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(iv)

SUMMARY



(v)

The tris(2,2”-bipyridine) complexes of ruthenium(II) and osmium(II)
have been synthesﬁsed and optically resolved. The singly, doubly and
triply reduced complexes have been prepared electrochemically and their
circular dichroism and luminescence spectra have been measured.
Investigation of the absorption, circular dichroism and lTuminescence
spectra of the complexes and their reduced analogues strongly suggest
that the added electrons are localised on the individual bipyridine
ligands of the complexes. Hence the complexes are best formulated

](n—])+’ where M = Ru, Os and n = 0,1,2 and 3.

as [M(bipy)n(bipy_)3_n
In addition, a chemical reduction technjque using lithium metal has been
developed. This has enabled the infrared spectra of the triply reduced
complexes to be measured. The triply reduced ruthenium complex has
been found to racemise in dry acetonitrile but is optically stable

in dimethylformamide. This has been attributed to a weakening of the

ligand field of bipyridine when it is reduced to the anion.

Lithium 2,2”-bipyridinyl has been synthesised and complexed with
the chiral co-ordinating ligands (-)-sparteine and R and S-tetra-
N,N,N",N -methylpropane-1,2-diamine whereupon its circular dichroism

spectra have been measured.

The tris(Z,é’—bipyridine)iridium(III)'complex has been synthesised

and optically resolved and its hitherto unknoWn circular dichroism
spectrum has been measured. The complex has been chemically reduced
and in addition to the triply reduced complex the quadruply reduced
complex has also been synthesised and their absorption and circular
dichroism spectra have been measured. Investigétion of the circular
dichroism spectra again suggest that the added electrons are Tocalised

on the individual bipyridine ligands of the complexes.



CHAPTER 1

INTRODUCTION




SYNOPSIS
Blau' first synthesised 2,2"-bipyridine (bipy) (Figure 1) in 1888,

FIGURE 1: 2,2"-bipyridine
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and it was he who first noticed] the intense red substance formed in
the reaction of the free base with iron(II) salts and subsequently
isolated a series of salts of the formula [Fe(bipy)3]X22. The formation
and reactions of [Fe(bipy)3]X2 compounds were inexplicable by the then
current Blomstrand-Jorgensen structural theory but were explained
simply and naturally by Werners octahedral mode]3 for co-ordination
compounds which had been received with widespread scepticism despite
the vast array of stereochemical evidence by which it was supported.
It was not until nearly 20 years later when werner4 demonstrated its
correctness by resolving racemic chloro-amine-bis(ethane-1,2-diamine)
cobalt(III) chloride with si]vef d—bromocamphorsu]phonate into its two
optically active enantiomeric forms, the dissymmetry of which could
not have been foreseen without the hypothesis of co-ordination, that

the theory received immediate and almost universal recognition. The



prediction and subsequent detection of optical activity in metal
complexes sufficed to place the fundamental doctrine of co-ordination

beyond the reach of further controversy.

A year after his first resolution, Werner5 succeeded in resolving
Blau's tris(2,2”-bipyridine)iron(II) bromide using ammonium d-tartrate;
interest in these chelate molecules then lapsed for nearly 20 years.

It was revived by the discovery of Hammett, Walden and Chapman6 that
the iron(II) complex could be used as a valuable redox indicator and

by the preparative researches of bipy complexes by Morgan and Burstall,

Barbieri, Pfeiffer and Jaeger (reviewed by Brandt et a17).

[Ru(bipy)3]C12 was first prepared and resolved by Burstall in 15368 and
it was found to be appreciably more stable than the analogously
constituted ferrous [Fe(bipy)3]X2 and nickel salts [Ni(bipy)3]X2.

The rate of racemisation of the ruthenium complex was found to be
extremely slow; the bromide salts retained their optical activity
indefinite1y‘at room temperature not only in the solid state but also
in 0.1% solution, whereas the rotations of the iron and nickel salts
became negligible after about two hours in aqueous media.
[Os(bipy)3]8r2 was prepared and resolved by Burstall g}_gl?, and like
the Ru(II)8 ana]oéue, it was found to be optically stable. It was
found that the Ru(II) and-Os(II) complexes could be easily oxidised to

10

the Ru(III)'" and Os(III) complexes respectively. When the Ru(III)

complex was immediately reduced back to Ru(II), no loss of optical

activity was detected]O.

However, on standing the Ru(III) complex
lost about half its optical activity in one day whereas the analogous

0s(III) comp1ex9 was completely optically stable.

[Rh(bipy)3]C13 was first prepared in 1935 by Jaeger et a1]], but a

suitable method for resolving the complex was not found until 1973]2’]3.



The [Ir(bipy)31013 complex proved to be the most difficult of the cobalt

triad to make. A successful synthesis was not achieved until 1972 by

14

Demas et al " and when this work was started the complex had not been

resolved.

Much work has been done in characterising and assigning the absorpt1'on]5—2C

circular dichroism! S>18:21-2

20

and luminescence (reviewed by

). Spectra of the tris(2,2”-bipyridine)metal complexes
2+

Kalyanasundaram
and in these contexts, the complex [Ru(bipy)3] » has received the most

attention.

The luminescence spectrum of [Ru(bipy)3]2+ was first measured in 1959

26

by Paris and Brandt™ who initially assigned the emission as due to

the m* — d charge transfer fluorescence. This was disputed by later

authors who assigned it as due to d* — d ligand field phosphorescence,27

15-29 T

d* — d ligand field f]uor‘escence,28 charge transfer, — d charge

transfer phosphorescence30 and finally as m* — d charge transfer

29 The reasons for the shift

luminescence with no specific multiplicity.
in assignments are wide, ranging from the identification of certain
absorption bands as due to impurities, arguments based on similarity/
dissimilarity of the absorption, emission bands of other gé -complexes
and long emission lifetimes usually associated with spin-forbidden
triplet-singlet transitions. It is now firmly established that the

Tuminescence from the [Ru(bipy)3]2+ complex is essentially of charge

transfer type and spin-forbidden in character, at least at 77K.

It was for many years customary to assume that in the thermally
equilibrated excited state of [Ru(bipy)3]2+, [Ru(bipy)3]2+*, an electron
was transferred from the metal core to an acceptor orbital delocalised
over all three ligands 32-35; that is, that [Ru(bipy)3]2+* belonged

to the same Dg point group as the ground state comp]ex.36 As a



consequence there have been difficulties in explaining the photoemission

spec‘crum37-39 and the behaviour of related mixed 1igand complexes,

which are asserted to exhibit a higher electronic than molecular

geometry.33’35

The question as to whether the electrons located on the ligands were
delocalised in a molecular orbital extending over all three ligands or
whether they were localised in the orbitals of the individual Tigands
remained to be solved. Localised in this text means the electrons

remain on the Tigands within the absorption timescale. Resonance

*
Raman studies of the excited state indicated that [Ru(b1’py)3]2+

-)’40,41

contained an identifiable reduced bipy ligand (bipy but it

- was still to be demonstrated unequivocally that bipy and bipy exist

2+%

simultaneously as distinct ligands in [Ru(bipy)3] This was

recently accomplished by Woodruff and co-workers42 in further

*
resonance Raman studies. The formulation of [Ru(bipy)3]2+ as

[Ru(III)(bipy)Z(bipy_)]2+ established by resonance Raman studies, was
independently confirmed by a series of flash-photolysis s‘cudies%-46
which culminated in a detailed assignment46 of the excited-state

absorption spectrum based on the localised charge-transfer formulation

above.

Evidence for symmetry reduction in the excited states was also found
for the trﬁs(2,2’—bipyridine)comp]exes of 1rid1um38 and osm1'um42’47

indicating that the ruthenium complex was not unique in its properties.

After the controversy of localisation versus delocalisation in the
excited state of [Ru(bip_y)3]2+ had appeared to have been resolved,

Ferguson et a]48’49

performed a series of experiments on these
complexes in the solid state. From these experiments it was concluded

that there was no evidence to support a complete localisation of



charge as an intrinsic property of the excited state, either singlet or

triplet and it was shown that a D3 model accounted for all of the

50,51

essential features of the luminescence. Yersin et al also found

that a description of the emitting states of single crystals of
[Ru(bipy)3](PF6)2, within the Dé double group, also accounted very

well for the symmetry properties of the excited states detected in the
temperature dependent polarised emission spectra. It was therefore
concluded that the symmetry reduction was not an intrinsic property of
the excited state complex, but might originate from the interaction of
polar solvent molecules inducing distortion in the excited-state
complex. However, it has since been pointgd out that the interpretation
of these results using a localised excited state model would be equally

as vah’d.52

Further experiments on the time-resolved ]uminescence53 and the magnetic
circularly polarised luminescence spectra54 of [Ru(bipy)3]2+ by

Ferguson et al, Ted them to the conclusion that there may be a

relaxation from an initial delocalised state to a localised state

which takes place rapidly in fluid solutions but is inhibited in rigid
media. These results have since been questioned by Kliger and co-worker555
who suggest that the excitation in the MLCT triplet-state remains single

ligand localised regardless of the rigidity of the solvent.

The debate on Tocalisation versus delocalisation in the excited state

of [Ru(bipy) 2+, still goes on.

3]
Around the time that the experiments were being performed on the
excited state properties of the tris(2,2”-bipyridine) metal complexes,
interest developed in the electrochemistry of the complexes when it
was found that in addition to a reversible one-electron oxidation,

[Ru(bipy)3]2+ also possessed three consecutive, reversible one-electron



56,57

reductions.56557

The three reductions were originally assigned
as metal based, corfesponding to Ru(I) for the first reduction, Ru(0)
for the second reduction and Ru(-1) for the third reduction. The
reductions were later assigned as ligand based58 and interest grew as
to whether the electrons were localised on the individual bipy ligands
implying a symmetry lower than D3 for the first two reduction products,
as in the excited state complex, or delocalised over all three.

Evidence from electrochemical measurements,59 e.s.r.,60'62 absorption

64,65

63

and Raman spectroscopy all suggested that the reduced compounds
contained both bipy and bipy 1ligands so that, for example, the first

reduction product was formulated as [Ru(bipy)z(bipy-)]+, the second as

[Ru(bipy)(bipy_)z] and the third as [Ru(bipy ),] .
The electron spin resonance (e.s.r.)60-62 of the reduced products of
[Fe(bipy)3]2+,60 [Ru(bipy)3]2+ 60,61 4ng [Os(bipy)3]2+ 62 suggested

that the added electrons were localised on the individual ligands
rather than delocalised over all three. In the singly and doubly
reduced products it was found that the electrons hop from one Tigand to
another, broadening the e.s.r. line, whereas in the triply reduced
species, one electron is on each ligand and no hopping was observed.
Further evidence for this electron hopping came from the observation

66

of a ligand-ligand intervalence charge transfer (IVCT) - absorption

band at 4000 cm-] for the singly and doubly reduced products in agreement

60 The resonance Raman spectra of the singly

]2+ 64 2+ 65
3

with the e.s.r. results.
and doubly reduced species of [Ru(bipy) and [Fe(bipy)3]
show the presence of both shifted and unshifted bipy vibrational
energies indicating that there are two distinct chromophores in the
reduced complex consistent with a localised model of the redox orbital.

1 67

Recently a 'H n.m.r. study " of the reduced paramagnetic

tris(2,2”-bipyridine) complexes of Fe(II), Ru(II) and Os(II) has been



done by Hanck and co-workers from which it was concluded that the
unpaired electrons existed in spatially isolated orbitals that were
close in proximity but had minimal interaction and consideration of the
1ine widths of [M(bipy)3]+ (M = Fe, Ru, 0s) indicated that the ]H n.m.r.
permitted measurement of the electron hopping rate constants for the
species [M(bipy)3]+ and [M(bipy)3] which were in agreement with the

e.s.r. data.60

Notice that the localised description implies, perhaps unexpectedly,
that the charge distribution in the singly and doubly reduced complexes
is asymmetric, unless rapid electron hopping makes the two models

converge.

These two separate lines of research on the excited state of

[Ru(bipy)3]2+ and on the reduced complexes of [Ru(bipy)3]2+ have

68 As is pointed out, the

2+

recently been bridged by Braterman et al.
emitting state of [Ru(bipy)3]2+, [Ru(III)(bipy)Z(bipy-)] , is formally
derivable from the singly reduced complex [Ru(II)(bipy)Z(bipy_)]+ by

the removal of a single d(a]) electron, therefore the excited state of
[Ru(bipy)3]2+ could be semiquantitatively modelled on the singly reduced

complex of [Ru(bipy)3]2+.

In summary, the work that has been done on the reduced tris(2,2”-bipyridine
complexes of ruthenium and osmium (reviewed by DeArmond g}_glég) has been
mainly confined to the cyclic voltammetry, e.s.r., n.m.r. and resonance
Raman studies. The absorption spectra of the ruthenium complexes had

been measured but this had not been accomplished for the osmium complexes.
For the analogous iridium complexes, only the cyclic voltammetry and the
absorption spectra of the reduced complexes had been previously

measured. This left a large gap in the experimental studies of these

reduced complexes, so the work in this thesis was undertaken in an attempt



to fill the void and gain more information on the reduced complexes and
more evidence to support either the localised or delocalised model of

the reduced complexes.

As there was evidence of charge localisation in the luminescent states

*
of [Ru(bipy),]?*", %7+

an obvious experiment was to measure the
luminescence spectra of the reduced complexes to see if this could give
any evidence that the added electrons were localised on the individual
bipy ligands. The luminescence spectra of the reduced.comp1exes

of [M(b1'py)3]2+ (M = Ru, Os, Ir) were measured and as shall be

demonstrated later, the spectra gave conclusive evidence that charge

localisation occurs in the lTuminescent states of the reduced complexes.

In the past, all the literature preparations of the reduced complexes of
[Ru(bipy)3]2+ were performed electro-chemically which does not give a
convenient method for isolation of the reduced complexes. So a chemical
method for preparing the reduced complexes was developed. This has
allowed the infra-red spectra of the triply-reduced complexes to be

measured, which had hitherto not been possible.

21 that the magnitudes of the effects due to m-electron

It has been shown
delocalisation throughout the tris(2,2”-bipyridine)metal complexes are
not large. It has been concluded that the absorption of the ligands in
the tris-complexes can be thought of as arising from slightly perturbed
transitions of the free ligand. Similarly, in the reduced complexes the
added electrons have been shown to be localised on the individual bipy
ligands. m-electron delocalisation between the 1igands must therefore
be small and the reduced Tigands in the complex could also be thought

of as the slightly perturbed "free" reduced ligands. This means that

many of the properties of the "free" reduced ligand should be very
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similar to those of the reduced ligand in the complex. The "free"

reduced Tigand has been examined in the pastm-74

but again there are
gaps in the experimental knowledge of the compound. Therefore, to
help in the interpretation of the experimental results for the reduced
complexes, "free" reduced bipy was examined in more detail and the

measurement of its infra-red, Raman, luminescence and circular

dichroism spectra have been accomplished.

The circular dichroism spectra for the reduced complexes of ruthenium
and osmium tris(2,2 bipyridine) had not been examined in the past and

3+ had

for the analogous iridium complex, the parent ion [Ir(bipy)3]
not even been resolved before. It was not even known whether the
reduced complexes were optically stable and so examination of the

circular dichroism spectra of the complexes was undertaken.

Mason and co-worker52]_23 had earlier successfully applied the exciton

theory of optical activity to explain the c.d.spectra in the region

of the ligand T absorption of the tris-(2,2 -bipyridine) complexes
of osmium and ruthenium. The circular dichroism studies in this thesis
were carried out in order to see if the exciton theory of optical
activity could distinguish between the localised and delocalised theories
for the reduced complexes and to extend the studies to include the
analogous iridium complexes. Now in the simplest form of the exciton
theory it is assumed that there is no m-electron delocalisation between
the individual bipy Tigands in a tris-chelated complex, so in theory
the exciton model should be able to distinguish between a triply

reduced complex in which the electrons are localised on the individual

bipy ligands from that in which they are delocalised over all three.

In singly and doubly reduced complexes, if the electrons were delocalised
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over all three ligands, they could be formulated as [M(bipy%_)3]+

and [M(bipyg—)3],(M = 0s, Ru), respectively, hence all three ligands

would be identical, the complex would have D3 symmetry and they could be
described as homo-trischelated complexes. In the localised theory, the
complexes could be formulated as [M(bipy)z(bipy—)]+ and [M(bipy)(bipy_)zl
for the singly and doubly reduced complexes respectively. In this

case, the complexes would have at the most C2 symmetry and they could

be described as hetero-trischelated complexes. Now the exciton theory

of optical activity predicts characteristic spectra for hetero-trischelated

78,79 for the mixed

complexes as demonstrated by Mason75_77 and Bosnich
bipy/phenanthroline complexes of osmium and ruthenium, and so in theory,
the exﬁiton model should distinguish between singly and doubly reduced

complexes in which the electrons are delocalised over all three ligands

from that in which they are localised on the individual Tigands.

Exciton Theory

The essentials of Fresne]'s80 classical helical model carry over into
the quantum mechanical theory of optical rotation in which a charged
particle displaced through a helical path undergoes a translatory
motion, generating an electric dipole moment, and a rotatory motion,
producing a magnetic dipole moment, the two moments being co-linear.

In the quantum theory the absorption of light by a dissymmetric molecule
promotes a valence electron from one stationary molecular energy state
to another and the reorganisation of the electronic charge distribution
generates transient electric and magnetic dipole moments. The scalar
product of the electric dipole and magnetic dipole transition moment

is the rotational strength Rno of the transition between the
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electronic states'wb and @% so that,

Ryo = Imcoluln) (nimlo} (1)
where u and m are the electric and magnetic dipole operators respectively,
and Im signifies that the imaginary part of the product is to be taken.
The rotational strength Rno is obtained experimentally from the band

area of the circular dichroism absorption due to the transition

"Iro —>"I’;]

The detailed quantum theory of optical activity at present assumes one
- of three distinct forms, depending upon the particular electronic
structure of the molecule and the type of electronic transition
considered. In one limiting case, that of molecules containing an
inherently dissymmetric chromophore such as the he]icenes,B] each
e1ectfonic excitation has an intrinsic electric and magnetic dipole
transition moment. Calculation of the sign and magnitude of the
rotational strength (Equation 1) of a particular transition for a
given enantiomer gives, unambiguously, the absolute stereochemical
configuration of the enantiomer from its circular dichroism spectrum,

providing the electronic transitions are correctly assigned.

The second Timiting case is that of the symmetric chromophore in a
dissymmetric molecular environment where the substituent groups are
virtually inert spectroscopically, absorbing radiation only in the
vacuum ultraviolet; for example, saturated carbonyl compounds.gz’83
Here the electronic transitions of the chromophore, which has one or
more secondary elements of symmetry, are generally either electric -

or magnetic - dipole allowed, or the two moments are orthogonal. No

electronic transition of the molecule has a zero-order rotational
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strength, but the electric and magnetic dipole transitions of the
chromophore are mixed by the static perturbing field, V, due to the
dissymmetric substituents, and each resulting transition acquires a

first-order rotational strength.

If the symmetric chromophore has two main transitions from the ground
state, E%, one magnetic-dipole allowed to the state, H;, and the
other electric-dipole allowed to the state, Ty the first order

rotational strengths are,

Rao = Im(al@lo)(olglb)(blYla)/(Eb - Ea) (2)
and
bo - Im(al@lo)(olylb)(bIYIa>/(Ea - Eb) (3)

R

where Ea and Eb are the respective transition energies. These two

rotational strengths are equal in magnitude and opposite in sign, and
an equivalent sum rule applies in the general case where equation (2)
is summed over all electric-dipole transitions of the chromophore and

equation (3) over all magnetic-dipole transftions.84’85

These two Timiting approaches are bridged by the coupled chromophore

treatment, due in its classical form to Kuhn'?6"88 developed quantum-

mechanically by Kirkwood89 and modified within the formalism of the

exciton theory by Moffitt.go

86,87 a dissymmetric

In the classical coupled oscillator theory,
molecule contains two or more elastically-bound electrons which are

constrained to oscillate along axes with no common origin and no
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common plane, and the separation (d) between any given pair of
oscillators is small compared to the wavelength of light, so that they
experience the same radiation field. If there is no coupling between
the two electrons each oscillates independently of the other; if they
are coupled the overall charge displacement is helical and there is an
in-phase and an out-of-phase coupling mode for each pair of oscillators,

the one mode involving a left-handed and the other a right-handed

helical charge displacement (Figure 2).

FIGURE 2: The classical coupled oscillator
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a) No coupling; € and e, oscillate independently of each other.

b) e oscillation with coupling; resultant left-handed helical

charge displacement.

c) e, oscillation with coupling; resultant right-handed helical

charge displacement.

For a molecule containing an isolated pair of coupled electronic
oscillators the optical activity in the absorption region consists of

two circular dichroism bands with equal areas and opposite signs.
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More generally the pairs of electronic oscillators in an optically-
active molecule interact amongst themselves, redistributing the
positive and negative circular dichroism over the frequency'range
of absorption, but over the spectrum as a whole the sum of the

classical equivalents of the rotational strength vanish.

In the quantum mechanical form of the coupled oscillator model
the classical oscillators are replaced by the electronic transition
‘moments of- the two or more chromophores of the dissymmetric molecule
and the exciton optical activity is due to the coupling of the
electronic transition moments by Coulombic interaction. The optically-
active molecule is regarded as a dissymmetric ensemble of symmetric
groups, each with 1its own characteristic electronic properties
and when this multi-chromophoric system absorbs radiation, the
excitation energy is not localised in one particular Tight-absorbing
group. The exciton energy transfers rapidly from one chromophore
to another during the lifetime of the excited state, and is effectively
delocalised over the molecule as a whole. If two or more of the
excitation moments of the individual chrorr;ophores in the molecule
are neither perpendicular nor coplanar, the resultant transition
is optically active since’ the overall charge dispiacement has

a helical form.

