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SUMMARY

The first chapter of this thesis serves as an introduction to the low-dimensional
coordination compounds of iron and platinum, described in chapters two and three.
The chapter thus describes the structure, bonding and function of representative
examples of low-dimensional materials, as reported in the literature. These materials
are discussed under the headings: (i) metal chain compounds, (ii) stacked
metallomacrocycles, (iii) ligand bridged complexes and (iv) electron transfer salts. The
dominant interactions between the molecular units constituting these materials are
explored and the impact of these interactions on the solid state properties of the bulk

materials are described.

The second chapter describes the results obtained from an investigation involving the
synthesis, characterization and study of the physical properties of some low-
dimensional dinuclear metallocene-based charge transfer salts. Initial studies focused
on the electron transfer reactions involving [Fe;Cpy(CO)(pu-SEt),] and
dicyanoquinonediimine (DCNQI) molecules. The reaction involving 2,5-Me,-DCNQI
was shown to afford a product which is prone to disproportionation to the neutral
starting materials. In an attempt to overcome this problem, [Fe;Cp2(CO)z(u-SEt);] was
reacted with the more electron accepting molecule, 2,5-Cl,-DCNQI, but the product

resulting from this reaction was found to be inherently unstable.

Based on reports that decamethyl substitution on the donor molecule imparts some
stability to ferrocene-based charge transfer salts, the previously unsynthesized
complex, [FeCp; (CO)x(u-SEt),] (Cp~ = pentamethylcyclopentadienyl), was prepared.
Contrary to expectation, the bulky Cp’ ligands in this molecule are arranged in a cis
configuration with respect to the Fe-Fe vector, as confirmed by X-ray diffractometric
studies. These studies also revealed that the Cp ligands of neighbouring
[Fe,Cp2 (CO)x(u-SEt),] molecules occur in a face-to-face arrangement in the crystal
lattice, with the neutral molecules being arranged in extended rows within the crystal
lattice. However, due to a substantial offset of the face-to-face arranged Cp’ ligands

with respect to each other, there are no orbital interactions between the ligands on



neighbouring molecules, and thus no extended interactions between the

[Fe,Cp2 (CO)2(p-SEt),] molecules in the solid state.

The reaction between [Fe2Cp2'(CO)z(u-SEt)2] and 2,5-Me,-DCNQI, affords the
electron transfer salt [Fe;Cpa (CO)2(u-SEt)2](2,5-Me,-DCNQI). X-ray diffractometric
studies revealed that the Fe-Fe distance in the cation of this salt in significantly shorter
than that associated with the neutral molecule, and that it is comparable to the Fe-Fe
distance established for the [FeoCp2 (CO)a(u-SMe),]" cation. It was thus concluded
that the reaction between [Fe;Cp; (CO),(u-SEt),] and 2,5-Me,-DCNQI involves the
complete transfer of an electron from the donor to the acceptor molecule. It was also
found that the salt crystallizes with extended stacks of alternating donor and acceptor
molecules, in which the (2,5-Me,-DCNQI)" anion lies between the Cp’ ligands of the
cations which, as in the case of the neutral molecule, are arranged with their faces
parallel to each other. Although this salt meets both the prerequisites for the
stabilization of ferromagnetic interactions between the unpaired electrons on the
radical cations and anions, variable temperature magnetic susceptibility measurements
indicated that only very weak, if any, ferromagnetic interactions are present between

the unpaired electrons.

In an attempt to obtain charge transfer salts with different packing architectures to that
of [Fe;Cpz (CO)(p-SEt),)(2,5-Me,-DCNQI),  [Fe,Cp, (CO)x(1-SEt),] was  also
reacted with the non-centrosymmetric acceptor molecules 2-Cl-5-Me-DCNQI and 2-
Me-DCNQI. These afforded [Fe2Cpz'(CO)z(u-SEt)z](Z-Cl-S-Me-DCNQI) and
[FeZsz'(CO)z(u-SEt)z](Z-Me-DCNQI), respectively. Both of these salts were found
to be inherently unstable and to decompose in the solid state, even when stored under
dry, inert conditions. The salt [Feszz'(CO)z(u-SEt)z](H4-DCNQI), obtained from the
reaction between [Fe2Cp2‘(CO)2(u-SEt)2] and the unsubstituted

dicyanoquinonediimine H,-DCNQI, was also found to be unstable.

Following these observations, [Fe2Cp2‘(CO)2(u-SEt)2] was reacted = with
tetracyanoquinonedimethane (TCNQ) and tetracyanoethylene (TCNE).



The reaction with TCNQ affords a stable salt, of stoichiometry [Fe;Cpa (CO)(u-
SEt),].(TCNQ),. Based on the wavenumbers of the C=N stretching peaks in the solid
state infrared spectrum of this salt, it was concluded that this reaction involves the
complete transfer of a single electron from the donor to the acceptor molecule. This
was confirmed by X-ray diffractometric studies which revealed that the Fe-Fe distance
in the cation is analogous to that observed in the 2,5-Me;-DCNQI salt and
substantially different from that associated with the neutral donor molecule. These
studies also revealed that the crystal lattice of the salt consists of isolated tetradic
[FeoCp, (CO)(u-SEt),]", (TCNQ)”, [FexCp (CO)(u-SEt),]" units with the
(TCNQ),* dianions being ‘Slipped in” between the Cp" ligands of the cations and

forming part of a Cp", (TCNQ),”, Cp’ arrangement. Only one of the Cp’ ligands of
each cation participates in this mode of packing, with the mean plane of the other Cp’
ligand being almost perpendicular to that of the analogous Cp’ ligand from the closest
neighbouring cation. The electron spins on the (TCNQ),” dianions are paired, as
confirmed by room temperature magnetic susceptibility measurements from which an
effective magnetic moment of 2.76 pg was obtained. This value is consistent with two

unpaired electrons per tetradic unit, i.¢. one electron on each of the cations in the unit.

The reaction between [Fe2Cp2‘(CO)2(p.-SEt)2] and TCNE affords [Fe,Cp, (CO),(u-
SEt),J(TCNE). As in the case of the reaction with TCNQ, infrared spectroscopy
revealed that this reaction involves the complete transfer of a single electron form the
donor to the acceptor molecule. The crystal lattice of [Fe2Cp2‘(CO)2(u-SEt)2](TCNE)
consists of isolated trimeric [Feszzt(CO)z(p.-SEt)z]ﬂ TCNE, [FeQsz'(CO)z(p,_
SEt),]" units, which are separated by TCNE' anions. The TCNE' anions within these
trimeric units participate in a face-to-face arrangement with the Cp’ ligands of the
cations. The TCNE" anions separating the trimeric units are also located between the
Cp ligands of neighbouring cations, but the dihedral angles between the mean planes
of these anions and that of the Cp’ ligands are such that no orbital interactions are
possible between these moieties. Consequently, the ferromagnetic interactions between
the unpaired electrons on the radical ions in [Fe2Cp2'(CO)2(u-SEt)2](TCNE) are

negligible, as was confirmed by variable temperature magnetic susceptibility

measurements.
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The third chapter of this thesis focuses on the synthesis, solid state structures and

luminescent behaviour of some polypyridyl coordination complexes of platinum.

The yellow complex salt [Pt(terpy)(CH;CN)](SbFs);, which was obtained by
substituting the CI" ligand in [Pt(terpy)Cl](SbFs) with CH;CN, crystallizes with a
lattice structure which consists of sheets in which rows of cations and anions alternate.
Furthermore, there is no evidence of any orbital interactions between the
[Pt(terpy)(CH3CN)]2+ chromophores in the crystal lattice, as evidenced by X-ray
diffractometric analysis. Samples of [Pt(terpy)(CH3CN)](SbbFs)z, both in the solid state
and in dilute butyronitrile glass at 77 K, exhibit simultaneous emission from both an
intraligand *(n-n*) and a unimolecular SMLCT excited state. The *(n-n*) component
of the emission is suppressed in CH;CN solution at room temperature, with only the
MLCT component being observed under these conditions. Attempts at preparing
analytically pure samples of [Pt(terpy)(CH;CN)](CF3SO;), and [Pt(terpy)(CH:CN)]-

(BF4),, were unsuccessful.

The next part of the study focused on the salts of [Pt(terpy)Cl]", and in particular, on
the influence the steric demands of the counterion has on the luminescent properties of
this chromophore in the solid state. In this regard the SbFe’, CF3;SOs™ and BF4 salts of
this species were prepared and their luminescent behaviour studied. The SbF¢ salt
exhibits polymorphic behaviour. When freshly precipitated, and as long as it is in
contact with the mother liquid, the salt is bright orange in colour. However, as soon as
it is isolated from the mother liquid, a slow transition to a yellow phase sets in. The
yellow modification of this salt exhibits weak luminescence in the solid state at room
temperature. The intensity of this luminescence increases with decreasing sample
temperature, but the position of the emission maximum is independent of the sample
temperature. The CF;SO;™ and BF4 salts do not exhibit polymorphic behaviour and are
respectively orange and orange-red in colour. Both salts are emissive in the solid state,
the intensity of the emission increasing on decreasing the sample temperature. In
contrast to the emission behaviour of the SbF¢™ salt however, the solid state emission
spectra of these salts display distinct red-shifts of the emission maxima on decreasing
the temperature of the salts. The difference in the solid state emission behaviour of the

three salts is believed to be a consequence of differences between the solid state



packing architectures of the salts. The red-shift of the emission maxima in the solid
state spectra of the CF3SO5™ and BF, salts is typical of the emission behaviour of linear
chain compounds with metal-metal interactions between the chromophores and where
the emission originates from the radiative decay of a 3(de»—7") excited state. The
emission from solid samples of the SbFs salt may also originate form a H(dgeo1")
excited state, the lattice architecture of the salt being such that a decrease in sample
temperature does not affect a decrease in the Pt-Pt separation and consequently, no
red-shift is observed. Alternatively, the emission may originate from a unimolecular
SMLCT excited state if there are no orbital interactions between the [Pt(terpy)Cl]’

chromophores.

The complex salts [Pt(bipy)2](SbFs), and [Pt(bipy),]J(CF3SOs), were synthesized to
further investigate the influence of the steric demands of the counterion on the solid
state emission behaviour of square planar platinum polypyridyl chromophores. Single
crystal X-ray diffractometric studies revealed that the crystal lattice of the SbFs™ salt is
such that there would be no effective orbital interactions between the individual
[Pt(bipy)]*" chromophores. In the case of the CFs;SO; salt however, the
chromophores are arranged in extended stacks with ligand-ligand overlap between
neighbouring chromophores. The solid state emission spectra of both salts were
recorded and found to consist of two overlapping components. The high energy side of
the band envelopes exhibit vibrational structure which originate from the radiative
decay of ‘(n-m*) excited states. The low energy side of the band envelopes each
exhibit a partly obscured broad, structureless feature, which other workers have
previously observed in the solid state emission spectra of [Pt(bipy),](ClOs), and which
they suggested to originate from an excimeric excited state. This assignment is
disproved by the fact that this feature also appears in the solid state emission spectrum
of the SbF¢ salt. Unfortunately, an accurate assignment of this feature could not be

attempted without the aid of more sophisticated photophysical experiments.

The emission behaviour of chromophores incorporating ligands which exhibit
deviations from planarity, was also investigated. One of the complexes synthesized in
this regard is [Pt(4'-Ph-terpy)CI](SbFs). Uncrushed samples of this salt exhibit bright

yellow luminescence in the solid state which, based on the vibrational structure



observed in the solid state emission spectrum, can be assigned to the radiative decay of
a *(m-m*) excited state. On crushing the salt, its emission in the solid state at room
temperature, changes from bright yellow to bright orange. The solid state emission of
such a crushed sample, recorded at room temperature, consists of a single broad band.
On reducing the temperature of the sample, the colour of the luminescence changes
from orange to yellow. This change is associated with the broad feature in the solid
state emission spectrum undergoing a red-shift; also noticable on lowering the
temperature is the development of a *(n-m*) component, of the type observed in the
spectrum of the uncrushed sample. This *(1-n*) component is superimposed on the
high energy side of the broad feature. The latter is assigned to the radiative decay of a
(de»—>7") excited state, based on the red-shift of its emission maximum with
decreasing sample temperature. Two scenarios are proposed to explain the luminescent
behaviour of crushed samples of [Pt(4'-Ph-terpy)CI](SbFs). The first involves the
[Pt(4'-Ph-terpy)Cl]" chromophores existing in two crystallographically distinct
environments, with the *(n-n*) and (dgron®) components of the emission originating
from the chromophores in the different environments. The second scenario involves all
the chromophores existing in the same crystallographic environment and exhibiting
simultaneous emission from both the *(t-n*) and *(de»— 1) excited states, the two

states being coupled by thermally activated vibrational interactions.

The final part of this investigation focused on the [Pt(terpy)(C=CPh)](SbFs) and [Pt(4'"-
Ph-terpy)(C=CPh)](SbF) salts, which were synthesized by displacing the CI" ligand
from [Pt(4'-R-terpy)CI](SbFs) (R = H or Ph) with the phenylacetylide ligand. X-ray
diffractometric studies revealed that in both salts the [Pt(4'-R-terpy)(C=CPh)]"
chromophores are arranged in extended stacks with the interplanar spacing between
neighbouring chromophores being uniform and less than, or comparable to, the Van
der Waal's separation for m-aromatic species in a face-to-face arrangement
Furthermore, each of the two salts exhibit two different Pt-Pt separations which
alternate along the extended stacks. Both the [Pt(terpy)(C=CPh)]" and the [Pt(4'-R-
terpy)(C=CPh)]" chromophore exhibit emission form a unimolecular *MLCT excited
state in degassed CH,Cl, or CH;CN solution at room temperature. Quenching studies

did, however, confirm that the emission form both chromophores is partially quenched



by CH;CN. The solid state emission spectra of the two salts were recorded at various
temperatures and found to consist of two overlapping components originating from
two different excited states. The component of lower energy exhibits distinct red-shifts
of its emission maximum on decreasing the temperature of the salt and is thus believed
to originate from the radiative decay of a *(ds~—7") excited state. Unfortunately, the
currently available data is insufficient to make an unequivocal assignment of the
component of higher energy in the solid state emission spectra of the

[Pt(terpy)(C=CPh)](SbFs) and [Pt(4'-Ph-terpy)(C=CPh)](SbFj) salts.

vii



CHAPTER ONE

Low-dimensional Materials : Structure, Bonding and Function

1.1 Introduction

Low dimensionality is ascribed to organic and inorganic materials which, in the solid
state, exhibit a high degree of anisotropy in their inherent physical properties. These
properties include, for instance, optical, electrical and/or magnetic behaviour. A
pseudo one-dimensional material thus possesses enhanced properties in one direction
compared to the orthogonal directions. Similarly, a pseudo two-dimensional material
has enhanced physical properties in two directions when compared to the remaining

direction.

The above-mentioned anisotropy in physical properties arises from cooperative
interactions occurring within linear chain (for pseudo one-dimensional) or layer (for
pseudo two-dimensional) structures. It is these cooperative interactions that span the
gap between the structural characteristics of a low-dimensional material and the bulk

properties of that material in the solid state.

Based on their solid state structures and the dominant interactions present in the solid

state, low dimensional solids can be divided into four broad categories:

1) Metal chain compounds (the dominant interaction being between the p, and d,2
orbitals of neighbouring metal atoms in the chain).

i1) Stacked metallomacrocycles (the dominant interactions being m-7 interactions
between the flat m-conjugated ligands or, in certain cases between the metal
atoms of neighbouring molecules, as well).

iii) Ligand bridged complexes (interaction occurs between metal orbitals and those
of the bridging ligand).

iv) Electron transfer salts (interactions involve m-m interactions and spin-spin

interactions of unpaired electrons).



