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Abstract

Photocrystallography is a relatively new and continuously developing technique used in the
structure determination of metastable and transient species in the crystalline state. This thesis contains
a description of investigations into photo-induced linkage isomerism reactions in the solid state with
the use of single crystal and powder X-ray diffraction experiments to monitor structural changes at

low temperature.

Chapter 1 provides a brief introduction to the concept of molecular electronics. A few
examples of molecular switches are given before focusing on linkage isomerism as a potential
switching property. Several successful photocrystallographic experiments on metal complexes that
contain ambidentate ligands are described and the scene is set for the new research that is reported in

this thesis.

Chapter 2 provides an introduction to some of the main principles of X-ray diffraction theory,

as well as describing the experimental crystallographic techniques used in this thesis.

Chapter 3 is focused on the linkage isomerism of the sulphur dioxide ligand in two ruthenium
complexes. The results of powder diffraction experiments and DFT calculations are described and
compared to results obtained from single crystal diffraction experiments that have been reported
previously.

Chapter 4 is concerned with the linkage isomerism of the nitrogen dioxide ligand. The results
obtained from single crystal X-ray photocrystallography experiments on three related nickel
compounds are discussed. Photocrystallographic temperature variation studies were performed and
Slant Plane Fourier maps were generated to identify the temperature limitations of any metastable
species obtained. An analysis of the bonding interactions is carried out and the packing of the

molecules within the crystal lattice is discussed in relation to the isomeric conversion.

Chapter 5 contains a description of the use of crystal engineering to reduce the risk of crystal
shattering during single crystal X-ray photocrystallographic experiments. Counterion exchange has
been carried out on a number of compounds shown to exhibit photo-induced linkage isomerism and

the structural results are reported.

Chapter 6 describes the experimental techniques and synthetic procedures used to provide the

compounds discussed in the previous chapters.

The appendix contains crystallographic information obtained from the experiments presented
in Chapters 3, 4 and 5 as well as details of the publication that has so far arisen from the work

contained in this thesis.
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Chapter 1

The Photocrystallography of Linkage Isomers - Materials for Molecular

Switches in Molecular Materials

1.1 Introduction

1.1.1 Molecular Electronics

Over the past few decades the driving force behind modern electronic design is the
miniaturisation of circuit components used within the information technology industry, with particular
emphasis on data storage materials. However, these devices are facing very fundamental physical,
chemical and materials limitations in terms of operation speed, density and sensitivity.!y Methods are

continually being developed in order to reduce the physical space required to store large amounts of data.

Traditionally a ‘top down’ approach has been employed to reduce the size of electronic
components; however this process will eventually reach a physical limit.”) Molecular electronics on the
other hand, proposes an alternative - the ‘bottom up’ approach. This method starts with the smallest
components of matter which have distinct shapes and unique properties - molecules, and builds them

upwards.”!

The use of a single molecule as a functional electronic device was first suggested in 1974.1
Recent interest in the ‘bottom up’ approach has been focused on electronic computers integrated on the
molecular scale.”! Molecules have the potential to act as wires or switches and are approximately a
million times smaller than components currently used on a conventional silicon microchip. The ability of
molecules to act in this way allows the assembly of small computer logic circuits built from molecular-
scale devices. Eventually in 2001, the assembly and demonstration of small computer logic circuits built
from molecular-scale devices was achieved.”™ This is the ultimate goal in the quest for miniaturisation as

a single molecule is the smallest conceivable entity that could have the required complexity.®

The simplest component of an electrical circuit is a wire.
Molecular wires (figure 1.1™) consist of long, highly conjugated
molecules with delocalised networks of r-orbitals providing a route

electrons can travel along. Much research into the ability of

molecules to behave as wires, has been conducted;® however the .
. . . . . . Figure 1.1 TEM of a carbon nano-tube
main focus of the work in this thesis looks at their ability to act as  capable of behaving as a molecular wire

molecular switches.



1.1.2 Molecular Switches
This section gives a brief introduction to molecular switches with a few relevant examples. There

are now thousands of papers on the subject and a comprehensive review is beyond the scope of this thesis.
The term ‘molecular switch’ is a fairly general term used to describe any molecule which has a property
that can be converted between two different states via the application of an external stimulus, i.e. the
molecule has an ‘ON’ and ‘OFF’ state. In the ‘ON’ position the switch must perform some type of
function or allow another device to perform its application. When ‘OFF’ the switch must totally hinder
this function. Important properties for a molecular switch include that it must not spontaneously change
between ‘ON’/’OFF’ states unless it has been activated to do so, that the switching phenomenon is almost

instantaneous and fully reversible and that the switching process is repeatable many times.®

Many molecular attributes are amenable to switching, for example the structural, electronic and
magnetic properties of a molecule. There are also a large number of external stimuli that can be used to
induce the switching process. Examples of these include changes in pH, difference in temperature,
application of an electric current and also the absorption of light. As a consequence, a large number of

molecules can be classed as switches in some way or form.

The example in figure 1.2 shows a molecular electronic catenane switch.®! The switch closes
when the linked molecular ring containing a tetrathiafulvalene unit, rotates as an oxidising potential is
applied to the system. The switch can be subsequently re-opened by application of a reducing potential

returning the ring to its original position.
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Figure 1.2 A catenane molecular switch!®

Another class of molecules which can pose as molecular switches is rotaxanes. The first
molecular shuttle was devised in 1991. A rotaxane with a tetracationic ring (cyclophane) demonstrated it
was capable of moving back and forth between identical stations (two hydroquinol units). These units
were grafted symmetrically into a polyether thread, terminated at the ends by large triisopropylsilyl
groups. The bulky terminal groups act as stoppers to prevent the cyclophane rings falling off the chain.

The shuttling process was confirmed by the use of NMR spectroscopy.!”



The example shown in figure 1.3 has two potential docking stations for an electron donor
macrocycle (bis-para-phenylene[34]crownl10). The first is a strong primary m-electron acceptor (4,4’-
bipyridinium) and the second a weak secondary m-electron acceptor (3,3’-dimethyl-4,4’bipyridinium).
The switch can be activated via two mechanisms. The first mechanism involves photosensitisation of the
Ru(bipy)** complex using light of 532nm generating a MLCT excited state. This excited species
undergoes PET reducing it to a radical cation, repelling the macrocycle and switching it to the other
docking station. The process can be reversed by the oxidation of the radical cation. The second switching
mechanism involves the use of a dual-action redox reagent which directly oxidises the photosensitiser unit
allowing the macrocycle enough time to flip when the 4,4’-bipyridinium unit is reduced. Electronic

recombination regenerates the 4,4’-bipyridinium di-cation, and completes the switching cycle.[*!
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Figure 1.3 A rotaxane molecule with the potential to act as a molecular switch

A photo-activated switch can be seen below in figure 1.4. The molecule can be reversibly photo-
isomerised to give a closed form - ‘ON’ using UV light of 365nm, or an open - ‘OFF’ state using light
with a wavelength greater than 500nm, (visible light) where the conjugation of the system is broken.
Upon irradiation the single crystal of 1,2-bis(2-ethyl-5-phenyl-3thienyl)perfluorocyclopentene not only
changes colour from colourless to blue, but also undergoes a macroscopic deformation where the almost

square crystal with angles of 88° and 92° changes to a more lozenge shape with angles of 82° and 98°.*

A =365nm
e

T
4 >500 nm

(open ring) (closed ring)

10 um
Figure 1.4 Photoinduced molecular switch



In recent years, interest has been shown in the use of linkage isomerism as a potential switching
property and has been focused on photo-excitation of ambidentate ligands within metal complexes. The
ground state isomer can act as one part of the switch, while the excited photo-isomer acts as the other.
The switching between these two different states could be used as the basis of an information storage
system, as information can be written and erased reversibly using light of two different wavelengths. The
following sections detail the principles behind photocrystallography and excited state chemistry as well as
examples of linkage isomers with the potential to act as switches.

1.2 Excited State Chemistry

1.2.1 Photocrystallography and Metastable States

A photo-induced compound is one formed by irradiation with light. Photo-induced species can
occur in a number of environments such as chlorophyll in nature, through to technologically important
materials such as LEDs.™¥! Previously, identification of new photoactive species was carried out by DSC,
UV absorption and emission as well as IR spectroscopy by investigating light-induced vibrational
changes. Some of these methods are described at the end of this chapter. The term ‘photocrystallography’
is used to describe the field in which the techniques of crystallography and photochemistry are combined
in single experiments to monitor the formation of light-induced metastable and transient species.™
Photocrystallography is a relatively new, continuously developing method of characterisation in the

identification of new photo-induced compounds and is discussed further in Chapter 2.

A species can be described as metastable if it exists without observable change even though it is
thermodynamically unstable with respect to another state. Metastable species generally have a longer
lifetime than an ordinary excited state and usually a shorter lifetime than the lowest energy state, known
as the ground state. Therefore a metastable state can be considered as a temporary energy trap or a fairly

stable intermediate.

1.2.2 Photochemistry

Chemical reactions generally proceed via a transition state. Conventionally thermal energy is
required to excite reactants to this intermediate state. The bond breaking and reorientation of atoms
associated with reactions arise mainly as the result of thermal excitation of vibrational stretching and

bending modes.™®

In photochemistry the absorption of light can result in the production of an electronically excited
species that exhibits different chemistry than the parent ground state. Electronic excitation of a molecule

results in a redistribution of electrons from bonding HOMO orbitals to anti-bonding LUMO orbitals when



using a specific wavelength of light with the required energy.' These excited compounds are
thermodynamically unstable and there are a number of ways in which an excited species can react or
otherwise lose its excess energy. A few examples are dissociation, luminescence, charge transfer and
isomerisation. The decay process adopted by the electronically excited species determines the lifetime of

the excited state.!® "]

The stability of an electronically excited state is affected by its electronic configuration and
several states are possible depending on the alignment of electron spin. A term symbol is used to describe

its configuration and is defined as:

Term symbol = **L,

S is the total spin angular momentum quantum number, and is obtained by the sum of the
individual spin angular momentum quantum numbers. In a two electron system the electrons can align in
one of two ways. If the electrons align anti-parallel to each other (1) this results in a spin multiplicity of
2(%2 - %) + 1 = 1 which is a singlet state. If electron spins lie parallel (11) the spin multiplicity then
becomes 2(%2 + %) + 1 = 3 and forms a triplet state. S is the greatest contributor to the stability of the
excited state species. L is the total orbital angular momentum quantum number and determines the total
angular momentum of an electron about the nucleus. It is calculated by identifying the orbital angular
momentum quantum numbers of electrons in the valence shell. Finally J is the total angular quantum

number and is the sum of the orbit angular momentum (L) and the spin angular momentum (S)."®!

A spin selection rule determines if a transition is allowed or forbidden. The spin selection rule for
molecular transitions is AS = 0. This selection rule states that transitions are only allowed between states
of the same multiplicity. Therefore transitions from S, to S; and T, to T,are spin allowed but transitions
from Sy to T, are spin forbidden. This has important consequences for the lifetimes of excited state

species.!'®

The Jablonski diagram (figure 1.5) summarises various routes of decay for an electronically
excited state. Firstly there are emissive processes such as fluorescence or phosphorescence. Fluorescence
occurs as a result of decay from a singlet excited state by emission of a photon from the S; to S, singlet
state. This process is spin allowed and singlet lifetimes of these excited molecules are very short due to
fast vibrational relaxation. Phosphorescence is the decay of T, to S, by photon emission and is a spin
forbidden process, resulting in triplet lifetimes being substantially longer than for a singlet species.™
Absorption of radiation from a singlet to triplet transition is weak since it is also a spin forbidden process.

Therefore excitation of phosphorescence by direct absorption of a photon is inefficient and is usually the



product of a triplet populated by intersystem crossing from an excited singlet state formed on absorption
(figure 1.5).This process conserves the total electronic and vibrational energy during the transition. Since
the T, state generally lies below the S; state (as triplet states have lower energies than singlet states) the
transition corresponds to one from the ground vibrational state of S; to a higher vibrational state of T;.
Vibrational relaxation then occurs in the T, state. The other process which can occur is known as internal
conversion. The electronic energy of S; may be transferred to produce a highly excited Sy state without
changing the total energy. The resulting excited vibrational state of S, relaxes rapidly to the Boltzmann
distribution and the electronic excitation is lost in the form of heat. Internal conversion is also possible for
higher singlet states e.g. from S, to S,.1*¢ 7]

Singlet Triplet
S, é Internal A
conversion
A T,
Intersystem Absorption
crossing
S1 %
Internal - Intersystem
. conversion i
Absorption crossing
Fluorescence Phosphorescence
So

Figure 1.5 Jablonski diagram

This project is mainly concerned with the structural characterisation of the excited states of
molecules. It is important that the excited species must exist without spontaneous decay despite being
thermodynamically unstable (metastable). As mentioned previously metastable states can be thought of as

fairly stable intermediates and considered as a local minimum on an energy level diagram (figure 1.6).

Energy
Energy profile
Metastable
state
Global
minimum >

Reaction pathway
Figure 1.6 Energy level diagram showing position of metastable state



1.3 Excited State Experiments and Time-resolved Techniques

1.3.1 Introduction

Knowledge of the ground state structure of a molecule can help provide information to predict the
reaction pathways and energetics for some photochemical reactions. The structures of short lived excited
state molecules have remained largely unattainable due to the lack of suitable X-ray sources.™ Previous
approaches to obtain excited state structural information with the use of a synchrotron involved one of
three methods:

<+ The use of gating detectors or chopping an X-ray pulse to obtain the required time
resolution, i.e. pump-probe experiments.? 2!

+ By cryogenically trapping an excited state species at low temperature for long periods of
time in order to be examined via steady-state methods.** %!

+ Using energy dispersive X-ray absorption. The excited state structure is captured within

the detector readout time.?* !

Much early work on excited state molecules has been performed at ps time resolution. This
unfortunately excludes many excited states, especially singlet excited states as they have significantly

shorter lifetimes.*¥ Over the past decade, three pulsed X-ray sources have been developed:

< Third generation synchrotron sources.
+ Ultrafast laser-generated-plasma X-ray sources.

+ Ultrafast laser-generated high harmonic soft X-rays.

As a result of the development of these pulsed X-rays a new era of time-resolved studies can be
carried out."™ New techniques such as photocrystallography (see Chapter 2) carried out on ps
timescales™ as well as more conventional methods are being constantly evolved to help identify new
excited state molecules and metastable linkage isomers. Typically to identify the excited state structure of
a molecule several techniques are used in conjunction with each other as different information can be

yielded from different experiments. Some of these experimental methods are described briefly below.

1.3.2 XAS

Until the advent of synchrotron radiation, there was a shortage of suitable X-ray sources to
undertake X-ray absorption spectroscopy (XAS) experiments. EXAFS is an extremely powerful technique
that determines the environment of local structures in almost any mixture, independent of the samples
physical state.”” Chemical information can be obtained on the environment of a single element in a

sample with high sensitivity and direct physical structural information can be obtained as in X-ray



diffraction experiments.”® EXAFS is applied to a variety of very different problems and used more
frequently to answer a variety of chemical questions. It is possible to obtain information about the local
environments of two components in a binary system as well as monitor structural changes that result from

a chemical reaction,®”? but the technique mainly provides information on electronic singlet states.

1.3.3 Mossbauer Spectroscopy

Mdssbauer spectroscopy can provide information on the coordination number, chemical state and
symmetry of the ligands of atoms with a Mdssbauer nucleus. Spectra can be recorded by either
transmission or by scattering (fluorescence) and hyperfine interactions in the Mdssbauer spectrum have
several features which provide information on the state of the atoms. The ionisation state and degree of
covalency can be determined from isomer shift as well as the quadrupole splitting. The quadrupole
splitting is also sensitive to the symmetry of the ligands surrounding the Mdssbauer atom. The f-factor
(the probability of the Maossbauer effect) determines the strength of atomic interactions, and this
combined with the shift can infer the co-ordination number of the Méssbauer atom.””! This is another

very fast technique and is good for identifying linkage isomers (cf section 1.4.1 and work by Rusanov et
al.Bo%),

1.3.4 Time-resolved Vibrational Spectroscopy

Transient Raman and IR spectroscopy are being increasingly applied to molecular assemblies to
study excited states formed following photo induced electron or energy transfer. Electronic excitation
generally produces transient changes in IR absorption characteristic of the changes in electron density
within the complex. The excited state species shifts to higher and/or lower energies which are observed in
the vibrational bands (relative to the ground state) on the scale of its lifetime. These shifts can be
interpreted in terms of structural or electronic changes that differ markedly from the ground state
molecule. Technological advances made in TRIR
make it possible to measure transient IR signals
following laser excitation on many timescales
(figure 1.7) up to a matter of nanoseconds.
Limitations of the technique depending on the

experimental strategy include source brightness | -----

and in some cases that the transient event must be A

repeated numerous times throughout the duration R Time-Resolved
Absorption | IR

of the experiment.®*¥ This technique is generally

used for studying singlet states with ps t0 NS Eigure 1.7 Comparison of IR absorption to transient IR absorption
lifetimes.



1.4 Linkage Isomerism

Linkage isomers can occur when one or more of the ligands attached to a metal centre are able to
coordinate to that centre in more than one way (i.e. the ligand has at least two donor atoms or binding
sites available for coordination). These ligands are known as ambidentate.™ There are many examples of
ligands which can undergo linkage isomerism, specifically photo-induced isomerism and some examples
are discussed in this section.

1.4.1 NO Linkage Isomers

Metastable isomers of transition-metal nitrosyl complexes first became apparent when light-
induced changes were observed in crystals of sodium nitroprusside (snp) dihydrate during a Mdssbauer
spectroscopy study of iron containing photo-irradiated solids in 1977.2%3% When snp was used during the
experiment, a new low temperature species was observed with features notably different from those of the
ground state structure.” Two light-induced metastable states were identified resulting from further
research using DSC and characterised via photocrystallography (figure 1.8). The experiment concluded
that the side bound n>-NO MS2 isomer decayed at lower temperature than the isonitrosyl n'-O MS1

isomer.2%
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Figure 1.8 ORTEP representations of the MS1 and MS2 snp anion with 50% probability ellipsoids shown
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Pressprich et al. provided the first indication that an atomic rearrangement was involved by a
photocrystallographic investigation in 1994. Data was collected on a photo-excited crystal of snp and
during a charge density refinement, more electrons were identified on the proximal atom than on the far
atom of the NO group. This observation was also confirmed by the results of least-squares refinements,
producing an anomaly in the atomic displacement parameters. When the N-bound conformation of the

ligand was chosen, the terminal atom had mean-squares displacements up to 20 times larger than those of



the bonding atom which indicated an incorrect element assignment had been chosen. Further analysis
using photo-difference maps illustrated the presence of MS1 being isonitrosyl (n'-O) and MS2 side-bound
(n2-NO) both previously unknown for the nitrosyl group.® Similar results were obtained in 1996 in an
investigation into the linkage isomerism of K,[Ru(NO,),(OH)(NO)].E®!

In 1996 Carducci and co-workers performed a 50K X-ray diffraction study of the ground state
and both metastable states of snp, having obtained suitable crystals from recrystallisation with water. In
order to maximise the population of MS1 the sample was first warmed to 165K and irradiated at 488nm
by an Ar” laser. The sample was kept at this temperature for approximately 5 minutes, before being re-
cooled to 50K in order to eliminate the formation of the MS2 component. In order to populate the MS2

state the laser was exchanged for a Nd-YAG laser and irradiated at 1064 nm.?

For initial experimentation at 488nm, an increase in all cell axes lengths and therefore an increase
in the cell volume was observed when compared to the ground-state species of snp. Changing the
wavelength to 1064nm resulted in a noticeable contraction along the cell axis a, while the c-axis
lengthened. When the a-axis reaches a minimum, the cell volume of MS2 is actually smaller than for the
ground-state structure. The results indicated that not only was the ground state structure in agreement with
other previous studies, but that the structure was in fact more accurate due to the lower temperature data
collection and greater number of reflections collected during the study. A section of the ground state

difference maps for MS1 and MS2 can be seen in figure 1.9.1"
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Figure 1.9 (a) ground state difference map of MS1 and (b) ground state difference map of MS2,
crosses indicate the atomic positions of the ground state species

The key features in the difference map for MS1, indicate a shift of the Fe atom away from the NO

group and bending of the ligands in equatorial positions toward the isonitrosyl group.”” Previous
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experimentation had only identified the M-O isonitrosyl bonding in two cases, both of which involve the
NO fragment as a bridging ligand between multiple metal centres.”! Results from this investigation along
with others from a previous charge density study, suggest that the change in charge distribution can be
attributed to an inversion of bonding in the NO fragment, and any distortions from tetragonal symmetry

are no greater than those found in the ground state.™

For the MS2 anion the difference map shows a peak near the Fe atom, located in the direction of
the nitrosyl group. There is also a trough in the other direction and peaks above each of the trans cyano
ligands, displaced towards the metal centre. These results indicate the formation of a second metastable
state where the Fe atom and the trans cyano groups are displaced in the direction toward the nitrosyl. The
peaks beneath the equatorial cyano group N atoms suggest that the ligands in equatorial positions bend
away from the nitrosyl ligand. The remaining features in the difference map indicate that the nitrosyl

ligand is in the side-bound n?-NO conformation.!”

Formitchev et al. determined both a ground state and a light induced metastable state of
[Ni(NO)(n°>-Cp*)] using X-ray diffraction. The metastable state was populated via irradiation of a suitable
crystal at 25K for 3 hours using 458nm light. Upon irradiation a decrease in length of the b-axis, along
which the nitrosyl ligand is oriented was observed, while the crystallographic c-axis lengthened to a lesser
extent. The shortening of the b-axis was monitored along with changes in reflection intensities to ensure
maximum conversion to the metastable state was achieved before commencing data collection. The
metastable state observed was the n>-NO isomer, and the Cp* ring is distorted as a result of the
displacement of the metal centre from the symmetric position above the ring. ORTEP representations of

the ground and the photo-excited state can be seen in figure 1.10.1%®

=5 0(1)

N —

' ol N

Figure 1.10 ORTEP representations of ground state (left) and light-induced metastable state (right)
of [Ni(NO)(n>-Cp*)] with 50% probability ellipsoids
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More recently in 2007 two photo induced linkage isomers of [RuCl(py)4+(NO)][PF]..%2H,O were
identified and characterised using DSC, IR, absorbance spectroscopy and DFT calculations. Irradiation of
the complex with light between 450-530nm (blue/green) generated the oxygen bound isonitrosyl isomer.
Further irradiation using near infrared light (920-1100nm) resulted in a rearrangement of the isonitrosyl
isomer to an n-NO side bound isomer at temperatures below 150K. A maximum population of 76% for
the isonitrosyl isomer was achieved whereas only 56% could be converted into the n>-NO form. These
percentages were calculated by monitoring the decrease of the v(NO) stretching absorption band in the IR
spectrum of the ground state. The experimental observations were confirmed theoretically using DFT and
found to be in good general agreement with the results obtained.*"

1.4.2 NO; Linkage Isomers

Linkage isomerism was first discovered by Alfred Werner during his studies on the metal
complex - [Co(NH3)s(NO,)]CLL."" The nitro (NO,) ligand in this complex can coordinate to the cobalt
metal centre either via the oxygen atom to form a nitrito complex, or via nitrogen to form a nitro complex.
In the case of [Co(NH3)s(NO,)]** these linkage isomers can be distinguished using IR spectroscopy and
also by a difference in colour. The ground state isomer is yellow and is N-bound, which on excitation
with light, changes to the red O-bound complex. Further discussion of similarly related complexes can be
found in Chapter 4.

/a . — __.."’" +CO;
& N

Ny D
A<350 nm
A3t nm =314 nm

cor /‘i‘ﬁ"\o /“A-..., A=314 nm /:'“mq‘ N/Hu\
\

c

A=232 am | +Ngy
A=400 nm

Figure 1.11 Matrix photochemistry of [CpRu(CO),(NO,)]

A 13K matrix isolation study combined with FTIR was used to investigate the photochemical
reactions of [CpRu(CO),(NO,)]. UV photolysis at wavelengths greater than 350nm, was shown to
produce two photoproducts A and B, assigned as two different O-bound isomers with the formula
[CpRu(CO),(ONO)] (one exo-nitrito and the other endo-nitrito, figure 1.11). This reaction was shown to

be fully reversible. Photolysis using shorter wavelengths of 314 or 280nm, resulted in the loss of CO to
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form compounds C. Despite the low product yield, there are indications that two isomers are formed at
this lower wavelength, one where the nitro group is (N,0)-chelating to the ruthenium metal centre and the
other (O,0)-chelating. Further photolysis at 254 and 229 nm was shown to form [CpRu(CO)(NO)] with

the evolution of CO, via an oxygen transfer reaction.[*!

In 2005 Kovalevsky et al. reported on the photochemically-induced oxygen transfer in crystals of
cis-[Ru"(bipy),(NO)(NO,)](PFs), where a double linkage isonitrosyl-nitrito isomer is formed and also
provided crystallographic and infrared evidence for the oxygen transfer between the NO, and NO ligands

at low temperature. The experimental data was also supported by DFT calculations.*?

Single crystals of cis-[Ru"(bipy),(NO)(NO,)](PFe),
were mounted on the diffractometer and cooled to 200K and
90K in two individual experiments. In each experiment a
ground state structure was collected in the dark. Figure 1.12
shows the ground state structure of the ruthenium cation at
90K. The crystals were irradiated in situ while continually
rotating with light of 458nm using an Ar* CW laser. At 200K
the crystal was irradiated for a total of 5 mins and changed

colour from orange to red. The sample was irradiated for 10

mins at 90K and also turned from orange to red however the

colour after irradiation was much darker in the 90K Figure 1.12 Ground state structure of the

. . ruthenium cation at 90K without hydrogen atoms.
experiment than at 200K. Over exposure of laser radiation  an almost identical geometry was observed at

. . . 200K
resulted in the formation of powder lines.*”

Figure 1.13 Photoinduced metastable state at 90K (left) and 200K (right)
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Results from the photo-induced linkage isomerisation showed that at both temperatures residual
electron density was found present in photodifference Fourier maps when the ground state coordinates
were refined. The resulting peaks were in agreement with n'-NO, nitro to n'-ONO nitrito linkage
isomerism in both experiments however at 90K a nitrosyl to isonitrosyl rearrangement was also observed
and confirmed by anisotropic refinement of the NO ligand atoms. The structures of the metastable states
are shown in figure 1.13.12

1.4.3 SO, Linkage Isomers
Another example of an ambidentate ligand is SO, which is isoelectronic with NO,". It is a highly
versatile ligand and is capable of forming a variety of complexes with metal ions due to its many different

coordination modes."*!

Johnson and Dew provided the initial evidence supporting the formation of metastable linkage
isomerism in the late 1970s when investigating an IR study on the complex trans-[Ru(NH5)4(SO,)CI]CI.
Linkage isomerism can be photochemically induced using irradiation of 365nm, trapping any isomers
formed by keeping the sample at low temperature. By varying the temperature used and the length of

irradiation time, it was possible to isolate more than one photoproduct.*

o.__o

planar hv, 365nm

Y

ground state

%
dlhapto 365nm
25K

0
@\@

hv, 365nm

195K pyramidal

Y

hv, 650nm
25K

hv, 365nm
25K

T> 170K
©

S

linear O bent

Figure 1.14 Postulated reaction scheme for trans-[Ru(NHs)4(SO,)CI]CI
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The IR spectrum for the ground state species has bands at 1255 and 1110cm™ corresponding to
asymmetric and symmetric S-O stretching modes respectively. Irradiation using 365nm light at 195K
resulted in a change in the stretching frequencies relating to the SO, group. A decrease in the two bands in
the ground state was observed as well as the formation of two new S-O absorption bands at 1165 and
940cm™. These results were observed using both KBr disks and Nujol mulls hence ruling out Br
substitution in the former. Photolysis at 25K resulted in the presence of yet another absorption peak at
1180cm™ suggesting a further product had been formed. Prolonged irradiation at this temperature also
identified the presence of a third short lived intermediate, however they were unable to conclusively
identify the exact structure of these isomers. It was postulated that spectral features were consistent with
the formation of a S-bound pyramidal structure for the initial product and the isomer from prolonged
irradiation was likely to be O-bound (either linear or bent). The results are summarised in figure 1.14.14!
Further discussion of SO, isomerism can be found in Chapter 3.

1.4.4 DMSO Linkage Isomers

DMSO, despite being larger in size than other ligands that undergo linkage isomerism, can also
reorient itself in both the solid state and solution phase to form metastable isomers. DMSO is commonly
found coordinated to a metal centre through the S atom, however, it is possible for complexes to occur
where it is bound through the less stable O atom. Excited DMSO complexes exist as both S and O bound,

however a metastable n°-S,0 complex can also exist.!**!

Figure 1.15 Structure of [Ru(bipy),(DMS0),]**

In 2000 both photochemical Ru-S to Ru-O and thermal Ru-O to Ru-S reactions were observed in
DMSO solutions of [Ru(Me,bipy),(DMS0),]** and [Ru(bipy),(DMS0),]** (the S-bound structure for one
of the two molecules in the asu is illustrated in figure 1.15). On the basis of steric factors the authors

commented that O-ligation would appear preferential in the cis-arrangement of the DMSO groups,
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however electronic and bonding factors seem to be more important in the stability of the ground state

structure which is why it adopts the S-bound coordination.*"!

The UV/vis absorption spectra can be seen for both the freshly synthesised yellow solution of
[Ru(bipy),(DMSOQ),](PFs), in DMSO and the resulting red solution after irradiation (figure 1.16). The
spectrum for the S-bound solution has Ama = 348nm, & = 5760M*cm™. The spectrum for the irradiated
solution has Ama = 507nm, & = 3500M7cm™ as well as Amx = 412nm, & = 5530M“cm™. This
bathochromic shift is indicative of a coordination change from a ‘soft’ S-bound (high field) to a ‘hard’ O-

bound (low field) ligand."®!

P

Absorbance

400 600

Wavelength (nm)

Figure 1.16 Absorbance spectra of [Ru(bipy,)(DMSO,)](PFs), in DMSO solution both before and after irradiation

A photochromic reaction of the complex- [Ru'"(terpy)(bipy)(DMSO)](SO5CF;), from a Ru-S to
Ru-O rearrangement of the attached DMSO ligand has been reported. Visible excitation was possible in
single crystals, films and in solution. Upon irradiation at 442nm, a crystalline sample underwent an
immediate colour change from yellow to red with the initial colour returning after several minutes. In
both solutions of THF, DMSO or acetone and pmma films, irradiation between 430 and 450nm was
shown to produce a new species which had an absorption maximum at 490nm."*! This was very close to
that reported for the product formed in the reaction of (CHs),S with [Ru(O)(terpy)(bipy)]** and is
consistent with the formation of O-bound Ru-DMSQO. This suggests that the photochromism observed is

due to the intramolecular isomerism from Ru-S to Ru-O of the DMSO ligand.*”

Upon excitation, S-bound [Ru"(terpy)(bipy)(DMSO)](SOsCFs), produces a ‘MLCT state, which
decays rapidly to form an emissive species on the *MLCT potential surface. Here the distorted n>-DMSO
state can either radiatively decay back down to the S-bound ground state, or rearrange itself to produce an

electronically excited O-bound isomer, which luminesces at 720nm (figure 1.17).""!
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E \\
412 nm

Q(m)
Figure 1.17 Formation of O-bound DMSO ligand in [Ru'(terpy)(bipy)(DMSQ)](SO3CF5),

A family of ruthenium complexes were investigated in pursuit of further mechanistic information.
Compounds were designed which contained a metal capable of single electron redox chemistry (Ru®"2"),
along with an ambidentate ligand capable of linkage isomerism (DMSQ) and a ligand available for
MLCT photochemistry. These compounds were of the form [Ru(terpy)(L)(DMSO)]**; where L was a
variable bidentate ligand: bipy (a), pic (b), tmen (c), acac (d) or mal (e). The structures of these ligands
can be seen in figure 1.18. Depending on which of these ligands is used, linkage isomerism can be either

disfavoured or encouraged in response to the electronic nature of the bidentate ligand.[*®!

a—a O_/(O /N
—v N7 =N Me,N  NMe,

Figure 1.18 Structures of bidentate ligands used in complexes of [Ru(terpy)(L)(DMSO)]**
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All complexes exhibit a S-bound DMSO ligand in the ground state, confirmed using electronic
absorption, electrochemical data and IR spectra (see table 1.1). The lowest energy Ru dn - terpy n*
MLCT transition shifted to lower energy as the bidentate ligand changed from complex a (419nm) to ¢
(429nm) to e (502nm). These trends were consistent with destabilisation of the t,, dr orbital set upon
substitution of the strong-field w-acidic ligand (a) with a weak-field n-basic ligand (e) within the complex.
The IR spectra of the aforementioned compounds showed v(SO) stretching frequencies within the
expected range of 1102-1066¢cm™ for S-bound DMSO systems. In the analogous O-bound isomers, these

frequencies are typically lower and found between 900-950cm™.[*?!

Compound Amax (NM) Ewn(V)  v(SO) AEqs AEe
i o* s° 0 (em™) (ecm® (cm?)
(a) [Ru(terpy)(bipy)(DMSO)]* 419 490 1.67 1.10 1102 3860 4040
(b) [Ru(terpy)(pic)(DMSO)]* 421 527 138 0.65 1089 4780 5890
(c) [Ru(terpy)(tmen)(DMSO)]** 429 530 1.65 1.03 1066 4230 4840
(d) [Ru(terpy)(acac)(DMSO)]* 468 - 095 - 1088 - -
(e) [Ru(terpy)(mal)(DMSO)] 502 - 082 - 1083 - -

Table 1.1 Summary of analytical results for [Ru(terpy)(L)(DMSO)]**

Cyclic voltammograms of d (z = 1) and e (z=0) are

reversible one-electron couples, suggesting that these
z S-bonded _Jfkﬂ/ P ggesting
= / | complexes do not undergo linkage isomerisation.
5 [ O-bonded
= . Voltammograms of a, b, and ¢ (z = 2 for complexes a and c,
U [ \\\.\‘ - - - -
\j z=1 for b) however are irreversible (figure 1.19). Following the
e = % , oxidation of S-bound Ru" at 1.38V and reversing the scan
Potential (V) vs. . . .
‘;\gméc] Y polarity, the corresponding cathodic wave was not observed.

Instead a new couple at 0.65V appeared suggesting that a new
Figure 1.19 Cyclic voltammogram of . . L I
[Ru(terpy)(pic)(DMSO)]* species formed following the oxidation of Ru"-S around 1.4V

which was indicative of an O-bound DMSO isomer.[ 8!

Irradiation of [Ru(terpy)(L)(DMSO)]** when L = a, b, or ¢ in DMSO solution, ionic liquids or
polymer films resulted in dramatic shifts in the lowest energy visible MLCT transitions. The electronic
absorption spectra of both S- and O-bound isomers of [Ru(terpy)(pic)(DMSO)]" in ionic liquid can be
seen in figure 1.20 and the change in colour from yellow in its S-bound conformation to purple after

irradiation is shown in figure 1.21. Similar results were also exhibited by the same complex in DMSO
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solution and polymer films. After formation of the O-bound isomer, the S-form could be regenerated
yielding the same original absorption spectrum after a period of a few minutes. Complexes a and ¢ also
demonstrated similar behaviour, however no change was observed in complexes d and e, which also
indicated that S—O isomerisation is strongly disfavoured within these compounds. It has been postulated

for d and e that the bidentate ligands used prevent the Ru""' metal centre from being hard enough to favour

bonding from the hard O-donor atom over the soft S-donor.!®!

s RultpyXpicX dmSo)] L% s [Ru(tpyXpicXdnsO)] &-_ t-
- b
/,"\.
oA
"E' 01 \ .
o |} \\
_5 \a'// \\ kgt
0.05 - l"\ .\\‘ O-bonded “
S-bonded
. R 421 nm 527 nm
. N - - - . [Rufipy ¥ pic){dm 5o}’ L [ B tpw W pie )i dmsin]”
Wavelength lenic Liquid
Figure 1.20 Electronic absorption spectra of S- and Figure 1.21 Solution of [Ru(terpy)(pic)(DMSO)]*
O-bound isomers of [Ru(terpy)(pic)(DMSO)]* before and after irradiation

1.4.5 Other systems
Many other ligands are also amenable to switching such as the cyano group and the thiocyanate

ion.® A N-bound to S-bound isomerisation was observed in tetrahedrally coordinated samples of
M;[Fe(NCS),] (where M = Me,N*, Et;N* and K*) when exposed to y-rays at room temperature.
Absorption and emission Madssbauer spectra were obtained suggesting the presence of S-bound

isothiocyanate groups in irradiated samples. This evidence was supported by results from IR spectra.™

In 2008 Mockus et al. reported on a femtosecond isomerisation of the disulfoxide complex
[Ru(bipy)2(OSSO)]**. In its ground state this molecule has a S,S-bound geometry which undergoes a
rearrangement using 355nm light to form a S,0-bound isomer. This species can further isomerise to give

[50]

an 0,0-bound complex (figure 1.22).

UHJ—|2+
: HyC- 5=
HiC.. a"’ shwa y
= -7'h.l ||'-qu|| ‘/ 3ssnm (== 'N:l.

_" T A W
= Y

{

Figure 1.22 Isomerisation process of [Ru(bipy),(OSSO)]*

19



There are also examples of photochemical

reactions forming excited state species that do not involve

. Pt(ground state)
Q© Pilexcited state)
(3
@

linkage isomerisation reactions. A combination of EXAFS

studies and stroboscopic time resolved diffraction

experiments on [Pt(pop)s]*, (pop = pyrophosphate)

showed that upon irradiation using a laser there was a
shortening of the Pt-Pt bond by 0.28(9)A. The photo-
difference map in figure 1.23, illustrates the change in

electron density before and after illumination with positive

areas of electron density in red and negative areas in  Figure 1.23 Photo-difference map of [Pty(pop)a]*

blue.P!

Another example of bond contraction upon excitation is observed within crystals of
[Rh,(dimen),]** (dimen = 1,8-diisocyano-p-menthane) studied by Coppens et al. In this complex a bond
contraction of approximately 0.85A is observed when irradiated within the range of 355-532nm at
17K B2

1.4.6 Conclusion

Intramolecular photochemical linkage isomerisation reactions are fairly uncommon with most
examples involving metal nitrosyl complexes. Other ligands such as SO,, DMSO, and NO, can also
exhibit linkage isomerism and metal complexes using these ligands, could prove to be extremely
important for use as information storage systems. There are more examples of linkage isomerism in
solution, rather fewer in the solid state. However, for information storage devices the solid state reactivity
is key. This thesis sets out to determine the structures of metastable linkage isomers via

photocrystallographic techniques mainly focusing on those formed by SO, and NO, metal complexes.
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Chapter 2

Crystallographic Techniques and Methods

2.1 Introduction
X-ray crystallography is a fundamental analytical technique used in the determination of crystal
and molecular structure. The following chapter details a brief introduction into some crystallographic

definitions as well as some of the basic principles of X-ray diffraction.

2.2 X-ray Crystallography

2.2.1 Crystallinity

Crystalline materials consist of regular arrays of atoms,
ions or molecules in three dimensions, with interatomic distances
of approximately 1A (100pm). In order for diffraction to occur, the
wavelength of the incident light has to be of the same order of
magnitude as the spacings of the diffraction grating (i.e. the

crystal). Because of the periodic nature of their internal structures,

crystals (figure 2.1) can act as a three dimensional diffraction fe 3
grating to radiation of a suitable wavelength (X-rays), and the Figure 2.1 A single crystal
resulting diffraction pattern generated can be interpreted to give the

internal positions of atoms within a crystal very accurately.™

2.2.2 Historical Background of X-rays and Crystallography

X-rays were discovered by the German physicist Wilhelm Réntgen in 1895, however their nature
remained unknown for several decades. Their wavelike properties were identified by von Laue in 1912.
He suggested that on the basis of their wavelength, X-rays might be diffracted when using crystals as the
diffraction grating.” This hypothesis was confirmed within the year by Friedrich and Knipping when the

first diffraction photographs were produced, which lead to the development of X-ray crystallography.®

2.2.3 Bragg’s Law

The discovery by von Laue was noted by W. L. Bragg and in 1913, with the help of his father W.
H. Bragg, they solved the first crystal structure of NaCl. Subsequently they solved the structures of KClI,
ZnS, CaF,, CaCO; and diamond.™ W. L. Bragg noted that diffraction was a consequence of reflections

from the X-ray beam by various lattice planes belonging to the same family," and only when the crystal
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is in specific orientations with respect to the source, can X-rays be ‘reflected’ from these particular planes
within the crystal.™ This ‘reflection’ is therefore different to that of monochromatic light by a mirror, as
this only requires the angle of incidence to equal the angle of reflection and this is possible for all

angles.”!

Bragg devised a model that details the geometrical conditions under which a diffracted beam can
be observed. Figure 2.2 below shows X-rays being diffracted from a series of parallel planes. In order for
constructive interference, and hence diffraction to occur, the path difference (MY+YN) must equal an

integral value of wavelengths (n).! This leads to Bragg’s law (equation 1), which is expressed as:

nA = 2dyy sind Equation 1

where A is the wavelength of the X-rays, dy is the spacing between the adjacent planes within a parallel
set in the crystal, and 6 is known as the Bragg angle, at which reflections from these planes are
observed.™

Incident ® ® Reflected
X-ray beam X-ray beam
® =0 «—
g Parallel planes
‘L within crystal
® @

Figure 2.2 Bragg reflection from a set of planes with spacing dy

It is important to note that Bragg’s law is a simplification and cannot provide any information
about the intensity of the reflected beam. The concept of reflection is also incorrect, as in practice X-rays

are diffracted by the electron clouds surrounding atomic nuclei within a crystal.

2.2.4 Atomic Scattering Factors

In diffraction experiments, the X-rays are scattered by electron clouds surrounding the atomic
nuclei. The amplitude of scattering for an atom is known as the atomic scattering factor and is given the
symbol f,-.[5] This is proportional to the number of electrons in an atom. However, at low angle of

incidence all the electrons are in phase, as 20 increases, because the electron cloud is of a finite size, the
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electrons around the nucleus stop scattering in phase and the intensity drops off." The atomic scattering

factors of some elements are illustrated in figure 2.3."!

sing/p ——

Figure 2.3 Atomic scattering factors as a function of siné/A

2.2.5 Crystal Lattices, Unit Cells and Bravais Lattices

The repeating nature of ions, molecules or atoms within a crystal, generate the crystal lattice. This
can be represented by a series of points, which are located at positions of identical environment by
translation. The arrangement of these lattice points provides a description of how the repeating units
occur. There are four different lattice types (figure 2.4); the primitive unit cell - P type, the body centred
unit cell — I type, the all-face centred unit cell - F type and face centred unit cell - which can be labelled

A, B, or C type.

Figure 2.4 The four lattice types
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The smallest repeating unit in a crystalline lattice is known as the unit cell, (figure 2.5) and when
replicated by translation alone, generates the full symmetry of the crystal structure. Using standard
convention, the three vector lengths of a unit cell are called a, b, and ¢ and the angles a,  and y (a is the
angle between b and c, B is the angle between a and ¢ and v is the angle between a and b). These three

lengths and angles are known as the unit cell parameters.!”

Figure 2.5 Unit cell diagram with cell dimensions and angles for a generic unit cell

There are a finite number of unit cells, which when stacked together will generate a crystalline
array and fill all of a three dimensional space. The seven different geometric shapes are known as the
seven crystal systems. The type of unit cell depends on the side lengths (a,b,c) and the angles between the
sides (a, B, v). The combination of the seven crystal systems along with one of the four lattice types, gives
rise to fourteen unique Bravais lattices (illustrated below in table 2.1). These unit cell shapes are

determined by their minimum symmetry requirements.”?

Crystal System Bravais Lattices Unit Cell Parameters

Cubic PIF a=b=c a=pf=y=90°
Hexagonal P a=b#c a=p=090°1y=120°
Trigonal (Rhombohedral) P a=b=c a=B=y#90°
Tetragonal Pl a=b#c a=pf=y=90°
Orthorhombic PCIF azb#c a=pf=y=90°
Monoclinic PC azb#c a=7=90° B #90°
Triclinic P azb#c a#P#y#90°

Table 2.1 The Seven Crystal Systems and the distribution of the 14 Bravais Lattices attributed to each System
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2.2.6 Symmetry Elements

For individual molecules a number of symmetry operations are possible which can relate one part
to another, in a crystal however, only six symmetry elements are possible. These six symmetry elements
can be broken down into two categories: non-translational symmetry elements which include rotations,
inversions, reflections and rotary inversions, and translational symmetry elements which include screw

axes and glide planes (figure 2.6).
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Figure 2.6 Illustration of the six symmetry elements possible in crystallography

A crystallographic rotation is when all the properties of the space remain unchanged after a
rotation of 2z/n about an axis, where n can equal 1,2,3,4 or 6. An axis equal to 1 is trivial since a full 360°
rotation of an object about an axis will always remain the same. Values of 2,3,4 and 6 (twofold, threefold,
fourfold and sixfold) result in rotations of 180°, 120°, 90° and 60° about an axis respectively. In
crystallography it is important to note that all rotations proceed in an anticlockwise direction.' Inversion
centres result in an inversion about a point and reflections occur due to the presence of mirror planes. A
rotary inversion is simply a rotation as described above followed by inversion about a point. The example

given in figure 2.6 is a 4-fold rotary inversion.

