water molecules. Each water molecule is also weain a bifurcated hydrogen bond
with another chloranilic acid, which is itself hypdren bonded to a picoline; these

stick out perpendicular to the chakigure 8.16).

8.2.3.32:1 4-picoline chloranilic acid tetra-hydrate

Figure 8.17 Hydrogen bonded unit with water molecules from 2h& 4-picoline

chloranilic acid tetrahydrate structure

In the structure of 2:1 4-picoline chloranilic acidtrahydrate the 2:1 hydrogen
bonded unitsKigure 8.17) are very flat. Each chloranilic acid, in addititb making

bifurcated hydrogen bonds on either side with tiselmes, hydrogen bonds with four
waters. When viewed down the b-axis it can be se&nthis forms hydrogen bonded
layers that interlock with each othéfigure 8.18). Each chloranilic acid is connected
to the next by a link of two hydrogen bonded watérs gives a similarity to the 3,4-
lutidine structurd=igure 7.19). The water linkage provides the space for tlcelpies

from the layers above and below to fit in betweacheHB unit, producing a saw

blade effect.
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Figure 8.18 Interlocking HB layers of 4-picoline chloranilical tetrahydrate viewed

down the b-axis.

8.3Hydrogen-bonded supramolecular synthon

All the picoline chloranilic co-crystal complexetsidied here contain either the 1:1 or
2:1 hydrogen bonded supramolecular synthon preljodsscribed for the lutidine
case Figure 7.6). Eight contain the 2:1 HB unit (including theepiously studied 3-
picoline chloranilic acid dihydrate) although seleof these contained additional
interactions building them into more complex stawes. Only two 1:1 HB units were
found but these are in exactly the same style asraklutidine chloranilic acid
complexes seen in the literattire The fact that the synthon formed without exaapti
in both the picoline and lutidine co-crystals shaWwat it is of a reliable and robust
nature, which could be used as the starting poigbhstruct more complex structures
such as chains, planar, or three dimensional n&svarvolving molecules with

multiple pyridine groups.

The way in which the molecules that make up thegyiBhons orientate with respect
to each other varies greatly, with some of the HiBsuentirely flat to others having
nearly perpendicular picolines in relation to thdocanilic acid. It is interesting to

note that all the hydrates have flat HB units, ttusild be because the extra space
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provided by the water connections allows the HBauto take the arrangement they

would adopt if unconstrained.

8.3.1 Comparison of hydrogen bonding schemes

Although all the structures contain the same HBtsym unit there is variation within
the HBs and hydrogen bonding schemes. The bifmicdtonds can vary in
arrangement and in the dominance of the differentsp and there is additional
hydrogen bonding, especially in the hydrate forhnading the structures together.
Comparing the hydrogen bond dimensions can prosidet of useful information
about the nature of the HBs present in the strastbut a good way to visualise the
interaction to provide additional detail on the HBsvia Fourier maps (as shown in
the neutron work), while a second visual aid iskirshfeld surface, which shows the

proximity of different atoms to the core molecuteldaherefore the interactions.

A Hirshfeld surface is a useful visualisation to@presenting the interaction of the
electron density of selected molecule with thathef surrounding crystal structure.
The surface is defined around the selected moletulee point where contribution to
the calculated electron density from molecule dedrest of the structure is equal, i.e.
50% of the density is from the molecule. This jeg a smooth surface that
encloses the molecule on which different propertias be displayed showing how
the molecule interacts with the crystal (nearesttact distances to internal/external
nuclei, curvature of surface, and difference betweentact and the sum of the Van
der Waals radii). The property projected on to siefaces presented here is the
distance from the surface to the nearest extert@in a(intermolecular contact
distance), with the shorter the distance being shiswred and longer in green. The
surfaces are produced by the program CrystalExplom@nd all that is require iscif
file from the refinement of the crystal structure.

8.3.2 Fourier maps and Hirshfeld surfaces

A large variation can be seen in the bifurcatedrbgdn bond motif in the picoline
chloranilic acid co-crystal structures, but to exaathe position of the hydrogen and

look for indications of unusual behaviour with ihet hydrogen bond, difference
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Fourier maps are required. Difference Fourier migpsall the unique bifurcated
hydrogen bonds found in all the picoline structare shown below, in some cases

this includes multiple temperature data.

The maps are all taken in the plane of the two erggof the chloranilic acid and the
nitrogen of the picoline, which are indicated oe tnages. O1 and O2 are named in

reference to the major and minor parts of the BiHB may differ to the names given

in thecif.

Figure 8.19 Difference Fourier maps for the 2:1 2-picoline @tanilic acid at 100 K,
200 K and 300K. RMS = 0.07 €//.06 e/A 0.05 e/

The 100 K, 200 K, and 300 K difference Fourier magsthe 2:1 2-picoline
chloranilic acid are presented figure 8.19 showing a reasonably clear map with a
well defined hydrogen position. The peak is shgleiongated and positioned in the
line between N and O1.

Figure 8.20 Difference Fourier maps for the 100 K refinemenits) 1:1 2-picoline
chloranilic acid, RMS = 0.06 efAb) 2:1 3-picoline chloranilic acid form 2, RMS =
0.09 e/& c) 2:1 3-picoline chloranilic acid dihydrate. RMS =06 e/R
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Figure 8.20 shows well defined peaks representing the hydregsitioned between
the N and O1 in the BHB for three structures stuidie 100 K. The 2:1 3-picoline
chloranilic acid map form 2Higure 8.20 b) has significant background noise, due to
limited data quality. The 2:1 3-picoline chloramifcid dihydrate map shows a slight
secondary peak beside O1 in a position whose gepmmeilld be consistent with a
disordered hydrogen, but this is small enough taabeounted for by the bonding

density of the hydrogen bond.

Figure 8.21 Difference Fourier maps for the 1:1 3-picoline @tanilic acid at 100 K,
200 K, and 300K. RMS = 0.09 €/A.08 e/& 0.07 e/

The 1:1 3-picoline chloranilic acid co-crystal éifénce Fourier map&igure 8.21) at

all temperatures show a significant amount of ndisg a clear singular peak
representing the hydrogen can be seen. On theK2@d@ap Figure 8.21 b) an
additional peak directly next to the N is seenaltyh this is too close to the N to be a
realistic position for a disordered hydrogen positiinstead this is most likely
electron density from the N and the bond to therbgen accumulated with noisy
background to the map. With the hydrogen positiomeally equidistant between O1

and O2 the HB shows a high “level” of bifurcation.
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Figure 8.22 Difference Fourier maps for the 2:1 3-picoline @tanilic acid form 1 at
100 K, 200 K, and 300K. RMS = 0.10 &/8.08 e/A& 0.07 e/A

The 2:1 3-picoline chloranilic acid form 1 diffemnFourier mapKigure 8.22) has a
well defined peak positioned between N and O1, vglight elongation as the

temperature is increased.

Figure 8.23 Difference Fourier maps for the stacked chain Hitsiof the 3-picoline
chloranilic acid new hydrate. RMS = 0.13 &/8.06 e/A& 0.06 e/A

Figure 8.24 Difference Fourier maps for the offshoot HB unifsthe 3-picoline
chloranilic acid new hydrate. RMS = 0.13 &/8.06 e/A 0.06 e/&
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Both of the BHB present in the new hydrate of 3pie chloranilic acid show well-
located hydrogens in the multiple temperature cifiee Fourier mapg$-{gure 8.23,
Figure 8.24). The hydrogen in the offshoot HB unit is directedvards O1 whereas

the stacked chain HB has a more bifurcated HB.

Figure 8.25 Difference Fourier maps for the 2:1 4-picoline @fanilic acid at 100 K,
200 K, and 300K. RMS = 0.10 €/4.06 e/& 0.05 e/A

Despite a noisy set of difference Fourier maps42gdicoline chloranilic acidKigure
8.25 appears to have a well located hydrogen atonhenBHB positioned between
01 and O2 with a high level of bifurcation.

Figure 8.26 Difference Fourier maps for the 100 K refinemenits) 1:1 4-picoline
chloranilic acid RMS = 0.11 ef) 2:1 4-picoline chloranilic acid dihydrate. RMS =
0.12 e/R

The other two refinements of 4-picoline chloraniicid complexes, the 1:1 and
dihydrate structures, have noisy difference Founaps as seen kigure 8.26 a and

b respectively. Both appear to have small secondagks within the BHB. In the
1:1 map a reasonable sized secondary peak in quuesitiin the middle of the
dominant part of the bond (N-H---O1) which is wdrther study, but due to the
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poor quality of the crystals the collection of nipilk temperature or higher quality

data was not possible. Without this it is unreafbsm to reach any conclusions at this
time. In the dihydrate there is a small secongegk positioned between N and O2
but its size is comparable with that of backgronnde elsewhere in the Fourier map

so is unlikely to be a significant feature.

Figure 8.27 The Hirshfeld surface of the chloranilic acid hret2:1 co-crystals

complexes witha) 2-picolineb) 3-picoline form 1c) 3-picoline form ) 4-picoline.

A sphere of atoms is also included to show theipgalund the molecule.

The Hirshfeld surfaces are a useful tool to shogvdhentation of the BHB, giving
some indication to the “level” of bifurcation anttength of the two D-H---A parts.
The Hirshfeld surface of the chloranilic acid malles in the four different 2:1
picoline chloranilic acid structures are showrFigure 8.27. The part of the surface

that relates to the discussion is the red patcthereft hand side where the picoline
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interacts with the chloranilic acid in the BHB irdetion. In the 2:1 3-picoline
chloranilic acid structureHigure 8.27 b) the spot is circular indicating that the
interaction is almost entirely with only one of theygens. The complex involving 4-
picoline Figure 8.27 d) shows the opposite with a red patch stretchedsadhe area
of both oxygens indicating a very high level ofusfation in the BHB. The other two
structures Kigure 8.27 a and c) represent intermediate cases with a red patdh tha
covers both oxygens but with one side much dartken the other; this indicates a
situation where both oxygens are involved but thesn asymmetry to the strength of
this interaction. The Hirshfeld surface plots @vea further trend in the
intermolecular interactions: it can be seen from\ttsual plots that part of the reason
for this could be the other interactions involvithg oxygens, as it appears the more

bifurcated the bond the more intense the otherantmns are with the oxygens.

Figure 8.28 The Hirshfeld surface of the chloranilic acid ihet 1:1 co-crystals
complexes witla) 2-picoline,b) 3-picoline,c) 4-picoline. A sphere of atoms is also

included to show the packing round the molecule.
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The Hirshfeld surface of the chloranilic acid meiks in the four different 1:1
picoline chloranilic acid structures are showrFigure 8.28. The 2- and 4-picoline
forms of the 1:1 chloranilic acid complex produciesHfeld surfacesHigure 8.28 a,

c) where the red patch, representing the BHB, i#tipogd on one of the oxygens and
only a small yellow fringe spreads across to themosd oxygen. This represents an
interaction that is almost entirely interacting tovds one of the oxygen acceptors and
only weakly with the second. The 1:1 3-picolindéocanilic acid Figure 8.28 b) on
the other hand has a red patch that is spread euéely between the two oxygens,

representing a high level of bifurcation within tmgdrogen bond.

These observations follow the trend seen in thec2rhplexes where the structures
that have a more symmetrical BHB (red patch spradss both oxygens) have
stronger additional interactions. This can be sedfigure 8.28 b, which is a highly
bifurcated HB, where there is a strong additionalrbgen bond contact from another
chloranilic acid onto one of the oxygen acceptommpared to th&igure 8.28 a, ¢

that have much weaker additional interactions andax less bifurcated.
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8.3.3 Bifurcated hydrogen bond lengths and angles

Table 8.1 Bond lengths and angles for the BHB in the pi@liiR) chloranilic acid (CA) complexes and anglesMeen planes of their rings.