This chapter is aimed at introducing the reader to representative examples of low-
dimensional materials from each of the above four categories and, where possible, will
highlight the correlation between the solid state structure and the bulk properties of the
materials. Instead of attempting to be comprehensive, examples illustrating
fundamental principles will be discussed and although attention will largely focus on
low-dimensional materials containing transition metal atoms, occasional reference will
be made to purely organic substances. As such it will serve as an introduction to the

work discussed in this thesis.

1.2 Metal chain compounds

In general, metal chain compounds possess a columnar structure comprised of planar,
or near planar monomeric units, stacked one on top of the other to form extended
metal atom chains. Most metal chain compounds are formed from square planar

monomers (see Figure 1.1), which implies that these compounds are mainly confined to
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Figure 1.1: A typical metal chain arrangement: monomeric ML, units

stacked one on top of the other

d® metal complexes.” Table 1.1 lists metals with accessible d® electron configurations.

Table 1.1:  Metals with accessible d°® electron configurations
L Configuration Metal (oxidation state)
3d° Fe (0) Co(l) Ni(II) Cu(III)
4d® Ru(0) Rh(I) Pd(II) Ag(III)
5d° 0Os(0) Ir(I) Pt(II) Au(II)




Complexes formed from zero-valent iron, ruthenium and osmium favour trigonal
bipyramidal geometries, which obviously cannot accommodate stacking and thus
extended metal-metal interactions. Of the remaining metals with accessible d®
configurations, a quick overview of the literature reveals that one-dimensional metal
chain structures are predominantly formed by Pt(II), Pd(II), Ni(II), Ir(I) and Rh(I) (in
an approximate order of decreasing occurrence). Within the wealth of metal chain
compounds, there are three main categories, viz..

i) Divalent and partially oxidized metal cyanides

i) Partially oxidized bis (oxalato) platinate salts

iii) Linear chain platinum haloamines

In order to gain a fundamental understanding of the underlying principles associated
with the above compounds, it is necessary to consider the intermolecular interactions

occurring in extended metal chain compounds.

1.2.1 Intermolecular interactions in extended metal chain compounds

1.2.1.1 Metal-metal orbital overlap

This approach, developed by Rundle” and Miller®, considers first the interaction of
the 5d,2 and 6p, orbitals of two metal atoms, Pt in this case. The interacting 5d,2
orbitals of a;, symmetry give rise to a bonding and an antibonding molecular orbital of
aj; and ap, symmetries respectively. Similarly, the interacting 6p, orbitals with a,,

symmetry result in the formation of an a;; bonding and an a,, antibonding orbital [see
Figure 1.2 (a)].

6p,——— ——F6p,  6p, ——6p,

5d,2—— ———5d,2 S5d2— ——5d,2
N ’ \ ’
\ /7 \ 4
free 8y f ' v ‘4
complex interacting ree . o
complex interacting

Figure 1.2:  Molecular orbital scheme showing orbital interaction

(a) without and (b) with configuration interaction



For a d® system, such as Pt(Il), four electrons have to be accommodated in these
molecular orbitals, resulting in the population of the two lower orbitals (one bonding
and one antibonding), the overall effect being nonbonding. However, since non-
degenerate molecular orbitals of the same symmetry “repel” each other, the lower ajg
molecular orbital is displaced to lower energies and the upper to higher energies [see
Figure 2 (b)]. The same applies to the az, molecular orbitals. This results in a decrease
in the energy of the electrons in the lower two molecular orbitals and thus the total

energy of the system, with the net effect being bonding in character.

In moving from two atoms to an extended chain of metal atoms, the discrete energy
levels are replaced by bands. Decreasing the distance between atoms in the chain
results in a widening of the bands and a concomitant decrease in the energy gap
between the highest occupied level in the d,2 band and the lowest unoccupied level in
the p, band. The smaller this gap, the lower the energy required for a transition
between the highest occupied d,2 level and the lowest unoccupied p, level and the more

feasible electrical conduction, for instance, becomes along the chain.

1.2.1.2 Electrostatic interaction

In contrast to the model involving metal-metal orbital overlap, chain formation in this
model is electrostatically enforced since neighbouring complexes are oppositely
charged. There is no orbital overlap between the metal atoms in the chain and all
spectroscopic changes in moving from isolated monomers to the chain structure are
ascribed to intramolecular transitions being modified by the presence of the
electrostatic crystal field of the neighbouring molecules in the chain. An example of

this behaviour is provided by the Magnus green salts discussed in Section 1.2.2.3.

1.2.2 The three main categories of metal chain compounds

1.2.2.1 Divalent and partially oxidized metal cyanides
The metal cyanide salts with mono- or divalent counterions have attracted attention

due to their varying colours and highly anisotropic optical properties.

X-ray diffraction studies”” on Mg[Pt(CN),4].7H,0O revealed a columnar stacked chain
structure of [Pt(CN)4]” units with a Pt-Pt distance of 3.155A and a torsion angle of



45°, i.e. successive [Pt(CN)4]2' units are rotated by 45° about the Pt-Pt axis relative to
each other. The metal-metal distances in a wide variety of [Pt(CN),]* salts possessing
such columnar structures have been determined® and have been found to be crucially
dependent on the cation’s size and charge and on the degree of hydration of the
compound. (For example, Sr[Pt(CN),].3H,0 has a Pt-Pt separation of 3.09A
compared to 3.60A for Sr[Pt(CN)s].5H,0.) However, there is no obvious trend
governing the relationship between the cation size/charge or the extent of hydration of
the compound and the intrachain Pt-Pt separation. Furthermore, as illustrated by the
series: Ca[M(CN),].5H,0 (M = Ni, Pd, Pt; M-M distances (A): Ni 3.38"- Pd 3.42¢,
Pt 3.387) or SI{M(CN),].sH,O (M = Ni, Pd, Pt; M-M distances (A): Ni 3.65"; Pd
3.63®- Pt 3.607), the intermetallic distances are hardly affected by the presence of
different transition-metal atoms. It has however been found® that Pt-chain compounds
with a short Pt-Pt separation have a staggered configuration of [Pt(CN)s]* units, i.e. a
torsion angle of ~45°, whereas compounds with a long Pt-Pt distance have an eclipsed
configuration, i.e. a torsion angle of ~0°. (Compare e.g. Mg[Pt(CN)4].7H,0, Pt-Pt
distance = 3.155 A, torsion angle = 45° and Nap[Pt(CN),].3H,0, Pt-Pt distance =
3.691A, torsion angle = 0°). This difference is not unexpected, since the staggered
configuration minimizes the repulsive interactions between the CN" groups and thus

allows for close approach of the [Pt(CN)4]2' units.

Following the determination of the structures of some fuily hydrated [Pt(CN)4]* salts,
Yamada® recognized a relationship between the Pt-Pt distance and the colour
associated with the compound. In studying the polarized crystal spectra of
Ca[Pt(CN),].5H20, Mg[Pt(CN),].7H,O and Ba[Pt(CN),].4H,O, he observed a very
strong perpendicular polarized band and a much sharper parallel polarized band both
occuring at lower frequencies than any of the bands in the solution spectrum. He was
also able to show that there exists an approximately linear relationship between the Pt-
Pt distance and the position of the parallel polarized band. These observations were
confirmed by studies” performed on dehydrated alkaline earth metal
tetracyanoplatinates. The above studies have also shown that the intense colours of the
[Pt(CN)4] compounds with Pt-Pt distances less than 3.25A, are due to the presence of

these strong absorbtion bands in the visible region of the spectrum. However, the



absence of such intense colours, does not indicate the total absence of metal-metal
interactions. Moncuit and Poulet"® have proven that weak Pt-Pt interactions exist in

St[Pt(CN),].5H,0, a colourless compound with a Pt-Pt distance of 3.60A.

The dc electrical conductivities parallel to the metal atom chain (c|) have been
determined'” for several tetracyanoplatinate salts and were found to be strongly
dependent on the nature of cation. Furthermore, | was shown to vary with the
reciprocal of the Pt-Pt distance. However, the divalent tetracyanoplatinates (at best)
behave as semiconductors (e.g. o} for Li,[Pt(CN)s] xH,0 = 3x10" S.cm™ *? pt-pt =
3.18A), because of a band gap between the highest occupied d,2 level and the lowest
unoccupied p, level. It has also been suggested that the observed electrical

conductivities could be due to the presence of Pt(IV) impurities.

For all of the above divalent metal cyanides, the metal atom has a d* configuration,

implying that all of the energy levels of the d,2 band are filled [see Figure 1.3(b)]

¢ Upper band levels
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Figure 1.3:  Diagrammatic representation of the band structure of d° metal
chain compounds:
(a) Isolated monomer
(b) Divalent metal atom chain
(c) Partially oxidized metal atom chain

(Shading implies filled levels)

The upper levels of the d,2 bands possess higher energies than the energy of the d,2
level in the isolated monomeric unit [see Figure 1.3 (a) and (b)]; and electron
occupation of these levels thus has an antibonding effect on the chain. On this basis

Krogmann'” suggested that bonding in the chain would be strengthened if electrons are



removed from the upper band levels of the d,2 band. In practice this implies partial

oxidation of the metal atoms in the chain. [see Figure 1.3(c)].

In the partial oxidation of the metal chain atoms, the preservation of electrical
neutrality of the lattice dictates that an appropriate number of anions have to be
introduced into the lattice or an appropriate number of cations removed. This gives rise
to the classification of the partially oxidized tetracyanoplatinates as either anion
deficient  (e.g.  Ku[Pt(CN)4]Clo32.2.6H,0)”  or  cation  deficient (e.g.
M, 7s[Pt(CN),] xH,0; M = Li", K", Rb", Cs")"V. Of these two groups that of the anion

deficient salts is the more extensively studied group.

The molecular geometries associated with the partially oxidized tetracyanoplatinates
are fairly predictable, since they are guided by three factors as summarized* below:

a) The basic integrity of the Pt-Pt chains once partial oxidation has occurred.

b) The columnar stacking of the square planar [Pt(CN)4]™ moieties.

c) The limited range of allowed Coulombic and hydrogen bonding crystal binding

parameters.

Furthermore, the Pt-Pt distance (dp.p) is related to the degree of partial oxidation
(DPO), as expressed by the equation;"”

dpupr (A) = 2.59 - 0.60 log;o(DPO)
(The degree of partial oxidation is determined through room temperature diffuse X-ray

scattering.'®)

Based on the differences in their structural type, the anion deficient salts are subdivided
into type P, primitive, which are normally hydrated and type I, body centred, usually
anhydrous. At room temperature, both groups behave as one-dimensional conductors
(e-g. (NHi)2(H30)0.17[Pt(CN)4]Clo.42.2.83H,0 (Type P), orr = 0.45 S.cm™ 9 and
Csz[Pt(CN)aJ(FHF )o39 (Type I), or1. = 1.6 x 10° S.cm™ U®) their conductivity largely
being governed by dp.p. However, upon lowering the temperature, type P salts
undergo a transition to a semi-conducting state at higher temperatures than that
associated with type I. Compare (NHa)2(H30)0.17[Pt(CN)4]Clo 42.2.83H,0 (Type P) and
Csof PY(CN)s](FHF )o.35 (Type 1) with transition temperatures of 195 K and 80 K



respectively. This difference in behaviour stems directly from structural differences

between type P and I salts.

Type P hydrated salts crystallize in primitive tetragonal lattices (P4mm) with the
counter cations situated on planes between those of the anionic [Pt(CN)4]™
moieties.1®? The Pt chains, which are ~10A apart, are held together by a complex
bonding network which depends partly on weak hydrogen bonding interactions
including the H,O molecules of crystallization. In contrast, type I (usually anhydrous)
.salts, crystallize with body centred tetragonal lattices (I4/mem).**™ Here the counter
cations (B") are situated on the same plane as the [Pt(CN),]™ anions, thus maximising
the B*-N=C interactions, resulting in an interchain separation which is about 1A

shorter than that in the type P salts.

The above structural differences need to be kept in mind when considering the
structural changes that occur in a one-dimensional conductor on lowering the
temperature. As predicted by Peierls,”® there is a mean field temperature T,
associated with any one-dimensional conductor, below which critical fluctuations
occur. The extent of these fluctuations (Peierls distortions) increase as the temperature
is decreased and create one-dimensional correlated domains which, with decreasing
temperature, extend over increasing portions of the Pt atom chain. Interchain
Coulombic interactions also increase with decreasing temperature until at a certain
temperature, Tsp, the Coulombic interactions are strong enough to cause a three-
dimensional ordering of the one-dimensional lattice distortions, resulting in a band gap

being created at the Fermi (highest occupied) level of the d,2 band (see Figure 1.4). At

# Band Gap

Energy () (b)
Figure 1.4:  (a) Partially filled d,> band

(b) Splitting of the d,2 band due to Peierls distortion
(Shading implies filled levels)



this temperature the transition to semiconducting behaviour is complete.

Interchain interactions depend considerably on the extent of hydrogen bonding
between the Pt atom chains. An increase in the extent of hydrogen bonding will thus
promote the three-dimensional coupling of the one-dimensional Peierls distortions.
This explains the difference of Ts;p and thus the difference in the low-temperature
conductivity behaviour of the type P and I anion deficient salts.

Cation deficient tetracyanoplatinates are less well documented than anion deficient
salts. Probably the best known example of a cation deficient salt s
Ki75[Pt(CN)4].1.5H,0. Like its Rb and Cs analogues, K, 7s[Pt(CN),].1.5H,0 behaves

. . 7
as a one-dimensional metal "

its room temperature conductivity being
~100 S.cm™.*** However, variable temperature conductivity studies revealed two
three-dimensional ordering temperatures, Tsp’s, viz. 308K®® and 50K.*® Further
studies”” indicated that the transition at 50K is due to a Peierls instability, the high

temperature transition being assigned to a non-Peierls transition.

1.2.2.2. Partially oxidized bis(oxalato)platinate salts

Interest in the bis(oxalato)platinate salts arose when Krogmann found that, like the
partially oxidized tetracyanoplatinates, the partially oxidized bis(oxalato)platinate salts
show one-dimensional metallic properties.®'*? Generally these salts are synthesized by
oxidizing samples of bis(oxalato)platinum(IT) salts with smaller amounts of oxidant

than that required to facilitate the complete oxidation to the Pt(IV) species.?!?*37

Structural studies®® of the partially oxidized bis(oxalato) plantinate salts have mainly

centred on the potassium and rubidium salts and have revealed that crystalline samples
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often consist of several phases.
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[P(C:09,] ©
The y phase of K..8:[Pt(C;04);].2H,0 has four [Pt(C204)2]1'81' units arranged in a

zigzag chain along the stacking axis in the unit cell, the Pt-Pt distances being 2.837A



and 2.868A with a torsion angle of 45° between adjacent [Pt(C204),]"*"" units.*”

Furthermore, the Pt chains are sinusoidally modulated at room temperature, the wave
period (29.923) closely matching the expected value (30A) for a Peierls superlattice
distortion.®® The same distortion occurs in Rby ¢7[Pt(C204)].1.5H20. The partially
oxidized bis(oxalato)platinates also display non-Peierls distortions which occur at

temperatures above 273K.

The room temperature conductivities of the partially oxidized bis(oxalato)platinate
salts along the chain direction (o} in the range 1 to 100 S.cm™') are considerably lower
than those observed for the analogous tetracyanoplatinates with similar Pt-Pt
separations. Compare e.g. 6)(300K) for Cs[P(CN)JJ(FHF)o3 ~2x10° S.cm™,®
dpum = 2.833A, with ©)(300K) for Znys[Pt(C;04)2).6H,0 = 94 S.om™ . dpp =
2.838A. Bullett®” has predicted these differences in conductivity through band
structure calculations. It has also been suggested that the occurrence of Peierls
superstructures in these compounds may play an important part in their room

temperature electrical conductivities.

