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ABSTRACT.

The research involved in this thesis is mainly concerned with crystallography and the
analysis using crystallographic techniques and methods.

The work in this thesis is centered mainly on two types of chemical compounds; photoactive
compounds and carbaboranes.

The first is the photoactive compounds of biphenyl, its derivatives and similar compounds;
these compounds have been studied by diffraction and database analysis. The
photochemistry and subsequent structural analysis of biphenyls has been studied in
collaboration with Professor Peter Wan at the University of Victoria, Canada. In this study
Professor Wan and his group conducted all synthesis and spectroscopic analysis, including
the photochemical analysis. '

In a similar study although not with biphenyls, the a-azidocinnamates were investigated in
collaboration with Professor Meth-Cohn of the University of Sunderland. Professor Meth-
Cohn and his group conducted all synthesis and spectroscopic analysis.

The biphenyl type compounds have also been studied using database analysis to examine the
bond lengths, torsion angles, inter-/intra—molecular interactions and general packing
conformations and interactions within these structures and this analysis was used to study
several conformational anomalies that exist in biphenyl derivative compounds.

The second chemical type is carbaboranes; these compounds have been examined in
collaboration with Professor Wade’s group at the University of Durham. The analysis of
carbaboranes centefs mainly on hydrogen bonding however also expands into several novel
carbaborane structures. Professor Wade and his group carried out the synthesis and

spectroscopic analysis.
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CHAPTER 1

1.1 INTRODUCTION.

The topics within this thesis are concentrated on structural analysis using a variety of
methods. Their methods all involve diffraction either by X-rays or neutrons. For any of the
work in this thesis to have taken place the discovery, use and experimentation of X-rays has
had to be conducted and advanced. This is an ongoing process with great advancements been
made zind this has been the case for almost a century.

The discovery of X-rays and their diffraction led to the major advancement in science
(medicine, physics, chemistry and many many more), most importantly to this thesis these
advancements have fundamentally affected the field of chemistry. If it was not for the
developments of diffraction techniques and subsequently the emergence of crystallography
then we would still have distinct problems in structural analysis. The development of
techniques includiﬁg NMR and spectroscopy is largely dependent on validation using
crystallographic data. Stereochemical knowledge of optically active compounds owe much to
crystallography. It was Bijvoet using anomalous scattering of X-rays to demonstrate the
absolute structure of + glyceraldehyde that conﬁrméd the structure that Fischer had
previously assigned to it. In essence, most structural analysis of the modern era owes a great
deal to the scientists who pioneered and advanced the field of crystallography.

The use of X-rays and their diffraction is relatively modern. The first ever Nobel Prize in
Physics was awarded to Wilhelm Conrad Rontgen in 1901 for his discovery and
characterization of what were then called "Rontgenrays". The results of Conrad Rontgen’s
first experiments to determine the properties of this new radiation were initially described in
his paper on the 28™ December, 1895 (Rontgen, 1895). Rontgen called these new ‘rays’ “X-
rays” to distinguish them from other types of ‘rays’. Initially Rontgen could find little to link
these new rays to the properties of visible light, despite some obvious similarities. Many of
Vthese differences (i.e. diffraction and refraction) were due to the small wavelength. However,
he did find evidence of interference and became convinced of ‘longitudinal vibrations’
(Rontgen, 1895). The discovery of these new X-rays/Rontgenrays created a lot of public
interest as well as in the scientific community (M°Clure’s Magazine, 1896). The nature of
these rays were largely a mystery until Max Theodor Felix von Laue began to discover the
properties of these X-rays/Rontgenrays. In 1914 Max Theodor Felix von Laue became a
Nobel Laureate for his discovery of the diffraction of these "Rontgenrays" by a crystal. The
significance of this work was twofold; it confirmed that X-rays/Rontgenrays displayed wave
character and that a crystal is a symmetrical three-dimensional array of atoms that can act as
a diffraction grating. This work was greeted with great interest and even before von Laue had
received his Nobel Prize, work was already ongoing to use the diffraction phenomenon in the
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elucidation of crystal structure. Debye was prominent in his assertion that the X-rays were
being scattered by electrons. Debye and Scherrer attempted to determine the ionic charges in
LiF (Debye and Scherrer, 1918), followed by a similar study by Bragg on NaCl (Bragg et al,
1922). Bragg also endeavored to use diffraction data to obtain an experimental description of
the covalent bonding in diamond by calculating the diffracted intensities, which would result
from the localized two-electron bonds in accord with the Lewis model (Bragg ef al, 1921).

It is thus apparent that, right from the start, X-ray diffraction was recognized not only as a
tool for the molecular structure determination in the sense of definite atomic positions, but
also for the determination of the electronic structure, and therefore it would be of huge benefit

for not only chemistry, but for all science. .

In the modern laboratory the use of diffraction with X-rays has distinct advantages over other
analytical techniques, including that of neutron diffraction. X-rays are easily produced in
large quantities by relatively‘ inexpensive equipment that is becoming increasingly easier to
use. The diffractometers used can be adapted to include high pressure cells, laser excitation
equipment and ultra low cooling devices, efcetera. The chemical samples used can be
relatively small, a crystal for X-ray_ diffraction can be 100 times smaller than that used for
neutron diffraction work and the crystal may be of much lower quality. The main advantage
of X-ray analysis over other analytical techniques is that from a sample of a single crystal,
where little is known about the structure, the result will be a definitive crystal structure where
little is open to interpretation. Another advantage is that the sample can easily be recovered,
unless it is air sensitive (where the recovery is much more difficult) or susceptible to X-ray

damage (where the crystal will be destroyed).

In this body of research the majority of the analysis has been with X-ray diffraction data or
the analysis of previous work done by X-ray diffraction. There has been some neutron
diffraction work to compliment the X-ray data and also other analytical techniques have been
conducted so as to obtain additional information, again to corroborate the X-ray diffraction.

For the structure and synthetic work of the photochemicals and the carboranes in this thesis,
the defining part of the study has been with the use of X-ray diffraction. In the database
study, -the analysis takes a slightly different form, with the Cambridge Structural Database
(CSD) being used to examine a collection of structures that have been found previously with
X-ray or neutron analysis. The majority are X-ray studies since structure solving by this

technique is much more common than that of neutron analysis.

The work in this thesis can be divided into several parts; although these parts are not strictly
separate and some overlap (considerably), there are definite sections in this work, with

_ photochemistry, biphenyls and carboranes.




Firstly the photochemical analysis of simple organic compounds, which is collaborative work
that relies on several analytical techniques including the X-ray and neutron diffraction
analysis to give definitive answers on the structural implications of the photochemical
reaction involved. This work has been done in collaboration with Prof. Peter Wan and his
group in the University of Victoria, Victoria, British Columbia, Canada, with the study of the
photochemistry of a-Azidocinnamates in collaboration with Prof. Otto Meth-Cohn and Dr
Nicola Williams of the University of Sunderland, UK. The second part is the database work
done with the CSD. This section was inspired by the work in the first section on biphenyl and
derivative compounds, although the database study became more involved and encompassed
many more aspects than were associated initially with the photochemical analysis. The third
part is independent from the first two parts and involves the structural determination of

carborane cage structures, with specific reference to their hydrogen bonding.
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- CHAPTER2

DIFFRACTION, X-RAYS, NEUTRONS AND STRUCTURE DETERMINATION

2.1 SINGLE CRYSTAL DIFFRACTION

This chapter is designed to give a brief introduction to the theory of X-ray diffraction and
procedure, with specific attention paid to details that are relevant to experiments and procedures
contdined in this thesis. Specific reference will be made to instrumentation and equipment used.

Soon after von Laue’s initial experiment to show that a single crystal could diffract X-rays, the
Braggs discovered that the angular distribution of the X-radiation scattered by a single crystal
was predictable. Bragg showed that all diffracted beams produced by an appropriate orientation
of a crystal in an X-ray beam could be regarded geometrically as if they were being reflected
from sets of parallel planes passing through lattice points. This diffraction can be compared to
reflection of light by a mirror, with the angles of incidence and reflection being equal and that the
incoming and outgoing X-ray beams and the normal to the reflecting planes must themselves all
lie in one plane (see Figure 2.1). The reflection by adjacent planes in the set gives interference
effects, to define a plane three integers need to be specified to give its orientation with respect to
the three-unit cell edges, these are the Miller indices A, k, and I The spacing between the
successive planes is determined by the lattice geometry, and thus is a function of the unit cell
parameters. For reflection by two adjacent parallel planes, the path difference can be denoted by

Equation 2.1

Path Difference= nA = 2dwisind  Equation 2.1
This was developed by W. L. Bragg soon after he had demonstrated that X-rays could be
diffracted and is commonly referred as the Bragg equation. In practice the value of » can always
be set to one by considering planes with smaller spacing, (i.e. n=2 for the planes Akl is equivalent

to n=1 for 2h, 2k, 2I). So Equation 2.1 can now be represented in the form, Equation 2.2;

A =2duasin @ Equation 2.2



It is in this form that the Bragg equation is usually représented. The Bragg equation allows each
observed reflection (diffracted beam) to be labeled uniquely with its three indices and for its net
scattering angle, (26), to be calculated from the unit cell geometry, of which each dyy spacing is a
function. The distance of each spot from the centre of an X-ray diffraction pattern is proportional
to sind and hence to 1/dyy for some set of lattice planes. The reciprocal nature of the geometrical
relationship between a crystal lattice and its diffraction pattern, is seen in Figure 2.1.

As seen with the analogy between X-ray diffraction and optical reflection, it is possible to
compare the X-ray diffraction to optical phenomena, and this can be taken further for optical
microscopes and telescopes. Enlargement of images is by collecting and recombining the visible
radiation scattered by the objects using a series of magnifying lenses or/and mirrors. The
resolution of the microscopes is limited to the wavelength of visible light (6 x 107 m). To look at
objects smaller than this it is necessary to use radiation that has a shorter wavelength. High-
energy electrons are used in electron microscopes to view atoms and X-rays are used to determine
the structures of the molecules that make up crystals (10%-10""° m). X-radiation is not found to
naturally occur in the quantities needed for X-ray diffraction analysis, although some atoms will
radiate X-radiation. This is in contrast to light in the visible spectrum, where there is enough
radiation available to facilitate optical microscopy. So X-rays have to be manufactured by
artificial means for use. X-rays are produced when a beam of high-energy electrons strikes a
metal target. Two types of radiation are emitted; a continuous X-ray spectrum and sharp emission
lines with wavelengths characteristic of the metal from which the target is made (Figure 2.2). It is
the emission lines that are employed in X-ray diffraction experiments. They are produced because
some of the electrons that strike the target have sufficient energy to eject electrons from the inner
shells of the metal atoms. Electrons from higher energy shells drop down to occupy the vacated
inner shells. These electrons must lose the energy difference between the two energy levels and so
there is an emission of a specific energy, which is the difference between the outer and inner
shells, in the form of X-rays giving rise to the sharp peaks observed in the X-ray spectrum. The
continuous X-ray spectrum is made up of white radiation. This white radiation occurs due to
electrons being slowed down or stopped by collisions. Some of the lost energy is converted to
electromagnetic radiation. The intensity is the relative number of photons produced and is directly

related to the number of high energy electrons striking the metal target.