At one extreme of the exciton treatment the individual chrombphores
have allowed electric-dipole transitions which are close in energy
or are degenerate, the groups being chemically similar or equivalent
and the coupling 1is then strong. When electron exchange between
pairs of groups becomes appreciable, this extreme of the coupled-
chromophore model merges with that of the dinherently dissymetric

chromophore, as in the case of the sterically-hindered
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bianthry]s.g]

In a bis- or tris—cheiated co-ordination compound containing

unsaturated ligands a major source of optical activity is the Coulombic
coupling of the allowed m — n* excitations in the individual ligands,
each involving a linear charge displacement, to give an overall

resultant helical charge displacement. It is assumed in the simplest
treatment, involving degenerate exciton theory, that there is no
n&ejectron delocalisation between the individual ligands, either through
the co-ordinated central atom or between nearest-neighbour atoms of
different ligands and that the main coupling arises from the instantaneous
CouTombic interaction between the electric dipoles of the m — m*
excitations with the same energy in the different ligands of the complex.
The former assumption is a good approximation in the case of co-ordination
compounds containing unsaturated ligands and a central ion with a closed-

shell electronic configuration, such as the tris(acety]acetonato)sﬂicon(IV)92

93, as the electron exchange between

jon or tris(catchetyl)arsenic(V ) ion
the n-systems of different ligands is small. In quantitative terms

the latter assumption is generally a poor approximation for the transition
energies of co-ordination compounds since the dipole moment lengths of

the ligand m — m* transitions are generally of thé same order as the
distance between the ligands, but qualitatively the point dipole

approximation gives the correct energy order for the principal coupling

modes of the ligand excitations.92

In the case of co-ordination compounds containing a central ion with an
open-shell electronic configuration, notably for the phenanthroline and
2,2”-bipyridine complexes of transition-metal ions, both assumptions give

rise to uncertainties in the simple exciton analysis of the circular

75,94 19,21,25

From investigations of the spectra of

dichroism spectra.
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the tris(2,2”-bipyridine)complexes of osmium(II) and ruthenium(II)

it has been concluded that the intense absorption bands in the visible
region of the complexes are due to metal-to-ligand charge transfer (MLCT)
transitions. The large intensity of the visible absorption implies that
charge transfer configurations make an important contribution to the

95,96

electronic ground state of these complexes and so there will be

some m-electron exchange between the metal d-orbitals and the m-orbitals

of the ligands. An x-ray diffraction study36 of tris(2,2 -bipyridine)

ruthenium(II) hexafluorophosphate revealed a RuII

ITI

- N bond Tength of

some 2.056 A which is shorter than Ru bond lengths in similar

compounds. This is contrary to an expected increase in bond length

II

resulting from a larger ionic radius of Ru " and hence considerable

m-bonding between delocalised n* orbitals on the bipy Tigands and the

I 36 However the

metal d-orbitals of the Ru™" core was postulated.
magnitudes of these effects cannot be large as the dipole strength of
the absorption bands at 284 nm for [Ru(bipy)3]2+ is approximately three

2], so that mixing of these

times as large as that of the free ligand
ligand transitions with other ligand excitations or with MLCT transitions
cannot be extensive and the effects of m-electron delocalisation can be

consideredZ] as perturbations to the principal exciton states.

Homo-trischelated Complexes

Consider a trischelated metal complex [MLaLbLC]n+ where M is a transition
metal ion andl is asymmetrical bidentate ligand (for example
[Ru(bipy)3]2+) such that the complex ion has Dy symmetry (Figure 3).

Each ligand has a ground-state and an excited state electronic wave
function, x and x” respectively, and the electric moment of the

transition x — x” may be directed along either the long (1) or short (s)

in-plane molecular axis {Figure 4). In the absence of electron-exchange



18

FIGURE 3:  Structure of A-tris(2,2”-bipyridine)ruthenium(II)

A-[Ru(bipyl312*
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FIGURE 4: The long (1) and short (s) in-plane molecular axes of
2,2”-bipyridine
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between the 1ligands, and between the metal ion and the ligands, the

ground-state wave function of the complex is represented by the simple

product,
T, = XyXyX3 (4)

and supposing that only one excited state of the individual chromophores
of the assembly need be considered, the (singly) excited state wave

functions, Qi’ of the system can be written in the following way,
m] = X]XoX3, QZ = XqXoXg and Q3 = X1XoX3 ‘ (5)

where the primes represent excited state wave functions of the long-axis
polarised m — m* transitions. The total wave function, qg, corresponding
to the jth excited state of the assembly, may therefore be expressed

as a linear combination of the unperturbed singly excited-state wave
functions, mi’ Qith apposite mixing coefficients, C.., referring to

1J
the ith function of the jth level.

'HJ:]. = C'Ijm] + C2J.§D2 + ng% (6)

where j = 1, 2, 3. The application of the variation theorem (Appendix 1)

leads to the set of 3 simu]téneous equations which may be represented by,

Y CilH - Es; ) =0 (7)
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where Hij = (EiIHIQj), H being the Hamiltonian of the system,

S.: = (Eilﬁj), and E is the appropriate energy. For non-trivial

1J
solutions to the simultaneous equations the secular determinant is set

to zero and the allowed energies found by solving for E,
[H.. - ES..l =0 (8)

where, provided normalised basis functions are used, Sij = 1 when

i = j, and assuming zero overlap, S.. = 0 when i # j. Now substituting

iJ
in equation 8 and simplifying, the secular determinant of the

system becomes,

Hyp - Hgp - E Hi2 Hi2
Hy2 Hyp - Hoo - E Hio =0 (9)
Hi2 Hi2 Hyp ~ Hoo ~ E

where, so that energies may be expressed as transition energies, the
term H00 = (UzIHIHQ)) has been included. The solution to this problem
gives 3 eigenfunctions and, correspondingly, 3 eigenvalues and allows

for the calculation of the dipole and rotational strengths of the

system in terms of the empirically known spectroscopic properties of

the individual constituent chromophores. Solving the secular determinant
for E gives the three solutions,

00
If it is assumed that, to a first approximation, the tris(2,2”-bipyridine)
metal complex ion can be described as a weakly coupled system where only

electrostatic coupling of the chromophores need be considered, the total
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Hamiltonian, H, of the system may be split in the following way:

, 3
Ho= Hy + Hy + Hy + }j’eij (11)
i<
where H], H2 and H3 are the appropriate Hamiltonians for the
2,2" -bipyridine ligands and the operator eij refers to the electrostatic
multipole interaction between the ith and jth 1igand molecules of the

system. By making this assumption H]], H00 and H]2 can be written

(Appendix 1),

3
Hyq = (x] x2x3IH] + H2 + Hy + 12591j'xi x2x3)

= (xi IH]lxi )+ (leHzlxz) + (x3IH3Ix3) + (xi leelzlxi x2) +
(xi x319]3lxi x3) + (x2x3I823lx2x3) (12)

provided orthonormal functions are used. In Equation 12, the first
term, (xi IH]Ix{ ) = Ei , represents the excited-state energy of the
long-axis polarised m — m* transition of 2,2 -bipyridine molecule 1,
the terms (leHZIxz) = E2 and (x3IH3lx3) = E3 are the ground-state
energies- of 2,2 -bipyridine molecules 2 and 3, the terms

(x] lee]zlx]7x2> and (x] x3le]3lx] x3) represent the interactions of
the static excited-state multipole moment of molecule 1 with the static
ground-state mﬁ]tipo]e moments of molecules 2 and 3 respectively, and,
finally, the last term, (x2x3l623lx2x3), represents the interaction of
the static ground-state multipole moments of molecules 2 and 3. By

similar methods,

H00 = (x]lH]lx]) f (x2IH2|x2) + (x3lH3Ix3) + (x]leelzlx]xz) +
(x]x3le]3lx]x3> + (x2x31823lx2x3) (13)
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and,
_ 3
H]2 = (x] x2x3|H] + H2 + H3 + 1E:J-Gijlx]xz x3)
= (xi lee]zlx]xé )
=V (14)

12

where V]2 represents the interaction between the transition dipole
moments of 2,2"-bipyridine molecules 1 and 2, where (x]lH]Ix]) = E]

is the ground-state energy of 2,2"-bipyridine molecule 1, and where the
last three terms in Equation 13 refer to the ground-state multipole
interactions. The solutions of the secular dgterminant (Equation 10)

can now be rewritten (Appendix 1) to give the eigenvalues EA R Eg and

2
EE (where Eg and Eé are degenerate in D3 symmetry),
E, = AE, + 2V El = AE, -V and  EZ = AE, -V
A2 1 12° E 1 12 E 1 12
(15)
where AE] = E{ - E] is the transition energy of the long-axis

polarised m — n* transition of 2,2" -bipyridine molecule 1. It has

. been assumed that the difference between the static multipole moments
of the excited states of the molecules and the static multipole moments
of the ground states of the molecules is small and can be neglected.
This is a usual assumption although the justification for it is not
always strong. However, it will not affect the outcome of the

semiquantitative arguments pursued here.

The corresponding eigenfunctions for EAi E}, and EE are,
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] .
W, = = (X] XoXa + X XD Xa + X XaX5 )
A2 3 1 7273 172 73 17273
_] i - rd - 7z
@%1 'JE (Zx] XoX3 = X1X5 X3 = X XoX3 )
2 1 . .
‘Wk —J% (x]x2 X3 = XqX,X3 )

It has so far been shown that the long-axis polarised transitions of the
three 2,2" -bipyridine molecules in a tris-chelated complex interact
electrostatically to give an A2 coupling mode and two E coupling modes
which are degenerate in D3 symmetry. These coupling modes together with
the short-axis polarised coupling modes are schematically represented in
Figure 5 for a tris-chelate complex wiih the A-absolute configuration.
The ligand excitations which are long-axis polarised couple in the tris-
chelated complex to give resultant transitions which involve helical
charge displacements and are thus strongly optically-active. The
non-degenerate transition of the complex ion, E% —ﬁ>1§A2’ resulting from
the coupling of Tong-axis ligand excitations, gives rise to a right-
handed helical charge displacement along and around the C3 axis of the
complex (Figure 5). The transition'@b —aFWEZ of the complex, shown on
the right of Figure 5 involves a left-handed helical charge displacement
along and around a C2 axis of the complex, and the combination in the
centre, ﬁ% —e>ﬂ%1, is of mixed chirality which may be seen by taking the
arrows in pairs. The pairs 1, 2 and 2, 3 involve left-handed helical
charge displacements along and around C2 axes of the complex, while the
pair 1, 3 involves a right-handed helical displacement of charge along
“and around the C5 axis of the complex. For the particular absolute
configuration shown in Figure 5 (the A-enantiomer) it has been shown
that the screw sense of the'Wb —>3¢A transition is right-handed and

2
hence this transition should give positive circular dichroism, while the
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combinations of the degenerate E coupling modes involve a net left-
handed helical displacement, and thus the total H% —»’Wk transition
should give negative circular dichroism.

It can be shown that the rotational strength of the'&b —afWAZ transition
is equal but opposite in sign to the‘Tb _9rwk excitation, and, were

these two transitions of the same energy, the exciton rotational strength
would vanish. The energies of the two transitions, however, are
different because the interactions of the dipoles in the two coupling
modes are different. This can be seen in the following way. The'wAZ
coupling mode involves the dipole vectors in an arrangement where they
are essentially "head-to-head", whereas the'IIJ‘E2 coupling mode (which is
the same energy as @%1) involves the dipoles in an essentially
"head-to-tail" arrangement. Intuitive electrostatic considerations will
suggest that the "head-to-head" arrangement is of higher energy than

the "head-to-tail" arrangement. Thus for the particular absolute
configuration shown in Figure 5, the [M(bipy)3]n+ systems should show
negative circular dichroism at lower energies and equal positive circular
dichroism to higher energies in the regions of the long-axis polarised

T — 7* transition of bipy. In addition, it can be shown that the
isotropic absorption of the'mb —a‘wAZ transition should be twice as
strong as that of the'Wb —a‘mk transition.

The areas of the circular dichroism bands measure experimentally the
rotational strengths R of the transitions in the complex ion, which are
given in the point-dipole approximation for the A-[M(bipy):,’]n+

configuration of the complex by,

2
R(A MLPo1 (16)

2)] == R(E)-l = J? n\_IOY‘
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where ;o and p 2 are, respectively, the frequency and the dipole

ol
strength of a long-axis polarised excitation in the free ligand, and

ML is the distance in the complex from the metal ion to the assumed
location of the point excitation dipole in a ligand, that is, the

centre of the intefnuclear bond in 2,2”-bipyridine. The dipole strengths
of the transitions of the complex ion resulting from long-axis ligand
excitations are related by,

2 _ 5.2 _ 2

(17)
The electronic transitions of a tris-chelated complex ion deriving

from ligand excitations which are short-axis polarised (Figure 5) are

not optically-active in the exciton approximation. The transition

'@b '*’IEA]’ of the complex is forbidden, since the component excitation
moments have a vanishing resultant and in the corresponding degenerate
transitions of the comp]ex'wb — ¥, the component excitation moments are

coplanar. The resultant absorption intensity is concentrated in the

degenerate E transition which has the dipole strength,

2(E) 2 (18)

s = 3Pos
where p052 is the dipole strength of the short-axis excitation of the

free ligand. However, if there were to be appreciable electron exchange
between the three bipy ligands in the complex, the coupled chromophore

model of the exciton theory, merges with that of the inherently dissymmetric

91

chromophore as in the case of the sterically-hindered bianthryls™" and

the benzo[c] phenanthrenes.97’98

In this case the short-axis polarised
transitions with a finite dipole strength have an intrinsic non-zero
rotational strength, owing to the displacement of charge through a helical

path determined by the dissymmetric nuclear framework of the complex.
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But even if the delocalisation of m-electrons from one ligand to

another and to the co-ordinated metal ion does not occur, the short-axis
polarised excitations of one ligand may interact Coulombically with the
Tong-axis directed transitions of the other, mixing the two types. 1In
particular, the doubly-degenerate coupling modes (Figure 5) mix on
symmetry grounds, both transforming under the E representation of the
group D3 to which the complex belongs, whereas the non-degenerate modes
mix neither with each other nor with the degenerate modes, as they are
spanned by the A2 and the A] representation respectively. Accordingly

complexes of the type [M(bipy)3]n+

would be expected to show a weak
second-order circular dichroism in the wavelength region of the absorption
due to an electronic transition which is short-axis polarised in the

free bipy ligand.

These expectations of the degenerate exciton theory are in good accord
with the observed absorption and circular dichroism spectra of the
tris(2,2”-bipyridine) and tris(phenanthroline) complexes of transition

metal ions.Z]

In the triply reduced complex, if the electrons were
localised on the individual bipy ligands, a similar exciton couplet to
those observed for the tris(2,2”-bipyridine) and tris(1,10-phenanthrolene)
complexes would be expected. If, on the other hand, the electrons were
completely delocalised over all three ligands, the complex might be

expected to show a circular dichroism spectrum with the characteristic

one-electron structure as is seen for the inherently dissymmetric

81 97,98

chromophores such as the helicenes™ and the benzo [C] phenanthrenes.
Therefore the exciton theory of optical activity should be able to
distinguish between a triply reduced tris(2,2”-bipyridine) complex in
which the electrons are localised on the individual bipy ligands from that

in which the electrons are completely delocalised over all three.
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Hetero-trischelated Complexes

If the symmetry of a tris-chelated complex is reduced from 03 to CZ by
replacing one of the bidentate 1igands with another of a different type
the predictions of the exciton theory of optical activity are diversified,
permitting a more detailed comparison of the theory with exper‘iment.75_79
In a hetero-trischelated complex with C2 symmetry the exciton modes which
are doubly degenerate in the ana]ogou; homo-trischelated D3 complex are
split and give rise in principle to distinct circular dichroism bands.
Thus the ligand transitions with long-axis polarisation produce three
circular dichroism bands in hetero-trischelated complexes if the energy
difference between the excitations of the dissimilar ligands is not

too large, whereas the corresponding excitations in homo-trischelated

complexes with D3 or C3 symmetry give rise to only two circular dichroism

bands.

The general formalism of the non-degenerate case follows closely that used
for the degenerate system. Consider a hetero-trischelated complex
[M(LaLbLC)]n+ where M is a transition metal ion and L is a symmetrical
bidentate ligand with La = Lb # Lc’ the only element of symmetry, apart
from the identity, is the two-fold rotation axis of the ligand Lc’ and

the electronic states belong to either the A or the B representation. In
the absence of electron-exchange between the ligands, and between the
metal ion and the ligands, the ground-state wavefunction of the complex

is represented by the simple product,
Ty = XqX,05 (19)

where X and X5 refer to the ground-state wavefunctions of the complexed,

identical ligands 1 and 2, and where @3 refers to the ground-state wave
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function of the odd complexed 1igand. Supposing that only one excited
state of the individual chromophores of the assembly need be considered,
the (singly) excited state wavefunctions, Ei’ of the system can be

written in the following way,
- s’ _ s, _ 4

where the primes represent the excited-state wave functions of the
long-axis polarised m — m* transitions. As before the total wave
function, ES, corresponding to the jth excited state of the assembly,
may be expressed as a linear combination of the unperturbed singly
excited-state wave functions, Di, with apposite mixing coefficients,
Cij’ (Equation 6) and the application of the variation theorem leads

to the set of simultaneous equations as in Equation 7. For non-trivial
solutions to the simultaneous equations, the secular determinant is set
to zero (Equation 8) and the allowed energies found by solving for E.
By recognising the symmetry (Cz) of the system and substituting in

Equation 8, the secular determinant for the system becomes, (Appendix 2),

- H
2H

2H
- H

2(H,, - H -E+H

0]

12)
H

00
13

13
00

11 00 ~ 0 (21)

33 - E
Assuming that, to a first approximation, the complex ion can be
described as a weakly coupled system where only electrostatic coupling
of the chromophores need be considered. This allows the total
Hamiltonian, H, of the system to be split as in Equation 11. By making
this assumption the determinant in Equation 21 may be simplified, and
as an example H]], H]2 and H00 can be written (remembering the

orthonormality of the ligand wavefunctions),
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3
H]] = (xi x203lH] + H2 + H3 +i§ﬁeijjxi x2¢3)

(x] IH]Ix] )y + (XZ'HZIXZ) + (@3IH3I¢3) + (xi leelzlxi xz)

+ (xi W3I8]3Ixi ﬂ3> + (x2¢31923lx203) (22)
3
H]2 = (x] x2¢3lH] + H2 + H3 + 1_§J_(91.J-lx]x2 ﬂ3)
= (xf leelzlx]xé ) = Vis (23)
and
H00 = (x]lH]Ix1) + (x2IH21x2) + (¢3|H3l¢3) + (X]XZIS]ZIX]XZ)

+ (x]¢31913|x]ﬂ3) + (x2¢3I923lx2@3) (24)

where V]2 represents the interaction between the transition dipole
moments of the two identical ligands. The first term of (21) thus
reduces to,

H,; + H,, - H

-E= AE] + V]2 -E

1 12 00

making the same assumptions as before. With these assumptions and
carrying out the calculations for the other terms, the determinant in

Equation 21 reduces to,

ZV]3 AE3 - E

where an obvious extension of the symbolism has been employed. Thus
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the eigenvalues EA, EB+ and Eé- can be found,

E, =AE] - V]Z (26)
2 2
e+ e AE) +AE5 + Vi, + [(-AEy - AE5 - V;,)" - 4(AEJAE, + AEGV,, - 2V, 57)]
B ,
2
(27)
. ’ T } 2 _ N 2
£ - AEy +AE; + Vy, - [(-AE; -AE5 - Vi5)7 - 4(AEAE; + AEV 5, - 2V,57)]
2

The corresponding eigenfunctions for E,, E T and E,” res ectively, are,78
A> °B B P

: .
v, = — (0, -0,) (29)
AT s TR
Bt et _é (@ + 0,00 +C,'0; . (30)
- - '| - ’

where the subscripts A and B refer to the irreducible representations
of C2 under which the functions transform. The constants C]+, C2+,
C] and C, are the mixing coefficients which, when the wavefunctions

2
are orthonormal, have the va]ues,78

V2 V3 | (32)

2, LZ)%

C_] =-C2 =

(2Vy5

and,
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+ .- L
2 2.3
(2vy5" + L )
where,
AE, + V,, - AE, - [(-AE, - AE -V-)2-4(AEAE +AEV., - 2V 2)]%
L =""1 12 3 1 3 12 173 3°12 13
2
(34)

Note that, IC]+I = ICZ_I > IC2+I = IC]_I and that CZ+ and C]’ are always

78
negative, and that the two originally degenerate ligand transitions are
split by exciton interaction, and the energies of the final upper states

Tie in the following decreasing order EB+ > Ey > EB'.

For the transition from the totally symmetric ground-state function,

@%,

twofold axis of the hetero-trischelated complex, the dipole strength,

to the excited-state wavefunction, ¥,, which is polarised along the

DA’ and the rotational strength, RA, for the A absolute configuration

shown in Figure 5, are given by,78

1 2 ) .
and,
R 2 ,
Ry = - __ TVyripy (36)
V2

where 91 is the frequency in wave numbers of the long-axis polarised
m — T* transition of the unperturbed (complexed) ligand molecule 1.
Note that, ry = ro Q] = 92 and Py = Pyp- The transition ﬂb —>'Qb+,

which is polarised in the directions normal to the twofold axis, has,
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for the absolute configuration shown in Figure 5, a dipole strength,

DB+’ and a rotational strength, RB+’ given by,

+ +.23 2 +,2 2 +. +
Dg” = (C;") —é-p] + (€, )" + €y7C, V/—Z-p]p3 (37)
and
R'+=(C*7211r0r 2 e v + ¢ fmvor (38)
g ] 1"1Pq 1 Y2 TVrPePg F Ly Lo TIV3TaPyPg

V2

where 53 is the frequency in wave numbers at which the isolated
(complexed) hetero-ligand m — m* transition occurs. For the
Wb —e-@%- transition, which is also po]arised in the directions
normal to the twofold axis, a similar expression obtains for the

dipole strength, DB_, and the rotational strength, RB_, for the

absolute configuration shown in Figure 5, namely,

- . m23 2 -2 2
DB'(C1)EP1 +(Cy )pg" + Ly Cy V2pgpg (39)
and
R-=(C-)zlm7rr 2 yc,C, mvr +C,7C, TV4rapyp (40)
B 17 5 TP 1 v2 TVATPiPg * by Lo TV3T3P4P3

Note that the conservation laws for both dipole strength and rotational

strength hold, as shown by, (Appendix 2),
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Thus the exciton theory of optical activity predicts that, for a
hetero-trischelated complex in the A absolute configuration, the

transition'@b —afwh should carry negative circular dichroism and,

78

since C]+ and C2+ are both negative quantities, the

'@b —93¢b+ transition should carry positive circular dichroism.

Despite the fact that C] and C2 are of opposite sign, the

@b —anh- transition will also carry negative circular dichroism.