1.2.2.3. Linear chain platinum(Il)haloamines

Although the first examples of platinum compounds with halogens and/or amines as
ligands were synthesised in the late 1800’s, the first detailed study of their physical
properties was only undertaken in 1951, when Yamada®" investigated the anisotropic
optical behaviour of [Pt(NH;)4][PtXs] (X = CI' or Br). Recent interest in these
compounds centred on the possibility of high electrical conductivities, but this interest
was short-lived, since most linear chain platinum haloamines display semiconducting or

insulating behaviour.“*? The optical properties of these compounds, however remain of

interest.

The linear chain platinum(II) haloamines can be ordered with respect to the number of

amine or ammonia ligands coordinated to the platinum centre.

The best known example of the tetraamine or -ammonia type is [Pt(NHz)s]Cl,. 2H,0,
the lattice of which has been suggested to consist of linear arrays of [Pt(NH;)s]*" units.
These units are arranged in an eclipsed configuration, the Pt-Pt distance in the chain

being 4.21A.YAs in the case of most of the other compounds from this group
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{excluding those with [PtXa]z' (X = CI' or Br) anions}, the large Pt-Pt distance in
[Pt(NH:)s]Cl,.2H,O results in very weak intermolecular Pt-Pt interactions, thus

precluding the possiblity of any unusual physical properties.

The triaminehaloplatinum(Il) salts are represented by two types of compounds. In the
first, the triamine portion comprises three separate ligands e.g. [Pt(NH;);Cl]Cl. With
the exception of salts containing [PtX4]*( X = CI' or Br’), none of the salts from this
type shows any unusual physical properties. The second type of triamine-
haloplatinum(II) salt possesses a tridentate ligand representing the triamine section,
e.g. [Pt(terpy)CIICI (terpy = 2,2',6',2"'-terpyridine). Many of the salts of this type
crystallize with structures allowing intermolecular interaction and consequently possess
unus;ual physical properties. The Pt-terpy complexes and their properties are discussed

in Chapter 3 and will thus not be discussed here in any further detail.

The neutral diaminedihaloplatinum(II) salts can also be divided into two types. Of the
first type, represented as [Pt(NH;),X>] (X = halogen), the cis isomer of [Pt(NH;).Cl;]
has attracted the most attention. It crystallizes with linear stacks of the neutral
molecules extending through the crystals. The Pt-Pt distances within these stacks
alternate, the two distances being 3.37 and 3.41A.“% Oxidizing cis-[Pt(NH;),Cl,] with
(NH,),8,04** results in a product, single crystals of which are able to polarize light
between 850 and 350 nm.“® (The corresponding values for Polaroid® are 620 and 400
nm.) Subsequent investigations“” have revealed that different solids are formed upon
oxidation of cis-[Pt(NH;),Cl,], the structures obtained depending on the reaction
conditions and any additional ions in solution. In contrast to the cis isomer, the short'est
Pt-Pt distance in trans-[Pt(NH;),Cl,] is about SA.“*Y Furthermore, it is not possible to
obtain partially oxidized products from this isomer. In the second type of neutral
diaminodihaloplatinum(II) compounds, the diamine portion consists of a single
bidentate ligand. An example of this type of compound is [Pt(en)X,] (en = 1,2
diaminoethane, X' = CI', Br). Here, the [Pt(en)X,] units are arranged in extended
chains, the Pt-Pt separation being 3.39A for [Pt(en)CL]“® and 3.50A for
[Pt(en)Br,].“” Spectroscopic studies“**” revealed that, despite the reasonably short
Pt-Pt distances, the metal-metal interactions are insufficient to give rise to a

delocalisation of the platinum d electrons along the chain. Instead, an electron transfer
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model resulting in the formation of ion pairs in a bound ionic state has been invoked to
explain those bands in the crystal spectra which do not originate from intermolecular
electronic transitions. In this model the energies of transitions to the ionic states
increase strongly with the molecular separation because of the greater separation of
charge which occurs in the excited state. This explains the observed increase in energy
of the charge transfer excitation bands in moving from [Pt(en)Cl;] to [Pt(en)Br,].
Another example of a linear chain diaminodihaloplatinum(Il) salt with the diamine
portion consisting of a single bidentate ligand, is [Pt(bipy)Cl,] (bipy = 2,2'-bipyridine).
This and related compounds, along with their properties will be discussed in Chapter 3,

and thus will not be discussed here in any further detail.

Probably the best known of the extended linear chain platinum(Il)haloamine salts are
Magnus’ Green Salt [Pt(NHs)4][PtCls], and its analogues. The general structure of
these salts consist of linear arrays of alternating planar [PtX,]* and [PtL,]*" ions.®*® In
[Pt(NH;)4][PtCl] the alternate ions are staggered by 28°, thus allowing close approach
of the Pt atoms (Pt-Pt distance = 3.254) along the chain.®? Since the green colour of
[Pt(NH3)4][PtCly] cannot arise due to a superposition of the colour of the cation
(colourless) and that of the anion (pink), the optical properties of this compound and

others with unusual colours have attracted attention.

The absorption spectrum of [Pt(NHs)4][PtCls] consists of 4 main bands, 3 originating
from the anion, the fourth only occuring in compounds containing Pt in both the cation
and the anion and which in addition, have short Pt-Pt distances. Miller has proposed
that interaction of the 5d,2 and 6p, orbitals on the alternating cations and anions gives

rise to a band structure consisting of four bands (see Figure 1.5).

The origin of the fourth band was thus assigned to a transition from the highest
occupied d band to the lowest unoccupied p band. On a chemical level this
corresponds to a partial electron transfer from, in the case depicted below, the anion
3d;2 orbital to the cation 6p, orbital. The fact that this fourth band is not observed in

[Pt(NHs)4][PdCl4] for instance, is attributed to insufficient overlap of the relevant d-

and p orbitals.
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Figure 1.5:  Simplified schematic diagram of relative energies in e.g.
[PY(NH ) ,J[PtCl,] (shading implies filled bands)

The green colour of e.g. [Pt(NHs)4] [PtCls], does not arise from the above-mentioned
transition. Instead, it has been suggested to result from a red-shift of the three
absorption bands originating from transitions from the anion d,, dy, and d,2 orbitals to
the anion d2.,2 orbitals.®® This shift occurs as a result of the d,2 electrons of the
cations perturbing the d,, dy, and d,2 orbitals of the adjacent [PtCl,]* anions. The
effect of increasing the amine size on the visible spectra of [PtA4][PtX4] (A = amine)

can also be explained by applying this model.

Studies on the electrical conductivity of [Pt(NH,),][PtCl,] revealed that it behaves as a
anisotropic semiconductor, the ratio of the conductivity in the stacking direction to

that perpendicular to the stacks being 100:1.%%

1.3 Stacked metallomacrocycles

1.3.1 Introduction

For this discussion, a metallomacrocycle is regarded as a metal atom surrounded by an
essentially square planar array of four coordinating nitrogen atoms which form part of

a flat, ring-shaped n-conjugated ligand system.

The bulk physical properties of all of the metal chain compounds discussed in the

previous section are essentially determined by the disposition of the d orbitals of the



metal chain atoms in the solid state. The equatorial ligands do play a definite part in
determining the properties of the material, but ultimately their influence on the bulk
properties is still directed through a perturbation of the d orbitals of the metal chain
atoms. In the case of the metallomacrocycles and especially the partially oxidized
derivatives, the coordinated ligand molecules are directly involved in determining the

nature of the bulk properties of the materials.

Based on the ligand system employed in the formation of these compounds,
metallomacrocycles can be divided into three broad groups, namely:
a) Metal bis(dioximates) where the ligand system consists of 2 dioximate

molecules held together by hydrogen bonding,

b) Porphyrinic metal complexes, the ligand system consisting of a single porphyrin
molecule.
C) Tetraazaannulene metal complexes, the ligand system consiting of a single

tetraazaannulene molecule.

1.3.2 Maetal bis(dioximates)

Probably the best-known example of the metal bis(dioximates) is bis(dimethyl-
glyoximato)nickel, [Ni(dmg),], in which the monomeric units, depicted below, are
arranged face-to-face in extended columns in the solid state.®* *® Similar structures

have been reported for the bisdimethylglyoximato complexes of Pd®® and Pt.®

[Ni(dmg)] (R = Me) and [Ni(dpg).] (R = Ph)

The two dimethylglyoxime ligands in each monomer of the derivative, are held in a
rigid square planar configuration by short hydrogen bonds (2.40A) to the oxygen

atoms from each of the two ligands, as seen above. Within each column, successive
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monomeric units adopt torsion angles of 90° to each other, allowing the methyl
groups, which protrude the furtherest from the plane defined by the metal atom and the
rest of the ligands, to interlock. Through this interlocking process, close approach of
the monomeric units is possible, as indicated by the short metal-metal distances in the
following compounds: 3.245A for [Ni(dmg),],***® 3.253A for [Pd(dmg),]®” and
3.23A for [Pt(dmg),].°® These short distances have been interpreted®” in terms of
metal-metal bonds being present in these complexes, such bonds leading to a further

stabilization of the columnar structures.

The above-mentioned interlocking of substituents seems to be essential for the
bis(glyoximato) metal complexes to adopt structures with extended columnar stacks in
the solid state. The Ni(II), Pd(II) and Pt(II) complexes of glyoxime (R = H) for
instance are planar, yet these complexes do not adopt the [Ni(dmg),] structure.***”
The bis(methylethylglyoximato) nickel molecule is also planar, but the crystal

(61)

structure®” of the complex is such that the possibility of close approach of the

monomeric units is precluded.

Interest in the absorption spectra of [Ni(dmg),] has centred mainly on the lowest
energy visible absorption band which is polarized in the stacking direction and is only
present in the solid state spectra. The origin of this band was initially thought to result
from a (3d,2 > p,) transition, which was subsequently confirmed by Ohasi and co-
workers.® They concluded that the band is mainly due to the (3d,2 — p,) transition
within a nickel atom, but that it also includes some interatomic (3d,2[atom a]—
4p,[atom b]) charge transfer excitation. There is also a close relationship between the
energy associated with this band and the metal-metal distances in the compounds. This
correlation was previously observed by Zahner and Drickamer,*” who found that
increased pressure caused a shortening of the metal-metal distances in [M(dmg),] (M=

Ni, Pd, Pt). This shortening of the metal-metal distance manifests itself in a decrease in

the energy of the d,2—p, transition.

[Ni(dmg),] behaves as an ohmic semiconductor; the single crystal conductivity®® at
323 K being 3.8 x 10" S.cm™ along the needle/stacking axis. This conductivity is

5 .
roughly 10” times greater than that observed for compressed powder measurements,
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and was interpreted as suggesting some delocalization of electrons along the stacking

direction.

The reaction of bis(diphenylglyoximato)nickel, [Ni(dpg)], with molecular iodine
results in a partial oxidation of the complex, to afford a product [Ni(dpg).]I, the
pressed pellet conductivity®® of which is 10° to 10* times greater than that of
[Ni(dpg),]. This result sparked a series of studies focussing on partially oxidized

metallomacrocycles.

With regard to the metallomacrocycle, the crystal structure’®” of [Ni(dpg)2]1 is virtually
identical to that of the parent compound, the only structural variation being that the
Ni-Ni distance decreases from 3.547A to 3.223A on oxidation. This distance is still
comparable with the 3.25A observed in unoxidized [Ni(dmg),] and is considerably
greater than that in Ni metal (2.49A). The iodine atoms occur in extended chains which
run parallel to the stacking axis and are situated in channels between the chains of
macrocyclic units. However, the iodine chains are one-dimensionally ordered so that
the exact species of iodine present cannot be determined from X-ray scattering data.
The diffuse X-ray scattering pattern was found to be suggestive of Is, as was
subsequently confirmed by resonance Raman and ' Mossbauer spectroscopy.®”
[Ni(dpg).]I, [Ni(dpg)]Br, [Pd(dpg).]l and [Pd(dpg),]Br have been found to be
isomorphous, with nearly identical unit cell dimensions,®® thus suggesting that all four
of these compounds possess the same basic crystal structure. This is further supported
by the fact that the Br species in [M(dpg).]Br (M = Ni, Pd) have been shown to be
Brs’, exactly as in the case of the iodine derivatives. These studies also revealed that
for the bromine derivatives, the [M(dpg),] units are formally in the fractional oxidation
states + 0.20(2) for M = Ni and + 0.22(2) for M = Pd.“ In the case of [M(dpg).]l (M
= Ni, Pd), the fractional oxidation state is +0.20(4).”

Electrical conductivity studies “”* on single crystals of [M(dpg).](X) (M = Ni, Pd; X
= Br, I) have shown a linear dependence of In(c) versus '/ (where ¢ = conductivity)
with a room temperature conductivity Gk of 107 to 102 S.cm™. This represents a 107
to 10° fold increase in conductivity when compared to the parent compounds. Various

possibilities for a conduction pathway which allows for the observed conductivity have
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been suggested. The possibility that the halogen chains constitute the major pathway
was discarded since the conductivity is independent of whether bromine or iodine is
used as the oxidant. Had the halogen chains been the major pathway, the iodine chains
would be expected to be far more efficient charge carriers than the bromine chains.®”
Based on the relatively large metal-metal separations and the insensitivity of the
conductivity to whether the metal is Ni or Pd, the possibility of a metal-centred
pathway has also been suggested to be less likely.®” It would thus appear that the

charge carriers could be transported through the n-systems of the ligands.

In an attempt to decrease the metal-metal separation and to study the influence of

increased conjugation of the ligand system when compared to the glyoximates, the

[M(bqd).]

partially oxidized nickel and palladium bis-benzoquinonedioximates, [M(bqd),]I.nS
(S = solvent) were synthesized."” The crystal structures of [Pd(bqd),]Is.50.0.520-
dichlorobenzene!™ and [Ni(bqd)]los2.0.32toluene consist of stacks of rigorously
planar, partially staggered [M(bqd),] units, with two differently sized channels between
them. The smaller of these channels is occupied by chains of I atoms, which from
Raman and "I Mossbauer spectroscopy have been determined to be present as I,
The larger channels are occupied by disordered solvent molecules. The metal-metal
distances in these compounds (3.153A, M = Ni; 3.184&, M = Pd) are shorter than that
in either the parent [M(bqd),] or the analogous [M(dpg).]I compounds.

From the [M(bqd)] 1 ratio, and the fact that the iodine is present as I, it follows that
the partial oxidation state of the [M(bqd),J*" units is +0.17, similar to the +0.20
observed in the [M(dpg),]I materials. Despite this and the shorter metal-metal distance

in [M(bqd)]I.nS, the room temperature thermally activated single crystal conduc-
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tivities of the [M(bqd).]L.nS compounds are slightly lower than that of the

(70)

corresponding [M(dpg)]I crystals.

1.3.3 Porphyrinic metal complexes

This category of metal complexes encompasses those metallomacrocycles derived from

the metalloporphine skeleton depicted below.

The metalloporphine skeleton

When B represents a nitrogen atom, the metalloporphine skeleton constitutes the
backbone of the metallophthalocyanines, whereas if B represents =CH—, the

metalloporphyrins are introduced.

1.3.3.1 Metallophthalocyanines
Interest in the synthesis and study of these compounds arose due to the highly

conjugated planar structure of the phthalocyanines, the accessibility of multiple redox

sites and the chemical flexibility associated with the phthalocyanine ligand.