2.2.1 Crystal Selection and Mounting

The first step in the experimental procedure is always to examine the crystals, since if the crystals
are unusable then the experiment cannot proceed further. A polarizing microscope is the best way
of examination. Crystals, which do not have straight edges, which have large numbers of smaller
crystals (or crystallites) attached to them, or which have re-entrant angles, are generally
disregarded. Ideal samples are, therefore, have clear and well defined faces and, if possible,
approximately equal dimensions (i.e. not needles or plates) in order to minimize differential
absorption effects. This is ideal, but in practice the quality of obtainable crystals are often not of
such a standard and so quite often crystals that are not ideal are selected.
The overall sizes, as well as the relative dimensions, of the crystals are also important. The
scattering power of a crystal depends on its volume as well as on contents. However, as crystal
size increases so does the amount of absorption and these two effects had to be balanced. In
practice, an upper limit on crystal size is imposed by the diameter of the X-ray beam produced by
the instrument being used. Usually the sample is picked to have linear dimensions of between 0.1
mm and 0.5 mm.
The specific way in which the compounds are mounted depends on whether the sample is air
and/or moisture sensitive. Air stable compounds are usually glued to the end of a fine glass
filament using small amounts of a fast setting epoxy resin. The filament is then inserted into a
brass pip and usually secured with wax. The pip is fitted into a well in the top of a goniometer
| head and held in place using a grub screw. The goniometer head is then located on its mount on
the ¢ circle of the diffractometer and screwed firmly into place. However, air and moisture
sensitive crystals have to be kept in a suitable environment during the experiment. The way this
was done with such samples in this thesis is using the oil drop method (Stalke and Kottke, 1993).
This involves coating the crystals in a highly viscous perfluoropolyether oil whilst they were still
in a nitrogen environment. The oil forms a thin film around the crystals allowing them to be
removed from the nitrogen atmosphere and attached to glass filaments. The viscosity of the oil is
such that no additional adhesi\}e is required to do this The oil forms a barrier around the crystal
from the air and moisture thereby keeping the sample crystalline so as to diffract. The mounted
sample is then put onto the diffractometer and raf)id]y cooled, causing the oil to harden and form
a rigid barrier around the crystal which protects the sample from the atmosphere. The oil is

amorphous and so will increase the amount of diffuse scattering from the sample, especially since



it covers the whole crystal, and consequently detracts from the quality of the data, so the method
involving glue (epoxy resin) is preferred when possible. Although the resin is also amorphous it is
preferred to the oil, for air/moisture sensitive materials because when it is used, the amount used
can be kept to a minimum. The epoxy resin method is preferred because the crystal sample can be
cooled at a much slower rate, rather than the flash freezing necessary for the oil method and
therefore minimises damage on cooling.

Finally, the mounted crystal is optically centered in the X-ray beam. A crystal which is correctly
centered will remain in the path of the X-ray beam when the ¢ and y axes of the diffractometer

are rotated.
2.2.2 Cooling Devices

Collecting the data at reduced temperatures helps to increase the number of observable data and
increases the precision of all the measured reflections, it also reduces the amount of atomic
motion. The type of cooling device used for both the SMART CCD and the RIGAKU AFC6S
uses a cold inert gas flow. Cryostream nitrogen gas-stream cryostats (Cosier and Glazer, 1986)
were used for all the X-ray difﬂaction data reported herein. These cryostats are designed to have
a working range that is stable ovér the temperature range from approximately 100 K to room
temperature. The diffractometers in this thesis are both fitted with these types of cryostats.

Liquid nitrogen is drawn up from an unpressurised Dewar vessel through a vacuum insulated
supply line and into an evaporation coil by a diaphram pump. Most of the liquid is evaporated to
gaseous nitrogen at its boiling point (77.4 K), passed through a heat exchanger to bring it to just
below room temperature and then passed through the diaphram pump. The nitrogen gas is then
pumped back through the heat exchanger at a constant flow rate, controlled by the pump and a
flow regulating valve. The gas then passes from the cold end of the heat exchanger over a heater,
which allows the temperature to be controlled, and on to the sample. A temperature sensor is
situated at the tip of the delivery nozzle. There is usually some temperature gradient between the
position of this sensor and the crystal so the device needs to be calibrated. The original calibration
was carried out by observing the phase transition between the tetragonal and orthorhombic phases
of KDP (KH,PO,) which occurs at 122 K (Nelmes ef al., 1987). The particular feature of this
gas flow cryostat is the positioning of the pump, between the liquid supply and the gas output.

The heat exchanger is required as the pump operates at room temperature. Generally flow rate is




set at around 0.5 lhr', which is reasonably economical and ensures a stable temperature. To

reduce the problem of frosting the cold gas the stream is surrounded by a flow of dry air.
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2.3 THE RIGAKU AFC6S

For the Rigaku AFC6S diffractometer the X-ray source is a copper X-radiation tube (Age=
1.5418 A) this is useful for measuring samples that are weakly diffracting and to determine
absolute configurations in light' atom structures by anomalous dispersion studies. To
monochromate the beam a (111) graphite crystal plane is used with a (0.2mm, 0.5mm or 0.8mm
check) lead collimator. The sample is mounted onto a goniometer head, which is screwed onto the
¢-shaft and the crystal is centered using the instrument’s in-built microscope. The crystal is now
ready to be centered in the X-ray beam and once this is done the sample is ready for X-ray
diffraction analysis.

For safety a lead glass-panelled interlocking door prevents the user accessing the instrument and
allows the X-ray beam shutter to open if the door becomes opened then the X-ray shutter will be
automatically closed. Computer controlled software is then used to move the circles in order to
search for diffraction from the sample. To avoid damage to the detector by non-diffracted X-rays
a lead beam-stop is situated in the direct-line of the incident beam in between the sample and the
detector. The Oxford Cryosystems Cryostream cooling device (Cosier & Glazer, 1986) as
described previously is positioned diagonally above the sample such that collision with the ¥
circle of the Eulerian cradle is avoided. The diffracted X-ray beams themselves are detected using
a KBr scintillation counter. The Rigaku AFC6S diffractometer uses MSC/AFC Diffractometer
Control Software (Molecular ‘Structure Corporation, 1991).

2.3.1 Searching and Indexing the diffracted beams

To proceed with the diffraction experiment the Rigaku AFC6S diffractometer needs to find the
correct orientation of the crystal. To obtain a reliable preliminary orientation matrix for a given
crystalline sample in an X-ray experiment, between 10 and 20 suitable reflections are usually
required. The diffractometer is set to search for 20 suitable reflections by systematically
‘zigzagging’ through reciprocal space. These 20 reflections are indexed together or, if initial
indexing fails, in smaller groups. If fewer than 20 reflections are found then the software can
attempt indexing with the number that have been found, but because the indexing is less precise
with fewer reflections, usually any less than 12 reflections would be considered too few. If the

indexing procedure fails, it is possible to select the peaks to be indexed manually using given
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criteria (e.g. good profiles or high intensity). The ‘auto-indexing’ or ‘real space method’ strategy
‘((Cle'gg, 1984), (Sparks, 1976 and 1982)) is used to determine the orientation matrix and cell
parameters of a given crystal. This method does not work in reciprocal space but in real space.
The three shortest non coplanar vectors are arbitrarily assigned the indices 100, 010 and 001 such
that a preliminary orientation matrix and unit cell can be generated. Although this unit cell (a’, b’,
¢’) will probably not be the ‘true’ cell, it must be a sub-cell, since all vectors in the true lattice are
also vectors in a lattice described by a sub-cell. The program then tests the cell by generating
vectors, (t = ua’ + vb’ +wc’, where u,v,w are integral values) up to a specified maximum length
and calculating the product, t.n for each of the 3n vectors, where n is an integer. If t.x is an
integral (within a small tolerance) for all reflections in the given list, then this x vector will be a
true lattice vector. Otherwise, it is not a lattice vector and a new x vector must be chosen and the
whole procedure repeats until 3 x vectors are found which satisfy this condition.
If the indexing is successful then the deduced cell parameters are refined and checked to make
sure that the given cell is not a sub-cell of the true cell and to determine which Bravais lattice type
and Laue class the crystal structure probably belongs. Collecting symmetry equivalents is
advantageous since it improves statistics on merging, reduces systematic errors, improves
precision and gives an indication of internal consistency of data and the absolute configuration
and improves the matrix. It is always good practice to collect symmetry equivalents and Friedel
equivalents although there are inherent limits in angular range by collision limits. Once the crystal
symmetry has been satisfactorily ascertained a data collection can be undertaken. If the symmetry
is in any doubt whatsoever, a data collection suitable for a triclinic crystal should be performed,
since with this all quadrants of reciprocal space will be measured, and therefore all unique data
collected (within a given 20 range and machine limits) regardless of its symmetry. So for this
reason it can prove advantageous to collect a triclinic cell, even if the symmetry is ultimately
~much higher than triclinic. If collection time were not a factor, then the data collection suitable for
triclinic crystals would always be performed, so that one always had more data than needed, but
this takes much more time and data storage takes up more room, so symmetry considerations are

used to reduce the collection time and data storage space.
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2.3.2 Data Collection Strategies

Since measured precision is proportional to the square root of the time of measurement and one
can increase this precision by either collecting scans more slowly or repeatedly. Since weak
reflections tend to have particularly poor precision, the level of precision tends to be often very
disparate. Each control software package therefore attempts to scan reflections to at least a given
minimum level of precision and to make the overall precision more uniform. The RIGAKU
AFC6S diffractometer tries to ensure this by first scanning a given reflection and in the process
determining the measurement’s precision. If this precision falls below the minimum precision
threshold then the reflection is rescanned until either this threshold has been reached or the
maximum number of rescans permitted, as specified by the user, is reached. The actual time per
scan remains constant throughout the experiment. The types of scan available are 26/ scans,
0/w and o scans. The 26/ type of scan involves the concurrent rotation of both the detector and
sample whereas in the latter type of scan only the sample is rotated. It is common practice for
20/ scans to be used instead of w-scans unless the scans are very broad or one or more of the
cell axes is large, since in such cases peaks are close in 6 and so may overlap the next reflection.
6/m scans may also be taken and these are a compromise of reciprocal space of » and 26/ scans.
The scan width can be either fixed or varied. The width should be defined to include only where
the X-radiation amplitude is greater than the background level. In cases where the variable width
is used, two constant parameters, A and B, from the function (0°) = A +Btan® must be evaluated.
Parameter A is determined experimentally from high angle data and parameter B is fixed at a
value based on the difference between Ko, and Ko, wavelengths. The function itself allows one
to account for peak broadening at increasingly higher 26 values due to increased wavelength
dispersion. The quantity and \ﬁ'equency of reflections must be measured. It is useful to be able to
detect any problem occurring during data collection, and to do this there should be a periodic
survey over as large an area of reciprocal space as possible. This is done by choosing three
reflections of intermediate strength, each with one alternately large Miller index and are measured

every 150 or 100 reflections detected on the Rigaku AFC6S diffractometer.
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2.3.3 Data Reduction

Once there is data obtained from the diffractometer it needs to be reduced. For the Rigaku
AFC6S diffractometer this is done using the TEXSAN software (Molecular Structure
Corporation, 1991). The collected intensities are converted into structure factors via a Lorentz
and polarization corrections. The Lorentz correction is a geometric correction and is determined
by the time taken for a given reflection (defined for this purpose as a reciprocal lattice point with
finite size) to pass thrbugh the surface of the sphere of reflection. It takes the form of Equation
2.3; -
L=(sin20)"  Equation 2.3

The polarization correction (which is geometric) accounts for the partial polarization of both the
incident X-ray beam by the graphite monochromator and that invoked during diffraction within
the sample. The amount of polarization is dependent on the value of 26 and is given by Equation

2.4

P=(1+cos20)/2  Equation2.4
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2.4 THE SIEMENS SMART-CCD DIFFRACTOMETER

The Seimens SMART-CCD is different to the Rigaku AFC6S diffractometer in that it is not a 4-
circle instrument. This instrument employs an area detection device to effectively be a 3-circle
diffractometer. The SMART CCD has only three Eulerian circles since the value of y is fixed at
54.74" The sample is mounted onto the ¢-shaft, positioned at the centre of these circles and
centered using the in-built microscope. A 512 x 512 pixel scintillation area detector, which
employs a charge coupled-device (CCD) to amplify the output, measures the diffraction. The
diffraction data is collected on a series of frames and each frame covers an area (hence the term
area detector) in contrast to the standard 4-circle diffractometers which collect data over a series
of single points. The area detector records the diffracted intensity information over a large area of
2-dimensional space which is then stored digitally as a 'frame' of diffracted intensity information.