This treatment of the non-degenerate exciton theory allows the

(42)

theoretical dipole and rotational strengths of a hetero-trischelated

complex to be readily calculated. The unknown quantities,AE], AE3,

Pys P3s Tys Tgs R12’ R]3, vy and V3 in the equations can easily be
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found from experiment. The only other unknown quantities in the
equations are V]2 and V]3, both of which can be calculated from the

monopole exciton energy.76

The monopole exciton energy for the
transitions of the complex ion resulting from an excitation between the
molecular orbita]s_n& and m; in the free ligand is obtained by expanding
the molecular orbitals over the atomic orbitals contributing to the

m-system of the Tigands, giving the summation,

ab = 2 sé) tﬁ) (CiC7a 0404 37p Vst (43)

where Csi is the atomic orbital coefficient of the atom s in the
molecular orbital m; of the ligand La’ and Yst is the repulsion integral
between an electron on atom s and on atom t, the sums being taken over
all of the atoms s of the ligand La and all of the atoms t of the ligand
Lb‘ Alternatively, V]2 and V]3 can be readily calculated using the
point-dipole approximation,ﬁo however, the point-dipole approximation is
unlikely to be quantitatively sufficient in the present system, since the
dipole length and therdistance between the chromophores are the same order
of magnitude; it leads to large discrepancies in the order of magnitude

of the splittings compared either'with observation or with the monopole
value. However, it generally gives the correct sense of the splittings

which is sufficient for some purposes. It is found that using this

approximation and using the choice of phases shown in Figure 6 that,

PP
vm:l_]_g (44)

4 R

12
and,

PiPa 3pqPar '

Vg = ‘3%13- 131 2} (45)

R]3 2 — 4(r] + r3)



37

FIGURE 6:  The geometry of [M(LaLch)]n+ complex ions and definitions

of the various geometric parametersused in the calculations.

where R]2 is the distance between the "centres" of the excitation moments
of the two identical Tigand molecules, and R]3 is the distance between the
“centres" of the excitation moments of two different ligand molecules,

i and rg are the distances between the centre of the metal ion and the
“centres" of the two types of ligand molecules and Py and Dy refer to

the values of the transition dipole moments of the long-axis polarised

T — T* transitions of the two types of ligand molecules. Note that

_ _ _ _ 2 2 ! _
P} = Pp> Iy = Ty, Ryy = V3 r],‘R]3 = Jr] + 1%+ ryry and Ri3 = R,

(Figure 6). Also V,, can be estimated from expem‘ment76 as,
12

hc [\7(A2) - v(E)] = 3V (46)

12

although this method may give answers different from those calculated

using the point-dipole approximation and the monopole method.

The application of the non-degenerate exciton theory of optical activity

to hetero-trischelated complexes predicts three characteristic coupling



38

modes at different energies of the long-axis polarised m — m*
transitions of the ligand molecules in the complex. So for a hetero-
trischelated complex with C2 symmetry, for example the localised models
of the singly and doubly reduced complexes, [Ru(bipy)z(bipy—)]+ and
[Rg(bipy)(bﬁpy_)z] respectively, in principle, three exciton circular
dichroism bands in the region of the ligand Tong-axis polarised m — m*
transitions are predicted. In the singly and doubly reduced complexes

1%

of [M(bipy) , (M = Ru, 0s), if the added electrons were delocalised

3
over all three bipy ligands, the complexes could be formulated as
[M(bipy%-)B]+ and [M(bipyg-)3] for the singly and doubly reduced complexes
respectively, and so in effect, the complexes could be described as
homo-trischelated complexes with D3 symmetry. It has been shown that

the exciton theory of optical activity predicts completely different
spectra for the homo- and hetro-trischelated complexes, so it should

be an excellent method to distinguish between the localised and
delocalised theories for the reduced tris(2,2”-bipyridine)metal

-

complexes.
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CHAPTER 2

EXPERIMENTAL
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INSTRUMENTATION

CYCLIC VOLTAMMETRY

A1l voltammetric experiments were performed in a conventional cell
(Princeton Applied Research) fitted with a three-electrode configuration
consisting of a working electrode, an auxiliary electrode (both platinum
wire) and a Ag/Ag+ reference electrode. The reference electrode (Figure 7)
consisted of a silver wire in a 0.1M solution of silver nitrate in an
air-tight compartment with a porous Vycor glass frit. This electrode
compartment was placed in a salt bridge compartment which was separated
from the bulk electrochemical solution by a pordus Vycor frit. The

salt bridge compartment was used to minimise junction potentia]s99 and
contained the electrolyte solution (0.1M n-Bu4NBF4 in CH3CN). The
electrochemical cell was air-tight and had inlet and outlet valves to
allow degassing of the solutions by argon which had been previously

dried by passing it through a cold trap followed by columns of 3A and

4A molecular sieves. Solutions were purged with argon for twenty minutes

prior to use.

Cycfic voltammograms were recorded using an EG & G Princeton Applied
Research Model 175 Universal Programmer coupled to an EG & G Princeton
Applied Research Model 173 Potentiostat/Galvanostat with a JJ 'XY'
Plotter type PL51. Scan rates were in the range 20 to 200 mV/s with
routine measurements at 100 mV/s, and concentrations of I, II and III

4 1

were approximately 10” ‘moll .

SPECTROELECTROCHEMISTRY

The spectroelectrochemistry was performed using an optically transparent
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thin layer electrode (0.T.T.L.E.) (Figure 7) mounted in the spectrometer
beam. The 0.T.T.L.E. consisted of a conventional 1 mm u.v. cell which
was modified to hold the three electrode arrangement shown. The
reference electrode used was identical to that used in the cyclic
voltammetry experiments. The working electrode was a piece of platinum
gauze which fitted snugly into the 1 mm u.v. cell where the new species
were electrogenerated. The auxiliary electrode was a piece of platinum
gauze in a compartment separated from the bulk solution by a porous
Vycor frit to minimise reactions between reduced and non-reduced
species. Constant potentials were applied using an EG & G Princeton
Applied Research Model 173 Potentiostat/Galvanostat. Concentrations of

I,.-II and III were varied to optimise the different spectral regions.

The 0.T.T.L.E. used in the luminescence experiments was identical to
that shown in Figure 7, except that the 1 mm u.v. cell was bent at an
angle of 90° to the bulk solution compartment to allow it to lie

horizontally in the laser beam.

In all experiments the starting complexes I, II and III were regenerated

after each reduction stage to check for decomposition and racemisation.

LOW TEMPERATURE CELL

Low temperature (-41°C) spectroelectrochemistry experiments were
performed by mounting the 0.T.T.L.E. in a teflon block which was
divided into three compartments by four strain-free quartz windows
(Fighre 8). The 0.T.T.L.E. was inserted into the central compartment
and cold, dry nitrogen was blown around the cell, maintaining the
temperature at -41°C. Dry nitrogen at room temperature was blown

through the outer compartments which maintained the outer windows at

room temperature and prevented condensation from forming on the quartz
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FIGURE 7: Schematic diagram of the 0.T.T.L.E.
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FIGURE 8:  Schematic diagram of the low temperature cell
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windows. The temperature inside the cell was monitored at all times

using a thermocouple which was inserted into the cell.

N

CIRCULAR DICHROISM MEASUREMENT

The c.d. spectrometer (Figure 9) was constructed around a Jobin-Yvon

0.6 m monochromator. The source was a 150W horizontally mounted

xenon arc lamp (powered by a PRA M303 Lamp Supply) which was focussed

by means of a parabolic reflector. The light energy from the single
grating monochromator was passed through a filtering system and then

was plane-polarised in the vertical plane by a quartz Rochon prism.

The plane-polarised light was then circu]ar1y—po1ariséd by passing it
thrbugh a silica photo-elastic modulator (powered by a PEM-80 Photoelastic
Modulator System Controller) held at 45° to its optic axes. The
circularly-polarised Tight passed through the sample and was collected by
an EMI model 9558QB photomultiplier. The modulated signal was measured
uéing a synchronous lock-in amplifier (Bentham) referenced to the photo-
elastic modulator vibration frequency of 50 KHz. The Tock-in amplifier
detected the periodic difference in light intensity due to the presence
of an optically active sample. The Tock-in output was plotted on a
Belmont Instruments chart recorder as the monochromator was scanned in
wavelength, préducing a spectrum of AA varying with wavelength, where

AA is the fractional circular dichroism absorbance.

OPERATION OF THE -PHOTO-ELASTIC MODULATOR

The photo-elastic modulator consists of a bar-shaped crystal of calcium
fluoride or fused silica which is driven into oscillation by mechanical
coupling to a bonded-on piezoelectric transducer made of crystal quartz.

The stretching and compression of the optical element results in an

oscillating birefringence (nX - ny). This is due to a time-varying
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difference between the two refractive indices, Ny and ny, applying to
light polarised parallel or perpendicular to the x and y axes in

Figure 10.

The extensional displacements along the x-axis of the bar are given by,
8= & sin(2nx/A)sincwt (2.1)

where §, is the maximum extension, A is the wavelength of the 1ncfdent
Tight, w is the oscillating frequency and t is the time. The corresponding
strain is proportional to (28/3x), that is, to cos(2nx/A) and is a

maximum at the bars centre. The birefringence (nX - ny) is proportional

to the strain and varies with time as sin(t).

Consider a linearly polarised Tight beam which is the resultant of two
linear components abc and a“b”c” (Figure 10). This Tight beam, with
its resultant linear axis orientated at 45° to the pressure axes, now
passes through a block of isotropic fused silica rendered linearly
birefringent by pressure exerted along the x or y axis. The induced
differential refractive index (nX # ny)vcauses one of the linear
components of the light beam (abc or a’b’c”) to travel through the

silica faster than the other. If n,>n then the x component (abc)

y
will travel more slowly than the y component (a"b"c”), that is it will

be retarded. As drawn in Figure 10 (a), an x-component retardation of

exactly % wave (A/4) leads to right-circular polarisation (-%74, 3)74,

7)74 ... etc retardation will give left-circular polarisation)

(ngure 10 (b)). A half wave retardation, plus or minus, will cause a

90° rotation of the original plane of linear polarisation. Zero

(nX = ny) of full-wave retardation leaves the polarisation of the incident
beam unchanged. The general phase retardation, §, leads to elliptically
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polarised light. A programmed variable pressure on the optical block is
the basis of a device to generate a controllable polarisation. This is

polarisation modulation.

ELECTRONIC ABSORPTION SPECTROSCOPY

Electronic absorption spectra were recorded on a Beckman U.V. 5270
u.v.-visible-N.I.R. spectrophotometer, using standard or vacuum Tine

1 mm quartz cells or the 1 mm quartz 0.7.T.L.E.

LUMINESCENCE SPECTROSCOPY.

Coherent 526 Kr' and Ar’ jon lasers were used as excitation sources for
recording the luminescence spectra. The emitted light was collected

at 180°C to the incident beam and was analysed with a Spex Ramalog 4
double monochromator. The rotating sample technique was employed with

solid samples to prevent burning in the laser beam.

INFRA-RED SPECTROSCOPY

Infra-red spectra were recorded on a Perkin Elmer 983 Infra-red
Spectrophotometer with a 3600 Data Station. Samples were prepared in
a dry box as fluorolube and nujol mulls between potassium bromide and

silver chloride discs respectively.

RAMAN SPECTROSCOPY

Coherent 526 Kr™ and Art jon lasers were used as 1ight sources for

recording Raman spectra. The rotating sample technique was employed
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with solid samples to prevent burning in the laser beam. The scattered
light was collected at 180° to the incident beam and was analysed with
a Spex Ramalog 4 double monochromator. Spectra were calibrated using

a neon Tlamp.

EXPERIMENTAL PROCEDURE

CHEMICALS

Table 1 Tists the methods of purification for the solvents used in this
work. Table 2 lists some of the chemicals used in this work, along with

the suppliers and purity of the materials.

ELECTROLYTE

The electrolyte used in all electrochemical experiments was tetra-n-
butylammonium tetrafluoroborate, purchased from Aldrich (99% pure)

and Fluka (>99% pure). This was further purified as follows;

50 g of the electrolyte was added to 400 ml of water and heated to

50°C with stirring for two hours. The electrolyte was then filtered

and washed with a further 100 m1 of water. This was then dried overnight
at room temperature under vacuum. The dry electrolyte was then
recrystallised twice from ethylacetate/pentane and finally dried under

vacuum and stored in a vacuum dessicator.

VACUUM LINE AND GLOVE BOX PROCEDURES

Conventional high vacuum techniques, using a Pyrex glass vacuum line
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TABLE 1: Methods of purification of solvents

SOLVENT

PURIFICATION METHOD

Diethyl ether

Toluene )
Pentane )

Acetonitrile

Dimethylformamide

Methanol )
Ethanol )

Methylenechloride

Ethylacetate

1,2-dichlorobenzene )

Ethylene glycol

Refluxed over sodium metal and distilled from
sodium/potassium almagam, then transferred to
a vacuum line vessel and degassed. Stored

in the dark over activated 3A molecular
sieves. :

Distilled from sodium then transferred to a
vacuum Tine vessel and degassed. Stored in
the dark over activated 5A molecular sieves.

Acetonitrile (Rathburn Chemicals HPLC Grade)
was purified using the method of Winfield,
then stored in the dark over activated 3A
molecular sieves.

100

Method of purification was that of Coetzee,]O]

then stored in the dark over activated
4A molecular sieves.

Distilled from CaHp and stored over activated
3A molecular sieves.

Dried over CaCl, and distilled from PZO .
Stored in the dark over activated 3A mo?ecu]ar
sieves.

Stored over activated 4A molecular sieves.
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TABLE 2: List of Chemicals

CHEMICAL SUPPLIER PURITY
2,2" -bipyridine B.D.H. 99.5%
2,2" -bipyridine Aldrich 99.5%
?ﬁﬁgi;E;$gizlammon1um tetra- Fluka ~999
$$Egigggigzglammon1um tetra- Aldrich 997
iridium(III) chloride trihydrate Aldrich 99%
ruthenium(I11) chloride trihydrate Aldrich 99%
ammonium hexabromoosmate(IV) Alpha 99%
(-)sparteine sulphate pentahydrate Aldrich 99%
tetrafluoroboric acid Riedel-de Haén 97%
Tithium Hopkin & Williams 99.8%
hydrochloric acid May & Baker >99%
nitric acid B.D.H. AnalaR
silver nitrate Johnson Matthey pure
potassium iodide Riedel-de Haén 99.5%
propane-1,2-diamine Hopkin & Williams 99%
formic acid May & Baker 98%
sodium hydroxide Formachem 96%
cobalt(II) chloride Hopkin & Williams 99%
triethylorthoformate May & Baker 98%
hydrogen peroxide May & Baker 99%
trifluoromethanesulponic acid Fluka >98%
1,10-phenanthroline hydrate Koch-Light Ltd = 98%
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and utilising a Genevac GDN3 rotary vane vacuum pump and a Jencons
mercury diffusion pumb, were employed for some reactions in this work.
Pressures were measured using an Edwards Model 2G Vacustat Gauge,

and minimum pressures were in the range ]0—3m bars or Tower. Standard
glass joints were greased with Dow Corning high vacuum grease, and
reaction vessels were fitted with Rotaflo stopcocks. A1l vessels
employed in vacuum line procedures were pre-dried by heating with an
oxygen/methane torch while pumping. A1l solvents were purified before
use and were degassed on the vacuum line by using a minimum of three,
freeze-pump-thaw cycles, before storing over activated molecular
sieves in the dark. Reactions were carried out in Pyrex double 1imb
vessels (Figure 11), the reaction products being isolated in the second
limb of the vessel, or alternatively, reactions were carried out in a
vessel fitted with a 1 mm quartz u.v. cell (Figure 12) so that the

electronic spectra could be monitored as the reactions proceeded.

Manipulations involving involatile compounds and materials were carriéd

out in an argon atmosphere glove box (Lintott Engineering Company Limited),
in which, typical moisture levels were in the range 2-12 ppm. Molecular
sieves and manganese oxide were used for the removal of moisture and

oxygen respectively from the box.

ANION EXCHANGE COLUMN PROCEDURE

The anion exchange resin used was Amberlite IRA-400 (C1) purchased
from BDH, evenly packed into a 2 x 30 cm column. To convert the resin
from the chloride form into the tetrafluoroborate form, the column

was eluted with 4 litres of 0.2 M tetrafluoroboric acid until testing
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FIGURE 12:  Evacuable Cell for Electronic Spectroscopy
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with silver nitrate solution showed no trace of chloride ions. The
column was then eluted with 1 Titre of distilled water to remove excess
tetrafluoroboric acid. A dilute aqueous solution of the required
compound could then be run down the column to convert it into the

tetrafluoroborate salt.

SYNTHETIC PREPARATIONS

Preparation of tris(2,2”-bipyridine)ruthenium(II) jodide

Tris(2,2”-bipyridine)ruthenium(II) iodide was prepared usingrthe method
of Burstall.® Ruthenium trichloride (3.0 g) and 2,2"-bipyridine (9.0 g)
were heated slowly with stirring to 220°C. The flask was then stoppered
and the temperature raised to 280°C on a sandbath and was stirred
vigorously for 5 hours. The cooled melt was then extracted with hot
water into a separating funnel, and the solution was extracted with

3 x 50 ml of diethylether. The remaining $b1ut10n was filtered from
insoluble material and evaporated to crystallising point. The bright
orange crystals were collected and dissolved in hot watér to form a
concentrated solution, to which a concentrated aqueous solution of
potassium iodide was added. The red crystalline precipitate was

recrystallised from hot water to yield 5.3 g of the complex iodide.

Resolution of tris{2,2”-bipyridine)ruthenium(II) jodide

Tris(2,2”-bipyridine)ruthenium(II) iodide was resolved using the method
of Dwyer and G_yarfas.]O The racemic iodide (2.0 g) was converted into

the antimonyl(+)tartrate, by shaking with silver antimonyl(+)tartrate (0.9 g),
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the silver iodide produced was removed by filtration. The solution
was concentrated on a rotéry evaporator and then cooled in ice,
whereupon the antimonyl(+)tartrate salt crystallised out. The red
crystals were washed with a small quantity of ice cold ethanol to
remove traces of the more so]ub1e<sa1ts. The red crystals were then
dissolved in hot water and fractionally precipitated by addition of
potassium iodide solution. The (-) or A-enantiomer was found in the
least soluble fractions, and this was purified by recrystallisation

from hot water.

The A-iodide was converted into the tetrafluoroborate salt on an anion
exchange column as described earlier. The tetrafluoroborate salt was
recrystallised from ethanol to give the pure complex I. The chloride

salt was prepared in an analogous procedure.

Preparation of Tithium Artris(Z,Z'—bipy}idiny1)ruthenate(II)

A-tris(2,2”-bipyridine)ruthenium(1I) chloride, I, was dried under

vacuum at 90-100°C before being addéd to a dry twin-1imb vacuum line
vessel. Lithium metal was cleaned of parafin using 1,1,T1-trichloroethane
and the outer coating was cut off in the glove box. Excess 1ithium

metal was then added to the vessel containing the complex chloride.
Purified dimethylformamide was distilled into the vessel and the solution
was cooled in ice as the exothermic reaction proceeded. Occasionally the
reaction was enhanced by placing the vessel in an ultrasonic bath.102
Once the sblution had changed from bright orange to dark red in colour
and no further reaction occurred, the red solution could be decanted
from the 1ithium chloride precipitate and excess Tithium metal, and

the solvent removed to leave the solid complex, 1?_. Pure complex 1?'

could not be isolated as some residual lithium chloride always remained
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with the solid.

Preparation of tris(2,2” -bipyridine)osmium(II) iodide trihydrate

Tris(2,27-bipyridine)osmium(II) iodide trihydrate was prepared following

the method of Burstall et a1.9 Ammonium hexabromoosmium(IV) (3.46 g)

and 2,2 -bipyridine (8.00 g) were mixed intimately and heated carefully,
the temperature being raised slowly to 220°C over a period of 1 hour,
whereupon the resulting melt was a red/brown colour. Then under a
nitrogen atmosphere the temperature was increased to 280°C using a
sandbath and the mixture was stirred vigorously overnight. The black
solution was allowed to cool and was then extracted with 400 m1 of hot
water. After filtration from tracés of a black insoluble material the
solution was taken to dryness on a rotary evaporator and the solid
extracted with 4 x 50 ml of benzene to remove excess bipyridine. The
remaining green solid was dissolved in 300 ml of hot water to which a
saturated solution of potassium jodide was added to precipitate the
jodide salt. The dark gfeen,so1id was recrystallised from water with the
addition of potassium iodide solution (yield 5.51 g). The remaining

brown solution was discarded.

Resolution of tris(2,2”-bipyridine)osmium(II) iodide trihydrate

Tris(2,2”-bipyridine)osmium(II) iodide trihydrate was resolved using the

9

method of Burstall et al.” Tris(2,2”bipyridine)osmium(II) iodide

trihydrate (5.51 g) was dissolved in 400 ml of hbt water, to which silver
antimonyl(+)tartrate (2.25 g) was added. After filtration the solution
was concentrated until approximately half of the compound crystallised
on cooling in ice. The dark green platiets were filtered and washed with

small quantities of ice cold ethanol, to remove traces of the more
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soluble salts. This was then dissolved in warm water and fractionally
precipitated repeatedly with potassium jodide solution, to give 0.41 g
of the optically pure (-) or A-enantiomer. The mother liguors from the

various crystallisations were combined and repeatedly crystallised by

fractional precipitation with potassium iodide solution. Fractions of
racemic material were combined and fractions of the (+) or A-enantiomer
were combined until the A-enantiomer was fully resolved (yield 0.21 g)

leaving 1.80 g of the pure racemic iodide.

The samples were checked for purity by chromatographing them on a

Sephadex LH-20 column and eluting with methanol. In most cases only

one dark green band was collected, occasionally a red band preceded the
dark green band; this red band was discarded. Some of the optically
resolved iodide was converted into the tetrafluoroborate salt on the anion
exchange column as described earlier. The tetrafluoroborate salt was

then recrystallised from ethanol to give the pure complex II. The

chloride salt was prepared using an analogous procedure.

Preparation of lithium A-tris(2,2”-bipyridinyl)osmate(II)

A-Tithium tris(2,2’—bipyr1d1ny])o;mate(II), ££3', was prepared in an
analogous procedure to l?-. The reaction proceeded with the green
starting solution turning the dark red colour of the reduced complex.
Pure complex 113_ could not be isolated as some residual lithium

chloride always remained with the solid.