Partial oxidation of the metallophthalocyanines and the metal-free macrocycle with
molecular iodine (see reaction outline below), was found to result in an extensive range

of highly conducting molecular materials. "
M(Pc) + "/, I, &> M(Pc)(I),

M = Fe, Co, Ni, Cu, Zn, Pt, H,, Pc = Phthalocyanine
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The I:MPc ratios were found to be variable, the composition of the final product
depending on the experimental conditions. Furthermore, the iodination is reversible
such that the 1odine can be completely removed by heating the products in vacuo. The
exact nature of the iodine species present, and confirmation that partial oxidation had
occurred, was obtained from '*T Mossbauer and Raman spectroscopic studies. Both
techniques revealed that for x < 3 (see reaction outline) the iodine is present as I3 only,
whereas for x > 3 both techniques revealed the presence of Is” and other coordinated I,

species.

Hy(PO)I" and Ni(Pc)I”® both crystallize in the space group P4/mcc. Both structures
consist of stacked planar M(Pc) units (M = H, or Ni) with disordered chains of I’
counter ions situated in channels occurring between and running parallel to the M(Pc)
stacks. The intermolecular separation for Hy(Pc)I within the M(Pc) stacks,was found
to be 3.251(2)A"” which is slightly, but not significantly, longer than that associated
with Ni(Pc)L, viz. 3.244(7)A."® Furthermore, consecutive molecules within each stack
are staggered, the torsion angles being 40.0 and 39.5° for Hy(Pc)l and Ni(Pc)l,

respectively.

The room temperature electrical conductivity for Hy(Pc)I (2.3 S.cm™)™ is marginally
higher than that of Ni(Pc)I (0.7 S.cm™ measured for a compressed pellet). This result,
together with the fact that Hy(Pc)l and Ni(Pc)l have virtually identical structures,
establishes that a coordinated metal atom is not a prerequisite for high electrical
conductivity to be observed in this class of compounds. It is also clear that the
conduction pathway in these compounds is not metal-centred. Analysis of the g-values
and the line widths of the EPR signals associated with the charge carrying hole species
of Ni(Pc)I”® revealed that the charge carriers resulting from the partial oxidation, are
in fact ligand-based. Thus, the metal does not contribute directly to the carrier orbital

or to the charge transport process, but acts solely as an internal substituent that

influences the electronic properties of the ring.

Initial variable temperature studies’® established the electrical conductivity of Ni(Pc)I
to be metal-like, the conductivity increasing with decreasing temperature until a metal

to semiconductor transition was reached at ca. 50 K. It was speculated that this
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transition results from a subtle structural rearrangement resulting in a change in carrier
mobility. In a subsequent study” however, Ni(Pc)I was found to maintain its metal-
like conductivity to temperatures of 100 mK, with ¢ ~2000 to 5000 S.cm™ for T <25
K. At temperatures below 25 K the conductivity decreased gradually before levelling
off to an asymptotic value ranging from 0.5 to 2 times the room temperature value as
the temperature approached 0 K. Ni(Pc)l was in fact the first reported low-

temperature molecular metal, based on a metallo-organic complex.

Modifications to the M(Pc)I system have been made, these include methyl substitution
in the 3 or 4 position on the phthalocyanine to produce M(3-Me)sPc or M(4-Me)sPc

; 76,77
respectively.”> ™"

M(3-Me),Pc M(4-Me) .Pc
Partial oxidation of these metallophthalocyanines afforded products containing the Is°
moiety, even at low iodine concentrations. This was attributed to the alkylated
derivatives requiring a higher iodine concentration than the unsubstituted
phthalocyanine derivatives to reach a given degree of partial charge transfer. Electrical
conductivity studies revealed that these partially oxidized substituted metal
phthalocyanines exhibit metallic conductivity; the conductivity of the [M(3-Me),Pc]l,
compounds being higher than that of the [M(4-Me).Pc]l, compounds. A possible
explanation for the different conductivities is that for [M(3-Me),Pc]l,, the methyl

substituents extend into the surrounding lattice to a lesser extent, thus maintaining the

conductivity requisites of close stacking and delocalization of electrons.
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A further variation involves the electro-oxidation of Ni(Pc) in the presence of
Bu;N'BF; to produce halogen-free Ni(Pc)(BF4)o1:."” The crystal structure of this
compound is very similar to that of Ni(Pc)I and Hy(Pc)l, the structure consisting of
Ni(Pc)**** ions stacked in columns with an interplanar separation of 3.240(5)A and
surrounded by BF, counterions. EPR measurements confirmed that the oxidation is
ligand-centred. Ni(Pc)(BF4)o13 crystals exhibit a room temperature conductivity of
~1000 S.cm™ in the stacking direction, but unlike Ni(Pc)I and Hy(Pc)I, the metallic
temperature dependence of Ni(Pc)(BF4)o33 does not exhibit a sharp peak. Instead it
was found to possess a broad metal-to-semiconductor transition at ~80 K [compared

to £15 K for Hy(Pc)I].

1.3.3.2 Metalloporphyrins

Porphyrins are closely related to phthalocyanines both with regard to electronic and
molecular structure. As for the metallophthalocyanines M(Pc), iodine-oxidation of the
metalloporphyrins, ML (L = porphyrin), affords partially oxidized metallomacrocycles,
MLI,, in this case.”*” The crystal structures of these iodinated metalloporphyrins
closely resemble that of eg Ni(Pc)l; consisting of stacks of the oxidized
metallomacrocyclic molecules with chains of polyiodide anions occurring between and

parallel to these stacks. The molecular structures of some representative examples of

the metalloporphyrins are depicted below.

R R
; A
R R
Me Me
R R
Me O Q
R R
M(tmp) M(tbp) (R=H) and M(omtbp) (R=Me)

(tmp = tertramethylporphyrin) (tbp = tetrabenzoporphyrin)

(omth = octamethyltetrabenzoporph yrin)
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Et Et

Et Et

Et Et

Et Et

M(oep)
(oep = octa-ethylporphyrin)

A comparison of the conductivities of the iodinated metalloporphyrins with the
analogous phthalocyanines, reveals that at room temperature, the porphyrin
compounds have conductivities close to [orr (single crystal) for Ni(tmp)l = 40 to
270 S.cm™: orr (single crystal) for Ni(tbp)l = 150 to 350 S.cm™ ®] or less [ort
(compressed pellet) for Ni(oep)ls; = 2.8 x 102 S.cm™ ®¥] than that of e.g. Ni(pc)I,

[or.T (single crystal) = 260 to 750 S.cm™®¥; og 1 (compressed pellet) = 0.7 S.cm

-1(72)].
The low-temperature conductivity behaviour of the iodinated metalloporphyrins is
similar to that of the phthalocyanines, both groups exhibiting a metal-like increase in
conductivity upon lowering the temperature. However, Ni(Pc)I has a relatively sharp
conductivity maximum (Gmx = 2000 to 5000 S.cm™) at T, » 25K, whereas the
conductivities of the porphyrin compounds go through broad maxima, the
temperatures at which these maxima occur (T,) being higher than that for the
phthalocyanines and the associated conductivity (Gmax) being lower [for Ni(tmp)I,
Gmax ~80 to 540 S.cm™ at Tn ~115 + 10 K,® for Ni(thp), Omax ~600 S.cm™ at
Tm ~95 K&,

A very interesting and important concept originating from the study of Ni(tbp)I, is that
of double mixed valency. Upon iodination of a metal-containing species ML, various
modes of oxidation are possible, the limiting cases being those where electron loss
occurs from the metal e.g. in the case of the tetracyanoplatinates, or from the ligand, as

was discussed for Ni(Pc)l. Examination of the g-values and line widths of the EPR
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signals associated with the charge-carrying holes, enables the deduction of the mode of
oxidation, i.e. whether it is metal- or ligand-based. From such examinations it was
found that the charge carrers in Ni(Pc)L,” Ni(omtbp)I®***" and Ni(tmp)I®® are
ligand-based, with only a small contribution from the iodine. In contrast, the carrier
spin g-values and EPR line widths for Ni(tbp)l indicate that for this com'pound the
oxidation is not purely ligand-based, but rather of a mixed ligand © and metal d
character. Furthermore, the interpretation of the room temperature g-values of
Ni(tbp)I requires a contribution of +'/5 from the [Nim(tbp)] form of the oxidized parent
macrocycle. EPR results also indicate that the carrier holes are not delocalized in
orbitals originating from both the metal and the ligand, but that the holes rather have
one identity or the other, i.e. that they “hop” between the metal and the ligand. In
chemical terms, Ni(tbp)I can thus be written as [Ni(tbp)]2[Ni(tbp)]'T where [Ni(tbp)]*
represents the equilibrium [Ni"(tbp)] <> [Ni(tbp)']. Schematically, the conduction

pathway can thus be represented as seen in Figure 1.6.

Figure 1.6:  Conduction pathway in a non-integral oxidation state

metallomacrocycle stack:

(a) Mixed valence system created by partial oxidation of the
ring.

(b) Double mixed valence stack with carriers hopping between

ligand and metal.

A further point well illustrated by the partially oxidized metalloporphyrins is that
although the molecular co-crystallization method discussed up to now, is a useful first-

generation approach, it does not allow rigorous structural enforcement, thus limiting

its applicability.



An example of this limitation is provided by a consideration of attempts to modify the
metallomacrocycle by alkylation, for instance. Substitution of the para hydrogens on
the benzene fragments of tbp with methyl groups, affords the octa-methyl derivative,
omtbp. Ni(omtbp)I, ¢g crystallizes with the same structural motif as Ni(tbp)I but steric
interaction of the methyl substituents causes pronounced ruffling of the porphyrin ring.
This results in the Ni-Ni separation in the metallomacrocycle stack increasing from
3.217(5)A for Ni(tbp)®? to 3.778(5)A®" for Ni(omtbp)l,es. The increase in the
intermolecular spacing causes a decrease in the intermolecular orbital overlap which
manifests itself in a decrease in the electrical conductivity [orr for Ni(tbp)I = 150 to

330 S.cm™;® whilst og 1 for Ni(omtbp)I ~10 S.cm™ ™},

A second example involves changing the acceptor moiety through employing the non-

halogen acceptor molecule 7,7,8,8-tetracyanoquinodimethane (TCNQ), for instance.
NC : CN
NC CN
TCNQ

The reaction of Ni(tmp) with TCNQ affords the charge transfer complex
[Ni(tmp)](TCNQ),*® the crystal structure of which consists of stacks of alternating
Ni(tmp) and TCNQ moieties. The room temperature conductivity for
[Ni(tmp)](TCNQ) was found to be less than 10° S.cm™.

From the above two examples, Marks™ concludes: “Without rigorous structural
enforcement of the metallomacrocyclic stacking, it is impossible to effect controllable
and informative variations in stacking architecture or in donor-acceptor spatial-

electronic relationships. Clearly, the packing forces operative in most molecular

conductors are rather delicate.”

In order to overcome the proven problem of structural enforcement in
metallomacrocyclic compounds, planar charge-carrying molecular subunits were linked

in a cofacial orientation. This approach is discussed in full in Section 1.4, and will not

be discussed here in any further detail.
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1.3.4 Tetraazaannulene metal complexes

The electrically conductive metallophthalocyanines and related porphyrins, discussed
above, are all 22m-electron species. In order to understand the role of the
metallomacrocycle’s molecular and electronic structure in stabilizing the conductive
mixed-valent state, the 167m-electron tetraazaannulene metal complexes [M(taa)] and

[M(tmtaa)], depicted below, were subjected to partial oxidation through

. /\
N N R
N,
N N

[M(taa)]: R =H; M = Co, Ni, Cr, Pd, H;

. . . 87,88
iodination.®7*®

[M(tmtaa)]: R = Me; M = Ni, Pd, H,

The stoichiometry of the resulting products, [M(taa)]ly or [M(tmtaa)]l,, can be
systematically varied with the reaction conditions. Single crystal diffraction studies on
[Ni(taa)]l; s and [Ni(tmtaa)]l4 suggested a structure consisting of segregated,
partially oxidized metallomabrocylic donor stacks surrounded by parallel chains of
acceptor counterions. The nature of the polyiodide ions present in the anion chains
depends on the stoichiometry of the product. Resonance Raman spectra indicated that
for x, y < 3 the I;" species is present, whereas for x, y > 3, I predominates. With

respect to the nature of the oxidation, electrochemical studies®>*” have shown that it

involves molecular orbitals which are predominantly ligand centred.

The powder conductivity of [M(taa)]L is comparable to that of [Ni(Pc)]I,®” but unlike
that for the phthalocyanines, the conductivity of [Hy(taa)]l; is several orders of
magnitude smaller than that of [M(taa)]l, and [M(tmtaa)]l,. The conductivity of
[M(taa)]L; is also greater than that of [M(tmtaa)]l,, the methyl substituent on

[M(tmtaa)] probably interfering with the close packing of the metallomacrocyclic units,

thus effecting the decrease in conductivity.
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1.4 Ligand bridged complexes

1.4.1 Introduction

As indicated in the above discussion, the metallophthalocyanine and -porphyrin
complexes do not allow any structural enforcement. Thus very little, if any control of
the solid state stacking architecture is possible by modification of the
architecture/composition of these materials on a molecular level. This implies that all
synthetic attempts at modification of the bulk solid state properties of the metal
phthalocyanines and porphyrins are subject to the packing forces involved in
crystallization, these forces being quite delicate, poorly understood and thus, rather

unpredictable.

In order to overcome this problem, synthetic attempts were directed to
metallomacrocyclic polymers, which are constructed by covalently linking molecular
metallomacrocyclic subunits in a cofacial arrangement. This approach allows for
rigorous enforcement of the stacking pattern and thus meaningful investigations of, for
instance, donor-acceptor relationships for structurally and electronically different
dopants and the influence of different interplanar spacings on bulk properties.
Furthermore, the polymers are unreactive to air and water, thermally stable and can be

processed to obtain conducting fibres.

Based on the bridging ligands employed, the metallomacrocyclic polymers can be

divided into 2 groups, viz.:

a) Polymers in which the bridging/linking ligand consists of a single atom, usually
oxygen or fluorine.

b) Polymers with multi-atom bridging/linking ligands.

By far the majority of coordination polymers studied, contain metallophthalocyanines

or -porphyrins as the subunits and attention will thus be focused on these materials and

their properties.
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1.4.2 Single-atom bridged metallomacrocyclic polymers

1.4.2.1 Unoxidized/Virgin polymer

The polysiloxane polymers [M(Pc)O], (M = Si, Ge, Sn) can be synthesized by the
dehydration of the dihydro derivative [M(Pc)(OH),] in vacuo.®® Similar polymers with
M = Al or Ga and F as the bridging ligand have been prepared.®>*® However, the
structures of these single-atom bridged polymers were only verified when the single
crystal structure of [Ga(Pc)F], was obtained in 1981.°Y As expected, the structure
consists of octahedral Ga coordinated to the four phthalocyanine nitrogen atoms and
two trans arranged fluorine atoms, these atoms linking the Ga(Pc) moieties in a

cofacial arrangement.

In the case of polysiloxane polymers [M(Pc)O],, the degree of polymerization, n, can
be varied by varying the polymerization conditions. For typical samples n = 120(+30)
(M = Si), 70(+40) (M = Ge), 100(+40) (M = Sn).®” Furthermore, the interplanar Pc-
Pc spacing depends on the coordinated metal, ranging from 3.83(2)A for M = Si,
through 3.53(2)A or 3.57(2)A for M = Ge to 3.82(2)A for M = Sn. The polymers were
also found to be extremely robust, polymerization for both the oxygen and fluorine
bridged materials typically occurring at about 400°C, while [Si(Pc)O], can be dissolved

and recovered from concentrated H,SO,4 without any detectable change.®*

The partial oxidation of [M(Pc)O], (M = Si, Ge) and [M(Pc)F] (M = Al Ga) results in
a sharp increase in electrical conductivity and sparked a series of studies on this topic.