The actual area covered by the detector per frame is dependent on the distance of the detector
from the sample. The detector itself has a 90 mm radius circular fiberoptic taper bonded to a one
inch CCD chip. Since the area covered usually records more than one reflection at a time (per
frame) then this dramatically speeds up data collection. The instrument employs (111) graphite
monochromated molybdenum Ko X-radiation that is collimated using a 0.2mm, 0.5mm or 0.8mm
lead aperture. A lead beam-stop is fixed in the direct line of the incident X-ray beam and a glass-
paneled interlock prevents user intervention when the X-ray shutter is open, in much the same
manner as with the Rigaku AFC6S diffractometer. The Oxford Cryosystems Cryostream cooling
device (Cosier & Glazer, 1986) is positioned diagonally above the sample in a similar manner to

the other diffractometer previously described

2.4.1 Data searching and indexing.

These procedures are carried out using the computer control software, SMART (Seimens
SMART, 1995). Since this instrument has a two-dimensional detector, it covers a large area of
reciprocal space in the measurement of each frame of data. This feature allows for the
determination of the X-ray quality of the crystal via an ‘electronic’ rotation photograph very
quickly. If the X-ray quality looks satisfactory, one continues by searching for reflections. A

certain number of frames of data (typically 10-20) are measured at a given X-ray exposure time
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(typically 5-20 seconds) over three different regions of reciprocal space two of which are
mutually orthogonal. Reflections appearing in these frames are then selected by a ‘thresholding’
procedure which puts into a list all reflections which exceed a minimum I/c value which is
specified by the user. An attempt is then made to index these reflections. Usually, a minimum of
about 20 reflections is necessary for successful indexing, although the number of reflections for
good to reasonable diffracting crystals is generally larger (usually 40-100+). The algorithm used
for this procedure is similar to that described previously (Sparks, 1976 and 1982). If initial
indexing fails, one can try sorting this list of reflections with respect to a given parameter, e.g.
mean intensity, 20 range, etc and then selecting reflections at one end of this scale e.g. of the
highest intensity, smallest 20 range, etc, for re-indexing. Alternatively, one can either simply
collect more frames of data and index on a greater number of reflections or remove all of the
existing reflections in the list and select reflections manually from the frames. This would be done
on the basis of good sharp peak profiles and moderate intensities and then, this subset would be
attempted to be re-indexed, or alternatively recollecting the data with a greater exposure time per

frame, which will expose the weaker peaks more from the background.

2.4.2 Data Collection Procedures

When indexing has proved successful, a least-squares procedure is used to refine the orientation
matrix, this updates the cell parameters and crystal offsets. Higher symmetry can also checked
for at this point using the ‘Bravais’ option. It is then necessary to set up a data collection routine.
Since it is an area detector, data collection strategies on the Seimens SMART-CCD
diffractometer are much simpler than those required for the Rigaku AFC6S and four-circle
diffractometers in general. An w-scan is sufficient and a scan width need not be employed
because such a large area of reciprocal space is covered in each frame, although a step size must
be selected. For routine data collections (with Mo Ka X-radiation) typically this value is set to
0.3 in . Although this value can be reduced to a smaller magnitude if the reflections are
obviously sharper than the average or if a greater accuracy is required. In these circumstances,
the number of scans should be increased to collect the same amount of space. Standard

reflections, like those collected on the Rigaku, cannot be collected on an area detector system, but
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this does not really matter since data collection on the Seimens SMART-CCD is so fast (typically
8-20 hours, and often nearer to 8 when the crystal diffracts well) crystal decay usually proves not
to be a significant factor. A full hemisphere of reciprocal space is surveyed by collecting frames
of data, in batches at predetermined angular settings, to a maximum value of 26. This value
(often 50°) depends on the distance between the crystal and the detector (which is typically 6 cm).
The user selects the length of time in which each frame is collected and this decision is governed
by the diffracting capability of the sample. The poorer the diffraction of the sample the longer
each frame needs and the precision of the collection is directly related to this. For a standard data
collection, this time is typically set to 10-40 seconds depending on the apparent diffracting
strength of the sample.

Once the data collection is complete, the user uses parameters that were used initially to index the
cell and collects reflections over all areas of reciprocal space, to a maximum of 512 permitted by
the software. This array of reflections is used to determine the unit cell parameters more

accurately.
2.4.3 Reduction of the Data

The collected frames do not directly contain reflections ready for analysis, the frames contain
data of the reflections and this must be processed into a form of individual reflection data. This
process is conducted using the program SAINT (Seimens SAINT, 1995). Each three-dimensional
peak profile is placed in a three-dimensional box of a given size, as specified by the user, where
the box comprises a grid of 9 x 9 x 9 points. Analyzing a variety of reflections, prior to the data
reduction allows the box size to be chosen. These reflections are analyzed in terms of their width
in the x and y directions and the full-width-half-maximum of the o-rocking curve width (the z-
direction). The largest widths in each direction are taken as the dimensions of the box and this is
constant for each data set. The integfation proceeds in two stages.

The first stage, only the strong reflections (as determined by a specified I/(6)(I) threshold) are
coﬁsidered. For each profile, the most intense point in the three-dimensional box is determined in
order to calculate the background which is assumed to be lower than 2% of this maximum
intensity. The points. that are above this 2% threshold are considered as a signal and are

normalized. The profiles of all of the strong reflections are stored in a temporary file.
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The second stage of integration is then performed, in which all weak reflections are considered.
The profile of each of these reflections is approximated to that of the nearest strong reflection
profile stored. The weak reflection is then normalized in accordance to this profile. After
integration, a Lorentz correction is applied (see previous section) before conversion of the

resulting intensities to structure factor amplitudes.

The level of decay is then analyzed by comparing reflection intensities with the same hkl indices
and the same ¢-values from the beginning and the end of the data collection. A linear decay
correction is applied when decay of a measurable value has occurred during the course of the

experiment.
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2.5 THE ABSORPTION CORRECTION

In general all datasets collected with copper or molybdenum radiation that have(heavier atoms
than silicon should have an absorption correction applied. The absorption correction compensates
for attenuation of the X-ray beam as it passes through the crystal. Reflection intensity is reduced
by absorption and this is directly related to the volume of the crystal (V). The linear absorption
coefficient () is based on unit cell contents and the types of atoms present in the unit cell. The
correction factor (A) is the reciprocal of this value and is represented by Equation 2.4, where t is

the path length;

e .
A= 7 Ie dv Equation 2.5

This is a simple absorption correction and only directly applies to solids such as spheres and
cylinders. More complex shapes use either numerical or empirical aBsorption correction.
Numerical corrections involve determining the Miller indices of the bounding faces of the crystal
and their precise dimensions. A mathematical representation of the crystal can be constructed
from this information, which is then divided up into a Gaussian grid. The contributions made by
each of the grid points to the total absorption are evaluated and summed so that they approximate

thé integral above.

Also common are the empirical absorption corrections. In this thesis the semi-empirical correction
involving  scans is often used. In this type of absorption correction the correction works by
scanning reflections that have  values close to 90° as the crystal is rotated about the diffraction
vector, . For reflections with % values close to 90° this is achieved almost exclusively by
rotating the ¢ axis of the diffractometer. Since the path length of the X-ray beam through the
crystal varies with y, the measured intensity of the reflection at different y angles will be
different due to absorption. The numerical and semi-empirical y scan absorption corrections have
been used for datasets in tﬁjs thesis. The magnitude and any relevant details of the correction

applied are given in the relevant experimental sections.
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2.6 THE DECAY CORRECTION

When there are variations in the intensities of reflections over time caused by radiation damage or
other deterioration of the crystal, the ‘decay’ correction is used to compensate for this. The
correction is based on changes in the intensities of the standard reflections, which are re-measured
at regular intervals throughout the data collection. Simple decay corrections use straight line
functions to describe this variation. The general assumption of isotropic decay is mostly valid but
may be checked by examining the variation in the individual standards. The purpose of a decay
correction is to place intensity measurements taken at different stages of the data collection on the
same basis: for example, if the standards have fallen to half their initial value by the end of the
data collection and a linear correction is applied, the last reflection would be multiplied by a

factor double that for the first one.
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2.8 SPACE GROUP DETERMINATION

The space group symmetry of the crystal needs to be found. Currently it is with the use of
computer software that space groups are determined using criteria, (including the Laue symmetry,
the Bravais lattice type, the cell parameters and the systematic absences).

To distinguish whether the space group is centrosymmetric or non-centrosymmetric, the
normalized structure factors are calculated (Wilson, 1942 and 1949). Normalized structure
factors are corrected for diffracted intensities that decrease as sin6/A increases. Their derivation is

from Equation 2.6;

lEhklI = Equation 2.6

Where |Flona is the mean value of all structure factors that have a scattering angle of By. Since
|[Ena| values are independent of scattering angle the underlying intensity distributions present
within datasets become apparent when they are analyzed. Since theoretical probability
distributions of the |Fuq| and |Ew| are different Where the structure is centric or acentric,
comparison of the mean of the experimental |[Eyy | with the theoretical values for centric and
acentric structures may determine whether an inversion center is present. Software typically uses
|Enal-1 since it has been found that for a centric distribution the value of this function calculated
using all data is close to 0.97 while for an acentric distribution the value is closer to 0.74. If the
experimental value is closer to 0.97 theén it is probably centric and closer to 0.74 indicates
acentric. In some cases with heavy atoms in the structure the presence of the heavy atom may
distort the statistics of intensity distribution and so the [Enq|-1 value may be misleading

All the space group determinations described in this thesis were carried out using the XPREP
program within the SHELXTL program (Sheldrick, 1991).

22



2.9 SOLVING THE STRUCTURE

Once the correct space group of a crystal has been determined, the full structural solution is
sought. This is not as simple as may be initially thought, since one measures the intensity of data,
i.e. amplitude, one can easily deduce structure factor amplitudes from the observed data (i.e. I =
F?). However one has no idea of the relative phases of these amplitudes because it is [F? rather
than [F| being deduced. Since there is no knowledge of the phases, the data are rendered useless
since the structure factors can only be converted into an electron density distribution via a Fourier
transform, which can only be solved if one knows the phases involved. This is the so-called
‘phase-problem’. The phase problem has not been solved, but this does not matter since there
have been methods developed to get around the problem and allow for the solution of crystal
structures. The two main methods, Patterson methods and Direct Methods are used routinely in

the solving of a structure by X-ray analysis ((Giacovazzo et al., 1992) and (Sayre, 1952)).

2.9.1 Patterson methods

The Patterson method was the first way the pﬁase problem was overcome and is the oldest
structure solving method.