Preparation of cis-dichlorobis(2,2”-bipyridine)iridium(I11) chloride

Cis-dichlorobis(2,2”-bipyridine)iridium(I1I) chloride was prepared

using the method of Watts and co-workers.103 Iridium trichloride (1.06 g)
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and 2,2”-bipyridine 2.51 g were placed in a 25 ml round-bottomed flask
with glycerol (10 m1). The flask was heated in a sand bath with

stirring at 180°C for 2 hours, then left to cool overnight. Water (20 ml)
was added to the resulting black solution, which was then extracted with

3 x 25 ml gf diethylether to remove excess 2,2”-bipyridine. The

remaining brown solution was cooled in ice and filtered. The brown

solid was then dissolved in mefhano], concentrated on a steam bath and

the solution allowed to crystallise. The resulting yellow crystals

were collected and washed with ice cold methanol and dried to yield

0.58 g of the product.

Preparation of cis-ditrifluoromethanesulphonatebis(2,2” -bipyridine)-

iridium(II1) trifluoromethanesulphonate

Cis-ditrifluoromethanesulphonatebis(2,2”-bipyridine)iridium(III)

trifluoromethanesulphonate was prepared using the method of Sullivan

104

et al. Cis-dichlorobis(2,2”bipyridine)iridium(III) chloride (0.58 g)

was placed in a flask with 30 ml of methylenechloride. Trifluoro-
methanesulphonic acid (10 m1) was added, whereupon the yellow solid
dissolved to give a golden yellow solution which was allowed to
evaporate overnight eliminating HC1. The resulting yellow solution

was checked for the absence of free chloride with silver nitrate. A
further 2 ml of trifluoromethanesulphonic acid was added to this solution
which was then refluxed in 1,2-dichlorobenzene (20 ml1) for 3 hours,

then left to cool overnight. Diethylether (50 m1) was added to the

cooled solution and the yellow crystals of cis-[Ir(bipy)Z(OSOZCF3)2](F3c503)

were collected and washed with 200 m1 of diethylether then dried to
yield 0.25 g of the product. Anal Calcd for [Ir(C]OH8N2)2(CF3SO3)2](CF3SO3):
C, 29.02; H, 1.70; N, 5.89; S, 10.10. Found: C, 29.02; H, 1.56; N, 5.82;

S, 9.9].
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Preparation of tris(2,2”-bipyridine)iridium(III) chloride

Tris(2,2”-bipyridine)iridium(III) chloride was prepared using the
method of Sullivan et a1.]04

Cis—[Ir(bipy)Z(OSOZCF3)2](F3CSO3),

(0.20 g), and 2,2"-bipyridine (0.70 g) were refluxed in ethyleneglycol
(5 m1) for 6 hours, after which time the solution had turned brown in
colour. Water (20 m1) was added to this and then extracted with

3 x 30 ml of diethylether to remove excess 2,2”-bipyridine. The
solvent was evaporated off under vacuum and the remaining brown solid
was dissolved in 30 ml of hot methanol. This solution was then
concentrated to 4 m1 on a rotary evaporator and the solution run down a
2.5 x 30 cm Sephadex LH-20 column, eluting with methanol. Three
fractions were co]]ected; the 2nd fraction was yellow and fluoresced
green under a 365 nm u.v. lamp; this fraction contained the
[Ir(bipy)3](CF3SO3)3; This was converted to the chloride salt by
running a dilute aqueous solution down an anion exchange column as

described earlier. (Yield 0.19 g)

Preparation of potassium (+)-tris(L-cysteinesulphinato(2-)-SN)cobaltate(III)

Potassium (+)-tris(L-cysteinesulphinato(2-)-SN)cobaltate(III) was

prepared using the method of Dollimore et a].]2 [Co(NH3)6}C13 (2.0 g)

in water (50 m1) was deoxygenated using a nitrogen bubbler and then
L-cystein (4.5 g) and potassium hydroxide (6.0 g) were added. The mixture
was heated with stirring to 70°C and, when no further evolution of

ammonia could be detected (4 hours), ethanol (50 ml) was added to
precipitate the green potassium tris(L-cysteinato-SN)cobaltate(III).

After cooling in ice and filtering, the solid was washed with 50 ml of
ethanol. This was then added slowly to hydrogen peroxide (100 vol, 10 ml)

_cooling in an ice bath, to give a bright yellow solution. The complex



61

K3(+)-[CO(L-cysu)3] was precipitated by the addition of ethanol (60 ml)
and was collected and washed with ethanol (50 m1). The complex was

recrystallised from water/ethanol and dried to yield 2.3 g of product.

Resolution of tris(2,2”-bipyridine)iridium(III) chloride

Tris(2,2”-bipyridine)iridium(III) chloride was resolved by selective
precipitation of the moreinsoluble diastereomer formed with the

(+)-[Co(L-cysu)3]3_ complex jon. 12

The racemic [Ir(bipy)3]Cl5, (0.1850 g)
was dissolved in hot water (5 ml) and an aqueous solution of
K3(+)-[C0(L-cysu)3], (0.0880 g in 5 ml of H,0) (2 mole racemate:

1 mole K3(+)-[C0(L—cysu)3]) was added to this. The so]qtion was

then fractionally crystallised, the optical activity of each fraction
was tested and fractions of the same diastereomer were combined and the
process repeated five times. The fractions were converted back to

the chloride salts by anion exchange chromatography as described earlier
(p Sé). The solution of the more insoluble diastereomer rendered the
-pure complex (+) or.A:[Ir(bipy)3]C13, III. The solution of the more
soluble diastereomer was purified by chromatographing it on a

Sephadex - LH-20 column in methanol to remove traces of a red compound.

(NB neither enantiomer is likely to be fully resolved due to difficulty

in crystallising the small amount of material available).

Preparation of A-tris(2,2 -bipyridinyl)iridium(III)

.A:tris(?,Z’-bipyridiny])1rid1um(III),_1133_, was prepared in an

analogous procedure to l?- and 11?-. The reaction proceeded with

the yellow solution turning the dark red red colour of the reduced

complex.
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Preparation of lithium 2,2"-bipyridinyl

2,2”-bipyridine was dried under vacuum then added to a dry twin-1imb
vacuum Tine vessel. Excess 1ithium metal (prepared as described
earlier) was added to the vessel and solvent (either diethylether or
toluene) was distilled in. The reaction proceeded with the colourless
solution turning the dark red colour of the reduced compound. At this
stage the solution was decanted off the excess lithium to prevent
formation of the dark green dilithium 2,2"bipyridinyl. The solvent was

back-distilled to Teave the black solid salt, IV.

Preparation of R(+)-tetra-N,N,N’,N’-methy]propané-],Z—diamine

R(-)-propane-1,2-diamine (6.8 g) dissolved in water (60 ml) was added
slowly to ice cold formic acid (65 m1). To this, formaldehyde

(40%, 60 m1) was added and the mixture refluxed for 7 hdurs then cooled
overnight. 10M hydrochloric acid (55 ml) was added to the cooled
solution which was then evaporated on a rotary evaporator, the
receiver being cooled in ice, to give a yellow oil. Sodium hydroxide
(16 g) dissolved in water (100 m1) was added to the oil and the
solution was extracted with 3 x 150 ml of diethylether. The ether was
removed on a rotary evaporator to leave a yellow liquid which was

then fractjonal1y distilled off a 20 cm column under vacuum. The
fraction which distilled at 34°C was collected and stored over
activated 5A molecular sieves in the dark. The 90 MHz n.m.r. of the
liquid in CDC]3 confirmed it was R(+)-tetra-N,N,N",N"-methylpropane-
1,2-diamine with 2 singlets at 2.23 and 2.20 ppm and a doublet at

0.91 ppm (integral 2:2:1) corresponding to the 5 methyl groups, and
weaker signals between 2.90 and 1.85 ppm (integral 1) corresponding to

the 3 single protons.
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Preparation of S(-)-tetra-N,N,N",N" -methylpropane-1,2-diamine

S(-)-tetra-N,N,N",N“-methylpropane-1,2-diamine was prepared using

the above method, starting from S(+)-propane-1,2-diamine.

Optical purity of R(+) and S(-)-tetra-N,N,N",N°-methylpropane-1,2-diamine

The optical purity of the R and S enantiomers could be checked by

105 ¢obalt(11) chloride

preparing the cobalt(II) chloride complexes.
(0.15 g) was dissolved in ethanol (10 m1) to which triethyloroformate

(1 m1) had been added. Tetra-N,N,N",N -methylpropane-1,2-diamine (1 ml)
and triethylorthoformate (1 ml1) were dissolved in ethanol (10 ml) and
this solution was slowly added to the solution of cobalt(II) chloride.
The resulting solution was refluxed for z hour then boiled to remove
most of the ethanol. When cool, diethylether was added and the bright

blue crystals were collected and washed with cold ethanol/diethylether

1:1) then dried in a vacuum dessicator. (Yield 0.20 g)

The differential extinction coefficients of the two enantiomeric complexes

105

were compared with literature values. The S(-) enantiomer had

AEgopn o = 0.17 (14t 0.21) and so the S(-) enantiomer was 80% resolved.

The R(+) enantiomer was found to be optically pure.

Preparation of 2,2 -bipyridinyl(R(+)-tetra-N,N,N",N"-methylpropane-
1,2-diamine)lithium(1)

A1l ménipu]ations were executed using vacuum line and glove box
techniques. Lithium metal (excess) and 2,2"-bipyridine were added
to a dry vacuum line vessel. R(+)-tetra-N,N,N",N"-methylpropane-
1,2-diamine (excess) was distilled into the vessel followed by the

solvent (either diethylether or toluene). The 1lithium was left in
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the vessel until the dark red colour of the product had formed and

was then removed to prevent any further reaction.

The S(+) complex was prepared in an analogous procedure.

Preparation of (-)-sparteine

(-)-sparteine sulphate dissolved in water was basified with aqueous
sodium hydroxide until the solution turned milky white and a éo]our]ess
0oil formed on the surface. The 0il was extracted 3 times with
diethylether and the ether was removed on a rotary evaporator. The
remaining liquid was distilled under vacuum, the fraction which

distilled at 101°C was retained and was stored over 5A molecular sieves.

Preparation of 2,2”-bipyridinyl((-)-sparteine)lithium(I)

A11 manipulations were executed using vacuum line and glove box
techniques. Lithium metal (excess) 2,27-bipyridine and (-)-sparteine
(excess) were added to a dry vacuum line vessel. The solvent (either
toluene or diethylether) was distilled in and the reaction allowed to
proceed until the dark red colour of the product had formed, then

the 1ithium was removed to prevent any further reaction.
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CHAPTER 3

LITHIUM- BIPYRIDINYL
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The 2,2 -Bipyridinyl Anion

The 2,2”-bipyridinylanion (bipy ) was first synthesised in 1958 as the

sodium and Tithijum salts by Elschner and Herzog]06

who reported the

e.s.r. spectrum of the anion. From the e.s.r. spectra it was proposed

that both the Tithium and sodium cations were co-ordinated to both nitrogen
atoms of bipy (that is, bipy assumed the planar cis-configuration)

and that the unpaired electron resided in the w-orbitals of the

aromatic compound. However no detailed analysis of tHe hyper-fine
structure of the e.s.r. spectrum was given. Since then the e.s.r.

spectrum of the compound has been reported in more detail by several

71-74, ]07']Q9and as well asthe sodium and Tithijum salts, the

72-74, 107 73,107

authors

potassium, rubidium and more recently, organometallic

108,109

cation salts have also been prepared.

Other spectroscopic studies on bipy have since been reported, including

70,110-112 113 41,42

absorption, infrared and Raman spectra but in some

1011 ynits were used and only a

110-112,41,42

cases ar‘bit\ranry”2 or inaccurate
limited spectral range was covered. In this work an attempt
has been made to correlate the existing information and to extend the
studies on the compound in an attempt to gain more information on the

structure, bonding and properties of the bipy anion.

Electronic Spectroscopy of Bipy

2,2” -bipyridine can be considered to have twelve Huckel molecular
orbitals! 1 (designated m 1 to m 12) the first six of which are bonding
orbitals and will be completely filled for the neutral molecule

(Figure 13). The lowest energy m —> m*excitation will be from w 6 (HOMO)

to m 7 (LUMO) which occurs at 278 nm for free bipy. When the mono anion
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of bipy (bipy-) is formed as in Li+b1py', the added electron will enter
the m 7 antibonding orbital. The Towest energy m — mw* transition in
bipy” will still be the m 6 — 1 7 transition’C as the m 7 orbital is
not completely filled. However this will not be the lowest energy
transition as now transitions from the w 7 orbital to w8, m 9 and m 10
are now available. The occupancy of the m-orbitals of both bipy and

bipy  are shown in Figure 13.

The electronic absorption spectrum of bipy in the region between 200
and 1600 nm consists of four main absorption bands (Figure 14). Konig
and Kr‘emer70 assigned the bands centred on approximately 261 nm as

m 6 — m 8,9 transitions, the band centred on 393 nm was assigned as a
m6— w7 transition, the band centred on 534 nm was assigned as a

m 7 — w10 transition and the band at 816 nm was assigned as m 7 — m 8,9
transitions. The experimental data in this work is, on the whole,

in agreement with the assignments of Konig and Kremer, however on
careful examination of the absorption bands and vibrational intervals,
several differences do arise. The experimentally observed wavelengths
and energies of the electronic transitions and vibronic lines and the

assignments of these bands are given in Table 3.

Individual assignments of the bands in the high energy region between

200 and 300 nm has not been possible and these are collectively assigned
as in reference 70 asm b6 —>m 8,9, m4 —»>mw 7 and w5 — w 7 transitions.
The two weaker bands at 230 and 286 nm have no visible vibronic structure
but the strongest band which has its origin at 267.5 nm has a

1

vibrational progression of 948 cm ' which is quite low in energy.

The most intense band centred on approximately 380 nm at first glance

seems to have a regular vibrational progression and has been assigned
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TABLE 3
-1 (Progression) -1
Wavelength (nm) Energy (cm ') Energy Difference (cm ')  Assignment-
230 43,478 -
237.5 42,105 953 w4 — 17/
243.0 41,152 937 wH -/
248.6 40,225 927 w6 — 18,9
254.4 39,308 050
260.7 38,358 975 Average
267.5 37,383 948 cm-1
286. 34,965 -
325.8 30,694 976
336.5 29,718 1.081 w6 —> T17
349.2 28,637 ’782 w7 =1l
359.0 27,855 1.153
374.5 26,702 ,762
385.5 25,940 -1.905 (origin)
416.0 24,038 ’ (hot band)
483 20,704 1.249 w7/ - nul0
514 19,455 ]’240 Average
549 18,215 g 1245 cm1
671 14,903 1,389 7 -9
740 13,514 1,383 Average
825 12,121 1,391 1388 cm!
932 10,730 ’
1,048 9,545 1.363 w7/ -8
1,222 8,182 1 ,364 Average
1,467 6,818 ’ 1364 cm]
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70

as the m 6 — m 7 transition by Konig and Kremer. However on

careful measurements of the energy differences between individual
absorptions, an extremely irregular pattern emerges (Table 3). Ignoring

the band at 416 nm, the energy differences between the bands fluctuate

1 1

between approximately 800 cm ' and 1100 cm . The possibility of

having two vibronic progressions on one electronic transition can be

ruled out because the lower in energy of the two progressions would be

an average of 800_cm_] from an origin band at 385.5 nm or 1100 cm-]

from an origin at 374.5 nm. However the higher energy progression would
then be approximately 1900 cm-],which is far too high an energy to be of

vibrational origin in this compound. Now from the calculations of

70

Konig and Kremer'™, the mw 7 — w 11 band of bipy is predicted to occur

at 356 nm which is in the region of this band. The dipole strength of

2 for

70

this transition was calculated as only 0.02/32 compared to 1.463
the m 6 — w 7 band and so has been ignored by Konig and Kremer.
However if the theoretically calculated dipole strengths are compared
to the experimental values there is very little agreement: It may
therefore be possible that the experimental dipole strength of the

m7 — w1l band is actually far greater than the theoretical value.
Accordingly, this band is tentatively assigned as being due to both the

m6—>m7 and the m 7 — m 11 transitions of bipy .

The band between 450 and 600 nm has been assigned, in agreement with
Konig and Kremer,70 as the m 7 — m 10 transition of bipy . Measured
from the origin band at 549 nm, it has a vibrational progression of

1245 cm V.

The lowest energy band was collectively assigned as the m 7 — m 8,9

transition of bipy by Konig and Kremer.70 On examination of the shape
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of the band, from an origin at 1,467 nm there is a gentle increase in
intensity to 1,000 nm followed by a sharp increase in the intensity of the
band which is not a normal Frank-Condon profile. Furthermore, when

the vibrational intervals are measured between 1,467 and 1,048 nm the

1 ] and so

interval is 1364 cm ' but between 932 and 671 nm it is 1388 cm_
clearly it is possible to distinguish between the two transitions.

Hence the lower energy and less intense band with its origin at 1,467 nm
and a vibrational progression of 1364 cm'] is assigned as them 7 — m 8
transition of biby-. The higher energy and more intense band with its

1

origin at 932 nm and a vibrational progression of 1388 c¢cm ' is assigned

as the m 7 — m 9 transition of bipy .

Comparing the vibrational progressions for the w 7 — m 8,9 and 10
transitions of bipy , the m 7 — w 8 and 9 progressions are very similar,

1

being 1364 and 1388 cm ' respectively whilst that of the m 7 — m 10

progression is considerably lower in energy at 1245 cm_].

To help
reconcile the differences, MNDO molecular orbital calculations were
performed on bipy and the schematic molecular orbitals for w 7 to m 10

are shown in Figure 15.

The molecular orbital diagrams have been simplified to show the schematic
bénding in the m 7,8,9 and 10 orbitals of bipy— in Figuré 16. The

mw 7 orbital is found to have considerable double bond character in both
the rings and a double bond between the rings. Both the m 8 and'n 9
orbitals on the other hand appear to have very little double-bond
character, either in the rings, or in the bond between the rings. So
inam7-—>mw8or w9 transition of bipy the double-bond character

of the rings is reduced and the strength of the central bond would be
reduced. The similarity of the m 7 —> w 8 and the m 7 — m 4 transitions

suggests that it is likely that the vibration in both cases is of the
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FIGURE 15:  Schematic molecular orbitals of bipy

same type (possibly a ring stretchingtmode) and this would be consistent
with the similar values of the vibrational progressions of 1364 and

1388 cm-] for them7 —>m 8 and w7 — w9 transitions respectively.

Comparing the mw 7 and the m 10 orbitals of bipy;, it is immediately
obvious that the only difference between the bonding character of the

two orbitals is that m 7 has a central double bond whi]sf m 10 does not.

It is therefore possible that the vibration of 1245 cm™| in the m 7 — 1 10
transition is due to the symmetric inter-ring stretching mode of bipy .
This would explain the difference in energies between the W7 — m 10

and the m 7 — 11 8 and 1 9 vibrational progressions in bipy .
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Infra-red and Resonance Raman Spectra

In the solid state, 2,2"-bipyridine is trans-coplanar with essentially
C2h symmetry. It has a centre of symmetry, making the Raman and
infra-red modes mutually exclusive, thus eliminating approximately

half of the vibrational degrees of freedom from infra-red activity. On
reduction with Tithium the 2,2 -bipyridinyl anion assumes the cis-
configuration (symmetry C2v) thus increasing the number of infra-red
active modes and only disallowing some of the out-of-plane modes. For
example four i.r. active C-H vibrations aré expected and observed in
the 3100-3000 cm”| region of 2,2 -bipyridine whereas in the bipyridinyl

anion, eight stretching modes are expected.”3

The infra-red spectrum of Libipy 1in both nujol and fluorolube mulls

are shown in Figure 17 and the infra-red and Raman wavenumbers are given
in Table 4 along with the Titerature values for comparison together

with their empirical assignments.”3 The solid and solution infra-red
wavenumbers are in good agreehent between 1600 and 400 cm_] with only
small differences between the values of the comparable frequencies.
However in the C-H stretching region there are major differences in

the spectra. The literature spectrum has only two frequencies at 3120
and 3078:cm_] which are both higher in energy than any of the solid
phase frequencies. It is possible that these two frequencies correspond

1

to the 3060 and 3018 cm ' bands in the solid state spectra and have been

shifted by 60 cm-] to higher energy by some sort of solvent interaction.

This is a feasible explanation as solvent shifts of up to 100 cm—] are

not uncommon.”5 The other difference is that there is no report of any

1

C-H stretching bands below 3000 cm ' in the literature whereas the solid

state spectrum gives three bands. It is possible that any such bands in

the solution spectrum were very weak and may have gone unnoticed but it
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TABLE 4: Infrared and Raman frequencies of Libipy with empirical

assignments

INFRARED (am 1)

RAVAN (@ ) EMPIRICAL ASSIGNVENTS

Nujol/Fluorolube tetrahydrofuran

d8—Dioxan tetrahydrofuran42

3060 - 3120
3018 3078
2972
2930
2880
1588 1597
1563 1585
1512 1570
1495 14390
1480
1459 1460
1433
1421
1410 1415
1389 1354
1311
1283
1272 1277
1265
1200 1208
1165 . 1162
1148 1145
1139
1107 )
1060
1041
1021
1008 1009
988 991
961 954
944
806 -
759 764
742 745
720
711 713
708
699
680 681
646
623 621
484
440
414 421

400 402

ring stretch
(breathing)

ring-H out-of-plane bend

ring-H out-of-plane bend

ring bend

inter-ring deformation
ring torsion

3014
2983
2949 C-H stretch
2854
55 1554
" ring stretch
(C=CandC=N)
1488 1486
ring stretch (C = C
and C = N) + G-H bend
1412
1353 1350 ring stretch
(C=CandC=N)
1276 1275
1205 1206 £ resonant dependant
1164 ring stretch
.g'”iNQ'H in-plane bend
} ring stretch
1019 }-ring H out-of-plane bend
995 992 .3
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is not possible to confirm this as the spectrum in this region was not
included in the literature. The possibility that the C-H stretching

bands below 3000 cm_] are due to co-ordinated diethylether can be
discounted. This is because although diethylether does have C-H

stretching bands which are similar to those in the Libipy spectrum,

it also has other very strong characteristic bands between 1500 and 1340 cm
and between 1190 and 1020 cm—]. These strong bands are not present in the
Libipy spectrum and other characteristic weaker bands of diethylether at

2600 cm” !

and 1970 cm_1 are also not present in the Libipy spectrum.
Hence the C-H stretching bands below 3000 cm-] must be assigned to
Libipy. The presence of aromatic C-H stretching vibrations at lower
energy than 3000 cm-1 is quite unusual in itself. 2,2’—bip&ridine does
have extréme]y weak vibrations at 2977, 2922 and 2875 cm'] but these
are more likely to be due to combination bands than C-H stretching
frequencies. Other aromatic anions such as the cyclopentadienyl anion

116

in ferrocene has its C-H stretching vibrations at higher energy than

3000 cm” !

although this may be due to the near covalent bonding in
this compound but even in cyclopentadienylthalium where the bonding is
thought to be largely ionic, the C-H stretching modes are still at a

higher energy than 3000 en !