The variety of oxidants employed in these studies can be divided into three groups and

are discussed below under the following headings:

a) Halogen and nitrosyl salt oxidants.
b) Electrochemical oxidation.
) Quinone oxidants.

1.4.2.2 Halogen and nitrosyl salt oxidation of metallomacrocyclic polymers
Both the fluorine bridged [M(Pc)F], (M = Al Ga) and the oxygen bridged [M(Pc)O],

(M = Si, Ge, Sn) polymers have been subjected to partial oxidation/doping by halogens
and nitrosyl salts.
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Halogen doping of [M(Pc)Fl, (M = Al, Ga) affords materials of composition
{[IM(Pc)F]l}, where x = 0.012 to 3.4 (M = Al) and x = 0.048 to 2.1 (M = Ga) the
conductivities being up to 10’ times greater than that of the undoped/virgin
polymers.®***°”  (Room temperature compressed powder conductivities are;
ort < 107 S.cm? for [Ga(Pc)Fl,, ort = 0.12 S.cm™ for {[Ga(Pc)F]los:}s.) Raman
spectroscopy indicated that for all of these materials, except those prepared by heating
{[Al(Pc)F]I34}, to temperatures less than 200°C, both I3 and Is are present, with I
predominating. (I;" predominates in {{Al(Pc)F]I;4}, derivatives.) Using (NO)(BF,) and
(NO)(PFs), the partially oxidized {[M(Pc)F](X)«}a polymers (M = Al, Ga; X = BF,
PF¢) were synthesized®® and found to be electrically conductive.®” Furthermore, the
halogen-oxidized materials can be undoped by heating in vacuo, whereas the nitrosyl-
oxidized fluorine-bridged polymers were found to be highly stable to both high

temperatures and exposure to air.

(100,101)

Halogen- and nitrosyl-oxidation of the polysiloxane polymers [M(P¢)O],

proceeds as outlined by the following equations:
[M(Pc)OJ, + 0.53n X — {[M(Pc)O}(Xs)y}» M = Si, Ge; X =Br, I, y ~ 0.35)
[M(Pc)Ol, + 0.35 NO'Z" — {[M(Pc)O](Z)o.35}a + 0.35 NO
(M =Si, Z' = BF, PF¢, and SbFs)

Whereas the halogen-oxidation of the Si and Ge polymers proceed smoothly, it would
seem that for the Sn analogue, the Sn-O bonds are lost upon doping. A similar
situation prevails when nitrosyl salts are employed to effect oxidation, the Si polymer
being partially oxidized, but the Ge analogue decomposes. However, if oxidation does
occur, the resulting products were found to be indefinitely stable in air. The above
equations also show that for all halogen and nitrosyl oxidants, the ultimate degree of
partial oxidation, p, is ~ +0.35. This observation is in accordance with the theoretical
values obtained from Born-Haber cycle calculations."°” An interesting feature of the

halogen and nitrosyl salt oxidation is that, as deduced from X-ray powder diffraction

studies, 1% 11 the doping process is inhomogeneous. This implies that the dopant is

not homogeneously dispersed throughout the lattice, but rather that as the amount of
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oxidant available increases, varying amounts of the fully doped phase and the virgin
polymer coexist within the same lattice. Only once full uptake of the oxidant dopant is
achieved, does the material become homogeneous again. This inhomogeneity of the

f el : (102,103)
doping process was further confirmed by transmission electron microscopy.

The fully doped polysiloxane polymers, {[M(Pc)O](Xs)o3s}n, have tetragonal crystal
structures, but similar to the fluorine-bridged halogenated polymers, can be undoped
by heating in vacuo. The undoped material obtained in this way is best modelled by a
tetragonal structure, whereas the virgin polymer possesses an orthorhombic structure.

As such, thermally undoped [Si(Pc)O]. represents a new [Si(Pc)O], phase.

The series [Ni(Pc)](Is)oss, {[Si(Pc)O](Is)oss}n and {[Ge(Pc)O](Is)oss}a provides an
illustrative example of how variation of the Pc-Pc interplanar spacing can modify the
bulk properties of the material. The crystal structures of these three materials are
virtually the same, the only difference being a variation in the Pc-Pc interplanar
spacing, which increases from 3.244(2)A for [Ni(Pc)](I:)oss"” to 3.30(2)A for
{[Si(PS)](Ts)oss ) to 3.48(2)A for {[Ge(Pc)](Ts)os5}a."*” Accompanying this
increase in Pc-Pc interplanar spacing, is a decrease in conductivity from ¢ = 250 to 600
S.cm™ for [Ni(Pc)](Iz)oss and ¢ ~ 100 S.cm™ for {[Si(Pc)](Iz)oss}a to o ~ 10 S.cm’™
for {[Ge(Pc)l(Is)oss}n."® Even though the above conductivities of the doped
polysiloxane polymers are only estimates, supporting evidence for the decrease in
conductivity is provided by an increase in the Pauli magnetic susceptibility (yni < xsi <
Xce) and a decrease in the optical reflectivity plasma frequency (on; > @s; > ©ge)."*”
The decrease in conductivity associated with the increasing Pc-Pc interplanar spacing is
attributable to a diminution of the efficiency of charge transport, resulting from

decreasing overlap between the adjacent macrocycle n-systems.

A graph of the electrical conductivity of the doped polysiloxane polymers as a function
of the doping level,"*” exhibits a sharp increase in conductivity with increased doping
at low dopant concentrations, followed by a levelling off as the dopant concentration is
further increased. This behaviour is a consequence of the inhomogeneity of the doping
process resulting in the product consisting of a mixture of conductive and non-

conductive “particles”. At low dopant levels, increasing the volume fraction of
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conductive “particles”, results in a sharp increase in conductivity. However, a critical
volume fraction exists beyond which the conductive particles form a continuous
network. At this point, the percolation threshold, the material becomes highly
conductive and the conductivity as a function of dopant concentration, levels off. The
electrical conductivity, o, of these materials has also been found to be temperature

(199.190 3 Jinear relationship existing between -1/In(c/0,) and temperature (Go

dependent,
is a constant characteristic of the material). This relationship suggests that the
temperature dependence of the conductivity can be explained by the fluctuation-
induced tunnelling model. In this model, electrical conduction is modulated by small

non-conducting junctions separating longer high-conductivity regions.

A further question addressed by these studies involves the influence counter/dopant
anions with different sizes and polarizabilities,"* have on the polymer composition

and structure in general, and on the charge carriers in particular.

With regard to polymer composition/structure it was found that the degree of
incomplete charge transfer, the inhomogeneity of the doping process and the
geometries (interplanar spacings and ring-ring staggering angles) of the partially
oxidized polymers are almost independent of the counter/dopant anion present.
Differing size and polarizability of the counter anions also have little or no influence on
the charge carriers. Magnetic susceptibility data failed to reveal any effect of the
counterions on Coulombic enhancement, whereas optical reflectivity studies proved
that the optical bandwidth parameters are virtually independent of the counterion.
Differences in the variable temperature conductivity data corresponding to the different
dopants are explicable in terms of different interparticle resistances and chain-packing
densities. Finally ESR data for the various {[Si(Pc)O]X,}a polymers revealed that the

oxidation is ligand-based, with the absence of any heavy atoms in extensive

communication with the charge carriers.

This insensitivity of the polymer electronic properties to the nature of the dopant, has
been suggested to arise from the essentially frozen character of the stacking structure
so that counterion-based band structure modifications can basically only take place

through Coulombic interactions or modifications of the Pc-Pc ring staggering angles. A
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second and less important factor has been suggested to originate from the unique

M(Pc) electronic structure.

1.4.2.3 Electrochemical oxidation

The electrochemical oxidation of [Si(P¢)Ol. in the presence of a supporting electrolyte,
AX (X = BFy, PFy, SbFq, tosylate, CF3(CF2), 80" n=0, 3, 7 and SO.*) was found
to reversibly afford the oxidized polymers {[Si(Pc)0]X,},. """ However, attempts to
effect the same oxidation of [Ge(Pc)O], failed, due to suggested polymer

decomposition involving cleavage of the Ge-O bonds."*®

A comparison of, for example, the electrochemically produced oxidized polymer
{[Si(Pc)O](BF,}, with that produced via the nitrosyl salt oxidation, reveals that the
two methods yield material with the same tetragonal crystal structure, but that for the
electrochemical process the highest degree of partial oxidation, ym»x = 0.50, whereas
for the nitrosyl salt oxidation, ym is restricted to ~ 0.35. Furthermore, X-ray
diffractometric studies have revealed that, in contrast to chemical oxidation, the
electrochemical doping process is homogeneous, thus allowing for smooth tuning of

the extent of partial charge transfer/oxidation.

A further feature of electrochemical doping is that the initial oxidation/doping of the
virgin polymer is accompanied by a large overpotential/kinetic barrier, whereas
subsequent undoping and doping cycles do not exhibit any overpotential. This
behaviour, referred to as “break in” behaviour, is a direct consequence of the structural
rearrangements associated with the redox behaviour of the polysiloxane polymers. As
was pointed out for the halogen and nitrosyl salt oxidation of these polymers (see
section 1.4.2.2), doping of the virgin polymer involves an orthorhombic to tetrahedral
phase transformation which implies a reorganisation of the [Si(Pc)O], chains and an
expansion of the crystal lattice. This reorganization necessitates the large overpotential.
Undoping the doped polymer affords a tetragonal phase of [Si(Pc)O],, implying that
subsequent electrochemical cycling involves interconversion between the structurally
similar tetragonal doped and undoped phases. These cycles only require anion
migration through the “channels” between the [Si(Pc)O]. chains, implying minimal

reorganization of the chains themselves, and thus no associated large overpotential.
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The maximum doping stoichiometry and hence the extent of partial oxidation/band
depletion, has been suggested to be largely determined by the anion size. This
suggestion is based on simple packing calculations employing Van der Waal’s radii
which revealed that there is good agreement between the maximum possible occupancy
of the anion “channels” between the [Si(Pc)Ol. chains and the doping level
achieved."*® An illustrative example of this sensitivity of the extent of partial oxidation
to the dopant/anion structure is provided by the homogenous CF3(CFz). SO3° series.
For n = 0, 3 and 7 the maximum degrees of partial oxidation, Ymax, achieved are, to a
first approximation, 0.57, 0.35 and 0.26 respectively.'* In the case of the extremely
large anions, for example, [MosOy]", the ultimate degree of doping/partial oxidation

decreases to even lower values of ypax = 0.06.

As illustrated by the series {[Si(Pc)O](BF.)., {[Si(Pc)O](tosylate)y}, and
{[Si(Pc)01(SO4)y}n , the electrical conductivities of the doped polysiloxane polymers
for a fixed degree of partial oxidation (y) is not counteranion dependent.”” The
conductivity does however vary with the degree of doping/partial oxidation. """ At low
levels of partial oxidation, y < 0.20, a steep increase in conductivity accompanies
increased partial oxidation. This is followed by a levelling off at y ~ 0.20-0.30
whereafter the conductivity is virtually independent of the extent of partial oxidation,
up to y ~ 0.67. Based on thermoelectric power measurements, magnetic susceptibilities
and ESR data, it has been suggested that the change in conductivity behaviour upon
incremental doping at y > 0.20 stems from a transition from p-type semiéonduct'mg
behaviour to p-type molecular metallic behaviour. Such a transition implies drastic
changes in the electronic structure and carrier mobilities of the oxidized polymer. As
evidenced by X-ray diffraction and electrochemical data, this change in electronic
properties is not accompanied by a similarly drastic change on a structural level. In
fact, the diffractometric and electrochemical data rather suggest a smooth evolution in
structure as a function of y. The observed transition in conductivity behaviour was thus
explained"’” by utilizing an electronic structural model which focuses on the effect
disorder and defects have on quasi one-dimensional band structures. In terms of this

model charge carriers (holes) have low mobilities at very low and very high

doping/partial oxidation levels.
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1.4.2.4 Quinone-oxidation
The highest degree of partial oxidation, Ymax, achieved upon employing electrochemical

oxidation of the polysiloxane polymers, is limited to ca. +0.70. Utilization of the strong

Cl Cl F F
NC CN
0 0
NC CN
Cl Cl F F
DDQ TCNQF,

oxidizing agents 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) or 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (TCNQF,), depicted above, allows for

oxidation of [Si(Pc)O], to levels with y = 1.65 (108.199) (see reaction scheme below).

[Si(Pc)Oa + yn Q > {[Si(Pc)0]Q,}a (Q =DDQ, TCNQF)

Spectral data indicated that most, if not all, of the quinone molecules in
{[Si(Pc)O]Qy}x exist as radical anions. However, as revealed by X-ray diffractometry,
the doping process is partly inhomogeneous. Furthermore, as with the halogen-

oxidized polymers, {[Si(Pc)O]Qy}. can be undoped by heating the product in vacuo.

The electrical and optical properties of the quinone-doped polysiloxane polymers
closely resemble those of the other oxidized polymers discussed above, but are
markedly different to those of the quinone-oxidized molecular metalloporphyrins (see
section 1.3.3.2). This is not surprising since the quinone-oxidized metalloporphyrins
have an integrated stacked structure, whereas for the polysiloxane polymers,

“segregated stacking” is structurally enforced.

In considering the electronic properties of these materials it was found, as confirmed
by optical reflectivity and thermoelectric power data, that there is a steep rise in
conductivity as the level of partial oxidation is increased to y ~ 0.20. Beyond y ~ 0.20

the room temperature conductivity remain virtually constant until y ~ 0.50 to 0.60 is
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reached. At this point the conductivity starts decreasing. Increasing y further, to ~0.90,
results in the conductivity decreasing to a value 107 times smaller than that associated
with y ~ 0.40. The conductivity associated with y ~ 0.90 is also lower‘ than that
associated with the unoxidized parent material. Thus it is evident that {[Si(Pc)O]Qy}n
approaches a metal-to-insulator transition as y approaches ~1.00. Utilizing TCNQF, 1t
is possible to increase the level of partial oxidation beyond y ~ 1.00. This affects
another increase in conductivity with the oxidation products exhibiting conductivities

analogous to those observed in the 0.20 <y < 0.60 region.

1.4.2.5 Electronic structure

In order to gain insight into the electronic structure of the oxidized [Si(Pc)Ol.
polymers, electronic structure calculations have been performed on Si(Pc)(OR), and
ROSi(Pc)OSi(Pc)OR {R = Si[C(CH3)]3(CH;),}"'? and [Si(Pc)(OH);] where the

phthalocyanine, Pc, is octafluoro- or octacyano-substituted. "

Considering the HOMO of [Si(Pc)(OH),], the calculations revealed that the greatest
orbital amplitude is situated near the core of the metallomacrocycle with lesser
contributions from the orbitals of the fused aromatic rings and an almost negligible
contribution from the orbitals which will be involved in the -(Si-O),- chain. From this
result it follows that the conduction band in the oxidized polymers is mainly composed
of carbon pr orbitals located close to the macrocycle core. Bearing in mind the spatial
extent of the Pc ring and thus the remoteness of the conduction band orbitals from the
dopant counteranions, it is not unexpected that the collective properties of the oxidized

{{S1(Pc)O]X,}. polymers show little to no dependence on the nature of X.