Patterson methods are used to determine the phases of the structure factor amplitudes. A
Patterson function is the Fourier Transform of the square of the modulus of the structure factors.
Patterson functions can be calculated without any phase information. However, the peaks in a
Patterson map do not correspond directly to atomic positions. Instead, they represent inter-atomic
vectors. The height of each Patterson peak corresponds to the product of the atomic numbers of
the atoms linked by the vector. Patterson methods are therefore particularly effective when just a
few heavy atoms are present. In these situations the heavy atoms usually dominate the scattering
and the Patterson peaks which represent the vectors between them are the most prominent
features in the Patterson map. Once the peaks representing the vectors between the heavy atoms
have been identified, it is possible to determine the positions of the heavy atoms. This information
is used to derive a set of ‘heavy atom’ phases, which are combined with the structure amplitudes

and converted into an electron density distribution. These electron density maps are then used to
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determine the positions of other atoms within the crystallographic unit cell and so the process can
be repeated until all the non-hydrogen atoms are located.

Unfortunately, Patterson methods cannot normally be used to solve ‘light atom only’ structures
because there is very little fexture in the Patterson maps derived from such compounds. In the
beginning heavy atom substitution was the only way to overcome these difficulties and so the
large range of organic molecules with no heavy atoms present were rarely solved, and for these

compounds the direct phasing methods, which do not rely on heavy atoms, are important.
2.9.2 Direct Methods

In 1985 Herb Hauptman and Jerome Karle won the Nobel Prize for their work on the “Direct
Method” (Karle, et al, 1958). These methods have surpassed the Patterson method as the most
frequently used approaches for structure determination, at the present point in time.

This method relies on the fact that structure factor magnitudes and phases are correlated through
a prior partial knowledge of the nature of the electron density distribution (Sayre, 1952).

The convolution of the structure factor mégnitudes and phases give the complete structure factor.
We inherently possess some information about the electron density, e.g. p(x) > 0, p’(x)dV must
equal a maximum, and many of the atoms in a given structure may be very similar (this applies
especially to organic compounds). Such information is expressed as mathematical constraints on
the function, p(x), and since p(x) is related to the structure factor |[F(h)|, corresponding structure
factor constraints are formulated. Since the structure factor magnitudes are already known, these
constraints apply mainly to the phases.

A given number of strong reflections are arbitrarily assigned phases and the constraints are
applied such that, in favorable cases, all phéses may then be determined. Obviously the more
constraints available the easier the determination of the un-assigned phases.

Since the initial partial assignment of phases is completely arbitrary, the procedure will seldom
give the correct solution. Moreover, it is not instinctively obvious which is the correct solution.
Hence, this procedure is repeated, typically 30-200 times and for each solution a combined figure
of merit (CFOM) is calculated in order to identify the best solution. Once a good solution has
been found the phases of this are used to generate an electron density map. From this electron
density map many atomic positions can be determined; this acts as a starting nibdel. The phases
that are known are used to approximate the unknown phases. Using difference Fourier synthesis

and least squares refinement, leads to a new electron density map and the assignment of
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undetermined atomic positions, this is then repeated until all the atoms have been found and the
model is chemically correct. This method has the advantage that it does not necessitate the

presence of heavy atoms.

2.10 REFINEMENT

The refinement of structures in this thesis is done using computer software, specifically the
SHELXL-93 software (Sheldrick, 1993). This software uses a model of the structure and by
performing a least squares calculation brings the calculated structure factors closer to the
observed data. The least square method of refinement is a statistical method that obtains the best
fit from the data. It minimizes the sum of the sduares of the deviations of the experimentally
observed values from their respective ones. When refining the data for a crystal structure the

atomic coordinates and other parameters are made to fit the observed intensities.
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2.11 NEUTRON DIFFRACTION

Neutron diffraction is an experimental method which provides accurate positional data for
hydrogen atoms in molecular crystals and it ‘is for this reason that it is widely used in the
determination of the geometries of hydrogen bonding interactions. This is despite the relatively
large costs involved in obtaining neutrons, in comparison to other analytical techniques and X-ray
diffraction. In recent times there has been a great deal of interest in the so called hydrogen
bonding, in particular the "weak" hydrogen bonds, such as C-H---O, O-H:::n, O-H---F, etc. The
weak hydrogen bond has generated quite a lot of controversy, with the boundaries of what is and
what is not a hydrogen bond, but this controversy has also generated an increased interest in

neutron diffraction experiments.

2.11.1 Neutrons and their characteristics

Neutrons are an unique probe of condensed matter and the information obtained from neutron
scattering experiments is crucial to an understanding of a system, either on its own or in
combination with other physical measurements.

* Neutrons allow the simultaneous measurement of structure and dynamics. This results from the
fact that thermal neutrons naturally have appropriate properties for each type of measurement.
For example, thermal neutrons have wavelengths similar to atomic spacing, typically in the range
0.5-10 A or so. This allows thermal neutron scattering techniques to examine structural features
in the range 0.1-1000 A. At the same time thermal neutrons have energies similar to the energies
of atomic movements, in the meV to eV range. This allows the probing of quantum tunnelling
effects, molecular translations and rotations, molecular vibrations, lattice vibrations and
electronic transitions within atoms. There are methods of measuring dynamical properties during
a structural experiment (or vice versa) using other forms of radiation, for example, by performing
Raman scattering on a sample in an X-ray beam. Such measurements, however, require the
provision of two sourcés, in this case an X-ray source and a laser, whereas the corresponding
measurement with neutrons could be done with just one source (but with two slightly different
methods of examining the scattered neutrons).,

Neutrons interact weakly with matter and are therefore non-destructive, even to complex or
delicate materials and this gives a distinct advantage for X-ray sensitive materials. Accordingly,

neutrons are a bulk probe, allowing the interior of materials to be probed, not merely the surface

26



layers probed by techniques such as X-rays, electron microscopy or optical methods. Neutrons
- have a magnetic moment, allowing magnetic structure (the distribution of magnetic moments
within a material) and magnetic dynamics (how these moments interact with each other) to be
studied in a way not possible with other forms of radiation. Neutrons scatter from materials via
interaction with the nucleus rather than the electron cloud. This means that the scattering power
of an atom is not strongly related to its atomic number, unlike with X-rays and electron
scattering. This has three advantages:

(i) it is easier to sense light atoms, such as hydrogen, in the presence of heavier ones, which is of
relevance to this thesis. |

(ii) neighboring elements in the periodic table generally have substantially different scattering
cross sections; for elements that have a similar atomic number, and hence similar number of
electrons, this method is extremely useful in distinguishing the separate elements.

(iii) the nuclear dependence of scattering allows isotopes of the same element to have
substantially different scattering lengths for neutrons, thus allowing the technique of isotopic
substitution to be used to yield structural and dynamical details. The use of contrast variation
where the scattering density of a mixture is matched to part of the system is particularly powerful
and has been a key to many successful applications of the téchnique of neutron scattering in

chemistry and biology.

2.11.2 Neutron Production

The development of single crystal neutron diffraction has been developed within the constraints
set by the nature of the radiation itself and no neutron diffraction experiment could be carried out
before 1932 (Wilson), when the existence of the neutron was merely suspected with its properties
and means of production not understood. Diffraction techniques had already been developed and
were equally applicable to both neutron and X-ray radiation. The early diffraction theory
pionecred by workers such as Laue were also valid for neutron diffraction. Neutron diffraction

therefore came into being with considerable theoretical and experimental advances already in

existence.
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2.11.3 The development of reactor sources

Techniques of neutron diffraction had to wait for the advent of nuclear reactors in which neutron

flux would be much increased. In recent times the availability of reactors has become widespread
and an increasing range of science devised for using the neutron beams produced. Traditionally
neutron beams were extracted from multi-purpose reactors whose design spanned many uses. In
order to achieve the desired neutron flux it was necessary to consider the construction of nuclear
reactors solely for the production of beams for neutron scattering. In 1965 the High Flux Beam
Reactor at Brookhaven National Laboratory, USA was the first of this type. Also a similarly high

flux reactor was built at the Oak Ridge National Laboratory, at the same time, which was not

dedicated to neutron production but also encompassed isotope production. In 1972 at Grenoble,

France, a specially designed reactor was commissioned solely for neutron scattering and to
support the work at this reactor a completely new institute was created. The Institut Max von
Laue-Paul Langevin (ILL) was the world's first purpose-built neutron scattering centre. The ILL
was unique in another way, in that the reactor was built as an international collaboration between
France and Germany, with the UK joining the Institute as a full-1/3 partner soon afterwards, in
1973. The flux available has increased by a factor of some 103 between the early general
purpose reactors and today's best research reactors. In order to attain increasing neutron fluxes it
is necessary to turn to alternative technology to that of reactor design and construction.
Fortunately, there is an alternative means of production of neutron beams based on accelerators
rather than reactors. By their nature, accelerator-based sources can be pulsed, opening up a new

type of scattering experiment.

2.11.4 Spallation sources

The characteristics of a pulsed spallation source are very different to those of a reactor neutron
source. The production mechanism itself is a dynamic process, being based on an accelerator
- rather than a steady state reactor. The term "spallation" comes from a mining term meaning to
chip. Massive particles are accelerated to high velocities (energies) in the accelerator before
impacting on a heavy metal target (at ISIS H’ ions are accelerated, see section 2.11.5). These
impacts produce neutrons (typically tens of neutrons for each incident accelerated particle). The

neutrons produced have energies typically of the order of MeV, this is much too high to be of use
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in condensed matter studies. In order to perform diffraction and other scattering experiments
using these neutrons they must first be slowed down. This deceleration is achieved by passing the
fast neutrons through moderators, which exploit the large collision cross-section for neutrons
associated with the hydrogen atom.

The good fortune for neutron scattering is that hydrogen is the most abundant element around and
for the purposes of moderation, does not have to be in elemental form. This means that neutron
moderators can be constructed from common materials such as water, hydrocarbons or from
hydrogen itself.

When a beam of fast neutrons is passed into a moderator, the neutrons undergo collisions with the
hydrogen in the moderating material, in the manner of a random walk. Since the fast neutrons
have a much higher température than the molecules in the moderator, they tend to lose more
energy than they gain in such collisions - and are thus slowed down. The extent to which these
neutrons are slowed down depends on two factors - the temperature and the size and shape of the
moderator. Obviously the higher the temperature of the moderator, the higher the energy of the
"thermalised" neutrons. Very large moderators can slow down the majority of the fast neutrons,
whereas a small moderator tends to allow more fast neutrons to escape before becoming
thermalised, and so a spectrum of slowed neutrons is produced. The characteristics of each of
these moderators are exploited in the various types of neutron source. "Full" moderation using
large moderators tends to be used at reactors or steady state sources, whereas "under" moderation

is of particular value at a pulsed source.
2.11.5 The ISIS pulsed spallation neutron source

The ISIS source, at the Rutherford Appleton Laboratory in Oxfordshire, UK, is the world's most
intense pulsed neutron source and its neutron production mechanism is similar to that used in all
such sources. The production of particles energetic enough to produce efficient spallation at ISIS
involves three stages. First, an ion source produces hydrogen ions (H'), which are accelerated in a
pre-injector column to 665 keV. In the linear accelerator, the second stage, the hydrogen ions pass
through four accelerating cavities to reach an energy of 70 MeV. At injection into the third
acceleration stage, the synchrotron, the electrons are stripped from the hydrogen ions by a very
thin alumina foil, producing a circulating beam of protons. The proton synchrotron, of 52m

diameter, accelerates 2.5 x 10° protons per pulse to 800 MeV, before they are extracted and sent
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to the target station. This happens 50 times a second. The spallation target is made from a heavy
metal such as depleted uranium or tantalum. The highly energetic protons produce neutrons by
chipping nuclear fragments from the heavy metal nucleus. For an 800 MeV proton beam some 25
neutrons are typically produced by each proton hitting the uranium target.