When comparing the carbon and nitrogen
skeletal vibrations of bipy with bipy it is expected that some
vibrations will be shifted to higher energies and some to lower energies
as the added electron is entering the m 7 orbital which has antibonding
character. But it is difficult to see how the addition of an e]ectron‘
to the m-orbitals should cause changes in the C-H vibrations unless there
is some sort of n=cont}ibution to the C-H bonding. This might show up

in a Normal Co-ordinate Analysis of bipy . However, for bipy, Normal

117

Co-ordinate Analysis shows that there is no contribution from the

C-C modes to the C-H vibrations. Nevertheless, the experimental results

1
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show that addition of an electron into the w 7-antibonding orbital of
bipy, results in some antibonding character being conferred on to the

C-H bonds of the compound,

The resonance Raman spectra of Libipy were obtained in deutero-dioxan
and were found to be in excellent agreement with the literature
spectrum42 which was run in fetrahydrofuran. The use of a deuterated
solvent has lead to the unambiguous assignment of bands in the 3000 cm—]
region of the spectrum to the C-H stretching vibrations of bipy .

These bands had not previously been reported in the 1iterature.4]’42

42 41

Literature Raman spectra were obtained using 350.7 nm'© and 406.7 nm
laser excitations, whereas the resonance Raman spectra in this work
were obtainedvusing a variety of excitation lines (457.9 nm, 476.5 nm,
488.0 nm, 514.5 nm, 520.8 nm, 568.9 nm and 647.1 nm) of which the

647.1 nm and 514.5 nm excitations are shown in Figures 18 and 19.

When the 647.1 nm laser Tine is used (Figure 18), the Raman spectrum
of Libipy is extremely weak with only the 1488 cm'] line being visible
along with the deutero-dioxan lines. As the energy of the laser
excitation 1ine is increased through 568.9 nm and 520.8 nm to 514.5 nm
(Figure 19), the Raman bands of Libipy gain in intensity versus the
deutero-dioxan lines. 514.5 nm is approximately in the centre of the
m/7 —-mwl0 absorption of Libipy (Figure 14) and so at this energy
resonance enhancement of the intensities of the bipy Raman bands is

at a maximum. As the energy of the laser line is further increased
through 488.0 nm and 476.5 nm to 457.9 nm the intensities of the

Raman lines of Libipy decrease again as the laser energy becomes
greater in energy compared to the w7 — m 10 absorption of bipy and

resonance enhancement decreases.
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As the resonance Raman intensities of bipy increase to a maximum at
514.5 nm it is interesting to note that the intensity of the 1488 cm™ |
band of bipy 1is enhanced by an order of magnitude compared to the other
Tines of bipy . As the 1488 cm_] line is enhanced so much it is
concluded that this is the same vibrational mode as in the vibrational
progression of 1245 cm-] in the w7 — m 10 absorption band. The
difference in energy is because the Raman band is a ground-state

vibration whilst the vibrational progression is due to the same vibration

in the excited state of the compound.

The three C-H stretching bands below 3000 cn”]

in the resonance Raman
spectra confirm that the bands-in the infra-red spectrum of bipy are
more 1ikely to be the C-H stretching modes of bipy rather than solvent
bands. Furthermore, this evidence from the resonance Raman spectra
supports the theory that some antibonding character has been conferred

on to the C-H bonds of bipy by adding an electron to the m-antibonding

orbitals of the compound.

Luminescence

The Tuminescence of 2,2”-bipyridine has been well known since Gondo

118 measured its spectrum in 1965. In 2,2”-bipyridine am7 —>m 6

et al
type excited triplet state is believed to be responsible for the
observed phosphorescence. There were no reports of the bipyridinyl
anion having any luminescence in the literature. and so investigations

were carried out to see if luminescence could be detected from Libipy.

When a 10-3 mole 1_] solution of Libipy in either diethylether or

deutero-dioxan was excited with the 514.5 nm laser line a very weak

(approximately 2 orders of magnitude weaker than [Ru(bipy)3]2+
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Tuminescence) Tuminescence was detected between approximately 12,000

and 18,000 cm™'.

The luminescence spectrum of Libipy in deutero-
dioxan excited with the 514.5 nm laser line is shown in Figure 20.
The high energy edge shows the resonance Raman spectrum of Libipy
in which the resonance enhanced Raman band of A1488 cm'] at

approximately 18,000 cm_] is clearly visible between the deutero-

dioxan Raman bands.

The Tuminescence spectrum of Libipy is shown in re]ation-to the
absorption spectrum of Libipy in Figure 21. Now the laser excitation
is at 514.5 nm which is in the centre of the m 7 — 1 10 absorption
band of bipy . It is extremely unlikely that higher energy transitions
for example the w 6 — 1 7 transition of bipy at 380 nm could be
excited and so the luminescence decay is unlikely to originate from
these transitions. The Tower energy m 7 — 1 8 and 9 transitions

could be excited by the 1aserr11ne, however the luminescence band is at
a higher energy than these transitions and so could not originate from
them. Therefore it is concluded that the luminescence originates from

the decay of the m 7 — m 10 transition of bipy .

Now since the luminescence spectrum originates from the decay of the
m 7 — 1 10 transition of bipy , both the ground and excited states
must be doublet states (one unpaired electron in each state). 1In
theory therefore neglecting any other interactions, the absorption
and 1um1nescehce spectra should coincide, that is, be at the same
energy. However, it is found that the absorption spectrum is
approximately 2000 cm-] higher in energy than the emission spectrum.

This difference in energy has been attributed to a solvent shift as the

1

maximum of luminescence occurs at 15,957 cm ° in d8-dioxan and is at

16,315 LT diethylether.
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FIGURE 21:  Absorption and luminescence spectra of Libipy in ether.
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The luminescence. band has a maximum at 15,957 cm-] and a low energy

1

shoulder at 14,465 cm '. The energy difference between these two

bands should correspond to the energy of one of the Raman bands of

bipy'. The energy difference is 1492 cm-] which is in excellent

agreement with the Raman band of bipy at 1488 cm—]. Now it was -
postulated earlier that as the resonance Raman band at 1488 cm—] is
enhanced compared to the other bands, then this vibration is likely

to be the same as the vibration in the progression of the m 7 — 1 10
absorption band. Since the luminescence band originates from the decay

of the m 7 — 1 10 absorption any vibrational structure on the Tuminescence
band should correspond to the same vibrational mode in the m 7 — m 10
absorption. As the ground-state vibration is given by the Raman band

and since vibrations in luminescence spectra correspond to ground-

state vibrations, the two should be the same. Since they have been

shown to be equal to within experimental error the argument above

confirms the assignment of both the luminescence and vibrational bands.
Further, if the assignment of the vibrational mode in them 7 — mw 10
absorption is correct (namely that it is the symmetric inter-ring
stfetching mode of bipy ) then the vibrational mode of 1488 e
should also correspond to the symmetric inter-ring stretch of bipy-.
The difference in energy between the vibrations being due to in the

] vibration there is only a single bond between the two rings

1

1245 cm
of bipy whilst the 1488 cm ~ vibration has double bond character between

the rings and is therefore of higher energy.

Induced Circular Dichroism

2,2"-bipyridine, when in the planar configuration has C2v symmetry for
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the cis-conformation and C2h symmetry for the trans-conformation. If

one of the rings is rotated out of the plane at any angle with respect to
the other ring then the molecule will have C, symmetry and hence will

be chiral. In the solid state, 2,2"-bipyridine has been found to adopt

119

the planar trans-configuration and in solution it has a trans

configuration with an angle of approximately 28° between the two r*ings.]20
Therefore in solution, 2,2"-bipyridine is chiral but of course a

racemic mixture will be formed and no optical activity would be detected.

The 2,2”-bipyridinyl anion has the same symmetry properties as

2,2” -bipyridine, but unlike 2,2”-bipyridine it will adopt a planar
configuration in solution. This is because the added electron to the
T/ orbital confers some double bond character across the central bond
between the two pyridine type rings (in 2,2"-bipyridine the central bond
has single-bond character) and the rings will orientate themselves to
become planar with respect to each other in order to maximise the
m-overlap across the bond. Furthermore when lithium 2,2”-bipyridiny}

is synthesised, evidence from the e.s.r. spec’cra73’74

of the compound
indicates that the bipyridinyl anion co-ordinates to the lithium ion
through both nitrogen atoms, hence the cis-conformation is formed in

solution.

The 1itH1um cation is normally four-co-ordinate, so in solution when

Libipy is formed, two solvent molecules will occupy the vacant co-ordination
sites round LiT. If these solvent molecules could be replaced by a chiral
bidentate Tigand however, steric hindrance may force the two rings of the
bipyridinyl anion to become non-planar with respect to each other (that

is, the molecule would become twisted about the central bond) and it would

then become chiral. Induced circular dichroism of this nature has recently

been achieved using the chiral bidentate Tigands, (-)-sparteine and
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(+) and (-)-2,3-dimethoxy-1,4-bis(dimethylamino)butane with a variety

of arylmethyllithium compounds.]Z]

In this work the induced
circular dichroism of Libipy was achieved using the chiral bidentate
ligands, (+) and (-)-tetra-N,N,N”,N”-methylpropane-1,2-diamine and the

naturally occurring alkaloid (-)-sparteine (Figure 22).

FIGURE 22: (-)-sparteine

A typical circular dichroism spectrum of Libipy using the chiral bidentate
ligand (+)-tetra-N,N, N*,N"-methylpropane-1,2-diamine ((+)—Me4pn) js'
shown in Figure 23. The circular dichroism spectrum shows two negative
bands under the 16 — 17 and 17 — 110 transitions of bipy with values

of A€ of -6.3 and -0.7 1mo1-]cm-] respectively. The values of

A€ are of the same magnitude as those for the induced circular dichroism

121

of various carbanions reported by Okamota et al. The circular

dichroism spectrum could only be measured up to 900 nm which is
approximately three quarters of the way under the n/ — w9 band of bipy ,

up to this point no circular dichroism could be detected under this

absorption. -
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FIGURE 23: Induced circular dichroism of Tithium bipyridinylin the
presence of (+)-tetra-N,N,N ,N -methylpropane-1,2-diamine
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The 2,2" -bipyridinyl anion can be thought of in two ways:

i) as two symmetric groups (like two pyridine molecules) coupled

together in a dissymmetric environment or

ii) as an inherently dissymmetric chromophore.

In the first case each of the two rings in the 2,2"-bipyridinyl anion
have transitions which can be either long or short axis polarised
(Figure 24). The transitions can be combined into various coupling

modes and the resultant transition is optically active.

In Figure 24, the short-axis polarised transitions are represented by
the a transitions and thé long-axis polarised transitions as the b
transitions. Considering the short-axis polarised transitions, if the
molecule has the twisted structure according to Figure 24, for the
(a,a) coupling mode, the charge will follow a right handed helix

along and around the z-axis 6f the molecule. For the (a,-a) coupling
mode, the charge will follow a left handed helix along and around the
x-axis of the molecule. Therefore, if the two short-axis polarised
coupling modes have different energies, then the circular dichroism
spectru% would be expected to show two bands of equal area but opposite
sign under the short-axis polarised absorption band of the molecule.
Furthermore, the coupling would be strong and a large value of AE
wou]d.be expected for the c, d.bands. Considering the long-axis
polarised transitions, the (b,b) transition has both a zero electric
dipole moment and a zero rotatory strength. The (b,-b) transition

has an electric dipole moment directed along the y-axis of the molecule
and a small magnetic moment with the same orientation, arising from the

rotatory displacement of charge across the twisted internuclear bond
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FIGURE 24:  Separate short-(a) and Tong-axis (
moments in twisted 2,2 -bipyridine

b) polarised transition
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and so a very weak circular dichroism would be expected for this

transition.

In the second case, that of the inherently dissymmetric chromophore,
each electronic excitation has an intrinsic electric and magnetic
dipole transition moment and each transition would be expected to have

a very weak circular dichroism.

Both the m6 — m7 and the n7 — w10 transitions are long-axis
polarised and on examination of the spectra both bands have a weak
circular dichroism associated with these transitions, which fits both
of the above cases. Now the m7 — m9 transition which was assigned to
the band between 600 and 1000 nm in the absorption spectrum (Figu;e 14)
is short-axis pd]arised, so from the first case, that of the symmetric
chromophores in a dissymmetric environment, there would be expected to
be a strong exciton couplet in the region of this band similar to the

122

1,1 -bianthryls. This is clearly not the case and hence the inherently

dissymmetric chromophore model is the best description of the molecule.

This is nbt entirely unexpected as in the first case that of the

coupled chromophore model, there is assumed to be nom-electron delocalisation
between the two pynid%ne rings of the bipy anion. But since the added
electron enters the m7 orbital and the central bond between the rings

takes on double-bond character, this implies by its very nature that
delocalisation of the electrons and m-overlap between the two rings will
occur. The weak circular dichroism for bipy is probably evidence that

the central double-bond holds the molecule very nearly planar even in

the proximity of chiral chelating agents.

This explains the intensities and the general form of the bands in the

circular dichroism spectra of Libipy but it does not explain the signs
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of the various bands. The experimental circular dichroism spectra
obtained for Libipy were not as simple as the spectrum shown in
Figure 23. The induced circular dichroism spectrum of Libipy using
(-)-sparteine is shown in Figure 25 and additional spectra using (+)

and (-)-Me,pn are shown in Figure 26.

The form of all of the circular dichroism spectra are basically the
same with two bands under the m6 —> n7 and n7 — m10 long-axis
polarised transitions of bipy . The only real difference is the signs
of the circular dichroism bands and to a lesser degree in the

magnitudes, both of which are given in Table 5.

TABLE 5
S
Ligand Figure (1 mol 'cm ')
m — 1/ n/ — mio
’ 23 -6.3 -0.7
(+)-Me,pn 26¢ -2.6 +0.3
. 4 26a +4.3 +0.3
(-)-Me,pn 26b -0.9 - -0.1
(-)-sparteine . 25 -1.1 +0.3

The circular dichroism spectrum of Libipy with (+)-Me4pn generally
started off as in Figure 26c, then would change to that of either
Figure 23 or Figure 25a and so in effect three different circular
dichroism spectra could be obtained. The time the spectra took to
change varied from several hours in some cases to several days in
other cases and changes in the spectra occurred in both diethylether

and toluene. Possible reasons for the changes in the spectra could be

that as the (+)-Me4pn Tigand is in excess, as well as having the
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FIGURES 25: The induced circular dichroism spectrum of Libipy using
(-)-sparteine
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FIGURE 26: Induced circular dichroism specta of Libipy with
a) (+)-Me4pn, b) (—)—Me4pn and c) (+)-Me,pn
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1:1 complex, it may be possible to have two (+)-Me4pn Tigands bound to
one Tithium ion. Or, it may be possible that some sort of lithium
clusters are formed. As the structures of the various intermediates are
not know it is difficult to give reasons for the changes in the

circular dichroism spectra and will not therefore be attempted.

Only one circular dichroism spectrum was obtained when (-)-sparteine
was used and this may be because the molecule is too bulky to allow
other groups near the camplex. It certainly seems unlikely that two

sparteine molecules could bind to one 1ithium ion.

When (-)-Me4pn was used, again only one circular dichroism spectrum
" was obtained. However, this was probably due to the fact that the
ligand was only approximately 75% resolved and all spectra were
extremely weak so intermediate spectra were probably too weak to be

seen.
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CHAPTER 4

THE ABSORPTION AND CIRCULAR DICHROISM SPECTRA

OF A-[Ru(bipy),1%*, A-[0s(bipy) 12
AND THEIR REDUCED ANALOGUES
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It is now generally accepted69 that the one, two and three-electron

reduction products of [Ru(bipy)3]2+, 1, are complexes in which the

ruthenium . is in the formal +II oxidation state and the electrons are

lTocalised on the bipy ligands. Electrochemical measurements,59

60 63 64

e.s.r, = absorption, ™~ and Raman spectroscopy”' all suggest that the

reduced compounds contain both bipy and bipy Tligands so that, for
example, [Ru(bipy)3]+ must be formulated [Ru(bipy)z(bipy-)l+ (1).

In this work evidence for localisation in the reduced complexes I,

2-

I and_L3- has been obtained independently by examination of the

circular dichroism spectra of the series of complexes I to E?- and by
application of the exciton theory of optical activity to the

experimental results in the near ultraviolet region of the spectra.

77,78

Theroetical calculations have been performed for the exciton

couplet of I in the near ultraviolet region of the spectrum and the

results have been extended to include I, l?_, 1?— and [Os(bipy)312+ (11)

and its reduced analogues, II, 1;2_ and 11?'.

A-TRu(bi py)al 2+ (1)

Before the spectroelectrochemistry of any compound can be measured,
the potentials at which the new species are electrogenerated must

first be found. This is achieved by using the technique of cyclic

voltammetry.

The thermodynamic understanding of electrochemical processes derives

. .123,124
from the application of Nernst's well-known equation;

a

E = fo - RT 4, 20X (47)

nF ared

where E is the applied cell voltage, E° is the standard electrode
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potential, R is the gas constant, n is the number of electrons and F
is the Faraday constant. For a balanced cell where E° is the standard
electromotive force (e.m.f.) of a reaction, 2x and qpad ATE the
equilibrated activities of the reactants and products adopted at E

under a given set of conditions.

In cyclic voltammetry the characteristic features of the d.c. voltage
curve are derived as a result of the potential dependent changes of
the redox system, controlled by diffusion processes. Measurement of
E and E_ (the anodic and cathodic peak potentials) permits the

Pa c
calculation of the half-wave potential E%, where;

Ep + Ep ]
E, = -2 ¢ (48)
2 2

and E; is related to the theromodynamic standard redox potential E° by;
2

1

E, = E° + Ry Pﬁ)z (49)
z nF Do

where Do and Dr are the diffusion coefficients of the oxidised and

reduced species.' Under the assumption that Do and Dr are approximately

equal, equation 49 is reduced to;

v

For a reversible electrode process, the magnitude of the theoretical
separation between E_ and Ep is calculated to be 57 mV at 25°C and is

c
a
independent of the scan rate.?7>123

The cyclic voltammogram of I is shown in Figure 27 and the results of

the experiment are listed in Table 6.
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TABLE 6: Cyclic Voltammetry Result
Couple £, (V)@
——————— -—-i———-—
149 - 1.58
11 - 1.83

213 - 2.09

a Volts versus

b AE
p

A11 the electrode potentials obtained
respect to the Ag/AgNO; (0.1M) refere

s for A-[Ru(bipy),](BF

3

in this work are given with

nce electrode. Table 7 shows

the relationship between the above reference electrode and other common

reference systems.

TABLE 7: The relationship between

electrode and other commo

Potential (V)

the Ag/AgNO, (0.1M) reference

n reference systems at 298K

.06
.00
.24
.30
.34
.38
.48

o o O o o o o o

.58

w—

.16

Electrode System

Hg/Hg,S0,, sat'd K,SO

2774

Ag/AgNO; (0.1M)

0.1M KC1 calomel

1.0M KC1 calomel

S.C.E. {saturated calomel)
Ag/AgC1(sat‘d)

Hg/Hg0, 1.0M NaOH

N.H.E. {normal hydrogen electrode)

T1/71C1 40 wt % in Hg (Thalamid)
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The values of E% for complex I (Table 6) are in good agreement with

those obtained by earlier workers.58’]26

The values of AEp given in
Table 6 are larger than the theoretical value of 57mV. This is because
I.R. compensation was not available at the time the cyclic voltammogram
was recorded. I.R. compensation is needed to allow for the internal
resistance of the cell which causes a voltage lag when the botentia]
across the cell is swept with time. This is most noticeable at high
sweep rates and causes an increase in the voltage separation between

the anodic and cathodic peék potentials. However, the value of E%

is not affected to any great degree and the results are in good agreement

58,126 126 found values of

with those of earlier workers. Yellowlees
AEp of 65mV for each of the three reduction couples of I showing the
system to be completely reversible and hence E; values give good

2

estimates of E° values for this system.

From the results of the cyclic voltammetry experiment, the potentials

2= and 13— were ~-1.78V,

used to electrogenerate the reduced species Ef, I
-2.00V and -2.30V respectively. The potentials used weré as high as possible
before the next reduced species would be formed or before the solvent

1imit was reached in the case of l3_ and so were necessarily a compromise.

It has been assumed in each case that 100% of the desired product was

formed in the spectroelectrochemical experiments. The actual amount of‘

I present when lf, l?- and 13- are electrogenerated can be calculated

easily using equation 47 (Appendix 3). It is found for an average

solution concentration of 5 x 10-4 mo]ﬁq that the concentration of I,

whenl”, 1?' and l?~ are electrogenerated, is 1.8 x 1077, 3.0 x 107"
and 2.1 x 10716 mo]/L:respectively. So even when I" is electrogenerated,

the concentration of I will be negligible.

S
As new species were generated, isgbestic points were produced implying
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2= and l?- to 1°°

a simple one-to-one conversion of I to I, I to I
and for each species the steady state spectrum was recorded after
approximately twenty minutes, which also corresponded to a minimum

in the current monitored at each potential.

As the complex was reduced, the original orange colour of I was
replaced by a progressively deeper blood red colour of the species_L-,
2- and 13-. The reduced species were all very air-sensitive and

I

quickly reverted back to I in the presence of oxygen or mositure.

The absorption and c.d. spectra of the four complexes are shown in
Figures 28 and 29. They are presented in pairs for comparison;

Figure 28 shows the spectra of the two complexes with equivalent
Tigands, A-[Ru(bipy)3]2+ and A—[Ru(bipy_)3]_ and Figure 29 shows those
of the mixed ligand complexes. The spectra were run at -40°C as the
triply reduced species lé_ was found to racemise spontaneously at

room ‘temperature (this will be discussed later). There was virtually
no change in the redox potentials when the cyclic voltammetry was
carried out at -40°C and so the species were electrogenerated

with the above potentials.