Calculations on dimeric structures e.g. ROSi(Pc)OSi(Pc)OR {R = Si[C(CH,)];-
(CHs),}, were performed to study the influence of interplanar eclipsing/twist angle and
ring-ring interplanar spacing on 7-m interactions between the rings.!'*'"? As far as
interplanar eclipsing is concerned, the studies revealed that two possible overlap
maxima exist, viz. at 0° and at 45°; experimentally observed angles being ca. 40°. The
0° option is possibly avoided due to accompanying non-bonded repulsions.
Furthermore, zero m-m overlap will occur for angles approaching ~20°. In exact

accordance with experimental observations (see discussion of conductivity versus

34



interplanar spacing, section 1.4.2.2), the calculations also revealed a rapid decrease in

n-7 interactions as the ring-ring separation increases for a fixed twist angle.

1.4.3 Multi-atom ligand bridged metallomacrocyclic polymers

1.4.3.1 Introduction

As discussed in the previous section, the conduction pathway in the single-atom
bridged metallomacrocyclic polymers is ligand-based with negligible, if any,
contribution from the metal-bridging-ligand backbone. In the case of the multi-atom
ligand bridged metallomacrocyclic polymers however, this situation is reversed with
the metal backbone playing a much more significant part in the conduction process.
Thus, analogous to the metal chain compounds (see section 1.2), the conduction
process for this class of compounds is not derived from the supporting ligand(s), but
from overlap of the transition metal d orbitals. The difference between the multi-atom
ligand bridged metallomacrocyclic polymers and the metal chain compounds lies in the
fact that whereas for the metal chain compounds direct metal-metal interaction takes
place, the metallomacrocyclic polymers participate in indirect interaction mediated

through the bridging ligand.

The multi-atom ligand bridged metallomacrocyclic polymers consist of three basic

independent building blocks, systematic variation of which allows for modification of

the bulk physical properties of the polymer. These building blocks are: ‘¥

a) The metal. Here it has been found that the more easily oxidized strongly r-
bonding 4d and 5d metals are the best candidates for use in these materials.

b) The bridging ligand which, depending on its nature, can be axially linked to the

metal atoms in one of three ways:!'¥

1) Through two coordinate bonds e.g. pyrazine (pyz), 1,4-
diisocyanobenzene (dib), 4,4'-bipyridine (4,4'-bipy), tetrazine (tz) and
1,4-diazabicyclo[2.2.2]octane (dabco)

i) Through one 6 and one coordinate bond e.g. CN'

1ii) Through two ¢ bonds e.g. C=C*, N=C=N?*
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c) The supporting macrocyclic ligand. The majority of the multi-atom ligand

bridged polymers reported in the literature utilize one of two marocyclic ligand

types, viz..
1) Porphyrin and its derivatives
ii) Phthalocyanine (Pc) and its derivatives.

Subsequent discussion of these polymers will be conducted based on this

differentiation.

1.4.3.2 Multi-atom ligand bridged metalloporphyrin polymers

Probably the most extensively researched and thus representative group of compounds
typifying the multi-atom ligand bridged metalloporphyrin polymers, is the series
[M(oep)L]. (where M = Fe, Ru, Os; oep = octaethylporphyrin and L = pyz, 4,4'-bipy
and dabco)

(115)

The undoped/virgin polymers [M(oep)L]."  are sythesized by reacting e.g. [Ru(oep)].
with the relevant bridging ligand, the chain length, n, of the resulting polymer
depending on the experimental conditions employed. However, infrared red end group
analysis has shown typical values of n for [M(oep)(pyz)]. to be n = 40 (+10) for M =

Fe, n =25 (£5) for M = Ru and n =20 (£5) for M = Os.

When compared to their related [M(oep)(pyz)] monomers, the undoped polymers
show significant increases in conductivity (13 {e.g. for [Os(oep)(pyz):], Ort. = 8x10™"!
S.cm™ whilst for [Os(oep)(pyz)]s, ort. = 3.2x107 S.cm™}. It has also been suggested
that the [M(oep)(pyz)]a polymers exhibit increased conductivities as M varies from Fe
down the triad to Os. Upon moving down the Fe triad however, the [M(oep)(pyz)].
polymers become increasingly sensitive to adventitious oxygen doping resulting in

large conductivity increases, so that the “trend” towards greater conductivity as one

moves down the triad, becomes less clear-cut.

Various dopants including I, [FeCp,](PFs) (Cp = cyclopentadiene) and (NO)(PFy)
have been utilized in the partial oxidation of [M(oep)(pyz)ls, typically resulting in
conductivity increases of 10° when compared to the undoped polymers {for

[Os(0ep)(pyz)]s, Ort. =3.2x 107 S.cm™ for [Os(oep)(pyz)liols, Ort. = S x 102S.cm’
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and [Os(0ep)(pyz)(PFe)osln Ort. = 23 x 107 S.cm’ 1.4 Resonance Raman
spectroscopy revealed that the dominant form of iodine present in the iodine doped
materials is I~ As in the case of the doped single-atom bridged [M(Pc)X]. (X = O, F)
polymers, the doped [M(oep)(pyz)]. compounds show a steep increase in conductivity
with initial incremental doping, the conductivity maximum being reached as the doping
level, y, approaches y = 0.2 to 0.4. Unlike the doped [M(Pc)X]. polymers though,
doped [M(oep)(pyz)]. exhibits a decrease in conductivity as y is increased beyond y =
0.2 to 0.4. At these doping levels, the results of any possible adventitious oxidation
doping becomes negligible. Considering the conductivities of the doped [M(oep)L]n
series in this light, reveals a genuine increase in conductivity upon descending the Fe
traid. Accompanying this increase, is an increase in conductivity as the bridging ligand,
L, is varied from dabco through 4,4'-bipy to pyz. It is believed that the bridging
ligands’ ability to mediate electron exchange between the M(III) sites along the chain,
constitutes a cardinal part of the origin of these trends. The interaction in question
involves the mixing of the metal’s d, (dx, dyz) With the * level of the bridging ligand.
Thus, better n-bonding metals (Os > Ru > Fe) and more n-acidic bridging ligands
(pyz > bpy >> dabco) allow for the formation of polymers with greater metal-metal

communication and thus greater electrical conductivities.!'”

The partial oxidation of these [M(oep)(pyz)l» polymers is metal-centred. Direct
evidence for this assignment was obtained from electrochemical studies"™® revealing
transition metal-centred oxidation waves occurring at potentials less positive than
those corresponding to the oxidation of the porphyrin ring. This implies that during
oxidative doping, the metal, rather than the macrocyclic ligand will be oxidized.
Further supporting evidence for this assertion was provided by ESR,"'® UV/visible
and near infrared'" studies which suggest that oxidation of the polymers does not

-appreciably alter the electron distribution of the porphyrin nt-electron system.

Cyclic voltammetric studies on [Os(oep)(pyz)], in the presence of ClO,, BF4 and
PFs ' revealed a moderate dependence of the shape of the redox waves on the
nature of the anion present. This effect has been suggested to originate from structural

changes operative in the system and/or electrostatic screening and/or pinning of the

conduction electrons by the dopant anions.
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1.4.3.3 Multi-atom ligand bridged metallophthalocyanine polymers

The majority of studies involving the multi-atom ligand bridged metallophthalocyanine
polymers centre on one of two types of bridging ligands: those coordinating to
“neighbouring” metal atoms of the polymer through two coordinate bonds e.g. 1,4-
diisocyanobenzene (dib), 4,4'-bipyridine (4,4’-bipy), pyrazine (pyz) and its derivatives
and s-tetrazine (tz). The second group constitutes ligands coordinating through one ¢

and one coordinate bond e.g. CN'.

The undoped polymers [M(Pc)L], (M = Fe, Ru, Os; L = pyz, tz and for M = Fe, Ru; L
= dib and 4,4'-bipy) are accessible via one of two 'synthetic routes, the first involving
the reaction of the metalphthalocyanine with an equivalent amount of the bridging
ligand as employed for the synthesis of [Fe(Pc)(pyz)].,*'® [M(Pc)(dib)]. (M = Fe,*”
Ru,"'? [Fe(Pc) (4,4"-bipy)]."'” and [M(Pc)(tz)], (M = Fe,"™® Ru™® and 0s"*). The
second route involves the thermal splitting off of one of the coordinated ligands from
the monomeric [M(Pc)L,] species and is utilized in the synthesis of [M(Pc)(pyz)]a
M =Ru,"? 05"??) and [Ru(Pc)(4,4"-bipy)]."*® Compared to the related monomeric
species, the undoped polymers typically exhibit increases in conductivity between 10°
{e.g. for [Ru(Pc)(4,4'-bipy)], orr. = 1 x 10" S.cm™"® while for [Ru(Pc)(4,4'-
bipy)ln, ort. =2 x 10° S.cm™ ¥} and 10° fold {e.g. for [Ru(Pc)(tz),], orr. = 1 x 10!
S.cm™;" while for [Ru(Pec)(tz)]a, orr = 1 x 107 S.cm’™ @19y A further interesting
observation is that the conductivity of the undoped polymers does not appear to be
dependent, or if so only slightly, on the length of the bridging ligand employed."'” This
observation is supported by both the Fe"*" and Ru'® series [M(Pc)L,], (L = pyz, dib,
4,4'-bipy) where the conductivity decreases in the order orr(dib) > orr(pyz) >
ort.(4,4-bipy). For this [M(Pc)L;], series, (M =Fe, Ru; L = pyz, dib, 4,4'-bipy) it has
also been found that the conductivities of the Ru polymers are slightly reduced

compared to those of the analogous Fe polymers.!'®

Attempts at gaining insight into the structure of [Fe(Pc)(pyz)]. utilizing quantitative
infrared ~ spectroscopic measurements,"” have revealed that the degree of

polymerization, n, is ca. 20. Furthermore, from attempts at indexing the powder

diffraction data obtained for the [Fe(Pc)(pyz)]. polymers, it is clear that these
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compounds are not isostructural with the single atom bridged [M(Pc)O], or [M(P¢)F],
(123)

polymers.

Iodine doping of the multi-atom ligand bridged [M(Pc)L], (M = Fe, Ru; L = pyz, dib)
polymers affords stable compounds with the general stoichiometry [M(Pc)(L)Ly]. (y
lies in the range O to 2.6, with the exact value of the upper limit depending on the

nature of M). Although a number of the doped polymers have been

(114, 117, 118, 123) (123)

synthesized the most extensive studies centred on {[Fe(Pc)(pyz)]l,}a.
Fe Mossbauer data indicated that the polymeric structure remains intact upon doping,
the iodine dopant being present as Is, as evidenced by Resonance Raman
spectroscopy. As in the case of the single atom bridged polymers e.g. [M(Pc)O],,
incremental iodine doping of [Fe(Pc)(pyz)]. results in a rapid and roughly parallel
increase in conductivity, the conductivity maximum of ¢ = 10" to 10? S.cm™ “* for
{[Fe(Pc)(pyz)]ly}s, being reached at y ~ 2 (for {[M(Pc)Oll,}, the conductivity
maxima of ¢ ~1S.cm’ (M= Si) and 6 ~ 10" S.cm™ (M = Ge) are reached at y
~1.1;"°" for the undoped polymer [Fe(Pc)(pyz)]», 6 =2 x 10° S.cm™ "?). Mossbauer
spectroscopy also revealed that the iodine-oxidation involves orbitals, which as in the
case of the {[M(Pc)O]l,}, (X = O, F) and Ni(Pc)I systems, are predominantly ligand-
based. However, from specular reflectance spectroscopy it became clear that for
{[Fe(Pc)(pyz)]ly}a, partial oxidation does not produce the type of phthalocyanine n-
electron band structure as is found in the partially oxidized {IM(Pc)OlL,}, M = Si

3

Ge) polymers.

An example of multi-atom ligand bridged [M(Pc)L], polymers where the central metal
atoms are linked by a ligand utilizing one ¢ and one coordinate bond, is provided by
the cyano-bridged [M(Pc)(CN)]. polymers (M = Co(Ill), Fe(II), Fe(I1I), Mn(III) and
Cr(TID))!'* 242" A general route leading to the [M(Pc)(CN)], polymers, involves the
splitting off of alkali metal cyanide from the monomeric M'[M(Pc)(CN,)] complexes
(M’ =Na, K; M = Co, Mn, Fe, Cr). Alternative routes involve the displaceinent of an
axial X ion (X = halogen) by CN" in the coordinatively unsaturated compounds PcMX,
as was utilized in the synthesis of [Fe(Pc)(CN)], and [Mn(Pc)(CN)],, or a reduction-

polymerization reaction involving the reaction of [Co(Pc)Cly] and [Cr(Pc)Cl,] with

aqueous alkali metal cyanide to afford the [Co(Pc)(CN)]a and [Cr(Pc)(CN)], polymers.
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X-ray diffraction studies have revealed that the [M(Pc)(CN)]. polymers (M = Co, Fe,
Mn, Cr, Rh) are all isostructural.

The undoped polymer, [Co(Pc)(CN)], exhibits an electrical conductivity of 6 =2 x 10
S.cm™, which is comparable to that observed for the doped single atom bridged
{IM(Pc)X]Ly}a (X = O, F) and the doped two coordinate bond multi-atom bridged
{{IM(Pc)L]L,}. (L = pyz, dib, 4,4'-bipy) polymers. Treatment of [Co(Pc)(CN)], with
competing ligands e.g. pyridine however, destroys the polymeric structure, affording
monomeric [Co(Pc)(CN)(pyr)] with an accompanying 10" fold decrease in
conductivity (for [Co(Pc)(CN)(pyr)l, o = 3 x 10" S.em™). [Fe(Pc)(CN)], has a’
conductivity of 6 =3 x 10® S.cm™ comparable with that of the Co polymer, with lower
values of o = 1 x 107 S.cm™ and 3 x 10° S.cm™, observed for [Mn(Pc)(CN)], and
[Cr(Pc)(CN)], respectively. Attempts at doping [Co(Pc)(CN)], with I,, afforded the
stable product {[Co(Pc)(CN)]Ly}a (y = 1.6). The conductivity is, however, only slightly

increased by doping, to ogr. = 0.6 S.cm™.

The exact conduction pathway associated with the comparatively high conductivities
observed for [Co(Pc)(CN)], and [Fe(Pc)(CN)], is still unknown. EPR spectra obtained
for polycrystalline [Co(Pc)(CN)],, exhibits two signals; one correspond‘ing to an
oxidation centred on the macrocyclic ligand, the other suggesting a partial reduction of

(114, 125)

the metal, bridging-ligand backbone.

1.5 Electron/charge transfer and radical ion salts

1.5.1 Introduction

An electron/charge transfer salt can, in the classic sense of the term, be defined as the
product resulting from a reaction in which electron density is transferred from an
electron rich donor molecule to an electron acceptor molecule. Such a salt thus
consists of open shell cations combined with open shell anions. In contrast, a radical
ion salt comprises open shell cations in combination with closed shell anions e.g.
(TMTSF),CI0,4 (TMTSF = tetramethyltetraselenofulvalene, see section 1.5.4.1) or vice
versa as demonstrated by (MesN)(2,5-CL,-DCNQI) (2,5-C12-DCNQ1 = 2,5-

dichlorodicyanquinonediimine, see section 1.5.4.4). A radical ion salt is thus not
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generated by charge transfer from a donor to an acceptor molecule, but rather through,
for example, electrochemical means as demonstrated by (TMTSF),ClOs where the

electrochemical reaction proceeds according to the following scheme:
2 TMTSF + ClOy — (TMTSF),CIO4 + €

The majority of the materials discussed in the previous section contained transition
metal atoms, the influence of these metal atoms on the bulk properties of the materials
varying from being of cardinal, to of little, or no importance. In the case of many
charge transfer salts, and particularly the very first examples of them, the constituent
molecular radical ions contain no transition metal atoms, in other words they are

completely organic in their composition.