N-O; (A) N-O, (R) N-H (A) H---O1 (A) | H+-O, (R) | N-H--*O1(°) | N-H:O,(°) | OzH--0,(°) | Overall (°) Between
planes(®)
112-PCA
2688(2) | 3.129(2) | 088(3) 1.85@3) 2.56(3 1503) 3@ 73.34 355.34 28.07
212-PCA | 565802) | 2952(2) | 090(2) 1.89(2) 241(2) 159.1(19118.9(14)|  76.70 354.7 68.69
L13-PCA |5 7046(18) 2.8101(18)| 0.91(4)| 1.934) 2.13(3 146(3 131(3) 929 | 356.93 3.88
213-PCA
S 2583@3) | 3.017(3) | 0883) 1713) 2573 1713) 3@ | 74.15 358.15 78.78
iolr r‘:’]; CA | 2671(3) | 2848@3) | 089(55) 1.86(5) 222(5)  151(5) 8(5} 80.15 359.15 11.40
3-P CA new
e 1 | 2776@4) | 2873(4) | 0.83(4) 2064)  219(4)  1414) @ | 79.43 35943 3.86
3-P CA new
e o | 26514) | 3016(4) | 0.00(5) 1814)  240(8)  1564)  5(3 78.14 359.14 7.87
L14-PCA | 56056) | 3.016(6) | 1.01(9) 1.71(09) 2.47(8)  165(8)  4(B) 76.34 355.34 61.22
214-PCA | 5847(5) | 2768(5) | 1.02(5) 1.98(5) 2.00E)  141(4) O} 79.97 350.97 62.13
51 4-P CA
irate 2777(9) | 2.808(9) | 0.83(10) 2.11(10) 2.10(10)  137(9) 143(9) 79.93 359.93 6.73
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Table 8.1 shows the bond lengths and angles for the BHBOatK in all the new
picoline chloranilic acid complexes as well as #mgle between the planes of the
rings of the picoline and chloranilic acid. Aseady said the hydrogen in all the
complexes is transferred across to the nitrogeth@fpicoline, which was expected
because of the higheKp value of the picolines than the chloranilic acidhe N-H
distances are all within what would be consideredmal, and although there is
almost a 0.2 A difference between some of the athis is still within the error for
hydrogen position determination with X-rays. Th#& &and 2:1 4-picoline chloranilic
acid structures have the longest N-H distancessatgver 1 A, whereas the shortest
are the 2:1 4-picoline chloranilic acid hydrate ahd H1 part of the new 3-picoline

chloranilic hydrate.

From the Hirshfeld surfaces the 2:1 4-picoline dndl 3-picoline chloranilic acid
complexes where shown to be the most highly bitet&losely followed by the 2:1
3-picoline chloranilic acid complex. The bond l#rgand angles reflect this with the
values for the N-O and +O lengths and the N-O angles in these complexes
being similar for O1 and O2. The complexes thataweghlighted as having weakly
bifurcated bonds are seen to have large differefare®1 and O2 for these values.
The most notable is 2:1 3-picoline chloranilic a€idrm | which has a very weak
bifurcated bond with a strong major component arghkvminor component with
large differences of 0.434 A, 0.86 A and 58 °foO\H O and angle N-H-O. The
major component may equally be thought of as angtroedium single HB, but in
this case the weak BHB description is more appab@ras the second oxygen appears
to have some influence holding the N-H in a simiteotif as the other structures. A
Hirshfeld surface was not presented for 2:1 4-meokhloranilic acid hydrate but

from Table 8.1 it appears to contain the most symmetrical BHB.

The overall angle in the BHB unit (which shows ghanarity of the BHBFigure 1.2)

for all the complexes is greater than 350This shows that the hydrogen remains
close to the plane of the donor and two acceptodsis probably an indication that

the BHBs are overall quite strong even if somehairt components are relatively

weak. Surprisingly there doesn’'t seem to be anyetation between the level of

bifurcation and the overall angle.
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The last column in the table is the angle betwden glanes of the ring of the
chloranilic acid and the ring of the picoline. Somwf the complexes have the two
molecules almost in the same plane with low valeeghis angle, these include the
1:1 3-picoline, the two parts of the 3-picoline néwdrate and the 2:1 4-picoilne
hydrate. These correspond to the highly bifurcdtedds apart from the H2 part of
the new 3-picoline hydrate, which is weakly bifueth Four of the other weakly
bifurcated BHB complexes have large angles (>60)éen the planes, and the 1:1 2-
picoline complex which also has a weakly bifurcaB¥dB has a moderate angle of
28.07. The only highly (symmetrical) BHB with ade angle (62.13) is found in the

2:1 4-picoline chloranilic acid complex.

8.4Powder patterns

Powder diffraction data have been collected forstaljisations of chloranilic acid
with the three picolines. Three different condisohave been prepared for picoline
and chloranilic acid; an approximately 1:1 sam@kac¢k), a sample with the picoline
in excess representing the conditions that havdymed 2:1 complexeséd), and a
2:1 sample with water addeBl(e). The powder samples were prepared separately
from the single crystal experiments, gently heaedughout the whole crystallisation
until the sample was dry. This encouraged faspenadion of the solvent and dried
the sample. The sample was ground making surepihatier was taken from all
areas of the vial to ensure that all possible cemgd and polymorphs present were
represented. The powder patterns are showrigare 8.29 for the 2-picoline,
Figure 8.30 for the 3-picoline an&igure 8.31 for 4-picoline.

The 2-picoline powder patternEigure 8.29) are almost identical apart from small
insignificant artefacts and a difference in inténglue to different exposure times.
Comparing with calculated patterns this commonepatappears to be from the 1:1 2-
picoline chloranilic acid structure. Although ortlye 1:1 structure is present in the
powder patterns, a single crystal 2:1 structure eedlected which suggests that either
the 2:1 sample crystallisation created for the pawghttern had the wrong starting
conditions (insufficient picoline, wrong temperayufor example) or that only a very
small amount of the 2:1 complex is produced (the dominated the single crystal

samples) which is masked by the 1:1 majority polggho The sample with water
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added being the same as the other patterns fitstiagtfact there was no hydrate form

for 2-picoline chloranilic acid discovered.

The three powder patterns of 3-picoline appearetonixtures of different structures
(Figure 8.30). The 2:1 with water added powder sample appeapg almost all the
new 3-picoline chloranilic acid hydrate but withsaall amount of the 1:1 structure.
The 3-picoline chloranilic acid dihydrate did ngipgar in any significant amount
although a bigger vyield of the dihydrate is expddm a sample with less picoline.
The majority of the 1:1 powder pattern matches 3kgicoine 1:1 chloranilic acid
structure although a small amount of the 2:1 3dpmeochloranilic acid form | and
traces of the new hydrate are also seen. The ityagdrthe 2:1 powder pattern is the
2:1 3-picoline chloranilic acid Form I, but alssmall amount of the new 3-picoline
chloranilic acid hydrate and small traces of themfdl 2:1 structure. The three
powder samples all have a small amount of oneehtldrate which suggests a small

amount of water was present in the crystallisations

The 4-picoline sample powder patteriksgure 8.31) are all similar because they all
show a majority of the 2:1 4-picoline chloranilicich structure. The 2:1 pattern is
entirely the 2:1 structure whereas there is a lgagé of the 1:1 4-picoline chloranilic

acid structure on the 1:1 pattern. In the 2:1 withter added sample some of the
smaller peaks relate to the hydrate structure. y@m structures from the single

crystal experiments seem to be present.

In general 1:1 crystallisations produce 1:1 stmegias products and the same is true
for the 2:1 crystallisations producing 2:1 struetir In the case of the 3-picoline the
powder spectra show both the 1:1 and 2:1 crysasitiss produced the expected 1:1
and 2:1 structures respectively as the major componThis was also true for the 1:1
crystallisations of 2-picoline and the 2:1 4-piceli The 1:1 crystallisation for the 4-
picoline produces the 1:1 4-pioline chloranilic da@tructure but not as the main
fraction of the product which is the 2:1 in thissea The only non-hydrate
crystallisation not to produce the equivalent dtrites in a significant amount was the
2:1 2-picoline crystallisation that did not prodube related 2:1 2-picoline chloranilic
acid structure at all. This shows an ability tog& the desired form of picoline

chloranilic acid co-crystals.
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Figure 8.29 Powder pattern for the crystallisations of 2-pio@ and chloranilic acid, Black-1: Red2:1 andBlue-water
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Figure 8.30 Powder pattern for the crystallisations of 3-pio@ and chloranilic acid, Black-1: Red2:1 andBlue-water.
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Figure 8.31 Powder pattern for the crystallisations of 4-pio@ and chloranilic acid, Black-1: Red2:1 andBlue-water.
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8.5 Gas phase calculations on the bifurcated hydrogenemded 2:1 CA-
picoline structures

To complement the experimental results, a set ebrétical computations into the
chloranilic acid picoline hydrogen bonded 2:1 symilpresent in the co-crystals were
carried out. These calculations were performetthéngas phase as the structures lack
a three dimensional hydrogen bonded network anefibie calculations in the solid
state are likely to be unstable or at least inateur Gas phase calculations can still
provide useful insights, however, as they may gaeindication of whether the
hydrogen-bonded units (synthons) are stable outidecrystal environment and
determine the theoretical lowest energy configorati

The initial structure was taken from the X-ray difftion experiments, and in the case
of 3-picoline where there were two polymorphs, baotre used as starting points.
The fractional co-ordinates for the atoms were ébusing Accelrys MS Modelirtg’
and an initial low level basis set calculation was to get approximate positions for a
higher level calculation. After the low level calations, the two forms of the 2:1 3-
picoline chloranilic acid converged into the samemetry, so only one was taken on
to the higher level. The resulting optimised thsérictures of the low level basis set
were all flat, removing the rotation between thags of the picoline and the
chloranilic acid previously seen in the X-ray stiwes. The N-H bonds of all the
optimised structures are pointed towards one of akggens (O1l)therefore not
showing much bifurcated hydrogen bond characteritie effect of the higher-level
basis set was to move the hydrogen from the nitrdigek on to the chloranilic acid,

returning the molecules to their neutral state.

The calculations were run using the program Gan6sfaand took run times varying
from a few hours for the quick set up calculatiemsover a day for the higher level
ones. The high level calculation were run at tB&BP level of theory using the

6-311G** basis set with all the bond lengths, angtel dihedrals free to refine
although the symmetry of the HB unit was presemvsidg the C1 inversion centre in

the middle of the chloranilic acid molecule.
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Figure 832 The geometry optimised structures arising from thmgh level
Gaussian03 calculations into the 2:1 HB supramdl@cisynthons for 2:1a) 2-

picoline,b) 3-picoline andc) 4-picoline, chloranilic acid structures.

The results were very similar for all the threausturesFigure 8.32. All the 2:1
hydrogen bonded supramolecular synthons becomeniitdt all the rings of the three
molecules lying in the same plane. This could ssgthat the lowest energy form for
the synthon unit is the flat orientation and theg additional interactions involved in
the crystalline environment are responsible for degiation from the flat form. A
second interesting observation is that the hydragdacated on the chloranilic acid
molecule which does not match any of the picolinkubdine experimental co-crystal
structures which all have the hydrogen next tortheogen in all the BHB motifs.
This suggests that the proton position within tiidrbgen bond is heavily affected by

being in the lattice.

With the structure geometrically optimised, the netage was to work out the
energies involved in the BHBs. The simplest waydtbieve this is to take the total
energies of the individual molecules away from #mergies of the full HB unit,
although the complication is that in the full HBiuthe individual molecules use

some of the basis sets of the other moleculesdoceetheir energies. To get round
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this the individual molecule energies were cal@datith the rest of the structure as
ghost molecules; this means they were not includetde final energy but their basis

sets were available to be used.

The calculated energies of the three hydrogen lsystems are very similar (2-pic:
12.80 kcal/mol; 3-pic: 13.17 kcal/mol; 4-pic: 13.B€al/mol) and fit into what might

be described as the medium strength HB range. Wigd suggest that the position
of the methyl group does not greatly affect theireabr strength of the HB.