20,21 21

The absorption and c.d.

spectra of 1 (Figure 28) are well-known
and have been frequently discussed in the past. The strong c.d. couplet
centred at 300 nm is due to the exciton coupling of the long-axis
polarised m6 — n7/ transitions of the three bipy molecules into A2 and

E combinations which should, neglecting other perturbations, have equal
and opposite rotational strengths. The absorption and c.d. spectra

in the visible region is due to Ru —s bipy charge transfer; the origin

of the c.d. in particular has been uncertain]27 until recently.25

The absorption spectra of the reduced species I , 1?' and‘£3_ have
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n FIGURE 28:
Absorption and c.d. spectra of A- [Ru(b1’py)3]2+
(full line) and A-[Ru(bipy ),1 (dashed 1ine) in {6
acetonitrile. Note the scale change in the c.d.
spectra between the ligand and charge-transfer
regions. - E/‘lol‘
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FIGURE 29:

105

Absorption and c.d. spectra of A-[Ru(bipy)z(bipy_)]+

(full Tline) and A-[Ru(bipy)(bipy ),] (dashed line) in

2
acetonitrile. Note the scale change in the c.d. spectra.
The insets show the calculated c.d. spectra for the singly
and doubly reduced species (upper and lower diagrams

respectively).
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63,126

been measured previously. Only the region between 270 and 400 nm

containing the main long-axis polarised ligand m6 — m7 absorptions

will be considered at this stage.

The absorption spectra of I to 1?- (Figures 28 and 29) show the progressive
collapse of the absorption band at 284 nm in I and the growth of the

broad absorption band at 335 nm for 13—.

Comparison63 of the absorption spectrum of 1?— with those of [Mo(CO)4(bipy)J~,
formulated as [Mo(C0)4(bipy_)]- and bipy  have led to the assignment of

the absorption band at 335 nm in Eé— to be primarily the m6 — m7

transition of bipy , with perhaps some underlying metal-to-ligand

)126

charge-transfer (MLCT to account for its greater breadth compared

to bipy . The absorption spectra of species I and I?_ have been

63,126 as a mixture of mb6 — m7 transitions for discrete bipy

assigned
and bipy ligands in the same complex ion. If this assignment is

correct then the presence of separate absorption bands for the m6 — m7
transitions of bipy and bipy indicates the presence of distinct bipy

and bipy 1ligands, hence the electrons must be localised on the individual

ligands.

3~ is more complicated but

The circular dichroism spectra of lf to. 1
can be interpreted using the exciton theory of optical activity. The

case of 3-

will be discussed first; two extreme descriptions of the

molecular orbitals are possible;

(i) the added electrons enter an acceptor orbital or orbitals which
are completely delocalised over the entife complex. In this
case the coupled-chromophore model merges with that of the
inherently dissymmetric chromophore model as in the benzo [cl

phenanthrenes97 and the complex cannot be described using
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degenerate exciton theory. With this model the circular
dichroism would be expected to be less intense than that of 1
and there would not be expected to be an exciton couplet in

the region of the ligand long axis polarised transitions, or,

(ii) the added electrons are completely localised on the individual
bipy” ligands and there is no m-electron exchange between
the individual ligands in the complex. In this case the compound
would have D3 symmetry and could be described as a homo-trischelated
complex as in I and hence degenerate exciton theory would be
applicable to 1?—. Then two transitions of equal magnitude but
opposite rotational strengths are predicted corresponding to the
A2 and E coupling modes. The non-degenerate A2 coupling mode
is predicted to be at a higher energy than the degenerate E
coupling mode and for the A-enantiomer the A2 mode is predicted
to have a positive rotational strength and the E mode negative

rotational strength.

On examination of the spectrum of 13— (Figure 28) an exciton couplet

is observed and as predicted the high energy band at 335 nm corresponding
to the A2 coupling mode has a positive rotational strength and the

low energy band at 370 nm cor}espondjng to the E coupling mode has

a negétive rotational strength of approximately the same magnitude as

the A2 band. Correlation of theoretiéal and experimental results in

this case would appear to justify the triply reduced complex l?- to be

described using a localised model.

‘This would appear to be the first complex containing anionic ligands
with an open shell configuration in which the stereochemistry of the

complex could be reliably predicted using the exciton theory of
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optical activity. Other transition metal complexes with anionic ligands
such as oxa]ate]28 or pentane—2,4—dionate129 lack the characteristic
exciton form owing to the probable greater importance of metal-to-

ligand charge-transfer m-bonding.

The spectra of the partially reduced species are shown in Figure 29.

The c.d. spectra in particular are quite distinct for each complex

and illustrate graphically the individuality of the two species.

Under the delocalised theory, the ligands of the singly and doubly
reduced complexes, l; and l?- respectively, could be thought of as
having one third of an electron, that is one electron delocalised
over all three bipy ligands in the former case and two thirds of an
electron in the latter case. Each bipy ligand would be identical and
the molecule could be described as a homo-trischelated complex with

1_ 2_
Dy symmetry, formulated as [Ru(bipy? )3]+ and [Ru(bipy? )3]. The
degeneracy would be expected to lead to strong exciton coupling between
the individual ligands and a strong exciton couplet would be expected

2- —>_£3' as the

to move steadily to lower energies for l_—e-lf — I
transition ehergy becomes less with each successive reduction.

This is clearly not the case for the singly and doubly reduced species
as the circular dichroism spectra are more complicated than predicted

for a simple delocalised model.

In a Tocalised model the complexes would be formulated as
[Ru(bipy)z(bipy_)]+, 1 and [Ru(bipy)(bipy-)zl, 1?-, where the added
electrons are localised on one bipy ligand. Now the bipy and bipy
ligands are non-degenerate, the n6 —> 77 transition of bipy 1is of a
lower energy than that of bipy and hence the complex could be described
as a hetero-trischelated complex similar to the mixed bipy/phen (where
phen is 1,10-phenanthroline).complexes of ruthenium,78* [Ru (bipy)(phen)2J2+

* NB Spectra of mixed bipy/phen ruthenium complexes are of the
A enantiomers in reference 78.
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and [Ru(bipy)z(phen)]2+, in which the symmetry of the complex would be
reduced to C2. In a hetero-trischelated complex with C2 symmetry the
exciton coupling modes which are doubly degenérate (E modes in Figure 5)
in the analogous D3 complex are split and give rise in principle to
distinct circular dichroism bands. Thus if the energy difference
béfween the long-axis polarised excitations of dissimilar ligands is

not too great, coupling should occur to produce in principle three
circular dichroism bands and theory predicts the sum of the three

rotational strengths of the three bands to be equal to zero.

The absorption and circular dichroism spectra of I” and l?_ are

shown in Figure 29. The circular dichroism spectra in particular are
quite distinct for each complex and illustrate graphically the
individuality of the two species, this is further confirmation that

the complexes contain both bipy and bipy . Recently Heath et a166

1 2-

observed a weak absorption band near 4000 cm ' for the species 1_ and 1
which they attributed to a Tligand — ligand inter-valence charge
transfer transition (IVCT). This implies the simultaneous presence

of discrete bipy and bipy groups and as the IVCT band was weak in
intensity, there cannot be much interaction between the diffefent
ligands in the complex. The assumption that there is no m-overlap between
the ligands 1§ therefqre a good approximation and the exciton theory

of optical activity should provide a good method to predict the c.d. of
the Tigand transitions; Since there can be very little m-overlap in

the singly and doubly reduced species it is Tikely that this assumption

is also valid for the triply reduced species which is further evidence

for localisation in 1?'.

The exciton coupling of the ligand transitions in mixed tris-chelate

complexes such as [Ru(bipy)z(phen)]2+ and [Ru(bipy)(phen)2]2+ have
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been treated in some detail by Bosnich78. There is considerable
similarity between the c.d. spectra of the mixed (bipy)n(bipy-)3_n
species and the mixed (bipy)n(phen)3_n complexes which suggests that the
exciton patterns of lf and 12- should be able to be calculated in the
same way. Taking average energies for the bipy and bipy transitions

from the absorption spectra of the respective tris-chelates and using

-1 21 1

exciton interaction energies of 970 cm for bipy with bipy, 1400 cm
for bipy and bipy  and 1200 cen”! for bipy with bipy , the exciton
splitting patterns shown in the insets to Figure 29 were calculated.

The parameters used in the calculation of the exciton splitting patterns
of lf andl—2 are given in Table 8. The results of the calculations

are shown in Table 9 and these were used to give an energy level diagram
(Figure 30) of the ligand orbitals before and after exciton exchange.

The energies and relative signs and intensities are quite well reproduced

and completely confirm the Tocalised electron model for the complexes.

2+(

A-10s (bipy) ,12¥(11)

The complex ion‘A—[Os(bipy)3]2+, 1I, (Figure 31), shows a redox

chemistry which is almost identical to that of the ruthenium analogue I.
The cyclic ;o1tammogram (Figure 32) shows a sequence of reversible
reductions at narrowly spaced potentials corresponding, as before, to
successive reduction of each of the bipy ligands. The results of the
electro-chemistry are listed in Table 10 and are in good agreement with

Ye]]ow]ees.]26

From the results of the cyclic voltammetry experiments the potentials

2= and l£3- were

used to electrogenerate the reduced species ll-, IT
- 1.74, - 2.00 and - 2.29V respectively. The reduced osmium comp]exes‘

were very similar in colour to those of the analogous ruthenium species,



TABLE 8:

Parameter

AE]

112

Parameters used to calculate the exciton splitting patterns

of 1™ and 17,

1

1
1

34,480 cm”

29,850 cm

970 cm” !

1,200 cm!

2.63 x 1078 cm

3.74 x 10718

3.58 x 10718

35,150 cm” |

28,370 cm |

c.g.s.

c.g.s.

12-

—

1
1

29,410 cm

34,360 cm

1,400 cm”

1,200 cm”!

2.63 x 1078

3.58 x 10°
3.74 x 107
28,370 cm” !

35,150 cm” !

a Gl and 93 were taken to be the energy at the midpoint of the

exciton couplet for complexes I and 1?' respectively.

TABLE 9:

parameters of I  and

A-[Ru(bipy),(bipy )1

Eg’ 35,925 !
Ey 33,510 cn
By~ 29,376 cm |
D" 25.3x 107 c.g.s.
Dy 7.0 x 10736 c.g.s.
g 8.5x10°° c.g.s.
Ry 4.49 x 1077 c.g.s.
R,  -2.88 x 1078 c.g.s.
RS -1.61 x 1078 c.g.s.

12,

Results of the calculations of the exciton splitting

A- Ru(bipy) (bipy ),1

18

-1

cm
18

c.g.s.

c.g.s.

Ep’ 35,084 c’|

g 30,132 ca’!

E, 28,012 cu’

D" 21.2x 10 c.g.s.

DB' 11.9 x 10756 c.g.s.

D, 6.4 x 1076 ¢ g.s.

RB+ 2.72 x 10738 €.g.s.
Py -0.5% x 1070 c.g.s.
Ry, 212 x 107 c.g.s.
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Schematic energy level diagram for wave functions ¥,,

0

@1, @2 and @3 before exciton interaction and for

wave functions 'lP‘O, '@"B+,1IJ‘A and WIJ'B_ after exciton exchange.

[Ru (bipy)z(bipy‘)
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+

- Vg

01,07 Ty
R
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[Ru(bipy)(bipy“)2]
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FIGURE 31: The structure of A- [0s(bipy) 12

3

A-[Os(bipy)3]2+
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TABLE 10: Cyclic voltammetry results for A-[Os(bipy)§(8F4)2, (IT)

Coupl |
ouple E%_L!) E_(mV)
1/11 -1.62 69
/1% -1.81 83
ué /i -2.10 116

a dark blood red colour and again like the ruthenium species, the

reduced osmium complexes were very air and moisture sensitive.

The absorption and c.d. spectra of the four complexes are shown in
Figures 33 and 34. They are presented in pairs for comparison;
Figure 33 shows the spectra of the two complexes with equivalent

ligands, Ar[Os(bipy)3]2+ and A-[0s(bipy ),]~ and Figure 34 shows those

3
of the mixed Tigand complexes. The absorption and c.d. spectra of the

reduced complexes have not been previously recorded.

The discussion of the absorption and circular dichroism spectra of the
four complexes will at this stage be limited to the region of the
spectrum between 200 and 400 nm, corresponding to the ligand m — m*

transitions.

The absorption and circular dichroism spectra of 112] are well known and
have been frequently discussed in the past. The strong c.d. couplet
centred on 288 nm is due fo the exciton coupling of the long-axis
polarised n6 — n7 transitions of the three bipy molecules into A,

and E modes which should as before, neglecting other perturbations, have
equal and opposite rotational strengths. As predicted the A2 mode has

a positive rotational strength and the E mode has a negative

rotational strength for the A-enantiomer.
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FIGURE 33:

Absorption and c.d. spectra of

A-10s(bipy) 1%* (Ful1 Tine)

and A-[0s(bipy”) ;1 (dashed Tine) in +6

acetonitrile. Note the scale change

in the c.d. spectra between the ligand

and charge-transfer regions. 10

200
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FIGURE 34:
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Absorption and c.d. spectra of A—[Os(bipy)z(bipy')l+
(full Tine) and A—[Os(bipy)(bipy_)zl (dashed 1ine) in
acetonitrile. Note the scale change in the c.d. spectra.
The insets show the calculated c.d. spectra for the
doubly and singly reduced species (upper and lower

diagrams respectively).
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The absorption spectra of 11 to E}?_ again show the progressive
collapse of the m6 — m7 absorption band of bipy at 278 nm and the
growth of the broad absorption band at 321Anm of the m6 — 17/
transition of bipy-. In the osmium case however, the new absorption
band is closer in energy to the absorption band of bipy and so the new

2= until it is fully

band appears as a low energy shoulder in 11- and II
resolved in 11?—. The absorption spectra are however distinct enough

to distinguish between the n6 — n7 transitions of bipy and those of
bipy . The two spearate absorption bands are taken as evidence that
distinct bipy and bipy ligands exist in the singly and doubly reduced
complexes, hence the electrons must be localised. If the electrons

were delocalised, all three bipy ligands would be identical and a single

absorption band which moved steadily to lower energy as the different

reduced species were formed would be expected.

In the interpretation of the c.d. spectra of the reduced complexes, the
same arguments as before hold. The exciton couplet for ll?- implies
that the electrons are localised on the individual bipy 1igands and
the complex can be thought of as a homo-trischelated comp]éx with D3
symmetry. As predicted by the degenerate exciton theory, the high
energy A2 coupling mode at 300 nm has a positive rotational strength_
and the low energy E coupling mode at 343 nm has a negative rotational
strength for the A-enantiomer. The c.d. spectrum of 11?- is strikingly
similar to that of lé_ and both have quite broad exciton bands compared
to those in complexes II and I. It is thoughtZ] that in I and II the
energy separation between the A, and E modes is quite small which leads
to overlap and hence mutual cancellation of the rotational strengths of
the two bands. There is a greater energy difference between the A2

and E modes in the triply reduced complexes which accounts for the

broadness of the bands and V,, for bipy  has been estimated as 1400 cm”!
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(compared to 970 cn”! for bipy).

The spectra of the partially reduced species are shown in Figure 34.

The c.d. spectra for the two species are quite similar, both having

a positive and a negative band under the ligand m6 — m7 absorptions.

Now as has been stated earlier, if the electrons are delocalised over

all three Tigands, the complex could be described as a homo-trischelate
with D3 symmetry. In this case there would be strong exciton interactions
between the ligands and the c.d. spectra would be expected to show an

2-

exciton couplet which moves to lower energy from ll- to IT On

examination of the spectra, the c.d. does resemble an exciton couplet

2-

which moves to Tower energy from ll- to II™ so at first sight this

would appear to support the delocalised model.

There is the possibility that the electrons are localised on the
individual ligands but no exciton exchange takes place between non-
identical ligands. In this case for 11' the compound would be expected

to have a spectrum similar to that of a cis-bis (bipy) complex in which

there would be an exciton couplet of approximately half the intensity of
that of II due to coupling of the two bipy ligands and a very weak
circular dichroism due to the bipy';iigand. This model fits the
description of the c.d. for II” but can be ruled out for 1;2"as in the
latter case there would be an exciton couplet due to the interaction bf
two bipy Tligands but on examination of the spectrum the exciton band with
positive rotational strength is at an energy which is too high for

it to be associated with the absorption of bipy . This theory is

unlikely to be correct for llf because in the analogous ruthenium
complexes there is strong exciton interactions even although there is

a fairly large difference in energy between the bipy and bipy transitions

and in the osmium complexes the difference in energy between the bipy and
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bipy transitions is much less and so there should be a much greater

exciton interaction in the osmium complexes.

The theoretical circular dichroism spectra (shown in the insets in
Figure 34) were calculated as before using the parameters given in
Table 11. The results of the calculations are shown in Table 12 and
these were used to construct the schematic energy level diagram shown

in Figure 35.

TABLE 11: Parameters used to calculate the exciton splitting patterns

of II" and llz'.
Parameter i:i . iifl
AE, 34,600 cm”| 31,746 cm!
AE, 31,750 cm”| 34,483 cm’ !
vy, 970 cm’! | 1,400 cm’|
v, 1,200 cm”! 1,200 cm”)
oy =1y 2.63 x 1078 cm " 2.63x 108 cm
P, 3.74 x 1008 c.q.s. 3.58 x 1078 c.q.s.
P3 3.58 x 10718 c.g.s. 3.74 x 10718 c.g.s.
v, 34,722 cn’! 31,104 cm”!
¥y 31,104 cn”! 34,722 cm”!

a The distance between the "centre" of the transition dipole moment
of the bipy molecule and the centre of the metal atom was assumed to

be equal in ruthenium and osmium.

b V]2 and V]3 were assumed to have the same value in the corresponding

ruthenium and osmium complexes.
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TABLE 12:  Results of the calculations of the exciton splitting

parameters of II  and ll?-

A- (05 (bipy) ,(bipy )1* A-10s (bipy) (bipy),]

E, 36,215 cn”| Eg" 34,463 cn”!

E, 33,632 cn’| Eg” 33,166 cn”|

Eg” 31,105 cn”| E, 30,346 cm!

DB+ 26.3 x 1070 c.qg.s. DB+ 26.4 x 10730 ¢ q.5.
Da 7.0 x 10736 c.g.s. Dy 6.7 x 10736 c.g.s.
DB- 7.6 x 10736 c.g.s. Dy 6.4 x 10730 €.g.s.
Rg"  4.90 x 1078 Ry’ 5.00x 107 c.q.s
Ry -2.84 x 1078 ¢ g.s. SRy -2.65 x 107 c.gus.
Ry~ -2.06 x 1070 c.g.s. Ry -2.33 x 10738 ¢ q.5.

On examination of the theoretical circular dichroism spectra of the

2~

species 11" and II°” it is immediately apparent that they differ

considerably from the c.d. spectra calculated for lf and 1?' and so it is

no surprise that the experimental c.d. spectra of llf and IIZ- are

different from those of I  and E?". For the case of II™ it is easy to
fit the calculated c.d. spectrum with the experimental spectrum
especially if the value of RA was increased and the value of RB- was

2= s in excellent

decreased. The calculated c.d. spectrum for IT
agreement with the experimental c.d. as both have a high energy

positive band and the two negative bands in the calculated c.d. spectrum
would form a broad band as is shown in the experimental c.d. spectrum.
The c.d. spectrum of 11?_ is also very similar to that of the hetero-

trischelated comp1ex77 [Os(bipy)z(phen)lz+ in which it is assumed that

there is no m-electron exchange between the individual ligands in the complex.
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FIGURE 35: Schematic energy level diagram for wave functions
1}“0, Q], @2 and §3 before exciton interaction and for wave
functions 'lP”O, ”CP’B+, ?P”A and 1?”8- after exciton exchange.
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This strongly suggests that ll?- can be formulated using the Tocalised
theory with exciton exchange occuring between distinct bipy and bipy
Tigands and it is therefore very likely that llf behaves in a similar
fashion. The calculated c.d. spectra have again reproduced quite well
the energies, intensities and relative signs found in the measured
spectra and so based on this evidence and that of the absorption
spectra it is proposed that osmium complexes behave 1ike the analogous
ruthenium complexes. The added electrons are localised on the bipy
ligands and exciton coupling takes place between the individual bipy

and bipy 1igands.

Chemical Reduction

A11 previous syntheses of the reduced complexes of I and II were done
electrochemically. This method makes it extremely difficult to isolate
samples of the compounds produced and so a chemical method of reducing
the complexes was sought. This was achieved by reacting complexes

I and II with Tithium metal in N, N-dimethylformamide. The reaction
proceeds exothermically right through until the triply reduced complexes
1?_ and 113— are formed. These were identified by their absorption and

circular dichroism spectra which-are shown in Figures 36 and 37 for
3-
1

and ll?- respectively. Similar chemical reductions using lithium
and other alkali and alkaline earth metals have been used to synthesise
reduced first row transition metal tris (2,2"-bipyridine) complexes

in the past and these have been reviewed by McWhinnie et a1.130

It was mentioned earlier that the c.d. spectra of the reduced ruthenium
complexes had to be run at Tow temperature because the triply reduced
complex was found to racemise in the acetonitrile solution. When the

triply reduced species 13- is prepared by chemical reduction it is
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FIGURE 36: The absorption and circular dichroism spectra of Tithium

A-tris(2,2° -bipyridinyl)ruthenate(II).
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FIGURE 37:  The absorption and circular dichroism spectra of lithium

A-tris(2,2”-bipyridinyl)osmate(II).
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optically stable in both the solid state and in N, N-dimethylformamide
but racemises (with a half-life of approximately one hour) in acetonitrile.
There are three possibilities why the triply reduced complex is more

2+

labile than A-[Ru(bipy),]1°" itself: there is substantial electron

3
delocalisation from ligand to metal producing a partial d’ cdnfiguration,
the Tigand field of bipy is considerably less than that of bipy, or
repulsion between the negatively charged bulky bipy Tligands leads to

much easier dissociation.

The first possibility, that of electron delocalisation from ligand to metal
is the most unlikely reason for the racemisation of 1?' as bipy is known
to be a very good electron acceptor taking up to two extra electrons
within the molecule and also this mechanism would be expected to occur in
the analogous osmium complexes which have been found to be completely
optically stable. Also the circular dichroism spectra of the ligand
transitions have been modelled successfully by the exciton theory of
optical activity in which it is assumed that no delocalisation of
electrons takes place between the ligands and the metal ion. If electron
delocalisation between the metal and ligands did take place to any

greaf extent then the assumptions of the exciton theory would be invalid
and the spectra would be expected to be different from that predicted by
the theory; This has been found to be the case with other transition

128

metal complexes with anionic ligands such as oxalate or pentane-2,4-

129 in which metal-to-ligand charge-transfer m-bonding is

dionate
thought to occur to a large extent and these complexes lack the

characteristic exciton form in their c.d. spectra.