Around the target there is an array of small hydrogenous moderators to slow down the neutrons to
thermal or close to thermal energies, as described above. The characteristics of the pulsed
neutrons produced by a pulsed spallation source such as ISIS are different from those produced
at a reactor, leading to different ways of carrying out neutron scattering experiments. The pulsed
nature of the source makes it mandatory to exploit time-of-flight techniques on white neutron
beams. The production time can be precisely defined when the proton beam hits the target, by
recording the arrival time of each neutron at the detector, providing the flight path is known.

The use of white beams, sorted using the time-of-flight technique, allows fixed scattering
geometries to be adopted which greatly simplifies the use of complex and extreme sample
environments. In the particular case of single crystal diffraction, the wavelength-sorted white
beam has particular benefits in many types of measurement. The measurements of scattering on a
pulsed source cover a wide spectral range in both energy and momentum transfer. Access to data

over as wide a dynarhic range as possible facilitates the study of increasingly complex systems.

2.11.6 Neutron detection

The characteristics that lend neutrons their advantageous properties for the probing of matter also
give some of the problems associated with neutron scattering experiments. Neutrons are
penetrative into matter because their interactions are relatively weak. This is related to the fact
that neutrons are uncharged and therefore interact with the nucleus through the strong nuclear
force rather than with the electrons via electrostatic interactions. They also interact with the
electrons via the magnetic moment of the neutron, but this interaction is generally not so strong as
that between electromagnetic radiation (photons) and the electrons. The principle of efficient
detection is that the incoming particle must interact with the detecting medium in as short a
distance as possible, yielding a clear and unambiguous signal to indicate that it has in fact been
detected. The subsequent electronic coding, if any, of this signal must be accomplished in as
short a time as possible and the detection system placed in a state of readiness for detection of the

next event. The situation for neutron scattering experiments is frequently complicated by the fact
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that a single detection element (an isolated 'detector') may not be adequate for the particular
experiment. This is frequently the case in single crystal studies when the use of a position-

sensitive two-dimensional area detector may be desirable.

Two main methods, gas and scintillator detectors detect neutrons. Gas detectors use a volume of
gas, typically *He and BF5, for detection. The scintillator detector uses a medium, typically solid,

containing °Li or GD.
2.11.7 Summary of single crystal neutron diffraction

Single crystal neutron diffraction is an extremely powerful technique for accurate chemical
crystallography. Good neutron single crystal data will: yield high precision atomic and vibrational
parameters, including higher order thermal effects; permit detailed analysis of conformations,
molecular energetics etc. It is clear that there are several high profile areas in which such neutron
structure determination can have an impact, er example; pharmaceuticals, where many drug
molecules are in the accessible cell range. Detailed neutron data can be vital to the understanding
of molecular conformation, especially with regard to the often very small energy differences
between active and inactive polymorphs. Neutrons also sample the bulk of such materials, again
vital in the study of polymorphism in relation to production processes. Organometallic materials,
frequently have important ilydrogen atoms located close to a heavy metal atom, rendering neutron
diffraction an incredibly useful way of adequately determining the structure. Organic structures,
where neutrons have a vital role to play in the study of basic bonding, charge density studies,
hydrogen bonding and in non-destructive phase transitions, particularly those involving hydrogen

atom shifts.
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CHAPTER 3:
THE CAMBRIDGE STRUCTURAL DATABASE: AN INTRODUCTION.
3.1 INTRODUCTION

In recent years the solving of a crystal structure by diffraction analyses has become a
reasonably quick and uncomplicated procedure but, for the first half of this century, the
solving of the molecular structure of a comjmund by crystallographic means was a
complicated and time-consuming business. To solve a structure was extremely laborious and
involved tedious manual methods to collect, solve and then finally refine the diffraction data
and it was not uncommon for a single structure determination to take several years to
complete. As a consequence of this there were only a few new crystal structures being
;/)ublished each year. This relatively low number of published structures made it possible for
individual researchers to examine the whole of the primary crystallographic literature and
perform systematic analyses of related and similar structures by hand. There were a large
number of studies conducted during the 1950's and 60's dealing with topics such as bond
lengths, molecular conformations (Sutton, 1963) and hydrogen bonding (Pimental, 1960).

As improvements were made in diffractometer design and manufacture and the levels of
automation increased, more researchers were able to collect diffraction data in less time and
so the number of crystal structure determinations being reported annually increased steadily
from the late 1950°s onwards. Because of the ever increasing number of structures it became
increasingly difficult for individuals to conduct comprehensive searches of the primary
literature and secondary publication.

A major advancement in crystallography came in the form of computation. By the 1960’s
affordable computer technology was becoming more and more powerful. This then led onto
fully automated data collections with the collections being able to be conducted 24 hours a
day with the use of computer controlled diffractometers. The speed of computers meant that
the large number of repetitive mathematical procedures associated with structure solution and
refinement were able to be performed many times faster than previously possible.

Even more structures were able to be solved when the new direct phasing methods (Sayre,
1952) for solving crystal structures were developed. These new direct methods were good at

solving small organic compounds, which were a huge range of structures that had hitherto

been unsolvable.
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With these advancements the number of crystal structures being reported each year naturally
increased quite considerably (from 224 in 1960 to 1258 in 1970). This meant that manual
systematic analyses of the crystallographic data became impossible and with this a great deal
of the chemical information that was contained therein was in danger of becoming
increasingly underexploited. Ironically the computational methods that they themselves had
been largely responsible for had to be used to overcome this problem. The structural data
began to be compiled into computerized databases that could be searched systematically
using software developed specifically for that purpose.

There are currently five fully retrospective computerized crystallographic databases in use
today, in order of size these are;

1) Cambridge Structural Database (CSD, >200,000 entries), for organic and organometallic
structures.

2) Inorganic Crystal Struétufe Database (ICSD, 55,000 entries),

3) Metals Data File (CRYSTMET, 45,000 entries),

4 Protein Data Bank (PDB, 6,500 entries),

5) Nucleic Acids Data Bank (NDB, 731 entries)

All of the database analyses conducted in this thesis have been conducted with organic
molecules, as a result of this the CSD has been used in these analyses and in general much
more than the other four databases. So the databases 2-5, will not be further explained and

the CSD will be detailed for relevance to this thesis.
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3.2 THE CAMBRIDGE STRUCTURAL DATABASE SYSTEM (CSDS)

The Cambridge Structural Database system CSDS (Allen, 1991) is easily the largest of the
current databases and will be so for the foreseeable future. The database that is run by the
CCDC was initially set up in 1965 and at present it contains the crystallographic structures
of over 200,000 organic and organometallic compounds. Although the CSDS is a database
for organic structures, the CSDS definitions of what structures are acceptable to be included
is broad: it contains structures if they contain at least one C-C or C-H bond, within whatever
collection of atoms and bonds entered as the structure (i.e. carboranes, all the examples of
which are in this thesis are considered to be organic molecules by the CSDS) the result of this
is that the CSD contains structural information on a huge range of different structures, from
large metal clusters to simple alkanes, and everything in  between.
These data are accessed using CSDS search and retrieval software, which is being developed
and updated'constantly, There are four new versions of the CSDS annually and this allows
researchers to keep reasonably up to date with the new structures being developed. These
improvements to the CSD is changing the way in which the database is being used, there is an
increasing number of non-crystallographers using it for increasingly more complex structural
analyses, and the days of a synthetic chemist getting a crystallographer to search a reference
on the CSD are thankfully becoming a thing of the past.

Structural data is recorded in the CSD in three ways. These three can be categorized easily in
terms of their "dimensionality" (CSDS Manuals 1994 & 1995).

3.2.1 One dimensional
- One-dimensional data contains bibliographic and chemical text: typically information

contained are compound name(s), molecular formula(e), literature citation and cell

parameters. Basically this is all the information that can be kept in simple text format.

3.2.2 Two Dimensional

Two-dimensional data contains chemical connectivity representation. This information is

encoded in the form of two connectivity tables. The first of these stores atom properties and

the second stores bond properties.
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3.2.3 Three Dimensional

Three-dimensional data consists of atomic coordinates, cell dimensions, space group and
symmetry operators for each entry. This information is used to establish a crystallographic
connectivity using standard covalent radii. The chemical and crystallographic connectivities
are then mapped onto one another so that atom and bond properties can be matched to the
three dimensional structure.

All of the dimensional data is extracted from the primary literature. Over 500 journals are
currently represented in the CSD. To maintain data quality each is subjected to a series of
computerized checks to ensure that the information contained in the database is consistent

and accurate.
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- 3.3 SOFTWARE

The CSD uses several software packages to access and analyse the data it stores, details

follow of these programmes.
3.3.1 QUEST3D

QUEST3D is the main program of the CSDS; all subsequent uses and programs require the
files outputted from QUEST3D: simply put, QUEST3D is the starting point for searching the
CSDS. The use of QUEST3D is to define and execute text, numeric and two dimensional
chemical fragment searches. More complicated composite searches can be performed by
linking these definitions together using the Boolean logical operators AND, OR and NOT.
Probably the most common use and certainly for the work conducted in this thesis is the
search using a two dimensional model of the chemical fragment. This includes drawing the
molecular fragment with the drawing facilities of the QUEST3D program, often specific
parts (angles, bonds, etc) are selected on the fragment to obtain a numerical parameter for
 those parts of the molecule. The fragment is then defined and the search conducted, over the
whole of the CCDC. Entries that satisfy the input search criteria are displayed on the screen.
The user can visually manipulate this output (e.g. rotate, translate and magnify) and can view
it in a one, two, two/three and three dimensional display before deciding on whether to keep
or reject the specific entry. The saved entries have their information stored in the form of
several files, which can be read using complementary CSDS programs. Some of the stored
‘ﬁles are saved only optionally and the user determines which of these files they wish to keep
before running the search. The files saved are dependent on the subsequent CSDS programs
the user wants to use with the search results. Features of the CSDS include filters, to filter
~ out data that does not fit crystal or chemical parameters, i.e. one can choose to search only in
organometallic compounds or can search for structures with an R-factor lower than a
specified value. Also a fragment can be drawn and the NOT logical operator will filter out
any crystal structures containing this fragment. It is also possible to select a cap on the
number of structures found rather than search the whole database. An example of a QUEST

search is seen in Figure 3.1.
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3.4 RESEARCH APPLICATIONS OF THE CSDS

The CSDS has a worldwide distribution and many chemists and crystallographers use it as a
tool to compare the cell parameters of an unknown material with those of compounds that
have already been crystallographically characterized. It is also commonly used to search the
CSD for fragments of compounds they are interested in and obtain bibliographic and

structural information on them. However, the CSDS has many other applications.

3.4.1 Crystallographic Studies

The CSDS can be used to study crystallographic systematics. The reliability of the estimates
of precision (Estimated Standard Deviation, ESD) used by crystallographers was attempted
to be determined using data abstracted from the CSDS (Kennard and Taylor, 1986), while
others have used the CSDS to compile space group frequency tables (Mighell, Himes and
Rodgers, 1983) and attempted to rationalize the results (Wilson, 1988, 1990, 1991 and 1993)
and (Brock and Dunitz, 1994). »

3.4.2 Mean Molecular Dimensions

There have been several studies of the CSDS in an effort to determine the mean lengths of a
large number of different types of chemical bonds. The derivation of simple descriptive
statistics for standard geometrical parameters is a relatively straightforward application of
the CSDS. As an aid to structural chemists and modelers, two major compilations of bond
lengths were produced for both organic (Allen et al., 1987) and organometallic (Orpen et. al.,
1989) compounds. A study of inter-molecular bond angles and conformation in peptides has

also been performed (Ashida et al., 1987).
3.4.3 The Structure Correlation Method
The structure correlation method is based on the assumption that observed structures tend to
lie mainly in regions of low potential energy. If a range of independent parameters describing

a structure of a fragment in different environments can be correlated then the correlated

functions map a minimum energy path.
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The CSDS has been used extensively to analyze molecular conformation. Conformational
preferences can be detected using the structure correlation method. The conformations of
five, six, seven and eight membered carbocycles have already been extensively examined
((Allen, Doyle and Taylor, 1991) (Allen, Doyle and Auf der Heyde, 1991), (Allen, Howard
and Pitchford, 1993), (Allen, Howard, Pitchford and Vinter, 1994), (Allen, Garner, Howard
and Pitchford, 1994) & (Brock and Minton, 1989)). Other studies have examined the
conformations of certain bioorganic (Murray-Rust and Motherwell, 1978 and Murray-Rust
and Bland, 1978) and organometallic fragments. Biphenyl compounds are six membered
rings and these are of particular interest in this thesis, see chapters 5 and 10-13.