A screw axis combines a translational element with a rotation and has the general notation n;.
Again n is the rotational order of the axis and the translational distance is given by the ratio of i/n. For
example a 3; screw axis along the c axis is a rotation of 120° (2n/n = 360/3) followed by a translation

along the ¢ axis of 1/3 of the total unit cell length.™
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A glide plane involves a translation of 1/2 a unit cell length followed by a reflection. A b-glide

perpendicular to ¢ involves a translation of b/2 followed by a reflection in a plane normal to the c axis.™

2.2.7 Absences and Intensity Distributions

The intensity of each reflection in a diffraction pattern arises as a consequence of the interference
of waves scattered from individual atoms in that particular direction. Absences in crystallographic data
occur when the intensity of a reflection is systematically zero as a result of lattice centring (general
absences - table 2.2) or as a consequence of transitional symmetry elements present (systematic absences
- table 2.3). General absences affect the whole dataset while systematic absences only affect subsets of
reflections. The presence or absence of non-translational symmetry elements cannot be detected from

systematic absences as these symmetry elements have no translation components.®

Lattice type Affected reflection  Condition for reflection to occur
Primitive lattice P hkl none
Body-centred lattice | hkl h+k+1=even
Face-centred lattice A hkl k+1=-even
B hkl h+1=even
C hkl h+k =even
Face-centred lattice F hkl h k 1all odd or all even

Table 2.2 General Absences due to lattice centring

Symmetry Element Affected reflection  Condition for reflection to occur

Twofold screw, 2; along
Fourfold screw, 4, along a h0o0 h = even
Sixfold screw, 6, along

Threefold screw, 34,3, along

) Cc ool | divisible by 3
Sixfold screw, 6,, 64 along
Fourfold screw, 4, 4;along a h00 h divisible by 4
Sixfold screw, 6;, 65 along ¢ 0ol I divisible by 6

Glide plane perpendicularto b

Translation a/2 (a glide) h = even
Translation c¢/2 (c glide) hol I =even
b/2 + c/2 (n glide) h+1=even
b/4 + c/4 (d glide) h + | divisible by 4

Table 2.3 Systematic absences due to translational symmetry elements
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Although non-translational symmetry elements do not cause systematic absences, they do have an
effect on the distribution of intensities within a diffraction pattern which can be analysed statistically. A
number of approximations are made and the results indicate the likelihood a particular symmetry element
is present in the crystal. Due to the unreliable nature of the statistics the only non-translational symmetry
element routinely tested for in this manner is an inversion centre as the whole data set can be employed.
When an inversion centre is present, atoms are in pairs related by the inversion. Their combined scattering
tends to give a greater proportion of strong reflections and weak reflections so the data become centric
and show more overall variation. When an inversion centre is absent from the solid state molecular
structure fewer reflections in the dataset can be examined and hence is not very reliable. The normalized
intensities do not vary greatly from the mean and the data are acentric (figure 2.7).%"

Probability (E) Acentric

|[Normalised intensity| or |E|

Figure 2.7 Distribution of intensities for model acentric and centric data

2.2.8 Space Groups

The combination of non-translational and translational symmetry elements combined with the
fourteen Bravais lattices, generate 230 unique combinations of packing three-dimensional space known as
space groups. These space groups are unequally distributed across the seven crystal systems, and

determination of a space group from crystal data is achieved by looking at absences within the data.

Space groups describe the positions of symmetry elements and several symmetry-equivalent
objects can coexist within a single unit cell. The smallest part of a unit cell which will generate the whole
cell when symmetry operations are applied is known as the asymmetric unit.”! Equivalent position
diagrams describe locations of the asymmetric unit, while space group diagrams provide information as to

the position of all symmetry operators within a unit cell.
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2.3 Single Crystal X-ray Diffraction

2.3.1 Introduction

Single crystal X-ray diffraction has become a routine analytical tool used to determine the solid
state molecular structure of compounds. With the help of modern technological advances data collection
times have been reduced from weeks to hours over the last couple of decades by the invention of area
detectors. The information that can be obtained from these experiments is extremely valuable. Not only
does it provide a 3D model of the structure under investigation, the technique also provides information
on configuration, conformation, torsion and bond angles, bond lengths and bonding interactions. A brief

description of the technique is described in the following section.

2.3.2 Experimental Set-up

Helix/Cryostream

Diffracted X-ray

beams
X-ray
Incident X-ray beam
generator

--d
<--z Ss=- I |
-

Backstdp """"" Crystal mounted on

goniometer

Figure 2.8 Schematic illustrating set-up for a single crystal X-ray diffraction experiment

The schematic in figure 2.8 illustrates the standard set-up used for single crystal X-ray structure
determination experiments, while figure 2.9 shows the Nonius Kappa CCD diffractometer used for data
collection at the University of Bath. X-rays are generated by firing high speed electrons at a metal target,
which is typically made out of copper or molybdenum. When produced in this manner, the X-rays have
variable wavelengths so they are typically run through a graphite monochromator to create a
monochromatic beam of K, radiation which is suitable for use during the experiment. The crystal
(typically 0.2mm?® and 0.4mm?) is mounted on a fine glass fibre fixed on a goniometer head which can
rotate during data collection. X-rays are fired toward the crystal where some are diffracted and recorded
as a series of diffraction spots by the detector (each spot corresponds to diffraction from a set of Miller
planes for which Bragg’s law has been satisfied). A backstop is positioned immediately in front of the

detector to absorb any X-rays not diffracted by the sample. The use of a cryostream or helix blows cooled
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nitrogen or helium gas over the crystal and allows data to be recorded at low temperature. This helps

reduce the thermal motion of atoms within the crystal.”

Figure 2.9 The Nonius Kappa CCD Diffractometer at the University of Bath

2.3.3 Collection Strategy

The general collection procedure for single crystal X-ray diffraction experiments can be seen in

figure 2.10. The methods used for processing data and structure elucidation are discussed in the following

section.

Prepare and Evaluate Crystals

A crystal is selected, mounted on a
goniometer and centred on the
diffractometer J

Validate and Check Structure
Further refinement may be required

J

V

Output of Crystallographic
Results

Ly

-

Crystal Structure Determination

Indexation from ten initial frames
of data determines the unit cell and
Bravais lattice J

Data Collection and Processing
Collection of intensity data

Data processing (background
subtraction along with several
small geometric corrections) J

Refine Crystal Structure

Location of all the atoms and
subsequent refinement of their
positions

V

Solve Crystal Structure

Space group determination by
examining absences in data

Structure solution typically using
Patterson or direct methods J

Derive and Interpret Results
Prepare Figures and Tables
Archive Data and results
Communicate Results

Figure 2.10 Procedure for a single crystal X-ray diffraction experiment
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2.3.4 Structure Solution
Each spot on the diffraction pattern resulting from diffracted X-rays can be described by a
structure factor ‘Fpy’, which relates to atomic coordinates within the crystal by using equation 2 for N

atoms in the unit cell:

N
Foa = Z fj exp [Zni(hXj + kyJ + IZJ')] Equation 2

j=1

The position of atom ‘j’ is given by coordinates X;j, Y;, and z; and fj is its atomic scattering factor.
The integers h,k, and | are the indices pertaining to a particular reflection.”

X-ray diffraction experiments measure the intensity (lnq) of the diffracted X-ray beam from each
Miller plane (hkl) within the crystal. The intensity is proportional to the square of the structure factor (Il
o Fra®) and despite being able to measure the value of the structure factor its phase cannot be determined.
This is known as the phase problem in crystallography. In order to construct an electron density map for
structure solution both the structure factor and its phase need to be determined. The relationship between
electron density (p(xyz)) at point xyz in the unit cell and the structure factor is given in equation 3 below,

where V is the volume and o is the phase angle'?:

p(xyz) = (AUINV)ZZZ) [Fria| €os [2(hx + ky +12) — o] Equation 3

An appropriate method needs to be selected in order to overcome the phase problem. Crystal
structures are solved by creating a set of trial phases for the structure factors. There are two main methods
utilised to do this. The first is the Patterson method and relies on the presence of at least one heavy atom
in the unit cell. This makes the technique useful for solving the structures of organometallic and inorganic
compounds. The second strategy employed is known as direct methods and is used mainly to solve the

structures of organic molecules and biological compounds.™

2.3.4.1 Patterson Methods™"
Patterson identified that a Fourier synthesis using structure factor values as the coefficients
produces a 3D electron density map (according to equation 4) however a similar Fourier synthesis using

IFral® as the coefficients has peaks corresponding to all the interatomic vectors.™

P(u,v,w) = (LIV)Zh2E) |[Fral? cos [2n(hu + kv +Iw)] Equation 4

The Patterson method performs a synthesis on the data set to create a 3D map of the unit cell

from the values of P(u,v,w) which correspond to vectors between all pairs of atoms in the unit cell. Take
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two platinum atoms in a molecule that has crystallised in the space group P-1 as an example (figure 2.11).
The atomic coordinates of Pt; and Pt, are x,y,z and -X,-y,-z respectively related to each other by an
inversion centre. The direction of the vector (u,v,w) between the two platinum atoms is given in equation
5:

uv,w = [(X,Y,2)-( -X,-Y,-2)] = 2X%, 2y, 2z Equation 5

This vector appears in the Patterson map and allows the location of the two platinum atoms to be
located by dividing the result by two.!!

Pty

O ° Inversion centre
Xyz

Pt,

O O Pt atom

X-y-Z

Figure 2.11 Cell projection diagram containing two platinum atoms related to each other by inversion symmetry

The reason that Patterson method work well for heavy atoms is because the size of the vector is
proportional to the product of the atomic numbers of the atoms concerned. Once these heavy atoms have
been identified and their phases determined, an electron density map can be constructed highlighting the

positions of other lighter atoms in the unit cell.

2.3.4.2 Direct Methods

Direct methods are used to combat the phase problem when all the molecules in the unit cell have
similar atomic scattering factors. Direct methods calculate mathematical probabilities for phase values
and use these to construct an electron density map for the unit cell directly from a single set of
experimentally obtained X-ray intensities. The probabilities are calculated by making two main
assumptions: that electron density in a structure cannot take any value, however it must always be
positive, and that the structure consists of discrete spherically symmetric atoms evenly distributed

throughout the unit cell.™

Structure factor amplitudes can be related to phases through a knowledge of the electron density.
If the phases are known, amplitudes can be computed to conform to known information of the electron
density, similarly if the amplitudes are known, phases can be determined from electron density data.
Constraints on the electron density can be applied and as it is related to the structure factors by a Fourier

transformation, constraints applied to electron density data impose corresponding constraints onto the
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structure factors. As structure amplitudes are known, the majority of constraints restrict the values of

structure phases and in favourable circumstances are enough to determine the phase values directly.®

Table 2.4 summarises some of the constraints used for direct method structure solution and the

mathematical techniques that are applied to the constraint.!

Constraint Mathematical Method of Application
Discrete atoms Normalised structure factors
p(X)>0 Inequality relationships
Random distribution of atoms Phase relationships and tangent formula
[ p*(x) dV = max Tangent formula
Equal atoms Sayre’s equation
-I p(%) In(p(x)/q(x)) dV = max Maximum entropy methods
Equal molecules Molecular replacement method
p(X) = constant Density modification techniques

Table 2.4 Electron density constraints for direct method structure solution and the mathematical techniques used for their
application

In small molecule crystallography the key constraints used are:

+ Discrete atoms: The effects of the atomic shape are removed from the observed structure factors
and are converted to E’s — normalised structure factors. The Es are closely related to the Fourier
coefficients of a point atom structure and when applied to a phase determining formula,
strengthen the phase constraints so the electron density map should always contain atomic peaks.
The assumption is made that all the peaks are the same shape and the deconvolution of peak
shape is expressed in equation 6 below, where g, is a factor which accounts for the effect of the

space group symmetry on the observed intensity.®

IE(h)IZ = IFo(h)I?

N
ey, Equation 6
i=1

<+ Non-negative electron density: This constraint imposes p(x) > 0 (a site with a negative number of
electrons is an impossibility) and gives rise to inequality among structure factors.’® 4

+ Random atomic distribution: This constraint is more powerful than that used for non negative
electron density which is only capable of restricting phases which make p(x) negative for some

value of the phase. This is less likely to occur in slightly larger structures and so a constraint is
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therefore required which operates on the whole of the electron density no matter what its value
(achieved by combining the constraints for discrete atoms and non-negative electron density).
The structure is assumed to contain a random distribution of atoms and results in a probability
distribution for the phases rather than allowed and disallowed values.

<+ Equal atoms: This constraint assumes that in a large proportion of crystals the atoms can be
considered approximately equal if hydrogen atoms are ignored. This constraint was developed by
Sayre who came up with an equation which gives exact relationships among the structure
factors.™® If the electron density is squared, it will contain equal peaks in the same positions as
the original density but the peak shapes will have changed.®

Direct methods are popular in structure determination due to the fact that they are fully automated
which makes them easy to use, however the suitability of the constraints applied depends heavily on the

nature of the crystalline sample.

2.3.5 Structure Refinement
Structural models obtained by Patterson methods and direct methods are often incomplete and
usually represent a first approximation of the real structure. The final stage in single crystal X-ray

diffraction experiments is refinement. Refinement is performed for a couple of reasons:

<+ To improve phasing - This ensures that the computed electron density maps more closely
represent the actual electron density.
¥ To obtain the ‘best’ values for the parameters in the model — \When the structure is fundamentally

correct, weighted least squares refinement is used to optimise parameter values.™*

Refinement is generally carried out using least squares analysis which aims to find a good
description of the crystal structure in terms of numerical parameters that best fits the evidence of the
observed diffraction pattern. Refinement is usually performed using the amplitudes of (Fy.) or more

generally using (Fya)° as the phases of the observed structure factors are unknown.™

At the end of the refinement process a final residual index the R-factor (R;) is computed for the
structure which gives an indication as to how good the model is based on (Fy) or a weighted R-factor
(WR2) based on (Fpq). The R-factor is defined in equation 7 below, where F,is the observed structure
factor and F.is the calculated structure factor.” The weighted R-factor is defined in equation 8 where w

is a weighting factor and is always greater than the R-factor.

Rl =X ”FoHFc“

T |Fof Equation 7
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WR, = X [wW(Fy’ - F%)’]

> [wW(FoY)?] Equation 8

In general the smaller the R-factor the better and solutions are considered acceptable if this value
is between 2-7%. A good check is also an assessment of the estimated standard deviations on atom
positions and bond parameters. The structure is deemed complete once all errors have been checked and

the overall model makes chemical sense.

As there is no method to directly and unequivocally solve the structure from experimental data,
there is always a possibility that the proposed structure is incorrect. Methods can be employed to check
the validity of the model including comparison with other known properties of structures obtained from
different analytical techniques. Further examination of the X-ray data may also be required as another
solution may be possible that gives a similar goodness of fit for amplitudes, but a better fit for the

unmeasured phases.

2.4 Powder Diffraction

A polycrystalline material consists of a large number of randomly oriented crystallites. When
several crystallites are irradiated simultaneously by X-rays, they each generate their own diffraction
pattern and are superimposed upon each other. As the sample is rotated diffraction is observed from
planes in each of the individual crystallites which happen to be oriented at the correct angle to satisfy the
Bragg equation (the Bragg angle and intensity will be the same in each case, but the direction of the
diffracted beam will vary, while always being inclined at 26 to the straight through direction).™ This
results in individual lattice spacings within the crystallite forming a cone of diffraction (figure 2.12). Each
cone is comprised of a series of closely spaced spots arising from diffraction from a single crystallite
within the bulk sample. The sheer quantity of these crystallites allows these diffraction spots to join
together to form cones.™ Thus the 2D diffraction pattern for a single crystal is compressed into one

dimension for powder samples.

To obtain data in a form suitable for analysis the positions of the various cones need to be
determined. This can be achieved using either photographic film in a Debye-Scherrer camera or with a
detector sensitive to X-ray radiation. In both instances, the main principle is to determine the diffraction

angle, 20, of the diffraction cones.!”
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powdered sample

X-rays

\ 4

Figure 2.12 Diffraction cones generated from a polycrystalline sample

Figure 2.13 Schematic of a powder diffractometer

Powder diffractometers generally use X-ray detectors such as Geiger-Muller tubes or a
scintillation detector to measure the positions of diffracted beams. By scanning the detector around the
circumference of a circle, it cuts through each of the diffraction cones at the various maxima for the
sample (figure 2.13). The intensity of X-rays are measured as a function of detector angle 26 and this is

presented as a powder diffraction pattern (figure 2.14).M

37



1 T T
0.8 1
08 {
0.7} ]
F o6l J
c
@
€
B 05 {
|
E
S 04r B
0.3f B
0.2t ‘ | ‘ 1
| .
| I ]
0.1 Il I {
‘ | il | | [
) ( ‘I (Y W | Il g |
ol== - ¥ ASAVAWL N e L '..'.[.,,,‘..'-‘.l bl K A A dh ,‘u‘,‘-/—\r._—f
5 10 15 20 25 30 35 40

20 (%)

Figure 2.14 Powder diffraction patterns of paracetamol (red) and lactose (blue)™*®

The difficulty in powder diffraction is identifying which planes in the crystallites are responsible
for each observed diffraction peak. This process is known as indexing and involves assigning the correct
hkl index to each reflection. Although this is generally possible for simple compounds in high symmetry
systems, it is extremely difficult for many larger/less symmetrical systems as the diffraction patterns
become more complex due to the presence of a greater number of peaks. Overlap between reflections
becomes problematic as it is harder to index the pattern and measure the intensities of reflections.™ Most
X-ray powder diffraction experiments are carried out using copper radiation, which has a longer
wavelength than molybdenum that is often used in single crystal X-ray diffraction; this spreads the
diffraction pattern over a larger 26 range. This helps during the indexing process as the diffraction pattern
is expanded and peak overlap is reduced. The development of new techniques such as Rietveld methods
has made the solution and subsequent refinement of structures from powder diffraction experiments

possible.*]

X-ray powder diffraction is mainly used as finger-print tool to obtain information about the
composition of a bulk material or to detect the presence of a known compound or phase in a product. The
identification of compounds using powder diffraction methods can be useful for the qualitative analysis of
a product and also as a rough check of its purity. However, powder diffraction will not detect amorphous
products or detect impurities of less than 5 %. Another application of the technique involves using it for
an analysis of unit-cell parameters as a function of temperature or pressure to determine phase

diagrams.™
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2.5 Photocrystallographic Techniques

Both single crystal and powder diffraction experiments can be modified in order to perform
‘excited state’ diffraction experiments. Photocrystallography as mentioned in the previous chapter is a
technique used to monitor the formation of light-induced metastable and transient species.!"® It is possible
to add the fourth dimension of time into these experiments in order to carry out light-induced reactions by
time resolved X-ray diffraction.

The lifetime, 1o, of the photoinduced state dictates the type of instrumentation required for
structure determination. There are three principal methods that determine the type of experimental set-up,
and these depend on the lifetimes of the material under study. The three techniques are known as: steady
state methods, pseudo-steady state methods and stroboscopic methods which utilises pulsed X-rays. The
experimental conditions for each of these methods are summarised in figure 2.15 below.™™!

sample |

X-rays J | | I— Steady-state methods

laser | |

sample J\_l\—'\—'

X-rays |

laser

X-rays
Stroboscopic pump-probe methods
laser

time

Pseudo steady-state methods

Figure 2.15 Schematic of experimental conditions for photocrystallographic experiments

The steady state method is employed for compounds with extremely long lifetimes or metastable
structural changes. Here the photo-induced structure is obtained in three experimental steps. Firstly a
ground state structure of the material is determined using normal crystal X-ray diffraction. Next the
sample is irradiated with light typically using a laser or a broad-band light source. The light source is

removed and the resulting structure re-determined using the same experimental conditions as before. The
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resulting structure from the second data set will comprise of contributions from both the ground state
structure and the excited state. This is due to the fact that 100% conversion is hard to achieve without
compromising the crystal quality as the strains involved in the isomerisation process could cause it to

crack.%

Pseudo steady-state methods are used for compounds with lifetimes between mins and ms. Here
the excited state is maintained by continuously pumping the material with a light source that has a pulse
frequency that repeats faster than the excited state lifetime. After a short cycling period, the maximum
percentage conversion of the sample is observed for that particular optical source. The sample remains in
its pseudo excited-state for the duration of the experiment provided that the light remains cycling at the
necessary pulse rate. Again a ground state structure is obtained followed by another data collection to re-

determine its structure once the material has reached its pseudo steady-state.™!

For samples with lifetimes in the range of ms-us, a mechanical chopper can be employed to
produce pulsed X-rays. The length of each pulse is designed to be of the same magnitude as the lifetime
of the photo-induced state of the sample. The repetition rate of the X-ray pulse is matched with that of the
pulsed laser so that both the X-ray and optical pulses occur at the same time. The time when both pulses
are “on” the light-induced structure is observed, however the times when these pulses are “off” the
structure returns to its ground state. Intensity data is therefore only recorded when both pulses are “on”
and the structure obtained via this approach is also a combination of both ground and excited states.!
The experimental set-up for a stroboscopic experiment can be seen below in figure 2.16.2%

Laser pump pulse jk

d
A Shutter

Sample
on target

X-ray probe pulse

Shutter + Slits

Detector

Figure 2.16 Set up for pump-probe excited state diffraction experiments?”
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2.6 Synchrotron Radiation

2.6.1 Generation of Synchrotron Radiation

[18]

Figure 2.17 Picture of Diamond - a synchrotron in Didcot, Oxfordshire, UK

[21]

A synchrotron (figure 2.17) is a type of particle accelerator consisting of a ring structure
which is many meters in diameter.® Electrons are injected into a linac (linear accelerator) and are
accelerated, before passing into a booster ring where they continue to gain energy. These accelerated
electrons are then injected into a storage ring as beam of electrons. To constrain the particles in the
chamber, superconducting external magnets are used which provide an inward acceleration and help the
beam continue on its circular path. As a consequence of the constant change in direction and increasing
speed of the electrons within the magnetic field, the electrons lose energy in the form of electromagnetic
radiation, more specifically synchrotron light. This light is then captured by station beamlines where it
can be tuned to a specific wavelength (ranging from IR to soft X-rays) depending on the type of
experiment for which it is required. Modern synchrotrons are designed to maintain a beam of particles at

high velocities for long periods of time and are known as storage rings (figure 2.18). Klystrons are used to
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generate high power radiowaves which help sustain electron acceleration and replenish energy lost as a

consequence of synchrotron radiation.”

Beamline

Bending Magnet

Pulsed Injection Magnet

RF Cavity

| m o8

Electron Gun

Storage Ring

Booster

Figure 2.18 Schematic of a synchrotron with a storage ring

The electron beam is housed in an evacuated chamber, however it is impossible to obtain a
perfect vacuum and eventually the strength of the electron beam is lost due to interactions with trace gas
molecules present in the pipe. This means the synchrotron beam has a lifetime which depends heavily on

the quality of the vacuum and makes continuous use of synchrotron light impossible.

There are a number of uses for the intense radiation provided from a synchrotron in the IR,
visible, UV and soft X-ray regions however to generate the ‘hard’ X-rays needed for diffraction
experiments additional magnetic components are required to extend the energy range and increase the
intensity of synchrotron radiation. These magnetic components are known as wigglers and are comprised
of a set of three magnets that deflect the electron beam through a straight section, send it around a curve
then return it onto its original path. This results in extra emission of radiation, shifting it to a shorter

wavelength required for diffraction experiments.’??
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2.6.2 Advantages of Synchrotron Radiation

There are many advantages to using a synchrotron X-ray source as opposed to a laboratory
generated X-ray source. Due to the high flux and brilliance of X-rays generated from synchrotron
radiation (this can be around a thousand times more intense than a laboratory K, Cu or Mo source)
structures can be elucidated for small weakly diffracting crystals, which would not be possible on a
standard laboratory diffractometers.”! This is a particular advantage for photocrystallographic
experiments as during excitation of a sample by light, only the surface molecules tend to absorb the
radiation. With a smaller sample it allows for better sample penetration depth and hence a greater
percentage of the molecules within the sample will be exposed to the external light source, hopefully
resulting in higher levels of excitation. Other advantages include the ability to freely select the
wavelength required for experimentation with the use of a monochromator. This can be extremely useful
for problematic samples./?? Synchrotron light can also be pulsed allowing experiments to be performed on

timescales that can monitor structural changes as a function of time.?* 24

The intensity that is achieved with a synchrotron and the continuing development of high speed
area detectors allows for rapid data collections, whilst still maintaining an acceptable level of precision.®
This is extremely important for unstable compounds, however, it is also valuable when collecting
multiple data sets whilst varying sample conditions, such as monitoring the formation of isomers whilst

being irradiated with light as a function of time.
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Chapter 3

Sulphur Dioxide Linkage Isomers

3.1 Introduction

Sulphur dioxide is an ambidentate ligand capable of adopting a wide range of coordination modes
upon complexation as well as exhibiting changes in coordination upon excitation. Its versatility allows
eight different metal-ligand arrangements, which can be seen below in figure 3.1. Just over half of these
coordination geometries have been observed and structurally characterised, whereas the other bonding
modes are currently only hypothesised.™

0] (if) (iii)
n-S-planar nt-S-pyramidal n?-S,0-side-bound

PO

(iv) ) (vi)
1t-O-linear nt-O-bent n-O-bent
U-configuration Z-configuration
(vii) (viii)
n?-0,0-chelate n-allyl-like

Figure 3.1 Coordination modes of the sulphur dioxide ligand
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In 2002 the first photocrystallographic investigations were undertaken to monitor the
formation/presence of linkage isomers of the sulphur dioxide ligand in the solid state, using the ruthenium
complexes: trans-[RU(NH3)4(SO,)CIICI and  trans-[Ru(NH,)4(SO,)(H,0)](CsHsSO3), following the

spectroscopic work conducted by Johnson and Dew in 1979 (discussed in Chapter 1).2 %

The experiments identified that the aforementioned complexes underwent an atomic
rearrangement from a n'-S-bound conformation ((i) in figure 3.1) to a n’-S,0-side bound isomer ((iii) in
figure 3.1) upon excitation. This isomer was observed for both of the ruthenium complexes under
investigation with populations of this metastable state (known as MS2) refining to 10.0(1)% for trans-
[RUu(NH3)4(SO,)CI]CI and 11.1(1)% for trans-[RU(NHz)4(SO2)(H,0)](CsHsSO3), under the experimental
conditions employed. Theoretical calculations performed on both ruthenium complexes also indicated the
presence of another metastable state, MS1 (n'-O-bent, U-configuration seen in figure 3.1 (v)), however,
this isomer was not observed during the experiment using either spectroscopic or crystallographic
methods.”

Further investigations into the linkage isomerism of sulphur dioxide in other ruthenium
complexes were carried out using the following compounds: trans-[Ru(NHz3)4(SO,)(H,0)](Tos), and
trans-[Ru(NH;)4(SO,)(CFsC(0)0)]CF5C(0)0.CF;C(O)OH.™ Crystals of both complexes were cooled to
90K whilst being continuously irradiated with 488nm light. During this irradiation period the crystals

appeared to darken and change from orange to a dark red/brown colour (figure 3.2).

Figure 3.2 Colour change exhibited by trans-[Ru(NH5)4(H,0)(SO,)](Tos), before (left) and after (right) irradiation with 488 nm light
for 10 mins
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Overexposure to light under the experimental conditions used resulted in a smearing of Bragg
spots and caused the appearance of powder lines in the diffraction pattern. Therefore, irradiation was
ceased and data collections were obtained after a delay of 10-20 mins in order to dissipate any heat
accumulated in the crystal during the irradiation procedure. As with previous experiments the metastable
isomer MS2 was achieved in both samples, however the populations achieved were considerably higher.
The 1>-S,0-side bound linkage isomer of the sulphur dioxide ligand was accountable for 20.1(4)% of the
solid state molecular structure of trans-[RU(NH3)4(SO,)(H,0)](Tos), and 37.3(5)% in trans-
[RU(NH3)4(SO,)(CFsC(0)0)]CF:C(0O)0O.CF;C(O)OH. The structures of the MS2 isomers can be seen in
figure 3.3 below.*

Figure 3.3 Solid state molecular structure of the ruthenium cation depicting the MS2 isomer in
trans-[Ru(NH,).,(SO,)(H,0)](Tos), (left) and trans-[Ru(NH5)4(SO,)(CF;C(0)0)]CF;C(0)0.CF;C(O)OH (right)

From these two experiments it was apparent that metastable linkage isomerism is fairly common
in complexes of Ru" with sulphur dioxide ligands. It was postulated that the lifetimes of any metastable
states formed could be lengthened by increasing the c-donating ability of the trans ligand as well as by
increasing the size of the counterion. There was also the indication from spectroscopic data that there was
the presence of a the less stable MS1 species upon irradiation however the conclusion was made that the

formation of this isomer was hindered by space restrictions in the crystal matrix.!

This theory was disproved in 2006 by Bowes et al. who structurally characterised the MS1 isomer
in crystals of trans-[Ru(NH3),(SO2)(H,0)](Tos), at 13K.®! This was the first time that the n*-0SO
bonding mode had been observed in ruthenium coordination chemistry and was achieved using irradiation
from a 200W tungsten lamp. The electron density difference map when modelled with the ground state

coordinates showed residual electron density which corresponded to components of both MS1 and MS2
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(figure 3.4). Both isomers were in fact disordered over two positions due to the C,, symmetry of the
ligated complex, and an overall total of ca. 44% excitation was achieved - 36% for the MS1 component

and 8% for MS2. The separate components of the structure can be seen in figure 3.5 along with the

complete overall structure.®

KI_II! .

: f | T T L T A
Figure 3.4 Electron density difference map with residual electron density owing to both MS1 and MS2 linkage isomers

£ o]

o SN

(d)

Figure 3.5 Structure of cationic component of trans-[Ru(NHs)4(SO,)(H,0)](Tos), (a) ground state n'-S bound SO, accounting
for 56% of the structure (b) MS1 n*-OSO with a total occupancy of 36% (c) main component of MS2 12-SO with 6%
occupancy (d) overall structure showing all five contributions from the ground state, two from MS1 and two from MS2
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3.2 Experimental Aims

The experiments within this chapter investigate the light induced linkage isomerism of the
sulphur  dioxide ligand within complexes of trans-[Ru(NHz)4(SO,)CIICI and trans-
[Ru(NH3)4(SO;)(H.0)](Tos)..

The main objectives are as follows:

+ To investigate and obtain evidence of linkage isomerism of the sulphur dioxide ligand in both
complexes using powder diffraction. Due to the restrictions involved in single crystal
photocrystallographic experiments, particularly the risk of crystal fracture upon over excitation,
powder diffraction experiments were attempted to see whether excitation was possible and if a

higher percentage conversion would be observed.

<+ To use DFT calculations to see whether theoretical results were in agreement with experimental
observations. From the results previously obtained in single crystal photocrystallographic
experiments®™ and those published in the literature,’> ¥ DFT calculations were carried out to
determine whether theoretical results reached the same conclusion as those obtained
experimentally. If theoretical results were in good general agreement, this knowledge could then
be applied for molecular design for future excitation experiments and also as a screening process

to identify samples which may or may not isomerise.

3.3 Photocrystallography
3.3.1 Experimental

3.3.1.1 Data Collection
X-ray powder diffraction data were collected on Station 2.3 at the STFC Daresbury Laboratory
synchrotron source. The details of hardware, software and equipment used are discussed in Chapter 6.

The powder diffraction data was collected over three experimental allocation periods for a total of 8 days.

3.3.1.2 General Collection Procedure

Single crystals of the required sample were ground up into a fine powder. Grease was coated onto
the outside of a capillary and then the capillary was rolled in the finely crushed sample to obtain an even
coating. The decision to coat the sample on the outside of the capillary was made to obtain maximum
percentage conversion upon irradiation in case the capillary tubes absorbed any of the radiation used to

excite the sample. For ground state data collections a cover was placed over the sample in order to
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eliminate as much light as possible and obtain an accurate ground state structure. Slits were carefully cut
in the cover to allow X-rays through and the cryostream in to maintain the low temperature needed for
data collection. The sample was then cooled to 150K and multiple scans set up between 26 values of 5°
and 60° using 0.01° steps at 2sec/step in order to obtain good quality data. The data was then combined

and normalised to obtain a powder diffraction pattern.

To generate the metastable species, the cover was removed and a broadband white light source
was employed to irradiate the sample as used in previous single crystal photocrystallography
experiments.”™ The sample was irradiated for half an hour whilst being continuously rotated before the
data collection was commenced. Again multiple scans between 26 values of 5° and 60° using 0.01° steps
at 2sec/step were set up and once these were completed three further scans between 26 values of 30° and
60° were collected. The data was combined and normalised and then compared to the data obtained for

the ground state to identify any differences.

3.3.1.3 Experimental Set-up
Cryostream

Capillary with sample
coated on the outside

Incident

X-ray beam

: Light source
Diffracted

X-ray beam

Figure 3.6 Schematic of experimental set-up

The general set-up for the photocrystallography experiment can be seen in figure 3.6. In order to
generate the metastable state a broadband white light source was used and focused onto the sample. A
cryostream was also in place to maintain the low temperatures required to populate the excited state

species.
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3.4 Results

Although the main focus of this chapter is to monitor metastable structures using powder
diffraction and to compare experimental data with theoretical DFT calculations, it is important to obtain
single crystal X-ray diffraction data to be used as a model.

3.4.1 trans-[Ru(NHs5)4(SO,)CI]CI

3.4.1.1 Single Crystal Data

A number of data collections were performed on red needle shaped crystals of trans-
[RUu(NH3)4(SO,)CI]CI using a Kappa CCD diffractometer. The crystals synthesised appear to be twinned
and repeated recrystallisation attempts were unsuccessful in producing single crystals. Attempted
refinements of the structure resulted in residual peaks of approximately 4.3A% and 2.3A% in the electron
density map which were positioned near the metal centre. The solid state molecular structure as well as
could be obtained from is shown below in figure 3.7 and a summary of crystal data can be seen in table
3.1. The metal cation has a distorted octahedral geometry with the sulphur dioxide ligand n'-S

coordinated to the ruthenium centre.

0(1)

Figure 3.7 Solid state molecular structure of trans-[Ru(NHs)4(SO,)CI]Cl obtained from twinned data with 30% probability
ellipsoids shown
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Empirical Formula Hi, CI, Ny O, Ru S

M, 304.17
Temperature (K) 150(2)
Crystal System Orthorhombic
Space Group Pmcn
Wavelength (A) 0.71073
a(A) 7.2430(4)
b (A) 9.2710(5)
c (A) 13.9710(8)
a(® 90
B 90
) 90
Vv (A% 938.15(9)
z 4
Absorption coefficient (mm™) 2421
Reflections collected 14661
Independent reflections 1164
Rint 0.1637
Ri, WR2 0.0597, 0.1400
R indices (all data) 0.1209, 0.1656

Table 3.1 Summary of crystal data for trans-[Ru(NH5),(SO,)CI]CI

As a result of being unable to grow suitable crystals for single crystal photocrystallographic

experiments, the decision was made to try and excite the sample as a powder.

3.4.1.2 Powder Diffraction Data

There are a few noticeable differences between the ground (blue) and excited state (black)
powder patterns of trans-[RUu(NHs)4(SO,)CI]CI (figure 3.8). Upon excitation the powder diffraction
pattern showed the formation of three new peaks at 20 values of 17.5°, 20° and 31°. These new peaks
could be due to the formation of a new product. There is also a change in the intensities of the 4 peaks

that are present between the 26 values of 26° and 27°.
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Figure 3.8 Ground state (blue) and excited state (black) powder patterns of trans-[Ru(NH5)4(SO,)CI]CI
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3.4.2 trans-[Ru(NHs3)4(SO,)(H,0)](Tos),

3.4.2.1 Single Crystal Data

Single crystal X-ray diffraction measurements were made on an orange block shaped crystal of
trans-[RU(NH3)4(SO,)(H,0)](Tos), (structure number h07prr14) with dimensions 0.09 x 0.05 x 0.03mm
at 150(2)K on a Kappa CCD diffractometer. A summary of the crystal data can be seen in table 3.2 and

the solid state molecular structure can be seen in figure 3.9.

Figure 3.9 Solid state molecular structure of trans-[Ru(NH5)4(SO,)(H,0)](Tos), with 30% probability ellipsoids shown

The solid state molecular structure consists of a ruthenium metal cation with two anionic tosylate
groups. The ruthenium metal centre has an octahedral geometry with four ammine groups coordinated in
equatorial positions. There is a sulphur dioxide group which is n’-S bound and a water molecule
coordinated in axial positions. The 0;-S;-O, bond angle is 116.08(15)° with S;-O; and S;-O, bond
distances are 1.440(2)A and 1.441(2)A respectively.

Hydrogen bonding is observed between the hydrogen atoms on the coordinated water molecule of
the ruthenium cation and oxygen atoms on neighbouring SO5 groups of the tosylate anions. There are also

hydrogen bonds between protons on the ammine groups and the oxygen atoms of the SO; groups on
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tosylate groups. The hydrogen bonding between adjacent cations and anions forms a sheet like structure

(figure 3.10). These hydrogen bonds are of weak to moderate strength with distances between donor and

acceptor atoms varying from 2.67A and 3.29A. The results obtained are in agreement with those reported
4,51

in the literature.

Figure 3.10 Hydrogen bonding of sheet layers in trans-[Ru(NHs)4(SO,)(H,0)](Tos), from two different orientations
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Empirical Formula C1s Hg Ny Og Ru S5

M, 593.65
Temperature (K) 150(2)
Crystal System Triclinic
Space Group P-1
Wavelength (A) 0.71073A
a(A) 6.6950(2)
b (A) 13.1000(5)
c(A) 13.6240(5)
(%) 94.531(2)
B 92.848(2)
7 ) 103.542(2)
V (A% 1155.17(7)
Z 2
Absorption coefficient (mm™) 1.002
Reflections collected 14721
Independent reflections 6021
Rint 0.0681
Ri, WR2 0.0460, 0.0881
R indices (all data) 0.0909, 0.1008

Table 3.2 Summary of crystal data for trans-[Ru(NH5)4(SO,)(H,0)](Tos),

3.4.2.2 Powder Diffraction Data

The ground (red) and excited (black) powder patterns for trans-[Ru(NH3)4(SO,)(H,0)](Tos), are
shown in figure 3.11. There does not appear to be any new peak formation upon excitation of the sample,
however, there does appear to be slight shifts in peak positions and intensities; in particular for the peaks
at 26 positions of 20.5° and 22.5°. These minor changes in peak position are expected due to the small
changes that are observed in the wunit cell that occur when single crystals of trans-
[Ru(NH3)4(SO,)(H,0)](Tos), are excited.* !

Using the excited state structure of trans-[Ru(NH3)4(SO,)(H,0)](Tos), obtained from previous
experiments®™ ® and the ground state structure (h07prri4) simulated powder patterns were generated and
illustrated in figure 3.12. As well as generating a powder pattern for the ground state (green) and

complete excited state structure (black), powder patterns were also simulated to look at the differences
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between different excited state isomers by removing features pertaining to different conformers and
refining the metastable state with 100% occupancy. The powder pattern in red relates to the metastable
isomer which is n°-S,0 side bound to the ruthenium metal centre and the pattern in blue is the pattern for

the endo 1'-O bound sulphur dioxide conformation.

What can be observed from the simulated patterns is that there does not appear to be any major
differences present between the different powder patterns when moving from one conformer to the next.
However, as shown for the photocrystallographic powder experiment, there are shifts in peak positions

and intensities of some peaks.

Unfortunately so far it has not been possible to index the powder patterns obtained to confirm the

change in unit cell and hence the change in coordination of the sulphur dioxide ligand.
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Figure 3.11 Ground state (red) and excited state (black) powder patterns of trans-[Ru(NHs),4(SO,)(H,0)](Tos),
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Figure 3.12 Simulated powder patterns for different conformers of trans-[Ru(NHz3)4(SO,)(H,0)](Tos),»
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3.5 DFT Calculations

DFT calculations were performed to examine the electronic structural behaviour of compounds
which undergo linkage isomerisation transformations of the sulphur dioxide ligand. The experimental
process follows that described here in this section and further experimental details can be found in
Chapter 6.4. Geometry optimisation was performed on the cation - [Ru(NHs)4(SO,)(H.0)]** (A) (Figure
3.13), wusing the coordinates from the solid state molecular structure of the complex
[RU(NH3)4(SO,)(H,0)](Tos),,*! as a starting point. Selected bond lengths and angles for A are
summarised in table 3.3, which can be compared to the corresponding solid state molecular structure
determined using single crystal X-ray crystallography.

(B)

excitation

excitation 8 Kcal/mol

12 Kcal/mol

Ground state

3 Kcal/mol

9 Kcal/mol

Figure 3.13 Relative energies of the different states of [Ru(NH5)4(SO,)(H,0)](Tos),
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While quantitative agreement between the observed and calculated data is not expected due to the
nature of the calculations and structural approximations involved, the optimised geometry of A is in good
general agreement with the experimentally observed structural trends which allows for a high degree of

confidence in the accuracy of the computations, and the conclusions drawn from them.

The geometry optimised structure of A presented the same gross structure as the experimentally
determined structure,”” with the Ru-N bonds having an average of 2.195A (c.a. 2.141A for the
crystallographically determined structure). The angle between O;-Ss-Og Was found to be 121.7° which is
slightly larger to that found in the solid state structure which has an angle of 116.06(9)°.

An analysis of the orbital structure of A reveals a metal based orbital for the HOMO, while the
LUMO consists of an orbital with contributions from the metal centre as well as a major contribution
arising from the sulphur dioxide ligand (figure 3.14). Interestingly the orbitals lower in energy than the
HOMO all consist of interactions between the metal centre and the sulphur dioxide ligand.

HOMO LUMO
Figure 3.14 Molecular orbitals of A

In order to simulate the excitation events of the single crystal X-ray photocrystallography
experiments, the multiplicity of A is increased from the ground state singlet to the excited state triplet (i.e.
from 1 to 3) and the structure geometry re-optimised, resulting in the formation of
[Ru(NH,;)4(0SO)(H,0)]** - (B) (figure 3.13). This ruthenium metal centre is bonded to the sulphur
dioxide ligand via the oxygen atom and is found to be 8 Kcal/mol higher in energy than A. The angle
between O;-Ss-Og is 114.4° which is a decrease to that found in A, while the angle between Ss-Og-Ru;
was found to be 138.7°.

When B is relaxed back to the ground state and the structure optimised again, a new structure,
[Ru(NH,)4(0SO)(H,0)]** (C) (figure 3.13) is obtained. The structures of B and C are very similar,
however they differ in energy by approximately 20Kcal/mol. There are also differences in the bond

lengths of the two isomers (c.f. table 3.3). The Ru-N bond lengths for C average out at 2.19A, while those
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for B average out at 2.21A. The most significant geometrical differences are found for the angle Ss-Og-
Ru, which is only 128.3° for B but 138.7° for C and the bond length Ru;-Ogwhich is 2.655A in B and
2.076Ain C.

An analysis of the molecular orbital structure of C reveals a LUMO (figure 3.15) which is
virtually identical to that found for A (cf. figure 3.14). The HOMO of C consists of an orbital interaction
between the metal centre and a minimal contribution arising from the sulphur dioxide ligand, though there

is no contribution from the oxygen atom bound to the ruthenium metal centre.

HOMO LUMO

Figure 3.15 Molecular orbitals of C

The structures of B and C correspond to coordination mode (v) (figure 3.1) of the sulphur dioxide
ligand.® The change in structure with the change in multiplicity is also in accordance with the postulated
reaction scheme based on photochemical experimental results (figure 1.14 Chapter 1)

A transition state structure calculation was carried out, to determine whether there was a reaction
pathway between A and C, due to their difference in energy (ca. 12Kcal/mol). The transient species
[Ru(NH3)4(1%-S0,)(H,0)]** (D) was identified. D exhibits the n°-S,0 side bound geometry, where both
the sulphur and one of the oxygen atoms of the sulphur dioxide ligand are bonded to the ruthenium centre
(figure 3.13) The structure obtained for D is 3Kcal/mol lower in energy compared to A, but

approximately 9Kcal/mol higher in energy than C.