The last possibility, that of electronic replusion between the ligands,
may have a small effect in the labilisation of the bipy ligands but on

its own this effect should be fairly minor. The ionic radius of
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0st (0.067 nm) is Targer than that of Ru

131

4 (0.065 nm) but the

similarly the ijonic radius of 052+ should
2+

difference is negligible,
be virtually the same as that of Ru If this was the sole reason

for racemisation then 133— would be expected to racemise also (perhaps
a little slower than l?-) but in practice 113- appears to be completely

optically stable.

The most Tikely reason for the labilisation in l?- is the second reason,
that is, bipy has a weaker ligand field than bipy. Bipy is known to
be a m-electron acceptor ligand and stabilises many transition metal

lTow-oxidation states.]30

Therefore some metal-to-ligand m-back-bonding
will take place in tris(2,2"-bipyridine) complexes. This is born-out
by the finding that the Ru(II)-N bond length in I Qas found to be
shorter than that of Ru(III) bond lengths in similar complexes,36
contrary to the expected longer bond length due to the larger ionic
radius of Ru(II) compared with Ru(III). Bipy however has an electron

in the m7 antibonding orbital and so m-back donation from the metal

into the ligand antibonding orbitals should be reduced. This should

be accompanied by an increase in the Ru-N bond length (i.e. a

weakening of the metal-Tigand bond) in the reduced complexes and thus the
triply reduced complex would be expected to be more labile. The

singly and doubly reduced complexes would not be expected to racemise

as in these cases there are two and one respectively, non-labile

bipy ligands preventing the complex from racemising. Racemisation

in the osmium complex, 1}?_, presumably does not occur because osmium

is a third-row transition metal and so its ligand field stabilisation
energy is greéter than that of Ru, counteracting the reduced ligand
stabilisation energy of bipy~. Note, this effect is well known for

example the tris (bipy) complexes of Fe(II) and Ni(II) lose nearly all

of their optical activity after approximately two hours in agueous mediag
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whereas I and II are optically stable due to their greater ligand

field stabilisation energy. Another example is of course the tris

(bipy) complexes of Ru(III) and Os(III); [Ru(bipy)3]3+ loses approximately
half its optical activity in one day whereas [Os(bipy)3]3+ is completely
optically stable? as 0s(III) has a larger ligand field stabilisation
energy than Ru(III).
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CHAPTER 5

THE LUMINESCENCE AND INFRARED SPECTRA OF [Ru(bipy).12', [0s(bipy).1%*

AND THEIR REDUCED ANALOGUES
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Luminescence

The luminescence spectrum of [Ru(bipy)3]2+ is well known and has
recently been reviewed by Ka]yanasundaramzo. The origin of the
emission is from the decay of the MLCT excited state, the emitting

III(bipy)z(bipy-)]zt]% in which the

state being formulated as [Ru
transferred electron has been localised on one bipy ligand; this has been
treated in more detail in a recent discussion.68 Since the emission is
essentially of m* — d in nature it would be interesting to see how

the luminescence of the complex would be affected when it is reduced.
Accordingly the room temperature emission spectra of I to _3_ have

been measured spectroelectrochemically and are shown in pairs for

comparison in Figures 38 and 39.

The emission spectra of I and 1?- are shown in Figure 38. The original
band of I_is centred on 16,498 cm'l and is approximately sixty times

as intense as the new emission band of 1?- which has a higher energy and
is centred on 17,650 cm'. The emission spectra of 1™ and l?— are

shown in Figure 39. The original emission band of I has been reduced
more than ten times in I' but fhe energy of the emission has remained
the same and the band shape is more asymmetric compared to that of I.
There is another decrease in intensity by a factor of approximately six
when 1?_ is produced from 1" and jump to higher energy of the band
maximum. The main points to note about the emission spectra of the

series of complexes I to E?- are:

(i) The intensity decreases rapidly from I to 1™ to l?- and then

increases again (by a small amount) from 1?_ to 13'.

(i1) The energy maximum of the bands are approximately constant from

I to 1", there is a jump to higher energy from I to 1?- and then
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FIGURE 38: Emission spectra of [Ru(bipy)3]®" (solid Tine) and
[Ru(bipy_)B]- (broken 1ine) in acetonitrile using
20,481.5 cm'] (488.0 nm) excitation. Emission intensity is

in arbitrary units, note that the intensity of 1 is x 1/60
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FIGURE 39: Emission spectra of [Ru(bipy)z(bipy_)]+ (solid line) and

[Ru(bipy)(bipy_)zj (broken 1line) in acetonitrile using

1

20,481.5 cm ' (488.0 nm) excitation. Emission intensity

is in arbitrary units, note that the intensity of lf is x 1/6
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2 t0 137 the energy is approximately the same again.

from 1

(iii) Bands I and E?- are reasonably symmetrical, whereas bands I~
and l?' are asymmetric with high and low energy shoulders

respectively

It is obvious from these points that the emission spectra are not
simply showing a gradual decrease in intensity and a gradual shift to
higher energy of the emission band, but something more complicated is
occurring as the complex is reduced in successive stages. Also the
emission in I is from the decay of the metal to bipy charge transfer
state. "However, as the complex is reduced the number of bipy ligands
decreases until 13- is formed in which there are only bipy ligands,

so the question arises, what is the emitting state in l?_?

In an attempt to clarify these results, the emission spectra of the
series of osmium complexes 1I to 11?— were measured, and these are

shown in Figures 40 and 41. Figure 40 shows the emission spectra of

1T and ll?- which are very similar to those of I and 33_, the only main
differenée is that the energy of the emission in II is at a lower

energy than the corresponding emission of I. Again the intensity of

the new band of ll?_ is much weaker and at a higher energy than the

band of II. The emission spectra of llf and ll?- are shown in Figure 41
and it is immediately obvious that two emission bands are present in the
emission spectra of II and 1l2'. The intensities of the emission

bands follow the same pattern as in the ruthenium cases, with Targe
drops in the intensity from II to 117 to 112' and then a slight increase
in intensity from ll?_ to l}?' which suggests that the same process is

occurring in both series of compounds. Table 13 gives the energies in

wave-numbers of the emission band of both series of compounds, the new
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FIGURE 40: Emission spectra of [0s(bipy),1%% (solid Tine) and
[0s(bipy )51° (broken line) in acetonitrile using 20,149.5 cn”|
(496.5‘nm) excitation. Emission intensity is in arbitrary
units, note that the intensity of II is x 1072,
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FIGURE 41: Emission spectra of [Os(bipy)z(bipy—)]+ (solid line) and

[0s(bipy) (bipy”),] (broken Tine) in acetonitrile using
20,149.5 cm-] (496.5 nm) excitation. Emission intensity

is in aribitary units, note that the intensity of 1™ is 2 x 107!

.
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emission bands in the reduced complexes are under the heading bipy ,
the original bands are under the heading bipy.
TABLE 13: The energies of the emission bands of I to 1?- and 11 to 113—

in wavenumbers (cm_])

bipy bipy bipy bipy”
1 16,498 - 11 13,458 -
I 16,500 - 11" 13,352 17,649
1% 15,243 17,604 1% 13,514 17,468
¥ - 17,650 13 13,427% 17,314

* see text for explanation

In the emission spectra of 11- and llz_ there is the possibility that
residual II s causing the emission band at 13,352 and 13,574 cm-]
respectively. However, as has been shown already, the concentration of
11 should be reduced by three orders of magnitude when Elf is
electrogenerated and since the emission at that energy is only reduced
by five times, it is unlikely to be due to the small amount of II which
would be present. Similarly, when'llz- is electrogenerated the concentration
of ll_will be reduced by more thén seven orders of magnitude, therefore
it is extremely unlikely that some residual II is causing the low energy
emission in the spectrum of ll?'. It 1s-therefore concluded that the
two emission bands present in the mixed osmium species are real and it
is Tikely that the mixed ruthenium species also have two emission bands,
which would also be an explanation for the asymmetry of the bands in

l- and 1?_. So what the emission spectra appear to show in both the

ruthenium and osmium complexes is the progressive reduction in the

intensity of the charge transfer emitting state from the starting complexes
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to the doubly-reduced complexes until it has been completely removed in
3-
I

and ll?_ and the replacement of this band with a new higher energy
emission which increases in 1ntensﬁty until it is at a maximum in the
triply-reduced complexes. Now the emission spectrum of ll?- appears to
have two bands which is contrary to the statement above. The production
of the triply-reduced complex is at a voltage where the solvent is just
beginning to be reduced (especially if impurities are present) and the
explanation of why there is a Tow energy band in EE?_ is probably
because of incomplete reduction resulting in some llz_ present in the
solution. This is the most 1ikely explanation as in some absorption and
c.d. experiments incomplete reduction occurred. If complete reduction
to produce pure ll?' was achieved it would be expected on this basis to

have only one weak emission band Tike the spectrum of'l3_.

The origin of the new emission band has still to be decided. If the
absorption spectrum of }jf is re-examined in relation to its luminescence
spectrum and the 496.5 nm (20,149.5 cm—]) laser excitation (Figure 42)
the picture soon becomes clear. The laser excitation is at an energy where
only the MLCT transitions can be excited in the starting complex. Now

as the complex is reduced, the MLCT bands are steadily replaced by

" what is thought to be the n7 — w10 transition of bipy . It was shown
earlier in Chapter 3 that "free" bipy has an emitting state which was
thought to be a m10 — w7 Tigand centred decay at approximately the same
energy. Also the new emission is at a much higher energy than the

n7 — n8 and M9 absorptions of the complexed bipy (these occur between
700 and 1600 nm) and so it is concluded that the new emission band in

the reduced complexes are due to the ligand centred ml0 — n7 decay of
the complexed bipy . The same conclusion is reached for the reduced

complexes of the analogous ruthenium complex.



FIGURE 42:
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The absorption (solid line) and luminescence (broken line)
of [Os(bipy)z(bipy_)]+, 11" in relation to the 496.5 nm
(20,149.5 ;m-?) laser excitation. Note, the luminescence
intensity is an arbitrary scale and the intensity of the
high energy Tuminescence band has been increased 18 times

compared to that of the low energy band.

200
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Support for the ligand centred emission also comes from comparison
of the energies of the emitting states in the ruthenium and osmium
complexes. The energies of the emitting states in 1 and II are quite
different as would be expected for MLCT transitions with two different
metal centres. However the energies of the emitting states in 13_ and

II™ are very similar as would be expected for the same transition in

the same molecule in slightly different chemical environments.

The intensities of the Tuminescence spectra of the complexes and their
reduced analogues do not increase and decrease steadily by a third as
each successive electron is added like the absorption spectra intensities.

The variation in the intensities is considerably more complex than that.

For the MLCT luminescence when the singly and doubly reduced complexes
1" and II" and 1?- and El?- respectively are formed the intensity of
their luminescence decreases by approximately an order of magnitude on
each reduction. The bipy Tluminescence on the other hand appears to

increase by approximately one third on each successive reduction similar

to the absorption intensities for bipy .

Simplified energy level diagrams for the reduced complexes lf and ll_
are shown in Figure 43. On consultation of this energy level diagram,
it can be seen that it is extremely difficult to derive any information
concerning the intensities of any of the Tuminescing states. This is
because none of the quantum yields @ are known for any of the decay
processes, be they radiative or non-radiative. The fact that there

are two emitting states complicates matters because now there could
also be non-radiative decay (@2) between the two luminescing Tevels in
the complex. A1l that can be said is that the non-radiative decay

¢3 is presumably more efficient than the non-radiative decay @] as in
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the singly and doubly reduced species the intensity of the MLCT luminescence
¢4 falls dramatically. However, there must be considerable non-radiative
decay from the ml0 Tevel as its Tuminescence intensity is very low,

that is the quantum yield @5 for this decay is very low.

If these emission assignments are correct, namely the lower energy
emission in each complex is a charge transfer emission and the higher
energy emission is an intra-ligand m10 — m7 transition then the two
emission processes must occur on electronically distinct bipy 1igand$.
Furthermore, since the charge transfer emission is a property of bipy
and the w10 — n7 emission is a property of bipy and since the two
processes occur together in the hetero-trischelated complexes, then there
must be distinct bipy and bipy Tigands present together in the hetero-
trischelates. Hence charge localisation must occur in the mixed bipy

and bipy complexes which supports the results of the circular dichroism

spectra.

Infrared Spectra

The infrared spectra of bipy and its complexes have been measured on

- numerous occasions in the past and have been well documented.”3’”7’]30

The infrared spectrum of Libipy has been measured by Konig and L1'ndne|f‘”3
in solution and more recently (Chapter 3, this work) in the solid-state
and compared with that of bipy. It would therefore be of interest to
see how the infrared spectrum of I and II compare with those of the

analogous reduced complexes l?_ and 113_ and with the spectra of both

bipy and bipy .

Conventional electrochemical preparations of the reduced complexes of
I and II have made it extremely difficult for their infrared spectra to

be measured and this has not hitherto been accomplished.
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Chemical reduction of I and I1 has however provided a relatively simple

3= and the use of vacuum

method for isolating the species 1?_ and 11
Tine and dry-box techniques has enabled the solid-state infrared

spectra of these complexes to be measured.

3-

The infrared spectra of I, , IT and ll?- are shown in Figures 44,
45, 46 and 47 respectively and the band energies in wavenumbers for
the four complexes are Tisted in Table 14 together with their

empirical assignments.

The infrared spectra of various first row transition metal tris(2,2”-bipy-

ridine) complexes have been examined in some depth by Konig and

L1'ndner.”3 The empirical assignments in Table 14 are based on their
findings.

One of the main things to note about the infrared spectra of I, _3-,
11 and E}?_ is that the pairs of complexes I and II and 1f3 and 115

have extremely similar spectra, both in the number of bands and in the
band energies. A further point to note is that in the spectra of the
triply reduced complexes 1?_ and ££3’, bands characteristic of
dimethylformamide (DMF) are present. These are probably due to co-
ordinated solvent rather than residual solvent from the preparation

of the complexes. The solvent bands are quite weak compared to the
bands, of the complex so there is probably only one solvent molecule

present and this is possibly co-ordinated to the lithium counter ion.

~ The infrared spectra are essentially those of the ligand molecules
as the metal-nitrogen vibrations occur at energies lower than 400 cm'].

The spectra can be divided up simplistically into two regions, the C-H

1 and the ring stretching and

bending modes together with the C-H bending modes below 2600 cm-].

stretching vibrations above 2600 cm
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Infrared spectra of [Ru(bipy)3]C]2, I, in flurorlube and nujol mulls

FIGURE 44:
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. 137, in fluorolube

Infrared spectra of [Ru(bipy )3JLi

FIGURE 45:
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Infrared spectra of [Os(bipy)3]C12, II, in fluorolube and

FIGURE 46:
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FIGURE 47: Infrared spectra of [0s(bipy ),lLi, 1137, in fluorolube

and nujol mulls
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TABLE 14: Infrared band energies, wavenumbers and empirical
assignments”3 of l,_l3_, 11 and 1l3_
3- 3- . .
I I II IT Empirical Assignments
3100 3025 3100 -
3060 2960 3065 2960
3040 2930 3025 2930
3010 2860 2863
2970 2828 2960 2829 C-H stretch
2920 2785 2920 2785
2870 2705 2855
2635
1730 1730
1675 1680 .g DMF
1637 1625 1625 1629 ,
1599 1590 1601 1590 ring stretch
1560 1560 (C=C and C = N)
) 1500 1500 § DMF
1530 1475 } ring stretch
1486 1460 1481 1460 (C=CandC=N)
1460 1452 1461 ring stretch
1438 1434 1444 1435 (C=Cand C=N)
1420 1410 1420 1410 + C-H bend
1400 1400 £ DMF
1368 1368 .
1310 1330 1311 1330 j% rang Stretel )
1268 1280 1261 1280
1241 1257 1242 1256 :; ring stretch +
1230 1295 1195 inter-ring stretch
1160 1165 1165 1165 . .
1150 1152 1124 1153 \% E;gg‘” in-plane
1120 1123 1106 1124
1088 1090 § DMF
1068 1070 1070 ring stretch
1050 1050 g ring-H out-of-plane
1024 1030 1022 bend
975 1009 1010 1009 £ ring stretch (breathing)
806 890 897 890
775 859 775 859 ring-H out-of-plane
766 700 700 bend
730 730
660 660 2 DMF
651 630 660 630 g i
611 525 v 520 ring bend
22? 450 ‘} inter-ring deformation
421 419 422 418 £ ring torsion
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Theory predicts that when the 1igands are reduced the main differences
in the infrared spectra will occur in the C-N skeletal bands, with some
bands moving to higher energies and some moving to lower energies.

When the spectra of the reduced complexes are compared with those of
the starting complexes it is found that this appears to be the case.
For example the strong skeletal band at approximately 1600 cm'] in

1 and II is shifted some 25 em”]

to higher energy in the reduced
complexes lg- and 11?- whereas many of the other bands in the reduced

complexes are at Tower energies than in the non-reduced complexes.

The most surprising feature about the reduced spectra however is the
effect that reduction has had on the hydrogen bending and stretching
modes. In particular the hydrogen stretching modes are very different
in the reduced complexes compared to the non-reduced complexes. They
appear to be more intense in the reduced complexes and are shifted by

1 3-

approximately 120 cm = to lower energy leaving only one band in I

above 3000 cm”!.

The infrared spectra of the reduced complexes have very simiiar band
energies to those of Libipy (Table 4), although the complexes have more
vibrational modes than Libipy. This is most noticeable in the C-H
stretching region where the C2v symmetry of Libipy is expected to

113 Whereas in

produce eight infrared active C-H stretching modes.
the complexes each bipy ligand contributes eight C-H stretches. The
resulting twenty-four frequencies transform within the overall 03
symmetry of the complex according to 4A] + 4A2 + 8E. Of these only the
A, and E modes are infrared active and thus twelve C-H stretching
vibrations are expected. In practice only five bands are distinguished

in Libipy and only eight bands are visible in 13- due to Tow intensity

and poor resolution of the spectra. ,
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The fact that the band energies in the osmium and ruthenium complexes
and the band energies in Libipy are so similar to those of the reduced
complexes reinforces the assumption that the central metal ion confers

only minor perturbations to the co-ordinated 1igands in the complexes.
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CHAPTER 6

SPECTROSCOPY OF [Ir(bipy);1°*, 111, AND ITS REDUCED ANALOGUES
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The tris(2,2"-bipyridine)iridium(III) ion was first prepared in 1973

1 . . .
4 Since then various workers have characterised

14,132 14,132

by Flynn and Demas.

and n.m.r. spectra and its

its absorption,]4 luminescence

126,133,134 126,134

electrochemistry and spectroelectrochemistry have

recently been reported. Prior to this work, however, the complex had

not been optically resolved. This has now been achieved and the circular

3+, 111, and its chemically reduced

dichroism spectrum of 1\-[Ir(bipy)3]

analogues have been obtained.

Circular Dichroism

The absorption and circular dichroism spectra of III are shown in
Figure 48. The near-infrared and visible regions of the

absorption spectrum are entirely featureless and fhe first major
absorption band at 318 nm is thought to be the intraligand w6 — m7
transition38 of bipy. The circular dichroism spectrum of III is almost
certainly of reduced intensity due to the small amount of sample
available for resolution. The spectrum is similar to those of the
analogous cobalt and rhodium comp]exes]z’]?”22 and the bands are
similarly assigned. The first two positive circular dichroism bands
have the characteristic pattern of similar 3+ metal complexes and this

confirms that the complex is the A—enantiomer. The energy of the

first positive band at 320.5 nm (31,201 cm-]) is also very similar to

13,22 ( 3

those of the corresponding cobalt and rhodium complexes 31.2 x 10

and 31.3 x 10° cm’!

respectively). However, in other metal 3+ complexes
the two positive (E mode) circular dichroism bands are followed by a
higher energy (A2 mode) negative circular dichroism band. This is absent
from the spectrum of [Ir(bipy)3]3+ so there is possibly some other
transition like a chargetransfer band present which has cancelled with

the A, mode of III in this region of the spectrum.

2
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Unfortunately, not enough [Ir(bipy)3]3+ was synthesised to be able
to run any spectroelectrochemical experiments, however, the complex was
successfully reduced chemically with lithium, the absorption and

circular dichroism spectra of which are shown in Figure 49.

The absorption spectrum of the reduced complex is identical with that

of the triply reduced species reported previously by Yellowlees 205134

and confirms that it is the triply reduced complex 1113'. The
absorption spectrum in this work has been extended to below 300 nm to
reveal the intense band at approximately 285 nm with a low energy

shoulder at approximately 315 nm. Yellowlees! 26+ 134

assigned the bands
centred on 500 nm to the n7 — n10 transition of bipy and the bands centred
on 380 nm to the n6 — n7 transition of bipy . It is intersting to

note that the profiles of these two groups of bands are virtually the

same, the only difference being that one set are less intense and are
situated at Tower energies. Also the intensity of this n6é — n7 transition

of bipy (€= 2.6 x 10%) is less than half of those found for the

corresponding ruthenium and osmium complexes (Chapter 4).

On examination of the circular dichroism spectrum, it is found
unexpectgd]y that there is no exciton couplet centred around 380 nm for
the m6 —> n7 transition of bipy . Like the absorption bands, the
profile of the two circular dichroism bands centred on 380 and 500 nm
are virtually the same with again the on]y‘major difference being

that one is lower in intensity and at a lower energy.

When the high energy absorption band centred on 300 nm is considered,

it is found this band has a comparable intensity to those of the
3_

n6 — n7 transitions of bipy in the triply reduced complexes and

113-. Furthermore there is what appears to be an exciton couplet under

—_—
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FIGURE 49: The absorption and circular dichroism spectra of

A-[Ir(bipy™),l, EI_S—

— | — € x0-5—>

1001

A€

-100-

] ]
300 500 Anm 700



157

this absorption band which has the correct energy ordering of the bands
(positive band at low energy, negative band at high energy) for the

A\ enantiomer.

It is therefore concluded that the absorption band centred on approximately
300 nm i3 in fact the m6 — n7 transition of bipy and that the band

centred on approximately 380 nm is the m7 — ml10 transition of bipy .