8.6 Additional chloranilic acid co-crystal structures

As well as the two series of lutidines and picddina large number of additional
crystallisations of co-crystal complexes with chlatic acid were set up. This
included series of different substituted amides asldted molecules as well as
compounds containing chemical groups known to g@agte in hydrogen bonding,
some of which did not contain any nitrogen or arbemaings. From the

crystallisations carried out in this work a tot&l28 new chloranilic acid co-crystals
were produced and their structures determin€dble 8.2 shows the new co-crystal

complexes found along with their unit cell dimemsio
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N horaniicacia | A& | b | o | w0 | B0 | 10 | g
Picolines
2:1 2-picoling 6.36¢ 8.597 16.62¢ 9C 101.45: oQP 2/c
1:1 2-picoling 7.37¢ 9.147 9.79 101.6y 103.9: 97.45P 1
2:1 3-picoline form | 8.647 9.687 10.27¢ 9 102.0¢ oQP 2/c
2:1 3-picoline form Il 12.04¢ 5.32¢ 13.58] 9C 96.95¢ aqP 2/n
1:1 3-picoling 5.037 9.364 13.34 97.67 98.5§ 103.6¢P1
3-picoline new hydrate 7.167 12.22] 13.38] 71.41¢ 86.2¢ 88.91P1
2:1 3-picoline dihydrate 9.212 7.34¢ 15.04% 9C 98.52 9QP 2/c
2:1 4-picoling 7.952 6.12¢ 17.65¢ 9C 96.7% oQP 2/c
1:1 4-picoling  15.61] 4.81¢ 16.3 9C 90.27 aqP 2/n
2:1 4-picoline tetrahydrate 7.26¢ 8.95] 16.92¢ 9C 98.2 9QP 2/n
Lutidines
2:1 2,3-lutidine 7.61] 8.29: 8.424 65.7¢ 80.5¢ 88.33P 1
2:1 2,4-lutidine form I| ~ 15.69¢ 7.554 16.62¢ oC 9C 9QPbca
2:1 2,4-lutidine form |l 9.5 10.0¢ 11.3 68.2¢ 79.1¢ 83.54P 1
1:1 2,4-lutiding 5.15¢ 11.40] 11.63¢ 83.3¢ 88.1 89.9P 1
2:1 2,5-lutiding 8.074 11.41¢4 10.324 9C 100.57 QP 2/c
1:1 2,5-lutidine 7.70¢ 11.294 15.57] 9C 95.54 9P 2/c
2:1 2,64utidine 7.23: 9.25¢ 14.84f oC 93.5¢ oQP 2/c
1:1 2,6-lutiding 9.11] 9.127 9.13] 105.2] 110.7] 93.09P 1
2:1 3,4-lutidine monohydratq  10.03¢ 7.659  13.94¢ aC 99.67 aCP 2/c
1:1 3/4-lutiding  10.63¢ 5.1 24.52§ 9C 95.8] 9QP 2/c
2:1 3,5-lutidine trihydrate|  10.59¢ 17.74  12.28¢ 9C 108.6¢ oQgP 2/n
Picolinic acids
2:1 2-picolinic acic]  13.94¢ 5.037 14.52] o 118.3¢ 9QP 2/c
1:1 4-picolinic acid monohydrat 13.02¢ 7.51¢4 13.70¢ 9C 94.4¢ 9P 2/n
Acetylpyridines
2:1 2-acetylpyridine]  26.83¢ 4.674 18.004 9¢ 119.9;] 90C 2[c
1:1 2-acetylpyridine 8.58¢ 13.55{ 12.173! 9C 110.2¢ 9P 2/n
2:1 3-acetylpyridingf  12.57¢ 5.02¢ 18.3¢ 9C 126.5] oCIP 2/c
2:1 4-acetylpyridine]  10.84« 7.38Y 12.87¢ 9C 111.] 9QP 2/n
Miscellaneous
pyridine-3-aldehyde 3.872 19.0¢ 11.38] 9C 94.15i 9CIP2/n
2:1 ethyl-nicotinatf 10.163 14.644 14.88¢ 9C 103.98; 9(IC 2lc
Caffeind 4.786] 8.7617 19.18] 89.79] 83.58] 78.52P1
3,5-dimethylpyrazol Hydrate]  7.125§ 8.996¢ 8.981 119.47] 93.75] 99.031P1
1:1 Sulfathiazolf 9.0519 10.49¢ 10.88¢ 117.6/ 9244 111.61P1
Pyridinium 3.70¢ 19.576] 9.900f 9¢ 97.03: QP 2/c

Table 8.2 Chloranilic acid complexes determined in this wdwith previously

determined structures from CSD that fit in serié®ven in grey), with unit cell

dimensions and space group.
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It is important to note that although there wereesal co-molecules not containing
amide groups used; none of these have producedlewespwith chloranilic acid in
this study. These included malonic acid, maleiic,abenzoic acid, 2-, 3- and 4-
substituted halobenzoic acids, sucrose, urea, dngdguinone, 2,4-dihydroxybenzoic
acid, 2,5-dihydroxybenzoic acid, salicylic acid,atig acid and fumaric acid. In the
CSD® a scan of chloranilic acid entries reveals thatrafrom metal complexes,
almost all other complexes formed are with chemicantaining nitrogen in a ring
structure. This is important in that it helps sitate the selectivity and robust nature

of the bifurcated ring nitrogen-chloranilic acidygen supramolecular synthon.

There are 28 new chloranilic acid co-crystal suues, with some promising signs for
the synthesis of further new complexes, made upirgé picoline complexes, seven
lutidine complexes, four acetylpyridine complexego picolinic acid complexes, as
well as co-crystals with caffeine, sulfathiazolthyé nicotinate, pyridium, pyridine-3-
aldhyde, and a hydrate with 3,5-dimethlypyrazoléne majority contained either the
2:1 or 1:1 hydrogen bonded units similar to thasews for lutidine Figure 7.6).
The structures of the 1:1 caffeine chloranilic add-crystal, 2:1 sulfathiazole
chloranilic acid solvate, and 1:1 3,5-dimethylpyiazhloranilic acid dihydrate are
described below as they are interesting structanesprovide additional information

relevant to the main study of CA complexes presehere.
8.6.1 Caffeine co-crystals grown from common commercialda

Initially a light hearted comparison between teag Harands, a crystallisation
experiment of chloranilic acid and the contentadéa bag also show the selectivity
of the molecule. Two crystallisations were set inapwhich some of the contents of
separate brands of tea bags were put into a sangblinen chloranilic acid dissolved
in acetonitrile was added. The vials were covevétl parafilm and left for several
weeks. Clusters of red needle crystals startepide at the edge of the container and
on top of the tea “leaves”. The structure was meiteed to be a chloranilic acid

caffeine molecular compleX¥{gure 8.33).
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Figure 8.33 a) A hydrogen bonded chain from the structure of dhloranilic acid
caffeine molecular complex grown from tealeau®sThe chains stack flat against

each other in a regular pattern.

The caffeine and chloranilic acid molecules forndimgen bonded chains, alternating
between motifs where the chloranilic acid is bondedhe nitrogen in the pyrrole
ring, or to a ketone group on the 6-membered rihthe caffeine [Figure 8.33 a).
These chains then stack flat against each other negular arrayKigure 8.33 b).
Unlike in many other complexes studied here, iis tase the hydrogen remains on
the chloranilic acid and the bonds are mostly nibartated in nature, although there
is a slight shift in the hydrogen position towatlls second oxygen of the chloranilic

acid.

The fact that the chloranilic acid was able to &sttrexclusively caffeine from the tea
highlights two important features, the selectiviay the chloranilic acid towards
formation of molecular complexes, as well as tHeusb nature of the supramolecular

synthon.
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8.6.2 Chloranilic acid with sulfathiazole

Another co-crystal structure of interest is the Quifathiazole chloranilic acid solvate

complex. Grown from a crystallisation with thefattiazole in excess and dissolved

in acetonitrile, it forms an interesting nettednfiework with disordered acetonitrile
that forms chains that pass through the chanfétgi(e 8.34 a).

Figure 8.34 a) Structure of 2:1 sulfathiazole-chloranilic acid -coystal complex
showing the tubular construction and one of th@isred chains of acetonirtile that
passes thought the molecular netting frarbg.An isolated chain of disordered

acetonitrile showing the repeating nature and tperaximated molecules.

The solvent molecules form disordered chains whdah be clearly identified as
groups of three electron density peaks represethim@cetonitrile moleculesigure
8.34 b). The assignment of nitrogen and carbon in tha&rcis only suggestive as the
true identities are not entirely clear from thecalen density, but they refine
reasonably well in the model used.

The rest of the structure other than the disordeodeknt refines well and forms a net
structure with the large gaps, where the solveptesent. The holes in the structure
consist of square formed by the angular/bent-shapédthiazole molecules-{gure
8.35 b). The sulfathiazole molecules are held togethatr anly by two N-H---N
hydrogen bonds but also by the chloranilic acieuigh both hydrogen bonding and
CI-O close contactsFigure 8.36). These form zig-zag layers that stack on each
other Eigure 8.35 a), and the disordered solvent chains weave in artdob the

channels that are created. The structure dodaindhe 2:1 supramolecular synthon
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of the chloranilic acid bifurcated to nitrogen oither side but because of the
additional acceptor and donor groups present teesyis more complex than most
of the other examples described elsewhere in thi&kwPart of the reason for looking
at the chloranilic acid co-crystals is in the comtef crystal engineering and building
in structure components into the co-crystals. Arant high profile interest in this

area is in forming storage materials especiallys¢hthat can contain gases, for
example hydrogen for fuel celfs®#?® CO, for remediation, etc. Although this

material is probably not suitable for such an aggtion, it shows that there is scope

for building in significant “holes” just using sirtgco-crystal combinations.

Figure 8.35 a) Stacked hydrogen bonded zig-zag layers in therahilic acid
sulfathiazole complexy) coloured sulfathiazole molecules forming doubtegsi held
together by chloranilic acid (red).

Figure 8.36 Bond lengths of HB's and distances of CI-O closetacts between
chloranilic acid and sulfathiazole in the CA:suli&zole complex.
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8.7 Complexes of bromanilic acid with Picolines

Bromanilic acid is in the same family as chlorandicid Figure 7.1), allowing it to
interact in a similar way. With several uses ialgtical chemistry, chloranilic acid is
readily available from many suppliers whereas bmtitaacid is harder to acquire
and has therefore, despite its similarity to chidra acid, been investigated far less
frequently and as a consequence far fewer molecaolaplex structures of bromanilic
acid have been published. The few bromanilic amecrystal structures that are
available in the CSD are mainly from papers lookahgp at chloranilic acid and the
other anilic acids, and used as an example of siitte. paper by M.B.Zamaet al>®
covering the crystal engineering aspects of combinbipyridines (4-(2-pyridyl)
pyridinium, ethene-1,2-bis(4-pyridinium), 2,2'-dipylacetylene, and ethyne-1-(4-
pyridyl)-2-(4'-pyridinium)) with bromanilic acid ab looks at several other anilic
acids including chloranilic acid. The bromanil@dhin these studies formed the same
BHB motif that was present in the chloranilic aad-crystals/complexes. They
formed different one-dimensional chain structurbat tare equivalent to the 2:1
supramolecular synthons formed between the pica@me chloranilic acid although
each unit is attached to each other as the amrdesfa dipyridyl-type. By growing
co-crystals of bromanilic acid with picoline thdfdrences the halogen makes can be
explored, as well as examining if the BHB motif asupramolecular synthon are

present to the same extent with the change to briimacid.

8.7.1 2-picoline 2:1 bromanilic acid

Figure 8.37 2-picoline bromanilic acid 2:1 hydrogen bondedtwstiowing the broken
symmetry with the two different angles of the pmeomolecule to bromanilic acid.
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The 2:1 2-picoline bromanilic acid structure istidist from other complexes studied
here as the symmetry seen in all of the chloraatticl 2:1 picoline hydrogen bonded
unit has been broken, such that the picolines tireeside of the bromanilic acid are
orientated differently Kigure 8.37). Even more importantly only one of the
hydrogens has been transferred across the hydiogeh so that the bromanilic acid
is left with one hydrogen. On the side where thérbgen has been transferred to the
nitrogen, the picoline is parallel with the bromaniacid ring, whereas the non-
transferred side has the picoline near perpendidolahe bromanilic acid. In the
equivalent 2:1 2-picoline chloranilic acid equivaleo-crystal the picoline was near
perpendicular with both protons transferrédglre 8.6 a). There is also a close
contact between the Br and O of the bromanilic agdn inFigure 8.37 and this

forms chains of the HB units that interact in a pter interlocking pattern seen in
Figure 8.38.

Figure 8.38 HB units in the 2:1 2-picoline bromanilic acid cplax form chains via
close contacts between the O and Br. These staekdomplex interlocking style

shown here with some of the chains coloured.
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8.7.2 3-picoline 2:1 bromanilic acid

Figure 8.39 HB unit of 3-picoline bromanilic acid 2:1 co-crgstcomplex.

The 2:1 3-picoline bromanilic acid structure is an identical to the form 1

chloranilic acid equivalent and the unit cell difenly slightly.

Bromanilic acid: a=8.9567, b=9.6191, c=10.427%A90, =103.899y=90°,
Chloranilic acid: a=8.642, b=9.687, c=10.27%/4590, $=102.08,y=90°,

As with the chloranilic acid co-crystal, a 2:1 hgden bonded unit is formed in the
complex with the picolines at a near perpendicaagle to the bromanilic acid
(Figure 8.39). The rotated HB unit stacks alternately so thaty slot together and

allow somer-n interactions between the picolinéadure 8.40).

Figure 8.40 Stacking present in 2:1 3-picoline bromanilic acwmcrystal complex.
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8.7.3 4-picoline 2:1 bromanilic acid

Figure 8.41 HB unit of 2:1 4-picoline bromanilic acid co-crgsttomplex.