The optimised structure of D is very similar to a geometry optimised structure of the partial solid
state  molecular structure obtained during single crystal photocrystallography experiments on
[Ru(NH3)4(SO,)(H20)](T0s)2,? . When the multiplicity of D is increased from one to three and the
geometry optimised, the structure obtained is B which is 12Kcal/mol higher in energy than D. When the
multiplicity of B is relaxed back from three to one and the structure re-optimised, this again resulted in

the structure obtained for C.
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3.6 Discussion and Conclusion

The photocrystallographic powder diffraction experiments resulted in some changes between
ground and excited state patterns. For trans-[Ru(NH3)4(SO,)CI]CI the formation of some new peaks were
observed upon excitation as well as a few changes in peak intensity. Unfortunately as there was no single
crystal X-ray photocrystallographic experiments performed on the sample, (due to the fact that crystals
synthesised were all twinned) no simulated powder patterns could be obtained to see what changes may

occur upon excitation and hence determine whether excitation was successful.

For trans-[Ru(NH3)4(S0O,)(H,0)](Tos), no new peak formation was observed upon irradiation of
the crystalline sample, however there were some slight shifts in positions and intensities of peaks.
Predicted powder patterns generated from solid state molecular structures obtained on previous
experiments however, also demonstrated that upon excitation that only minor changes were observed in
powder diffraction patterns. It is highly possible that excitation of the powder sample has been successful,
however without being able to index the patterns it is not possible to determine to what extent excitation
has occurred.

The samples for powder experiments were coated on the outside of capillaries in order to try and
maximise the percentage conversion achieved upon excitation. The only downside to this methodology is
that the samples are water soluble so some slight impurities may occur as a result of formation of ice on

the sample. Samples were therefore monitored regularly to guarantee no ice build-up ensued.

From these experiments it can be concluded that linkage isomerism could be monitored with the
use of powder diffraction as it can be seen that changes occur upon irradiation of the samples by the
changes in intensities and peak positions going from ground to excited state. This is encouraging and with
further developments it may be possible to use powder diffraction as a method of determining metastable
state structures. As a negative point however, with samples that do not isomerise 100% from ground to
excited state, any changes in unit cell may go unnoticed via powder diffraction methods as only a minor
change in percentage of the overall powder pattern will occur. For example a sample that excites to
around 20% upon irradiation would have 80% of features pertaining to the ground state species and the

powder pattern may appear unchanged overall.

From the DFT results obtained, it can be concluded that changes observed in theoretical
calculations are in good agreement with solid state molecular structures determined experimentally.* % As
mentioned previously, quantitative agreement between the observed and calculated data is not expected
due to the nature of the calculations as computations are performed on systems in the gas phase and

generally speaking molecules tend to behave differently depending on their physical states. The results
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obtained also confirm the postulated reaction scheme proposed by Johnson and Dew,™ as seen in Chapter
1, figure 1.14.

The DFT calculations however show C which is n'-O bound to the ruthenium metal centre to be
the most thermodynamically stable product, however there is no evidence for this. This may reflect the

limitations of the energies calculated in the DFT program as energies might have errors of + 2Kcal/mol.

As this technique seems to be accurate in identifying linkage isomerism reactions, it would be
sensible to screen suitable candidates for photocrystallographic experiments prior to synthesis to test their
suitability. DFT could also aid in identifying isomers that may form in preference over others. This may
help in the identification process when more than one isomer forms in a single crystal X-ray

photocrystallographic experiment and residual peaks in the electron density map are not very strong.
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Chapter 4

Nitrite Linkage Isomers

4.1 Introduction

The ambidentate nature of the nitro group has been well established for over a century. As
discussed in Chapter 1, linkage isomerism was initially discovered by Alfred Werner when he studied the
various coordination modes of the nitro ligand. There are several possible coordination modes for the
nitro group as seen below in figure 4.1.™1 Of these coordination modes only structures (v) and (vi) have
not been conclusively identified; all others have been characterised using X-ray diffraction techniques.™

i/g /®\© @@

(ii) (iii) (iv)
nitro exo-nitrito endo-nitrito (0,0”)-chelating
'b o
N "m;mn@
@
v) (vi)
(N,0)-chelating n-coordination

/©

(vii) (viii) (ix)
cis-(N,0)-bridging trans-(N,O)-chelating (0)-bridging

Figure 4.1 Coordination modes of the nitro group
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Jargenson later identified that nitrito isomers could be synthesised not only directly in solution,
but also by irradiation of the analogous solid nitro isomers./? This research was confirmed by Adell in
1955, by demonstrating that the yellow nitro complex of [Co(NH5)s(NO,)]CI, would transform into the
red nitrito O-bound isomer when left exposed in sunlight for a substantial period of time (figure 4.2).°!
Since these discoveries a vast amount of research has been undertaken into understanding the properties
of nitrite photo-induced isomers.™

(0] hv
(NH3)5CO — N (N
YELLOW A, spontaneous
nitro complex

Figure 4.2 Isomerisation reaction of [Co(NH3)5(NO,)]Cl,

An investigation into the differences between chemically synthesised [Co(NH;)s(ONO)]CI,,"!
with samples obtained via irradiation of the corresponding nitro isomer using a tungsten lamp concluded
that these nitrito complexes could be synthesised directly, however had the tendency to isomerise both in
solution and in the solid state to the more stable nitro form. Prior to this study, nitrite complexes had only

been observed via the synthetic route with Cr'"' complexes, due to its preference for O-donor atoms.!®

Powder diffraction patterns (figures 4.3a and b) illustrate a gradual shift in peak positions as well
as a difference in peak intensities, hence confirming a change in cell dimensions over time.”! Both the
thermal nitrito to nitro and the reverse reaction occur with the retention of crystallinity, however the
powder pattern for the photo-induced product differs to that of the chemically synthesised crystals. This
lead to the hypothesis the thermal reaction occurred via a two-step process.?

|
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Figure 4.3 Powder diffraction patterns illustrating reactions:
(@) [Co(NH3)5(ONO)]Cly) (synthetic product) —[Co(NH;3)s(NO2)]Cly (unstable) — [Co(NH3)5(N02)]CI2(s) (stable)
and (b) [Co(NH3)s(ONO)]Clys (photochemical product) —[Co(NH3)s(NO2)]Clys)™
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A low temperature single crystal diffraction study was also performed on [Co(NH3)s(NO,)]Cl, as
a method used to identify the nature of the nitrito group. The nitro complex was irradiated using an
unfiltered 150W Xe lamp, and the photo-activation achieved a population of approximately 15% of the

nitrito complex seen below (figure 4.4).1"

Figure 4.4 ORTEP diagrams of nitro and combined nitro and nitrito [Co(NH3)s(NO,)]** with 50% probability ellipsoids

Balzani et al. carried out a study on a related complex — [Co(NH3)s(NO2)](NOs), in order to
clarify some of the experimental and theoretical aspects of its photochemistry.® Results confirmed that
solid state irradiation using a broadband light source at room temperature, converted the metal complex
from the nitro to the nitrito isomer. IR spectra from irradiated Nujol mulls showed bands present at 1430,
1315 and 825cm™, all underwent a progressive decrease in peak intensity, while new bands appeared at
1460 and 1065cm™, corresponding to the O-bound isomer. Upon irradiation of the Nujol mulls, almost
100% conversion of nitro to nitrito was achieved; however the nitrito complex did not appear to be
thermodynamically stable. When the nitrito form was placed in the dark at room temperature, a back

reaction occurred resulting in a final IR spectrum which looked identical to that of the nitro complex.®

The first reported evidence of synthesis and characterisation by single crystal X-ray diffraction of
linkage isomers of both nitro and nitrito complexes of nickel(11) was in 1998.°! Previous evidence of the
existence of these isomers had been postulated for a few nickel(Il) nitrite amine complexes with bulky
substituents. Further investigation however, concluded that these complexes were more likely to contain a
chelating and a non bonding nitrite.'> ! Das et al. successfully synthesised and characterised stable
forms of monodentate nitro and nitrito isomers of nickel(11) complexes with 1-(2-aminoethyl)piperidine.!
As both isomers crash out of solution together, it suggested a delicate equilibrium between steric and
electronic factors to allow both nitro and nitrito forms to be isolated in the solid state.? They have since
reported on a series of related complexes where various nitro isomers (including complexes where the
nitro ligand is chelating) have been identified, although not always characterised by single crystal X-ray

diffraction experiments.® 2%l
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4.2 Experimental Aims

The experiments within this chapter investigate the light induced linkage isomerism of the nitrite
ligand within complexes of [Ni(L),(NO,),] where L = 1-(2-aminoethyl)piperidine (aep), 4-(2-
aminoethyl)morpholine (aem) and 1-(2-aminoethyl)pyrrolidine (aepy).

The main objectives are as follows:

+ To investigate and obtain evidence of linkage isomerism of the nitrite ligand within
[Ni(aep),(NO,),]. Due to the delicate equilibrium noted in the synthesis of isomeric forms of
[Ni(aep)2(NO,),]™ a small energetic difference between both nitro and nitrito species is expected.
Photocrystallographic experiments will be undertaken in order to identify whether the
isomerisation process from nitro to nitrito is possible in the solid state using a light source to
convert between various forms. If any linkage isomers are shown to be present experiments to see

whether the species are metastable will be carried out.

+ To obtain evidence of linkage isomerism in related systems [Ni(aem),(NO,),] and
[Ni(aepy)2(NOs),] . It is feasible that closely related structures will behave in a similar if not
identical fashion upon photo excitation. The analogous aem and aepy complexes to the
[Ni(aep),(NO,),] species will be investigated for photocrystallographic evidence of linkage
isomerism upon excitation. Again if isomerisation is successful, the isomers will be tested to see

if they are metastable.

+ To investigate the temperature range of metastable states. If metastable states are identified data
collections will be performed in order to determine the temperature limitations of the metastable

states present in the complexes.

4.3 Photocrystallography
4.3.1 Experimental

4.3.1.1 Data Collection

Single crystal X-ray diffraction data were collected on Station 9.8 at the STFC Daresbury
Laboratory synchrotron radiation source (SRS). The details of hardware, software and equipment used are
discussed in Chapter 6. The data presented within this chapter was collected over several experimental
allocation periods for a total of around 40 days. Approximately 220 data sets were collected and analysed.
The structures were sequentially numbered using the form Bath 123 where 123 represents the structure

number. A summary of the crystallographic data for each of ground and ‘excited’ structures discussed in
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this chapter are included in tables 4.15, 4.16 and 4.17 at the end of this chapter. A list of bond lengths and

angles for all structures discussed can be found in Appendix 7.2.

4.3.1.2 General Collection Procedure

A low temperature data set is collected in the dark, eliminating as much external light as possible,
to obtain an accurate initial ‘ground state’ structure. The crystal is subsequently irradiated at the
appropriate wavelength whilst continually rotating and being maintained at low temperature. This allows
the metastable state to build up gradually. The amount of time required to generate the transient species
varies from sample to sample and so during the excitation period several datasets are collated using the
same experimental conditions as for the ground state. Once the excitation appears to have reached a
maximum the light source is removed while maintaining the same low temperature conditions. A further
data collection is performed on the sample, again using the same strategy as for the ground state
collection so that heating effects can be eliminated. Using the combined data, refinement is carried out
using the ground state coordinates, and additional features should appear in the electron density map
which correspond to the metastable structure. The crystal is then flash warmed to ensure the metastable

state is quenched, and a further ground state collected to confirm all excitation has dissipated.

It is important to note that this methodology only works if the metastable state lasts without
appreciable decay over the lifetime of the data collection, which can be anywhere between 40 mins to
1%h.

4.3.1.3 Experimental Set-up

LED source wired and
mounted through backplate

Collimated
X-ray beam

™ Crystal mounted
on goniometer

Helix/Cryostream
Figure 4.5 Schematic of experimental set-up

The experimental set-up can be seen in figures 4.5 and 4.6. The light source used in these

experiments was a bunch of four LEDs wired through a metal tube, mounted onto the back-plate behind
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the crystal as can be seen in figure 4.7. The advantages of using LEDs as a light source means specific
wavelengths of irradiation can be selected for excitation. They are also cheap, and do not have the safety
issues associated with a high power laser. Previous experiments involved the use of a broadband white
light-source, however no change in structure was observed. Both the light source and the helix/cryostream
were attached to electronic circuits allowing them to be operated from outside the hutch if necessary to

avoid disturbing the experimental area.

LED’s

X-rays

Helix

Detector

Crystal

Figure 4.7 LED’s wired through metal tube mounted onto back-plate
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4.3.1.4 Analysis of Results

A couple of points need to be considered before a closer analysis of the experimental results is
undertaken. The first is that the percentage excitation achieved for these experiments was determined
solely via crystallography and has not been confirmed using any other analytical technique. This allows
the results to be comparable between experiments, however any values may not be absolute due to the
correlation between atomic occupancies and their displacement parameters. The second point for
consideration is that an accurate comparison of bond lengths is not possible. This is due mainly to the
large amounts of disorder within the nitro group fragments in the excited state, as well as the relatively

low levels of excitation for some of the metastable isomers obtained in some of the experiments.

4.4 Results
4.4.1 [Ni(aep)2(NO2).]

4.4.1.1 Collection Strategy and Excitation Results

As mentioned in the introduction to this chapter both nitro and nitrito isomers of [Ni(aep),(NO,),]
can be chemically synthesised.” Both isomers crash out of a methanolic solution, the major product being
the purple nitro form. A solution of [Ni(aep),(NO.,),] was irradiated in the dark using a UV lamp over two
days and the majority of crystals which deposited from the solution were blue in colour. These crystals
were found to be the nitrito isomer. It was postulated therefore that this isomerisation could possibly

occur in the solid state and the sample was suitable for a photocrystallographic experiment.

Initial photocrystallographic experiments proved unsuccessful. The sample was irradiated at 30K
with a broad-band white light source, a methodology that had proved successful for SO, complexes,*®
and no change in structure was observed. The light source was then switched for two UV LEDs that emit
just above 400nm - one mounted behind the sample and the other aligned along the helix using a fibre
optic to focus on the sample. Again at 30K no change in structure was observed. A final attempt with the
UV LEDs at 100K resulted in two new Q-peaks in the electron density map in the plane around the nitro
group after two hours irradiation. These peaks were assigned as a new endo-O-bound isomer, with Ni-O
and O-N bond distances comparable with the chemically synthesised exo-nitrito species. The metastable

isomer accounted for approximately 10% of the solid state structure.

Further experiments were carried out on the [Ni(aep).(NO,),] sample, however the UV LEDs
were substituted for blue LEDs which emit at 467nm with a far greater intensity. The experimental set-up
illustrated in figures 4.5 and 4.6 was employed for all further experimentation. A summary of the data

collected can be seen in tables 4.1, 4.2 and 4.3. When the excitation appeared to have maximised, the
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temperature was lowered to 30K to try and trap more of the metastable species. However, any excitation

that had previously been observed disappeared. When the sample was subsequently warmed back to 100K

it appeared that in fact the metastable species had been quenched and needed repopulating. Initial

experimentation with temperature variation is summarised in Table 4.1.

Sample
Number
Bath 412
Bath 417
Bath 418
Bath 419
Bath 420

Bath 421

Bath 422
Bath 423

Bath 424

Bath 425

Bath 426
Bath 427
Bath 428

Irradiation Time
(min)
0 — ground state
420
480
540
0

60

120
180

60

180

300
360
420

Temperature
(K)
100
100
100
30
100

100

100
120

100

100

100
90
80

Type of Excitation

Endo-nitrito
Endo-nitrito
No visible excitation
Peaks observed but too
small to model
Endo-nitrito
No visible excitation
Peaks observed but too
small to model
Peaks observed but too
small to model
Endo-nitrito
Endo-nitrito
Endo-nitrito

Table 4.1 Excitation of [Ni(aep),(NO,),]

Total %
Excitation

0

o O O o o

8.5

o

0

0

7
7

7.5

After excitation had achieved a similar level as had been observed previously at 100K the

decision was taken to perform a full temperature variation study to identify the temperature limitations of

the metastable isomeric state. Initially the temperature was dropped to 90K and then 80K to see if any

change in the percentage excitation was observed (Table 4.1). After it was shown to affect the percentage

excitation, the temperature was ramped back to 100K and a complete study was performed from 100K to

30K with a rate of cooling of 10K/hour. The results are shown below in table 4.2. The excitation appeared

to reach a maximum between 80 and 90K.

Sample
Number
Bath 429a
Bath 429b
Bath 429c
Bath 429d
Bath 429%
Bath 429f
Bath 4299
Bath 429h

Irradiation Time

(min)
480
540
600
660
720
780
840
900

Temperature

(K)
100-90
90-80
80-70
70-60
60-50
50-40
40-30
30

Type of Excitation

Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
No visible excitation
No visible excitation
No visible excitation

Table 4.2 Temperature studies on [Ni(aep),(NO,),] from 100K to 30K

Total %
Excitation
9
10
9
8.5

O O O
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A similar temperature variation study was next undertaken to find the upper limits of the new

isomeric state. The temperature was ramped at a rate of 5K/hour starting at 85K when the percentage

excitation appeared to have reached a maximum (Table 4.3).

Sample
Number
Bath 432
Bath 433a
Bath 433b
Bath 433c
Bath 433d
Bath 433e
Bath 433f

Irradiation Time

(min)
180
240
300
360
420
480
540

Temperature

(K)
85
85-91
91-97
97-102
102-108
108-113
113-119

Type of Excitation

Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito

No visible excitation
Table 4.3 Temperature studies on [Ni(aep),(NO,),] from 85K to 120K

Total %
Excitation
7.5
8
8.5

Finally it was decided to try and excite a crystal of [Ni(aep),(NO,),] at 90K to see what the

maximum percentage excitation that could be observed was under these conditions. Once the excitation

appeared to have peaked, the lights were then removed from the sample and further data collections were

undertaken to test for metastability of the endo-nitrito isomer.

Sample
Number

Bath 434a
Bath 434b

Bath 434c
Bath 434d
Bath 434e
Bath 434f
Bath 434g
Bath 434h
Bath 435
Bath 436
Bath 437
Bath 438
Bath 439

Irradiation Time

(min)
60
120

180
240
300
360
420
480
600
Lights off
Lights off
Lights off
Lights off

Temperature

(K)
90

90

90
90
90
90
90
90
90
90
90
90
90

Type of Excitation

Peaks observed but too
small to model

Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito
Endo-nitrito

Total %
Excitation

0
0

5
6.5
6.5

7

7
8.5
11

9

9

9

9

Table 4.4 [Ni(aep),(NO,),] experiments at 90K to try and achieve a maximum excitation and test for metastability

Two further experiments were performed in order to try and excite the sample at 30K and 120K

however both were unsuccessful and no excitation was observed after irradiation for more than 5h.

However, it is clear from these experiments that a new endo-nitrito isomer which is metastable, can be

formed from excitation using blue LEDs and exists between 50K and 120K. The solid state molecular

structure of both the ground state and metastable state is described below.
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4.4.1.2 Ground State Structure

The crystal was kept in the dark at room temperature and cooled to 100K to obtain a clean
unpolluted ground state structure. Any excitation achieved during the experiment was shown to be fully
reversible, and ground state structures obtained at various points during the experiment appeared
comparable to the initial structure refinements. The crystal quality appeared to remain good throughout

the duration of the excitation and temperature variation studies.

[Ni(aep)2(NO,),] crystallised in the space group P2,/c, with an 18.5% disorder present around the
ethyl chain. The solid state molecular structure (without disorder shown) can be seen in figure 4.8. The
asu contains half the complete molecule, with the nickel atom sitting on a crystallographic centre of
symmetry. The coordination geometry around the nickel metal centre is octahedral with the two nitrite
ligands trans to each other and N(1) is related to N(1”) by the symmetry operation -x+1, -y, -z. The nitrite
has a O;-N;-O, bond angle of 117.24(18)° and adopts an n' coordination geometry to the metal centre
through the nitrogen atom.

0o(1) (
Y N
|

0(2)

d

Figure 4.8 Complete ground state structure of [Ni(aep)(NO,),] at 100K with 30% probability ellipsoids shown (Bath 412)

An analysis of the packing revealed no hydrogen bonding between adjacent molecules of
[Ni(aep)2(NO,).], however there are some intramolecular short contacts present in the structure with
donor...acceptor (D...A) distances of 3.185(3)A (N3-H;s...0;) and 2.909(3)A (N3-Hs6...0,) and bond
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angles of 149.1° and 122.0°, respectively. The short contacts can be seen in figure 4.9 below with the

disorder in the ethyl chain removed for clarity.

Figure 4.9 Intramolecular short contacts in [Ni(aep),(NO,),]

4.4.1.3 Excited State Structure

The crystal structure obtained after 10h irradiation with blue LEDs at 90K, (Bath 435), is
illustrated in figure 4.10 (again, the disorder around the ethyl chain has been removed for clarity). The
overall structure contained approximately 11% of the endo-nitrito isomer, and maintained the same P2,/c

crystal symmetry as the ground state.

Figure 4.10 Complete excited state structure of [Ni(aep),(NO,),] at 90K with 30% probability ellipsoids shown (Bath 435)
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N(1B)

0(2B)

0(2A)

Figure 4.11 Close up of the endo-nitrito conformation in [Ni(aep),(NO,),]

The nitrito ligand takes the endo conformation ((iii) in figure 4.1), not the exo form which is more
common and a product of the synthesis of the ground state. The endo species however is consistent with

less movement in the crystal, and can be seen more closely in figure 4.11.

The excitation in [Ni(aep),(NO,),] was modelled as a disordered fragment and the occupancies of
the nitrite species were calculated using free variables. The residual peaks associated with O;5 and Nig
were easily identified in the electron density map, however the peak pertaining to O,z was considerably
smaller due to the proximity of atom O,,. The command EXYZ was therefore used to place the atom O
at the same coordinates as O, and EADP to give the atoms the same displacement parameters. As a
result the bond distance between Nigand Oy is rather shorter than would be expected. The endo-nitrito
isomer maintains a six coordinate octahedral geometry as in the ground state species, however it is
distorted and the isomer has an O.g-N;5-O,g angle of 107.82(8)°.

An analysis of the bonding in the metastable state structure shows the same short contacts present
as in the ground state, as well as the presence of a further short contact (Ns-His...O5) with a D...A
distance of 2.531(4)A. There is also an intermolecular hydrogen bond between Ns-Hys...Nyg which is
moderate/weak in strength with a distance (Ns...Nyg) of 2.839(1)A and a bond angle of 138.01°. The
overall bonding within the structure can be seen in figure 4.12. Although the additional bonding
interactions are generally weak it is possible that their presence may help in stabilising the metastable

linkage isomer.
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Figure 4.12 Hydrogen bonding and short contacts observed in the excited state of [Ni(aep),(NO,),]

Small changes were observed in the unit cell parameters between the ground and most excited

state structure, shown in table 4.5 below. Upon excitation a small increase was observed in both the b and

c axes, whereas the a axis remained constant within experimental error. There was also a slight increase

in the B angle. Overall this resulted in a general increase in cell volume of approximately 6A°,

a(d) b@A) cA e BCO) 1) V&)

Ground State ~ 96309 82557 11.8340 o 109065 o,  889.3
Bath 412 4 (12 1) (1) @)
Metastable State  9.6301 82875 118754 109103 o, 89558
Bath 435 (6) ) (8) (1) (10)

Table 4.5 Comparison of unit cell data for [Ni(aep)2(NO,),]
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4.4.1.4 Slant Plane Fourier Maps

Slant plane Fourier maps were generated using WinGX. For the analysis, fragments pertaining to
the metastable endo-nitrito isomer were removed from the crystal structure and the structure refined using
the ground state coordinates only. Any residual electron density observed in the maps would therefore be
due to the linkage isomer. Figure 4.13 shows maps pertaining to both the ground state (Bath 412) and the
highest excited state (Bath 435). It is clear that in the ground state all the electron density within the solid
state molecular structure has been accounted for, however in the excited state there are three relatively
large peaks around the nitro group.

Maps were also generated for the temperature variation studies and can be used to identify the
limitations of the metastable state. Figure 4.14 shows Fourier maps for experiments between 100-30K and
figure 4.15 shows Fourier maps for experiments between 85-120K. It is clear from these diagrams that the
excitation disappears between 40 and 50K and 114-118K.
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Figure 4.13 Slant plane Fourier maps for the ground state Bath 412 (top) and highest excited state Bath 435 (bottom)
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95K 85K

75K 65K

55K 45K

Figure 4.14 Slant plane Fourier maps for temperature variation study of [Ni(aep),(NO,),] from 100K to 30K
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116K

Figure 4.15 Slant plane Fourier maps for temperature variation study of [Ni(aep),(NO,),] from 80K to 120K
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4.4.2 [Ni(aem)(NO,),]

4.4.2.1 Collection Strategy and Excitation Results

Unlike [Ni(aep).(NO,),] only the nitro isomer is formed upon crystallisation of [Ni(aem)(NO,).].
Initial experimentation using UV LEDs as the stimulus resulted in a very small amount of excitation
(approximately 5%). A second experiment using four blue LEDs was far more successful. The results
presented here were all performed on the same crystal which was glued to the fibre. A summary of the
initial data collected on this sample can be seen below in table 4.6. No data was collected under Bath 544.

Sample Irradiation Time Temperature Type of Total %
Number (min) (K) Excitation Excitation
Bath 541 0 — ground state 100 - 0
Bath 542 30 100 Endo-nitrito 8.5
Bath 543 90 100 2x Endo-nitrito 25
Bath 545 150 100 2x Endo-nitrito 26.5

Table 4.6 Excitation of [Ni(aem),(NO2),]

After excitation had appeared to stabilise a temperature variation study was performed to identify
the limits of the metastable state that had been identified. The first study went down in temperature from
100K to 30K at a rate of 10K/hour for each data set and the results are highlighted below in table 4.7.

Sample Irradiation Time Temperature Type of Total %
Number (min) (K) Excitation Excitation
Bath 545 150 100 2x Endo-nitrito 26.5
Bath 546 210 100-90 2x Endo-nitrito 28.5
Bath 547 270 90-80 2x Endo-nitrito 29
Bath 548 330 80-70 2x Endo-nitrito 30
Bath 549 390 70-60 2x Endo-nitrito 30.5
Bath 550 450 60-50 2x Endo-nitrito 31
Bath 551 510 50-40 2x Endo-nitrito 32
Bath 551b 570 40-30 2x Endo-nitrito 32
Bath 552 630 30 2x Endo-nitrito 31

Table 4.7 Temperature studies on [Ni(aem),(NO,),] from 100K to 30K

The temperature was ramped back to 100K to test the quality of the crystal. A second temperature
variation study was undertaken to identify the temperature at which the sample was quenched (table 4.8).
Again the temperature was ramped at a rate of 10K/hour for each data collection. At this point during the
experiment only two blue LEDs remained working, however there appeared to be no significant reduction

in the percentage excitation so no attempt was made to add additional LEDs.
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Sample Irradiation Time Temperature Type of Total %
Number (min) (K) Excitation Excitation
Bath 554 800 100 2x Endo-nitrito 29.5
Bath 555 860 100-110 Endo-nitrito 11
Bath 556 920 110-120 Endo-nitrito 10.5
Bath 557 980 120-130 Endo-nitrito 9
Bath 558 1040 130-140 - 0

Table 4.8 Temperature studies on [Ni(aem),(NO,),] from 100K to 140K

4.4.2.2 Ground State Structure
The crystal was kept in the dark at room temperature and then cooled to 100K in order to obtain a

clean unpolluted ground state structure. As with the analogous aep system, any excitation achieved during

the experiment was fully reversible. The crystal quality appeared to deteriorate during the excitation

process resulting in the spot shape changing to an hour glass formation. However, when the same sample

was relaxed back to the ground state and further data collected, these spots returned to normal and the

data was comparable to initial ground state data refinements.

Figure 4.16 Complete ground state structure of [Ni(aem),(NO,),] at 100K with 30% probability ellipsoids shown (Bath 541)

Figure 4.16 shows the solid state molecular structure of [Ni(aem),(NO,),] (Bath 541), which

crystallised in the space group P-1 not P1 as reported in the initial paper.*? The asu contains half the

complete molecule, with the nickel atom sitting on a crystallographic centre of symmetry. The
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coordination geometry around the nickel centre is octahedral and both nitrite ligands are trans to each
other, with N(1) related to N(1°) by the symmetry operation -x+1, -y, -z+1. The nitrite ligand has an O;-
N;-O, angle of 117.24(18)° and adopts an n' coordination geometry through the nitrogen atom, which is

identical to that in the analogous aep system.

The overall bonding interactions observed in the ground state of the morpholine system is
relatively complex and can be considered in three stages. There are intramolecular short contacts between
the oxygen atoms of the nitro group and the hydrogen atoms on Nz analogous to those observed in the
equivalent piperidine structure. The Nj-Hys...Oq, D... A distance is 2.986(3)A with an angle of 119.4° and
the Ns-Hu...O, bond distance (D...A) is 2.892(3)A with an angle of 112.1°. These intramolecular
contacts can be seen in figure 4.17.

Figure 4.17 Intramolecular short contacts in [Ni(aem),(NO,),]

Two types of intermolecular hydrogen bond are also present, the first is between N3-Hy,...0zand
there are four of these per molecule linking adjacent molecules in a ribbon type nature (figure 4.18). The
N3-Hy4...O; has a D...A distance of 3.019(3) with a bond angle of 131.5°. The second type of
intermolecular hydrogen bonds, involve the oxygen atom on the morpholine rings. Again there are four of
these bonds per molecule, linking together adjacent molecules to form ribbons (figure 4.19). The Ns-
His...Ozhas a D...A distance of 3.134(3) with a bond angle of 147.2°.
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Figure 4.18 Intermolecular hydrogen bonding involving an oxygen atom in the nitro group, forming ribbon type layers
in [Ni(aem),(NO,).]

Figure 4.19 Intermolecular hydrogen bonding involving the oxygen atom in the morpholine ring, forming
ribbon type layers in [Ni(aem),(NO,),]

The combination of the two types of intermolecular bond results in a sheet type structure

illustrated in figures 4.20 and 4.21. The intramolecular hydrogen bonds have been removed for clarity.
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Figure 4.20 Sheet structure formed from combination of the two types of intermolecular hydrogen bond in [Ni(aem),(NO,),]

Figure 4.21 Side on view of two sheets in [Ni(aem),(NO,),]
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4.4.2.3 Excited State Structure

The solid state molecular structure obtained after 8.5h irradiation with blue LEDs at 45K, (Bath
551), is illustrated in figure 4.22. The overall structure contained approximately 32% of two endo-nitrito
isomers, the major isomer (O;5-N1g-Os8) accounting for around 21%. The overall crystal structure

maintained the same P-1 crystal symmetry as observed for the ground state.

Figure 4.22 Complete excited state structure of [Ni(aem),(NO,),] at 45K with 30% probability ellipsoids shown (Bath 551)

0(20)

N(1B) N(1C)

Figure 4.23 Close up of the two endo-nitrito conformations in [Ni(aem),(NO,),]

The endo-nitrito conformations ((iii) in figure 4.1) adopted upon excitation can be seen more
closely in figure 4.23. The excitation in [Ni(aem;)(NO,),] was modelled as two disordered fragments and

the occupancies of the nitrite species were calculated using free variables. In this instance due to the
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presence of three different nitrite fragments, the sum of the free variables were set to equal one using the
SUMP command. The command EXYZ was used to place the atom Nyg at the same coordinates as Nic
and SADI was used to restrain the N-O distances to be the same in the excited state fragments. Both endo-
nitrito isomers exhibit a distorted octahedral geometry with ' coordination to the metal centre. The major
isomer O;5-N1g-Og" has a bond angle of 105.48°, and the minor isomer which accounts for around 11%

of the overall structure has an O;c-N;c-O,c” angle of 107.63°.

-----

4 ’
o(z) ;4 Cl2ATE,
7O(2A)  gs" O(2B)

v b

Figure 4.24 Sheet structure formed in the metastable state of [Ni(aem),(NO,),]

As with the ground state a number of bonding interactions are observed. The intramolecular short
contacts are comparable in length and with similar bond angles. The N3-His...0;4 has a D...A distance of
2.986(5)A with an angle of 119.7° and the N3-Hi4...0,4 bond distance (D...A) of 2.920(4)A with an
angle of 112.2°. There are possibly further short contacts between the oxygen atoms of the nitrito groups
and the hydrogen attached to nitrogen on the amino groups however the distance between the oxygen
atoms and the nitrogen donor atom are approximately 3.30A and an angle of around 125° which would
make it a very weak interaction. The same two intermolecular hydrogen bonds are also observed. Ns-
His...024again has four contacts per molecule with a D...A distance of 3.037(5) with an angle of 135.2
and N3-His...0zalso has four contacts per molecule with a D...A distance of 3.145(3) with a bond angle
of 147.2°. A further intermolecular hydrogen bond is present - N3-Hy,...O,g Which is similar in nature to
N3-Hy...024. This hydrogen bond has an Ns- Oyg distance of 2.856(17) and a bond angle of 147.4°. The

overall hydrogen bonded sheet network can be seen in figure 4.24.

* Constrained atoms
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Small changes were again observed in the unit cell parameters between ground and excited states
and are shown in table 4.9. Upon excitation a small increase was observed in both the a and b axes, but a
decrease in the ¢ axis. There was also approximately a 2° decrease in p and a 1° increase in a, resulting in

an overall increase in cell volume of approximately 4A°.

a(d) b@A) cA o)  BCO) v (°) VALY
Ground State  7.172 7.988 8330 94306 112642 100496 427.5

Bath 541 ) ) ) ®) ) ) )
Metastable State  7.2011 8.0007 82916 94.620 110.884 101.434 431.46
Bath 551 a7 @18 (19 @) (3) (3) (17)

Table 4.9 Comparison of unit cell data for [Ni(aem),(NO,),]

4.4.2.4 Slant Plane Fourier Maps

For analysis, fragments pertaining to either both or just one metastable endo-nitrito isomer were
removed from the crystal structure and the structure refined using the ground state coordinates only. Any
residual electron density observed in the maps would again be as a result of the presence of linkage
isomers. Figure 4.25 shows maps pertaining to both the ground state (Bath 541) and the highest excited
state (Bath 551). All electron density within the solid state molecular structure has been accounted for in
the ground state seen from the Fourier map, however in the excited state large smears of unaccounted
electron density mainly focused around the nitro group, particularly in the position where both atoms Njg

and N;c would reside.

Fourier maps were also generated for the temperature variation studies and can be used to identify
the limitations of the metastable states. Figure 4.26 shows Fourier maps for experiments between 100-
30K. It is clear from these diagrams that both endo-nitrito isomers are present all the way down to 30K
and the percentage excitation gradually increases as the temperature is reduced. Figure 4.27 illustrates
Fourier maps for experiments between 100-140K. Both isomers appear to be present at 100K, however
between 105-125K only one of the endo-nitrito isomers truly appears to be present which is due to O4p-

Ng-Osg. This isomer gradually diminishes and finally disappears around 135K.
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Figure 4.25 Slant plane Fourier maps for the ground state Bath 541 (top) and highest excited state Bath 551 (bottom)
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Figure 4.26 Slant plane Fourier maps for temperature variation study of [Ni(aem),(NO,),] from 100K to 30K
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Figure 4.27 Slant plane Fourier maps for temperature variation study of [Ni(aem),(NO,),] from 100K to 140K
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4.4.3 [Ni(aepy).(NO).]

4.4.3.1 Collection Strategy and Excitation Results
As with [Ni(aem),(NO,),] only the nitro form can be isolated from crystallisation of

[Ni(aepy)2(NO,),]. Like both previous systems discussed in this chapter, initial experimentation using UV

LEDs as the stimulus resulted in a very small amount of excitation and further investigation blue LEDs

was more successful. The work presented in this section was performed using a few different crystals.

The excitation results on the first crystal are shown in table 4.10 below. After approximately 5h

irradiation the lights were turned off and after waiting a further half an hour a data collection was

undertaken to confirm if the sample was metastable (Bath 519).

Sample Irradiation Time  Temperature Type of
Number (min) (K) Excitation
Bath 515 0 100 )
Bath 516 100 100 Endo—mtr_lto
Exo-nitrito
Bath 517 160 100 Endo-mt(lto
Exo-nitrito
Bath 518 240 100 Endo—mtr_lto
Exo-nitrito
Bath 519 - 100 Endo—mtr_lto
Exo-nitrito
Table 4.10 Excitation of [Ni(aepy),(NO2),]
Sample Irradiation Temperature Type of
Number Time (min) (K) Excitation
Bath 520 0 100 )
Peaks observed
Bath 521 60 100 but too small to
model
Bath 522 140 100 Endo-n_lt(lto
Exo-nitrito
Bath 523 240 100 Endo-n_ltr_lto
Exo-nitrito
Bath 524a 300 100-105 Endo-mt(lto
EXxo-nitrito
Bath 524b 360 105-110 Endo-n_ﬂnto
Exo-nitrito
Bath 524c¢ 420 110-115 Endo-n_lt(lto
EXxo-nitrito

%

Excitation

0
115
10
15
13
18
13
17.5
15

%
Excitation
0

0

5
5
6
7.5
6.50
9.5
11.5
9
11
9

Table 4.11 Temperature studies on [Ni(aepy),(NO,),] from 100K to 115K

Total %
Excitation
0

215

28

31

325

Total %
Excitation
0

0

10

135

16

20.5

20

The crystal used for the initial excitation studies was lost during de-icing of the sample so a new

crystal was used for the temperature variation studies. Only two LEDs were still working at this stage of
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the investigation but as the sample still appeared to excite the decision was made to carry on with the

experiment. The temperature was ramped at a rate of 5K/hour. Unfortunately during the study there was

further ice build up during the data collection of Bath 524d and the sample was again lost. The

temperature variation study was therefore resumed at the very end of the experiment on a different crystal

and due to time restraints the temperature was ramped from 100K to 120K and then at a rate of 10K/hour.

The data is summarised in tables 4.11 and 4.12 for both crystals used.

Sample
Number

Bath 562
Bath 566

Bath 567
Bath 568

Irradiation Time
(min)
0

240

300
360

Temperature
(K)
100

100

120
120-130

Type of
Excitation
Endo-nitrito
Exo-nitrito
Exo-nitrito

%
Excitation
0
5.5
6
7
0

Table 4.12 Temperature studies on [Ni(aepy),(NO,),] from 100K to 130K

Total %
Excitation

0
115

7
0

To investigate whether the metastable states observed were also stable at low temperature, a

temperature variation study was undertaken from 100K to 30K (table 4.13).

Sample
Number

Bath 525
Bath 530

Bath 531
Bath 532
Bath 533
Bath 534
Bath 536
Bath 537
Bath 538
Bath 539

Bath 540

Irradiation Time
(min)
0

80
140
200
260

320

60
120
180

240

Temperature
(K)
100

100
100
100-90
90-80
80-70
60
60-50
50-40
40-30

30

Type of
Excitation

Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito
Endo-nitrito
Exo-nitrito

%
Excitation
0
8
9
13
9
135
125
15.5
13
16
14
18.5
155
15
17
15.5
16.5
16
17.5
13
16

Table 4.13 Temperature studies on [Ni(aepy)»(NO,),] from 100K to 30K

Total %
Excitation

0
17

22

26

28

30

34

32

32

335

29
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Data was collected for Bath 526-529 however there was only one LED working and very little
excitation was observed, so they were all replaced. No data was collected for Bath 535 as the synchrotron
beam was lost during data collection. The beam returned after 10 hours but the lights had remained off
during this period. The sample had been maintained at 60K for the duration, so the decision was made to
undertake a further data collection to see whether any metastable states were still present. As the sample

was still shown to be excited the lights were switched back on and the study continued from 60K to 30K.

4.4.3.2 Ground State Structure

As with both previously discussed samples, the crystal was kept in the dark at room temperature
and then cooled to 100K in order to obtain a clean unpolluted ground state structure. Any excitation
achieved during the investigation was shown to be fully reversible and ground state structures obtained at
various points during experiments were comparable to initial data refinements. The crystal quality

appeared to remain good throughout the excitation process.

[Ni(aepy).(NO,),] crystallised in the space group P2,/c. The complete solid state molecular
structure can be seen in figure 4.28. The asu contains half the complete molecule, with the nickel atom
sitting on a crystallographic centre of symmetry. The coordination geometry around the nickel metal
centre is octahedral and as with both [Ni(aep)»(NO,),] and [Ni(aem),(NO,),] both nitrite ligands are trans
to each other. N(1) is related to N(1°) by the symmetry operation -X, -y, -z+1. The nitrite has an O;-N;-O,
angle of 116.91(19)° and adopts an n' coordination geometry through the nitrogen atom.

Figure 4.28 Complete ground state structure of [Ni(aepy),(NO,),] at 100K with 30% probability ellipsoids shown (Bath 515)
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Figure 4.30 Intermolecular hydrogen bonds between oxygen atoms on the nitro group and the hydrogen atom (H3)
on the ammine group in [Ni(aepy),(NO,),]
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The bonding observed in the ground state of [Ni(aepy).(NO,),] is similar to that found in the
analogous morpholine system, with two intramolecular short contacts between the oxygen atoms of the
nitro group and the hydrogen atoms on Nj (figure 4.29). The N;- O, distance is 2.961(2)A with a bond
angle of 120.5° and the N3-Hy,...0;, bond distance (D...A) is 2.999A with an angle of 105°.

There are two weak intermolecular hydrogen bonds present, from both oxygen atoms of the nitro
group to the same hydrogen atom attached to Nas. In total there are eight intermolecular hydrogen bonds
per molecule linking adjacent molecules in a sheet type structure. The N3-Hjs...O; has a N3 - O distance
of 3.136(3)A with a bond angle of 113.2° and the N3-H,5...0, has a N5 - O, distance of 3.229(2)A with a
bond angle of 130.1°. The intermolecular hydrogen bonding can be seen in figures 4.30 and 4.31.

Figure 4.31 Side on view of three sheets in [Ni(aepy),(NO,),] exhibiting intermolecular hydrogen bonding
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4.4.3.3 Excited State Structure

The crystal structure obtained after 6h irradiation with four blue LEDs at 60K, (Bath 536), is
shown in figure 4.32. The structure maintained the same P2,/c crystal symmetry as the ground state and
has approximately 23% disorder observed around the ethyl chain (the percentage appears to increase as

the overall excitation is also increased) which has been removed for clarity.

0(2C)

N(1B)
N(1C)
28) 0(1A)

0(1c) ‘ (J
\
q ﬁ 3
0(18B)
”
&)
~

!

Figure 4.32 Complete excited state structure (Bath with both endo-nitrito and exo-nitrito metastable isomers in
[Ni(aepy)2(NO,),] at 60K with 30% probability ellipsoids shown (Bath 536)

Two different metastable isomers can be seen in the solid state molecular structure which account
for almost 34% of the total structure. The major isomer (O1g-N15-O.5 - figure 4.33) which is endo-nitrito
n' coordinated ((iii) in figure 4.1) to the nickel centre accounts for just under 19% of the total excitation.
The second isomer (O3c-N;c-Oxc - figure 4.34) is also nl coordinated to the metal but adopts an exo-nitrito
conformation ((ii) in figure 4.1) and has a slightly lower occupancy at 15% of the overall structure. A

close up of the different conformations adopted upon excitation can be seen in figure 4.35.
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Figure 4.33 Endo-nitrito isomer O;5-N;5-O,p in [Ni(aepy),(NO,),]

Figure 4.34 Exo-nitrito isomer O;c-N;c-O,c in [Ni(aepy),(NO,),]
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Figure 4.35 Close up of the endo-nitrito and exo-nitrito conformations in [Ni(aepy)(NO,).]

The excitation in [Ni(aepy).(NO,),] was modelled as two disordered fragments and as in previous
examples discussed in this chapter, the occupancies of the nitrite metastable isomers were calculated
using free variables. SUMP was used to set the sum of the free variables pertaining to the three separate
nitrite fragments equal to one. The command EXYZ was used to place atom Njg at the same coordinates
as Nic and EADP to give the atoms the same displacement parameters. The command SADI was used to

restrain the N-O distances to be the same in both excited state fragments.

Both isomers adopt a distorted octahedral geometry. The endo-nitrito isomer has a bond angle
(O1p-N1p-O5p) of 139.21(3)° which is slightly larger than the other endo-nitrito isomers discussed
previously. This may be due to the distance of O;5 to the nickel metal centre being fixed using the
command SADI to match that of O, to the metal centre. The exo-nitrito isomer has an O;c-N;c-O,c* bond
angle of 112.16°.

An analysis of the bonding in the metastable state structure reveals that the bonding is the same as
in the ground state. As with [Ni(aem),(NO,),] it is possible that a further intramolecular hydrogen bond is
present between the nitrito group involving O, and the hydrogen on N3 which has a D...A distance of
2.921A and a bond angle of 112.78° but it would be very weak.