The structure correlation method and how it relates to this thesis is discussed in more detail in

chapter 11.
3.4.4 Non-bonded Interactions

There has been and is a great deal of interest in hydrogen bonding and all inter/intra
molecular interactions in general and so a large number of non-bonded interactions have been
studied using the CSDS. These investigations typically involve analyses of non-bonded
contact frequencies, distances and angles in relevant fragments. The CSDS is well structured
for the study of non-bonded interactions, and caters for these typ.es of studies. Notable studies
include an investigation of C-H...O hydrogen bonding using neutron derived structural data
(Taylor and Kennard, 1982), a comprehensive survey of interactions between halogens and
nucleophiles (Lommerse et. al., 1996) and database studies of C-H---O, X---O,N and C-F---H
interactions (V.J.Hoy, 1997).

3.4.5 Knowledge based Libraries

Many of the analyses of the CSDS have followed similar paths and for ease and to allow the
non-experienced database searcher more access, the CCDC began to explore associated
software, in 1995. The initial topic picked for this venture was that of intermolecular
interactions, this was called IsoStar and was released with the 1997 October Unix edition of
the CSD. There is a similar type of library with the PDB, molecular scene analyses and
torsional distributions have been studied in both the CSDS and the PDB for modeling

protein-ligand docking.
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3.5 THE SEARCHES CONDUCTED ON THE CSDS (EXPERIMENTAL SECTION)

3.5.1 General

In Chapters 10, 11 and 12 there are database studies using the CSDS. These have
concentrated mainly on the torsion angle distribution of biphenyls and similar compounds. In
the following section the details of these searches will be described with specific focus on the
non-routine parts of these searches.

First of all the one thing that most searches have in common is the biphenyl or biphenyl type
fragments, see Figure 3.4 and this structure is input into the QUEST3D software by drawing
the fragment as seen in Figure 3.4.

+

C

C
Q- H

Figure 3.4 An example of the biphenyl fragment for the CSDS

The bond lengths C1-C6 and C8-C9 and the dihedral angle C1-C6-C9-C8, as indicated in
Figure 3.4 are specified to be used as data for analyses with the VISTA and PLUTO
programs. Since the number of structures found in these searches is often relatively low,
structures that are disordered, are not screened out, but included since the torsion angle
should be roughly the same regardless of some disorder, as long as the rings themselves are
not disordered which is checked with all structures. This may create some anomalies when
defining specific position with hydrogen atoms, since often disordered structures lack
hydrogen atoms. The subset may not contain the disordered structure because there is a lack

of hydrogen atoms located at that position, this has the consequence that the total number of
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structures in the parent set may be greater than the sum of the subsets. The searches were
conducted with the rings being unconnected from each other, other than the C-C linkage
between the two rings. So connections between the rings other than the C-C bond were

screened out, Figure 3.5 shows such type structures.
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Figure 3.5 Problematic searching fragments

As a result of structures like those seen in Figure 3.5 the data was viewed and assessed
individually. This can prove to laborious, but attempts to screen out all unwanted structures

resulted in good structures being rejected.

3.5.2 0-0’-biphenyls

Here there were many structures that had to be rejected because of connections other than the
single C-C linkage bond between the rings. The search conducted of the o,0’-biphenyl
fragment, Figure 3.5, with any atom attached to 2 and 2’ and with 6 and 6’ being hydrogen
substituted. This created the overall 0,0’-biphenyl set in which all separate subsets were

searched. The structural data were then edited to discard any structures that had the same
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dihedral angle counted more than once. Structures with more than one biphenyl in the
asymmetric unit were deemed to have each biphenyl counted as a separate entity so all the
dihedral angles are counted in the statistical analyses even when both the angles are of very

similar values, see Figure 3.6.
(0} (o]

Figure 3.6 The o0,0’-substituted biphenyl fragment
3.5.3 Non-ortho substituted biphenyls

Here the fragment drawn of biphenyl has hydrogen atoms at the ortho positions, 2, 2°, 6, and
6’, see Figure 3.7. Since there are no ortho substituents this means that there are fewer

structures than the comparative studies in chapters 11 and 12.

Figure 3.7 The non ortho-substituted biphenyl fragment
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3.5.4 Heteroaromatic biphenyl type structures

Here the difference in the searches is to the fragment drawn in QUEST3D. Instead of
specifying carbon atoms in the rings the search allows for any atoms to be present, with the
added criterion that at least one atom present in the ring must be a non carbon atom, see

Figure 3.8. In addition the structure is not allowed to be the biphenyl fragment, Figure 3.9.
;A:AA AAZAQ
AA—AA AA—AA
Figure 3.8 The Heteroaromatic fragment, where AA refers to any atom

3.5.5 Biphenyls

With searching for all biphenyl structures in the database a fragment of biphenyl is drawn,
see Figure 3.9, there is no stipulation of groups on any of the carbon atoms, therefore all
positions on the fragment may have any substituent present.

The search followed that described in the manner of 3.5.2, except all positions were allowed

to be occupied

Figure 3.9 The biphenyl fragment
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3.5.6 X-X Interaction

This database study was different from the others described here. This search was designed to
find o0,0-biphenyls with halogen atoms at the ortho positions, similar to section 3.5.2., the
difference in this case is that any halogen is specified at the ortho positions and the distance

between these substituents is measured.

3.5.7 Bond Distances

Here the bond distances rather than the dihedral angle was specified to be searched for. The
relevant figures in Chapter 13 show the specific fragments with their ortho, meta, and para
labels. In the searches themselves the o, m and p labels were searched for with the AA (any

atom) group.
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CHAPTER 4:

AN INTRODUCTION TO ASPECTS OF PHOTOCHEMISTRY
4.1 INTRODUCTION

This chapter gives a brief introduction to aspects of photochemistry, so they may be understood
to a greater extent in the relevant chapters. This chapter is by no means a comprehensive guide
to photochemistry but merely an introduction to terms and concepts that are referred to and used
in this thesis. For a proper introduction to photochemistry, there are specialised texts, which
should be referred to (Wayne and Wayne, 1996).

When a chemical reaction is being considering there are two paths by which the reaction can
proceed, either via thermal excitation, or alternatively via photo excitation (i.e. the absorption of
photons). When the reaction is thermal, it is the absorption of heat that increases the
translational, rotational and vibrational energies of the reactant that initiates the reactions. It is
 the collisions between molecules at certain orientations with a thermal energy higher than the
necessary activation energy that are able to distort the electronic structure of the molecules and
lead to electronic reorganization, namely a chemical reaction, and create the product. This of
course this can also be simulated by increasing the kinetic motion of the solution (i.e. by
shaking the mixture). Photochemical reactions involve a completely different pathway and are
initiated by the absorption of a photon by a molecule. This promotes an electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), and so the chemical reaction occurs via the direct disturbance of the electronic
structure of the molecule.

Since both these types of reaction have different processes involved, the thermal and the
photochemical reactivities for the same molecule are generally quite different. An example is
seen with the 1,3-butadiene molecule, the heating of 1,3-butadiene in cyclohexane to 500 - 600
K the result gives predominately the Diels-Alder cycloaddition product. However, irradiation of
the molecule with 254 nm ultraviolet (UV) light gives the intra-molecular ring-closure product
efficiently. Thus a molecule in the excited state will behave as a different species from the same
molecule under thermal conditions in the ground state. The fact that many compounds react
differently in the excited state can be attributed to the difference in the electronic structure and
the extremely high energy of the electronically excited state. Generally the same excitement of
the structure cannot be obtained thermally. For example, 1,3-butadiene in the excited S, state
has energy corresponding to 473 kJ/mol”, to achieve the same energy thermally, the molecules

need to be heated to a temperature of approximately 104° C and in practice, this temperature
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usually destroys the molecular structure. Another distinct difference between the two types of
reaction is that reactions with AG > 0 can sometimes be accomplished photochemically whereas
their reactions are thermodynamically impossible.
An understanding of structure-reactivity relationships from mechanistic studies enables
photochemists to deduce the electronic structures of excited states ((Calver and Pitts, 1966) and
(Kagan, 1993)). The ground state electronic configuration of organic molecules consists of
bonding molecular orbitals (MOs) each with a pair of electrons and unoccupied anti-bonding
MO:s. Electronically excited molecules are short lived and will dissipate the excess energy to go
back to the ground state. This dissipation process can be either radiative, by the ejection of
photons or non radiative or chemical reactions with either another molecule (excited or not
excited) or with itself. In the following chapters on photochemistry it will be the excited state o-
bond cleavage reactions that will be the main theme and so here a brief introduction to their
mechanistic possibilities will be detailed. Three of the most common types of the bond
fragmentation process are;
1. Homolysis, where the bonding electron pair is equally apportioned between two departing
fragments.
2. Heterolysis, where the bonding electron pair remains with one fragment.
3. Mesolytic cleavage, which involves the fragmentation of radical ions, formed from electron

transfer.

The particular pathway of a reaction is determined by a number of factors including solvent,
leaving group and the excited state in which the reaction takes place (singlet versus triplet).
Since most intermediates of these reactions are short lived there are several time resolved
techniques that have been utilised for study, these include laser flash photolysis (LFP) and pulse
radiolysis (PR). Data from these techniques has given a great help in the elucidation of many

photochemical reaction mechanisms
4.1.1 The Redistribution of Electron Density
The change in charge distribution of an aromatic molecule in the excited state can be to a first

approximation understood using simple Hiickel Molecular Orbital (HMO) theory. According to

this theory, the s-electron density g, on the ™ carbon is given by;

qr-2; nicir2 Equation 4.1
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where n; is the number of electron(s) occupying the i orbital and C; is the orbital coefficient of
the i™ orbital at the r™ carbon atom. Since Cromo, r is normally different from Cyypo, ; the excited
state charge distribution is normally different from the ground state. It was noticed that the
basicity of aromatic hydrocarbons in the singlet and triplet excited states is higher, by many
orders of magnitude, than when it is in the ground state (So) (Kuz’min ef al, 1967). It was shown
by deuterium-hydrogen exchange experiménts that the basicity of the meta-position of mono-
substituted benzenes bearing electron donating groups (e.g. methoxy, hydroxy and methoxy)
increases dramatically upon electronic excitation ((Spillane, 1975) and (Lodder and Havinga,
1972)). The charge distribution and the localization energy for electrophilic attack of a proton to
phenol in the first excited singlet state (S;) has been calculated. (Bie and Havinga, 1972). The
result of this calculation indicated that the meta and ortho-positions of the molecule have higher
electron density and lower localization energy than the para-position. Thus the prediction from
these results is that the meta and ortho-positions should be more reactive than the para-position
towards excited state protonation, which is consistent with the experimental observations.