The 2:1 4-picoline bromanilic acid co-crystal comphas the same hydrogen bonded
synthon as seen in the other bromanilic acid sirestand has near parallel rings
(Figure 8.41). The equivalent chloranilic acid co-crystal hadifferent structure with
twisted HB units that stack very differently. Tikséacking in the 2:1 4-picoline
bromanilic acid co-crystal is made from lines afrgbd HB units positioned in a face

centred patternHigure 8.42).

Figure 8.42 a) Stacking within the structure of the 2:1 4-picelibromanilic acid
complex,b) the diagonal stacking of the HB units viewed albtimg a-axis, showing

somer-r interactions.
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8.7.4 Conclusions on bromanilic acid complexes

The structure of the picoline bromanilic acid cgstal complexes show the same
supramolecular synthon present in the chloranibed acomplexes. In fact the
structure of the 2:1 3-picoline bromanilic acid q@ex is almost exactly like the
equivalent 2:1 3-picoline chloranilic acid stru@urThis shows that the halogen in the
anilic acid is not always important, and in theited studies carried out to date
similar trends with the supramolecular synthons stert to be seen with the

bromanilic acid that are also established in tHerahilic acid.

Despite the large similarities in the structuresisitimportant to notice that the
bromanilic acid 2- and 4- picoline structures artfetent to the chloranilic acid
equivalents. In the 2-picoline case there is opdrtial deprotonation of the
bromanilic acid which is unlike anything seen ie fiure chloranilic acid picoline co-
crystals and may form part of future investigationts bromanilic acid complexes.

Three structures have been presented here, orderiXor each picoline. It is likely
that, similar to the case of the chloranilic acidofine co-crystals, there are many
different varieties of structures, specifically lahd hydrates, that are possible but
have not been discovered in the preliminary expemis carried out in this project.
All the bromanilic acid crystallisations were dosteroom temperature and with just a
single solvent, reducing the number of sample enwrents screened in comparison
to the case of the chloranilic acid, which is pialgghe main reason for there being a
significantly reduced number of structures foundd&de. In addition to this, non-
crystalline materials were formed in some of thegia vials (specifically some of
those where water was present), which may also foendmilic acid picoline
complexes but which cannot be studied with singystal diffraction techniques.

8.8 Conclusions

A total of 28 new co-crystal complexes of chloremédcid and three bromanilic acid
were produced and their structures solved. Theraams the possibility that
additional co-crystals were present but not ideedifespecially with the presence of
some unassigned powder pattern peaks. In the ®dsteictures, and in a large

majority of previous structures, a bifurcated hygno bonded motif is present. This
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motif has been shown to appear in a reliable fashmal is the dominant interaction in
the structures of the chloranilic acid co-crystals.all the picoline and lutidine cases
the hydrogen is transferred across from the chibcaacid to the nitrogen of the co-
molecule. Despite this there is an interestinggeam position of donor-hydrogen
bond between the oxygens of the chloranilic aditiis makes a variety of bifurcated
hydrogen bonds (BHB), from symmetrical bonds whigogh accepter oxygens are
involved equally, to asymmetrical bonds where thera major N-H---O1 interaction
but the accompanying N-H---O2 is a minor partsdme cases this can be put down
to additional intermolecular interactions involvinge oxygens and in others the

crystal environment/packing has a large determisiffigct.

There were no clear signs of disorder in any oftlipdrogen bonds in the structures
studied, this includes both the bifurcated hydropemds and the other hydrogen
bonds involved in either holding the chloraniliadsctogether or with solvent waters
incorporated in the lattice. Some of the strucudiel have hydrogen peaks within the
hydrogen bonds that were not well defined and tarcuhis could be a sign of

disorder or migration but these were either tooka@anot well enough defined to be
ruled as anything more than effects of noise or dheady diffuse nature of the

electrons in a hydrogen bond.

The bifurcated hydrogen bond motif was presentaasqf two larger supramolecular
synthon units in either a 1:1 or 2:1 ratio, showrFigure 7.6 for the case of the
lutidines. With this work looking at the use oflafanilic acid as a molecule for
crystal engineering, these two supramolecular syrghrepresent valuable building
blocks that could be used to build more complexesgs and structures, as they
turned up in all the picoline and lutidine struetsirand the majority of the additional
crystallisations, in one of the two alternativenfist Another important feature is the
ability of these structures to build themselvesuarbthe bifurcated hydrogen bond
motif even in crystallisations where other intei@ts and even hydrogen bonding
patterns were possible. The Hirshfeld surfacesplatre able to show there was a
mixture of bifurcation in the BHB and with a trefml the more symmetrical highly
bifurcated hydrogen bonds to have stronger additiortermolecular interactions to
the chloranilic acid oxygens. The bond lengths andles of the BHBs in the

complexes were in agreement with the observatimr the Hirshfeld surfaces about
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the level of bifurcation and also revealed a gdneemnd to have smaller angles
between the planes of the rings of the moleculeshi® higher bifurcated BHB. The
sum of angles that showed the planarity of the B¥iBhe picoline chloranilic acid

complexes were all close to 360° showing they agly flat and suggesting the BHB

are relatively strong.

The very selective nature of the chloranilic acid forming hydrogen-bonded
complexes is of benefit in its uses in crystal argring where it is important to be
able to target certain interactions or motifs. dzanhilic acid forms co-crystals with a
limited range of molecules, of a particular tygeede can be generalised as pyridine-
related molecules. There are a few exceptionditrule, the most notable being
water, with the chloranilic acid hydrate forming nmany crystallisations if water is
present. The selectivity in the formation of chlafic acid co-crystals can be seen
with the results from the crystallisations set uprig this project, with only
molecules containing nitrogen as part of an arammatg forming complexes, this was
despite a large collection of molecules not comtgirthis motif being tested. It is
also reflected in the published structures in tl&DGwith the vast majority of the
organic compounds involving chloranilic acids beawgcrystals with pyridine related
molecules. The 2:1 caffeine chloranilic acid cgstal is a good example where this
selectivity is shown. The caffeine was extractexnf tea “leaves” by the chloranilic
acid, and was the only crystal form to be produgedhe crystallisation. This
discrimination that chloranilic acid shows makegl#al for crystal engineering where
the reliable interaction can be used to join ddfgrsmall “blocks” or molecules, even
in the presence of other hydrogen bonding group#is is an example of self-

assembly with the chloranilic acid only attachingpecific molecules.

As well as the ability to control the resultingustiure with the choice of molecule
other factors can be used to determine the prodiice type of co-crystal(s) formed
is sometimes dependent on the starting ratios ef iolecules used in the
crystallisation attempt. This can be seen simph whe chloranilic acid co-crystals
where in the majority of cases the ratio of chldramcid to co-molecule affected the
ratio of these molecules in the product crystalvall as often determining the type of
supramolecular synthon that the product containedthe case where the picolines

and lutidines were in excess the majority of theul@ant crystals were 2:1 co-crystals
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and these contained the 2:1 hydrogen bonded sujgantar synthon, whereas use of
small amounts of the picolines and lutidines oftesulted in some 1:1 co-crystals

being produced and where this happened most hatl Trsynthon.

No temperature effects were observed apart frooosel trend of some slightly better
crystals from the lower temperature crystallisagiomhere the evaporation process
was slowed. The fact the known 2:1 2-picoline ciahdic acid structure was not
present in any of the powder patterns could beffacteof temperature as only heated
samples of the 2:1, 1:1 and 2:1 with water solgiaere tested but this would have to
be confirmed with further powder measurements fm@es prepared at different

temperatures.

The choice of solvate is often another factor inegning the product formed but is
limited for chloranilic acid because it is reludtda dissolve in anything apart from
acetonitrile and DMSO. The one significant solvefitect revealed was in the
presence of water which often resulted in a hydpabeluct being produced although
not always exclusively. The other solvate to bewgr was the case of the 2:1
sulfathiazole chloranilic acid containing a disaete chain of acetonitrile. This

interesting, potentially porous, structure showsis®f the functionality that could be
built in to a product crystal, with solvent charsbking created by the sulfathiazole.

Although not a complex theoretical study, the cltans into the chloranilic acid
picoline 2:1 HB units in the gaseous state were &bhive evidence that suggests that
the flat formation of synthon is preferred and impotly the 2:1 HB unit made up of
the three molecules is stable out of the crystairenment. This gives additional

support for the utility of this synthon in crys&igineering.

Many of the experimental structures contain noh-fignthons in the solid-state,
which appears to go against the results of theutalons, but as the calculations are
done in the gas phase the diffraction experimenlisdiffer because of the crystal
environment. Therefore this shows that the packang additional interactions
present in the solid-state are probably very imgrdrin determining the way the

picolines orientate in relation to the chlorandiid.
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The three 2:1 picoline bromanilic acid co-crystalso have the 2:1 HB synthon
present. In the case of the 3-picoline co-crystalstructure was almost identical to
the chloranilic acid equivalent, showing that thedolgen of the anilic acid is not
always a large driving force in the crystal struetuOn the other hand the 2- and 4-
picoline bromanilic co-crystal complexes are diéfar to their chloranilic acid
equivalents especially in the case of the 2-pieolinn the 2:1 2-picoline bromanilic
acid co-crystals the 2:1 synthon is unusual asithereside of the bromanilic acid the
BHB are different, compared with all the other céexps of picoline and lutidine
where the synthons have a rotational symmetry, withth BHB being

crystallographically identical.
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9. Conclusions and Forward Look

9.1Investigation of possible cooperative hydrogen bondlisorder in 2,4-

dihydroxybenzoic acid

Alternating tautomers have been well documentedanboxylic acid dimers, where
the two hydrogens transfer between the two oxygeoducing two different forms in
the solid state. The average structure, as seendiffraction experiment, has the
hydrogens partially occupying both positions, résglin a disordered HB. 2,4-
dihydroxybenzoic acid has the added complexityhef intramolecular HB between
the hydroxyl group in the ortho position and theboaylic acid, which introduces a

third possible tautomeric form.

The possibility of cooperative effects in the dihydybenzoic acid materials

prompted a multi-temperature X-ray diffraction stud the second polymorph of 2,4-
dihydroxybenzoic acid, but the results were incosiele. The presence of hydrogen
disorder within the dimer hydrogen bond and codpereeffects between the intra-
and inter-molecular hydrogen bonds could not bedwut. Difference Fourier maps
of the intramolecular and dimer HBs did have addgi electron density peaks in the
area of the HBs but this was not distinct enoughaiclusively separate it from the

background noise.

A neutron diffraction experiment was undertaken XD at ISIS and good
refinements were obtained for data at 20 K, 90 & B0 K. Difference Fourier maps
of the three hydrogen bonds showed well localiggtescal troughs that represented
the nuclear density of the protons. Therefore @sdee conclusion was reached that
the protons within the three hydrogen bonds aralisatrdered.

9.1.12,4-dihydroxybenzoic acid calculations

To accompany the neutron experiment a complimenttaepretical study into the
energies of the three possible tautomers was daotie Tautomer Il which involved
the transfer of the proton across the intramoleddB was found to be unstable and

ruled out. The energy difference between tautohaard 11l was found to be 8.64
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kdmol?, in favour of the dominant crystallographicallyseibved configuration form I,
which is considerably larger than the energy dififees between configurations in
similar carboxylic acid dimers that show unambigsioproton disorder. The
deformation electron density map of form | begiasekplain why tautomer 1 is the
preferred form, revealing that the two oxygens loé tdimer take up different
orientations which affect the lone pairs and ttadilities to be the acceptor for the
intramolecular bond. Therefore overall the calaala agree with the neutron results,
showing that form |, the tautomer found in the nemtexperiments, has the lowest

energy.

The results of the neutron and computational erpants would appear to contradict
the initial X-ray diffraction experiment that shagvpossible secondary density peaks
that could have indicated hydrogen disorder ineast two of the hydrogen bonds.
However the X-ray results only provided an indicatiof possible disorder and
although insufficient to prove disorder, the regdii merit further experiments to
clarify the suspected abnormal behaviour. Theaigseeutron diffraction confirmed
that no proton disorder existed and was backed itip twe calculations, which also

gave some explanation to the observation.

A further possibility, though less likely given tle®emprehensive set of techniques
used in the study of the 2,4-dihydroxybenzoic asfidicture, is that although the
proton of the hydrogens doesn’t show any sign &feeond position, the electron
density could still show anomalous effects. Thecebns are far more mobile than
the proton, so it is possible that even if the @nots in a stable state the electron

density around it could show anomalous behaviour.