* Constrained atoms
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Changes were observed between the unit cell parameters of the ground and excited state and are
shown in table 4.14. There was a significant decrease in the a axis and a small increase in the b axis,
however the largest change was an increase in the ¢ axis upon excitation of approximately 0.4A. Overall

there was an increase in cell volume of 13A°,

ad) bA) cA) o) BCO) v VA

Ground State ~ 86169 85490 115680 o 104008 o, 82683
Bath 515 (5) (5) @) (1) )
Metastable State 83535 86657 119144 o 103127 ..  839.9
Bath 536 13) (13  (18) 2) 2)

Table 4.14 Comparison of unit cell data for [Ni(aepy),(NO,),]

4.4.3.4 Slant Plane Fourier Maps

For analysis, fragments pertaining to metastable isomers were removed from the solid state
structure and was refined using the ground state coordinates only. Any residual electron density observed
in the maps that arise are as a result of the presence of linkage isomers. Figure 4.36 shows maps
pertaining to both the ground state (Bath 515) and the highest excited state (Bath 536). The Fourier map
shows that all electron density within the solid state molecular structure of the ground state has been
accounted for. However, in the excited state structure using the same scale, large smears of unaccounted

electron density (mainly focused around the nitro group), reside.

Fourier maps were also generated for the temperature variation studies and can be used to identify
the limitations of the metastable states. Figure 4.37 shows Fourier maps relating to the temperature
variation study between 100K and 30K. The maps illustrate that both the endo-nitrito and exo-nitrito
isomers are stable down to 30K. Figures 4.38 and 4.39 show Fourier maps pertaining to temperature
variation studies between 100K to 115K and 100K to 130K respectively. Two separate diagrams were
created as the studies were performed on two different crystals and the relative levels of excitation were
significantly different. Figure 4.31 shows that at 120K, the exo-nitrito isomer is slightly more dominant

however by 125K both isomers had been quenched.
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Figure 4.36 Slant plane Fourier maps for the ground state Bath 515 (top) and highest excited state Bath 536 (bottom)
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45K 35K 30K

Figure 4.37 Slant plane Fourier maps for temperature variation study of [Ni(aepy),(NO,),] from 100K to 30K
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107K 113K
Figure 4.38 Slant plane Fourier maps for temperature variation study of [Ni(aepy),(NO,),] from 100K to 115K

100K - zero excitation 100K

120K 125K
Figure 4.39 Slant plane Fourier maps for temperature variation study of [Ni(aepy)»(NO,),] from 100K to 130K
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4.5 Discussion and Conclusion

The results presented in this section are the first reported evidence for NO, linkage isomerism in a
neutral species using photocrystallography. Initial experimentation for all three nickel systems using a
broadband white light source yielded no results. Due to the multiple wavelengths being generated from
the light source, it is possible that at the same time as the metastable state was being populated, there was
also a destructive process occurring simultaneously at an alternate wavelength, resulting in no overall

change in the crystal structure.

As mentioned earlier in the chapter a solution of [Ni(aep),(NO,),] yields both nitro and exo-
nitrito crystals with the former as the major isomer. It was discovered that when this solution was
irradiated with UV light in a dark room, the majority of crystals that deposited from solution were in fact
the nitrito isomer. Photocrystallographic experiments were then attempted using two UV LEDs on a
crystal of [Ni(aep)2(NO,).] to see if the isomerisation process would occur in the solid state. Initial tests at
30K showed no excitation however, when the temperature was raised to 100K experimentation
highlighted the presence of two new peaks in the electron density map, focused around the position of the
nitro group. Further experiments were then conducted on both [Ni(aem),(NO,),] and [Ni(aepy)2(NO,),]
and also resulted in a small amount of excitation. In the case of [Ni(aem),(NO,),] however, the excitation
was too small to model despite the presence of some small Q-peaks pertaining to a possible endo-nitrito

isomer being observed as residual electron density in the electron density map.

For the following experiment at Daresbury on Station 9.8 the decision was made to swap the
LEDs which emitted at 400nm for some blue LEDs which emit at 467nm but with far greater intensity
than possible for UV LEDs available for purchase. The decision was made to mount four LEDs directly
behind the sample through the back plate on the diffractometer and the experimental set-up can be seen in
figure 4.6. The experiments undertaken using blue LEDs resulted in far greater levels of excitation and

are those which are presented here in this thesis.

The advantages of using LEDs for this type of experiment have proved invaluable. Not only do
they provide the option to be selective as to which wavelength is used during the experiment, a wide
variety of intensities at each wavelength are also readily available. This means that if the LEDs appear to
be causing crystals to fracture at the wavelength needed for excitation, a different LED which emits at the
same wavelength but with a lower intensity can be used to try and overcome this problem. There is also

the advantage that they are extremely cost effective and significantly cheaper than a laser.

Each of the complexes [Ni(aep).(NO,).], [Ni(aem),(NO,),] and [Ni(aepy).(NO,),] behave slightly

differently upon excitation. All three compounds exhibit endo-nitrito linkage isomerism upon excitation
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with both [Ni(aep),(NO,),] and [Ni(aepy).(NO,),] forming one unique endo-nitrito metastable species
upon irradiation per molecule and [Ni(aem),(NO,),] with two. [Ni(aepy).(NO,),] however also forms a

exo-nitrito species during the excitation process.

It is unclear why the aep complex only forms one conformation of nitrito isomer upon excitation,
yet the other two complexes adopt two nitrito conformations (albeit in the case of the aem species it is the
same endo-nitrito form in two different orientations). These differences do not appear to correlate with
differences in crystal packing as determined by the analyses of the hydrogen bonding networks. It is
possible that due to the lower levels of excitation that only one metastable linkage isomer is formed when
a crystal of [Ni(aep),(NO,),] is irradiated, and if further excitation could be achieved the presence of a
second metastable form may appear. It could also be the case that an LED with a different wavelength
and intensity may excite the sample better than the blue LEDs that were used for these experiments.
When initial tests were carried out using UV LEDs it was actually the aep system that showed the greatest
amount of excitation. In the future it may be worth trying to excite the [Ni(aep),(NO,),] system again
with UV LEDs which emit with a greater intensity. The other interesting point is that the isomer formed
upon excitation when [Ni(aep).(NO,),] is irradiated is endo-nitrito and not exo-nitrito like the crystals
obtained when the complex is initially synthesised (figure 4.40). This may be a result of there being less

movement in the crystal when forming the endo-nitrito species as opposed to the exo form.

Figure 4.40 Crystal structure of exo-nitrito isomer of [Ni(aep),(NO,),] (Bath 486)
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The exo-nitrito isomer obtained during the initial synthesis (Bath 486) has a O;-N;-O,bond angle
of 114.54(1)° with an O,-N; bond length of 1.2921(13)A and an O,-N, bond length of 1.2349(14)A. The
Ni;-O, bond distance is 2.1047(8)A. The exo-nitito isomer obtained from excitation in the
[Ni(aepy)2(NO,),] is fairly similar to this with a O;c-N;c-O1c bond angle of 112.16°, O-N bond distances
of around 1.22A and a Ni;-O;¢ distance of 2.20(2)A.

Analyses of the bonding interactions within the solid state molecular structures were undertaken
in order to determine whether the species formed upon excitation was governed by a stabilising bonding
interaction. This however does not appear to be the case and the majority of interactions identified are

generally too weak to influence the conformations adopted by the metastable states.

A closer inspection of van de Waals space filling diagrams of excited state structures reveals that
there is only a small amount of space available above the nitro ligand for both [Ni(aep),(NO,),] (figure
4.41) and [Ni(aem),(NO,),] (figure 4.42) for isomerisation. This may account for the formation of the
endo-nitrito conformation over the exo species as it requires a smaller amount of movement within the
crystalline lattice. The space filling diagram for the excited state of [Ni(aepy),(NO,),] is shown in figure
4.43. From the diagram, it appears there is slightly more space available above the nitro ligand to
accommodate the exo-nitrito conformation than in the aep and aem excited state structures and it may be

solely for this reason that the metastable exo form only occurs in this sturcture.

Figure 4.41 Space filling diagram for the excited state structure of [Ni(aep),(NO,),]
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Figure 4.43 Space filling diagram for the excited state structure of [Ni(aepy),(NO,),]
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Future work on these systems would involve trying to maximise the percentage conversion from
the ground state to metastable state species. Ideally one hundred percent conversion is the ultimate goal in
photoisomerisation reactions, but may not be possible in these systems perhaps because of strain on the

crystalline lattice causing the crystal to shatter if it is over exposed to irradiation from a light source.

Investigations were also undertaken to identify whether the exo-nitrito isomer of [Ni(aep),(NO,),]
would isomerise back to the nitro species upon irradiation. Yellow LEDs were utilised, however
experiments performed on this species proved unsuccessful. It could be possible that light of a different
wavelength may cause this structure to photoisomerise, but due to time restrictions we were unable to test
this further.

Ideally DFT calculations which model the excitation processes would be carried out to identify
the differences in energy between various states. This would help in the selection of suitable light sources
with the appropriate wavelength for excitation, however initial calculations used to try and excite the

molecules refused to converge despite several attempts.

Similar structures with NCS ligands in place of the NO, groups can also be synthesised and are
reported in the literature.'” This is another ligand capable of isomerisation and it may be worth
investigating to see if thiocyanate to isothiocyanate rearrangements are possible in the solid state with the

use of light as the stimulus.

In order for these molecules to be used as molecular switches, it is important to identify
molecules which can isomerise at room temperature. At present the structures presented here can only

isomerise at low temperature and would not be suitable for use in electronic devices.
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Compound

Empirical Formula

M;
Temperature (K)
Crystal System
Space Group
Wavelength (A)
a(A)

b (A)

c(A)
a(®)

B ()

Y ()

V (A%

Z

Absorption coefficient

(mm’)

Reflections collected

Independent reflections

Rint
R:, wR2

R indices (all data)

4.6 Summary of Crystallographic Data

Bath 412

C14 H32 N6 Ni O4

407.17
100(2)
Monoclinic
P2,/c
0.6703
9.6309(14)
8.2557(12)
11.8340(17)
90
109.0650(10)
90
889.3(2)

2

1.124

10846
3195
0.0648
0.0522, 0.1235
0.0634, 0.1349

Bath 435

C14 H32 N6 Ni O4

407.17
90(2)
Monoclinic
P2,/c
0.6703
9.6301(6)
8.2875(5)
11.8754(8)
90
109.1030(10)
90
895.58(10)
2

1.116

10094
2715
0.0626
0.0465, 0.1273
0.0500, 0.1314

Table 4.15 Comparison of crystal data for ground and excited structures of [Ni(aep),(NO,),]
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Compound Bath 541 Bath 551
Empirical Formula C1,H2sNgNi;Og C1,H2NgNi;Og
M, 411.11 411.11
Temperature (K) 100(2) 45(2)
Crystal System Triclinic Triclinic
Space Group P-1 P-1
Wavelength (A) 0.68960 0.68960
a(A) 7.172(5) 7.2011(17)
b (A) 7.988(5) 8.0007(18)
c(A) 8.330(5) 8.2916(19)
o (°) 94.306(5) 94.620(3)
B(© 112.642(5) 110.884(3)
7 °) 100.496(5) 101.434(3)
V (A% 427.5(5) 431.46(17)
Z 1 1
Absorption coefficient
(mm™) 1.179 1.168
Reflections collected 2143 2181
Independent reflections 869 888
Rint 0.0159 0.0134
Ri, WR2 0.0215, 0.0543 0.0280, 0.0735

R indices (all data)

0.0216, 0.0543

0.0286, 0.0740

Table 4.16 Comparison of crystal data for ground and excited structures of [Ni(aem),(NO,),]
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Compound
Empirical Formula
M
Temperature (K)
Crystal System
Space Group
Wavelength (A)
a(A)

b (A)

c (A)
a(°)

B
Y ()

V (A%

Z
Absorption coefficient
(mm™)
Reflections collected
Independent reflections
Rint
Ry, WR2
R indices (all data)

Bath 515
C12 H28 N6 Ni 04
379.11
100(2)
Monoclinic
P2,/c
0.6896
8.6169(5)
8.5490(5)
11.5680(7)
90
104.008(1)
90
826.83(8)
2

1.203

4023
846
0.0243
0.0212, 0.0520
0.0226, 0.0530

Bath 536
C12 H28 N6 Ni O4
379.11
60(2)
Monoclinic
P2,/c
0.6896
8.3535(13)
8.6657(13)
11.9144(18)
90
103.127(2)
90
839.9(2)
2

1.184

4129
869
0.0296
0.0473, 0.1222
0.0513, 0.1257

Table 4.17 Comparison of crystal data for ground and excited structures of [Ni(aepy)2(NO,),]
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Chapter 5

Crystal Engineering

5.1 Introduction

Crystal formation is a non-equilibrium phenomenon in which both the thermodynamic and kinetic
aspects of the reaction conditions contribute to a final structure. The structure obtained is often a result of
the crystallisation conditions used and it is hard to predict the outcome as the crystallisation process is
controlled by a vast number of long and short range interactions.™"

Crystal engineering was initially identified by Arthur von Hippel who described its fundamental
characteristics in detail under the term ‘molecular engineering’.””) Modern crystal engineering, however,
was developed as a technique to facilitate understanding in the regioselectivity and product distribution of
solid state molecular reactions in the early 1960s. Investigations were originally performed on species
such as a,B-unsaturated acids in a field termed topochemistry developed by Schmidt.®”! The area has
developed rapidly over the past few decades especially with the development of modern crystallographic
techniques and now encompasses many aspects of solid state chemistry. It is readily used in structure
prediction and control as well as an aid in the synthesis of novel molecular building blocks and crystalline
materials.™

Crystal engineering can be described as
the design and preparation of a crystalline solid
based on the knowledge and exploitation of the
steric, topological and intermolecular bonding
capabilities of the constituent molecules (figure
5.1).1 The crystalline material is comprised of
molecular ‘building blocks’ held together by
supramolecular interactions such as hydrogen
bonds. An understanding of the kinetics and

thermodynamics of crystal nucleation the

requirements of crystal close packing and the

relative importance of the multiplicity of

Figure 5.1 Example of crystal engineering where the overall
network is held together by hydrogen bonds interactions that go together to assemble the

crystalline entity are also of importance.™
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One of the particular attractions to crystal engineering is the ability to tune the chemical and
physical properties of a solid. Due to the structural damage sustained by the rearrangement of an
ambidentate ligand in a single crystal upon excitation in photocrystallographic experiments, it is hoped
that crystal engineering can help overcome the risk of crystal shattering by extending the size of the
crystalline lattice. As a result, it is hoped that greater excitation would be observed as the percentage of
the total crystal structure isomerising would be small, reducing the strain on the overall lattice.™ Several
crystal engineering methods could be employed to provide a solution.

One solution involves the use of host-guest chemistry. Commonly the host is a large molecule or
aggregate possessing a sizeable hole or cavity with the guest being a considerably smaller molecule which
has the potential to bind and reside in the space.™ Examples of common hosts include porphyrins, crown

ethers, cyclodextrins and calixarenes.

The example in figure 5.2 shows an inclusion compound where a molecule of B-cyclodextrin acts
as a host to coumarin.® The coumarin molecule can undergo a photodimerisation reaction with 64% vyield
while residing within the cyclodextrin. The cyclodextrin molecules form a reaction nanotube rather than
serving merely as reaction vessel in the solid state due to significant interactions between adjacent -
cyclodextrin units which result in the molecules lining up in rows.[”? This example demonstrates the
ability for large guest molecules to encapsulate and facilitate photo-excitation reactions of smaller guest

species.

Figure 5.2 Space filling diagram of p-cyclodextrin acting as a host (red and orange), with a guest molecule of coumarin
(predominantly turquoise)
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Another example of crystal engineering host-guest chemistry where n-stacking interactions are
exploited, is when [Ni(phen)s]*" is reacted with p-sulfonatocalix[4]arene anions (where phen is 1,10-
phenanthroline). An infinite zn-stacked chain is formed when the compound is recrystallised from a
mixture of acetone and water with half of the cations sitting within the cavity as shown in figure 5.3.! If
a photo-active molecule with a ligand capable of n-stacking was crystallised within the calixarene cavities
there may be ample space for the ambidentate ligand to isomerise without placing too much strain on the
overall lattice.
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Figure 5.3 n-stacked chain showing the inclusion of one [Ni(phen);]?* cations within the cavity of p-sulfonatocalix[4]arene
anions. Other [Ni(phen)s]?* cations sit between chain layers to balance the charges

Zheng and co-workers demonstrated by embedding photoactive molecules of tiglic acid in an
inert host lattice consisting of C-ethylcalix[4]resorcinarene, that three-dimensional periodicity can be
retained as the acid moiety undergoes an E to Z isomerisation. Approximately 30% isomerisation is
achieved from the E to the Z configuration of tiglic acid using 325nm light from a 48mW He/Cd laser

over a period of several hours (figure 5.4).°!

Desipite the percentage conversion of molecules undergoing isomerisation being relatively high,
and with both the shape of the guest and its general position reorienting in the solid state, the unit cell
changes observed are minor (ca. 1%). This evidence confirms that the host molecules form a stable

molecular scaffold that preserves the overall structural integrity of the crystal.!
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Figure 5.4 Three dimensional supramolecular architecture showing E (left) to Z (right) isomerisation of the tiglic acid
molecule after 3hrs irradiation

A step on the way to fully encapsulating molecules for photocrystallographic studies is to co-
crystallise cationic species that can undergo photo-excitation with large anions that dominate the lattice
spacing and do not change upon excitation. The smaller cations can reside in the cavities between the
anions which provide room for them to isomerise. In the majority of crystallographic studies carried out
previously, only small counterions have been included in the lattice. In this chapter we now report the
results of some crystal engineering studies targeted at producing crystals with larger counterions, the
presence of which may help to reduce crystal strain in photocrystallographic experiments.

5.2 Experimental Aims
The experiments within this chapter looks at the crystal engineering of two complexes -
[CO(NH3)5N02]C|2 and [RU(NH3)4(802)CI]CI

The main objective is as follows:

+ To investigate the possibility of expanding the overall size of the crystal lattice using crystal
engineering. Attempts are made at counter-ion exchange to increase the overall size of the
crystalline lattice. This may help facilitate the photoisomerisation process by reducing the
potential strain on the crystal, as the overall percentage of the solid state molecular structure that

is involved in the isomerisation process is reduced.
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5.3 Experimental

5.3.1 Data Collection

X-ray single crystal diffraction data were collected at the University of Bath or on Station 9.8 at
the STFC Daresbury Laboratory. Powder diffraction data was collected at room temperature at the
University of Bath. The details of hardware, software and equipment used are discussed in Chapter 6.

5.4 Results

5.4.1 [Co(NH3)s(NO,)]Cl,

As discussed in Chapters 1 and 4, linkage isomerism was first identified by Alfred Werner in his
studies on this complex.'” The nitro to nitrito isomerisation process was shown to proceed
photochemically by Adell with exposure to sunlight.!™ Single crystal photocrystallographic experiments
on this compound have proved to show a small percentage of isomerisation.*? The small amounts of
excitation achieved for the dication - [Co(NHs)s(NO),]* may have only been restricted due to lattice
strain, particularly when the counterion here is very small. This complex was therefore deemed a suitable

candidate for crystal engineering experiments.

5.4.1.1 Single Crystal Data

Single crystal X-ray diffraction measurements were made on a red block shaped crystal of
[Co(NH5)5(NO),]Cl, (structure number k06prr06) with dimensions 0.15 x 0.15 x 0.01mm at 150(2)K on a
Kappa CCD diffractometer. A summary of the crystal data can be seen in table 5.1 and the complete solid
state molecular structure can be seen in figure 5.5. The structure is consistent with that reported

previously.™

Figure 5.5 Solid state molecular structure of [Co(NH3)s(NO,)]Cl, with 30% probability ellipsoids shown
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The solid state molecular structure consists of a metal cation with two chloride counter-ions,
which are the target for replacement in this complex. The two orientations of the methyl hydrogen atoms
on N, are shown, consistent with the molecule sitting on a 2-fold rotational axis. This ammine group also
exhibits the longest Co-N bond at 1.980(3)A. The 0;-N;-O; bond angle is 121.3(3)° with a N;-O;bond
length of 1.229(2)A.

Empirical Formula His Co Ng O, Cl;,
M, 261.01
Temperature (K) 150(2)
Crystal System Monoclinic
Space Group C2/c
Wavelength (A) 0.71073
a(A) 10.1910(3)
b (A) 8.6830(3)
c (A) 10.7260(3)
a(® 90
B () 95.307(10)
7 90
V (A% 945.06(5)
z 4
Absorption coefficient (mm™) 2.352
Reflections collected 7837
Independent reflections 1420
Rint 0.0450
Ri, WR2 0.0343, 0.0802
R indices (all data) 0.0431, 0.0838

Table 5.1 Summary of crystal data for [Co(NH5)s(NO,)]Cl,

5.4.1.2 Powder Diffraction Data
The powder diffraction pattern for [Co(NH3)s(NO,)]Cl, can be seen in figure 5.6. The
experimentally obtained powder pattern is in black while the powder pattern in red is a simulated pattern

generated from single crystal data for comparison. Correlation between the experimentally obtained and
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calculated powder patterns suggest that the solid state molecular structure obtained matches that of the
bulk sample.
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Figure 5.6 Predicted (red) and experimentally obtained (black) powder pattern of [Co(NH3)s5(NO,)]Cl,

5.4.2.1 Single Crystal Data

Single crystal X-ray diffraction measurements were made on a orange needle shaped crystal of
[Co(NH5)s(NO,)]PFs (structure number Bath 185) with dimensions 0.08 x 0.045 x 0.045mm at 150(2)K
on a AXS SMART diffractometer. A summary of the crystal data can be seen in table 5.2 and the solid
state molecular structure which is twice the asu can be seen in figure 5.7. Both the cation and anion are sat

on a crystallographic mirror plane.

Figure 5.7 Solid state molecular structure of [Co(NH5)s(NO,)]PF¢with 30% probability ellipsoids shown
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The metal cation again has an octahedral geometry and as with the [Co(NH3)s(NO,)]Cl, structure,
there is a 50% disorder of the hydrogens on the ammine group trans to the nitro ligand, arising as a result
of the crystal symmetry. The O;-N;-O, bond angle is 120.8(2)° with a N;-Obond length of 1.222(3)A and
a N;-O, bond length of 1.221(3)A.

The solid state molecular structure surprisingly consists of a metal cation with a single PFg
counter-ion, suggesting that the cobalt metal centre has been reduced from Co™ to Co". This can be
confirmed by looking at the crystal packing (figure 5.8) and also by examination of the elemental analysis
results (Chapter 6).

Figure 5.8 Crystal packing in [Co(NH3)5(NO,)]PFg
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Empirical Formula His Co Fs Ng O, P

M, 335.08
Temperature (K) 150(2)
Crystal System Monoclinic
Space Group P2,/m
Wavelength (A) 0.6727
a(A) 6.4632(10)
b (A) 7.9053(12)
¢ (A) 10.1371(15)
a(® 90
B(©) 100.916(10)
7 (%) 90
Vv (A% 508.57(13)
Z 2
Absorption coefficient (mm™) 1.935
Reflections collected 6563
Independent reflections 1912
Rint 0.0378
Ri, WR2 0.0334, 0.0810
R indices (all data) 0.0421, 0.0856

Table 5.2 Summary of crystal data for [Co(NH3)s(NO,)]PFs

5.4.2.2 Powder Diffraction Data

The powder diffraction pattern for [Co(NH3)s(NO,)]PFs can be seen in figure 5.9. The
experimentally obtained powder pattern is in black while the powder pattern in red is a simulated pattern
generated from single crystal data for comparison. Some additional peaks were present in the
experimentally determined powder pattern so the sample was taken and washed with cold water and
thoroughly dried before a second powder pattern was recorded (shown in blue). Although this improved
the correlation between the observed and the calculated pattern, a contaminant still appears to be present,

which may have caused the reduction of the cobalt from Co"' to Co".
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Figure 5.9 Predicted (red), initial powder pattern (black) and purified powder pattern (blue) of [Co(NH3)s5(NO,)]PFg

5.4.3 [Co(NH3)s(NO,)][Fe(CN)s(NO)].1%2H,0

As mentioned in Chapter 1, the nitroprusside anion is capable of linkage isomerism and
photocrystallographic experiments have successfully been performed on Nay[Fe(CN)s(NO)].2H,0.™! It
was decided to try and exchange the chloride anions in [Co(NH;)s(NO,)]CIl, with a single
[Fe(CN)s(NO)]* anion to increase the overall size of the lattice. The complex
[Co(NH53)s(NO,)][Fe(CN)s(NO)].1%:H,0 has been previously synthesised and reported in the literature.™
With two photoactive species present, the nitro and nitrosyl ligands could potentially isomerise together
when irradiated or isomerise individually when irradiated with light of different wavelengths (cf. the

complex discussed in Chapter 1 investigated by Kovalevsky et al.).!**!

5.4.3.1 Single Crystal Data

Single crystal X-ray diffraction measurements were performed on a red block shaped crystal of
[Co(NH3)s(NO,)][Fe(CN)s(NO)].1%2H,0 (structure number h05prr44) with dimensions 0.38 x 0.38 x
0.22mm at 150(2)K on a Kappa CCD diffractometer. A summary of the crystallographic data is

summarised in table 5.3.
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Empirical Formula Cs Hig Co Fe Ny, Oy5

M, 433.07
Temperature (K) 150(2)
Crystal System Monoclinic
Space Group C2/c
Wavelength (A) 0.71073
a(A) 28.4040(3)
b (A) 6.39700(10)
c (A) 22.3480(4)
a(® 90
B(©) 123.9820(10)
) 90
V (A% 3367.13(9)
Z 8
Absorption coefficient (mm™) 1.888
Reflections collected 33581
Independent reflections 5127
Rint 0.0609
Ri, WR2 0.0370, 0.0863
R indices (all data) 0.0633, 0.0956

Table 5.3 Summary of crystal data for [Co(NH53)s(NO,)][Fe(CN)s(NO)].1%H,0

The solid state molecular structure consists of a dication with a cobalt metal centre that has
octahedral geometry and a dianion with an iron metal centre that has a distorted octahedral geometry
(illustrated in figure 5.10). The average Co-N bond distance for the ammine groups is 1.96A, the longest
belonging to the ammine group trans to the nitro group. The Co,-N; bond distance is 1.9077(16)A and the
0,-N;-0, bond angle of the nitro ligand is 120.41(16)° with N;-O; and N;-O, bond distances of 1.236(2)A
and 1.239(2)A respectively.

The nitroprusside anion has an average Fe-C bond length of 1.935A. The distorted octahedral
geometry arises from the fact that the cyano ligands in equatorial positions are pointing away from the
nitrosyl group. The solid state molecular structure is in good general agreement with that previously

reported.™*!
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Figure 5.10 Solid state molecular structure of [Co(NH3)5(NO,)][Fe(CN)s(NO)].1%2H,0 with 30% probability ellipsoids shown

There is a significant amount of hydrogen bonding present within the structure and a list of bond
lengths and angles are shown in table 5.4. There are hydrogen bonds which are occur between the protons
on the ammine groups of the cation and the nitrogen atoms on the cyano groups of the nitroprusside

anions (figure 5.11).

Figure 5.11 Hydrogen bonds between nitroprusside anion and cobalt cation in [Co(NH3)s5(NO,)][Fe(CN)s(NO)].1%2H,0
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There are also hydrogen bonds between the cations from the oxygen atoms on the nitro groups
and again the protons on the ammine groups (figure 5.12). The N4-H,...O; bond is weaker than the Ns-
Hy...0, as a result of the acute bond angle of 135.4°. Hydrogen bonding involving the oxygen atoms on
water molecules contained within the crystal lattice, and the hydrogen atoms on ammine groups are
present, with donor...acceptor distances N,...0,0f 3.159(2)A and N,...Os of 2.913(2)A. The overall 3D
network can be seen in figure 5.13.

Figure 5.12 Hydrogen bonds between cations in [Co(NH3)5(NO,)][Fe(CN)s(NO)].1¥%2H,0

Figure 5.13 Hydrogen bonding network in [Co(NH3)5(NO,)][Fe(CN)s(NO)].1%2H,0
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D-H..A d(H...A) (A) d(D...A) (A) <(DHA) (°)
Na-Hs...Na 2.08 2.983(3) 170 4
Ns-Ha...No 2.28 3.016(3) 137.7
N;-Hs...Ni, 213 3.032(3) 170.8
Na-Hq..O; 2.33 3.049(2) 135.4
Ns-Hyo...0; 2.09 2.997(2) 1753
Ns-Hu1...Nig 2.18 2.999(3) 148.6
Ns-Hyz...Nyy 2.20 3.078(3) 160.9
Ng-His...Ng 2.17 3.070(3) 171.2
Ng-Hys...Ngs 2.29 3.102(3) 148.9

Table 5.4 Hydrogen bond lengths (A) and angles (°) in [Co(NH3)s(NO,)][Fe(CN)s(NO)].1%:H,0

5.4.3.2 Powder Diffraction Data

Powder diffraction data was collected for [Co(NH3)s(NO,)][Fe(CN)s(NO)].1%2H,0 and is shown
in figure 5.14. The experimentally obtained powder pattern is depicted in black while the predicted

pattern generated from single crystal data is shown in red. There is good general agreement between the

observed and predicted powder patterns suggesting that the solid state molecular structure is the same as

for that in the bulk sample.
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Operations: ¥ Scale bl 2.000 | ¥ Scale Ml 2.000 | ¥ Scale bl 2.000 | Import
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Figure 5.14 Predicted (red) and experimentally obtained (black) powder pattern of [Co(NH3)5(NO,)][Fe(CN)s(NO)].1%2H,0
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5.4.4.1 Single Crystal Data

Single crystal X-ray diffraction measurements were performed on an orange block shaped crystal
of [Co(NHs3)s(NO,)](Hbs),.2H,0 (where Hbs is 4-hydroxybenzene sulphonate, structure number
k06prr07) with dimensions 0.33 x 0.25 x 0.20mm at 150(2)K on a Kappa CCD diffractometer. A

summary of the crystallographic data can be found in table 5.5.

Empirical Formula
M;
Temperature (K)
Crystal System
Space Group
Wavelength (A)

a (A)

b (A)

c(A)
a(°)

B
v (°)

V (A%

Z
Absorption coefficient (mm™)
Reflections collected
Independent reflections
Rint
R:, wR2
R indices (all data)

Flack parameter

Ci2Hyxg CoNg Oy, S,
572.46
150(2)

Orthorhombic
P2,2,2,
0.71073

7.0220(1)
11.9940(1)
26.7510(2)
90
90
90
2253.02(4)
4
1.019
40610
6109
0.0546
0.0272, 0.0575
0.0350, 0.0634
-0.008(8)

Table 5.5 Summary of crystal data for [Co(NH3)s(NO,)](Hbs),.2H,0O

The solid state molecular structure has two Hbs anions to each cation and can be seen in figure

5.15. The average Co-N bond distance for the ammine groups is 1.97A and comparable with the other

structures presented in this chapter. The nitro group is n* coordinated through the nitrogen atom with a
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0,-N;-O, bond angle of 119.85(16)° with N;-O; and N;-O, bond distances of 1.246(2)A and 1.236(2)A

respectively.

Figure 5.15 Solid state molecular structure of [Co(NH5)s(NO,)](Hbs),.2H,0 with 30% probability ellipsoids shown

There are a series of weak to moderate strength hydrogen bonds forming a 3D network (figure
5.16). A list of hydrogen bond lengths and angles can be found in table 5.6.

D-H..A d(H...A) (A) d(D...A) (A) <(DHA) (°)
N,-H,...O; 2.07 2.889(2) 148.7
N,-Hs...0, 2.20 3.049(2) 154.2
N;-Hs...O% 2.08 2.980(2) 168.7
Ns-Hs...Os 2.13 3.020(2) 165.7
N,-H;...Os 2.27 3.123(2) 156.1
N,-Hs...O1 2.04 2.942(2) 168.4
Ne-Hyo...0g 2.02 2.923(2) 173.6
Ns-Hy...01, 2.15 3.051(2) 1695
Ng-Hya...O1, 2.22 3.119(2) 1703
Ng-Hys...Os 2.08 2.965(2) 163.7
Og-Hap...01 1.83 2.608(2) 154.0
Oy-Hys...05 1.96 2.786(2) 1698

Table 5.6 Hydrogen bond lengths (A) and angles (°) in [Co(NH3)s(NO,)](Hbs),.2H,0
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Figure 5.16 Hydrogen bonding network in [Co(NH3)5(NO,)](Hbs),.2H,0

Hydrogen bonds are present between adjacent Hbs anions from the hydrogen atom of the
hydroxyl group to an oxygen atom from the sulphonate group (Oi9-Hs...03). There is also a single
hydrogen bond present between the dications (N»-Hs...0,). The remainder of the hydrogen bonds are
located between the hydrogens on the ammine groups and the hydroxyl oxygen or oxygen atoms on the
sulphonate groups. The packing shown in the hydrogen bonded network also demonstrates that the

cations and anions form alternate layers.

5.4.4.2 Powder Diffraction Data

Powder diffraction data was collected for [Co(NH3)s(NO,)](Hbs),.2H,0 and is shown in figure
5.17. The experimentally obtained powder pattern is shown in black while the predicted pattern generated
from single crystal data is shown in red for comparison. There is good general agreement between the
experimentally obtained and calculated powder patterns, which suggests that the solid state molecular

structure is a good representation of the bulk sample synthesised.
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Figure 5.17 Predicted (red) and experimentally obtained (black) powder pattern of [Co(NH3)5(NO,)](Hbs),.2H,0

5.4.5 [Co(NHs3)5(NO2)](BPhy),.2H,0
5.4.5.1 Single Crystal Data

Single crystal X-ray diffraction measurements were performed on an orange triangular prismatic
shaped crystal of [Co(NH3)s(NO,)](BPh,),.2H,0 (structure number k05prr55) with dimensions 0.275 x
0.25 x 0.075mm at 150(2)K on a Kappa CCD diffractometer. A summary of the crystallographic data is
summarised in table 5.7.

The solid state molecular structure of [Co(NH3)s(NO;)](BPh,),.2H,0 is shown in figure 5.18. The
two chloride ions have been successfully replaced by two tetraphenyl borate anions, with each anion
possessing tetrahedral geometry (all four C-B-C bond angles are close to 109°). There are also two water
molecules present. The average Co-N bond distance for the ammine groups is 1.97A with the Co-N ligand
trans to the nitro group being the longest. The nitro group is n* coordinated through the nitrogen atom
with a 0;-N;-O, bond angle of 121.1(2)° with N;-O; and N;-O, bond distances of 1.229(3)A and

1.236(3)A respectively. These values are consistent with those reported earlier in this chapter.
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No hydrogen bonding is present between the ions in the solid state molecular structure. However,
there are hydrogen bonds arising between one of the water molecules and ammine groups on the cobalt
ion in the crystal lattice, with Os...N, and Os...Ns distances of 2.971A and 2.890A respectively. The

crystal structure packing is shown in figure 5.19.

Figure 5.19 Crystal packing in [Co(NH5)s(NO,)](BPh,),.2H,0
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Empirical Formula
M
Temperature (K)
Crystal System

Cius Hsg B, Co Ng O,

860.53
150(2)
Orthorhombic

Space Group Pc2,n (non standard form of Pna2,)
Wavelength (A) 0.71073
a(A) 9.6900(1)
b (A) 16.1610(1)
c(A) 28.6570(3)
a(® 90
B 920
) 90
V (A% 4487.69(7)
Z 4
Absorption coefficient (mm™) 0.433
Reflections collected 69123
Independent reflections 13236
Rint 0.0616
Ri, wR2 0.0474, 0.1177
R indices (all data) 0.0629, 0.1296
Flack parameter -0.001(2)

Table 5.7 Summary of crystal data for [Co(NH5)s(NO,)](BPh,),.2H,0

5.4.5.2 Powder Diffraction Data

Powder diffraction data was collected for [Co(NH3)s(NO,)](BPh,),.2H,0 and is shown in figure
5.20. The experimentally obtained powder pattern is shown in black while the predicted pattern generated
from single crystal data is shown in red for comparison. There is good general agreement between the
experimentally obtained and calculated powder patterns suggesting that the solid state molecular structure

is a good representation of the bulk material obtained from synthesis.
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Figure 5.20 Predicted (red) and experimentally obtained (black) powder pattern of [Co(NH3)s(NO,)](BPh,),.2H,0

5.4.6 [Ru(NH3)4(SO,)(H,0)],[(OC;H4SO3),].C,HsOH.3H,0

Photocrystallographic experiments on [Ru(NH.)4(SO,)(H,0)](Tos), have shown that the sulphur
dioxide group isomerises upon irradiation.'® *"! As mentioned earlier in this chapter calixarenes are often
used in crystal engineering as host molecules due to their large cavities. If a [Ru(NH;)4(SO,)(H,0)]**

cation could reside in the cavity, it is possible that higher levels of excitation could be achieved.

5.4.6.1 Single Crystal Data

Single crystal X-ray diffraction measurements were made on a colourless needle of
[RU(NH3)4(SO,)(H20)]2[(OC7H4S0O3)4].CoHsOH.3H,0 (structure number Bath 241) with dimensions 0.3 x
0.05 x 0.05mm at 150(2)K on a AXS SMART diffractometer. A summary of the crystal data is shown in

table 5.8 and the solid state molecular structure is illustrated in figure 5.21.

The solid state molecular structure shows that two ruthenium cations are present with the
calixarene anion, however there is an ethanol molecule residing in the host cavity that would have been
ideal to sit one of the ruthenium molecules in. There are also three water molecules present. The sulphur
dioxide ligands are n' coordinated through the sulphur atoms with an 0;-S;-O, bond angle of 115.8(3)°
and O,4-S,-Os bond angle of 114.4(4)°.
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M, 1335.30

Crystal System Tetragonal

Wavelength (A) 0.71073

b (A) 28.029

@ () 90

7 () 90

Rint 0.0848

R indices (all data) 0.0729, 0.1762

Table 5.8 Summary of crystal data for [Ru(NH3)4(SO,)(H,0)],[(OC;H,S03),].C,Hs0H.3H,0

There are a series of weak to moderate strength hydrogen bonds within the crystal structure, with
bond lengths and angles summarised in table 5.9. All the hydrogen bonds identified are between proton
atoms on ammine groups and either oxygen atoms on the sulphate groups or oxygen atoms in water
molecules. The hydrogen bonding for [Ru(NH3)4(SO,)(H,0)],[(OC;H;S03)4].C,HsOH.3H,0 can be seen
in figure 5.22.
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s(2) 0(9)

Figure 5.21 Solid state molecular structure of [Ru(NH3)4(SO,)(H,0)],[(OC7H;S03),].C,Hs0H.3H,0 with 30% probability
ellipsoids shown. Water molecules have been removed for clarity

D-H..A d(H..A) () d(D..A) (A) <(DHA) (°)
Ny-Ha...05 2.37 3.178(1) 147.1
N,-Hy...0g 2.15 3.030(6) 162.1
N,-Hs...O13 2.28 3.182(1) 170.5
N,-He...O15 2.08 2.986(7) 1715
N,-Hso...05 2.00 2.898(7) 168.3
Ns-Hi1...01 2.36 3.244(8) 162.9
Ns-Hy,...001 2.34 3.190(12) 155.8
Ns-Hi3...017 2.12 3.024(7) 170.2
Ns-Hia...0g 2.24 3.063(6) 150.9
N7-Hig...015 2.16 3.053(7) 165.6
Ny-Ha1...05 2.34 3.040(12) 133.7
Ng-H22...020 2.30 3.019(6) 135.9
Ng-Has...015 2.23 3.114(7) 164.0

Table 5.9 Hydrogen bond lengths (A) and angles (°) in [Ru(NH3)4(SO,)(H,0)],[(OC;H4S03)4].C,HsOH.3H,0

138



Figure 5.22 Hydrogen bonding observed in [Ru(NH5)4(SO,)(H,0)],[(OC;H,;S03),4].C,Hs0H.3H,0

An analysis of the packing reveals that there are cavities where sulphur dioxide ligands point
toward. These cavities could be big enough for isomerisation to occur without causing too much strain on
the crystal lattice (figures 5.23 and 5.24).

Figure 5.23 Packing diagram for [Ru(NH3)4(SO,)(H,0)],[(OC;H;S03)4].C,Hs0H.3H,0
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Figure 5.24 Space filling diagram showing cavity where isomerisation could occur

5.5 Discussion and Conclusion

The results in this chapter have shown the successful crystal engineering in extending the crystal
lattice for both [Co(NH3)sNO,]Cl, and [Ru(NHs),(SO,)CI]CI. For the cobalt complexes a comparison of
the unit cell volume is shown in table 5.10 below.

Complex Unit Cell Volume (A)® z
[Co(NH3)s5(NO,)]PFg 508.6 2
[Co(NHs)s(NO,)ICl, 945.0 4

[Co(NHs)s(NO,)](Hbs),.2H,0 2253.0 4
[Co(NHs)s(NO,)][Fe(CN)s(NO)].1%H,0 3367.1 8
[Co(NH:)s(NO,)](BPh,),.2H,0 4487.7 4

Table 5.10 Comparison of unit cell volumes for cobalt complexes

As can be seen from the table when the counter-ion was exchanged for nitroprusside, Hbs™ and
BPh,, there was a successful increase in the overall size of the crystal lattice, consistent with the increase
in the number and size of the ions in the cell. This will hopefully make these samples suitable candidates
for photocrystallographic experiments.
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Several attempts were made to crystallise different calixarenes and crown ethers with both
[Co(NH3)sNO,]Cl, and [Ru(NHz3)4(SO,)CI]CI, however the only successful crystallisation was between 4-
sulfonic calix[4]arene and the ruthenium complex. Although the ruthenium cations did not sit in the
cavity of the calixarene, channels were created where there is significant space for the sulphur dioxide
groups to isomerise in, making this a suitable candidate for photocrystallography experiments. The only
disadvantage is that only one or two crystals were obtained from the synthesis and these were all small, so
single crystal X-ray diffraction photocrystallography would most likely have to be performed at a
synchrotron source.

Crystal engineering has proved successful in synthesising a range of different complexes by ion
exchange or by incorporation of photoactive ions into arrays and extended networks which have the
potential to be photo-excited. The size of the crystalline lattice was shown to have increased in the
majority of complexes synthesised in this chapter. Unfortunately time did not allow for
photocrystallographic experiments on these samples to be carried out, so their potential is currently
unknown. Future work would therefore involve performing a range of experiments on these samples to
see whether linkage isomerism is possible. If successful, it would be interesting to see whether higher

levels of excitation are achieved than in previous experiments for analogous systems.
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Chapter 6

General Experimental

6.1 Reagents, Materials and Solvents

All manipulations involving air sensitive reagents were performed under an atmosphere of
purified nitrogen using standard Schlenk techniques. All solvents used in air sensitive reactions were
dried prior to use using an automatic solvent purification system. Unless otherwise stated, all chemicals

were purchased from commercial sources and used without further purification.

LEDs were purchased from rswww.com: 5mm UV LEDs, peak wavelength 400nm, luminous
intensity 350mcd, 3.7V, 20mA. PCB mount SuperFlux Blue LEDs: peak wavelength 467nm, luminous
intensity 6000mcd, 4.4V, 30mA. The broadband light source used for excitation in powder diffraction

experiments was ‘white’ microscope lights.

6.2 Spectroscopy and Elemental Analysis

Infrared spectra were recorded using a Nicolet Nexus FT-IR spectrometer with samples as Nujol
mulls mounted between NaCl disks. UV/Vis spectra were obtained using a PerkinElmer 650 UV/Vis
spectrophotometer. Emmision spectra were obtained using a PerkinElmer LS55 Luminescence
Spectrometer. Carbon, hydrogen and nitrogen elemental analysis was obtained using Exeter Analytical,
CE-440 Elemental Analyzer.

6.3 X-ray Crystallography

Single crystal X-ray diffraction data were collected on a Nonius Kappa CCD diffractometer at the
University of Bath or on a Bruker AXS SMART diffractometer on Station 9.8 at the STFC Daresbury
Laboratory synchrotron source. Both diffractometers were equipped with Oxford Cryostream cooling

apparatus or a helijet.