Despite early predictions by McCoy and Moore!*®

suggesting that it might be
“possible to prepare composite metallic substances from non-metallic constituents”,
many were surprised when the reaction between the electron rich donor molecule,
tetrathiofulvalene (TTF, depicted below) and the electron acceptor molecule 7,78, 8-

tetracyanoquinodimethane (TCNQ, depicted below) afforded a product,
S S NC CN
] =~ =
[S S | NC CN
ITF TCNQ

(TTF)(TCNQ), which exhibits genuine metal-like conductivity!!*” despite being
completely organic. Following this discovery a flurry of studies followed in which a
large number of (TTF)(TCNQ) type charge transfer salts were synthesized."?® All of
these however, are so-called pseudo one-dimensional materials, their conductivities

being subject to low temperature metal-to-insulator transitions/lattice distortions.

Today interest in charge transfer salts centres mainly on one of two directions. The
first involves pseudo two-dimensional charge transfer salts, some of which exhibit
superconductivity. The second area is concerned with the reaction between

organometallic and in particular, metallocene electron donor molecules, with organic
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acceptor molecules. The products from these reactions often exhibit interesting

magnetic properties and in some cases, ferromagnetic behaviour has been observed.

In the following discussion, brief attention will be focused on the (TTF)(TCNQ) type
pseudo one-dimensional charge transfer salts, the relationship between their structure
and conductivity and the metal-to-insulator transitions associated with charge transfer
salts. This will be followed by a discussion of the pseudo two-dimensional charge
transfer salts and the structure-function relationships observed in these materials. The
metallocene-based charge transfer salts are discussed in Chapter 2 (see section 2.3.2.1)

and will not be discussed here in any further detail.

1.5.2 Pseudo one-dimensional charge transfer salts

The reaction between TTF and TCNQ"?" '** affords the 1:1 salt (TTF)TCNQ), the
crystal structure of which®™” consists of separate stacks of planar TTF and TCNQ
molecular ions. In each of these stacks the TTF or TCNQ moieties are arranged face-
to-face, i.e. like poker chips, the distance between two neighbouring TTF or TCNQ
moieties being less than the Van der Waal’s radii associated with the constituent atoms
of the respective molecules. This arrangement allows for extensive orbital overlap
within the stacks, resulting in the formation of extended m-electronic systems. The net
charge on the TTF and TCNQ units, resulting from the charge transfer reaction, is
partly delocalized in these m-systems, thus enabling electrical conductivity along the
stacks. In directions perpendicular to the stacking axis, there is no such interaction
between the constituent units of the stacks. This lack of inter-stack interactions also
manifests itself in the physical properties of (TTF)(TCNQ), thus explaining why it is

referred to as being pseudo one-dimensional.

At room temperature, (TTF)(TCNQ) has a conductivity of 500 S.cm™, which,
analogous to the behaviour in metals, increases upon cooling. This increase is not
monotonic however, a maximum value of 10* S.cm™ being reached before metal-to-
insulator transitions occur at 54 K™ and 38 K. As expected from the one-
dimensional nature of (TTF)(TCNQ), the conductivity is highly anisotropic, the
conductivity in the most favourable direction in single crystals being 500 to 1000 times

greater than that in the least favourable direction.
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Following the discovery of metal-like conductivity in (TTF)(TCNQ), a plethora of
related pseudo one-dimensional charge transfer salts, exhibiting conductivities ranging
from insulating to metal-like, were synthesized."”® Based on the knowledge gained
form these materials, it became apparent that, in order for a new charge transfer salt to

exhibit metal-like conductivity, is has to meet certain minimum criteria, these being:

a) Partial or incomplete charge transfer from the donor to the acceptor molecule.
b) Segregated stacking of the donor and acceptor molecular ions in the solid state.
c) A certain degree of planarity of the constituent molecular ions in order to allow

for close approach of the ions to one another within a segregated stack.

d) The formation of a new aromatic sextet upon formation of the radical ion.

The concept of incomplete or partial charge transfer,'>”

suggests that only a fraction
of the electron charge (e) is transferred from the donor to the acceptor molecule.
Quantitative evidence for partial charge transfer in (TTF)(TCNQ) was provided by

(136,139 results which indicated that the

both diffuse X-ray (**** and neutron scattering
amount of charge transferred , p = 0.59. This implies that on a very short time scale,
each of the TTF or TCNQ stacks can be considered to consist of 59% fully ionized
molecules, the rest of the molecules, which will be neutral, being interspersed between

these.

The need for partial charge transfer can be explained as follows. Consider an ordered
uniform chain of radicals, each having one unpaired electron [see Figure 1.7(a)]. In
order for the chain to be conductive, charge needs to migrate along the chain, implying
that it has to pass through a transition state where two electrons reside on a single site
[see Figure 1.7(b)]. For the materials dealt with here, the formation of this transition
state is energetically disfavoured, imiplying that the electrons are localized on the
radicals, causing the chain to be electrically insulating. If however, the chain consisted
of radicals interspersed with neutral entities [see Figure 1.7(c)], charge transfer can
occur along the chain without the need to pass through the high energy intermediate,

and electrical conductivity becomes feasible.
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Figure 1.7: (a) Chain of radical ions each possessing one unpaired
electron

(b) The high energy intermediate

(c) Chain of radical ions interspersed with neutral entities

As discussed above, crystals of (TTF)(TCNQ) consist of separate donor (D) stacks
[..D-D-D-D...] and acceptor (A) stacks [...A-A-A-A....]. This mode of packing
is referred to as segregated stacking. An alternative mode of packing, where the
molecular ions are also arranged face-to-face, but alternate within the stack, i.e.
[...D-A-D-A... ], is known as integrated stacking. Since the frontier orbitals on the
donor (D) and acceptor (A) molecular ions differ in energy, the extent of orbital
overlap in an integrated stack is severely diminished, thus resulting in a localization of

the charge carriers and ultimately, low electrical conductivity.

In order for substantial orbital overlap to occur, short intermolecular distances between
adjacent molecules within the segregated stacks is necessary. As discussed, the
intermolecular distances associated with adjacent TTF or TCNQ molecular ions in
(TTF)(TCNQ), is less than the sum of their Van der Waal’s radii. Placing substituents
in positions ortho to each other on the TCNQ-quinone ring, results in the rigid
=C(CN). grouping tilting from the plane of the ring (thus destroying the planarity of

)(138, 139)

the molecule which results in a breakdown in conductivity in the charge transfer

salts. In contrast to the above, placement of chains of up to five or six alkyl carbons in

positions para to each other on the quinone ring of the TCNQ, has only a minor effect
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on the conductivity observed in the associated (TTF)(TCNQ) salts."*” The reason for
this observation stems from the alkyl substituents being able to participate in an

interlocking structure, as demonstrated in the crystal structure of (TTF)(TCNQ)."*"

On consideration of a range of charge transfer compounds, Perlstein"*? found that not
all of those compounds possessing segregated stacks of planar molecular ions, and
where partial charge transfer has occurred, show high electrical conductivity. Close
scrutiny revealed that for those that exhibit high conductivity, the donor and/or
acceptor molecules form a new aromatic sextet on being transformed to the radical ion.
This led to the proposal that the ability of charge to efficiently migrate from one
molecule to the next in a segregated stack is linked to the presence of an aromatic
sextet that can also migrate between adjacent molecules. This proposal has also been
incorporated into a set of guidelines proposed for use in the design of new donor and

acceptor molecules for highly conducting charge transfer compounds.*¥

1.5.3 Metal-to-insulator phase transitions

As reported above, the charge transfer materials discussed thus far are pseudo one-
dimensional. At low temperature, such systems can not sustain long-range.order and
are unstable with respect to lattice distortions,”® the degree of instability depending on
the level of band-filling and ultimately on the relative number of radical ions and

neutral molecules within the segregated stacks.

For a uniform chain of molecular ions, each having one unpaired electron, [see Figure
1.8(a)] there is an electronic driving force for spin pairing, resulting in the dimerization
of the molecular ions [see Figurel.8(b)]. Each of these dimers has two electrons in the
highest occupied orbital, implying that the conduction band is completely filled and
resulting in an insulating state. This dimerization is known as the Peierls distortion,*®
the alternating regions of higher and lower charge density in the lattice constituting a
charge density wave (CDW). For non-integral fractions of band-filling, as generally
results from partial charge transfer, the CDW periodicity is not commensurate with the
lattice periodicity, so that in theory it is free to translate to new positions, thus acting

as a charge carrier. In practice however, ordering of the CDW’s on different stacks
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relative to each other can provide a mechanism for the Peierls instability to occur,

resulting in a metal-to-insulator transition as observed in (TTF)(TCNQ) at 54 K.
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Figure 1.8:  Insulating distortions associated with charge transfer and

radical ion salts:
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(b)
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Uniform chain of molecular ions
Peierls distortion
Spin density wave

Anion ordering

The Peierls distortion is most commonly associated with quasi one-dimensional

materials. In contrast, the quasi two-dimensional charge transfer salts (see Section

1.5.4), are subject to metal-to-insulator transitions driven either by a spin density wave

(SDW) or anion ordering.

The electrons in a pseudo two-dimensional salt containing centrosymmetric anions

(e.g. PF¢, AsFg), become localized on their sites if the Coulombic repulsion between

the electrons in the chains of molecular ions is greater than their interaction with the

lattice. In this state, the electron spins are aligned antiferromagnetically (alternating

spin up and down) resulting in an insulating magnetic state. Such an insulating state is

referred to as being spin density wave driven [see Figure 1.8(c)].
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Pseudo two-dimensional radical ion salts containing non-centrosymmetric, non-planar
anions (e.g. ReOy, ClOy4) often have these ions arranged in a random order in the
crystal lattice at room temperature, 7.e. the anions are crystallographically disordered.
However, on lowering the temperature, the anions can re-orient giving rise to three-
dimensional superstructures. Should the periodicity of such a superstructure match that
of the electrons in the highest occupied levels in the band structure [see Figure 1.8(d)],
an insulating state results. Such a metal-to-insulator transition is referred to as being
driven by anion ordering. The above remarks do not imply however, that anion
disorder is essential to the stabilization of electrical conductivity. In fact, anion disorder

lowers electrical conductivity through electron scattering.

1.5.4 Pseudo two-dimensional charge transfer and radical ion salts

In one-dimensional charge transfer and radical ion salts there is no interaction between
the chains of molecular ions constituting the salt. Pseudo two-dimensional salts differ
from their one-dimensional analogues in that there are distinct interactions between the
chains, thus giving rise to a configuration which can rather be described as “sheet-like”
than “chain-like”. The strength of the interchain relative to the intrachain interactions
can vary from being weak, to situations where the structure is purely sheet-like with no

evidence of any chain-like structure.

1.5.4.1 Selenium-based pseudo two-dimensional systems
The origin of pseudo two-dimensional charge transfer salts can be found in a study by

d (145, 146)

Bechgaar which concentrated on the synthesis of tetramethyltetraselenofulva-

lene (TMTSF) radical ion salts which do not contain planar organic molecular acceptor

anions, but rather monovalent charge compensating anions such as PF¢ or CIO,".
Me:[Se SeIMe
Me Se Se Me

TMTSF

The (TMTSF),X salts (X = ReOy, PFs, AsFs, BFy) exhibit high electrical

conductivities (opt ~10° Scem)  with low temperature metal-to-insulator
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transitions."“® In an attempt to suppress the insulating transition, hydrostatic pressure
was applied to (TMTSF),PFs. This resulted in the sample becoming superconductive at
temperatures less than T, ~ 0.9 K; the first observation of superconductivity in an
organic conductor."*> Shortly after this discovery, ambient pressure superconductivity

was observed in (TMTSF),CIO4 (T. =14 K)_“‘”‘ 148)

Investigations into the crystal structures of several of these compounds revealed that
they are all iso-structural "**" the nearly planar TMTSF molecules being arranged in
a zigzag fashion in pseudo one-dimensional chains which run parallel to the direction of
highest conductivity, the [a]-axis."*? Pseudo two-dimensionality is introduced by an

) the contact distances (3.9 to

infinite “sheet network” of Se-Se interstack contacts,
4.0A at room temperature) being comparable to the sum of the Van der Waal’s radii
for two Se atoms (3.9 to 4.0A). The “sheets” are separated by the anions, thus
preventing the formation of a three-dimensional structure. It is this “sheet network”
that sustains the observed electrical conductivity. On lowering the temperature, the
interstack, Se-Se distances decrease by nearly twice as much as the intrastack

. L 154 . . . . . . . .
distances,"** ** leading to considerable increased interchain electronic delocalization

through the Se-Se network.

Although the anions (X) play no direct role in the conductivity of the (TMTSF),X
systems, they indirectly influence it, in that the Se-Se network distances vary
systematically with the anion size. The minimum average observed Se-Se interstack
distance, d,,, is associated with the ambient pressure (TMTSF),ClO, superconductor.
In the case of the incipient (applied pressure) superconductors (e.g. X = PF¢, ReO{)
dav is less than d,, for the ambient pressure superconductors (X = ClOy4). From these
observations and the isostructural nature of all of the (TMTSF),X salts, it was
concluded that on applying pressure to the incipient superconductors, their Se-Se

networks contract until their geometries approximate that of (TMTSF),ClO,, at which

point they become superconducting."** '*

A further feature concerning the anions in (TMTSF),X involves that relating the nature
of the low-temperature transitions to the anion symmetry and/or environment. As

discussed above, the (TMTSF),X salts (X = PFs, AsFs, ReOy, BF,") exhibit low

48



temperature metal-to-insulator transitions. The driving forces for these transitions
depend on the symmetry of the anion; for non-centrosymmetric anions (e.g. ReOu,
BF ) the transition is driven by anion disorder, whilst for centrosymmetric anions (e.g.
PF¢, AsF¢) it originates from a spin density wave. It has been found that for
(TMTSF),(AsFg), an incipient superconductor, there are no short H-F separations
between the disordered AsFs anion and the H atoms of the TMTSF methyl groups.*®
This is in contrast to the ambient pressure superconductor, (TMTSF),ClO,, where
numerous short H-O contacts exist between the ClO4 anion and the methyl H atoms.
These contacts have been suggested to result in a pinning of the ClO4" anion which is
associated with a “sluggish” anion ordering at low temperatures. This anion ordering
does not result in an increase in lattice periodicity and thus does not drive an insulating
transition."*” In fact, the ordering has been claimed to be a necessary prerequisite for
superconductivity since it reduces electron scatter which results from crystallographic

disorder.

1.5.4.2 Sulphur-based pseudo two-dimensional systems

The discovery of superconductivity in the (TMTSF),X systems prompted research into
analogous sulphur-based systems and in particular into salts derived from the donor
molecule bis(ethylenedithio)-tetrathiafulvalene (abbreviated BEDT-TTF or ET, and
depicted below). The selenium-based pseudo two-dimensional systems have since been

overshadowed by the sulphur-based systems and currently most of the ambient

pressure superconductors are sulphur-based.
S S S S
(L~

ET (BEDT-TTF)

Superconductivity in an ET salt, was first observed in (ET),Re04.""” The salt behaves
as an incipient superconductor with superconductivity occurring at temperatures below
T =2 K. The crystal structure of the isostructural (ET),BrO, salt"*” revealed that the

ET moiety is decidedly non-planar. This, together with the large thermal vibration of

49



the peripheral ethylene bridges, impedes good n-overlap along a face-to-face stacking
axis. Compared to the known (TMTSF),X systems, the (ET)X structures show little
or no columnar stacking.'® ' The ET moieties are rather arranged side-by-side with
short “interstack” S-S contact distances (3.3 to 3.7A). However, as in the case of the
(TMTSF),X systems, these contacts give rise to a “corrugated sheet network”

constituti~ 2 the main conduction pathway.