9.2 Investigation of possible cooperative hydrogen bondisorder in 2,5-

dihydroxybenzoic acid

The isomeric structure 2,5-dihydroxybenzoic acigoahas the potential to display
similar hydrogen bonding disorder. The X-ray expents were less ambiguous than
the 2,4-dihydroxybenzoic acid case with only mieffects present if any. A neutron
experiment on SXD allowed the refinement of thactire at 20 K, 100 K and 200 K,

revealing no disorder to be present in any of §arégen bonds of the molecule. The
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difference Fourier maps show well defined spherit@ughs representing the
hydrogen positions. The neutron experiment was #blrule out conclusively any

disorder of the protons in any of the hydrogen Isoma to a temperature of 200 K.

9.3 Proton migration in isonicotinamidium formate

Isonicotinamidium formate forms a dimeric hydrogesnded structure through the
amide group, along with two N-:--O single hydrogesnds, one of which is
short/strong in nature. The X-ray diffraction expeents suggested that secondary
electron density peaks may be present in the dandrthe strong single hydrogen
bonds. Neutron data at 40 K, 100 K, 150 K and RO®as collected on SXD and
provided reliable refinements. The difference krumaps showed no secondary
nuclear density in any of the hydrogen bonds antl defined proton positions.
However on further examination of the proton posi§i within the strong HB between
the molecules, a different feature of interest asldvance was observed - a small

temperature dependent migration of the proton adtwes bond.

9.4 Neutron diffraction studies of 2-iodoanilinium picrate

There are three forms of 2-iodoanilinium picratani | of which shows the optical
property of thermochromism, where there is a chasfgeolour caused by a proton
transfer over a temperature range. A study of #fisct planned to use neutron
diffraction, but unfortunately form I, in which théhermochromism is most
prominent, did not produce crystals of sufficienzes for neutron diffraction.
However, large crystals of form I, which is alselibved to exhibit proton transfer
(but not thermochromism), were obtained. The éffeas thought to occur between
330 and 360 K from X-ray studies. Due to the @alyguality degrading because of
overheating, only data for 300 K, 310 K and 320 &revobtained. The 300 K and
320 K data produced good refinements and differérmeier maps of the hydrogen
bond had minimal background, with a well definedmg&pherical trough representing
the proton position. The 310 K data refinement wasas good quality with large
background noise. The experiment thus showednairoton transfer was present
between 300 K and 320 K but does not rule out thesipility of the transfer above
330 K where it is expected to occur from the X-saydies.
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9.5 Neutron diffraction studies of malonic acid

As noted above, carboxylic dimer hydrogen bondsnaaie known for proton transfer
caused by switching between alternate forms. Tihknic structure of malonic acid
contains two different dimers and has been shownabyariety of techniques,
predominantly NMR, to show proton disorder. An SXieutron diffraction
experiment was carried out to map the transfer bateveen the proton positions via
site occupancy refinements. The multiple tempeeatxperiment was intended to
sample the structure at a large number of tempestwalthough only three
temperatures were able to be refined to reasormpidéty, 75 K, 140 K and 200K.
The difference Fourier maps for 75 K did not shaw avidence of second positions
for the protons in the dimer, instead they showesll-defined single position
spherical proton density peaks. The 140 K map skoav minor elongation of the
proton along the HB, possibly indicating the orsesite disorder. Unfortunately the
map for 200 K has a large systematic backgrounduser of the reduced quality of
the data. The lack of data at higher temperatarakes it impossible to tell if the

indicators of disorder of hydrogen H2 at 140 K ameal effect.

A second neutron experiment on VIVALDI at ILL hasdn carried out on malonic
acid with the aim of measuring the higher tempeestu Currently the data from this
experiment is still being processed, but the gualit the frame images is high so

good refinements are expected.

9.6 Molecular complexes of Chloranilic acid

Chloranilic acid has been the main focus of thea}X-diffraction work of this project,
with an aim of assessing the suitability of thisleeale for applications in crystal
engineering and examining bifurcated hydrogen bon@#loranilic acid has been
shown to readily combine with amide based molectdesing bifurcated hydrogen
bonded complexes. Twenty-eight new complexes dbrahilic acid have been
formed, nine of which were with picolines and sewegth lutidines. The possibility of
more new co-crystals having been produced but rsmodered was not ruled out
especially with some powder pattern peaks not ageolfor.
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The chloranilic acid complexes with lutidine andgdine all contain one of the two
larger supramolecular synthon units in either adr:2:1 ratio, shown ifrigure 7.6
for the case of the lutidines. With this work lawd at the use of chloranilic acid as a
molecule for crystal engineering, these two suptaemar synthons represent
reliable building blocks that could be used to tumhore complex systems and
structures. Another important feature is the gbibf these structures to build
themselves around the bifurcated hydrogen bondfraeén in crystallisations where
other interactions and even hydrogen bonding petterere possible.

The two synthons share a common BHB motif formasvben two of the O atoms of
the chloranilic acid and the N atom from the lutgli This motif is common to all the
new chloranilic acid structures and a large majasitthe previously seen structures.
This motif has been shown to appear in a reliabkghibn and is the dominant

interaction in the structures of the chloranilicdaco-crystals.

The hydrogen atom in the BHB is located on theogién in all the lutidine and
picoline structures, meaning that it has transteaeross from the chloranilic acid.
From examining the difference Fourier maps non¢hefstructures show any clear
indications of disorder although a few did have brmadditional secondary peaks, or
unusual patterns of electron density but in theses large background noise could

account at least in part for the effects.

The geometry of the BHBs was examined with theaigbfference Fourier maps,
Hirshfeld surface plots and a comparison of bondtles and angles. The
conclusions drawn from the Hirshfeld surfaces amsistent with the bond
parameters and represent a quick and easy wag@$sng this type of interaction
visually. The geometry of the BHB showed a largaation between the structures,
with some near symmetrical, to cases where thelddmidescribed as a single HB
because of the bond lengths; in the latter, howesiece the pyridine ring is position
between the oxygens it is likely that the secongben is participating in the
interaction and therefore determining the positibthe pyridine ring relative to the
chloranilic acid. Several trends could be obselwsveen the level of bifurcation in
the interaction and other aspects of the hydrogelb Where a complex has a high

level of symmetry, generally the oxygens of theocdilic acid have additional
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interactions, especially further HBs, in which treg involved. This could arise due
to the additional interactions making the two oxygenore equivalent whereas the
standard single and double nature of the bondsaibtleads to asymmetry. The
higher bifurcated HB also tended to have smallemgketween the planes of the rings
of the two molecules. As a whole, all the struesushowed close to flat BHB which
suggests the BHBs are relatively strong. As welhe additional interactions the
environment and crystal packing are other factetemining the position of the
nitrogen-hydrogen bond relative to the oxygensefdhloranilic acid.

One of the main focuses of studying chloraniliaasiits use in crystal engineering
where the aim is to be able to control of the tasgllproduct and therefore its
properties and structure. The project showedahmagh level of manipulation can be
achieved with chloranilic acid through the choi¢e@molecule, starting ratio of
components and choice of solvents. A level of mdrtver the supramolecular
synthon obtained by variation of starting ratioswa#so shown. The powder data of
both the lutidine and the picolines chloraniliccaco-crystals shows that the initial
ratio of starting compounds was often reflectetheratio between components of
the predominant resulting crystalline material. akéhthe lutidine or picoline were in
excess the resulting crystalline structures shoatdéelast part and often a majority of
the pattern resulting from the 2:1 complexes whih ¢hloranilic acid. The
crystallisations where approximate molar equivaeritthe to molecules were used,
1:1 structure were generally present in the povdétern of the resulting crystalline
mixture. In addition to this the starting rati@s the crystallisations were shown to
have a influence on the supramolecular synthoreptas the structures, with only
one exception found that did not adopt the supraouthr synthon that related to the
stoichiometry of the structure (i.e. with 2:1 ot Trystals containing the 2:1 or 1:1

supramolecular synthon respectively) and in thgedae other synthon was present.

Chloranilic acid was also shown to be very selectivthe molecules with it forms

HB or even co-crystals. The advantage of thisdnyatal engineering context is that
chloranilic acid would form the target motifs ewshere other functional groups
(carboxylic acid groups, amides, alcohols...) ars@né This selective self-assembly
can allow small blocks or molecules to be joinegktber into larger networks but

keeping the freedom and flexibility to build thesded functionality into the block.
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The results of the multiple crystallisations setwith a large variety of molecules
with different functional groups showed that in geai only pyridine-related
molecules (containing one or more nitrogen as @aataromatic ring) formed co-
crystals with chloranilic acid although there warew exceptions. A search of the
CSD showed that the vast majority of organic conmglsuin co-crystal structures with
chloranilic acid contain a pyridine or related ringurther highlighting this is the
exclusive extraction of caffeine from a tea mixttodorm the 2:1 caffeine chloranilic
acid co-crystal.

Several hydrates were formed where the water wadsdath the crystallization
although generally these were not the exclusivdyeband often the already known
structure of chloranilic acid dihydrate formed asllw It is suspected that the supply
of 3,5-lutidine was contaminated with water ascajistallizations attempts resulted in
the 3,5-lutidine chloranilic acid hydrate evenhéy were supposed to be dry. An
additional solvate was produced in the form ofgulfathiazole chloranilic acid
containing a disordered chain of acetonitrile. sTihteresting, potentially porous,
structure shows some of the functionality that ddag built in to a product crystal,

with solvent channels being created by the arraegeof the sulfathiazole.

Although each set of crystallisation environmeng&eavwexamined for new single
crystal samples and a large number of new strustueze found, unassigned peaks in
the powder patterns show that other crystallineentwas present. This could arise
from powder material, crystals that were too sraalboor quality to measure with
single crystal techniques or that single crystasenpresent but were not picked out.
It is therefore likely that by further targetingetbrystallisation environments that have

been highlighted by the powder measurements, additstructures will be found.

A majority of the structures from the experimentadrk had synthons that had a
rotation in them (i.e. not flat). The gas-stateditetical study into the picoline
chloranilic acid 2:1 supramolecular synthon, whestimized, produced flat and
importantly stable units outwith the crystal enwineent. This would suggest that the
packing and additional interactions present indbkd-state are more important than

the force that drive the picoline to orientate argilel with the chloranilic acid in gas-
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state calculations, but that the BHB is strong ghow hold the synthon together even

out of the crystal environment.

Chloranilic acid has been shown to reliably forra BHB motif and with this motif to
form into larger structural units and even to affarlevel of functionality. Work into
expanding the co-crystallisations beyond lutidia@sl picolines has already started
with the results so far tabulated imable 8.2. Molecules similar to the
lutidines/picolines have been targeted althoughit@ael functional groups (for
example amide or aldehyde groups) allow for a noor@plex HB architecture to be
built round the synthon units. With a larger poblstructures containing the BHB

produced in this way, further conclusions can l@nrfrom their analysis.
9.6.1 dSNAP and the geometry of molecular complexes, a foard look

The co-crystallisations of chloranilic acid haveoguced a large number of new
structures all containing a similar fragment, itee bifurcated hydrogen bond
(Chapter 8 and 9). Individually they reveal lots of information iregard to this

bifurcated hydrogen bond but when it comes to campathe data from several
structures the list of bond lengths and anglesrapidly become too large to analyse
simply and efficiently. DSNAP"* is a program designed to cluster structures fioen t
Cambridge Structural Database (C&Djising the total geometry of the defined
fragment (all atom to atom bond lengths and borgles). This can allow the user to
quickly see which structures are similar (and whéch different) so that important

trends can be deciphered.

The principle of adSNAP run uses a technique called cluster analysigroup
together fragments that have similar geometriedhe Tesults are presented in a
visually helpful way, as a so-called dendrogtargure 9.1, allowing the user to view
and verify the proposed scheme for classifying rfragts into clusters of similar
geometry”. The clustering can be examined at differentlfewé similarity, allowing
the user to see at a glance possible clusteringfsec@vailable fragments into groups
that are similar. The task for the structural ctsrs then to interpret these, and a
series of add-on visualisation and analysis toots available withindSNAP when
CSD hits are being analysed, which allows thisg¢@obne effectively.
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Recently, a new development has been introducen dBNAP that allows user
structures as well as structures from the CSD tollstered together. However, this
development has not yet been fully integrated thi® important visualisation and
comparison tools available iWSNAP, that allow the structurally significant
differences to be analysed most effectively. Othig has been done, or as part of a
more extensive manual analysis of the large amaintata available, further
structural comparisons on the chloranilic acid caxgeometries can be carried out.