Absorption corrections on data sets were carried out using SORTAV™ or SADABS! programs.
Structure solution was achieved using either direct methods or Patterson techniques. Non-hydrogen atoms
in solid state molecular structures were assigned anisotropic displacement parameters where possible,
with hydrogen atoms occupying idealized positions. Refinement was carried out using a full-matrix least
squares method on F2with SHELXL."!
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Powder diffraction data was collected using a Bruker AXS diffractometer at the University of
Bath with 26 values between 5° and 60°. Photocrystallographic powder experiments were performed on
Station 2.3 at the STFC Daresbury Laboratory synchrotron using a hybrid diffractometer built on site
using Huber circles. The diffractometer was operated in Debye-Scherrer mode and data was collected

between 20 values of 5° and 60°,

6.4 Computational Methods

Geometry optimisation, orbital calculations and transition state calculations were performed using
the B3LYP functional,* as implemented within the Gaussian 03 software package,” with a 3-21G* basis
set for ruthenium atoms and a 6-31G** basis set for all other atoms. Default criteria within the software
were employed for geometry optimisation, which places uncertainty of less then +0.005A on bond
lengths. The results of the orbital calculations were displayed graphically using the Molekel software
package.[®

6.5 Synthesis for Chapter 3

6.5.1 Synthesis of [Ru""'(NH3)sCI]CI,"

5g (0.016mol) of [Ru"(NH,)e]Cl; was dissolved in 54ml of water by gently warming. To this
solution 54ml of conc. HCI was added and the solution was refluxed for 3.5h. During this period a yellow
crystalline precipitate formed. The precipitate was filtered off, washed first with 1:1 water:HCI followed

by methanol, before being air dried under vacuum at room temperature.
Yield: 87% (4.13g, 0.014mol). IR (nujol): v(NHs) 3207cm™, 1605cm™ and 782cm™.

6.5.2 Synthesis of [Ru'" (NH3),(HSO5),]"

4g (0.014mol) of [Ru"'(NH5)sCI]Cl, was dissolved in 160ml of water at 80°C. To this solution
5.66g (0.054mol) of solid NaHSO; was added. The solution which was maintained at 75°C using an oil
bath and sulphur dioxide gas was slowly bubbled through the solution for 1h. The solution was cooled to
room temperature with continued saturation of sulphur dioxide. Yellow crystals were formed during the
reaction and were filtered off, washed first with water followed by methanol, before being air dried under

vacuum at room temperature.

Yield: 75% (3.42g, 0.010mol). IR (nujol): v(NHs) 3263cm™, 1637cm™ and 780cm™.

144



6.5.3 Synthesis of [Ru" (NH3)4(SO,)CI]CIV]

2.779 (8mmol) of [Ru"(NH5)4(HSO,),] was dissolved in 325ml of 1:1 water;HCI by heating to
boiling for ca. 15mins. The deep red coloured solution was filtered hot and the filtrate was subsequently
reheated to redissolve any crystals that had formed. The solution was left to cool slowly and red needle
shaped crystals of [Ru"(NH;)4(SO,)CIJCI deposited overnight. The crystals were washed with 1:1
water:HCI followed by methanol, before being air dried under vacuum at room temperature.

Yield: 89% (2.19g, 7mmol). IR (nujol): v(NH;) 3225cm™, 1631cm™ and 778cm™, v(SO)
1303cm™ and 1281cm™.

6.5.4 Synthesis of [Ru" (NHs).(H,0)(SO,)](Tos),

p-toluene sulphonic acid monohydrate 1.6g (8mmol) was dissolved in 20ml of water. 0.4g
(0.013mol) of [Ru"(NH5)4(SO,)CI]CI was added and the mixture heated to 90°C with vigorous stirring.
The resulting solution was left to cool slowly and orange block crystals of [Ru"(NH;).(H,0)(SO,)](T0s),

deposited overnight. The crystals were washed with diethyl-ether before being air dried.

Yield: 82% (0.64g, 0.011mol). IR (nujol): v(NH;) 3209cm™, 1621cm™ and 781cm™, v(SO) 1283
cm™ and 1113cm™, v(SO3) 1165cm™ and 570cm™  v(CH) 3100cm™, v(CH3) 2965cm™, 2885cm™ and
1382cm™. Analysis for Ru"(NH3)4(H,0)(SO,)](Tos), Calculated: C 28.33%, H 4.75%, N 9.43%. Found:
C 29.01%, H 4.94%, N 9.22%.

6.6 Synthesis for Chapter 4

6.6.1 Synthesis of K,[Ni"(NO,)s].H,O"

An excess of potassium nitrate (80g, 0.791mol) was dissolved in 25ml of water. This solution was
added to a separate solution of nickel'chloride 20g (0.084mol) dissolved in 20ml of water. An orange
precipitate formed which was filtered washed with cold methanol and subsequently air dried at room

temperature.
Yield: 89% (2.19g, 7mmol).

6.6.2 Synthesis of [Ni(aep),(NO,),] and [Ni(aep),(ONO),]™

The complexes [Ni(aep)2(NO,),] (purple) and [Ni(aep),(ONO),] (blue) were synthesised by
adding a methanolic solution (5ml) of 1-(2-aminoethyl)piperidine (0.26g, 2mmol) to a methanolic
suspension (10ml) of K,[Ni"(NO,)¢].H,O (0.5g, Immol). The resulting dark green solution was kept in a

CacCl, dessicator. After a few days a mixture of purple and blue crystals was obtained.
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Yield: 83% (0.34g, 0.8mmol). For [Ni(aep),(NO,),]: IR (nujol): v(NO,) 1362cm™, 1284cm™ and
819cm™. Analysis for NiCy4H3,NgO, - Calculated: C 41.30%, H 7.92%, N 20.64% Found: C 42.01%, H
8.33%, N19.90%. For [Ni(aep),(ONO),]: IR (nujol): v(ONO) 1373cm™, 1150cm™ and 819cm™. Found C
41.92%, H 8.14%, N 20.01%.

6.6.3 Synthesis of [Ni(aem),(NO,),]**

[Ni(aem),(NO,),] was synthesised by adding 4-(2-aminoethyl)morpholine (0.26g, 2mmol) in
methanol (5ml) dropwise to a methanolic suspension (10ml) of K4[Ni"(NO,)s].H,O (0.5g, 1mmol) with
vigorous stirring. Initially a clear green solution was formed, but within a few minutes a violet-blue
precipitate appeared. After 1h of stirring the mixture was filtered and the green coloured filtrate was kept

in a CaCl, dessicator. After a few days large purple crystals were obtained.

Yield: 61% (0.25g, 0.6mmol). IR (nujol): v(NO,) 1352cm™, 1300 cm™ and 810cm™. Analysis for
[Ni(aem),(NO,),] Calculated: C 35.06%, H 6.87%, N 20.44%. Found: C 35.33%, H 7.01%, N 19.76%.

6.6.4 Synthesis of [Ni(aepy),(NO,),]*!

[Ni(aepy)2(NO,),] was synthesised by adding a methanolic solution (5ml) of 1-(2-
aminoethyl)pyrrolidine (0.23g, 2mmol) to a methanolic suspension of (10ml) of K,[Ni"(NO,)¢].H,O
(0.5g, Immol) with vigorous stirring. The resulting green solution was kept in a CaCl, dessicator and

after a few days purple/brown crystals were obtained.

Yield: 58% (0.22g, 0.5mmol). IR (nujol): v(NO,) 1361cm™, 1296cm™ and 817cm™. Analysis for
[Ni(aepy)2(NO,),] Calculated: C 38.02%, H 7.44%, N 22.17%. Found: C 38.17%, H 7.36%, N 21.88%.

6.7 Synthesis for Chapter 5
6.7.1 Synthesis of [Co"'(NH3)sCI]CI,™!

Ammonium chloride (2g, 0.038mol) was dissolved in 9ml conc. ammonia. The solution was
continuously stirred while CoCl,.6H,0 (4g, 0.017mol) was added in equal aliquots. 2ml of 30% hydrogen
peroxide was added to the warm solution with stirring. Once effervescence ceased 6ml conc. HCI was
added to the solution with vigorous stirring. The solution is heated to boiling and maintained at this
temperature for 15mins during which time a purple precipitate forms. The mixture is cooled to room
temperature and filtered. The product is washed with 4ml 1:1 water:HCI which was cooled below 10°C.

The product was then placed in an oven for 1h to dry.

Yield: 91% (3.88g, 0.015mol).
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6.7.2 Synthesis of [Co(NH3)s(ONO)]CI,!*4

29 (7.6mmol) of [Co"(NH5)sCI]Cl, was dissolved (with stirring) into a solution of 3ml conc.
ammonia in 40ml of water. The precipitate was filtered off and the filtrate was cooled to 10°C in an ice
bath. Once cooled ca. 4ml of HCI was added dropwise to neutralise the solution. Sodium nitrite (2g,
0.029mol) was added to the solution followed by 1ml of conc. HCI. The solution was left on an ice bath
for 1h during which time salmon pink microcrystals formed. The crystals were filtered then washed with
5ml ice-cold water followed by 5ml of ethanol before being left to air dry.

Yield: 89% (1.85g, 7mmol).

6.7.3 Synthesis of [Co(NH;)s(NO,)]CL,M

To a hot solution of water (4ml) containing a few drops of conc. ammonia, 0.5g (1.9mmol) of
[Co(NH5)s(ONO)]CI, was added. Upon cooling 4ml of conc. HCI was added. The mixture was further
cooled on an ice-bath. After a short period of time a precipitate formed. The precipitate was filtered and
washed with ethanol and left to air dry. The product was recrystallised in water and red/brown block

crystals formed in 2-3 days.

Yield: 82% (0.41g, 1.6mmol) IR (nujol): v(NO,) 1323cm™, 1290cm™ and 825cm™, v(NHj)
3300cm™, 3151cm™, 1562cm™ and 779cm™.

6.7.4 Synthesis of [Co(NH3)s(NO,)]PFs
To a solution of NaPFs (0.336g, 2mmol) in 10ml of water, a solution of [Co(NH;)s(NO,)]Cl,
(0.26g, Immol) in 10ml of water was added slowly. No precipitate was observed upon mixing and small

orange crystals formed within a week.

IR (nujol): v(NO,) 1407cm™, 1320cm™ and 835cm™, v(NH;) 3320cm™, 3222cm™, 1621cm™ and
765cm™. Analysis for [Co(NH;)s(NO,)]PFs Calculated: C 0.00%, H 4.51%, N 25.08%. Found: C 0.21%,
H 4.32%, N 24.8%.

6.7.4 Synthesis of [Co(NH3)s(NO,)][Fe(CN)s(NO)].12H,0
To a solution of Nay[Fe(CN)s(NO)].2H,O (0.30g, 1mmol) in 10ml of water, a solution of
[Co(NH3)s(NO,)]CI; (0.26g, 1mmol) in 10ml of water was added slowly. No precipitate formed on

mixing, however after a few days dark red block crystals had deposited from the solution.

IR (nujol): v(CN) 2140cm™, v(NO) 1931cm™, v(NO,) 1414cm™, 1330cm™ C, v(NH;) 3300cm™,
3150cm™, 1620cm™ and 773cm™. Analysis for [Co(NH3)s(NO,)][Fe(CN)s(NO)].1%H,0 Calculated: C
13.62%, H 3.43%, N 38.27%. Found: C 13.80%, H 4.33%, N 38.4%.
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6.7.5 Synthesis of [Co(NH3)s5(NO,)](Hbs),.2H,0
To a solution of NaHOC¢H,SO; (0.46g9, 2mmol) in 10ml of water, a solution of
[Co(NH5)5(NO,)]CI, (0.26g, Immol) in 10ml of water was added slowly. No  precipitate formed on

mixing however orange block crystals formed after a period of two weeks.

IR (nujol): v(SO) 1030cm™, v(OH) 3531cm™, v(NO,) 1429cm™, 1345cm™ and 833 cm™, v(NHj)
3300cm™, 3192cm™, 1600cm™ and 750cm™. Analysis for [Co(NHs;)s(NO,)](Hbs),.2H,O Calculated: C
25.17%, H 5.11%, N 14.68%. Found: C 23.89%, H 4.67%, N 15.11%.

6.7.5 Synthesis of [Co(NH3)s(NO,)](BPh,),.2H,0
To a solution of NaBPh, (0.7g, 2mmol) in 10ml of water, a solution of [Co(NH3)s(NO,)]Cl,
(0.26g, Immol) in 10ml of water was added slowly. Upon mixing a white precipitate formed which was

filtered off. The filtrate was left to crystallise and after a few days orange triangular crystals appeared.

IR (nujol): v(C-H) 3060cm™ and 744cm™, v(NO,) 1430cm™ ,1305cm™ and 825cm™, v(NH;)
3280cm™, 3230cm™, 1600cm™ and 768cm™.

6.7.6 Synthesis of [Ru(NHz3)4(SO,)(OH)],[(OC;H4SO3),].C,HsOH.3H,0

To a solution of 4-sulfonic calix[4]arene (0.36g, 0.5mmol) in 5ml water with a couple of drops of
ethanol, a solution of [Ru(NHs)4(SO,)CI]CI (1.6g, 0.5mmol) in 5ml of water was added. A precipitate
formed upon mixing which was redissolved in boiling solvent, the solution was filtered and left to

crystallise. A few needle crystals were obtained after several days.
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Appendix

7.1 Crystal Data for Chapter 3

7.1.1 Crystal data for h04prr27 - trans-[Ru(NH5;),(SO,)CI]CI
Table 1. Crystal data and structure refinement for h04prr27 - trans-[Ru(NH3),(SO,)CI]CI.

Identification code trans-[Ru(NH,)4(SO,)CI]CI
Empirical formula Hqy» Cl, N, O, Ru S

Formula weight 304.17

Temperature 150(2)K

Wavelength 0.71073A

Crystal system, space group Orthorhombic, Pmcn

Unit cell dimensions a=7.2430(4)A alpha=90°

b=9.2710(5)A  beta=90°
¢ =13.9710(8)A gamma = 90°

Volume 938.15(9)A3

Z, Calculated density 4,2.154 Mg/m®

Absorption coefficient 2.421 mm*

F(000) 600

Crystal size 0.22 x 0.08 x 0.03 mm

Theta range for data collection 4.05 to 27.50 deg.

Limiting indices -9<=h<=9, -12<=k<=12, -18<=I<=18

Reflections collected / unique 14661 /1164 [R(int) = 0.1637]
Completeness to theta = 27.50 99.5 %

Absorption correction Sortav

Max. and min. transmission 0.9419 and 0.6119
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1164 /0/58

Goodness-of-fit on F2 1.003

Final R indices [1>2sigma(l)] R1 =0.0597, wR2 = 0.1400

R indices (all data) R1 =0.1209, wR2 = 0.1656
Largest diff. peak and hole 4.320 and -1.375 e. A

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10"3) for trans-
[RUu(NHz)4(SO,)CIICI.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ru(1) 2500 7222(1) 863(1) 18(1)
Cl(1) 2500 4927(4) 30(3) 37(1)
S(1) 2500 9123(4) 1651(2) 28(1)
N(1) 456(9) 7931(7) -114(5) 23(2)
Cl(2) 2500 4357(3) 3482(2) 29(1)
N(2) 419(9) 6345(8) 1753(5) 30(2)
0o(1) 2500 10477(11) 1315(8) 41(2)
0(2) 2500 9003(11) 2682(7) 53(3)

150



Table 3. Bond lengths [A] and angles [°] for trans-[Ru(NH5)4(SO,)CI]CI.

Ru(1)-S(1)
Ru(1)-N(2)#1
Ru(1)-N(2)
Ru(1)-N(L)#1
Ru(1)-N(1)
Ru(1)-CI(1)
S(1)-0(1)
S(1)-0(2)

S(1)-Ru(1)-N(2)#1
S(1)-Ru(1)-N(2)
N(2)#1-Ru(1)-N(2)
S(1)-Ru(1)-N(1)#1
N(2)#1-Ru(1)-N(1)#1
N(2)-Ru(1)-N(1)#1
S(1)-Ru(1)-N(1)
N(2)#1-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
N(L)#1-Ru(1)-N(1)
S(1)-Ru(1)-CI(1)
N(2)#1-Ru(1)-CI(1)
N(2)-Ru(1)-CI(1)
N(L)#1-Ru(1)-CI(L)
N(1)-Ru(1)-CI(1)
0(1)-S(1)-0(2)
0(1)-S(1)-Ru(1)
0(2)-S(1)-Ru(1)

2.078(3)
2.117(6)
2.117(6)
2.118(6)
2.118(6)
2.425(4)
1.340(11)
1.445(11)

90.8(2)
90.8(2)
90.8(4)
94.5(2)
90.0(3)
174.6(3)
94.5(2)
174.6(3)
90.0(3)
88.7(4)
176.68(13)
86.8(2)
86.8(2)
87.90(19)
87.90(19)
114.9(6)
127.5(5)
117.6(4)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1/2)y,z

Table 4. Anisotropic displacement parameters (A2 x 1073) for trans-[Ru(NH5),(SO,)CI]CI.
The anisotropic displacement factor exponent takes the form: -2 pi*2 [ "2 a*"2 U11 + ...+ 2h ka*b* U12]

Uil U2 U3  U23  U13  U12
Ru(1) 14(1)  19(1) 21(1) 3(1) O 0
cl(1) 26(2) 31(2) 54(2) 52 0 0
S(1) 192) 37(2) 28(2) -5(2) O 0
N(L) 21(3)  18(4) 29(4) 2(B3)  -5(3)  -1(3)
cl(2) 35(2)  22(2) 31(2) 4(1) 0 0
N(2) 16(4) 35() 38(4) 11(3) 3(3)  -4(3)
o(1) 20(5) 33(6) 70(7) -19(5) O 0
0(2) 58(7)  46(7) 54(7) -15(5) O 0
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.49
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

[RU(NH3)4(SO,)(H,0)](Tos),.

7.1.2 Crystal Data for h07prr14 - trans-[RU(NH3)4(SO,)(H,0)](Tos),
Table 1. Crystal data and structure refinement for trans-[Ru(NH3),(SO,)(H,0)](To0s),.

trans-[Ru(NHs)4(SO,)(H,0)](Tos),
C14 Hag Ny Og RU Sq

593.65

150(2)K

0.71073A

Triclinic, P-1

a=6.6950(2)A  alpha=94.531(2)°
b =13.1000(5)A beta = 92.848(2)°
c=13.6240(5)A gamma = 103.542(2)°
1155.17(7)A3

2,1.707 Mg/m®

1.002 mm™*

608

0.09 x 0.05 x 0.03mm

3.27 10 30.49°

-9<=h<=9, -17<=k<=18, -16<=I<=19
14721 /6021 [R(int) = 0.0681]

85.3 %

Sortav

0.9706 and 0.9153

Full-matrix least-squares on F?
6021/2/292

0.990

R1 =0.0460, wR2 = 0.0881

R1 =0.0909, wR2 = 0.1008

1.172 and -1.445 e A3

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for trans-

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ru(1) 3126(1) 9944(1) 2446(1) 14(1)
S(1) 4015(1) 8574(1) 1962(1) 18(1)
0o(1) 5646(4) 8588(2) 1309(2) 24(1)
0(2) 2985(4) 7555(2) 2239(2) 28(1)
0o@3) 2290(4) 11365(2) 2905(2) 17(1)
N(1) 6019(4) 10712(2) 3195(2) 16(1)
N(2) 2115(4) 9335(2) 3773(2) 19(1)
N(3) 92(4) 9365(2) 1784(2) 20(2)
N(4) 4032(4) 10633(2) 1135(2) 19(1)
S(2) -422(1) 12056(1) 818(1) 17(1)
o4) -1728(4) 11423(2) -2(2) 26(1)
O(5) 1766(4) 12236(2) 689(2) 24(1)
0O(6) -949(4) 11591(2) 1753(2) 20(1)
C(1) -1025(5) 13302(3) 920(2) 15(1)
C(2) -3003(5) 13391(3) 655(2) 19(1)
C(3) -3482(6) 14359(3) 829(3) 21(1)
C(4) -2013(6) 15253(3) 1237(3) 23(1)
C(5) -22(6) 15142(3) 1473(3) 25(1)
C(6) 464(6) 14172(3) 1320(3) 22(1)
C(7) -2542(7) 16303(3) 1422(3) 31(1)
S(3) -3081(1) 8204(1) 4461(1) 18(1)
o(7) -2657(4) 8695(2) 3546(2) 20(1)
0O(8) -1363(4) 8603(2) 5212(2) 21(1)
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0(9)
Cc(8)

c(9)

C(10)
c(11)
c(12)
c(13)
C(14)

-5053(4)
-3199(6)
-1403(6)
-1463(6)
-3298(7)
-5089(7)
-5039(6)
-3334(7)

8298(2)
6845(3)
6498(3)
5448(3)
4727(3)
5086(3)
6151(3)
3585(3)

4820(2)
4205(2)
4272(3)
4011(3)
3695(3)
3635(3)
3882(3)
3426(3)

23(1)
20(1)
25(1)
26(1)
27(1)
30(1)
23(1)
38(1)

Table 3. Bond lengths [A] and angles [°] for trans-[Ru(NH3)4(SO,)(H,0)](Tos),.

Ru(1)-S(1)
Ru(1)-N(2)
Ru(1)-N(4)
Ru(1)-N(3)
Ru(1)-0(3)
Ru(1)-N(1)
S(1)-0(1)
S(1)-0(2)
O(3)-H(1)
O(3)-H(2)
N(1)-H(3)
N(1)-H(4)
N(L)-H(S)
N(2)-H(®)
N(2)-H(7)
N(2)-H(8)
N(3)-H(9)
N(3)-H(10)
N(3)-H(11)
N(4)-H(12)
N(4)-H(13)
N(4)-H(14)
S(2)-0(5)
S(2)-0(4)
S(2)-0(6)
S(2)-C(1)
C(1)-C(6)
C(H)-C(2)
C(2)-C(3)
C(2)-H(15)
C(3)-C(4)
C(3)-H(16)
C(4)-C(5)
C(4)-C(7)
C(5)-C(6)
C(5)-H(17)
C(6)-H(18)
C(7)-H(19)
C(7)-H(20)
C(7)-H(21)
S(3)-0(7)
S(3)-0(9)
S(3)-0(8)
S(3)-C(8)
C(8)-C(13)
C(8)-C(9)
C(9)-C(10)
C(9)-H(22)
C(10)-C(11)

2.0877(9)
2.112(3)
2.117(3)
2.122(3)
2.123(2)
2.129(3)
1.440(2)
1.441(2)
0.841(10)
0.839(10)
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
1.450(2)
1.455(3)
1.478(2)
1.768(3)
1.381(5)
1.389(5)
1.385(5)
0.9500
1.397(5)
0.9500
1.399(5)
1.504(5)
1.386(5)
0.9500
0.9500
0.9800
0.9800
0.9800
1.458(2)
1.459(2)
1.469(2)
1.769(3)
1.377(5)
1.383(5)
1.384(5)
0.9500
1.388(6)
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C(10)-H(23)
C(11)-C(12)
C(11)-C(14)
C(12)-C(13)
C(12)-H(24)
C(13)-H(25)
C(14)-H(26)
C(14)-H(27)
C(14)-H(28)

S(1)-Ru(1)-N(2)
S(1)-Ru(1)-N(4)
N(2)-Ru(1)-N(4)
S(1)-Ru(1)-N(3)
N(2)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
S(1)-Ru(1)-0(3)
N(2)-Ru(1)-O0(3)
N(4)-Ru(1)-0(3)
N(3)-Ru(1)-0(3)
S(1)-Ru(1)-N(1)
N(2)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)
0(3)-Ru(1)-N(1)
0O(1)-5(1)-0(2)
O(1)-S(1)-Ru(1)
0(2)-S(1)-Ru(1)
Ru(1)-O(3)-H(1)
Ru(1)-0(3)-H(2)
H(1)-0(3)-H(2)
Ru(1)-N(1)-H(3)
Ru(1)-N(1)-H(4)
H(3)-N(1)-H(4)
Ru(1)-N(1)-H(5)
H(3)-N(1)-H(5)
H(4)-N(1)-H(5)
Ru(1)-N(2)-H(6)
Ru(1)-N(2)-H(7)
H(6)-N(2)-H(7)
Ru(1)-N(2)-H(8)
H(6)-N(2)-H(8)
H(7)-N(2)-H(8)
Ru(1)-N(3)-H(9)
Ru(1)-N(3)-H(10)
H(9)-N(3)-H(10)
Ru(1)-N(3)-H(11)
H(9)-N(3)-H(11)
H(10)-N(3)-H(11)
Ru(1)-N(4)-H(12)
Ru(1)-N(4)-H(13)
H(12)-N(4)-H(13)
Ru(1)-N(4)-H(14)
H(12)-N(4)-H(14)
H(13)-N(4)-H(14)
0(5)-5(2)-0(4)
0(5)-5(2)-0(6)
0(4)-5(2)-0(6)
0(5)-5(2)-C(1)
0(4)-5(2)-C(1)
0(6)-5(2)-C(1)
C(6)-C(1)-C(2)

0.9500
1.387(6)
1.506(5)
1.401(5)
0.9500
0.9500
0.9800
0.9800
0.9800

92.60(8)
91.10(8)
176.17(10)
92.72(8)
89.32(11)
89.53(11)
178.05(7)
89.22(10)
87.09(10)
87.99(10)
95.43(8)
89.58(11)
91.04(11)
171.82(10)
83.88(10)
116.08(15)
122.13(11)
121.77(11)
123(3)
122(3)
90(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114.16(15)
111.45(15)
110.03(14)
107.31(15)
107.28(15)
106.17(14)
120.7(3)
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C(6)-C(1)-5(2)
C(2)-C(1)-S(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(15)
C(1)-C(2)-H(15)
C(2)-C(3)-C(4)
C(2)-C(3)-H(16)
C(4)-C(3)-H(16)
C(3)-C(4)-C(5)
C(3)-C(4)-C(7)
C(5)-C(4)-C(7)
C(6)-C(5)-C(4)
C(6)-C(5)-H(17)
C(4)-C(5)-H(17)
C(1)-C(6)-C(5)
C(1)-C(6)-H(18)
C(5)-C(6)-H(18)
C(4)-C(7)-H(19)
C(4)-C(7)-H(20)
H(19)-C(7)-H(20)
C(4)-C(7)-H(21)
H(19)-C(7)-H(21)
H(20)-C(7)-H(21)
0(7)-5(3)-0(9)
0(7)-5(3)-0(8)
0(9)-5(3)-0(8)
0(7)-5(3)-C(8)
0(9)-5(3)-C(8)
0(8)-5(3)-C(8)
C(13)-C(8)-C(9)
C(13)-C(8)-S(3)
C(9)-C(8)-S(3)
C(8)-C(9)-C(10)
C(8)-C(9)-H(22)
C(10)-C(9)-H(22)
C(9)-C(10)-C(11)
C(9)-C(10)-H(23)
C(11)-C(10)-H(23)
C(12)-C(11)-C(10)
C(12)-C(11)-C(14)
C(10)-C(11)-C(14)
C(11)-C(12)-C(13)
C(11)-C(12)-H(24)
C(13)-C(12)-H(24)
C(8)-C(13)-C(12)
C(8)-C(13)-H(25)
C(12)-C(13)-H(25)
C(11)-C(14)-H(26)
C(11)-C(14)-H(27)
H(26)-C(14)-H(27)
C(11)-C(14)-H(28)
H(26)-C(14)-H(28)
H(27)-C(14)-H(28)

118.9(3)
120.3(3)
119.0(3)
1205
1205
121.8(3)
119.1
119.1
117.8(3)
121.5(4)
120.7(3)
121.0(3)
1195
1195
119.8(3)
120.1
120.1
109.5
109.5
109.5
109.5
109.5
109.5
112.58(14)
110.87(14)
112.38(14)
107.12(15)
107.66(16)
105.80(16)
120.2(3)
120.3(3)
119.3(3)
119.6(4)
120.2
120.2
121.4(4)
119.3
119.3
118.3(4)
121.1(4)
120.6(4)
120.7(4)
119.6
119.6
119.7(4)
120.2
120.2
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A"2 x 1073) for trans-[Ru(NH3),(SO,)(H,0)](Tos),.
The anisotropic displacement factor exponent takes the form: -2 pi*2 [ "2 a*"2 U1l + ... + 2h ka* b* U12]

ull u22 U33 u23 ul13 u12

Ru(1) 14(1)  15Q1) 15(1) 1(1)  0@) 41

S(1) 16(1)  18(1) 21(1) -3)  -2(1)  6(1)

o) 21(1)  28(1) 23(1) -3(1) 2(1)  11(D)

0(2) 25(1)  17(1) 402  -2(1)  1(1)  4Q1)

0(3) 20(1)  19(1) 15(1) -1(1) 0(1) = 9(1)

N(1) 152) 19(2) 14(1) -1(1) 1(1)  5Q)

N(2) 18(2) 21(2) 202) 1(1)  1(1)  8Q)

N(3) 202)  18(2) 21(2) -1(1)  -1(1)  6(1)

N(4) 192) 21(2) 19(2) O(1)  O(1)  7(1)

5(2) 18(1)  18(1) 16(1) 2(1)  1(1)  7(D)

0(4) 35(2)  21(1) 21(1) -5(1)  -8(1)  11(1)

0(5) 19(1)  28(1) 29(1) 9(1) 7))  10Q0)

0(6) 21(1)  21(1) 201)) 8())  7(1)  7(1)

c(1) 172)  16(2) 132) 2(1)  2(1)  6(Q1)

c(2) 20) 17?)  18Q2) 52 1) 202

c@) 20)  27(2) 21(2) 8(2) 32  8(2)

c(4) 36(2)  192) 172) 6(2) 92  11(2)

C(5) 292)  20(2) 24(2) -42)  4Q2) 202

c(6) 192) 22020 23(2) -1(2) 22)  5(2)

c(7) 46(3)  22(2)  29(2) 4(2) 9(2) 1402

S(3) 21(1)  19(1) 15(1) 2(1)  3(1) 7(D)

o@7) 23(1) 22(1) 151) 3(1)  2(1) @ 7(0)

0(8) 21(1)  25(1) 171) -2(1) o(1)  7(D)

0(9) 22(1)  29(1) 23(1) 4(1) 7)) 14Q1)

c(8) 27(2)  17(2)  16(2) 22) 1)  6(2)

Cc(9) 28(2)  24(2) 24(2) 42) 120 702

C(10) 322)  222) 31(2) 52 92 1402

Cc(11) 43(3)  21(2) 18(2) 8(2)  102) 8(2)

c(12) 36(2)  26(2) 232) 0(2) 4(2) 0Q)

C(13) 23(2)  28(2) 192) 4(2) 222  8(2

C(14) 65(3) 15(2) 322 1(2) 15(2) 4(2)
Table 5. Hydrogen bonds for h07prri4 [A and °].
D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(3)...0(7)#1 0.91 2.17 3.042(4) 159.7
N(1)-H(4)...0(9)#2 0.91 2.19 3.071(3) 162.8
N(1)-H(5)...0(6)#1 0.91 2.12 2.994(3) 161.6
N(2)-H(6)...0(7) 0.91 2.34 3.100(4) 140.7
N(2)-H(6)...5(3) 0.91 291 3.648(3) 139.5
N(2)-H(7)...0(8)#2 0.91 2.22 3.094(4) 161.2
N(2)-H(7)...S(3)#2 0.91 2.92 3.774(3) 157.3
N(2)-H(8)...0(9)#1 0.91 2.05 2.954(4) 1714
N(3)-H(9)...0(4)#3 0.91 2.09 2.925(4) 152.3
N(3)-H(9)...S(2)#3 0.91 3.00 3.913(3) 178.0
N(3)-H(10)...0(6) 0.91 2.28 3.156(4) 160.9
N(3)-H(11)...0(7) 0.91 2.35 3.152(4) 147.7
N(4)-H(L2)...0(6)#1 0.91 2.47 3.340(4) 160.0
N(4)-H(12)...0(4)#1 0.91 2.55 3.293(4) 139.7
N(4)-H(12)...S(2)#1 0.91 2.94 3.807(3) 158.9
N(4)-H(13)...0(5) 0.91 2.07 2.947(4) 162.9
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N(4)-H(14)...0(4)#3 0.91
0(3)-H(1)...0(8)#2
0(3)-H(1)...S(3)#2
0(3)-H(2)...0(6)
0(3)-H(2)...5(2)

0.841(10)
0.841(10)
0.839(10)
0.839(10)

221
1.879(18)
2.93(3)
1.888(15)
2.83(2)

3.029(4)
2.670(3)
3.582(2)
2.700(3)
3.587(2)

149.4
156(4)
136(3)
162(4)
151(3)

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 31.05
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

7.2 Crystal Data for Chapter 4

Bath 412

C14 Hz Ng Ni O4
407.17

100(2)K
0.67030A
Monoclinic, P2,/c
a= 9.6309(14)A

Symmetry transformations used to generate equivalent atoms:
#lx+1y,z #2 -X,-y+2,-z+1 #3 -X,-y+2,-z2

alpha = 90°

7.2.1 Crystal Data for Bath 412 - [Ni(aep),(NO,),] ground state
Table 1. Crystal data and structure refinement for Bath 412.

b =8.2557(12)A  beta = 109.0650(10)°
c=11.8340(17)A gamma = 90°

889.3(2)A°

2, 1.521 Mg/m?®
1.124 mm™*

436

0.15x0.12 x 0.08 mm

3.14 10 31.05°

-14<=h<=14, -12<=k<=12, -17<=I<=17

10846 / 3195 [R(int) = 0.0648]

94.1%
SADABS
0.9154 and 0.8495

Full-matrix least-squares on F?

3195/0/114
1.183

R1=0.0522, wR2 = 0.1235
R1=0.0634, wR2 = 0.1349
1.095 and -0.611 e. A3

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for Bath 412.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ni(1) 5000 0 0 11(2)
N(1) 4239(2) 978(2) -1771(2) 16(1)
0o(1) 4753(2) 529(2) -2562(2) 22(1)
0(2) 3234(2) 2017(2) -2061(2) 27(1)
N(2) 2959(2) -1507(2) -473(2) 14(1)
C(1) 3139(3) -2915(3) 336(2) 22(1)
c@) 1838(3) -4078(3) 37(2) 23(1)
c@3) 1397(3) -4649(3) -1251(2) 21(1)
C(4) 1165(3) -3210(3) -2080(2) 23(1)
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C(5) 2532(3) -2135(3) -1724(2) 23(1)

N(3) 3710(2) 1681(2) 485(2) 15(1)
C(6) 1805(3) -339(3) -424(2) 15(1)
c(7) 2400(3) 829(3) 603(3) 16(1)
c(6) 2107(12) -603(14) 237(11) 13(3)
c(7) 2196(12) 1199(13) 71(11) 12(2)

Table 3. Bond lengths [A] and angles [°] for Bath 412.

Ni(1)-N(3) 2.0651(17)
Ni(1)-N(3)#1 2.0651(17)
Ni(1)-N(1)#1 2.1401(18)
Ni(1)-N(1) 2.1401(18)
Ni(1)-N(2) 2.2378(17)
Ni(1)-N(2)#1 2.2378(17)
N(1)-O(1) 1.249(2)
N(1)-0(2) 1.254(2)
N(2)-C(1) 1.480(3)
N(2)-C(6) 1.487(3)
N(2)-C(5) 1.494(3)
N(2)-C(6") 1.545(11)
C(1)-C(2) 1.525(3)
C(2)-C(3) 1.517(3)
C(3)-C(4) 1.511(3)
C(4)-C(5) 1.529(3)
N(3)-C(7") 1.434(11)
N(3)-C(7) 1.490(3)
C(6)-C(7) 1.510(4)
C(6')-C(7") 1.507(16)
N(3)-Ni(1)-N(3)#1 180.00(7)
N(3)-Ni(1)-N(L)#1 91.50(7)
N(3)#1-Ni(1)-N(L)#1 88.50(7)
N(3)-Ni(1)-N(1) 88.50(7)
N(3)#1-Ni(1)-N(1) 91.50(7)
N(L)#1-Ni(1)-N(1) 180.00(10)
N(3)-Ni(1)-N(2) 83.34(7)
N(3)#1-Ni(1)-N(2) 96.66(7)
N(L)#1-Ni(1)-N(2) 91.56(7)
N(L)-Ni(1)-N(2) 88.44(7)
N(3)-Ni(1)-N(2)#1 96.66(7)
N(3)#1-Ni(1)-N(2)#1 83.34(7)
N(L)#1-Ni(1)-N(2)#1 88.44(7)
N(L)-Ni(1)-N(2)#1 91.56(7)
N(2)-Ni(1)-N(2)#1 180.00(6)
0(1)-N(1)-0(2) 117.24(18)
0(1)-N(1)-Ni(1) 121.92(14)
0(2)-N(1)-Ni(1) 120.84(14)
C(1)-N(2)-C(6) 114.51(19)
C(1)-N(2)-C(5) 107.77(17)
C(6)-N(2)-C(5) 107.28(18)
C(1)-N(2)-C(6") 89.9(5)
C(6)-N(2)-C(6") 29.4(4)
C(5)-N(2)-C(6") 133.1(5)
C(1)-N(2)-Ni(1) 111.54(13)
C(6)-N(2)-Ni(1) 103.66(13)
C(5)-N(2)-Ni(1) 112.06(13)
C(6')-N(2)-Ni(1) 100.0(4)
N(2)-C(1)-C(2) 115.51(18)
C(3)-C(2)-C(1) 111.6(2)
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C(4)-C(3)-C(2) 109.99(19)

C(3)-C(4)-C(5) 110.24(19)
N(2)-C(5)-C(4) 114.07(19)
C(7')-N(3)-C(7) 26.3(5)
C(7')-N(3)-Ni(1) 110.8(4)
C(7)-N(3)-Ni(1) 108.27(14)
N(2)-C(6)-C(7) 110.7(2)
N(3)-C(7)-C(6) 109.7(2)
C(7)-C(6)-N(2) 110.1(8)
C(6')-C(7)-N(3) 108.9(8)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-z

Table 4. Anisotropic displacement parameters (A2 x 10/3) for Bath 412.The anisotropic displacement factor exponent takes
the form: -2 pi*2 [h"2 a*"2 U1l + ... + 2h ka* b* U12]

U1l u22 uU33 uz23 uU13 u12

Ni(1) 111)  11(1)  11(1) 0(1)  4(1)  0(1)
N(1) 17(1)  15(1)  15(1) (1)  5(1)  -4(1)
o(1) 25(1) 26(1) 15(1) O(1)  8(1)  1(1)
0(2) 31(1)  26(1) 22(1) 11(1) 8(1)  13(1)
N(2) 13(1)  13(1) 17(1) -1(1)  7(1)  0Q1)
c(1) 24(1)  22(1) 16(1) 4(1)  O(1)  -10(1)
c(2) 25(1)  21(1) 21(1) 4(1)  4(1)  -10(1)
c@) 22(1)  17(1)  24(1) -7(1) (1) -6(1)
c(4) 21(1)  28(1) 16(1) 1(1)  1(1)  -10(1)
C(5) 22(1)  32(1) 14(1) 2(1) 31  -11(1)
N(3) 13(1)  13(1) 18(1) -3(1)  5(1)  -1(1)

Table 5. Hydrogen bonds for Bath 412 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(3)-H(15)...0(1)#2 0.92 2.36 3.185(3) 149.1
N(3)-H(16)...0(2) 0.92 231 2.909(3) 122.0

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-z  #2 x,-y+1/2,2+1/2

7.2.2 Crystal Data for Bath 435 - [Ni(aep)2(NO,).] excited state
Table 1. Crystal data and structure refinement for Bath 435.

Identification code Bath 435

Empirical formula C1a Hz Ng Ni Oy

Formula weight 407.17

Temperature 90(2)K

Wavelength 0.67030A

Crystal system, space group Monoclinic, P2,/c

Unit cell dimensions a=9.6301(6)A alpha=90°

b =8.2875(5)A beta = 109.1030(10)°
c=11.8754(8)A gamma 90°
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Volume 895.58(10)A3

Z, Calculated density 2, 1.510 Mg/m?®

Absorption coefficient 1.116 mm™*

F(000) 436

Crystal size 0.15x0.12 x 0.08 mm

Theta range for data collection 3.14 t0 28.59°

Limiting indices -13<=h<=13, -11<=k<=11, -16<=I<=16

Reflections collected / unique 10094 / 2715 [R(int) = 0.0626]
Completeness to theta = 28.59 99.6 %

Absorption correction SADABS

Max. and min. transmission 0.9160 and 0.8504
Refinement method Full-matrix least-squares on F>
Data / restraints / parameters 2715/0/133

Goodness-of-fit on F? 1.069

Final R indices [1>2sigma(l)] R1 =0.0465, wR2 = 0.1273

R indices (all data) R1 =0.0500, wR2 = 0.1314
Largest diff. peak and hole 0.666 and -0.614 e. A’

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for Bath 435.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ni(1) 10000 0 10000 13(1)
0(2A) 11769(2) 2021(2) 2072(2) 35(1)
N(1A) 10743(2) 964(3) 11772(2) 18(1)
O(1A) 10223(2) 523(2) 12558(1) 26(1)
N(1B) 11210(20) 1530(30) 12477(19) 29(5)
O(1B) 10380(30) 410(40) 11770(20) 37(6)
0(2B) 11769(2) 2021(2) 12072(2) 35(1)
N(2) 12040(2) -1505(2) 10469(1) 16(1)
C(1) 11854(2) -2916(3) 9668(2) 28(1)
C(2) 13161(2) -4073(2) 9967(2) 26(1)
C(3) 13605(2) -4634(3) 11255(2) 23(1)
C(4) 13839(2) -3196(3) 12074(2) 26(1)
C(5) 12470(2) -2113(3) 11717(2) 26(1)
N(3) 11301(2) 1684(2) 9541(2) 19(1)
C(6) 13198(3) -337(3) 10430(3) 19(1)
C() 12610(3) 842(3) 9415(3) 23(1)
c(7) 12814(11) 1196(12) 10059(11) 22(2)
C(6" 12885(10) -619(11) 9797(10) 17(2)

Table 3. Bond lengths [A] and angles [°] for Bath 435.

Ni(1)-O(1B)#1 2.04(3)
Ni(1)-O(1B) 2.04(3)
Ni(1)-N(3)#1 2.0644(15)
Ni(1)-N(3) 2.0644(15)
Ni(1)-N(1A) 2.1432(18)
Ni(1)-N(LA)#1 2.1432(18)
Ni(1)-N(2) 2.2383(14)
Ni(1)-N(2)#1 2.2383(14)
0(2A)-N(1A) 1.280(3)
N(LA)-O(1A) 1.250(3)
N(1B)-O(1B) 1.33(3)
N(2)-C(1) 1.481(2)
N(2)-C(5) 1.490(2)
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N(2)-C(6)
N(2)-C(6)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
N(3)-C(7')
N(3)-C(7)
C(6)-C(7)
C(7)-C(6)

O(1B)#1-Ni(1)-O(1B)
O(1B)#1-Ni(1)-N(3)#1
O(1B)-Ni(1)-N(3)#1
O(1B)#1-Ni(1)-N(3)
O(1B)-Ni(1)-N(3)
N(3)#1-Ni(1)-N(3)
O(1B)#1-Ni(1)-N(1A)
O(1B)-Ni(1)-N(1A)
N(3)#1-Ni(1)-N(1A)
N(3)-Ni(1)-N(1A)
O(1B)#1-Ni(1)-N(1A)#1
O(1B)-Ni(1)-N(1A)#1
N(3)#1-Ni(1)-N(LA)#1
N(3)-Ni(1)-N(1A)#1
N(LA)-Ni(1)-N(LA)#1
O(1B)#1-Ni(1)-N(2)
O(1B)-Ni(1)-N(2)
N(3)#1-Ni(1)-N(2)
N(3)-Ni(1)-N(2)
N(LA)-Ni(1)-N(2)
N(LA)#1-Ni(1)-N(2)
O(1B)#1-Ni(1)-N(2)#1
O(1B)-Ni(1)-N(2)#1
N(3)#1-Ni(1)-N(2)#1
N(3)-Ni(1)-N(2)#1
N(LA)-Ni(1)-N(2)#1
N(LA)#1-Ni(1)-N(2)#1
N(2)-Ni(1)-N(2)#1
O(1A)-N(1A)-0(2A)
O(1A)-N(1A)-Ni(1)
0(2A)-N(1A)-Ni(1)
N(1B)-O(1B)-Ni(1)
C(1)-N(2)-C(5)
C(1)-N(2)-C(6)
C(5)-N(2)-C(6)
C(1)-N(2)-C(6")
C(5)-N(2)-C(6")
C(6)-N(2)-C(6")
C(1)-N(2)-Ni(1)
C(5)-N(2)-Ni(1)
C(6)-N(2)-Ni(1)
C(6')-N(2)-Ni(1)
N(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
N(2)-C(5)-C(4)
C(7')-N(3)-C(7)
C(7')-N(3)-Ni(1)
C(7)-N(3)-Ni(1)
N(2)-C(6)-C(7)

1.490(3)
1.505(9)
1.529(3)
1.520(3)
1.508(3)
1.536(3)
1.442(10)
1.490(3)
1.510(4)
1.542(15)

180.000(9)
103.8(8)
76.2(8)
76.2(8)
103.8(8)
180.0
164.5(8)
15.5(8)
91.67(8)
88.33(8)
15.5(8)
164.5(8)
88.33(8)
91.67(8)
180.0
90.6(7)
89.4(7)
96.68(5)
83.32(5)
88.82(6)
91.18(6)
89.4(7)
90.6(7)
83.32(5)
96.68(5)
91.18(6)
88.82(6)
180.00(8)
116.96(18)
122.51(17)
120.52(15)
130(2)
107.93(15)
115.31(17)
106.51(17)
91.0(4)
132.1(5)
29.0(4)
111.61(11)
111.81(11)
103.59(12)
100.3(4)
115.38(16)
111.37(17)
109.90(16)
110.54(16)
113.94(15)
30.9(5)
108.3(4)
108.44(12)
110.9(2)

161



N(3)-C(7)-C(6)
N(3)-C(7)-C(6")
N(2)-C(6)-C(7)

109.40(19)

107.0(8)
107.6(8)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,-y,-2+2

Table 4. Anisotropic displacement parameters (A*2 x 1073) for Bath 435. The anisotropic displacement factor exponent takes

the form: -2 pi*2 [ "2 a*2 U1l +..+2hka*b*U12]

Uil U222 U33  U23  U13  U12
Ni(L) 12(1)  14(1) 13(1) O(1)  4(1)  0(1)
0(2A) 43(1)  31(1) 30(1) -9(1) 9(1)  -9(1)
N(LA) 191)  17(1)  15(1) -1(1)  3(1)  4(1)
0(1A) 30(1)  34(1) 16(1) 1(1)  8(1)  3(1)
0(2B) 43(1)  31(1)  30(1) -9(1)  9(1)  -9(1)
N(2) 15(1)  15(1) 191) 2(1)  7(1)  O(1)
c(1) 30(1)  27(1)  19(1) -7(1) -1 12(1)
c(2) 30(1)  25(1)  21(1)  -6(1)  41)  11(1)
c(@3) 23(1)  19(1) 27(1) 7(1)  8(1)  5(1)
c(4) 24(1)  32(1) 18(1) -1(1) 2(1)  12Q0)
C(5) 24(1)  36(1) 13(1) -2(1) 2(1)  13(1)
N(3) 15(1)  17(1) 26(1) 5(1)  7(1)  1(1)
C(6) 13(1)  18(1) 26(2) 6(1) (1)  1(1)
c(7) 19(1)  23(1) 32(2) 11(1) 151)  4(1)

7.2.3 Crystal Data for Bath 541 - [Ni(aem),(NO,),] ground state

Table 1. Crystal data and structure refinement for Bath 541.