It has been shown that poly-substituted benzenes are photochemically protonated at position(s)
that are different from those expected under thermal conditions ((Smith, 1969) and (Zhang et al,
1994)). It has been found that simple HMO calculation can also be used to rationalize the
regioselectivity for photoprotonatioh of these molecules (Wan and Wu, 1990). Generally, it is
believed that these reactions occur in S; although it has been known for both triplet and singlet
states to be involved in some cases. When the aromatic compound possesses a high intersystem
crossing yield, the reaction proceeds primarily via the triplet state (George, 1971).

When some positions in a neutral molecule become electron rich in S; other positions become
electron deficient (more electrophilic). This enhanced electrophilicity in the S, state can
sometimes change the reactivity of the aromatic rings dramatically. This can be observed in
many aromatic molecules such as naphthalene (1), biphenyl (2). and many of their derivatives,
which are of great interest in this thesis, are immune to nucleophilic attack in the ground state.
However they can undergo nucleophilic substitutions with normal nucleophiles in S; ((Letsinger
and Steller, 1969), ‘(Gunst and Havinga, 1973) and (Griffiths and Hawkins, 1973)). Another
result of this charge redistribution is that the polarity of the molecule in the excited state is
different from that of the ground state. It has been shown that naphthalene (1) is polarized along
the long axis in S; ((Stevens and Strickler, 1973) and (Klevens and Platt, 1949)). Similarly,
biphenyl (2) has also been shown to polarize longitudinally in S; (Berlman, 1970). More
recently, it was shown (Shi and Wan, 1995) that biphenyls (3) and (4) are also highly polarized

in S; with most of the negative charge residing in the benzene ring not bearing the substituent,

see Figure 4.1.
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M Ne % R=H 3

Figure 4.1 Representation of structures (1), (2), (3) and (4)

4.1.2 Stokes Shift

Stokes Shift is the difference in wavelength between absorbed and emitted quanta, in
wavelength shifters or scintillators. The emitted wavelength is always longer (if single photons
are absorbed) or equal to the incident wavelength, due to energy conservation; the difference is
absorbed as heat in the atomic lattice of the material. Generally if a molecule experiences large
conformational and/or polarity changes upon electronic excitation, a large loss of energy will

occur and vice versa. Stokes was the first person to realize this phenomenon.

4.1.3 The Forster Cycle

Forster related the acid-base dissociation of the ground state to that of the excited state for a
general acid-base pair by a four-state cycle.

The Forster cycle is a thermodynamic determination of pK and thus provides no direct
information about the kinetics of Excited State Proton Transfer (ESPT). However in conjunction
with certain theoretical models of proton transfer (PT), such as the Marcus theory (Marcus,
1968 and 1975) and the Eigen model (Eigen, 1964), the thermodynamic property shows some
correlation with the rate of proton transfer. Early studies made extensive use of Forster cycle
and fluorescence titration methods.

Recent instrumental advances in time-resolved spectroscopy have made direct kinetic
measurements of ESPT possible. By using pico- and femto-second laser systems, some ultra-

fast rates can been measured directly and thus the dynamic determination of pK becomes

possible.
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4.1.4 The Franck-Condon Principle
The Franck-Condon principle states that a molecule preserves the nuclear conformation of its

initial state during any electronic transition. So the initial state obtained directly after excitation

of a molecule has the ground state geometry ((Franck, 1925) and (Condon, 1928)).
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4.2 ACID BASE PROPERTIES
4.2.1 Change the Acid-Base Property

An effect brought about by excited state charge redistribution is the change of charge density on
the substituents. It is well established that electronic excitation makes the ArOH protons more
acidic and the carbonyl group conjugated to an aromatic ring more basic. For example, the pK,
of phenol is 10 in Sy and 4 in S;, while the pK, of benzoic acid is ~ 4.2 in Spand 6 - 10 in S,
(Wehry and Rogers, 1966). The stronger acidity observed for phenols and naphthols in S; is due
to the greater electron-donating effect of the oxygen atom making the proton more acidic.
Carbonyl groups become more electron withdrawing upon excitation and as a result, carbonyl
groups are generally more basic in S, (Martynov et al, 1977). The same type of acid-base
property change is also observed for other non-oxygen acids and bases such as the sulphur and
nitrogen substituted analogs. It has been reported that the acidity of some carbon acids had a
dramatic increase upon excitation, enough to allow the benzylic C-H protons to be deprotonated
by H,O. It was found that the rate of protonation of some functional groups could be increased
by 11 - 14 orders of magnitude in S, (Wan et al, 1982). And when irradiated in a solvent these

molecules can undergo excited state proton transfer (ESPT).

4.2.2 Excited State Acid-Base Property

The acid-base property of a molecule is used to measure the dissociation constant K, The
determination of these constants can be easily determined for the ground state by a variety of
readily available techniques. In the excited state, the traditional methods used for ground state
measurement are not valid. The difficulties in measuring excited state dissociation constants
come from the fact that the concentration of the excited state is much lower than the ground
state and the lifetime of the excited state is usually extremely short. Thus the direct
determination of the acid-base property of S; requires both an ultra-fast experimental technique
and a highly sensitive detection technology to work on the same time scale and so the most
modern equipment is desired. Due to these technical problems, the excited state dissociation
constants (K, ) reported in the early days were all determined via direct methods. These direct
methods are extremely powerful tools and even with the modern equipment available for direct
determination of the excited state proton transfer rates, these traditional methods are still often

used. One well-known method is the Forster cycle, see section 4.1.3.
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4.3 PROTON TRANSFERS
4.3.1 Excited State Proton Transfer (ESPT)

The first example of ESPT was discovered in 1931 (Weber, 1931). It was observed that both the
absorption and fluorescence spectra of l-naphthylamine-4-sulphonate were dependent on the pH,
viz., the spectra shift considerably at certain pHs. It took twenty years to realize that this
phenomenon is the result of an excited state intermolecular proton transfer (ESIerPT). The first
example of excited state intra-molecular proton transfer (ESIraPT) was reported in 1995
(Weller, 1955), and it was found that the fluorescence emission of methyl salicylate showed a
large Stokes shift. When the acidic phenolic proton was substituted by a methyl group, this
unusually large Stokes shift disappeared and the fluorescence emission showed the expected
mirror image relationship with the absorption spectrum. This suggested that the fluorescence
emission observed for methyl salicylate is due to an excited state isomer formed via ESIraPT.
Since then extensive studies have been carried out in the field of excited state proton transfer,
especially for intra-molecular types, due to the important potential application for this class of

photoreaction.
4.3.2 Intra-molecular Proton Transfer (ESIraPT)

The term ESIraPT applies when both the proton donor and proton acceptor reside at the same
molecule. Such reactions typically involve transferring an acidic proton from an oxygen atom to
a more basic oxygen or nitrogen acceptor, to give the tautomer of the substrate. In this respect
ESIraPT is a tautomerization reaction in the S, state. ESIraPT reactions have been classified into

four distinct classes according to the mechanism of reaction;

the intrinsic intra-molecular transfer
concerted biprotonic transfer

static and dynamic catalysis of proton transfer

R

proton-relay tautomerization.
)
Details of the specifics of these reactions will not be further elucidated here, however they are

detailed within the relevant texts such as Kasha (Kasha, 1986).
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4.3.3 Inter-molecular Proton Transfer (ESIerPT)

ESIerPT usually involves transferring a proton from the substrate to a proton acceptor, in the
excited state this is generally the solvent molecule. Therefore the rate of proton transfer depends
both on the acidity of the substrate and the basicity of the acceptor. The more basic the acceptor
and the more acidic the proton of the substrate, the faster is the observed proton transfer rate.
ESIerPT in polar solvents is slightly different and proceeds via the charge transfer type of
transition state, the products found are solvated ions. Therefore the ESIerPT rate may also affect
the rearrangement of the solvent molecules in the solvent shell. In slower reactions the rate can
be as lon as 107 s, and it is limited by the reorientation time of the polar solvent molecules.
Faster reactions, however, can have a rate constant as large as 10"'s”, which is limited by
diffusion. The general observation is that most ESIerPT proceeds adiabatically in the relaxed

excited singlet state.

57



4.4 MOLECULAR GEOMETRY, FLUORESCENCE EMISSION SPECTRA AND
SPECTROSCOPIC BEHAVIOUR

Fluorescence emission concerns a transition from S, to So. According to the Franck-Condon
principle the emitting species should also conserve its excited state nuclear conformation
immediately after emitting a photon. So the emission spectra should reflect some conformation
information regarding the S; state. In biphenyl type structures the fluorescence emission
spectrum is affected by the S, twist angle t, which is the dihedral angle between the two rings.
The twist angle in the ground state also influences the absorption spectrum. The smaller the S,
twist angle the more red shifted the emission spectrum and vice versa. For many biphenyl type

molecules the spectroscopic properties have been summarised into five distinctive categories;

1. Planar in both S, and S,. These molecules have rigid and planar geometry. Simple aromatic
and o, o -bridged bipheny! systems are examples of this. These molecules will show a small
Stokes shift as well as narrow, highly structured and red shifted absorption and fluorescence
spectra. '

2. Nonplanar in both S, and S,. This occurs when the energy barrier for rotation is restricted
such that S, ‘planarization is seriously inhibited. An example of this type is 9,10-diphenyl
anthracene. The absorption and fluorescence spectra are narrow and slightly structured, blue
and red shifted respectively.

3. Nonplanar in Sy, planar in S,, These molecules have large geometry changes upon excitation
and have a relatively rigid S;. Examples of these are non solid state biphenyl and many
derivative compounds. The absorption spectra are usually blue shifted and diffuse with the
fluorescence spectra red shifted, structured and narrow.

4. Nonplanar in So, more nonplanar in S;. These molecules become more twisted upon
excitation. An example is 1,1-diphenylethylene. The absorption spectra are slightly
structured and blue shifted with the fluorescence spectra diffuse and red shifted.

5. Planar in Sy, non-planar in S;. These twist to non planarity upon excitation. An example is
trans-stilbene (Saltiel, 1967). Absorption spectra are narrow with fluorescence spectra broad

both are red shifted.
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4.5 ALTERING MOLECULAR GEOMETRY OF BIPHENYLS

A family of molecules that undergo significant geometry change in the excited state are
biphenyls. It is well known and assumed that these molecules are generally twisted in the
ground state but planar (or more planar) in the excited state. This is a sweeping generalization
and chapters 10-12 give a more comprehensive picture. There are many cases where biphenyls
in the ground state have a planar (or near planar) geometry, but photo excitation is known to
increase the planarity of the twisted biphenyls. The effect of photo excitation on biphenyls with
planar geometry has not been thoroughly examined: it is assumed that there will be very little
change to the dihedral angle but this assumption may prove erroneous. In all cases encountered
in the work conducted for this thesis, the starting materials have been twisted and the molecules
tend towards planarity upon photo excitation. Generally, data related to the ground state
molecular conformation may be obtained from X-ray analysis, UV-Vis spectrophotometry and
NMR spectroscopy and molecular mechanics calculations. Crystallographic analysis is limited
to the solid crystalline state with reasonable size crystals needed to be grown, but in terms of
‘quantitative results it is the best and most definitive way to obtain structural information.
However, methods to determine the geometry of S, are limited due to the difficulty of probing
very short-lived species. A method of observing the excited state using X-ray diffraction is to
“hold” the excited state by creating a reaction that proceeds in the excited state. If this reaction
holds the structure in a particular orientation then the structure must stay in the excited state
geometry because of the stereochemistry, an example of this being the closed ring product (see
chapter 6). These reactions can be made to happen in solid, liquid or gas phases, but of course
the gases and liquids have to be crystallized to analyze the results by X-ray diffraction analysis.
Stokes shift data provide a qualitative measurement of the molecular geometry change between

So and S,. It is a simple but powerful tool to probe for geometry changes upon electronic

. excitation.
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CHAPTER 5:
BIPHENYL AND DERIVATIVE COMPOUNDS
5.1 INTRODUCTION

In forthcoming chapters in this thesis biphenyl compounds and derivatives are examined
either by photochemical means, X-ray and neutron diffraction analysis or using a database
(which mainly contain X-ray diffraction data). In this chapter an overview is given of these
structures, which shows their history, properties and applications, before examining more
specialized aspects and examining biphenyl itself and several derivative compounds.