0.0 0.0

0.2 0.2

0.4 0.4

Al e —— R

0.6

0.8

Figure 9.1 Typical dendrogram from dSNAP showing level of lamty between

different fragments. Each block at the bottom espnts a different fragment
coloured to represent the clustering. The lowefragments is joined to another
fragment by a tie-bar the more similar it is. Thagments are separated into the
clusters by a cut level which can be moved up amdndchanging the level of
similarity. Further tools are available in dSNARat allow the geometries in each
cluster to be analysed effectively; these will stenfully available for user-input

structures such as those determined in this work.

217



9.6.2 VIVALDI data on 2:1 2,4-lutidine chloranilic acid f orm |

An experiment on VIVALDI at the ILL has provided feaient data to provide a
refinement of the structure of 2:1 2,4-lutidinearahnilic acid form I, although this is
not to the same standard seen in the structures 8XD. The results of this
experiment showed the proton position in the BHBb® well defined with no
disorder present, backing up the X-ray diffractiefinement. The structure from the
refinement had a few strange atomic displacemeranpeters for some of the atoms

but otherwise was stable and matched the strudefieed by the X-ray experiment.

9.7 Molecular complexes of bromanilic acid

Three new 2:1 picoline bromanilic acid co-crystaksre also formed, and contained
the 2:1 HB synthon present in the chloranilic amdplexes. This brings the total of
new structures produced in this work to 31. la tlase of the 3-picoline co-crystal
the structure was almost identical to the chlorarmtid equivalent, showing that the
halogen of the anilic acid is not always a largwidg force in the crystal structure.

On the other hand the 2- and 4- picoline bromagiierystal complexes are different
to their chloranilic acid equivalents especiallytie case of the 2-picoline. In the 2:1
2-picoline bromanilic acid co-crystals the 2:1 $nt is unusual as on either side of
the bromanilic acid the BHB are different, wherehasall the other complexes of

picoline and lutidine the synthons have a rotatigyanmetry, with both BHB being

crystallographically identical.

9.8 Additional Future work

The calculations into how the ratio of HF:DFT inffeient basis sets affects the
barrier energy within HBs were able to show sevemalds in the data. An accurate
calculation to calculate the exact energy of theiéaenergy in HO, would allow the

determination of the best ratio of DFT:HF for thype of calculation by extrapolating

from the graph for each basis set.

Several experiments in this project have been ruWiWALDI but due to technical
problems and difficulties integrating the data oalyimited number of these have
been fully refined to date. It is expected thastn will provide useful results when

fully processed in the near future.
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Table 9.1 X-ray refinement data of chloranilic aci@f) complexes with picolind>}.

' 1:12-PCA : 2:12-PCA 1:13-P CA 2:13-P CA

: : . Form 2
TIK 1 100 1 100 200 RT 300 100 200 RT 300 100
Diffractometer 1 KappaCCD : Rigaku Rapid Rigaku Rapid igalRu Rapid : Apex I Apex Il Apex Il i KappaCCD
Formula | GoHeCI,NO, | CoHgCINO, CoHsCINO, CoHsCINO, | CoHeCILNO,  CiHoCLNO,  CHoCLNO, | CoHgCINO,
M / g-mol* | 302.11 | 197.62 197.62 197.62 | 302.11 302.11 302.11 | 97.62
space group =¥ PP 2/c P 2/c P 2/c =¥ P1 P1 PP 2/n
alA 1 7.3752(15) | 6.369(3) 6.398(3) 6.419(3) :  5.0296( 5.0539(2) 5.0718(2) 12.0490(5)
b/A | 9.1468(18) 8.597(3) 8.657(4) 8.692(4) 9.3a37( 9.3895(5) 9.4052(5) 5.32600(10)
c/A 1 9.7296(19) 16.628(6) 16.684(7) 16.727(7) 219.7) 13.4239(8) 13.5038(8) 13.5813(6)
al® 1 101.63(3) 97.669(2) 97.829(2) 98.035(2)
B/° 1 103.92(3) 101.451(17) 101.23(2) 101.031(19); .598(3) 98.064(3) 97.534(3) 96.958(2)
yl° | 97.45(3) : 1 103.660(2) 103.501(3) 103.372(3) !
VvIA3 1 612.9(3) © 892.3(6) 906.4(7) 916.1(7) 595.51(5) B0®) 611.54(6) | 865.13(5)
Z L2 L4 4 4 2 2 2 4
peac! g-cm 1 1.637 L 1.471 1.448 1.433 1.685 1.662 1.641 1.517
w/ mm?t 1 0.538 : 0.390 0.384 0.380 0.554 0.546 0.539 . 0.403
Grange / ° | 2.223-30.015  3.264-30.505 3.246-30.5023.233-30.488 1.567-35.032 1.556-35.150 1.545-35.07.72.135-30.010
refin (meas./ indep.) | 10133/2917;  11493/2710 115658 11806/2781 13826/5151 14333/5250 14639/7868  216/2520
Rint 1 0.075 } 0.021 0.018 0.015 0.044 0.051 0.050 0.093
refin (obs. 1>&(l)) | 2352 L 1971 1707 1401 3791 3313 4191 . 1624
completeness / % 1 8l4 P 997 99.7 99.6 98.2 97.7 97.3 1 99.5
data /restr. / param. | 2917/0/172 |  2710/0/142 27550 2781/0/142 5151/0/172 5250/0/172 4191/0/172  20H150
GooF onF? | 0.9309 | 0.9436 0.8756 0.8151 . 0.9207 0.9600 0.8833 | .9106
R; (obs / all) | 0.0309/0.0419  0.0398/0.0556  0.03954606 0.0376/0.0742 | 0.0368/0.0615  0.0415/0.0848  0/08BU83 | 0.0425/0.0827
WR, (obs / all) 1 0.0703/0.0800 0.0914/0.0955  0.0944071 0.0968/0.1046 | 0.0777/0.0941  0.0855/0.1151  @/02P423 : 0.0975/0.1336
p(max/min)/e-& :0.44/-036 : 0.42/-0.54 0.39/-0.32 0.33/-0.37 :  0.7960 0.80/-0.90 0.57/-0.73 | 0.92/-0.79
RMS /eA® 1 0.06 1 0.06 0.05 0.04 0.08 0.07 0.06 0.08
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Table 9.2 X-ray refinement data of chloranilic aci€@f) complexes with picolind>}.

1 2:13-P CA i 3-P CA new 1 1:1 4-P CA 1 2:14-P

i Forml ! hydrate : i hydrate
T/K 1 100 200 RT 300 + 100 200 RT 300 ! 100 ! RT 293
Diffractometer i Rigaku Rapid  Rigaku Rapid Rigaku Rap | Rigaku Rapid Rigaku Rapid Rigaku Rapid: RigakpiRa @ Rigaku Rapid
Formula | GHsCINO,  CyHsCINO, CHsCINO, | CyH1eClN,O;  CoHiaClN.O7  CyHieClNLO; | CiHoCLNO, | CoHp,CINO,
M /g-morl 1 197.62 197.62 197.62 517.75 517.75 517.75 ' 302.11 ! 33.68
space group P2 P 2/c P 2/c P1 P1 P1 P 2/n P 2/n
alA | 8.642(4) 8.668(4) 8.699(5) 7.167(3) 7.205(2)  7.257(6) 15.617(7) 7.268(9)
b/A | 0.687(4) 9.737(4) 9.795(5) 12.221(6) 12.267(4  12.299(9) 4.819(2) 8.957(9)
c/A | 10.279(5) 10.376(5) 10.486(5) 13.381(7) 13(55 13.5378(12) 16.300(7) 16.925(18)
al® ; | 71.414(16) 71.274(13) 71.11(3)
/e | 102.08(2) 102.55(2) 103.09(2) 86.29(2) 86.88%( 87.03(4) 90.270(17) 98.20(4)
yl° ; | 88.917(16) 89.577(13) 90.31(3)
VA3 | 841.5(7) 854.8(7) 870.3(8) 1108.6(9) 1124.1(6) na@?) | 1226.7(9) 1091(2)
y L4 4 4 2 2 2 L4 4
Deate] g-CM ' 1.560 1.535 1.508 1.551 1.530 1.506 1.636 1.423
1/ mm* | 0.414 0.408 0.400 . 0.461 0.454 0.448 . 0538 L 0.344
frange/° + 3.199-30.494 3.190-30.504 3.179-30.487 .13&827.477 3.119-27.483 3.098-27.498: 3.605-27.4813.237-27.362
refin (meas./ indep.) | 8503/2566 8675/2613 8816/2647 | 13635/5070 14954/5150 14609/5186 |  15239/2812! 5295/2
Rt 1 0.022 0.026 0.031 0.031 0.020 0.038 0.130 0.063
refin (obs. 1>3(1)) | 2097 2035 1758 2997 3151 2558 989 . 920
completeness / % 1 99.9 99.8 99.8 , 99.7 99.7 98.5 99.8 1 98.4
data / restr. / param. |  2562/0/142 2609/0/142 268478 + 5066/0/298 5150/0/298 5186/0/355 2812/0/172 ¢ 2548137
GooF onF? 1 0.9433 0.9201 1.0022 v 0.9462 0.9950 1.0276 . 1.1669 v .9429
R; (obs / all) + 0.0394/0.0495 0.0371/0.0483 0.0419/4806: 0.0371/0.0715 0.0342/0.0631 0.0362/0.087%7 0/03®B%27 : 0.0668/0.1171
WR; (obs / all) 1 0.1183/0.1280 0.0962/0.0997 0.103®@51 : 0.0707/0.1045 0.0513/0.0711 0.0787/0.1309 @/05P139 0.1401/0.1831
p (max/min)/e-B 1 0.63/-0.44 0.32/-0.35 0.35/-0.35 0.64/-0.62 0.54/70 0.61/-0.46 1.07/-0.90 0.85/-0.84
RMS /A3 + 0.010 0.08 0.06 0.12 0.05 0.05 0.10 0.10
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Table 9.3 X-ray refinement data of chloranilic aci€@f) and bromanilic acidBA) complexes with picolind>}.

1 2:14-PCA 1 212-PBA | 2:13-PBA | 2:14-PBA
TIK 1 100 200 RT 293 . 200 . 100 200 RT 293 . RT 293
Diffractometer ! Rigaku Rapid  Rigaku Rapid Rigaku Rap | Apex Il | KappaCCD KappaCCD KappaCCD @  Rigaku
Formula i GHgCINO, CoHsCINO, CoHgCINO, : CoHgBINO, | CgHgBrNO, CoHgBrNO, CoHgBINO, | CgHgBrNO,
M / g-mol* 1 197.62 197.62 197.62 L 242.07 L 242.07 242.07 242.07 . 42.02
space group L P P 2/c P 2/c ' P 2/a ' P 2/c P 2/c P 2/c ' P 2/n
alA 1 7.952(5) 8.037(5) 8.192(5) L 14.4697(3) . 8.93%7( 8.9682(2) 8.9877(2) . 10.3629(10)
b/A | 6.126(3) 6.099(3) 6.099(2) L 7.7602(2) | 9.6191(3  9.6690(3) 9.7222(3) | 6.9785(10)
c/A | 17.658(8) 17.679(8) 17.721(9) | 16.3645(5) |  205(3) 10.5115(3) 10.6082(3) |  12.9325(10)
al® : : : :
B/° | 96.73(3) 96.56(3) 96.259(19) | 100.306(2) |  108(30)  104.265(2) 104.675(2) |  99.162(10)
y/° : : : :
VvIA3 1 854.2(7) 861.0(7) 880.1(8) . 1807.89(8) :  872.08(4) 3.88(4) 896.71(4) ' 923.31(18)
Z L4 4 4 . 8 L4 4 4 L4
peac! g-cm 1 1.537 1.524 1.491 . 1.779 . 1.844 1.820 1.793 ; 1.741
w/ mm?t 1 0.408 0.405 0.396 . 4510 . 4.675 4.615 4.547 ; 4.416
Grange / ° | 3.263-27.460  3.246-27.464  3.217-27.4751.265-32.112 | 2.342-30.022 2.342-30.015 2.342-29.9873.191-27.479
refin (meas./ indep.) | 8250/1869 8586/1916 8757/1954 | 38236/6283 | 12194/2540 12638/2573 12674/2609; 7599/2
Rint 1 0.064 0.027 0.027 . 0.112 . 0.059 0.066 0.064 ; 0.039
refin (obs. 1>(1)) | 880 1012 779 L 2491 . 1931 1690 1371 . 1169
completeness / % i 959 97.3 97.2 | 99.1 | 99.7 100 99.8 1 99.4
data / restr. / param. |  1869/0/142 1916/0/142 1950 | 2491/0/235 | 2540/0/122 2573/0/119 2609/0/119; 99AW119
GooF onF? | 1.0420 1.0969 1.0563 . 0.9241 . 0.9183 0.9499 0.9799 | .979
R; (obs / all) | 0.0439/0.0931 0.0330/0.0750  0.0297/PB09: 0.0495/0.1612 | 0.0263/0.0428  0.0306/0.0626  0/082939 : 0.0362/0.0732
WR, (obs / all) 1 0.0694/0.1062 0.0330/0.0539  0.0423@40 ;| 0.0973/0.1270; 0.0519/0.0617  0.0581/0.0771  G/063924 : 0.0677/0.0978
p (max/ min)/ e-& | 0.68/-0.68 0.51/-0.49 0.56/-0.71 | 1.07/0.95 |  0.8380 1.02/-0.88 0.97/-1.18 | 0.88/-0.96
RMS /eA3 1 0.09 0.05 0.04 . 0.12 011 0.10 0.9 . 010
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Table 9.4 X-ray refinement data of chloranilic aci@f) complexes with lutidind.}.