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 20.16
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I>2sigma(l)]
R indices (all data)

Bath 541

C12 Hag NgNi Og

411.11

100(2)K

0.68960A

Triclinic, P-1

a=7.172(5) A alpha = 94.306(5)°
b=7.988(5) A beta=112.642(5)°
c=8.330(5) A gamma = 100.496(5)°
4275(5) A®

1, 1.597 Mg/m®

1.179 mm™*

218

0.15x0.14 x 0.08 mm

3.84 t0 20.16°

-71<=h<=7, -7<=k<=7, -8<=I<=8
143/ 869 [R(int) = 0.0159]

97.2%

SADABS

0.9116 and 0.8430

Full-matrix least-squares on F>
869/0/115

1.068

R1=0.0215, wR2 = 0.0543
R1=0.0216, wR2 = 0.0543
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Largest diff. peak and hole 0.217 and -0.191 e A3
Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for Bath 541.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ni(1) 5000 0 5000 11(1)
N(1) 7377(3) -1145(2) 6536(3) 14(1)
0o(@1) 7250(2) -1991(2) 7702(2) 20(1)
0(2) 8984(2) -1035(2) 6244(2) 22(1)
N(2) 3647(3) -2580(2) 015(2) 13()
c(1) 5077(4) -3448(3) 2530(3) 15(1)
C(2) 5664(4) -2692(3) 1136(3) 16(1)
0o@3) 3884(2) -2681(2) -411(2) 18(1)
C() 2613(4) -1720(3) 54(3) 18(1)
C4) 1888(4) -2525(3) 1349(3) 15(1)
N(3) 3064(3) -1214(2) 6055(2) 13(1)
C(®) 2866(4) -3692(3) 4080(3) 16(1)
C(6) 1680(4) -2826(3) 4905(3) 17(2)

Table 3. Bond lengths [A] and angles [] for Bath 541.

Ni(1)-N(3)#1 2.054(2)
Ni(1)-N(3) 2.054(2)
Ni(1)-N(1) 2.108(2)
Ni(1)-N(1)#1 2.108(2)
Ni(1)-N(2)#1 2.334(2)
Ni(1)-N(2) 2.334(2)
N(1)-O(1) 1.245(2)
N(1)-0(2) 1.256(3)
N(2)-C(4) 1.483(3)
N(2)-C(5) 1.487(3)
N(2)-C(1) 1.493(3)
C(1)-C(2) 1.510(3)
C(2)-0(3) 1.425(3)
0(3)-C(3) 1.433(3)
C(3)-C(4) 1.504(3)
N(3)-C(6) 1.476(3)
C(5)-C(6) 1.506(3)
N(3)#1-Ni(1)-N(3) 180.0
N(3)#1-Ni(1)-N(1) 89.67(9)
N(3)-Ni(1)-N(1) 90.33(9)
N(3)#1-Ni(1)-N(L)#1 90.33(9)
N(3)-Ni(1)-N(L)#1 89.67(9)
N(L)-Ni(1)-N(1)#1 180.0
N(3)#1-Ni(1)-N(2)#1 82.10(8)
N(3)-Ni(1)-N(2)#1 97.90(8)
N(L)-Ni(1)-N(2)#1 92.80(7)
N(L)#1-Ni(1)-N(2)#1 87.20(7)
N(3)#1-Ni(1)-N(2) 97.90(8)
N(3)-Ni(1)-N(2) 82.10(8)
N(L)-Ni(1)-N(2) 87.20(7)
N(L)#1-Ni(1)-N(2) 92.80(8)
N(2)#1-Ni(1)-N(2) 180.00(6)
0(1)-N(1)-0(2) 117.24(18)
O(1)-N(1)-Ni(1) 123.22(15)
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0(2)-N(1)-Ni(1)
C(4)-N(2)-C(5)
C(4)-N(29)-C(1)
C(5)-N(9)-C(1)
C(4)-N(2)-Ni(1)
C(5)-N(2)-Ni(1)
C(1)-N(2)-Ni(1)
N(2)-C(1)-C(2)
0(3)-C(29)-C(1)
C(2)-0(3)-C(3)
0O(3)-C(3)-C(4)
N(2)-C(4)-C(3)
C(6)-N(3)-Ni(1)
N(2)-C(5)-C(6)
N(3)-C(6)-C(5)

119.50(15)
109.25(18)
107.07(18)
106.74(17)
114.44(14)
98.96(13)

119.52(14)
113.65(19)
111.86(19)
108.96(17)
111.12(19)
112.03(19)
111.71(14)
112.11(19)
108.76(19)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1

Table 4. Anisotropic displacement parameters (A2 x 10/3) for Bath 541. The anisotropic displacement factor exponent takes

the form: -2 pi"2 [ "2 a*M2 U1l + ... +2h ka*b*U12 ]

U1l u22 u33 u23 uU13 uU12

Ni(1) 9(1) 12(1) 12(1)  3(1) 4(1) 2(1)

N(1) 15(1) 13(1) 13(1) 0(1) 5(1) 1(1)

0o(1) 20(1) 22(1) 20(1) 11(1)  9(1) 7(1)

0(2) 15(1)  38(1) 22(1) 11(1) 12(1) 12(1)

N(2) 14(1) 12(1) 13(1)  2(1) 6(1) 3(1)

C(1) 16(1) 13(1) 14(1) 1(1) 5(1) 3(1)

C(2) 16(1) 17(1) 14(1) 1(1) 7(1) 4(1)

0o@3) 19(1)  25(1) 121)  2(1) 7(1) 6(1)

C(3) 16(1)  21(1) 15(1) 2(1) 4(1) 6(1)

C(4) 13(1) 15(1) 14(1)  -1(1) 2(1) 1(1)

N(3) 13(1) 13(1) 13(1)  2(1) 5(1) 4(1)

C(5) 17(1) 12(1) 17(1) 2(1) 8(1) 0(1)

C(6) 18(1) 15(1) 171) 2(1) 8(1) 0(1)
Table 5. Hydrogen bonds for Bath 541 [A and °].
D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N(3)-H(13)...0(3)#2 0.92 2.32 3.134(3) 147.2
N(3)-H(13)...0(1) 0.92 2.42 2.986(3) 119.4
N(3)-H(14)...0(2)#3 0.92 2.33 3.019(3) 1315
N(3)-H(14)...0(2)#1 0.92 2.42 2.892(3) 112.1

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-z+1 #2xy,z+1 #3x-1)y,z
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7.2.4 Crystal Data for Bath 551 - [Ni(aem),(NO,),] excited state
Table 1. Crystal data and structure refinement for Bath 551.

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 20.15
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for Bath 551.

Bath 551

C12 Hag Ng Ni Og

411.11

45(2)K

0.68960A

Triclinic, P-1

a=7.2011(17)A alpha = 94.620(3)°
b =8.0007(18)A beta = 110.884(3)°
c=8.2916(19)A gamma = 101.434(3)°
431.46(17)A3

1, 1.582 Mg/m®

1.168 mm!

218

0.15 x 0.13 x 0.08 mm

3.8510 20.15°

-7<=h<=7, -7<=k<=7, -8<=I<=8
2181 /888 [R(int) = 0.0134]

98.6 %

SADABS

0.9124 and 0.8443

Full-matrix least-squares on F?
888/10/133

1.097

R1 =0.0280, wR2 = 0.0735
R1=0.0286, wR2 = 0.0740

0.388 and -0.231 e.A®

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ni(1) 5000 0 5000 19(1)
N(1A) 7401(7) -1121(7) 6565(8) 23(2)
O(1A) 7207(7) -1942(7) 7721(7) 21(1)
O(2A) 9010(7) -920(6) 6267(5) 28(1)
0o(1B) 6690(20) -1240(30) 6480(30) 50
N(1B) 8530(20) -1489(15) 7093(18) 50
0(2B) 9660(20) -300(20) 6590(30) 50
0O(1C) 7410(40) -650(40) 6060(40) 50
N(1C) 8530(20) -1489(15) 7093(18) 50
0(2C) 7530(70) -2170(70) 8020(60) 50
N(2) 3695(4) -2598(3) 3073(3) 21(1)
C(1) 5133(5) -3420(4) 2558(4) 23(1)
C(2) 5668(5) -2687(4) 1113(4) 26(1)
0o®3) 3899(3) -2740(3) -389(2) 28(1)
C(3) 2629(5) -1808(4) 99(4) 28(1)
C(4) 1932(5) -2603(4) 1428(4) 25(1)
N(3) 3084(4) -1217(3) 6111(3) 25(1)
C(5) 2951(5) -3709(4) 4170(4) 26(1)
C(6) 1753(5) -2869(4) 5015(4) 28(1)
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Table 3. Bond lengths [A] and angles [°] for Bath 551.

Ni(1)-O(1C)
Ni(1)-O(1C)#1
Ni(1)-O(1B)
Ni(1)-O(1B)#1
Ni(1)-N(3)#1
Ni(1)-N(3)
Ni(1)-N(LA)
Ni(1)-N(LA)#1
Ni(1)-N(2)
Ni(1)-N(2)#1
N(1A)-O(1A)
N(1A)-O(2A)
O(1B)-N(1B)
N(1B)-O(2B)
N(2)-C(5)
N(2)-C(1)
N(2)-C(4)
C(1)-C(2)
C(2)-0(3)
0(3)-C(3)
C(3)-C(4)
N(3)-C(6)
C(5)-C(6)

O(1C)-Ni(1)-O(1C)#1
0(1C)-Ni(1)-O(1B)
O(1C)#1-Ni(1)-O(1B)
O(1C)-Ni(1)-O(1B)#1
O(1C)#1-Ni(1)-O(1B)#1
O(1B)-Ni(1)-O(1B)#1
O(1C)-Ni(1)-N(3)#1
O(1C)#1-Ni(1)-N(3)#1
O(1B)-Ni(1)-N(3)#1
O(1B)#1-Ni(1)-N(3)#1
O(1C)-Ni(1)-N(3)
O(1C)#1-Ni(1)-N(3)
O(1B)-Ni(1)-N(3)
O(1B)#1-Ni(1)-N(3)
N(3)#1-Ni(1)-N(3)
O(1C)-Ni(1)-N(1A)
O(1C)#1-Ni(1)-N(1A)
O(1B)-Ni(1)-N(1A)
O(1B)#1-Ni(1)-N(1A)
N(3)#1-Ni(1)-N(LA)
N(3)-Ni(1)-N(1A)
O(1C)-Ni(1)-N(1A)#1
O(1C)#1-Ni(1)-N(1A)#1
O(1B)-Ni(1)-N(1A)#1
O(1B)#1-Ni(1)-N(1A)#1
N(3)#1-Ni(1)-N(LA)#1
N(3)-Ni(1)-N(1A)#1
N(LA)-Ni(1)-N(LA)#1
O(1C)-Ni(1)-N(2)
O(1C)#1-Ni(1)-N(2)
O(1B)-Ni(1)-N(2)
O(1B)#1-Ni(1)-N(2)
N(3)#1-Ni(1)-N(2)
N(3)-Ni(1)-N(2)
N(LA)-Ni(1)-N(2)

1.84(2)
1.84(2)
1.89(2)
1.89(2)
2.054(2)
2.054(2)
2.164(5)
2.164(5)
2.319(2)
2.319(2)
1.237(8)
1.251(8)
1.302(15)
1.319(14)
1.481(4)
1.492(4)
1.495(4)
1.509(4)
1.420(4)
1.429(4)
1.500(4)
1.475(4)
1.508(4)

180.000(4)
25.4(10)
154.6(10)
154.6(10)
25.4(10)
180.000(2)
75.9(9)
104.1(9)
101.2(5)
78.8(5)
104.1(9)
75.9(9)
78.8(5)
101.2(5)
180.00(10)
14.2(9)
165.8(9)
11.2(6)
168.8(6)
90.12(17)
89.88(17)
165.8(9)
14.2(9)
168.8(6)
11.2(6)
89.88(17)
90.12(17)
180.0(3)
89.7(10)
90.3(10)
84.1(8)
95.9(8)
97.84(9)
82.16(9)
87.35(15)
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N(LA#1-Ni(1)-N(2)
O(1C)-Ni(1)-N(2)#1
O(LC)#1-Ni(1)-N(2)#1
O(1B)-Ni(1)-N(2)#1
O(1B)#1-Ni(1)-N(2)#1
N(3)#1-Ni(1)-N(2)#1
N(3)-Ni(1)-N(2)#1
N(1A)-Ni(1)-N(2)#1
N(LA#1-Ni(1)-N(2)#1
N(2)-Ni(1)-N(2)#1
O(1A)-N(1A)-O(2A)
O(1A)-N(1A)-Ni(1)
O(2A)-N(1A)-Ni(1)
N(1B)-O(1B)-Ni(1)
O(1B)-N(1B)-0(2B)
C(5)-N(29)-C(1)
C(5)-N(2)-C(4)
C(1)-N(2)-C(4)
C(5)-N(2)-Ni(1)
C(1)-N(2)-Ni(1)
C(4)-N(2)-Ni(1)
N(2)-C(1)-C(2)
0(3)-C(2)-C(1)
C(2)-0(3)-C(3)
0(3)-C(3)-C(4)
N(2)-C(4)-C(3)
C(6)-N(3)-Ni(1)
N(2)-C(5)-C(6)
N(3)-C(6)-C(5)

92.65(15)
90.3(10)
89.7(10)
95.9(8)
84.1(8)
82.16(9)
97.84(9)
92.65(15)
87.35(15)
180.0
120.4(5)
121.6(4)
118.0(4)
144.4(15)
105.5(13)
107.0(2)
109.2(2)
107.1(2)
99.19(16)
118.87(17)
114.69(18)
113.9(2)
112.2(2)
109.1(2)
111.2(2)
112.0(2)
111.72(18)
112.0(2)
108.7(2)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1

Table 4. Anisotropic displacement parameters (A2 x 1073) for Bath 551. The anisotropic displacement factor exponent takes

the form: -2 pi"2 [ "2 a*"2 U1l + ...+ 2h ka*b* U12 ]

Uil U222 U33  U23  U13  U12
Ni(L) 24(1)  14(1) 17(1) 1) 10(1)  1(1)
N(LA) 28(4) 10(3) 15(3) -7(2)  -10(4) 10(3)
0(1A) 26(3) 13(2) 23(3) 72 10(2) 3(2)
0(2A) 27(3)  42(3) 23(2) 9(2)  18(2) 8(2)
N(2) 28(2) 16(1) 19(1) 1(1)  11(1) OQ)
c(1) 320)  142)  24(2) -1(1)  14(2)  4Q1)
c() 33(2)  19(2) 26(2) -1(1) 152  2(1)
0(3) 37(1)  26(1)  19(1)  -1(1)  15(1)  2(1)
C(3) 33(2)  26(2) 21(2) O01) 112  4(2)
c(4) 27(2)  19(2) 24(2) -4(1) 10Q2)  -2(1)
N(3) 33(2) 17(1) 23(1) -2(1)  13(1)  0@)
C(5) 38(2) 15(2) 23(2) -1(1) 16(2)  -1(1)
C(6) 37(2)  19(2) 25(2) -2(1)  18(2)  -6(1)
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Table 5. Hydrogen bonds for Bath 551 [A and °].

D-H..A

N(3)-H(13)...
N(3)-H(13)...
N(3)-H(13)...
N(3)-H(14)...
N(3)-H(14)...
N(3)-H(14)...

03)#2
0(1A)
0(2C)
O(2B)#3
O(2A#3
0(2A)#1

d(D-H)

0.92
0.92
0.92
0.92
0.92
0.92

d(H...A) d(D...A)
2.33 3.145(3)
2.42 2.986(5)
2.69 3.30(4)
2.04 2.856(17)
231 3.037(5)
2.45 2.920(4)

<(DHA)

147.2
119.7
1245
147.4
135.2
1122

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-z+1 #2x)y,z+1 #3x-1y,z

7.2.5 Crystal Data for Bath 515 - [Ni(aepy).(NO,),] ground state
Table 1. Crystal data and structure refinement for Bath 515.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unique
Completeness to theta = 20.17
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)
Largest diff. peak and hole

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10”3) for Bath 515.

Bath 515

Ci1p Hzg Ng Ni O4

379.11

100(2)K

0.68960A

Monoclinic, P2,/c
a=8.6169(5)A alpha=90°

b =8.5490(5)A  beta = 104.0080(10)°
¢ =11.5680(7)A gamma = 90°
826.83(8)A3

2, 1.523 Mg/m?®

1.203 mm*

404

0.11 x 0.11 x 0.07 mm

4.21t0 20.17°

-8<=h<=8, -8<=k<=8, -11<=I<=11
4023 / 846 [R(int) = 0.0243]
97.7%

SADABS

0.9205 and 0.8791

Full-matrix least-squares on F?
846/0/106

1.080

R1=0.0212, wR2 = 0.0520

R1 =0.0226, wR2 = 0.0530
0.186 and -0.163 e. A

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ni(1) 0 0 5000 13(1)
N(1) 986(2) -1064(2) 3651(2) 19(1)
0o(1) 469(2) -729(2) 2569(1) 26(1)
0(2) 2065(2) -2074(2) 3902(2) 27(1)
N(2) 1951(2) 1663(2) 5445(2) 15(1)
C(1) 2914(3) 1840(3) 4549(2) 22(1)
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c(2) 3902(3)
c@) 2923(3)
c(4) 1463(3)
N(3) 1490(2)
C(5) 2964(3)
C(6) 3095(3)

3340(3)
4329(3)
3319(3)
-1341(2)
1098(3)
-655(3)

4881(2)
5556(2)
5568(2)
6298(2)
6595(2)
6598(2)

23(1)
24(1)
23(1)
20(1)
24(1)
24(1)

Table 3. Bond lengths [A] and angles [°] for Bath 515.

Ni(1)-N(3)#1
Ni(1)-N(3)
Ni(1)-N(1)
Ni(1)-N(1)#1
Ni(1)-N(2)#1
Ni(1)-N(2)
N(1)-0(2)
N(1)-0(1)
N(2)-C(1)
N(2)-C(5)
N(2)-C(4)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
N(3)-C(6)
C(5)-C(6)

N(3)#1-Ni(1)-N(3)
N(3)#1-Ni(1)-N(1)
N(3)-Ni(1)-N(1)
N(3)#1-Ni(1)-N(L)#1
N(3)-Ni(1)-N(L)#1
N(1)-Ni(1)-N(1)#1
N(3)#1-Ni(1)-N(2)#1
N(3)-Ni(1)-N(2)#1
N(1)-Ni(1)-N(2)#1
N(1)#1-Ni(1)-N(2)#1
N(3)#1-Ni(1)-N(2)
N(3)-Ni(1)-N(2)
N(1)-Ni(1)-N(2)
N(1)#1-Ni(1)-N(2)
N(2)#1-Ni(1)-N(2)
0(2)-N(1)-0(1)
0(2)-N(1)-Ni(1)
O(1)-N(1)-Ni(1)
C(1)-N(2)-C(5)
C(1)-N(2)-C(4)
C(5)-N(2)-C(4)
C(1)-N(2)-Ni(1)
C(5)-N(2)-Ni(1)
C(4)-N(2)-Ni(1)
N(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
N(2)-C(4)-C(3)
C(6)-N(3)-Ni(1)
N(2)-C(5)-C(6)
N(3)-C(6)-C(5)

2.0699(18)
2.0699(18)
2.151(2)
2.151(2)
2.1665(18)
2.1665(18)
1.251(2)
1.256(2)
1.484(3)
1.485(3)
1.493(3)
1.536(3)
1.534(4)
1.529(3)
1.465(3)
1.502(4)

180.00(9)
89.57(8)
90.43(8)
90.43(8)
89.57(8)
180.00(6)
83.21(7)
96.79(7)
88.30(7)
91.70(7)
96.79(7)
83.21(7)
91.70(7)
88.30(7)
180.00(10)
116.91(19)
121.76(15)
121.31(15)
110.64(18)
100.82(18)
109.93(18)
115.73(14)
104.67(13)
115.13(13)
106.23(19)
104.40(19)
104.36(19)
106.47(18)
109.53(14)
110.73(19)
109.43(19)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z+1
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Table 4. Anisotropic displacement parameters (A*2 x 1073) for Bath 515. The anisotropic displacement factor exponent takes

the form: -2 pi*2 [h"2a*2 U1l +..+2hka*b*U12]

Uil u22 uU33 u23 u13 ui12

Ni(1) 15(1)  11(1) 151)  0(1) 4(1) 0(1)

N(1) 20(1)  14(1)  23(1) -2(1)  6(1) -4(1)

0o(1) 36(1) 26(1) 17(1)  2(1) 8(1) 4(1)

0(2) 26(1) 25(1) 29(1) -2(1) 6(1) 9(1)

N(2) 18(1)  11(1) 16(1) 0(1) 3(1) 0(1)

C(1) 23(1) 241) 21(1) @ -3() 8(1) -5(1)

C(2) 24(1)  25(1)  21(1) 1) 6(1) -9(1)

C(3) 22(1)  18(1) 32(2) 1(1) 2(1) -2(1)

C(4) 21(1)  16(1) 31(2)  -4(1)  6(1) -1(1)

N(3) 21(1)  15(1)  24(1)  2(1) 3(1) -2(1)

C(5) 24(1)  21(2) 23(2) 3(1) 0(1) -5(1)

C(6) 21(1) 23(2) 26(2) 5(1) -1(1) 0(1)
Table 5. Hydrogen bonds for Bath 515 [A and °].
D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(3)-H(13)...0(1)#1 0.92 2.39 2.961(2) 120.5
N(3)-H(13)...0(2)#2 0.92 2.56 3.229(2) 130.1
N(3)-H(13)...0(1)#2 0.92 2.66 3.136(2) 113.2

Symmetry transformations used to generate equivalent atoms:
#1 -X,-y,-z+1  #2 X,-y-1/2,2+1/2

7.2.6 Crystal Data for Bath 536 - [Ni(aepy),(NO,),] excited state

Table 1. Crystal data and structure refinement for Bath 536.

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 20.17
Absorption correction

Max. and min. transmission
Refinement method

Bath 536

Ci2Hag Ng Ni O

379.11

60(2)K

0.68960A

Monoclinic, P21/c
a=8.3535(13)A alpha=90°

b =8.6657(13)A  beta = 103.127(2)°
c=11.9144(18)A gamma = 90°
839.9(2)A°

2, 1.499 Mg/m?®

1.184 mm*

404

0.13x0.10 x 0.10 mm
3.481020.17°

-8<=h<=8, -8<=k<=8, -11<=I<=11
4129 / 869 [R(int) = 0.0296]
99.0 %

SADABS

0.8908 and 0.8613

Full-matrix least-squares on F>
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Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Table 2. Atomic coordinates ( x 10™4) and equivalent isotropic displacement parameters (A2 x 10°3) for Bath 536.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

869/39/138
1.079

R1=0.0473, wR2 = 0.1222
R1=0.0513, wR2 = 0.1257
0.486 and -0.232 e. A

X y z U(eq)
Ni(1) 0 0 5000 52(1)
N(1A) 950(13) -952(15) 3683(9) 85(4)
0O(2A) 2202(14) -1952(13) 3710(11) 85(3)
0(1A) 621(10) -847(8) 2591(6) 87(4)
0O(1B) 450(40) -310(40) 3260(20) 91(15)
N(1B) 1480(30) -1320(20) 3318(18) 64(6)
0(2B) 2210(40) -2270(30) 4010(20) 30(7)
0O(1C) 1750(30) -1470(20) 4366(16) 43(8)
N(1C) 1480(30) -1320(20) 3318(18) 64(6)
0(2C) 2660(50) -1700(50) 2940(40) 137(17)
N(2) 1946(5) 1685(5) 5400(3) 59(1)
C() 2819(8) 1992(8) 4497(5) 92(2)
C(2) 3782(8) 3416(8) 4791(5) 90(2)
C(3) 2844(8) 4338(8) 5509(7) 96(2)
C(4) 1422(8) 3317(7) 5593(7) 98(2)
N(3) 1570(7) -1293(6) 6209(5) 108(2)
C(5) 2958(9) 1204(9) 6501(7) 69(3)
C(6) 3207(13) -576(13) 6497(12) 79(3)
C(5) 3570(40) 630(40) 5940(30) 74(8)
C(6") 2910(40) -330(40) 6800(30) 41(8)

Table 3. Bond lengths [A] and angles [°] for Bath 536.

Ni(1)-N(3)

Ni(1)-N(3)#1
Ni(1)-N(LA)

Ni(1)-N(LA)#1
Ni(1)-N(2)#1
Ni(1)-N(2)
Ni(1)-O(1C)#1
Ni(1)-O(1C)
Ni(1)-O(1B)
Ni(1)-O(1B)#1
N(LA)-O(1A)
N(LA)-O(2A)
O(1B)-N(1B)
N(1B)-O(2B)
N(2)-C(5)
N(2)-C(1)
N(2)-C(4)
N(2)-C(5")
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
N(3)-C(6")
N(3)-C(6)

2.047(5)
2.047(5)
2.083(9)
2.083(9)
2.156(4)
2.156(4)
2.20(2)
2.20(2)
2.21(2)
2.21(2)
1.270(13)
1.352(19)
1.22(2)
1.22(2)
1.452(8)
1.455(7)
1.514(7)
1.64(3)
1.471(8)
1.512(9)
1.503(9)
1.45(3)
1.471(12)
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C(5)-C(6)
C(5)-C(6)

N(3)-Ni(1)-N(3)#1
N(3)-Ni(1)-N(1A)
N(3)#1-Ni(1)-N(LA)
N(3)-Ni(1)-N(1A)#1
N(3)#1-Ni(1)-N(LA)#1
N(LA)-Ni(1)-N(LA)#1
N(3)-Ni(1)-N(2)#1
N(3)#1-Ni(1)-N(2)#1
N(LA)-Ni(1)-N(2)#1
N(LA)#1-Ni(1)-N(2)#1
N(3)-Ni(1)-N(2)
N(3)#1-Ni(1)-N(2)
N(LA)-Ni(1)-N(2)
N(LA)#1-Ni(1)-N(2)
N(2)#1-Ni(1)-N(2)
N(3)-Ni(1)-O(1C)#1
N(3)#1-Ni(1)-O(1C)#1
N(LA)-Ni(1)-O(1C)#1
N(LA)#1-Ni(1)-O(1C)#1
N(2)#1-Ni(1)-O(1C)#1
N(2)-Ni(1)-O(1C)#1
N(3)-Ni(1)-0(1C)
N(3)#1-Ni(1)-O(1C)
N(1A)-Ni(1)-O(1C)
N(LA)#1-Ni(1)-0(1C)
N(2)#1-Ni(1)-O(1C)
N(2)-Ni(1)-O(1C)
O(1C)#1-Ni(1)-O(1C)
N(3)-Ni(1)-O(1B)
N(3)#1-Ni(1)-O(1B)
N(1A)-Ni(1)-O(1B)
N(LA)#1-Ni(1)-O(1B)
N(2)#1-Ni(1)-O(1B)
N(2)-Ni(1)-O(1B)
O(1C)#1-Ni(1)-O(1B)
0(1C)-Ni(1)-O(1B)
N(3)-Ni(1)-O(1B)#1
N(3)#1-Ni(1)-O(1B)#1
N(LA)-Ni(1)-O(1B)#1
N(LA)#1-Ni(1)-O(1B)#1
N(2)#1-Ni(1)-O(1B)#1
N(2)-Ni(1)-O(1B)#1
O(1C)#1-Ni(1)-O(1B)#1
O(1C)-Ni(1)-O(1B)#1
O(1B)-Ni(1)-O(1B)#1
O(1A)-N(1A)-0(2A)
O(1A)-N(1A)-Ni(1)
0(2A)-N(1A)-Ni(1)
N(1B)-O(1B)-Ni(1)
0(2B)-N(1B)-O(1B)
C(5)-N(2)-C(1)
C(5)-N(2)-C(4)
C(1)-N(2)-C(4)
C(5)-N(2)-C(5)
C(1)-N(2)-C(5)
C(4)-N(2)-C(5)
C(5)-N(2)-Ni(1)
C(1)-N(2)-Ni(1)
C(4)-N(2)-Ni(1)

1.556(15)
1.51(5)

180.0(3)
91.2(5)
88.8(5)
88.8(5)
91.2(5)
180.0(3)
96.61(18)
83.39(18)
87.9(2)
92.1(2)
83.39(18)
96.61(18)
92.1(2)
87.9(2)
180.0(2)
116.5(5)
63.5(5)
152.3(6)
27.7(6)
86.7(6)
93.3(6)
63.5(5)
116.5(5)
27.7(6)
152.3(6)
93.3(6)
86.7(6)
180.0(9)
112.0(7)
68.0(7)
21.2(7)
158.8(7)
89.5(10)
90.5(10)
131.5(9)
48.5(9)
68.0(7)
112.0(7)
158.8(7)
21.2(7)
90.5(10)
89.5(10)
48.5(9)
131.5(9)
180.000(6)
93.3(10)
135.4(11)
131.3(10)
107.8(19)
139(3)
115.7(5)
105.0(5)
98.7(5)
39.2(11)
83.4(12)
134.7(12)
105.1(4)
116.1(3)
115.9(3)
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C(5")-N(2)-Ni(1)
N(2)-C(1)-C(2)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-N(2)
C(6)-N(3)-C(6)
C(6")-N(3)-Ni(1)
C(6)-N(3)-Ni(1)
N(2)-C(5)-C(6)
N(3)-C(6)-C(5)
C(6)-C(5)-N(2)
N(3)-C(6)-C(5)

102.9(10)
108.5(5)
104.6(5)
104.2(5)
106.3(5)
20.8(12)
109.1(13)
110.2(5)
109.4(7)
107.6(8)
100(2)
110(2)

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y,-z+1

Table 4. Anisotropic displacement parameters (A2 x 1073) for Bath 536. The anisotropic displacement factor exponent takes
the form: -2 pi"2 [ "2 a*"2 U1l + ... + 2h ka*b* U12 ]

Uil U222 U33  U23  U13  U12
Ni(1) 56(1)  56(1) 50(1)  1(1)  22(1)  4(1)
N(LA) 71(7)  108(10) 97(9) -41(9) 64(7)  -13(7)
0(2A) 88(6) 67(6) 107(9) 20(7) 37(8)  10(5)
0(1A) 146(7) 85(5) 39(5) -14(3) 40(4)  -30(5)
N(2) 62(3) 60(3) 57(3) 2(2) 2022 1(2)
c(1) 97(5)  116(5) 76(4) -17(4) 46(4)  -40(4)
c(2) 103(5) 99(5) 71(4) 2(3)  25(4)  -24(4)
c@) 70(4)  80(4)  134(6) -1(4)  15(4)  4(4)
c(4) 77(4)  87(5)  137(6) -30(4) 41(4)  -6(4)
N(3) 88(4) 95(4) 122(5) 44(3) -16(3) -21(3)
C(5) 60(5) 77(5) 70(5) 6(4)  13(4)  3(4)
C(6) 64(6) 82(7) 88(8) -7(6) 11(5) 8(5)

Table 5. Hydrogen bonds for Bath 536 [A and °].

D-H..A

N(3)-H(13)...0(LA)#1
N(3)-H(13)...0(LA)#2
N(3)-H(13)...0(2A)#2

d(D-H)

0.92
0.92
0.92

d(H...A) d(D...A)
2.60 3.165(10)
2.64 3.175(9)
2.62 3.280(13)

<(DHA)

120.0
118.0
129.6

Symmetry transformations used to generate equivalent atoms:
#1 -X,-y,-z+1  #2 x,-y-1/2,z2+1/2

7.2.7 Crystal Data for Bath 486 - [Ni(aep).(ONO),]
Table 1. Crystal data and structure refinement for Bath 486.

Identification code
Empirical formula

Fo
Te

rmula weight
mperature

Wavelength
Crystal system, space group

Bath 486

C14 Hz Ng Ni O4
407.17

100(2)K

0.68950A
Orthorhombic, Pbca
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Unit cell dimensions a=9.3904(4)A alpha=90°
b=9.5733(4)A beta=90°
¢ =19.8660(9)A gamma = 90°

Volume 1785.90(13)A*

Z, Calculated density 4, 1.514 Mg/m®

Absorption coefficient 1.120 mm*

F(000) 872

Crystal size 0.20 x 0.10 x 0.10 mm

Theta range for data collection 2.90 to 29.49°

Limiting indices -13<=h<=13, -13<=k<=13, -27<=I<=28

Reflections collected / unique 18950/ 2713 [R(int) = 0.0481]
Completeness to theta = 29.49 99.4 %

Absorption correction SADABS

Max. and min. transmission 0.8963 and 0.8071
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 2713/0/115

Goodness-of-fit on F2 1.090

Final R indices [1>2sigma(l)] R1 =0.0308, wR2 = 0.0792

R indices (all data) R1=0.0347, wR2 = 0.0818
Largest diff. peak and hole 0.508 and -0.574 e A’

Table 2. Atomic coordinates ( x 10"4) and equivalent isotropic displacement parameters (A2 x 10"3) for bath486.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ni(1) 0 0 0 8(1)
N(1) 2(1) 2794(1) 622(1) 15(1)
0o(1) -843(1) 1919(1) 330(1) 11(2)
0(2) -560(1) 3910(1) 784(1) 20(1)
N(2) -53(1) -964(1) 1023(1) 9(1)
C(1) -908(1) -94(1) 1495(1) 12(1)
C(2) -1075(1) -698(1) 2206(1) 15(1)
C(3) -1651(1) -2193(1) 2189(1) 15(1)
C(4) -717(2) -3071(1) 1724(1) 12(1)
C(5) -651(1) -2408(1) 1025(1) 11(1)
N(3) 2082(1) 490(1) 262(1) 11(1)
C(6) 1477(1) -1005(1) 1213(1) 11(1)
C(7) 2245(1) 312(1) 996(1) 12(1)

Table 3. Bond lengths [A] and angles [°] for Bath 486.

Ni(1)-N(3)#1 2.0763(10)
Ni(1)-N(3) 2.0763(10)
Ni(1)-O(1)#1 2.1047(8)

Ni(1)-0(1) 2.1047(8)

Ni(1)-N(2) 2.2317(10)
Ni(1)-N(2)#1 2.2317(10)
N(1)-0(2) 1.2349(14)
N(1)-O(1) 1.2921(13)
N(2)-C(6) 1.4861(14)
N(2)-C(1) 1.4898(15)
N(2)-C(5) 1.4919(15)
C(1)-C(2) 1.5337(17)
C(2)-C(3) 1.5299(18)
C(3)-C(4) 1.5272(17)
C(4)-C(5) 1.5265(16)
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N(3)-C(7)
C(6)-C(7)

N(3)#1-Ni(1)-N(3)
N(3)#1-Ni(1)-O(1)#1
N(3)-Ni(1)-O(1)#1
N(3)#1-Ni(1)-O(1)
N(3)-Ni(1)-O(1)
O(1)#1-Ni(1)-0(1)
N(3)#1-Ni(1)-N(2)
N(3)-Ni(1)-N(2)
O(1)#1-Ni(1)-N(2)
O(1)-Ni(1)-N(2)
N(3)#1-Ni(1)-N(2)#1
N(3)-Ni(1)-N(2)#1
O(L)#1-Ni(1)-N(2)#1
O(1)-Ni(1)-N(2)#1
N(2)-Ni(1)-N(2)#1
O(2)-N(1)-O(1)
N(1)-O(1)-Ni(1)
C(6)-N(2)-C(1)
C(6)-N(2)-C(5)
C(1)-N()-C(5)
C(6)-N(2)-Ni(1)
C(1)-N(2)-Ni(1)
C(5)-N(2)-Ni(1)
N(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
N(2)-C(5)-C(4)
C(7)-N(3)-Ni(1)
N(2)-C(6)-C(7)
N(3)-C(7)-C(6)

1.4769(15)
1.5152(16)

180.00(5)
94.52(4)
85.48(4)
85.48(4)
94.52(4)
180.00(6)
96.50(4)
83.50(4)
86.04(3)
93.96(3)
83.50(4)
96.50(4)
93.96(3)
86.04(3)
180.00(5)
114.54(10)
118.34(7)
112.04(9)
109.76(9)
108.25(9)
102.76(7)
110.77(7)
113.27(7)
115.12(10)
111.67(10)
108.95(10)
110.20(10)
113.83(9)
108.60(7)
111.48(9)
109.12(10)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y,-Z

Table 4. Anisotropic displacement parameters (A*2 x 1073) for Bath 486. The anisotropic displacement factor exponent takes

the form: -2 pi"2 [ "2 a*"2 U1l + ...+ 2h ka*b* U12 ]

Uil U222 U33  U23  U13  U12
Ni(1) 7 81 8  -1(1) 0(1)  0@)
N(L) 15(1)  13(1) 17Q0)  -4(1)  -31)  1(1)
o(1) 12(1)  11(1) 11(1) -2(1) o)  -1(1)
0(2) 21(1)  13(1) 25(1) -8(1)  -4(1)  4Q1)
N(2) 8(1)  9@1) 10(1) -1(1) 0(1)  O(1)
c(1) 14(1)  12(1) 111)  -1(1)  3(1)  2(1)
c(2) 201)  14(1) 11(1)  -2(1)  4(1)  0@)
C(3) 19(1)  14(1) 13@) 1)  5(1)  -1(D)
C(4) 13(1)  11(1) 13@) 2(1) o)  -1(1)
C(5) 12(1)  10(1) 11(1) Oo(1)  O@)  -2(1)
N(3) 11(1)  13(1) 10(1) Oo(1) o)  -1(1)
C(6) o)  12(1) 13(1) 2(1)  -2(1)  o@)
c(7) 100)  14(1)  111) (1) -2)  -2(1)
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Table 5. Hydrogen bonds for bath486 [A and °].

D-H..A d(D-H) d(H...A) d(D...A)
N(3)-H(15)...0(2)#2 0.92 2.57 3.0899(14)
N(3)-H(16)...0(1)#2 0.92 2.56 3.3660(13)

<(DHA)

116.5
145.8

Symmetry transformations used to generate equivalent atoms:
#1-X,-y,-z  #2 x+1/2,-y+1/2,-2

7.3 Crystal Data for Chapter 5

7.3.1 Crystal Data for kO6prr06 - [Co(NH3)s(NO2)]Cl,
Table 1. Crystal data and structure refinement for [Co(NH3)5(NO,)]Cl,.

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.47
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

[Co(NH3)s(NO,)ICI,

H15 CO N6 OZ CIZ

261.01

150(2)K

0.71073A

Monoclinic, C2/c
a=10.1910(3)A alpha =90°

b =8.6830(3)A  beta = 95.3070(10)°
¢ =10.7260(3)A gamma = 90°
945.06(5)A3

4,1.834 Mg/m®

2.352 mm’*

536

0.15x0.15x 0.10 mm

3.7310 30.47°

-14<=h<=14, -12<=k<=12, -15<=I<=14
7837 / 1420 [R(int) = 0.0450]
98.1 %

Sortav

0.7988 and 0.7192

Full-matrix least-squares on F?
1420/0/55

1.172

R1 =0.0343, wR2 = 0.0802

R1 =0.0431, wR2 = 0.0838
0.933 and -0.911 e A’

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 1073) for [Co(NH3)5(NO,)]Cl,.

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Co(1) 0 2119(1) 7500 13(1)
cl(1) 2929(1) -191(1) 9851(1) 19(1)
N(1) 0 -106(3) 7500 16(1)
N(4) 234(2) 2101(2) 9333(2) 18(1)
N(3) 1916(2) 2095(2) 7441(2) 18(1)
0(1) 739(2) -800(2) 6852(2) 26(1)
N(2) 0 4399(4) 7500 23(1)
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Table 3. Bond lengths [A] and angles [°] for [Co(NH3)s(NO,)]Cl,.

Co(1)-N(1)
Co(1)-N(4)#1
Co(1)-N(4)
Co(1)-N(3)
Co(1)-N(3)#1
Co(1)-N(2)
N(1)-O(1)
N(1)-O(1)#1

N(1)-Co(1)-N(4)#1
N(1)-Co(1)-N(4)
N(4)#1-Co(1)-N(4)
N(1)-Co(1)-N(3)
N(4)#1-Co(1)-N(3)
N(4)-Co(1)-N(3)
N(1)-Co(1)-N(3)#1

N(4)#1-Co(1)-N(3)#1

N(4)-Co(1)-N(3)#1
N(3)-Co(1)-N(3)#1
N(1)-Co(1)-N(2)
N(4)#1-Co(1)-N(2)
N(4)-Co(1)-N(2)
N(3)-Co(1)-N(2)
N(3)#1-Co(1)-N(2)
O(1)-N(1)-O(1)#1
0(1)-N(1)-Co(1)
O(L)#1-N(1)-Co(1)

1.932(3)
1.9583(19)
1.9583(19)
1.9597(19)
1.9597(19)
1.980(3)
1.229(2)
1.229(2)

89.56(6)
89.56(6)
179.13(13)
89.41(6)
89.80(9)
90.19(9)
89.41(6)
90.19(9)
89.80(9)
178.82(13)
180.000(1)
90.44(6)
90.44(6)
90.59(6)
90.59(6)
121.3(3)
119.35(15)
119.35(15)

Symmetry transformations used to generate equivalent atoms:

#1 -x,y,-z+3/2

Table 4. Anisotropic displacement parameters (A2 x 1073) for [Co(NH;)s(NO,)]Cl,. The anisotropic displacement factor

exponent takes the form: -2 pi*2 [ "2 a*"2 U1l + ... +2 hka*b* Ul12]

Uil U2 U333 U223 UI3  UI12
Co(1) 14(1) 13(1) 11(1) © 01 0
cl(1) 21(1) 201) 17(1) O(L) 2(1)  2(1)
N(L) 15(1) 22(1) 10(1) O A1) 0
N(4) 22(1) 191) 12(1) O0(1) O(1)  2(1)
N(3) 12(1)  23(1) 18(1) 2(1) 2(1)  -2(1)
o(1) 32(1)  22(1)  25(1) -4(1)  9(1)  6(1)
N(2) 32(2) 16(1) 20(1) O 3(1) 0

7.3.2 Crystal Data for Bath 185 - [Co(NH;3)s(NO,)]PFs

Table 1. Crystal data and structure refinement for Bath 185 - [Co(NH;)s(NO,)]PFs.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

[Co(NH3)s(NO,)]PFs
H15 CO FG NG OZ P
335.08

150(2)K

0.67270A
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Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.93
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Monoclinic, P2,/m
a=6.4632(10)A alpha=90°

b =7.9053(12)A beta = 100.916(10)°
¢=10.1371(15)A gamma = 90°
508.57(13)A®

2,2.188 Mg/m®

1.935 mm™*

338

0.08 x 0.05 x 0.05mm

1.94 to 30.93°

-9<=h<=9, -11<=k<=11, -15<=I<=15
6563 /1912 [R(int) = 0.0378]
94.7 %

SADABS

0.9180 and 0.8606

Full-matrix least-squares on F?
1912/9/119

1.023

R1 =0.0334, wR2 = 0.0810
R1=0.0421, wR2 = 0.0856
0.000(4)

0.886 and -0.450 e.A*®

X y z U(eq)
Co(1) 7423(1) 2500 2125(1) 11(1)
N(1) 4696(4) 2500 951(2) 16(1)
0o(1) 3087(3) 2500 1420(2) 22(1)
0(2) 4611(3) 2500 -262(2) 43(1)
N(2) 10186(3) 2500 3351(2) 15(1)
N(3) 6513(3) 711(2) 3218(2) 20(1)
N(4) 8385(3) 806(3) 977(2) 26(1)
P(1) 8275(1) 2500 6897(1) 16(1)
F(1) 5878(2) 2500 5911(2) 21(1)
F(2) 10707(3) 2500 7847(2) 31(1)
F(3) 7550(2) 985(2) 7882(1) 24(1)
F(4) 9062(2) 999(2) 5917(1) 26(1)

Table 3. Bond lengths [A] and angles [°] for [Co(NH3)s(NO,)]PFe.