Biphenyl is a simple aromatic organic compound, the structure consisting of two phenyl
(benzene) rings joined together by a single bond between two of the carbon atoms in either
ring, (see Figure 5.1). Although it is reasonably unreactive and as a solid is stable in air and
to moisture under standard temperature and pressure, biphenyl is reactive enough that it will
undergo reactions under appropriate conditions and it is commonly used as a reagent.
Biphenyl is a white crystalline solid, insbluble in water, has a flash point of 113° C, an auto-
ignition temperature of 540°C, a boiling point of 254°C and melts at 69°C. Biphenyl is also
classed as a mild irritant.

The compound bipheny] itself was first synthesized by Rudolph Fittig in 1862 (Fittig, 1862),
and since then it has become of interest to scientists in several ways. In chemistry biphenyl is
used as a reagent by organic and inorganic chemists. Studies involving biphenyl include those
utilizing the biological properties and many papers are published each year involving
biphenyl derivatives (e.g. Puente et al, 1998). Biphenyl also has applications in the polymer
field (Madheswari, 1992). It became of more interest in the second half of the 20th century
with the development of modern analytical techniques (crystallographic, IR, photolysis
techniqués, etc), that can measure the biological, chemical and structural properties of this
compound in various states ((Bastiansen, 1950) and (Roberts, 1985)). In 1960 biphenyl was
structurally determined usiné X-ray diffraction analysis for the first time (Trotter, 1960) and
again in 1962 (Hargreaves & Rizvi, 1962). Due to the absence of heavy atoms in the
structure, biphenyl itself was much more difficult to solve than heavy atom derivatives, many
of which had already been reported by that time ((Fowweather & Hargreaves, 1949) and
(Merrit & Schroeder, 1956)). These commonly had bromine, chlorine and iodine atoms

present and were solved using the Patterson method (Fowweather & Hargreaves, 1949).
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Figure 5.1. The chemical structure of the biphenyl molecule

The X-ray diffraction analyses in the early 1960’s showed that there was no structural
twisting about the C-C linkage bond away from the planar structure. This was in stark

contrast to other analysis previously carried out that used electron diffraction with gaseous

biphenyl which found a twisted geometry with a dihedral angle of 45°(Bastiansen, 1950).

Later optical studies showed a twist of 15-30°, whilst in solution the angle has been found to

be 25° (Takei et dl, 1988). Studies on substituted biphenyls by both X-ray diffraction
analysis ((Remming et al, 1974), (Reboul et al, 1993) and (Lesser ef al, 1975)) and in the
gas phase (Bastiansen, 1950) have found the rings to be twisted about the C-C bond. The
only structural study that produced a planar structure was the X-ray diffraction analysis of
unsubstituted biphenyl. Recently however several substituted biphenyls have also had planar
or near planar structures ((Yakushi et al, 1974), (Brock and Haller, 1984), (M°Kinney and
Singh, 1988) and (Maguire et al, 1996)). The early X-ray difﬁaction structural findings on
biphenyl were superseded in 1976 and 1977 using superior equipment and analytical
procedures (Charbonneau & Delugeard, 1976 & 1977): X-ray diffraction studies at 110 K
and 293 K indicated that the structure of biphenyl is not truly planar, with the rings slightly
deviating from the plane. Although not planar the twist is small (<1°) and the structure is still
considered to have a near planar geometry. Later findings suggested that an X-ray diffraction
study conducted on biphenyl somewhere below 75 K would show the two individual
enantiomers. The structure was analyzed using neutron diffraction and a phase change, to an

incommensurate phase, was discovered (Cailleau & Badour, 1979). In this incommensurate
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phase biphenyl exists as a super cell with the separate conformations of biphenyls existing
within this super cell. Upon investigation by typical X-ray diffraction analysis as conducted
in this thesis (see chapter 2), the structure given will be an average of the structure in the
super cell, creating a smaller cell with more diffuse electron density.
Probably the most commercially important aspect of biphenyl derivative compounds are the
biological applications (Puente et al, 1998). An important factor in terms of its chemical
reactions, and thus all subsequent applications, are the properties of and surrounding, the C-
C bond between the two rings. This twisting about this bond affects the chemical reactivity of
the structure, inter- and intra-molecular interactions and the overall macromolecular
structure. For these types of compound the C-C bond has a tendency to be partially
conjugated due to the aromatic phenyl rings on either side pushing electrons through the C-C
bond and creating a fully conjugated/aromatic system. This leads to a slight shortening of the
ring separation, although not as short as a truly aromatic system. Theoretically the
conjugation will be at a maximum when the system is flat or very near planar allowing
maximum electron movement in the system. Although the system is less aromatic than
benzene, it does have the obvious similarities in the two phenyl rings. However, the flat
conformation results in the ortho substituents on substituted biphenyl derivatives becoming
sterically congested (Figure 5.2). This occurs particularly when the ortho substituents are
non hydrogen atoms, leading to a tendency to twist from the plane to avoid the steric
repulsion. Since twisting from the plane lessens the amount of conjugation, there is a trade off
between the amount of conjugation about the C-C bond and twisting due to ortho
substitution. When there are large ortho substituent groups the C-C bond is often twisted to
greater than 60°, this greatly limits the amount of conjugation. When the positions meta and
para are substituted then there is very little steric interaction between these substituents. It
has been noted (Brock & Minton, 1989) that the twisting of the biphenyl and the bond length
of the ring joining bond (which is directly related to conjugation, i.e. shorter bond length =
greater conjugation) are not linked and one has no discernable effect on the other. See chapter
11 for more details.
In 1950 Otto Bastiansen published a paper called “The molecular structure of Biphenyl and
some of its derivatives”(Bastiansen, 1950) which used electron diffraction techniques to
| analyze both non-ortho and ortho substituted biphenyls in the gas phase. His findings showed
that for three 0,0’-biphenyls (dichloro, dibromo and diiodo), the twisting of the rings was
~ closer to that of the cis conformation than that of the trans. This agreed with the earlier

findings (Fowweather & Hargreaves, 1950), which studied several similar structures in the
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solid state using X-ray diffraction techniques. These findings initiated the speculation that
there may be a possible halogen-halogen attractive interaction involved for halo o0,0’-
substituted biphenyls. This results in the preference for the cis conformation for these types
of systems (Bastiansen ef al., 1979) and to what has been termed an ortho effect. This ortho
effect is a general occurrence that happens for all 0,0’-substituted biphenyls and is not
exclusive to the halo substituted biphenyls. The effect and consequences are more fully
examined in chapters 10, 11 and 12 and these will be further explained therein.
Biphenyl compounds have been found to be of much interest photochemically (Shi et al.,
1998) and it has been on this topic that interest in biphenyls in this thesis was initiated. As
previous studies have shown ((Brock & Minton, 1989), (Wright et al, 1982), (Bowen Jones
& Brown, 1982), (Leser & Rabinovitch, 1978) and (Chen et al, 1996)) the 0-0’-biphenyl has
the tendency to be twisted. The extent of this twisting is due to the particular 0-o'-substituents
and how they interact with one another and the rings, via inter-/intra-molecular interactions
or on the basic stereochemistry. Not surprisingly, large bulky groups give larger dihedral
angles, élthough this can be greatly affected by the inter-/intra-molecular interactions present.
When the biphenyl becomes photoexcited it tends towards planarity ((Huang et al, 1991) and
» (Shi & Wan, 1995)), and this can be very interesting, especially when ortho substituents are
present. It is possible for the ortho substituents to use the twist to become involved in an
interaction. Ring closure reactions are one specific type of chemical reaction that can utilize
the inherent twisting motion generated when biphenyl compounds are photoexcited (Shi et al,
1998). The degree of twisting also has notable effects on the electronic spectra of biphenyls,
with large dihedral angles along the C-C linkage bond eliminating conjugation transmission
of electron density so that the resulting UV spectra is similar to an isolated ring structure

(Roberts, 1985).

e

e

Figure 5.2 Showing the steric crowding of the ortho substituents on planar biphenyls
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5.2 THE ULTRA VIOLET SPECTRA OF BIPHENYL TYPE COMPOUNDS

The UV spectra of such a systems have been shown to resemble that of an isolated ring
structure (Roberts, 1985). The conformation and twisting of biphenyls can be studied in this
way. “C NMR can also be used to study the twist, with °C shifts being used to estimate
inter-planar angles (Roberts, 1985).

There are two energy types that determine the conformation of biphenyls: these are the
repulsion energy, Es, due to the steric interference, and the delocalization energy, E, due to
the n-electron delocalization from conjugation. The repulsive energy is positive and the n-
electron delocalization energy is negative. For calculations the total potential energy, Er, is

taken as the sum of these two contributions;
Er=E;+E, Equation 5.1

The equiiibrium twist is taken to be when Er is at a minimum and thus the geometry of the
structure is determined by the relative magnitudes of E; and E;.

In all phases but the low temperature solid, biphenyl shows structureless electronic spectra
due to vibrational and rotational congestion, which gives no precise information on the
structure of the molecule. It has been suggested that biphenyl may have a coplanar
conformation in the excited electronic state (Takei ef al., 1988).

Biphenyls tend to be relatively unreactive because of the aromatic properties they possess and
there are no electron donating or withdrawing groups present in the system. When there is a
substituent present (obviously this may have resulted from a reaction of unsubstituted
biphenyl) then the substituent will tend to have an effect on the reactivity of the system. The
manner in which the substituent effects the system is dependent on the type of substituent
involved and to which position it is attached. In this respect the biphenyl type molecule is
similar to other aromatic systems and each ring can be viewed in the same way as a phenyl

ring with a phenyl group attached (substituted benzene), a phenyl benzene.
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5.3 PHOTOCHEMICAL ASPECTS OF BIPHENYL AND DERIVATIVES

Biphenyl has a very intense and structureless conjugation band, called the A band, with A
= 253nm in the crystalline state. In the gas phase this is at 238nm and solution it is 247nm
(Suzuki, 1967). This band is so strong and broad for biphenyl that any weaker band in this
region is hidden (Pickett et al., 1963). The broad and structureless features of this band
indicate that the conformation of biphenyl is not rigid and the dihedral angle only reflects the
most probable equilibrium conformation this agrees with the studies described in 5.1.

The introduction of substituents into the 2,2',6, and 6' positions is expected to increase the
steric interference between the two benzene rings and thus increases the dihedral angle.

If one can force the two benzene rings to a planar conformation, the molecule will have
maximal conjugation. This was observed experimentally in 0,0'-bridged biphenyls when the
ultra  violet spectra of 9,10-dihydrophenanthrene  and 4;5-methylene—9,10-
dihydrophenanthrene were compared to biphenyl. It was found that the spectra of these
compounds have similar intensity as biphenyl but are red-shifted due to a more planar
geometry and better conjugation. It is well known that introduction of methyl groups onto
benzene will also lead to a spectral red shift, however the methylene groups in these
molecules alone cannot account for such a large shift. Therefore, geometric changes must be
involved (Jones, 1941).

The spectra of a series of 0,0'-bridged biphenyls have been compared (Suzuki, 1967). It was
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