1 2:12,3-L CA 1 22124-LCA 12124LCA 12125LCA :2126-LCA | 2134-LCA
E i Forml i Form2 : : i hydrate
TIK 1 100 200 300 100 100 © 100 RT? ! 100
Diffractometer | KappaCCD KappaCCD KappaCCD Apex Il pex Il | KappaCCD Apex Apex Il
Formula I GoH1CINO,  C;H1oCINO,  CygH1oCINO; ! CioH10CINO, | CioH1CINO, | CyioH1CINO, ¢ CigH1oCINO, | CyoH1:CINO;
M / g-mol* | 211.65 211.65 211.65 | 211.65 ' 211.65 E 211.65 ' 211.65 ! 29.6B
space group ' P1 P1 P1 . Pbca ' P1 ' P 2lc P 2lc P alc
alA 1 7.6107(10) 7.6285(9) 7.5912(8) 15.699(2) 919)  8.0737(3) 7.2320(5) 10.036(2)
b/A 1 8.2915(11) 8.4457(10) 8.5677(9) 7.5535(8) 05a4(5) 1 11.4186(5) 9.2551(6) 7.6591(17)
cl/A 1 8.2915(11) 8.4637(11) 8.7312(9) 16.629(2) 2979(6) + 10.3238(4) 14.8454(6) 13.948(3)
al® 1 65.756(3) 64.525(3) 62.263(2) 68.260(3) ;
Brle + 80.550(3) 80.685(3) 86.979(3) 79.150(3) 166(2) 1 93.562(3) 99.620(14)
yl° 1 88.331(3) 88.002(3) 80.919(3) 83.516(3) :
v/A® P 477.72(11) 485.42(10) 496.18(9) 1971.9(4) 982.91(9 : 935.62(7) 991.73(10) 1057.0(4)
z rl 1 1 1 8 P4 ! 4 4
peac! g-cnmi 1 1.471 1.448 1.417 1.426 1.430 1.502 1.417 1.443
! mmit 1 0.370 0.364 0.356 + 0.359 0.360 ! 0.378 ! 0.356 ! 0.347
Orange/° 1 2.689-36.306 2.673-36.178 2.636-36.242; .45®30.637 1.965-24.542 |  2.566-29.985 3.523-30.0822.058-26.475
refln (meas./ indep.) : 8128/4385 8278/4455 7444/4370 : 25213/3033 20376/3256 13445/2716 19299/2811: 9162/2
Rint 1 0.014 0.011 0.009 0.041 0.030 0.073 0.086 0.038
refin (obs. 1>2(1)) 1 3862 3526 1731 1863 2302 1633 1326 , 1369
completeness / % 1 94.9 95.7 91.0 , 99.5 99.2 99.7 , 96.4 1 99.2
data / restr. / param. |  4385/0/127 4447/0/154 201310 1 3033/0/127 3256/0/253 2716/0/128 1326/0/127 : 6220136
GooF onF? 1 0.8796 0.9602 1.0644 +1.0000 , 0.9521 , 0.9563 , 0.9848 +.0358
R; (obs / all) 1 0.0280/0.0327 0.0356/0.0463 0.0327/8203 : 0.0358/0.0587 : 0.0315/0.0459 0.0361/0.0778 0/088®42 : 0.0384/0.0653
WR; (obs / all) i 0.0695/0.0747 0.0952/0.0989 0.082%4030 : 0.0788/0.1144 : 0.0684/0.0866 0.0737/0.1025 g/o18479 : 0.0824/0.1175
p (max/min)/e-K | 0.54/-0.26 0.49/-0.32 0.19/-0.19 0.54/-0.45 0.3800 + 0.73/-0.70 0.59/-0.67 0.52/-0.55
RMS /A3 + 0.06 0.05 0.04 0.08 0.05 0.07 0.07 0.06
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Table 9.5 X-ray refinement data of chloranilic aci@f) complexes with lutidind_j and other pyridine related molecules.

1 2:13,5-L CA ' Pyridinium i 2:1 Caffeine | Sulfathiazole | 3,5- P11 i 2:1 2-picolic i 1:1 2-

! hydrate i CA i CA i CA acetonitrile : Dimethylpyrazol ! Isonicotinic i acid CA 1 acetylpyridine

; ; ; ; i Hydrate CA ' acid CA ' CA

; ; ; ! hydrate ;
T/K 1100 1 100 100 100 100 100 100 100
Diffractometer i Apex I ¢ KappaCCD : Apexll +  KappaCCD © p@CCD i Apex I + KappaCCD : Apexll
Formula 1 GoH26ClN,O; | CgHgCINO, 1 CiiH12CLN4Os | CiH13CliN4O,S, ¢ CgH11CINLO; i Ci2HgCLNO; | CoH7CI.NO,4 1 C13HgCILNOs
M / g-mol™ 1 477.34 i 183.59 403.18 400.86 E 218.64 ' 350.11 , 228.61 | 30.12
space group . P L P 2/c L P1 ' P1 | PL - P 2/n P alc P a/n
alA | 10.5990(5) 3.7090(2) | 4.7862(10) 9.0519(18) | 12%8(6) | 13.0245(9) 13.9493(12) |  8.5878(15)
b/A | 17.7196(9) 19.5761(16) | 8.7615(19) 10.496(2) .9985(7) | 7.5136(5) 5.0323(5) | 13.558(2)
c/A | 12.2885(6) 9.9005(7) 19.185(5) 10.886(2) 338) | 13.7042(10) 14.5270(11) |  12.1735(19)
al® ; | 89.791(15) 117.64(3) 119.471(4) !
B/° | 108.688(2) 97.033(4) 83.581(15) 92.43(3) 93(3% | 94.475(3) 118.350(4) 110.293(6)
y/° ; | 78.522(17) 111.61(3) 99.037(3)
VA3 | 2186.23(19) | 713.44(9) 783.3(3) 822.9(3) . 488.17(7) | 1337.02(16) 897.45(14) 1329.5(4)
Z 4 4 2 2 2 4 4 4
peatc] g-CN | 1.450 | 1.709 1.709 2.487 0.374 1.739 1.692 1.649
w I mm* | 0.342 | 0.481 | 0.459 | 1.304 1.487 0.523 . 0417 | 0509
frange/° ¢+ 2.093-26.371: 2.081- 29.992 1.068-26.4912.19-27.00 2.627- 29.988 2.078- 28.092 1.659- 35.062.332- 25.373
refln (meas./ indep.) : 21889/4459 ! 5916/ 2059 : 1453883 © 16160//3598 3719/3719 13944/ 3134 17556/3908 620/2436
Rint 1 0.025 + 0.053 0.039 0.120 0.033 0.030 0.053 0.029
refln (obs. I>2(])) | 2394 | 1363 1828 2134 2009 2511 2011 1673
completeness /% : 99.8 1 98.8 , 98.9 , 99.9 84.7 96.5 , 98.8 1 99.5
data / restr. / param. :  4459/0/280 2059/0/109 313810 1 3598/0/220 2406/0/127 3134/0/199 2011/0/136; 23m4214
GOOF onF? | 0.9745 | 0.9334 | 1.0076 | 0.958 0.9330 | 0.8643 0.9130 | 9216
R; (obs / all) + 0.0348/0.0766 0.0518/0.0904 0.039400 : 0.1244/0.0582 0.0506/ 0.0628: 0.0282/0.0358 33/041093 : 0.0292/0.0482
WR, (obs / all) | 0.0744/0.1114 0.1125/0.1409 0.084®06 : 0.1743/0.1379 | 0.1040/0.1087:  0.0690/0.0794 96LM.1222 | 0.0649/0.0842
p(max/min)/e-® | 0.66/-0.64 | 1.04/-0.94 1.21/-0.80 0.458/-0.531 |  OGGGaT | 0.45/-0.38 0.49/-0.58 0.50/- 0.51
RMS /A3 1 0.11 + 0.10 0.08 0.09 i+ 0.07 0.06 0.06 0.07
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Table 9.6 Xray refinement data chloranilic aci€A) complexes with pyridine related molecules.

acetylpyridine 1 acetylpyridine acetylpyridine
. '

T/IK
Diffractometer
Formula

M / g-mol™

Rigaku Rlap
! C1oHgCINO;

Rigaku Rapid
C10HsCINO;

Rigaku Rapid Rigaku Rapid

| CioHgCINO;

space group
alA

b/A

c/A

al®

Br°

y/°

V/A3

Z

| 119.970(11)  120.430(11)

Peaic! g-CI’T’I%
w/ mm*
O range /°

refln (meas./ indep.)

Rint
refln (obs. 1>2(1))
completeness / %

data / restr. / param.

GooF onF?

R; (obs / all)

WR; (obs / all)

p (max / min) / e-&
RMS /eA®

3.260- 27.4198.064- 27.443
| 44486/2188

3.119-27.481;
20943/2266 |

3.156-27.483
20749/2234

2231/0/157  2263/0/136 | | 2182/0/157
| 0.0241/0.0285

! 0.0595/ 0.0602

! 0.0321/0.0704 0.0348/0.0750
' 0.0697/0.0817 0.0483/0.0941

1 2:1 pyridine-3-
i aldehyde
200 RT 293 1100 200
Rigaku Rapid Rigaku Rapid Apex Il pex Il
C10HsCINO; CiHgCINO; | CgHgCINO; CgHgCINO;
225.63 225.63 E 211.60 11.69
P 2/n P 2/n ' P 2/n P 2/n
60(8) 10.900(2) 1 3.8206(2) 3.8671(2)
705(18) 7.3808(15) | 19.0607(12) 19.0999(11)
12@) 13.018(3) 11.3866(7) 11.3703(6)
111.100(13) 110.632(12) 109.85(3) 94.153(3) 94.247(2)
970.1(5) 985.1(4) | 827.03(8) 837.52(8)
4 L 4 4
1.545 1.521 i 1.699 1.678
0.377 0.372 ! 0.436 0.431

3.036-27.478 2.993-27.487 2.087-87.50 2.089-27.568
21250/2218 21217/2257 ; 8552/1867 3/8892

0.017 0.034 i 0.023 0.021
1797 1123 L1679 1670
100 99.9 i 99.3 98.6
2212/0/160 2250/0/160 |  1867/0/127 9248127
0.9371 0.7591 i 0.9088 .8989

0.0255/0.0303  0.0233/0.0445 253/0.0281  0.0264/0.0298
0.0640/0.0649  0.0577/0.0689 0622/0.0653  0.0679/0.0729
0.3810 0.28/-0.24 | 0.40/-0.40 0.36/-0.30
0.04 0.05 § 0.07 0.06

224



Table 9.7 X-ray refinement data 2,4- and 2,5- dihydroxybénaacid.