Co(1)-N(1)
Co(1)-N(4)
Co(1)-N(4)#1
Co(1)-N(3)#1
Co(1)-N(3)
Co(1)-N(2)
N(1)-0(2)
N(1)-O(1)
P(1)-F(1)
P(1)-F(2)
P(1)-F(3)#1
P(1)-F(3)
P(1)-F(4)
P(1)-F(4)#1

1.931(2)

1.9522(17)
1.9522(17)
1.9544(16)
1.9544(16)
1.974(2)

1.221(3)

1.222(3)

1.6767(16)
1.6804(17)
1.6815(12)
1.6815(12)
1.6870(12)
1.6870(12)

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10”3) for Co(NH3)s(NO,)]PFs.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
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N(L)-Co(1)-N(4)
N(1)-Co(1)-N(4)#1
N(4)-Co(1)-N(4)#1
N(1)-Co(1)-N(3)#1
N(4)-Co(1)-N(3)#1
N(4)#1-Co(1)-N(3)#1
N(1)-Co(1)-N(3)
N(4)-Co(1)-N(3)
N(4)#1-Co(1)-N(3)
N(3)#1-Co(1)-N(3)
N(1)-Co(1)-N(2)
N(4)-Co(1)-N(2)
N(4)#1-Co(1)-N(2)
N(3)#1-Co(1)-N(2)
N(3)-Co(1)-N(2)
0(2)-N(1)-0(1)
0(2)-N(1)-Co(1)
O(1)-N(1)-Co(1)
F(1)-P(1)-F(2)
F(1)-P(1)-F(3)#1
F(2)-P(1)-F(3)#1
F(1)-P(1)-F(3)
F(2)-P(1)-F(3)
F(3)#1-P(1)-F(3)
F(1)-P(1)-F(4)
F(2)-P(1)-F(4)
F(3)#1-P(1)-F(4)
F(3)-P(1)-F(4)
F(1)-P(1)-F(4)#1
F(2)-P(1)-F(4)#1
F(3)#1-P(1)-F(4)#1
F(3)-P(1)-F(4)#1
F(4)-P(1)-F(4)#1

89.38(7)
89.38(7)
86.64(14)
90.69(7)
176.98(9)
90.34(9)
90.69(7)
90.34(9)
176.98(9)
92.68(12)

179.05(10)

91.32(8)
91.32(8)
88.65(7)
88.65(7)
120.8(2)

118.87(18)
120.33(17)

178.41(9)
91.39(6)
89.73(6)
91.39(6)
89.73(6)
90.82(9)
89.80(6)
89.06(7)
178.59(7)
89.90(6)
89.80(6)
89.06(7)
89.90(6)
178.59(7)
89.36(9)

Symmetry transformations used to generate equivalent atoms:

#1 x,-y+1/2,z

Table 4. Anisotropic displacement parameters (A*2 x 1073) for [Co(NH5)s(NO,)]PFe.
The anisotropic displacement factor exponent takes the form: -2 pi"2 [ "2 a*"2 U11 + ... + 2 hka* b* U12 ]

Uil U222 U33  U23  U13  U12
Co(l) 10(1) 12(1) 10(1) O 21) 0
N(1) 21(1) 14(1) 15(1) O 51) 0
Oo(1) 14(1) 27(1) 25(1) O 41 0
0() 19(1) 93(2) 15(1) O o1 ©
N(@2) 13(1) 18(1) 13(1) O 2(1) 0
N@3) 16(1) 20(1) 23(1) 7(1)  0(1)  -5(1)
N@4) 20(1) 36(1) 20(1) -13(1) -2(1)  10(1)
P(1) 17(1) 15(1) 15(1) O 11) 0
F(1) 15(1) 26(1) 19(1) O A1) 0
F2) 15(1) 47(1) 26(1) O 5(1) 0
F(3) 28(1) 25(1) 20(1) 9(1)  4(1)  -5(1)
F(4) 35(1) 20(1) 23(1) -4(1) 8(1)  10(1)
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Table 5. Hydrogen bonds for [Co(NH3)s(NO,)]PF¢ [A and °].

D-H..A d(D-H) d(H...A)
N(2)-H(1)...F(4)#2 0.88(6) 2.09(6)
N(2)-H(2)...F(4)#1 0.75(5) 2.37(5)
N(2)-H(2)...F(4) 0.75(5) 2.75(5)
N(2)-H(3)...0(1)#3 0.93(5) 2.23(4)
N(2)-H(2)...F(4)#4 0.75(5) 2.40(5)
N(3)-H(4)...F(3)#5 0.77(3) 2.21(3)
N(3)-H(5)...F(4) 0.84(3) 2.33(3)
N(3)-H(5)...F(1) 0.84(3) 2.35(4)
N(3)-H(6)...F(4)#2 0.88(3) 2.36(3)
N(4)-H(7)...F(3)#6 0.91(3) 2.22(3)
N(4)-H(7)...0(2) 0.91(3) 2.36(3)
N(4)-H(8)...F(2)#2 0.85(3) 2.20(3)
N(4)-H(8)...0(2)#7 0.85(3) 2.50(3)
N(4)-H(9)...F(3)#2 0.87(4) 2.35(4)
N(4)-H(9)...0(1)#3 0.87(4) 2.52(4)

d(D...A)

2.8814(14)
3.068(3)
3.068(3)
2.956(3)
2.8814(14)
2.972(2)
2.923(2)
3.169(2)
3.135(2)
3.084(2)
2.857(3)
2.886(2)
3.251(3)
3.015(2)
3.273(3)

<(DHA)

149(5)
157(5)
109(4)
135(4)
123(4)
177(3)
128(3)
165(3)
148(3)
158(2)
113.9(19)
138(3)
147(3)
133(3)
146(3)

Symmetry transformations used to generate equivalent atoms:
#1X,-y+1/2,z  #2 -x+2,-y,-z+1 #3x+1y,z

#4 -x+2,y+1/2,-z+1 #5 -x+1,-y,-z+1 #6 X,y,z-1

#7 -x+1,-y,-Z

7.3.3 Crystal Data for h05prr44 - [Co(NH3)s5(NO,)][Fe(CN)s(NO)].1%2H,0

Table 1. Crystal data and structure refinement for h05prr44 - [Co(NH3)5(NO,)][Fe(CN)s(NO)].1%2H,0.

Identification code

[Co(NH3)sNO,][Fe(CN)s(NO)].1%H,0

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.52
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Cs Hyg CoFe Ny, Oy 5

433.07

150(2)K

0.71073A

Monoclinic, C2/c
a=28.4040(3)A  alpha=90°

b =6.39700(10)A beta = 123.9820(10)°
€ =22.3480(4)A  gamma = 90°
3367.13(9)A°

8, 1.697 Mg/m®

1.888 mm*

1744

0.38 x 0.38 x 0.22mm

3.63t0 30.52°

-40<=h<=40, -8<=k<=9, -31<=I<=31
33581 /5127 [R(int) = 0.0609]
99.7 %

Sortav

0.6760 and 0.5378

Full-matrix least-squares on F?
5127/0/219

1.049

R1=0.0370, wR2 = 0.0863

R1 =0.0633, wR2 = 0.0956
0.00154(17)

1.140 and -1.039 e. A3
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Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for
[Co(NH3)sNO,][Fe(CN)s(NO)].1%2H,0.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Co(1) 3404(1) 55(1) 2221(1) 13(1)
N(L) 3015(1) -2298(2) 2272(1) 17(1)
0o(@1) 3158(1) -4097(2) 2233(1) 26(1)
0(2) 2612(1) -2006(2) 2329(1) 26(1)
N(2) 3804(1) 2462(3) 2138(1) 20(1)
N(3) 3281(1) -1145(3) 1341(1) 18(1)
N(4) 2682(1) 1558(2) 1644(1) 19(1)
N(5) 3505(1) 1133(2) 3107(1) 18(1)
N(6) 4136(1) -1378(2) 2838(1) 18(1)
Fe(1) 803(1) -313(1) -340(1) 15(1)
N(7) 535(1) -2446(3) -216(1) 23(1)
0o@3) 364(1) -3931(3) -129(1) 46(1)
c(1) 1122(1) 2114(3) -498(1) 25(1)
N(8) 1312(1) 3522(3) -613(1) 45(1)
C(2) 679(1) -1224(3) -1243(1) 24(1)
N(9) 627(1) -1707(3) -1772(1) 39(1)
C(3) 96(1) 1214(3) -876(1) 23(1)
N(10) -318(1) 2154(3) -1210(1) 37(1)
C(4) 988(1) 1119(3) 533(1) 21(1)
N(11) 1094(1) 2009(3) 1039(1) 36(1)
C(5) 1566(1) -1440(3) 156(1) 21(1)
N(12) 2020(1) -2091(3) 436(1) 34(1)
o) 5000 1014(6) 2500 116(2)
0(5) 2722(1) -5852(3) 601(1) 40(1)

Table 3. Bond lengths [A] and angles [] for [Co(NH3)sNO,][Fe(CN)s(NO)].1%H,0.

Co(1)-N(1) 1.9077(16)
Co(1)-N(3) 1.9520(16)
Co(1)-N(4) 1.9593(16)
Co(1)-N(5) 1.9598(16)
Co(1)-N(6) 1.9642(16)
Co(1)-N(2) 1.9827(16)
N(1)-0(2) 1.236(2)
N(1)-O(1) 1.239(2)
N(2)-H(1) 0.9100
N(2)-H(2) 0.9100
N(2)-H(3) 0.9100
N(3)-H(5) 0.9100
N(3)-H(6) 0.9100
N(4)-H(7) 0.9100
N(4)-H(8) 0.9100
N(4)-H(9) 0.9100
N(5)-H(10) 0.9100
N(5)-H(11) 0.9100
N(5)-H(12) 0.9100
N(6)-H(13) 0.9100
N(6)-H(14) 0.9100
N(6)-H(15) 0.9100
Fe(1)-N(7) 1.6595(17)
Fe(1)-C(1) 1.928(2)
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Fe(1)-C(3)
Fe(1)-C(2)
Fe(1)-C(5)
Fe(1)-C(4)
N(7)-O(3)

C(1)-N(8)

C(2)-N(9)

C(3)-N(10)
C(4)-N(11)
C(5)-N(12)

N(1)-Co(1)-N(3)
N(1)-Co(1)-N(4)
N(3)-Co(1)-N(4)
N(1)-Co(1)-N(5)
N(3)-Co(1)-N(5)
N(4)-Co(1)-N(5)
N(1)-Co(1)-N(6)
N(3)-Co(1)-N(6)
N(4)-Co(1)-N(6)
N(5)-Co(1)-N(6)
N(1)-Co(1)-N(2)
N(3)-Co(1)-N(2)
N(4)-Co(1)-N(2)
N(5)-Co(1)-N(2)
N(6)-Co(1)-N(2)
0(2)-N(1)-0(1)
0(2)-N(1)-Co(1)
O(1)-N(1)-Co(1)
Co(1)-N(2)-H(1)
Co(1)-N(2)-H(2)
H(1)-N(2)-H(2)
Co(1)-N(2)-H(3)
H(1)-N(2)-H(3)
H(2)-N(2)-H(3)
Co(1)-N(3)-H(4)
Co(1)-N(3)-H(5)
H(4)-NB)-H()
Co(1)-N(3)-H(6)
H(4)-N(3)-H(6)
H(5)-N(3)-H(6)
Co(1)-N(4)-H(7)
Co(1)-N(4)-H(8)
H(7)-N(4)-H(8)
Co(1)-N(4)-H(9)
H(7)-N(4)-H(9)
H(8)-N(4)-H(9)
Co(1)-N(5)-H(10)
Co(1)-N(5)-H(11)
H(10)-N(5)-H(11)
Co(1)-N(5)-H(12)
H(10)-N(5)-H(12)
H(11)-N(5)-H(12)
Co(1)-N(6)-H(13)
Co(1)-N(6)-H(14)
H(13)-N(6)-H(14)
Co(1)-N(6)-H(15)
H(13)-N(6)-H(15)
H(14)-N(6)-H(15)
N(7)-Fe(1)-C(1)
N(7)-Fe(1)-C(3)
C(1)-Fe(1)-C(3)

1.930(2)
1.936(2)
1.940(2)
1.941(2)
1.131(2)
1.151(3)
1.148(3)
1.150(3)
1.146(3)
1.151(3)

88.06(7)
89.91(7)
89.85(7)
88.88(7)
176.93(7)
90.04(7)
90.62(7)
92.73(7)
177.39(7)
87.42(7)
178.08(7)
90.03(7)
90.03(7)
93.04(7)
89.53(7)
120.41(16)
119.20(12)
120.38(13)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
178.20(9)
96.06(9)
84.89(9)
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N(7)-Fe(1)-C(2)
C(1)-Fe(1)-C(2)
C(3)-Fe(1)-C(2)
N(7)-Fe(1)-C(5)
C(1)-Fe(1)-C(5)
C(3)-Fe(1)-C(5)
C(2)-Fe(1)-C(5)
N(7)-Fe(1)-C(4)
C(1)-Fe(1)-C(4)
C(3)-Fe(1)-C(4)
C(2)-Fe(1)-C(4)
C(5)-Fe(1)-C(4)
O(3)-N(7)-Fe(1)
N(8)-C(1)-Fe(1)
N(9)-C(2)-Fe(1)
N(10)-C(3)-Fe(1)
N(11)-C(4)-Fe(1)
N(12)-C(5)-Fe(1)

95.36(9)
83.11(9)
89.14(9)
93.98(9)
85.04(9)
169.88(9)
88.67(9)
96.51(9)
85.02(9)
89.41(9)
168.13(9)
90.70(9)

178.14(18)

177.5(2)
176.8(2)
177.6(2)

178.37(19)

178.2(2)

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A"2 x 10"3) for Co(NH3)sNO,][Fe(CN)s(NO)].1%:H,0.
The anisotropic displacement factor exponent takes the form: -2 pi"2 [ "2 a*"2 U11 + ... + 2h ka* b* U12 ]

Uil U2 U33 U233  U13 U1
Co(1) 111)  13(1) 15(1) 0(1)  8(1)  -1(1)
N(1) 18(1)  17(1)  17(1)  -1(1)  10(1)  -2(1)
o(1) 33(1)  14(1)  36(1)  -2(1)  22(1)  -2Q1)
0(2) 22(1)  27(1) 37(1) 0()  22(1)  -4(1)
N(2) 191)  18(1)  24(1) 2(1)  12(1)  -2(1)
N(3) 14(1)  21(1) 17(1) 0(1)  8(1)  0(1)
N(4) 15(1)  19(1) 20(1) 1(1)  8(1)  2(1)
N(5) 16(1)  18(1) 21(1) -3(1)  10(1)  -2(1)
N(6) 14(1)  201) 18(1) 1(1)  8(1)  2(1)
Fe(l) 13(1)  17(1)  15(1) o(1)  7(1)  O(1)
N(7) 22(1)  21(1) 26(1) -4(1)  14(1)  -3(1)
0(3) 57(1)  28(1)  70(1)  -4(1)  45(1)  -16(1)
c(1) 30(1)  24(1)  30(1) 1)  22(1) 2(1)
N(8) 68(2) 32(1) 60(2) O(1) 51(2) -7(1)
c(2) 15(1)  35(1) 20(1) -1(1) 8(1)  7(1)
N(9) 26(1) 62(2) 23(1) -4(1) 9(1)  19(1)
c@) 22(1)  27(1) 20(1) 1(1)  13(1)  3(1)
N(10) 30(1)  49(1) 30(1) 8(1)  15(1)  16(1)
c(4) 21(1)  22(1) 21(1) -1(1)  13()  -2(1)
N(11) 41(1)  38(1)  29(1)  -10(1) 19(1)  -5(1)
C(5) 18(1)  22(1) 20(1) -4(1)  8(1)  -1(1)
N(12) 17(1)  36(1) 37(1) -6(1) 8(1)  2(1)
0(4) 77(3)  86(3)  234(6) O 117(4) ©
0(5) 45(1)  33(1) 53(1) 15(1)  34(1)  11(1)
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Table 5. Hydrogen bonds for [Co(NH3)sNO,][Fe(CN)s(NO)].1%H,0 [A and °].

D-H..A d(D-H)
N(2)-H(1)...0(4) 0.91
N(2)-H(2)...N(10)#1 0.91
N(2)-H(3)...0(5)#2 0.91
N(3)-H(4)...N(9)#3 0.91
N(3)-H(5)...N(8)#4 0.91
N(3)-H(6)...N(12) 0.91
N(4)-H(7)...0(2) 0.91
N(4)-H(8)...0(5)#2 0.91
N(4)-H(9)...0(2)#5 0.91
N(4)-H(9)...0(1)#2 0.91
N(5)-H(10)...0(2)#5 0.91
N(5)-H(L1)...N(L0)#1 0.91
N(5)-H(12)...N(11)#6 0.91
N(6)-H(13)...N(11)#6 0.91
N(6)-H(14)...N(10)#1 0.91
N(6)-H(15)...N(9)#3 0.91

d(H...A) d(D...A)
2.29 3.159(2)
2.43 3.102(3)
2.38 3.256(3)
2.28 3.016(3)
2.08 2.983(3)
2.13 3.032(3)
2.28 2.815(2)
2.08 2.913(2)
2.33 2.993(2)
2.33 3.049(2)
2.09 2.997(2)
2.18 2.999(3)
2.20 3.078(3)
2.29 3.102(3)
2.43 3.247(3)
2.17 3.070(3)

<(DHA)

160.6
131.3
161.3
137.7
170.4
170.8
116.9
152.0
129.4
135.4
175.3
148.6
160.9
148.9
148.8
171.2

Symmetry transformations used to generate equivalent atoms:
#1 X+1/2,-y+1/2,2+1/2 #2 xX,y+1,z #3 -x+1/2,-y-1/2,-z
#4 -x+1/2,-y+1/2,-z  #5 -x+1/2,y+1/2,-z+1/2

#6 -x+1/2,y-1/2,-z+1/2

7.3.4 Crystal Data for kO6prr07 - [Co(NH3)5(NO,)](Hbs),.2H,0

Table 1. Crystal data and structure refinement for k06prr07 - [Co(NH3)s(NO,)](Hbs),.2H,0.

Identification code
Empirical formula

Formula weight
Temperature
Wavelength
Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

[Co(NH3)s(NO2)](Hbs),.2H,0

CioHypy CoNg 01, Sy
572.46

150(2)K

0.71073A
Orthorhombic, P2,2,2,

a=7.02200(10)A  alpha = 90°
b =11.99400(10)A beta = 90°

¢ =26.7510(2)A
2253.02(4)A3
4,1.688 Mg/m®
1.019 mm*
1192

0.33 x 0.25 x 0.20mm
3.40 to 30.30°

gamma = 90°

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.30
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

-9<=h<=9, -17<=k<=15, -36<=I<=37

40610/ 6109 [R(int) = 0.0546]
93.2%

Sortav

0.8222 and 0.7331

Full-matrix least-squares on F?
6109/0/322

1.134

R1=0.0272, wR2 = 0.0575
R1 =0.0350, wR2 = 0.0634
-0.008(8)

0.559 and -0.931 e. A
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Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10”3) for
[Co(NH3)5(NO,)](Hbs),.2H,0.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Co(1) 1670(1) 3220(1) 2709(1) 11(1)
N(L) 317(2) 1864(1) 2580(1) 17(1)
0(1) 1103(2) 953(1) 2668(1) 25(1)
0o@) -1313(2) 1884(1) 2406(1) 25(1)
N(2) 3125(2) 4620(1) 2800(1) 17(1)
N(3) 2199(2) 2718(1) 3395(1) 17(1)
N(4) 4020(2) 2478(1) 2485(1) 18(1)
N(5) 1087(2) 3710(1) 2028(1) 16(1)
N(6) -689(2) 3915(1) 2946(1) 15(1)
C() 3898(3) 6264(2) 749(1) 16(1)
S(1) 3164(1) 6342(1) 1380(1) 16(1)
0(@3) 1128(2) 6077(1) 1377(1) 26(1)
0(4) 4259(2) 5534(1) 1665(1) 31(1)
0(5) 3525(2) 7483(1) 1542(1) 22(1)
C(2) 3452(3) 7158(2) 439(1) 18(1)
C@) 3734(3) 7067(2) -73(1) 20(2)
C(4) 4464(3) 6084(2) -271(1) 17(1)
0o(6) 4680(2) 6035(1) -777(1) 23(1)
C(5) 4973(3) 5204(2) 41(2) 18(1)
C(6) 4670(3) 5292(2) 554(1) 18(1)
c(7) 5678(3) 6213(2) 4453(1) 14(1)
S(2) 5587(1) 6409(1) 3800(1) 17(1)
0(7) 5732(2) 5311(1) 3576(1) 27(1)
0(8) 7193(2) 7133(1) 3672(1) 25(1)
0(9) 3773(2) 6960(1) 3688(1) 24(1)
C(8) 6344(3) 7061(2) 4764(1) 17(0)
C(©9) 6325(3) 6907(2) 5279(1) 20(1)
C(10) 5635(3) 5914(2) 5480(1) 18(1)
0(10) 5653(2) 5808(1) 5987(1) 27(1)
C(11) 4994(3) 5070(2) 5167(1) 19(1)
C(12) 5009(3) 5218(2) 4653(1) 18(1)
0(11) 3235(2) 8866(1) 3066(1) 22(1)
0(12) 400(2) 5797(1) 3699(1) 24(1)

Table 3. Bond lengths [A] and angles [°] for [Co(NH3)s(NO,)](Hbs),.2H,0.

Co(1)-N(1)
Co(1)-N(5)
Co(1)-N(6)
Co(1)-N(4)
Co(1)-N(3)
Co(1)-N(2)
N(1)-0(2)
N(1)-O(1)
N(2)-H(1)
N(2)-H(2)
N(2)-H(3)
N(3)-H(4)
N(3)-H(5)
N(3)-H(6)
N(4)-H(7)

1.9140(16)
1.9556(14)
1.9609(16)
1.9682(16)
1.9681(15)
1.9815(15)
1.236(2)
1.246(2)
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
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N(4)-H(8)
N(4)-H(9)
N(5)-H(10)
N(5)-H(11)
N(5)-H(12)
N(6)-H(13)
N(6)-H(14)
N(6)-H(15)
C(1)-C(6)
C(1)-C(2)
C(1)-S(1)
S(1)-0(4)
S(1)-0(5)
S(1)-0(3)
C(2)-C(3)
C(2)-H(16)
C(3)-C(4)
C(3)-H(17)
C(4)-0(6)
C(4)-C(5)
0(6)-H(20)
C(5)-C(6)
C(5)-H(18)
C(6)-H(19)
C(7)-C(12)
C(N-C(8)
C(7)-S(2)
S(2)-0(7)
S(2)-0(8)
S(2)-0(9)
C(8)-C(9)
C(8)-H(23)
C(9)-C(10)
C(9)-H(24)
C(10)-0(10)
C(10)-C(11)
0(10)-H(25)
C(11)-C(12)
C(11)-H(21)
C(12)-H(22)
O(11)-H(26)
O(11)-H(27)
0(12)-H(28)
0(12)-H(29)

N(1)-Co(1)-N(5)
N(1)-Co(1)-N(6)
N(5)-Co(1)-N(6)
N(1)-Co(1)-N(4)
N(5)-Co(1)-N(4)
N(6)-Co(1)-N(4)
N(1)-Co(1)-N(3)
N(5)-Co(1)-N(3)
N(6)-Co(1)-N(3)
N(4)-Co(1)-N(3)
N(1)-Co(1)-N(2)
N(5)-Co(1)-N(2)
N(6)-Co(1)-N(2)
N(4)-Co(1)-N(2)
N(3)-Co(1)-N(2)
0(2)-N(1)-0(1)

0(2)-N(1)-Co(1)

0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
1.388(2)
1.391(3)
1.7678(18)
1.4524(15)
1.4571(14)
1.4649(15)
1.388(3)
0.9500
1.391(3)
0.9500
1.364(2)
1.392(3)
0.8400
1.392(3)
0.9500
0.9500
1.388(2)
1.394(2)
1.7646(17)
1.4502(15)
1.4640(15)
1.4658(14)
1.391(2)
0.9500
1.392(3)
0.9500
1.363(2)
1.388(3)
0.8400
1.388(3)
0.9500
0.9500
0.77(3)
0.81(3)
0.78(3)
0.77(4)

89.12(6)
90.00(7)
89.85(6)
88.74(7)
91.60(7)
178.06(7)
90.08(6)
178.78(7)
89.23(6)
89.30(7)
176.64(6)
88.18(6)
91.99(7)
89.34(7)
92.65(7)
119.85(16)
120.72(13)
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O(1)-N(1)-Co(1)
Co(1)-N(2)-H(1)
Co(1)-N(2)-H(2)
H(1)-N(2)-H(2)
Co(1)-N(2)-H(3)
H(1)-N(2)-H(3)
H(2)-N(2)-H(3)
Co(1)-N(3)-H(4)
Co(1)-N(3)-H(5)
H(4)-NB3)-H()
Co(1)-N(3)-H(6)
H(4)-N(3)-H(6)
H(5)-N(3)-H(6)
Co(1)-N(4)-H(7)
Co(1)-N(4)-H(8)
H(7)-N(4)-H(8)
Co(1)-N(4)-H(9)
H(7)-N(4)-H(9)
H(8)-N(4)-H(9)
Co(1)-N(5)-H(10)
Co(1)-N(5)-H(11)
H(10)-N(5)-H(11)
Co(1)-N(5)-H(12)
H(10)-N(5)-H(12)
H(11)-N(5)-H(12)
Co(1)-N(6)-H(13)
Co(1)-N(6)-H(14)
H(13)-N(6)-H(14)
Co(1)-N(6)-H(15)
H(13)-N(6)-H(15)
H(14)-N(6)-H(15)
C(6)-C(1)-C(2)
C(6)-C(1)-S(1)
C(2)-C(1)-S(1)
0(4)-5(1)-0(5)
0(4)-5(1)-0(3)
0(5)-5(1)-0(3)
O(4)-S(1)-C(1)
0(5)-5(1)-C(1)
0(3)-5(1)-C(1)
C(3)-C(9)-C(1)
C(3)-C(2)-H(16)
C(1)-C(2)-H(16)
C(2)-C(3)-C(4)
C(2)-C(3)-H(17)
C(4)-C(3)-H(17)
0(6)-C(4)-C(3)
0(6)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-0(6)-H(20)
C(4)-C(5)-C(6)
C(4)-C(5)-H(18)
C(6)-C(5)-H(18)
C(1)-C(6)-C(5)
C(1)-C(6)-H(19)
C(5)-C(6)-H(19)
C(12)-C(7)-C(8)
C(12)-C(7)-S(2)
C(8)-C(7)-S(2)
0(7)-5(2)-0(8)
0(7)-5(2)-0(9)
0(8)-5(2)-0(9)

119.42(12)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.82(16)
121.13(14)
117.55(14)
112.25(9)
112.02(10)
112.04(9)
108.13(9)
106.45(9)
105.48(8)
119.68(17)
120.2
120.2
119.64(17)
120.2
120.2
117.06(16)
122.30(17)
120.64(17)
109.5
119.61(18)
120.2
120.2
119.55(17)
120.2
120.2
120.78(16)
118.82(14)
120.36(13)
112.78(10)
112.70(9)
110.73(8)
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0(7)-5(2)-C(7)
0(8)-5(2)-C(7)
0(9)-5(2)-C(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(23)
C(7)-C(8)-H(23)
C(8)-C(9)-C(10)
C(8)-C(9)-H(24)
C(10)-C(9)-H(24)
0(10)-C(10)-C(11)
0(10)-C(10)-C(9)
C(11)-C(10)-C(9)
C(10)-0(10)-H(25)
C(12)-C(11)-C(10)
C(12)-C(11)-H(21)
C(10)-C(11)-H(21)
C(11)-C(12)-C(7)
C(11)-C(12)-H(22)
C(7)-C(12)-H(22)
H(26)-0(11)-H(27)
H(28)-0(12)-H(29)

106.66(9)
106.44(8)
107.08(8)

119.37(16)

120.3
120.3

119.86(17)

120.1
120.1

122.26(18)
117.38(17)
120.35(17)

109.5

120.08(17)

120.0
120.0

119.55(17)

120.2
120.2

98(3)

108(3)

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A*2 x 1073) for [Co(NH5)s(NO,)](Hbs),.2H,0.
The anisotropic displacement factor exponent takes the form: -2 pi*2 [ "2 a*"2 U1l + ... + 2h ka* b* U12 ]

Uil U2 U3 U233  U13  U12
Co(1) 12(1)  11(1) 11(1) 0(1)  O(1)  O(1)
N(L) 21(1)  16(1) 14(1) 0@)  2(1)  -1(1)
o(1) 33(1)  11(1)  32(1) o)  4(1)  1(1)
0(2) 24(1)  22(1) 30(1) O1)  -91)  -8(1)
N(2) 15(1)  16(1) 20(1) -1(1) -2(1)  -2(1)
N(3) 20(1) 19(1) 13(1) 1(1)  0(1)  3(1)
N(4) 17(1)  20(1) 16(1) 1(1)  1(1)  4(1)
N(5) 191)  16(1)  13(1) 1(1)  -2(1)  O(1)
N(6) 14(1)  15(1)  18(1) 0(1)  2(1)  O(1)
c(1) 14(1)  17(1)  16(1) -2(1)  0O(1)  O(1)
S(1) 16(1)  19(1) 151) -2(1)  1(1)  2(1)
0(3) 19(1)  36(1) 25(1) -10(1) 7(1)  -8(1)
0(4) 40(1)  35(1)  20(1) 5(1)  4(1)  17(1)
0(5) 23(1)  22(1)  23(1) -7(1)  21)  -1(1)
c(2) 15(1)  15(1)  23(1) -1(1) 0o(1)  1(1)
C(3) 20(1)  19(1) 20(1) 3(1)  -2(1)  -1(1)
C(4) 14(1)  21(1) 16(1) 0(1)  O(1)  -3(1)
0(6) 32(1)  221)  15(1) 1(1)  1(1)  2(1)
C(5) 17(1)  19(1)  191) -2(1)  1(1)  4(1)
C(6) 18(1)  18(1) 171)  O(1)  -1(1)  4(1)
c(7) 12(1)  18(1) 13(1) 1(1)  -2(1)  O(1)
5(2) 14(1)  23(1) 14(1)  3(1)  -21)  -1(D)
o(7) 34(1)  29(1) 19(1) -7(1)  -5(1)  2(1)
0(8) 18(1)  36(1) 22(1) 10(1) 2(1)  -4(1)
0(9) 16(1)  31(1) 25(1) 10(1)  -4(1)  1(1)
C(8) 17(1)  16(1)  191) 1(1) 1)  -1(D)
C(9) 21(1)  21(1) 19(1) -5(1)  -1(1)  -2(1)
C(10) 15(1)  26(1) 14(1) 0(1)  2(1)  3(1)
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0(10) 331)  35(1)
C(11) 18(1)  18(1)
C(12) 18(1)  18(1)
0(11) 24(1)  19(1)
0(12) 170)  24(1)

14(1)
20(1)
18(1)
23(1)
29(1)

2(1)
3(1)
-1(1)
0(1)
1(1)

2(1)
3(1)
-1(1)
0(1)
-1(1)

-7(1)
-3(1)
-4(1)
-1(1)
-1(1)

Table 5. Hydrogen bonds for [Co(NH3)s(NO,)](Hbs),.2H,0 [A and °].

D-H..A d(D-H)
N(2)-H(2)...0(7) 0.91
N(2)-H(3)...02)#1 0.91
N(3)-H(5)...0(6)#2 0.91
N(3)-H(6)...0(5)#3 0.91
N(4)-H(7)...0(5)#3 0.91
N(4)-H(8)...0(11)#3 0.91
N(5)-H(10)...0(8)#3 0.91
N(5)-H(12)...0(11)#4 0.91
N(6)-H(14)...0(12) 0.91
N(6)-H(15)...0(5)#4 0.91
0(6)-H(20)...0(12)#5 0.84
0(10)-H(25)...0(3)#2 0.84
O(11)-H(26)...0(4)#6 0.77(3)
0(11)-H(27)...0(9) 0.81(3)
0(12)-H(28)...0(9) 0.78(3)
0(12)-H(29)...0(8)#7 0.77(4)

d(H...A)

2.07
2.20
2.08
213
2.27
2.04
2.02
2.15
2.22
2.08
1.83
1.96
2.07(3)
2.07(3)
1.97(3)
1.99(4)

d(D...A)

2.889(2)
3.049(2)
2.980(2)
3.020(2)
3.123(2)
2.942(2)
2.923(2)
3.051(2)
3.119(2)
2.965(2)
2.608(2)
2.786(2)
2.760(2)
2.853(2)
2.749(2)
2.765(2)

<(DHA)

148.7
154.2
168.7
165.7
156.1
168.4
173.6
169.5
170.3
163.7
154.0
169.8
150(3)
163(3)
176(3)
174(4)

Symmetry transformations used to generate equivalent atoms:

#1 -xX,y+1/2,-z+1/2  #2 -x+1/2,-y+1,z+1/2 #3 -x+1y-1/2,-z+1/2
#4 -x,y-112,-z+1/2  #5 -x+1/2,-y+1,2-1/2 #6 -x+1,y+1/2,-z+1/2

#7 x-1y,z

7.3.5 Crystal Data for kO5prr55 - [Co(NH3)s(NO,)](BPhy),.2H,O

Table 1. Crystal data and structure refinement for k05prr55 - [Co(NH3)s(NO,)](BPh,),.2H,0.

Identification code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 30.50
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

[Co(NH3)s(NO,)](BPh,),.2H,0
Cag Hsg B, CoNg O,

860.53

150(2)K

0.71073A

Orthorhombic, Pc2;n
a=9.69000(10)A  alpha = 90°
b =16.16100(10)A beta = 90°
c=28.6570(3)A  gamma =90°
4487.69(7)A3

4,1.274 Mg/m®

0.433 mm™*

1816

0.28 x 0.25 x 0.08mm

2.89 to 30.50°

-13<=h<=13, -22<=k<=22, -40<=l<=40
69123 / 13236 [R(int) = 0.0616]
99.6 %

None

0.9683 and 0.8902

Full-matrix least-squares on F>
13236/1/539
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Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Table 2. Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x 10/3) for
Co(NH;)s(NO2)](BPhy),.2H,0.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

1.043

R1=10.0474, wR2 = 0.1177
R1=10.0629, wR2 = 0.1296

-0.001(1)

0.883 and -0.456 e. A

X y z U(eq)
Co(1) 5860(1) 2499(1) 1302(1) 20(1)
N(1) 7685(2) 2417(1) 1050(1) 30(1)
0(1) 8646(2) 2742(1) 1262(1) 46(1)
0(2) 7884(2) 2028(2) 685(1) 53(1)
N(2) 3949(2) 2602(2) 1572(1) 34(1)
N(3) 6534(2) 2015(1) 886(1) 30(1)
N(4) 6342(2) 3599(1) 1536(1) 33(1)
N(5) 5270(2) 2976(1) 705(1) 27(1)
N(6) 5425(2) 1406(1) 1053(1) 33(1)
B(1) 3495(2) 2215(2) -493(1) 20(1)
c(1) 5166(2) 2271(1) -565(1) 22(1)
C(2) 5699(2) 2771(2) -925(1) 34(1)
C(3) 7095(3) 2814(2) -1034(1) 41(1)
C(4) 8033(3) 2339(2) -784(1) 44(1)
C(5) 7562(3) 1841(2) -429(1) 42(1)
C(6) 6162(2) 1813(2) -321(1) 31(1)
C(7) 2831(2) 1585(1) -886(1) 22(1)
C(8) 1479(2) 1274(1) -829(1) 26(1)
C(©9) 863(2) 740(2) -1146(1) 32(1)
C(10) 1597(3) 485(2) -1538(1) 32(1)
Cc(11) 2907(2) 791(2) -1611(1) 29(1)
C(12) 3506(2) 1330(2) -1291(1) 26(1)
C(13) 3038(2) 1806(1) 11(1) 22(1)
C(14) 2175(2) 2205(2) 332(1) 28(1)
C(15) 1610(3) 1799(2) 719(1) 37(1)
C(16) 1893(3) 977(2) 800(1) 37(1)
c@7) 2762(3) 554(2) 494(1) 34(1)
C(18) 3320(2) 965(1) 112(1) 29(1)
C(19) 2838(2) 3155(1) -557(1) 23(1)
C(20) 1689(2) 3330(2) -838(1) 29(1)
C(21) 1126(3) 4122(2) -876(1) 40(1)
C(22) 1688(3) 4777(2) -630(1) 41(1)
C(23) 2841(3) 4629(2) -355(1) 40(1)
C(24) 3404(3) 3842(2) -325(1) 31(2)
B(2) 7950(2) -171(2) 2572(1) 21(1)
C(25) 6479(2) -86(1) 2287(1) 23(1)
C(26) 6195(3) -419(2) 1845(1) 31(2)
C(27) 4915(3) -317(2) 1625(1) 39(1)
C(28) 3874(3) 136(2) 1836(1) 37(1)
C(29) 4135(2) 499(2) 2263(1) 32(1)
C(30) 5398(2) 393(1) 2482(1) 26(1)
C(31) 8908(2) -944(1) 2383(1) 23(1)
C(32) 8324(3) -1713(1) 2256(1) 28(1)
C(33) 9122(3) -2370(1) 2094(1) 32(1)
C(34) 10539(3) -2296(2) 2061(1) 35(1)
C(35) 11157(3) -1561(2) 2201(1) 33(1)
C(36) 10345(2) 903(1) 2359(1) 26(1)
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C(37)
C(38)
C(39)
C(40)
c(1)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
0(3)

0(4)

7672(2)
8619(2)
8419(3)
7270(3)
6323(3)
6524(2)
8742(2)
9454(3)
10101(3)
10037(3)
9332(3)
8676(1)
7172(1)
-702(1)

-360(1)
-131(1)
-301(1)
-736(2)
-996(2)
-810(1)
715(1)

870(2)

1611(2)
2252(2)
2134(2)
1376(1)
4348(1)
3609(1)

3127(1)
3474(1)
3947(1)
4091(1)
3761(1)
3287(1)
2489(1)
2067(1)
1975(1)
2301(1)
2710(1)
2797(1)
632(1)

149(1)

20(1)
25(1)
30(1)
32(1)
29(1)
24(1)
23(1)
32(1)
44(1)
48(1)
38(1)
27(1)
44(1)
79(1)

Table 3. Bond lengths [A] and angles [] for [Co(NH3)5(NO,)](BPh,),.2H,0.