This assignment leads to speculation of what the lowest energy visible
absorption band is. One possibility is that this is some sort of
charge-transfer band, however as the bands in both the absorption and
circular dichroism spectra are so similar it is perhaps more likely that
- this is a spin-forbidden n7 —> w10 transition of bipy'. Presumab]y‘

the ground-state for the triply reduced complex £££3_ is a quartet
state, therefore the spin-forbidden transition would have to be from a
quartet ground-state to a doublet excited-state. The intensity of this
band is very largefor a spin-forbidden band, however, spin-forbidden
ligand transitiéns of a similar intensity have been noted in the past

14

for 111" ". - Their unusually high intensity was attributed to arise

from a large internal heavy-atom effect (z = 77 for Ir) and possibly to

some mixing with upper charge-transfer states.]4

When chemically reducing 111 to 112?- with Tithium, if the Tithium was

allowed to remain in the solution of IIIB' then further changes to the

spectra were observed. This is likely to be due to the formation of the

quadruply reduced species lllé— as according to Yellowlees' 20, lllé-

is produced at a voltage of only -2.22V vs Ag/Ag+ and this reduction
was also reversible suggesting that 1114- is stable. It is thought that

the fourth electron also enters the ligand orbitals, this would give the

electronic configuration Ir d® b]‘py-2 (n7])2b1py2_(n72) for 11147,

Now-one of the bipy ligands has its m7 orbitals completely filled and
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so it cannot have a m6 — m7 transition. This means that the complex

4-

IIT" should behave like a bis-complex for exciton coupled long-axis

polarised transitions. Hence the absorption and circular dichroism

spectra of 1114

" have been compared with the absorption and circular
dichroism spectra of the doubly reduced carbon-bonded species,
(2,2'-bipyridiny1—c3,N')bis(2,2’-bipyr1d1ny1-N,N')iridium(III)

(Figure 50)].35’]36

Both the absorption and circular dichroism spectra

are very similar. The exciton couplet of each species has the characteristic
profile of other complexes where the central metal has a 3+ charge and

the energy ordering of the bands is again consistent with the complex

being the A enantiomer. The existence of exciton couplets in both

3- and lilé' confirms that both complexes have the added electrons

111
localised on the bipy ligands consistent with the results for the

osmium and ruthenium complexes.
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FIGURE 50: The absorption and circular dichroism spectra of
j\-[Ir(bipy-)Z(bipyz-)]-, E}jf- (solid line) and
J\-[Ir(bipy_)z(bipy’)] (broken Tine).

NB  The intensities of the latter spectra are not to scale.

50
AE

700

1
300 500 Anm
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APPENDIX 1
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The variation theorem states that the energy of an approximate wave
function will always be greater than the lowest eigenvalue of the
Hamiltonian. Thus, for a chosen wavefunction which contains variable
parameters, if the energy of the function is evaluated in terms of the
parameters and then minimised with respect to the parameters, the best
approximation to the ground and excited state energies will be ob’cained.]37
So, if the total wave function,'?&, corresponding to the jth excited

state of the assembly, is expressed as a linear combination of the
unperturbed singly excited-state wave functions, mi’ with mixing

coefficients, Cij,(the variation parameters)referring to the ith function

of the jth level,

@G = C]j m] + Cijz + ...+ Cijmi + o anﬁj (6a)
n

oryT= 2 c.0. ) (6b)
i=1 11

then, E = Sglﬂf{z (6c)

(TR
and substituting 6b into this gives,
n n _

2 C.C.(H.. - ES..) =

1.§]j=]c1cJ(Hu ES; ;) = 0 (6d)

where Hij = (EiIHIQj) and Sij = (Qilmj) , (6e)

Differentiating 6d with respect to Cj’ keeping the other coefficients

constant (remembering that Hij and sij are constants) gives,
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n
2 c.c.s..2E - (6f)

For an energy minimum, (aE/acj) = 0, we have,

n
E]ci(Hij-Esijho (7)

1‘
There is one equation of this type for every coefficient Cj that can be
varied; n equations in all. Now n linear equations in n unknown
coefficients of the type in eqqation 7 are consistent only if the
determinant of the factors multiplying the coefficients is zero; that

is,
IH,, - ES..1 =0 ) (8)

The determinant, equation 7, which is called the secular determinant,
gives on expansion a polynomial of the nth degree in E. The n values of

E obtained by solving the resulting equation all correspond to turning
points of the function (6¢c). The lowest value of E gives the best value
for the ground state energy that can be obtained from a function of

the type (6b). The coefficients of this function are obtained by
substituting this energy back into the set of simultaneous equations (7),
and solving in the usual way; this will give the ratio of the coefficients

and their absolute value will be obtained by normalising the function.

It can be shown]37

that the solutions of (7) give not only the best
ground state function but also the best excited state functions that can
be obtained from the limited expansion set (6b) (subject to the

restriction that an excited state function is orthogonal to all states
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of lower energy).

Expanding equation 8 gives the secular determinant which, for non-trivial

solutions to the simultaneous equations, is set to zero.

Hyp - BSqy H12 - ESyp Hi3 - ESy3
Hyp = ESyy Hyp = ESy Hog = ES,y - 0 (8a)
H3p - BS54 H3p - ES3, H33 - ES33

now sij = 1 when i = j, and Sij = 0 when i # j, and for three identical

the secular determinant can be simplified to,

In order that the ground-state interactions may be considered and
so that the energies may be expressed as transition energies, the

term Hyq = (leHPFb) is subtracted off the diagonal terms in equation 8b,

Hyp - Hgo - E Hyo Hi2
Hi2 Hyp - Hogom E Hi2 = 0 (9)
Hyo M2 Hyp = Hopo - E

(subraction in this way off the diagonal terms, does not affect the

solutions to the secular determinant.) Dividing through by H]2 and

Hyq = Hyn - E

substituting x = 11 00 gives,

Hi2
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X 1 1
1 X 1 = 0 (9a)
1 1 X

a b c a e f -b d f +C d e

d e f = h i g i g h

g h i
thus equation 9a can now be written,
X X 1 -1 1 1 + 1 1 X = 0 (9b)

1 X 1 X 1 1

hence solving the secular determinant gives,
x(x2 = 1) = 1x = 1) +1(1 = x) = 0 (9¢)
therefore, x> -3x+2=0 (9d)
S0, (x - 1)(x-1)(x+2)=0 (%)

and the roots of this polynomial are therefore,

substituting for x = 1 gives,
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Moo = Ho - E
11~ Hoo i e
- = = Hyp - Hy - B = Hypp
12
= B = Hyy - Hyp - Hyp
and substituting for x = -2 gives,
Heo - Hoo - E
11 " Moo . oL
: - -2 = H-Hyg-E = -2,
12 ' :
= E = Hyp - Hyy + 2H,

so the three solutions of the secular determinant are,

E = H]] - H00 - H]2 (twice) and E = H]] - H00 + ZH]2 (10)
When the total Hamiltonian, H, of the system is split,
5

H = H, + H, + H, + ..

1 2 3 i<y W (11)
H]] can be written,

3
HH = (x] x2x3lH] + H2 + H3 + 13;j gij'x1 x2x3)
= Hyp = g XpXglHy + Hy + Hy + 8y + By3 + Bp31xq xox3)

expanding out the terms in the equation gives,
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I
|

11 = <x1 IH]lx] )(x2x31x2x3) + (leHzlxz)(x] x3lx] x3)

<x3lH3|x3)<x] lex] XZ) + (x] x2|912|x1 xz)(x3!x3)

(x] x3I9]3lx] x3)<x2Ix2> + (x2x31923lx2x3)(x] Ix] )

+

+

rearranging gives,

x
|

n - (x]IH]lx1 )(x2Ix2)<x3lx3) + (x2IH21x2>(x] le )(x3lx3)

4

(xglHzlx3) X7 X Yo IXo0 + AXT X185 1% X5} (XX )

<+

(x] x3l9]3lx] x3>(x2|x2) + (x2x3I923lx2x3)(x] lx] )

+

and since Xn and xg are orthonormal, (xilxj) is equal to unity when

i"= Jj and is equal to zero when i # j, simplifying gives,

pu
|

n - (x] IH]lx] Y o+ (xZIHZIxz) + <x3lH3Ix3)

(x] leelzlx{ x2) + (x1 x3|9]3lx] x3)

+

)

4+

(x2x3l9231x2x3
Similarly,

Hop = XqXpXglHy + Hp + Hy + 85 + By3 + Bp3lxyxpxgd

= H00 = <x]lH]lx]) + (XZIHZ'XZ) +(x3IH3|x3) +

<X]XZI9]ZIX]XZ) + (x]x3le]3lx]x3) + (x2x3|923lx2x3)
and,
H]2 = (x{ x2x3IH] + H2 + H3 + 9]2 + 9]3 + 923lx]x2 x3)

expanding out the terms in the equation gives,

(13)
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H]Z = (x] lH]lx])(x2x3lx2 x3) + (x2|H2lx2 )(x] x3lx]x3) +

(x3IH3Ix3)(x] lex]x2 > o+ (x] lee]zlx]x2 )(x3lx3) +

(x] x3I9]3lx1x3>(x2R2) + (x2x3|923lx2 x3><x] lx]>
rearranging gives,

12 = (x] IH]IX1)(x21x2 )(x3lx3) + (leHzlx2 )(x] lx])(x3lx3>+

(g lHgIx3) X7 Ixd X, X7 )+ {xg Xo18751x7%x57 ) {x3lx3) +

H
(x] x3I9]3Ix]x3)<x2Ix2 >+ (x2x3l923|x2 x3)(x] Ix])
and simplifying as in equation 12 leaves only one term,

= (x; x,18

g = Xy Xpl8yplxxg )

=V

The solutions of the secular determinant (Equation 10) can now be

rewritten in terms of HOO’ H]] and H]2 (Equations 12 - 14) to give

(14)

the eigenvalues EA R EE] and EEZ (where EET and EEZ are degenerate in

2
D3 symmetry),

substituting for H]], HOO and H]2 gives,

E = (x] IH]Ix] ) o+ (xZIH21x2> + (x3IH3Ix3>
+ (x] lee]zlx] xz) + (x] x3l9]3lx] x3) + (x2x3l923|x2x3)

- (x]x319]3|x]x3) - (x2x3l923lx2x3) - (x] XZ‘G]ZIX]XZ )

(10)
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rearranging gives,

E = (x] IH]lx] ) - (x]IH]lx]> + (x2IH2lx2 - 2lHZIx2
+ X3 IH lx3) - 3lH3Ix3) + (x] leelzlx] x2 - (x]leelzlx]xz)
+ IG]3Ix 3) (x]x3l9]31x]x3> + (xz 3|923Ix2 3)

- (x2 3I923Ix2x3) - (x] 2Ie]zlx]x2
now taking the pairs of terms 3 and 4, 5 and 6 and 11 and 12, these
cancel to zero; the pairs of terms 7 and 8 and 9 and 10 represent
the difference between the static multipole moments of the excited
states of the molecules and the static multipole moments of the ground
states of the molecules and it has been assumed that this difference
is small and cén be neglected. The first pair of terms are E{‘ - E]
which is equal to AE], the transition energy of the long-axis
polarised m — 1* transition of 2,2'-b1pyridine molecule 1 and the last
term is equal to V12’ the interaction between the transition dipole
moments of 2,2”-bipyridine molecules 1 and 2. The first and second

solutions of the secular determinant (Equation 10) reduce to,
E = AE'I - v-lz

and by a similar method, the third solution of the secular determinant

(Equation 10) reduces to,
E = ISE] + ZV]2

and the eigenvalues EA s EEI and EE2 are equal to,
2

Ey = AE, + 2V, B = E2 = AE; -V, (15)
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To find the mixing coefficients, Cj’ in the Hiickel secular equation

(Equation 7), substitute for x = -2 in the Hiickel secular determinant,

- ZC] + C2 + C3 = 0 (15a)
C] - 2C2 + C3 = 0 ] (15b)
subtracting Equation 15b from 15a gives,
- 3C] + 362 = 0
hence C] = C2, and substituting for C2 in equation 15a gives,
- ZC] + C] + C3 = 0
hence C] = C3 and hence C] = C2 = C3
normalising gives,
2 2 3 _ - -
C] + C2 + C3 = 1, but ?] —»C2 = C3, therefore,
2 _ _ _ 1
3C] = 1, therefore C] = 02 = C3 = —
V3
hence ¥, = l'(x’ X, X0 +X X5 Xq + XXoX3 )
2 V3 71 7273 T2 73 17273 2
Substituting for x = 1 in the secular determinant gives,
C] + C2 + C3 = 0, C] + C2 + C3 = 0 and C] +C, + C3_
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As the levels are degenerate, this gives 1 equation and three unknowns
which is impossible to solve hence an arbitrary choice for one of
the coefficients must be made, that is let C] = 0 hence,

normalising gives,

]2 + C22 + C32 = 1, hence 2C22 = 1, hence C2 = JE
and C3 = C2 = -Jl’ hence,
2
T2 =l(xx’x - XXoX5 )
E 7 172 °3 17273

To solve for @%1, use the orthogonality relations,

(T'AZI"P"EZ) = (‘P”AzﬂFEl) = (lP"EZI"P"E'l) = 0 -

and let @%1 = all; + bJ, + cl3, hence as 0¥A2er1> = 0, supstituting
for’?k and'wkl using Equation 5 gives,
2 .

j—;j @, + 0, +05la0; + bY, + cB3) = O

the only non-zero terms are,

a b c -
J§ (Q]lm]) +J§ (mzlmz> +J§ (m3lm3) = (0, hence

= 0, hence, a+t+b+c = 0 ] (15d)

alm
cjllcr
Slo
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T, .
and @217 = 0,

substituting for'wkZ and'wkl using Equation 5 gives, .

j% @, - Dylad, + b, + By = O

the only non zero terms are,

b C -

hence = 0, hence b = ¢

Nl o

;hlcr

y

Substitute b = ¢ in Equation 15d giving, a + 2b = 0, hence b = -8
2

Normalising gives

a2 + b2 + c2 = 1, hence, a2 + 2(—532 = 1
: 2
hence é-a2 = 1, hence, a = {Z
2 V3
|
and so b =¢=-—
3
_ 2 ] _ 1 T
hence L% D . _ sy L -
, E' = J% (2% XpX3 = XyXJ X3 = XgXXg )
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APPENDIX 2
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As before (Appendix 1), expanding Equation 8 gives the secular determinant
which, for non-trivial solutions to the simultaneous equations, is

set to zero,

Hi =B Hp By Hiz = ESq3
Hyp = ESy, Hyy = ES,, Hyg = ESyg - 0 (20a)
Hyp - ESg Hip - ES3p H33 - ES33

For a hetero-trischelated complex where ligand 1 = 2 # 3,
Hyq = Hop # Hys and Hyp = Hyy # Hyg = Hyy = Hyg = Hyy, so the secular

determinant (20a) can be simplified to,

H -E H = 0 (20b)

12
Hi3

In order that the ground-state interactions may be considered and so
that the energies may be expressed as transition energies, the term

Hhn = OybIHFWb) is subtracted off the diagonal terms in Equation 20b,

00
Hyp - Hpo - E Hy2 Hi3
Hy Hiy = Hop = E C Hyy - 0 (20c)
H3 Hy3 H33 = Hypp - E

Substituting a = H]] - H00 -E, b= H33 - H00 -E,c-= H]2 and d = H]3

into Equation 20 c gives,

c a d = 0 ) (20d)
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The secular determinant can be manipulated by adding and subtracting

pairs of rows and columns and dividing by two, as follows,

a ¢ d a+c c-a d 2(a+c) O 2d

c ad]|]=13%]c+aa-cd| =1} 0 2(a-c) O

d d b~ 2d 0 b 2d 0 b
(20e)

and as the secular determinant is equal to zero, Equation 20 e can be

simplified to,

2(a + ¢) 0 2d
0 2(a - ¢c) 0 = 0 (20f)
2d 0 b

Now if any two rows or two columns in the matrix are interchanged, the
sign of the secular determinant is reversed, therefore exchanging

columns 1 and 2 in Equation 20f gives,

- 0 2(a + c) 2d
2(a - ¢) 0o 0 - 0 (20g)
0 2d b.

and exchanging rows 1 and 2 in Equation 209 gives,

2(a - ¢) 0o . 0
0 2(a + ¢) 2d = 0 (20h)

0 2d b
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The matrix in Equation 20h can be rewritten as,

2(a - ¢) 2(a + c) 2d .
= 0 (201i)

2d b

Substituting back into Equation 20i for a, b, ¢ and d gives,

2(Hyy - Hog = E - Hyp) | 2(Hyq - Hyg = E + Hpp) 23 o
23 Hyz = Hog - E
(21)
and substituting for H”, HOO’ H]2 and H]3 (Appendix 1, Equations 11
to 14) and eliminating ‘the factor of 2 outside the determinant gives,
(AE, - V., - E) 2(AE, + V., - E) 2V
1 12 1 12 13 -0 (25)
2V]3 AE3 - E
The solutions to the secular determinant are therefore,
AE] = V]2 -E =0 which gives E =AE] - V]2 = Ep : (26)
and 2(AE, + V., - E) 2V .
12 13 = 0 (26a)
2V]3 AE3 -E
which gives,
- 2 _
2(AE] + \l]2 - E).(AE3 - E) 4V]3 = 0 (26b)

expanding out the equation and eliminating a factor of 2 gives,

2 2 _
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which upon rearringing gives,

g2 2)

+ E(-AE] -AE37- V]z) + (AE]AE3 + AE.V 2V = 0 (26d)

3'12 ~ “"N13

The factors of E for an equation of this form are given by,

1
2

bt (b2 - a(a.c))
2a

where in this case, a = 1

2)

Therefore the solutions to Equation 26d are,

1
2

2 2
AEy +AEy + Vpp + {(DE) - AEy - Vy)% - GAEAE, +AE,1,, - 21,520

E =
: 2
+
I (27)
and,
. 2 2 1
e T $(-08) - AEy - V)7 - 4AEAE; + AEGY,, - 2V )}2
2
- E. A (28)

Note that the conservation laws for both dipole strength and rotational

strength hold, as shown by,

- .2 2 2. 2. 2
Dy + Dg +Dg =2py" +p3 =pp *Py *P3 (41)

For the proof, substitute for D, + DB+ + Dg~ (Equations 35, 37 and 39)

in Equation 41,
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+2 3 2 +2 2 +. + -23 2
" ) E—pl + (€)% ps” + Cy7C, J?p]p3 +(Cy7) E.p] +

-~ - 2 2
p3- + €y Cy l?p]p3 = 2" 4 py (41a)

but C]+C2 = -C]'Cz-, therefore cancelling terms in 4la gives,

+)2 3 2 23 2 +)2 2,

PR RO RAE L R R (€,7)%p5% = 2p,° + py°

P3 = 2P *Pg
(41b)

rearranging gives,

Lp 2202 e M%+ (02 + p 2 1(E,N2 406,080 = 2y 4 pf
2 2-
(41c)
Now the left-hand side will equal the right-hand side if
+)2 -2y P -2y
[c,H2 + (6,08 = 1 and (€)% + (6,007 = 1
so substituting for C]+ and C]— (Equations 32 and 33) gives,
V2, 2 L 2
+ = ] (41d)
2 . ,2,% 2,2y}
(ZV]3 4+ L%)? (ZV]3 +L%)
therefore,
5
2v L
13 . _ 2 _ (41e)
2 2 2 2 ‘ )
ZV]3 + L 2V]3 + L

adding the two terms gives,
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and  [(¢;)2+ (¢,)8) = 1c,HP + (¢,

therefore the left-hand side of Equation 4lc equals the rig

. +
side, and so Dy + DB +Dg = P1” *+ Py + pg

For the proof of equation 42, substitute for RA, RB+ and RB—

(Equations 36, 38 and 40 respectively),

1 _ - 2 +2 1 _ - 2 +.+ -
= =T vVryps- + (Cy )T =T v ripT + Cy Ch T VLripipa t
7 117 1 7 1171 172 117173
+o+ - -2 1 _ - 2 - ==
C; Cy mvgrap,py + (C] ) E-v viryps + G G _n Viripyp3 +

C] C2 m VarapiP3 = 0

and as C]+C2+ = -C; C, , cancelling terms leaves,

1o 2 21 =2 =21 -2
AN U R - L L R - B L

V2 2
reérranging gives,

- 2 +,2 -2 _
v rpy” L(C )T+ (€77 - 1] =0

1| —

but from Equation 41f, [(C]+)2 +(C;7)%) = 1, therefore E

1
. e o + -
is satisfied and RA + RB + RB = 0

(41F)

ht-hand
(41)
(42a)
“ 0 (42n)
(42¢)

quation 42c

(42)
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APPENDIX 3
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The concentration of I when I, l?' and lé' are electrogenerated can

be calculated using the Nernst equation:

a
E = E° - RT In 22X (47)
nF L

= - -} (fna__ - 1na__,) (47a)

nF oX red
. e RT .
rearranging and dividing through by — gives,
nF

ma_ = (E-E) " + 1na (47b)

oX RT red

The calculation of 2,y is now straightforward providing the following

simplifying assumptions are made;

i) the concentration of the complex in the solution is Tow and so
will be approximately equal to the activity of the complex
in the solution,

o

ii) the system is completely reversible and so E% =E .

The concentration of I when lf is electrogenerated is calculated

1 4

substituting E = -1.78 V, E° = -1.58 V, n = 1 mo11~
1 -1

,» F =9.6487 x 10

R =8.314 K" mol

C mol , T = 293K and aq

g=apr = 5x 1074 mo117!

into Equation 47b, hence;

+ 1n5 x 1072

(-1.78 -(-1.58)) x 1 x 9.6487 x 10°
Tnay = 203 x 8.314
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=$>1naI = -7.92 + (- 7.60)
= 1naI = - 15,52

_ -7 -1
=a = 1.8 x 10 "moll

The concentration of I when 1?' is electrogenerated is calculated

substituting E = - 2.00 V and E° = - 1.58 V into Equation 47b,

4 -
Tna, = (-2.00 - (-1.58)) x 1 x 9.6487 x 10" _ &, 074

= . 293 x 8.314

-

3

<1}
n

-16.64 + (-7.60)

-—

3

Q
]

-24.24

= a, = 2.98x 1071 mo117!

The concentration of I when 1?' is electrogenerafed is calculated

substituting E = -2.30 V and E° = -1.58 V into Equation 47b,

4
]"al _ (-2.30 - (-1.58)) x 1 x 9.6487 x 10 + In5x 10 4

= 293 x 8.314

—

>

o}
n

-28.52 + (-7.60)

—

>

[}
]

-36.12

16 1

=>a; = 2.06x 107"° mol1”
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