| 2,4- | 2,5-

. dihydroxybenzoic . dihydroxybenzoic

| acid | acid
TIK 1 90 100 120 150 100 150 200 350
Diffractometer | KappaCCD KappaCCD KappaCCD KappaCCD: KappaCCD KappaCCD KappaCCD KappaCCD
Formula E GHgO4 C/HgO4 C;HgO4 C/HgO4 EC7HGO4 C/HgO4 C/HgO4 C;HgO4
M / g-mol* | 154.00 154.00 154.00 154.00 ! 154.00 154.00 154.00 54.00
space group . Puh P 2/n P 2/n P 2/n ' P 2/n P 2/n P 2/n P 2/n
alA | 3.6686(5) 3.6721(5) 3.6742(5) 3.6854(5) ! 55K32Y 5.5751(2) 5.5929(3) 5.6491(3)
b/A 1 22.333(3) 22.341(3) 22.341(3) 22.367(3) AEEY 4.8787(2) 4.8891(2) 4.9306(3)
clA 8.0046(11) 8.0070(10) 8.0065(10) 8.0085(11) 3.3893(9) 23.4030(9) 23.4513(9) 23.6191(11)
al® : :
Brle 99.630(3) 99.602(3) 99.567(3) 99.448(3) 93(2x18 93.223(2) 92.978(2) 92.277(3)
vl° : :
VA3 | 646.58(15) 647.68(14) 648.08(15) 651.20(15) : 634R3 635.54(4) 640.39(5) 657.35(6)
Z L 4 4 4 4 L 4 4 4 4
peac ! g-cni 1 1.583 1.580 1.580 1.572 1.622 1.611 1.598 1.557
wl mmt 1 0.133 0.132 0.132 0.132 1 0.136 0.135 0.134 0.130
6 range / ° 1 1.824-33.819 1.823-33.036 1.823-33.090.821133.070 | 1.747-27.565 1.743-30.014 1.739-30.152.726-30.083
refin (meas./ indep.)! 5720/2022 7808/1964 7722/1963 7557/1933 1463/1463 13345/1850 13366/1864 10330/18

- 1 0.047 0.040 0.036 0.036 0.080 0.076 0.078 0.102

refin (obs. I>2(1)) 1301 1139 1139 1059 847 729 684 597
completeness /% | 77.5 79.4 79.4 77.8 99.7 99.7 98.7 95.9
data / restr. / param.;  2019/0/107 1963/0/106 19668 1933/0/106 1463/0/120 1287/0/120 1297/0/124 3648124
GooF onF? 1 0.9636 0.9453 0.9458 1.0324 . 0.9784 0.0937 1.0558 .0377
R; (obs / all) 1 0.0541/0.1132 0.0509/0.1047  0.05084610 0.0540/0.1162: 0.0391/0.0739 0.0368/0.0718 0/03@8l7 0.0469/0.1109
WR, (obs / all) » 0.0976/0.1317 0.1046/0.1228  0.10442/@61 0.1132/0.1404: 0.0994/0.1302 0.0930/0.1302 @/008469 0.1253/0.1878
p (max / min) / e-& 0.71/-0.83 0.81/-0.76 0.82/-0.76 0.77/-0.72 0.5820 0.51/-0.55 0.43/-0.52 0.46/-0.50
RMS /eA3 1 0.0.8 0.08 0.08 0.07 0.08 0.08 0.07 0.07
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Table 9.8 X-ray refinement data isonicotinamidium formatel aeutron refinement data for 2,4-lutidine chlodamacid from VIVALDI, ILL.

! Isonicotinamidium 1 2,4-|utidine CA
' Formate P21 F1
TIK 1 100 150 170 200 300 TIK L 40
Diffractometer E Diffractometer VIVALDI
Formula | GHgN,O3 C/HgN,04 C/HgN,05 C/HgN,O3 C/HgN,05 Formula GoH1CINO,
M / g-mol* | 168.15 168.15 168.15 168.15 168.15 M / g-hol | 211.65
space group L P P 2/c P 2/c P 2/c P 2/c space group ! Bca
alA 1 3.7048(2) 3.7262(3) 3.7348(3) 3.7511(3) 3K18) alA 15.699(2)
b/A | 27.3246(17) 27.3394(19) 27.3514(19) 27.368(2) 27.492(10) b/A | 7.5533(8)
clA | 7.4741(5) 7.4897(5) 7.4965(5) 7.5084(6) 7(358 clA ' 16.279(2)
al® al° :
B/° | 96.704(5) 96.433(5) 96.305(5) 96.091(5) 94395( B/°
y/° yl° |
V/A3 | 751.45(8) 758.19(10) 761.15(10) 766.47(10) 790.7(5 v /A3 | 1930.4(4)
z L 4 4 4 4 4 z K
peac ! g-cni 1 1.486 1.473 1.467 1.457 1.412 peac! g-cm? 1 1.455
w ! mmt 1 0.118 0.117 0.117 0.116 0.112 w/ mmit 1 0.001
0 range / ° | 2.844-30.544 2.836-30.464 2.833-30.509 .488:30.502  2.801-30.484 Arange / A | 3.24-27.53
refln (meas./ indep.) | 8135/2184 8194/1885 8247/2195 8295/2210 8493/2257 ! refln (meas./ indep.) | 1320&21
Rint 1 0.030 0.028 0.036 0.026 0.030 Rint 1 0.2535
refin (obs. I>(1)) | 1437 1038 1023 985 752 refln (obs. 6¢0) 1 1191
completeness/ % | 94.3 94.3 94.0 94.0 93.3 compsste/ % 7222
data / restr. / param. | 2184/0/109 1548/0/109 135280 1562/0/109 1611/0/109 data / restr. / param. @ 1602/0/218
GooF onF? 1 0.9168 0.7809 0.7533 0.9640 0.9423 GooFon 1 1.214
R, (obs / all) 1 0.0652/ 0.1072 0.0540/0.0864  0.053®630 0.0546/0.0937 0.0556/0.1311 1(Bbs / all) 1 0.1002/0.1629
wR; (obs / all) ! 0.1463/ 0.1670 0.1311/0.1468 0.1289/0.1437  0.1253/0.1463  0.1343/0.1881 wR; (obs / all) ! 0.2077/0.1887
p (max/ min)/e-B 1 0.68/-0.65 0.46/-0.41 0.41/-0.42 0.39/-0.45 03gn | p (max/min) / fm-A3 1 0.099/-0.097
RMS /A3 1 0.09 0.08 0.08 0.07 0.06 RMS / frid = 1 0.02
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Table 9.9 Neutron refinement data for 2,4- and 2,5- dihygtmenzoic acid and Isonicotinamidium formate.

' 2,4- 1 2,5- ' Isonicotinamidium

i dihydroxybenzoic i dihydroxybenzoic i formate

' acid ' acid ;
TIK 1 20 90 150 1 20 100 140 100
Diffractometer SXD ISIS SXD ISIS SXDISIS | SXDISIS SXD ISIS SXD ISIS SXD ISIS SXD ISIS
Formula | GHgO4 CHeOs C/HeOs ! C/HgO4 C/HeO4 C/HeO4 | CHgN,O5 C/HgN,04
M / g-mol* 1 154.00 154.00 154.00 154.00 154.00 154.00 168.15 68.15
space group L P P 2/n P 2/n ' P 2/n P 2/n P 2/n | P 2/c P 2/c
alA ! 3.656(2) 3.669(2) 3.686(2) : 5.545(3) 5.564(3)  5.597(3) 1 3.7070(4) 3.669(2)
b/A 1 22.329(11) 22.3473(12) 22.368(13) :  4.877(3) 878(3) 4.897(3) | 27.430(4) 22.3473(12)
c/A 1 8.009(4) 8.012(4) 8.015(4) ! 23.3506(11) 23390) 23.470(13) 7.5060(10) 8.012(4)
al® :
B/° | 99.76(4) 99.63(4) 99.44(4) 93.62(3) 93.43(3) 2.99(4) | 96.850(5) 99.63(4)
y/e 5 :
vV /A3 | 644.4(6) 647.7(5) 651.9(7) 630.1(5) 633.8(5) 64R).4 | 757.78(17) 647.7(5)
z L4 4 4 4 4 4 L4 4
pca.c/g-lcm" 1 0.066 0.053 0.035 ' 0.094 0.061 0.038 ! 1.474 1.579
wlmm ' : |
Arange / A ! 0.6947-7.5466 0.696-7.4735  0.6984-7.588.6956-6.9615 0.6929-6.9613 0.697-6.9583  0.69590R9 0.6992-6.9057
refin (meas./ | 8839/8839 5840/5840 4920/4920 |  8671/8671 8723/8723 249/8249 : 4416/4416 5840/5840
indep.) : :
Rint '
refin (obs. I>2(1)) | 8839 5840 4920 8671 8723 8249 4416 5840
completeness / % ! !
data / restr. / | 8839/0/264 5840/0/242 4920/0/242 | 8671/0/263 872%@/  8249/0/286 4416/0/269 5840/0/242
param. : :
GooF onF? 1 1.048 1.013 1.047 L 1.429 1.058 0.978 1 1.109 1.013
R, (obs / all) ! 0.0789/0.0789 0.0813/0.0813  0.0744M407 0.0927/0.0927 0.0796/0.0796 0.0815/0.0815 @.076764 0.0813/0.0813
wR; (obs / all) ! 0.2129/0.2129 0.2226/0.2226  0.1939®11; 0.2903/ 0.2903 0.2251/0.2251  0.2300/0.2300 182/D.2182 0.2226/0.2226

p (max/min) / fm-
-3

RMS AmA=

| 0.496/-0.322

1 0.07

0.333/-0.211 0.187/-0.13% 0.708 /-8.46

0.05 0.04 0.08

0.452/-0.265  0.305/-0.168  3.092/-3.011

0.06 0.04 0.66

0.3B3%1

0.53
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Table 9.10 Neutron refinement data for Isonicotinamidium fotey@-lodoanilinium Picrate and Malonic acid.

i Isonicotinamidium P 2- i Malonic acid

i formate i lodoanilinium :

; ' Picrate
T/IK 1150 200 1300 310 320 75 140 200
Diffractometer 1 SXD ISIS SXD ISIS SXD ISIS SXD ISIS SXD ISIS 1 SXD ISIS SXD ISIS SXD ISIS
Formula i GHgN,O3 C7HgN,O3 i C1oHgIN,O; CioHgIN 4O, Ci2HgIN4O; 1 C3HaO4 C3H4O4 C3H,0,
M/ g-morl 1 168.15 168.15 374.03 374.03 374.03 104.00 104.00 104. 00
space group . P P 2/c | PL PL P1
alh | 3.7330(4) 3.7754(4) 7.345(4) 7.339(5) 7.339(5 | 5.3300(10) 5.3360(10) 5.3310(10)
b/A | 27.442(4) 27.479(4) 8.272(3) 8.268(5) 8.323(5  5.1620(10) 5.1650(10) 5.1650(10)
c/A | 7.5213(10) 7.5499(10) 13.688(8) 13.696(10) 703(6) | 11.2390(10)  11.2500(10)  11.2600(10)
al® ! | 75.84(3) 75.73(4) 75.75(4) | 103.450(10)  168(20)  103.130(10)
B/° | 96.605(5) 95.974(5) 74.15(4) 74.06(4) 74.04(4) | 136.410(10)  136.150(10)  135.750(10)
y/° ; | 75.72(3) 75.66(4) 75.69(4) 84.590(10) 84(160 84.770(10)
v /A3 | 765.38(17) 778.99(17) 761.2(7) 759.9(9) 766.7(8) | 06.09(6) 207.80(6) 209.52(6)
Z 4 4 2 2 2 2 2 2
peaic g-ct | 1.459 1.434 1.632 1.635 1.620 1.676 1.662 1.649
w ! mm ' i i
frange/° + 0.7039-6.8457 0.7032-6.92315 0.6981-6.958).7007-6.9061 0.698-6.9556: 0.6942-6.8114 0.69Z65%8 0.698-6.8376
refln (meas./indep.) : 3074/3074 2823/ 2823 : 78824788 2575/2575 5489/ 5489 3589/3589 1663/1663 2199121
Rint E |
refln (obs. 1>3(1)) 1 3074 2823 7882 2575 5489 3589 1663 2191
completeness /% 5
data / restr. / param. :  3074/0/258 2823/0/247 73808 2575/0/408 5489/0/408 3589/0/ 211 1663/0/210 191M/211
GooF onF? 1 1.047 1.372 1 1.001 1.133 1.308 ! 1.220 1.466 1.788
R; (obs / all) + 0.0787/0.0787 0.0796/0.0801 0.0708/@807 0.1061/0.1061 0.0930/0.0932 0.0697/0.0697 8WAR2280 0.1701/0.1701
WR; (obs / all) + 0.2293/0.2293 0.2592/0.2607 0.1919D91 0.2707/0.2707 0.2687/0.2696 0.2494/0.2494 (03/30.3003 0.3749/0.3749
p (max/min) / fm-A3 1 1.897/-2.198 1.672/-1.580 : 1.034/-0.808 1.122/0.81 2.124/-1.435 : 0.303/-0.206 0.175/-0.127 0.308143
RMS fmA~ 1 0.51 0.40 0.20 0.21 0.52 0.04 0.03 0.06
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