Co(1)-N(1)
Co(1)-N(6)
Co(1)-N(4)
Co(1)-N(3)
Co(1)-N(5)
Co(1)-N(2)
N(1)-O(1)
N(1)-0(2)
N(2)-H(1)
N(2)-H(2)
N(2)-H(3)
N(3)-H(4)
N(3)-H(5)
N(3)-H(6)
N(4)-H(7)
N(4)-H(8)
N(4)-H(9)
N(5)-H(10)
N(5)-H(11)
N(5)-H(12)
N(6)-H(13)
N(6)-H(14)
N(6)-H(15)
B(1)-C(1)
B(1)-C(13)
B(1)-C(7)
B(1)-C(19)
C(1)-C(6)
C(1)-C(2)
C(2)-C(3)
C(2)-H(16)
C(3)-C(4)
C(3)-H(17)
C(4)-C(5)
C(4)-H(18)
C(5)-C(6)
C(5)-H(19)
C(6)-H(20)
C(7)-C(12)
C(7)-C(8)
C(8)-C(9)
C(8)-H(21)
C(9)-C(10)

1.9146(18)
1.951(2)
1.956(2)
1.9608(18)
1.9607(19)
2.0135(19)
1.229(3)
1.236(3)
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
1.636(3)
1.647(3)
1.649(3)
1.657(3)
1.402(3)
1.408(3)
1.390(3)
0.9500
1.389(4)
0.9500
1.374(4)
0.9500
1.392(3)
0.9500
0.9500
1.394(3)
1.413(3)
1.388(3)
0.9500
1.393(4)
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C(9)-H(22)
C(10)-C(11)
C(10)-H(23)
C(11)-C(12)
C(11)-H(24)
C(12)-H(25)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-H(26)
C(15)-C(16)
C(15)-H(27)
C(16)-C(17)
C(16)-H(28)
C(17)-C(18)
C(17)-H(29)
C(18)-H(30)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(20)-H(31)
C(21)-C(22)
C(21)-H(32)
C(22)-C(23)
C(22)-H(33)
C(23)-C(24)
C(23)-H(34)
C(24)-H(35)
B(2)-C(43)

B(2)-C(31)

B(2)-C(37)

B(2)-C(25)

C(25)-C(26)
C(25)-C(30)
C(26)-C(27)
C(26)-H(36)
C(27)-C(28)
C(27)-H(37)
C(28)-C(29)
C(28)-H(38)
C(29)-C(30)
C(29)-H(39)
C(30)-H(40)
C(31)-C(36)
C(31)-C(32)
C(32)-C(33)
C(32)-H(45)
C(33)-C(34)
C(33)-H(44)
C(34)-C(35)
C(34)-H(43)
C(35)-C(36)
C(35)-H(42)
C(36)-H(41)
C(37)-C(38)
C(37)-C(42)
C(38)-C(39)
C(38)-H(46)
C(39)-C(40)
C(39)-H(47)
C(40)-C(41)
C(40)-H(48)

0.9500
1.378(4)
0.9500
1.392(3)
0.9500
0.9500
1.401(3)
1.415(3)
1.400(3)
0.9500
1.376(4)
0.9500
1.397(4)
0.9500
1.390(3)
0.9500
0.9500
1.402(3)
1.405(3)
1.395(4)
0.9500
1.383(4)
0.9500
1.389(4)
0.9500
1.387(4)
0.9500
0.9500
1.642(3)
1.646(3)
1.644(3)
1.648(3)
1.404(3)
1.417(3)
1.400(4)
0.9500
1.385(4)
0.9500
1.381(4)
0.9500
1.386(3)
0.9500
0.9500
1.396(3)
1.414(3)
1.393(3)
0.9500
1.382(4)
0.9500
1.389(4)
0.9500
1.398(3)
0.9500
0.9500
1.401(3)
1.406(3)
1.399(3)
0.9500
1.378(4)
0.9500
1.383(4)
0.9500
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C(41)-C(42)
C(41)-H(49)
C(42)-H(50)
C(43)-C(48)
C(43)-C(44)
C(44)-C(45)
C(44)-H(51)
C(45)-C(46)
C(45)-H(52)
C(46)-C(47)
C(46)-H(53)
C(47)-C(48)
C(47)-H(54)
C(48)-H(55)

N(1)-Co(1)-N(6)
N(1)-Co(1)-N(4)
N(6)-Co(1)-N(4)
N(1)-Co(1)-N(3)
N(6)-Co(1)-N(3)
N(4)-Co(1)-N(3)
N(1)-Co(1)-N(5)
N(6)-Co(1)-N(5)
N(4)-Co(1)-N(5)
N(3)-Co(1)-N(5)
N(1)-Co(1)-N(2)
N(6)-Co(1)-N(2)
N(4)-Co(1)-N(2)
N(3)-Co(1)-N(2)
N(5)-Co(1)-N(2)
O(1)-N(1)-0(2)
0(1)-N(1)-Co(1)
0(2)-N(1)-Co(1)
Co(1)-N(2)-H(1)
Co(1)-N(2)-H(2)
H(1)-N(2)-H(2)
Co(1)-N(2)-H(3)
H(1)-N(2)-H(3)
H(2)-N(2)-H(3)
Co(1)-N(3)-H(4)
Co(1)-N(3)-H(5)
H(4)-N(3)-H(5)
Co(1)-N(3)-H(6)
H(4)-N(3)-H(6)
H(5)-N(3)-H(6)
Co(1)-N(4)-H(7)
Co(1)-N(4)-H(8)
H(7)-N(4)-H(8)
Co(1)-N(4)-H(9)
H(7)-N(4)-H(9)
H(8)-N(4)-H(9)
Co(1)-N(5)-H(10)
Co(1)-N(5)-H(11)
H(10)-N(5)-H(11)
Co(1)-N(5)-H(12)
H(10)-N(5)-H(12)
H(11)-N(5)-H(12)
Co(1)-N(6)-H(13)
Co(1)-N(6)-H(14)
H(13)-N(6)-H(14)
Co(1)-N(6)-H(15)
H(13)-N(6)-H(15)

1.404(3)
0.9500
0.9500
1.388(3)
1.413(3)
1.377(4)
0.9500
1.395(5)
0.9500
1.371(4)
0.9500
1.402(3)
0.9500
0.9500

89.93(10)
88.40(10)
178.20(10)
89.17(8)
91.27(9)
89.38(9)
88.18(8)
88.51(9)
90.76(8)
177.34(9)
179.11(10)
90.94(10)
90.73(10)
90.64(9)
92.02(9)
121.1(2)
118.99(18)
119.87(16)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(14)-N(6)-H(15)
C(1)-B(1)-C(13)
C(1)-B(L)-C(7)
C(13)-B(1)-C(7)
C(1)-B(1)-C(19)
C(13)-B(1)-C(19)
C(7)-B(1)-C(19)
C(6)-C(1)-C(2)
C(6)-C(1)-B(1)
C(2)-C(1)-B(1)
C(3)-C(2)-C(1)
C(3)-C(2)-H(16)
C(1)-C(2)-H(16)
C(4)-C(3)-C(2)
C(4)-C(3)-H(17)
C(2)-C(3)-H(17)
C(5)-C(4)-C(3)
C(5)-C(4)-H(18)
C(3)-C(4)-H(18)
C(4)-C(5)-C(6)
C(4)-C(5)-H(19)
C(6)-C(5)-H(19)
C(5)-C(6)-C(1)
C(5)-C(6)-H(20)
C(1)-C(6)-H(20)
C(12)-C(7)-C(8)
C(12)-C(7)-B(1)
C(8)-C(1)-B(1)
C(9)-C(8)-C(7)
C(9)-C(8)-H(21)
C(7)-C(8)-H(21)
C(8)-C(9)-C(10)
C(8)-C(9)-H(22)
C(10)-C(9)-H(22)
C(11)-C(10)-C(9)
C(11)-C(10)-H(23)
C(9)-C(10)-H(23)
C(10)-C(11)-C(12)
C(10)-C(11)-H(24)
C(12)-C(11)-H(24)
C(11)-C(12)-C(7)
C(11)-C(12)-H(25)
C(7)-C(12)-H(25)
C(14)-C(13)-C(18)
C(14)-C(13)-B(1)
C(18)-C(13)-B(1)
C(15)-C(14)-C(13)
C(15)-C(14)-H(26)
C(13)-C(14)-H(26)
C(16)-C(15)-C(14)
C(16)-C(15)-H(27)
C(14)-C(15)-H(27)
C(15)-C(16)-C(17)
C(15)-C(16)-H(28)
C(17)-C(16)-H(28)
C(18)-C(17)-C(16)
C(18)-C(17)-H(29)
C(16)-C(17)-H(29)
C(17)-C(18)-C(13)
C(17)-C(18)-H(30)
C(13)-C(18)-H(30)
C(20)-C(19)-C(24)

109.5
113.52(17)
109.49(16)
104.20(16)
108.42(16)
111.26(16)
109.88(17)
114.5(2)
126.1(2)
119.18(19)
123.4(2)
1183
1183
119.5(2)
120.2
120.2
119.2(2)
120.4
120.4
120.4(2)
119.8
119.8
122.9(2)
118.6
118.6
115.1(2)
124.68(18)
120.17(18)
123.0(2)
1185
1185
119.5(2)
120.3
120.3
119.2(2)
120.4
1204
120.5(2)
119.7
119.7
122.6(2)
118.7
118.7
115.0(2)
123.37(19)
120.85(19)
122.5(2)
118.7
118.7
120.6(3)
119.7
119.7
119.0(2)
1205
1205
119.8(2)
120.1
120.1
123.0(2)
1185
1185
114.9(2)
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C(20)-C(19)-B(1)
C(24)-C(19)-B(1)

C(21)-C(20)-C(19)
C(21)-C(20)-H(31)
C(19)-C(20)-H(31)
C(22)-C(21)-C(20)
C(22)-C(21)-H(32)
C(20)-C(21)-H(32)
C(23)-C(22)-C(21)
C(23)-C(22)-H(33)
C(21)-C(22)-H(33)
C(22)-C(23)-C(24)
C(22)-C(23)-H(34)
C(24)-C(23)-H(34)
C(23)-C(24)-C(19)
C(23)-C(24)-H(35)
C(19)-C(24)-H(35)
C(43)-B(2)-C(31)

C(43)-B(2)-C(37)

C(31)-B(2)-C(37)

C(43)-B(2)-C(25)

C(31)-B(2)-C(25)

C(37)-B(2)-C(25)

C(26)-C(25)-C(30)
C(26)-C(25)-B(2)

C(30)-C(25)-B(2)

C(27)-C(26)-C(25)
C(27)-C(26)-H(36)
C(25)-C(26)-H(36)
C(28)-C(27)-C(26)
C(28)-C(27)-H(37)
C(26)-C(27)-H(37)
C(29)-C(28)-C(27)
C(29)-C(28)-H(38)
C(27)-C(28)-H(38)
C(28)-C(29)-C(30)
C(28)-C(29)-H(39)
C(30)-C(29)-H(39)
C(29)-C(30)-C(25)
C(29)-C(30)-H(40)
C(25)-C(30)-H(40)
C(36)-C(31)-C(32)
C(36)-C(31)-B(2)

C(32)-C(31)-B(2)

C(33)-C(32)-C(31)
C(33)-C(32)-H(45)
C(31)-C(32)-H(45)
C(34)-C(33)-C(32)
C(34)-C(33)-H(44)
C(32)-C(33)-H(44)
C(33)-C(34)-C(35)
C(33)-C(34)-H(43)
C(35)-C(34)-H(43)
C(34)-C(35)-C(36)
C(34)-C(35)-H(42)
C(36)-C(35)-H(42)
C(35)-C(36)-C(31)
C(35)-C(36)-H(41)
C(31)-C(36)-H(41)
C(38)-C(37)-C(42)
C(38)-C(37)-B(2)

C(42)-C(37)-B(2)

123.68(19)
121.41(19)
122.8(2)
118.6
1186
120.5(3)
119.8
119.8
118.3(2)
120.8
120.8
120.6(2)
119.7
119.7
122.8(2)
118.6
118.6
110.54(17)
112.20(17)
105.65(16)
105.06(17)
112.86(17)
110.70(16)
114.8(2)
125.80(19)
119.29(19)
122.3(2)
118.8
118.8
120.7(2)
119.6
119.6
118.6(2)
120.7
120.7
120.7(2)
119.7
119.7
122.8(2)
1186
118.6
115.3(2)
122.9(2)
121.74(19)
122.3(2)
118.9
118.9
120.6(2)
119.7
119.7
118.8(2)
120.6
1206
120.1(2)
120.0
120.0
122.8(2)
118.6
118.6
115.15(19)
122.00(18)
122.71(19)
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C(39)-C(38)-C(37)
C(39)-C(38)-H(46)
C(37)-C(38)-H(46)
C(40)-C(39)-C(38)
C(40)-C(39)-H(47)
C(38)-C(39)-H(47)
C(39)-C(40)-C(41)
C(39)-C(40)-H(48)
C(41)-C(40)-H(48)
C(40)-C(41)-C(42)
C(40)-C(41)-H(49)
C(42)-C(41)-H(49)
C(41)-C(42)-C(37)
C(41)-C(42)-H(50)
C(37)-C(42)-H(50)
C(48)-C(43)-C(44)
C(48)-C(43)-B(2)

C(44)-C(43)-B(2)

C(45)-C(44)-C(43)
C(45)-C(44)-H(51)
C(43)-C(44)-H(51)
C(44)-C(45)-C(46)
C(44)-C(45)-H(52)
C(46)-C(45)-H(52)
C(47)-C(46)-C(45)
C(47)-C(46)-H(53)
C(45)-C(46)-H(53)
C(46)-C(47)-C(48)
C(46)-C(47)-H(54)
C(48)-C(47)-H(54)
C(43)-C(48)-C(47)
C(43)-C(48)-H(55)
C(47)-C(48)-H(55)

123.0(2)
1185
1185
120.1(2)
120.0
120.0
119.1(2)
120.4
120.4
120.3(2)
119.9
119.9
122.3(2)
118.8
118.8
115.4(2)

123.99(18)

120.4(2)
122.7(3)
118.6
118.6
119.8(3)
120.1
120.1
119.4(2)
120.3
120.3
119.93)
120.0
120.0

122.69(19)

118.7
118.7

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A*2 x 1073) for [Co(NH3)s(NO,)](BPh,),.2H,0.
The anisotropic displacement factor exponent takes the form: -2 pi*2 [ "2 a*"2 U1l + ... + 2h ka* b* U12 ]

Uil U2 U3 U233  U13  U12
Co(1) 20(1) 18(1) 23(1) 1(1)  -2(1)  0Q)
N(L) 25(1)  33(1) 33(1) 7(1)  0(1)  2(1)
0(1) 29(1)  62(2) 49(1) 8(1)  -4(1)  -10(1)
0(2) 41(1)  69(2)  49(1)  -13(1) 9)  5(1)
N(2) 27(1)  37(1)  38(1) 4(1)  3(1)  5(1)
N(3) 28(1) 30(1) 30(1) 10(1) -4(1)  O(1)
N(4) 45(1)  26(1)  27(1)  -1(1)  5(1)  -2(1)
N(5) 291) 27(1) 26(1) 1(1)  -4(1)  0@)
N(6) 38(1)  23(1) 39(1) -3(1)  -1(1)  -5(1)
B(1) 18(1)  22(1)  21(1) -2(1) 2(1)  -2(1)
c(1) 21(1)  22(1)  22(1)  -5(1)  -2(1)  -3(1)
c(2) 26(1)  34(1) 41(1) 71)  5(1)  -2(1)
C(3) 28(1) 48(2) 48(2) 8(1)  13(1)  -6(1)
C(4) 22(1) 53(2) 58(2) -5(1) 8(1)  -3(1)
C(5) 28(1) 55(2) 42(2) 1(1) @ -21)  12(1)
C(6) 29(1)  35(1) 29(1) -1(1) O(1)  4Q)
c(7) 21(1)  19(1) 25(1) 0(1)  -3(1)  3(1)

196



C(8)
C(9)

C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
B(2)

C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
Cc(41)
C(42)
C(43)
C(44)
C(45)
C(46)
Cc(47)
C(48)

22(1)
25(1)
37(1)
32(1)
22(1)
23(1)
29(1)
33(1)
34(1)
43(1)
33(1)
25(1)
22(1)
28(1)
42(1)
64(2)
40(1)
22(1)
25(1)
41(1)
57(2)
32(1)
27(1)
26(1)
27(1)
31(1)
45(1)
48(1)
29(1)
28(1)
20(1)
26(1)
37(1)
42(1)
29(1)
23(1)
19(1)
31(1)
35(1)
42(1)
45(1)
29(1)

27(1)
27(1)
24(1)
32(1)
29(1)
24(1)
31(1)
52(2)
46(2)
28(1)
23(1)
23(1)
29(1)
36(1)
24(1)
20(1)
28(1)
22(1)
19(1)
24(1)
31(1)
36(1)
36(1)
28(1)
22(1)
23(1)
21(1)
30(1)
36(1)
28(1)
16(1)
21(1)
26(1)
28(1)
24(1)
19(1)
23(1)
35(1)
50(2)
37(1)
22(1)
22(1)

30(1)
43(1)
33(1)
24(1)
26(1)
21(1)
24(1)
25(1)
31(1)
32(1)
29(1)
21(1)
37(1)
57(2)
56(2)
36(1)
26(1)
20(1)
23(1)
29(1)
30(1)
42(1)
33(1)
25(1)
20(1)
29(1)
31(1)
28(1)
33(1)
24(1)
23(1)
27(1)
28(1)
25(1)
34(1)
30(1)
27(1)
31(1)
46(2)
64(2)
47(2)
30(1)

-3(1)
0(1)
-5(1)
-A(1)
-1(1)
-2(1)
0(1)
4(1)
12(1)
6(1)
-2(1)
-1(1)
4(1)
12(1)
1)
-2(1)
1(1)
2(1)
1(1)
-2(1)
-1(1)
11(1)
9(1)
2(1)
1(1)
2(1)
-3(1)
-3(1)
0(1)
-1(1)
-1(1)
2(1)
0(1)
5(1)
6(1)
0(1)
5(1)
8(1)
24(1)
25(1)
6(1)
2(1)

1(1)
-8(1)
-17(1)
-5(1)
-1(1)
-1(1)
4(1)
7(1)
-1(1)
-8(1)
-2(1)
4(1)
0(1)
1(1)
16(1)
13(1)
-1(1)
2(1)
2(1)
-3(1)
-16(1)
-14(1)
2(1)
1(1)
3(1)
-1(1)
-2(1)
4(1)
6(1)
1(1)
3(1)
-1(1)
-6(1)
5(1)
8(1)
1(1)
-1(1)
5(1)
4(1)
-19(1)
-21(1)
-6(1)

0(1)
-2(1)
2(1)
8(1)
5(1)
-5(1)
-2(1)
-5(1)
-12(1)
-7(1)
-1(1)
0(1)
1(1)
8(1)
9(1)
-4(1)
-4(1)
1(1)
-1(1)
4(1)
-4(1)
-7(1)
4(1)
0(1)
3(1)
1(1)
2(1)
13(1)
9(1)
3(1)
3(1)
0(1)
3(1)
10(1)
3(1)
0(1)
1(1)
2(1)
-4(1)
-18(1)
-5(1)
11)

7.3.6 CryStaI Data for Bath 241 - [RU(N H3)4(SOQ)(HzO)]z[(OC7H4SO3)4]CzH5OH3H20
Table 1. Crystal data and structure refinement for [Ru(NH3)4(SO,)(H,0)]2[(OC;H;S03)4].C,Hs0OH.3H,0.

Identification code
Empirical formula
Formula weight

Temperature
Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Bath 24 - [RU(NHs)4(SO,)(H,0)]o[(OC;HS05)4].C;HsOH.3H,0

Cs0 Hsg Ng Oz Ru; Sg

1339.33
150(2) K
0.71073A

Tetragonal, 1-4

a=28.029A
b = 28.0290A
¢ =13.663A

10734.0A

8, 1.658 Mg/m°

0.883 mm
5472

3

-1

alpha = 90°
beta = 90°
gamma = 90°
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Crystal size 0.30 x 0.05 x 0.05 mm

Theta range for data collection 2.30to 31.70°

Limiting indices -41<=h<=41, -40<=k<=39, -20<=I<=20
Reflections collected / unique 62795/ 17369 [R(int) = 0.0848]
Completeness to theta = 31.70 98.0 %

Absorption correction SADABS

Max. and min. transmission 1.0000 and 0.7775
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 17369/0/672
Goodness-of-fit on F 1.002

Final R indices [I>2sigma(l)] R1 =0.0608, wR2 = 0.1685

R indices (all data) R1=0.0730, wR2 =0.1780
Absolute structure parameter 0.04(3)

Largest diff. peak and hole 1.931 and -1.445 e A3

Table 2. Atomic coordinates ( x 10°4) and equivalent isotropic displacement parameters (A2 x 10"3) for
[RU(NH3)4(SO2)(H20)][(OC7H4SO3),].CoHs0H.3H,0.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
Ru(1) 6614(1) 7268(1) 10389(1) 52(1)
S(1) 6187(1) 7870(1) 10247(1) 52(1)
0o(1) 5863(2) 7906(2) 9412(3) 72(1)
0o@) 6225(2) 8282(2) 10837(4) 72(1)
0(@3) 7056(2) 6668(2) 10520(5) 86(2)
N(1) 6046(2) 6789(3) 10215(7) 98(3)
N(2) 6540(2) 7269(2) 11935(4) 58(1)
N(3) 7256(2) 7640(3) 10646(6) 79(2)
N(4) 6734(2) 7233(3) 8848(4) 71(2)
Ru(2) 6366(1) 5905(1) 5423(1) 43(1)
S(2) 5644(1) 5743(1) 5526(2) 59(1)
o4) 5331(2) 5780(2) 4689(6) 85(2)
0(5) 5414(2) 5611(2) 6398(5) 80(2)
0(6) 7101(1) 6039(2) 5337(3) 51(1)
N(5) 6386(2) 6123(2) 6909(3) 49(1)
N(6) 6236(2) 6605(2) 4880(4) 56(1)
N(7) 6402(2) 5677(2) 3946(4) 62(1)
N(8) 6595(2) 5224(2) 5909(4) 50(1)
C(1) 9399(2) 5777(2) 7656(3) 34(1)
C(2) 8916(2) 5788(1) 8154(3) 31(1)
Cc(3) 8560(2) 6066(2) 7762(3) 33(1)
C(4) 8118(2) 6101(2) 8227(3) 32(1)
S(3) 7690(1) 6490(1) 7731(1) 34(1)
o(7) 7663(2) 6393(1) 6685(2) 46(1)
0O(8) 7856(1) 6973(1) 7920(3) 43(1)
0(9) 7237(1) 6385(1) 8209(3) 44(1)
C(5) 8031(1) 5856(1) 9097(3) 31(1)
C(6) 8386(2) 5568(1) 9504(3) 32(1)
c(7) 8826(1) 5541(1) 9023(3) 32(1)
0(10) 9176(1) 5257(1) 9435(3) 39(1)
C(8) 8283(1) 5308(2) 10462(3) 35(1)
C(9) 8357(2) 5632(2) 11330(3) 34(1)
C(10) 7972(2) 5874(2) 11746(3) 39(1)
C(11) 8052(2) 6197(2) 12497(3) 41(1)
S(4) 7578(1) 6539(1) 13006(1) 52(1)
0O(11) 7648(3) 7023(3) 12617(6) 70(2)
0(12) 7616(2) 6489(3) 14015(4) 60(2)
0(13) 7129(2) 6350(3) 12575(6) 73(2)
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o(11")
0(13)
0(12)
C(12)
C(13)
C(14)
0(14)
C(15)
C(16)
c(17)
Cc(18)
S(5)

0(15)
0(16)
0(17)
C(19)
C(20)
c(21)
0(18)
C(22)
C(23)
C(24)
C(25)
S(6)

0(19)
0(20)
0(21)
C(26)
c(27)
C(28)
0(22)
0(23)
C(29)
C(30)
0(24)
0(25)
0(26)

7269(5)
7789(5)
7409(5)
8499(2)
8890(2)
8814(2)
9199(1)
9392(2)
9641(1)
9535(2)
9757(2)
9617(1)
9673(2)
9972(2)
9136(2)
10093(2)
10200(1)
9965(1)
10060(1)
10524(2)
10244(1)
10207(2)
9927(2)
9850(1)
9461(2)
10293(1)
9715(2)
9684(1)
9702(2)
9978(1)
10002(1)
8914(3)
8442(3)
8178(2)
4954(3)
6739(2)
5824(5)

6199(5)
6859(6)
6802(5)
6275(2)
6036(2)
5717(2)
5474(1)
6143(2)
6510(2)
6991(2)
7331(2)
7941(1)
8176(1)
8116(2)
7956(2)
7204(2)
6724(2)
6382(1)
5906(1)
6586(2)
6586(2)
7005(2)
7013(2)
7570(1)
7806(2)
7835(1)
7465(2)
6622(2)
6202(2)
6193(2)
5768(1)
6959(3)
7112(3)
7447(2)
6936(3)
5903(2)
6305(4)

13544(11)
13837(11)
12276(10)
12854(3)
12473(3)
11699(3)
11334(2)
12833(3)
12201(3)
12332(3)
11766(3)
11948(1)
11013(3)
12651(4)
12332(5)
11070(3)
10902(3)
11479(3)
11281(2)
10063(3)
9112(3)
8562(3)
7729(3)
7132(1)
7663(4)
7222(3)
6129(3)
7427(3)
7965(3)
8793(3)
9336(2)
9772(6)
10253(5)
9657(4)
9672(6)
9594(5)
2574(12)

63(4)
64(4)
54(3)
39(1)
34(1)
34(1)
37(1)
35(1)
33(1)
38(1)
38(1)
47(1)
54(1)
66(1)
78(2)
35(1)
32(1)
32(1)
36(1)
34(1)
33(1)
34(1)
37(1)
40(1)
58(1)
43(1)
56(1)
35(1)
34(1)
32(1)
37(1)
106(2)
63(2)
38(1)
106(2)
85(2)
205(7)

Table 3. Bond lengths [A] and angles [] for [Ru(NH3)4(SO,)(H,0)],[(OC;H.S05).].C,HsOH.3H,0.

Ru(1)-S(1)
Ru(1)-0(3)
Ru(1)-N(1)
Ru(1)-N(3)
Ru(1)-N(2)
Ru(1)-N(4)
S(1)-0(2)
S(1)-0(1)
N(1)-H(1)
N(1)-H(2)
N(1)-H(3)
N(2)-H(4)
N(2)-H(5)
N(2)-H(6)
N(3)-H(7)
N(3)-H(8)
N(3)-H(9)
N(4)-H(11)
N(4)-H(10)
N(4)-H(12)

2.0778(15)
2.096(5)
2.097(7)
2.109(6)
2.122(6)
2.135(6)
1.412(6)
1.461(5)
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100

199



Ru(2)-S(2)
Ru(2)-0(6)
Ru(2)-N(8)
Ru(2)-N(7)
Ru(2)-N(5)
Ru(2)-N(6)
S(2)-0(5)
S(2)-0(4)
N(5)-H(13)
N(5)-H(14)
N(5)-H(15)
N(6)-H(16)
N(6)-H(17)
N(6)-H(18)
N(7)-H(19)
N(7)-H(20)
N(7)-H(21)
N(8)-H(22)
N(8)-H(23)
N(8)-H(24)
C(1)-C(2)
C(1)-C(27)
C(1)-H(25)
C(1)-H(26)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)
C(3)-H(27)
C(4)-C(5)
C(4)-5(3)
S(3)-0(8)
S(3)-0(7)
S(3)-0(9)
C(5)-C(6)
C(5)-H(28)
C(6)-C(7)
C(6)-C(8)
C(7)-0(10)
C(8)-C(9)
C(8)-H(29)
C(8)-H(30)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(10)-H(31)
C(11)-C(12)
C(11)-S(4)
S(4)-0(12))
S(4)-0(12)
S(4)-0(11)
S(4)-0(11")
S(4)-0(13)
S(4)-0(13)
C(12)-C(13)
C(12)-H(32)
C(13)-C(14)
C(13)-C(15)
C(14)-0(14)
C(15)-C(16)
C(15)-H(33)
C(15)-H(34)
C(16)-C(21)

2.0809(15)
2.097(4)
2.119(4)
2.119(6)
2.121(5)
2.129(5)
1.403(7)
1.444(6)
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
0.9100
1.517(6)
1.521(6)
0.9900
0.9900
1.374(6)
1.397(6)
1.396(6)
0.9500
1.396(6)
1.757(4)
1.455(4)
1.456(3)
1.459(4)
1.396(5)
0.9500
1.398(6)
1.527(6)
1.385(5)
1.508(6)
0.9900
0.9900
1.394(6)
1.397(6)
1.387(8)
0.9500
1.362(7)
1.781(5)
1.329(14)
1.390(6)
1.470(8)
1.482(15)
1.487(7)
1.564(16)
1.385(6)
0.9500
1.401(6)
1.522(6)
1.370(5)
1.513(6)
0.9900
0.9900
1.388(6)

200



C(16)-C(17)
C(17)-C(18)
C(17)-H(35)
C(18)-C(19)
C(18)-S(5)

S(5)-0(15)

S(5)-0(17)

S(5)-0(16)

C(19)-C(20)
C(19)-H(36)
C(20)-C(21)
C(20)-C(22)
C(21)-0(18)
C(22)-C(23)
C(22)-H(37)
C(22)-H(38)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(24)-H(39)
C(25)-C(26)
C(25)-5(6)

5(6)-0(21)

5(6)-0(20)

5(6)-0(19)

C(26)-C(27)
C(26)-H(40)
C(27)-C(28)
C(28)-0(22)
0(23)-C(29)
0(23)-H(41)
C(29)-C(30)
C(29)-H(42)
C(29)-H(43)
C(30)-H(44)
C(30)-H(45)
C(30)-H(46)

S(1)-Ru(1)-0(3)
S(1)-Ru(1)-N(1)
0(3)-Ru(1)-N(1)
S(1)-Ru(1)-N(3)
0(3)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
S(1)-Ru(1)-N(2)
0(3)-Ru(1)-N(2)
N(1)-Ru(1)-N(2)
N(3)-Ru(1)-N(2)
S(1)-Ru(1)-N(4)
0(3)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(3)-Ru(1)-N(4)
N(2)-Ru(1)-N(4)
0(2)-S(1)-0(1)

0(2)-S(1)-Ru(1)
0(1)-S(1)-Ru(1)
Ru(1)-N(1)-H(1)
Ru(1)-N(1)-H(2)
H(1)-N(L)-H(2)

Ru(1)-N(1)-H(3)
H(1)-N(L)-H(3)

H(2)-N(1)-H(3)

1.394(6)
1.377(7)
0.9500
1.385(6)
1.772(5)
1.446(4)
1.446(4)
1.466(5)
1.400(6)
0.9500
1.405(6)
1.512(6)
1.386(5)
1.519(6)
0.9900
0.9900
1.398(6)
1.399(6)
1.384(6)
0.9500
1.354(6)
1.775(5)
1.453(4)
1.453(4)
1.465(4)
1.389(6)
0.9500
1.371(6)
1.405(5)
1.539(10)
0.8400
1.446(8)
0.9900
0.9900
0.9800
0.9800
0.9800

178.9(2)
94.1(2)
86.8(3)
96.1(2)
83.0(3)
169.5(3)
92.02(15)
88.5(2)
92.2(3)
85.2(3)
92.06(17)
87.4(2)
88.8(3)
93.0(3)
175.7(2)
115.8(3)
124.5(2)
119.2(2)
109.5
109.5
109.5
109.5
109.5
109.5
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Ru(1)-N(2)-H(4)
Ru(1)-N(2)-H(5)
H(4)-N(2)-H(5)
Ru(1)-N(2)-H(6)
H(4)-N(2)-H(6)
H(5)-N(2)-H(6)
Ru(1)-N(3)-H(7)
Ru(1)-N(3)-H(8)
H(7)-N(3)-H(8)
Ru(1)-N(3)-H(9)
H(7)-N(3)-H(9)
H(8)-N(3)-H(9)
Ru(1)-N(4)-H(11)
Ru(1)-N(4)-H(10)
H(11)-N(4)-H(10)
Ru(1)-N(4)-H(12)
H(11)-N(4)-H(12)
H(10)-N(4)-H(12)
S(2)-Ru(2)-0(6)
S(2)-Ru(2)-N(8)
0(6)-Ru(2)-N(8)
S(2)-Ru(2)-N(7)
0(6)-Ru(2)-N(7)
N(8)-Ru(2)-N(7)
S(2)-Ru(2)-N(5)
0(6)-Ru(2)-N(5)
N(8)-Ru(2)-N(5)
N(7)-Ru(2)-N(5)
S(2)-Ru(2)-N(6)
0(6)-Ru(2)-N(6)
N(8)-Ru(2)-N(6)
N(7)-Ru(2)-N(6)
N(5)-Ru(2)-N(6)
0(5)-5(2)-0(4)
0(5)-S(2)-Ru(2)
0(4)-S(2)-Ru(2)
Ru(2)-N(5)-H(13)
Ru(2)-N(5)-H(14)
H(13)-N(5)-H(14)
Ru(2)-N(5)-H(15)
H(13)-N(5)-H(15)
H(14)-N(5)-H(15)
Ru(2)-N(6)-H(16)
Ru(2)-N(6)-H(17)
H(16)-N(6)-H(17)
Ru(2)-N(6)-H(18)
H(16)-N(6)-H(18)
H(17)-N(6)-H(18)
Ru(2)-N(7)-H(19)
Ru(2)-N(7)-H(20)
H(19)-N(7)-H(20)
Ru(2)-N(7)-H(21)
H(19)-N(7)-H(21)
H(20)-N(7)-H(21)
Ru(2)-N(8)-H(22)
Ru(2)-N(8)-H(23)
H(22)-N(8)-H(23)
Ru(2)-N(8)-H(24)
H(22)-N(8)-H(24)
H(23)-N(8)-H(24)
C(2)-C(1)-C(27)
C(2)-C(1)-H(25)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
177.64(13)
94.42(14)
83.22(18)
92.55(17)
87.4(2)
90.7(2)
91.32(14)
88.66(17)
87.3(2)
175.75(19)
93.34(16)
89.02(19)
172.1(2)
87.4(2)
94.2(2)
114.4(4)
124.2(3)
121.4(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.9(3)
109.5
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C(27)-C(1)-H(25)
C(2)-C(1)-H(26)
C(27)-C(1)-H(26)
H(25)-C(1)-H(26)
C(3)-C(2)-C(7)
C(3)-C(2)-C(1)
C(N-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(27)
C(4)-C(3)-H(27)
C(5)-C(4)-C(3)
C(5)-C(4)-S(3)
C(3)-C(4)-S(3)
0(8)-5(3)-0(7)
0(8)-5(3)-0(9)
0O(7)-S(3)-0(9)
0(8)-S(3)-C(4)
O(7)-S(3)-C(4)
0(9)-S(3)-C(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(28)
C(6)-C(5)-H(28)
C(5)-C(6)-C(7)
C(5)-C(6)-C(8)
C(7)-C(6)-C(8)
0(10)-C(7)-C(2)
0(10)-C(7)-C(6)
C(2)-C(7)-C(6)
C(9)-C(8)-C(6)
C(9)-C(8)-H(29)
C(6)-C(8)-H(29)
C(9)-C(8)-H(30)
C(6)-C(8)-H(30)
H(29)-C(8)-H(30)
C(10)-C(9)-C(14)
C(10)-C(9)-C(8)
C(14)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-H(31)
C(9)-C(10)-H(31)
C(12)-C(11)-C(10)
C(12)-C(11)-S(4)
C(10)-C(11)-S(4)
0(12')-5(4)-0(12)
0(12)-S(4)-0(11)
0(12)-S(4)-0(11)
0(12)-S(4)-0(11")
0(12)-S(4)-0(11)
O(11)-S(4)-0(11)
0(12')-S(4)-0(13)
0(12)-S(4)-0(13)
O(11)-S(4)-0(13)
O(11)-S(4)-0(13)
0(12)-S(4)-0(13)
0(12)-S(4)-0(13)
O(11)-S(4)-0(13)
0(11')-S(4)-0(13)
0(13)-S(4)-0(13)
0(12))-S(4)-C(11)
0(12)-S(4)-C(11)
O(11)-S(4)-C(11)
O(11)-S(4)-C(11)

109.5
109.5
109.5
108.1
118.7(4)
119.0(4)
122.2(4)
120.4(4)
119.8
119.8
120.6(4)
121.0(3)
118.3(3)
111.4(2)
112.7(2)
110.9(2)
106.9(2)
107.4(2)
107.3(2)
119.9(4)
120.0
120.0
118.2(4)
118.8(4)
123.0(4)
120.2(4)
117.7(4)
122.2(4)
111.1(3)
109.4
109.4
109.4
109.4
108.0
118.6(4)
120.5(4)
120.8(4)
119.6(4)
120.2
120.2
121.3(4)
117.5(4)
121.2(4)
145.8(7)
42.5(6)
116.1(5)
121.5(9)
59.3(7)
148.3(7)
66.3(7)
115.0(5)
107.3(5)
58.3(7)
111.2(8)
46.2(6)
71.4(7)
103.3(8)
144.3(6)
105.8(6)
106.0(3)
104.8(3)
106.5(6)
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0(13)-S(4)-C(11)
0(13)-5(4)-C(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(32)
C(13)-C(12)-H(32)
C(12)-C(13)-C(14)
C(12)-C(13)-C(15)
C(14)-C(13)-C(15)
0(14)-C(14)-C(9)
0(14)-C(14)-C(13)
C(9)-C(14)-C(13)
C(16)-C(15)-C(13)
C(16)-C(15)-H(33)
C(13)-C(15)-H(33)
C(16)-C(15)-H(34)
C(13)-C(15)-H(34)
H(33)-C(15)-H(34)
C(21)-C(16)-C(17)
C(21)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
C(18)-C(17)-H(35)
C(16)-C(17)-H(35)
C(17)-C(18)-C(19)
C(17)-C(18)-S(5)
C(19)-C(18)-S(5)
0(15)-S(5)-0(17)
0(15)-S(5)-0(16)
0(17)-S(5)-0(16)
0(15)-S(5)-C(18)
0(17)-S(5)-C(18)
0(16)-5(5)-C(18)
C(18)-C(19)-C(20)
C(18)-C(19)-H(36)
C(20)-C(19)-H(36)
C(19)-C(20)-C(21)
C(19)-C(20)-C(22)
C(21)-C(20)-C(22)
0(18)-C(21)-C(16)
0(18)-C(21)-C(20)
C(16)-C(21)-C(20)
C(20)-C(22)-C(23)
C(20)-C(22)-H(37)
C(23)-C(22)-H(37)
C(20)-C(22)-H(38)
C(23)-C(22)-H(38)
H(37)-C(22)-H(38)
C(24)-C(23)-C(28)
C(24)-C(23)-C(22)
C(28)-C(23)-C(22)
C(25)-C(24)-C(23)
C(25)-C(24)-H(39)
C(23)-C(24)-H(39)
C(26)-C(25)-C(24)
C(26)-C(25)-5(6)
C(24)-C(25)-5(6)
0(21)-S(6)-0(20)
0(21)-S(6)-0(19)
0(20)-S(6)-0(19)
0(21)-S(6)-C(25)
0(20)-S(6)-C(25)
0(19)-S(6)-C(25)

106.7(3)
108.0(6)
120.9(4)
1195

1195

118.2(4)
121.0(4)
120.7(4)
120.4(4)
118.2(4)
121.3(4)
112.0(3)
109.2

109.2

109.2

109.2

107.9

118.7(4)
122.1(4)
119.2(4)
120.1(4)
120.0

120.0

121.1(4)
119.2(4)
119.7(4)
114.1(3)
110.7(3)
112.7(4)
106.9(2)
106.5(2)
105.3(3)
120.3(4)
119.8

119.8

117.6(4)
119.8(4)
122.3(4)
120.8(4)
117.1(4)
122.1(4)
109.7(3)
109.7

109.7

109.7

109.7

108.2

117.0(4)
119.8(4)
122.9(4)
119.9(4)
120.1

120.1

121.4(4)
120.8(3)
117.5(3)
113.9(3)
111.4(3)
111.4(2)
106.6(2)
107.8(2)
105.1(2)
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C(25)-C(26)-C(27)
C(25)-C(26)-H(40)
C(27)-C(26)-H(40)
C(28)-C(27)-C(26)
C(28)-C(27)-C(1)

C(26)-C(27)-C(1)

C(27)-C(28)-C(23)
C(27)-C(28)-0(22)
C(23)-C(28)-0(22)
C(29)-0(23)-H(41)
C(30)-C(29)-0(23)
C(30)-C(29)-H(42)
0(23)-C(29)-H(42)
C(30)-C(29)-H(43)
0(23)-C(29)-H(43)
H(42)-C(29)-H(43)
C(29)-C(30)-H(44)
C(29)-C(30)-H(45)
H(44)-C(30)-H(45)
C(29)-C(30)-H(46)
H(44)-C(30)-H(46)
H(45)-C(30)-H(46)

120.6(4)
119.7
119.7
118.1(4)
122.0(4)
119.9(4)
123.0(4)
118.6(4)
118.5(4)
109.5
112.4(6)
109.1
109.1
109.1
109.1
107.9
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2 x 1073) for [Ru(NH5)4(SO,)(H,0)],[(OC;H4S03),].C,HsOH.3H,0.
The anisotropic displacement factor exponent takes the form:
-2pif2[h"2a*2 ULl +...+2hka*b*U12]

Uil U2 U3  U23  U13  U12
Ru(1) 38(1) 60(1) 58(1) -19(1) -5(1)  13(1)
S(1) 47(1)  66(1)  43(1)  -2(1)  4(1)  12(1)
o(1) 82(3) 99(4) 37(2 5(2) 5(2)  36(3)
0(2) 60(3) 84(3) 73(3) -14(3) 10(2) 12(2)
0(3) 64(3)  90(4)  102(4) -39(3) -29(3) 40(3)
N(1) 45(3)  128(6) 121(6) -59(5) -7(3)  -2(3)
N(2) 55(3)  64(3) 56(3) -10(2) -13(2) 7(2)
N(3) 57(3)  81(4) 100(5) -53(4) 15(3)  -9(3)
N(4) 57(3)  94(4) 61(3) -29(3) -1(2)  28(3)
Ru(2) 38(1)  39(1) 52(1) -8(1)  -9(1)  3(1)
5(2) 39(1)  47(1)  92(1)  -12(1) -13(1) 5(1)
0(4) 58(3) 61(3) 136(5) -12(3) -46(3) 10(2)
0(5) 50() 77(3) 113(5) -18(3) 8(3)  -12(2)
0(6) 422)  61(2) 512) -102) -32) 002
N(5) 43(2)  53(2)  52(2)  -5(2)  -2)  3(2)
N(6) 60(3) 47(2) 61(3) 22) -12) 5(2)
N(7) 56(3) 62(3) 69(3) -22(2) -21(2) 20(2)
N(8) 43(2)  452) 61(3) -32) 92  3(2)
c(1) 32()  36(2) 35(2) -102) 2(1)  -1(1)
c(2) 36(2)  29(2) 27(2) -7(1) -2(1)  -5(1)
c(3) 352)  36(2) 29(2) -1(1)  -2(1)  -4(1)
C(4) 37(2)  33(2) 26(2) -3(1)  -4(1)  0O(1)
S@3) 37(1)  33(1) 33(1) 2(1)  -6(1)  3(1)
o(7) 61(2) 46(2) 32(2) 2(1)  -13Q1) 7(2)
0(8) 52(2) 34(2) 44(2) 0(1)  -5(1)  4(1)
0(9) 352)  43(2) 53(2)  7(1)  -3(1)  4Q1)
C(5) 31(2)  30(2) 33(2) 1)  -5(1)  -1(1)
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C(6)
c(7)

0(10)
C(8)

C(9)

C(10)
c(11)
S(4)

0(11)
0(12)
0(13)
C(12)
C(13)
C(14)
0(14)
C(15)
C(16)
C(17)
C(18)
S(5)

0(15)
0(16)
o(17)
C(19)
C(20)
Cc(21)
0(18)
C(22)
C(23)
C(24)
C(25)
S(6)

0(19)
0(20)
0(21)
C(26)
c(27)
C(28)
0(22)
0(23)
C(29)
C(30)
0(24)
0(25)
0(26)

36(2)
32(2)
34(1)
30(2)
35(2)
30(2)
35(2)
44(1)
69(5)
54(3)
29(3)
46(2)
34(2)
34(2)
32(1)
36(2)
32(2)
34(2)
34(2)
47(1)
52(2)
81(3)
56(2)
33(2)
29(2)
32(2)
35(1)
27(2)
29(2)
30(2)
35(2)
39(1)
52(2)
43(2)
75(3)
29(2)
31(2)
29(2)
38(2)
77(4)
70(4)
31(2)
106(5)
92(4)

30(2)
30(2)
40(2)
34(2)
33(2)
52(3)
50(2)
68(1)
57(4)
90(5)
108(6)
40(2)
39(2)
32(2)
40(2)
40(2)
42(2)
44(2)
42(2)
37(1)
43(2)
50(2)
42(2)
36(2)
39(2)
32(2)
34(1)
41(2)
40(2)
37(2)
44(2)
40(1)
48(2)
44(2)
49(2)
44(2)
43(2)
36(2)
36(2)
119(6)
61(3)
42(2)
114(5)
83(4)

254(14) 97(6)

31(2)
35(2)
44(2)
42(2)
33(2)
37(2)
37(2)
45(1)
83(5)
35(3)
81(5)
29(2)
28(2)
36(2)
40(2)
29(2)
24(2)
36(2)
37(2)
59(1)
66(2)
66(3)
136(5)
35(2)
29(2)
31(2)
38(2)
35(2)
31(2)
36(2)
32(2)
42(1)
72(3)
42(2)
44(2)
33(2)
29(2)
29(2)
37(2)
123(6)
57(3)
41(2)
100(5)
79(3)

3(1)
-3(1)
2(1)
6(2)
10(1)
16(2)
16(2)
3(1)
8(4)
-1(3)
-24(4)
6(2)
7(1)
11(1)
6(1)
6(1)
4(1)
-1(2)
-3(2)
-2(1)
92
-13(2)
5()
0(2)
-2(1)
1(1)
-1(1)
0(2)
-1(1)
-1(2)
0(2)
2(1)
2(2)
6(1)
2(2)
-6(2)
-8(1)
-5(1)
1(1)
-36(5)
-2(3)
-12(2)
-19(4)
17(3)

265(15) 27(8)

-7(1)
-5(1)
-3(1)
-1(2)
0(1)
-1(2)
5(2)
5(1)
6(4)
3(2)
-10(3)
2(2)
-A(1)
-2(1)
-1(1)
-2(1)
-2(1)
-4(2)
-2(2)
12(1)
8(2)
2(2)
48(3)
-1(1)
-5(1)
-7(1)
-5(1)
-3(1)
-1(1)
-2(1)
0(2)
-5(1)
11(2)
0(1)
-18(2)
-1(1)
0(1)
2(1)
-1(1)
-14(4)
3(3)
3(2)
-13(4)
19(3)
-56(12)

-1(1)
-2(1)
7(1)
-4(1)
2(1)
2(2)
8(2)
17(1)
23(3)
11(3)
22(3)
6(2)
2(2)
2(1)
2(1)
3(2)
-1(1)
1(2)
-2(2)
-1(1)
5@
-15(2)
)
-5(1)
-2(1)
0(1)
4(1)
-1(2)
-4(1)
-1(1)
1(2)
-2(1)
5(2)
-3(1)
-3(2)
0(2)
-1(2)
0(1)
5(1)
11(4)
3(3)
0(2)
-28(4)
6(3)
102(8)

Table 5. Hydrogen bonds for [Ru(NH3)4(SO,)(H,0)1,[(OC;H,S03)4].C,HsOH.3H,0 [A and °].

D-H..A

N(1)-H(3)...0(24)
N(2)-H(4)...0(8)#1
N(2)-H(5)...0(13)
N(2)-H(6)...0(19)#1

N(4)-H(11)...
N(4)-H(10)...
N(4)-H(12)...
N(5)-H(13)...
N(5)-H(14)...
N(7)-H(19)...

O(T)#2
0(9)
o(11)#2
O(17)#2
0(9)
O(15)#3

d(D-H)

0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91

d(H...A)

2.37
2.15
2.28
2.08
2.36
2.00
2.34
2.12
2.24
2.16

d(D...A)

3.178(10)
3.030(6)
3.182(10)
2.986(7)
3.244(8)
2.898(7)
3.190(12)
3.024(7)
3.063(6)
3.053(7)

<(DHA)

1471
162.1
170.5
1715
162.9
168.3
155.8
170.2
150.9
165.6
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N(7)-H(20)...0(13)#4
N(7)-H(21)...0(26)

N(8)-H(22)...0(20)#3
N(8)-H(23)...0(15)#3

0.91
0.91
0.91
0.91

2.45
2.34
2.30
2.23

3.350(12)
3.040(12)
3.019(6)
3.114(7)

169.5
133.7
135.9
164.0

Symmetry transformations used to generate equivalent atoms:
#1 -x+3/2,-y+3/2,2+1/2  #2 -x+3/2,-y+3/2,2-1/2
#3 -y+3/2,x-1/2,-z+3/2  #4 x,y,z-1

7.4 Crystallographic Information Files

Please see the attached compact disc for the final crystallographic information files of the

structures reported in this thesis.

7.5 Published Papers

Please see the attached compact disc for the pdf file of the paper published during the course of

this thesis.
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