The first sulphur-based pseudo two-dimensional material to display superconductivity
at ambient pressure, was B-(ET)l; "*? (T. = 1.5 K). As established for (ET), BrOs, the
crystal structure of B-(ET).ls consists of a two-dimensional “corrugated sheet
network” of short “interstack” S-S contacts.**® This network is sandwiched between
sheets of linear Iy anions, the anions [analogous to those in (TMTSF),X] being
completely surrounded by H atoms from the CHz-groups on the ET molecules.'*”
Furthermore, it was deduced that the S-S “interstack” contact distances can be
systematically altered through changing the length of the anion. This led to the
synthesis of B-(ET),IBry,""** which is isostructural with B-(ET).l;, but has shorter S-S
“interstack” contact distances, due to the shorter linear anion used. This shortening of

the S-S contacts manifests itself in an increase in the superconducting transition

temperature; for B-(ET),IBr,, T, ~ 2.5 KUY

Interest in the pseudo two-dimensional sulphur-based systems has since moved away
from B-(ET).X salts to focus on the k-phase. k-Type packing does not comprise stacks
or sheets of the ET donor molecules, instead the donor molecules exist as interacting
dimers which are positioned approximately orthogonal to each other forming a
conducting two-dimensional network of short S-S contacts. For the x-phase it has also
been found that T. increases concomitantly with an increase in the length of the
counterion. It is thus a common structural feature of the k-(ET),X salts with T, > 10K

{e.g k-(ET)2 Cu[N(CN),] Br, T. = 11.6 K}, to have the anions arranged in insulating

V-shaped polymeric chains."*®

1.5.4.3 Metal(dmit),-based systems

In the sulphur and selenium-based systems, two-dimensionality is introduced by short

contact distances between atoms situated on a classical “donor-molecule”. In contrast,
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two-dimensionality in the M(dmit), systems originates from “acceptor molecule”’-based

interactions.

S—_-S_ S-S X
ST

s—~s ‘s—~s
[M(dmit);] *

Interest in these systems as building blocks for low-dimensional systems are based on

three features:

a) The [M(dmit),]* anion (depicted above) is nearly planar when the central metal
atom has a square planar geometry. Thus, most studies involving [M(dmit)]”
are centred on the metals M = Ni(II), Pd(II) or Pt(II).

b) [M(dmit),]* possesses ten peripheral sulphur atoms which can engage in intra-
and interstack interactions.

c) The redox properties of the molecule can be tuned by varying the central metal

atom.

As might be expected, the cation involved in a [M(dmit),]* salt plays a crucial part in
determining the packing of the [M(dmit),]* anions and thus on the physical properties
of the salt. Based on the nature of the cation, the [M(dmit),]* salts can thus be divided
into 3 categories, viz.: salts of “open shell organic” (e.g. TTF), “closed shell organic”
(e.g. tetraalkylammonium salts) and inorganic (e.g. Na', Cs*) cations.

Superconductivity has been observed in the first two categories.

The “open shell organic” derivative TTF[Ni(dmit),], was the first compound
containing a metal complex anion to exhibit superconductivity (T - 1.6 K at 7kbar)."¢”
The crystal structure consists of segregated stacks of TTF and [Ni(dmit),]* moieties,
with interstack S-S contact distances less than 3.70A, observed between the TTF and
[Ni(dmit),]" and the [Ni(dmit),]* stacks themselves."*® Replacement of Ni by Pd
affords o- and o'-TTF[Pd(dmit),],, both of which are isostructural with
TTF[Ni(dmit),]"** '™ and exhibit superconductivity.'’V The Pt analogue behaves as a

semiconductor and has the stoichiometry, TTF[Pt(dmit),]s,"*® thus precluding direct
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comparison with the Ni and Pd derivatives. In both TTF[Ni(dmit),]. and o- and o'-
TTF[Pd(dmit),], the partially oxidized TTF stacks, as well as the anion stacks
contribute to the electrical conduction, thus rendering these materials two-chain
conductors. It has also been established that the conduction pathway in all of the
[M(dmit),]* salts is essentially ligand-based. However, the nature of the metal atom
plays an indirect but crucial part in determining the electronic band structure. This is
evidenced by the fact that although TTF[Ni(dmit),], and o'-TTF[Pd(dmit),], are
isostructural, T. for TTF[Ni(dmit),], increases with increasing pressure, whereas for

: : 172, 173
the Pd analogue, it decreases with pressure.' )

It has been found that in the case of the tetraalkylammonium salts, i.e. salts with
“closed shell” organic cations, the size of the cations prevents the establishment of
close inter-anion interactions for salts of large cations and simple stoichiometry. This
results in the salts being semiconductors or insulators."”® For non-stoichiometric
compounds with low cation-to-anion ratios, strong inter-anion interactions are possible
and do indeed occur, resulting in high electrical conductivities at room temperature.
Salts for which this is true, include for example, (n-BusN)os[Pd(dmit),] (ort. = 12
S.em™) and (n-BusN)oz3[Pd(dmit),] (orr. = 150 S.em™."™ In both of these
compounds, the [Pd(dmit),]* moieties occur as dimers which are arranged side-by-side

to give rise to pseudo two-dimensional sheets, the S-S contact distances between the

» (175)

dimers being less than 3.7A. The cations occur in layers between the “sheets

Logic dictates that for smaller “closed shell” cations, the establishment of close inter-
anion interactions would be even more feasible. Somewhat unexpectedly,
(MesN)[Ni(dmt),], was the first salt composed of a “closed shell” spectator donor
cation and a redox active metal complex anion, to exhibit a superconducting transition

under pressure. The structure"’®

consists of almost planar [Ni(dmt),]* anions arranged
face-to-face in columns extending along the [c]-axis. Within these stacks a slight
dimerization is prevalent, giving rise to two different alternating interplanar distances
(3.58 and 3.53A). Along the [b]-axis the [Ni(dmt),]" anions exist in a close side-by-
side arrangement, thus allowing for S-S contact distances (3.49A) which are shorter
than the sum of their Van der Waal’s radii. This radical ion salt has a room temperature

conductivity in the ab-plane of g 1. = 60 S.cm™ The conductivity perpendicular to this
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plane is 10° times smaller,"”” and is indicative of the intermolecular interstack S-S
interactions constituting the major conduction pathway. On cooling of
(MesN)[Ni(dmt),] the metal-like conductivity persists to 100 K at which point a metal-
to-semimetal transition occurs."’® This transition is not driven by counterion ordering
as would be expected for the non-centrosymmetric MesN" ion. Low temperature X-ray
oscillation photography has in fact revealed that there is no change in the lattice
periodicity associated with the transition, the low temperature crystal structure being
essentially the same as that at room temperature."”® The application of pressures in
excess of 3 kbar results in the suppression of the metal-to-semimetal transition and at
low temperatures (3.0 K at 3.2 kbar) a transition to a superconducting state is
observed. Increasing the applied pressure results in an increase in the transition
temperature, Tc (5.0 K at 7kbar)."’? The Pd analogue, (MesN)[Pd(dmit),],, has two
polymorphic forms, o and B. Both have solid state structures similar to that of
(Me,N)[Ni(dmt),], and room temperature conductivities, orr. ~350 S.cm™. Similar to
(Me,N)[Ni(dmt),]z, both the o and B forms exhibit a sharp increase in resistivity on
cooling to 100K, but on application of pressure the Pd salts undergo a transition to

metallic and not superconducting behaviour. 71"

Based on the premise that small size counterions should allow strong inter-anion
interactions, the [Ni(dmt),]* salts with small Group I and Group II cations were
studied. The salts have, however, been found to be difficult to prepare and generally
crystals were not of sufficient quality to allow detailed investigations. Of note,
however, is Na[Ni(dmt),], which has a room temperature conductivity ogT. ~100
S.cm™. On cooling, the salt retains its metallic conductivity to a temperature of 2 mK
at ambient pressure, with no evidence of a Peierls transition. The application of
external pressure at low temperatures results in an increase in conductivity, however

no transition to superconducting behaviour is observed.!’¥

1.5.4.4 Systems based on DCNQI acceptor molecules
As indicated earlier, (see section 1.5.2), the TCNQ molecule distorts from its planar
configuration on extensive substitution on the quinone ring. In order to overcome this

problem a new class of acceptor molecules, the N,N'-Dicyanoquinonediimines
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(DCNQI's)™ '¥9of which the 2,5-dimethyl derivative is depicted below, has been

developed.

2,5-Me~DCNQI

Interest in the DCNQI molecules as acceptors for charge transfer salts centres around

the following:

a) Structure: The =NCN group is flexible and sterically less demanding
that the =C(CN), group so that planarity of the DCNQI
system is retained even upon tetrasubstitution."*?

b) Synthesis: DCNQTI’s are produced in good yields in a one-pot
synthesis from the corresponding benzoquinones.**"

c) Redox properties:  The acceptor strength of DCNQI is similar to that of
TCNQ and can be finely tuned by appropriate

substitution ¥

A variety of DCNQI salts have been characterized with n-donors (e.g. TTF), organic
cations (e.g. tetramethylammonium) and metal cations. The first two classes are
pseudo one-dimensional materials and only brief attention will be paid to them before

discussing the higher dimensional salts derived from metal cations.

A range of charge transfer complexes have been obtained through the interaction of
various substituted DCNQI’s with the n-donor molecules TTF and TMTSF. Many of
these show powder conductivities, ¢ ~ 0.1 S.cm™, which has been interpreted as
indicating segregated stacking of donor and acceptor molecules."*” Segregated
stacking has been confirmed for (TTF)(H,-DCNQI).2H;0,"* which has a room
temperature conductivity ogr. = 10 S.cm™. In contrast to the analogous TCNQ salt

(TTF)(TCNQ), where the temperature dependence of the conductivity points to
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metallic  behaviour, (TTF)(H,-DCNQI).2H,O behaves as a  metal-like

. 186
semiconductor '*®

The compound (MesN)(2,5-ClL,-DCNQI) represents one example of a DCNQI radical
anion salt containing an organic cation. The salts consists of radical anions arranged
equidistant from each other in zigzag stacks which produces channels in which the
cations occur."®” At room temperature the salt has a conductivity of 102 S.cm™ which

decreases with decreasing temperature until a suspected Peierls transition occurs at

17 K. (187)

Radical anion salts of DCNQI metal cations can be represented by the empirical
formula (2-X-5-Y-DCNQI),M (where for M = Cu,""**'** X/Y on DCNQI = CH,/CH;,
CH;0/CH;0, CHy/Cl, CHs/Br, CHy/1, CUCl, Br/Br, CU/Br; for M = Ag,"®* ¥ X/Y =
CH;/CH;. CH/Cl, CH3/Br, CHy/1, and for M = Li"®” ®» N2 and K, X/Y =

CH;/CHj5). All of these salts crystallize in the space group I4/a,”9°)

the metal ions being
stacked like a string of pearls and each one being surrounded by a number of DCNQI
radicals which are associated with the metal through the N atom of the -C;N group.
Comparison of the sum of the Van der Waal’s radii of the nitrogen atom and the metal
ion with the metal to N atom distance, reveals that for the alkali metal salts, the metal
to nitrogen atom interaction is mainly Coulombic in nature, whereas for the Cu and Ag
salts strong orbital interactions are implied."*” The number of DCNQI molecules
associated with the metal ion varies; for Cu, Ag and Li the number of associated
DCNQI molecules (n) = 4, for Na, n = 6 and for K, n = 8."”" Furthermore, each of the
two -C=N groups of the DCNQI molecule is associated with a metal ion, thus resulting
in a regular network of alternating metal ions and DCNQI radicals. Within this
network, the DCNQI radicals occur in stacks with the exocyclic C=N bond on one
radical interacting with the ring of its closest neighbour. The resulting ring-over-
exocyclic-double-bond network presents a pathway for electrical conduction to occur

along the DCNQI stacks, the metal-metal distance in the metal cation stacks [~3.8A in

(2,5-Me,-DCNQI), Cu'®] being too large to allow for any conductivity.

Based on their conductivities the (2-X-5-Y-DCNQI):,M salts are divided into two

groups; the copper and non-copper complexes. All of the non-copper DCNQI salts
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behave as one-dimensional metal-like semiconductors, the conductivity of the lithium
salt (2,5-Me,-DCNQI),Li, matching that of the silver salts listed above."*” In contrast
to these, the copper salt (2,5-Me,-DCNQI),Cu, has a room temperature conductivity,
orr. ~ 1000 S.cm™ which steadily increases upon cooling to 1.3 K without any metal-
to-insulating or -semiconducting transition. At 3.5 K, ¢ = 5 x 10° S.cm™. This
conductivity is pseudo three-dimensional with a value of ~100 S.cm perpendicular to
the stacking axis, the N-Cu-N bridges providing a channel for conduction in this

(9" Similar conductivity behaviour has been noted for (2,5-Me-5-I-

direction.
DCNQI),Cu'**? and [2,5-(Me0),-DCNQI],Cu."”" However, the 2,5-Cl,; 2,5-Br,, and
2-Cl-5-Br derivatives undergo phase transitions to become semiconducting at low

temperatures.

A further development in this field of study involves the synthesis of binary alloys of
the DCNQI radical anion salts, i.e. compounds of formula [(2-W-5-X-DCNQI)(2-Y-
5-Z-DCNQI),1.Cu."®” As an example, alloying (2-Br-5-Me-DCNQI),Cu (showing a
phase transition at low temperatures) with (2-I-5-Me-DCNQI),Cu (no phase
transition) results in an alloy with only a weak phase transition in the temperature
range 90 to 20 K. Further cooling results in an apparent cancellation of this weak
transition with a conductivity of ~600 S.cm™ being reached as the temperature

approaches 4 K.

Some salts, e.g. [2.5-(MeQ),-DCNQI],Cu, do not exhibit a low temperature metal-to-
insulator transition, whereas others e.g. (2.5-Cl,-DCNQI),Cu, do. Initially this
difference was thought to be dependent on the size of the substituents, X and Y, on the
DCNQI molecule."”™ The occurrence of a low temperature metal-to-insulator
transition in the temperature dependent conductivity behaviour of (2,5-X2-DCNQI),Cu
(X = Cl, Br) was attributed to the presence of small substituents on the DCNQI
molecules, whereas the absence of such a transition in the conductivity behaviour of
e.g. [2,5-(OMe),-DCNQIL,Cu was suggested to be a direct consequence of the
presence of the large OMe-substituents on the DCNQI molecules. This model however
can not explain why certain systems, e.g. (2.5-Me-DCNQI),Cu, where the Van der
Waal’s volume of the methyl group is substantially smaller than that of Br, does not

exhibit a low temperature metal-to-insulator transition. Subsequent studies""™ into the
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effect of substituting the methyl protons of [2,5-Me,-DCNQI],Cu with deuterium, and
the influence of such a substitution on the occurrence of low temperature phase
transitions, revealed that the steric size of the DCNQI substituents do indeed play a
crucial part in determining whether or not these low temperature transitions occur. The
steric influence appears to be indirect, occurring as a consequence of a tetragonal
distortion of the tetrahedral geometry around the Cu ion, the extent of the distortion
reflected by the N-Cu-N coordination angle, o, For small distortions of o, the
interaction between the Cu 3d orbitals and the DCNQI LUMO band 1s still close to
the “optimal” situation both in terms of relative energy and geometrical overlap. This
interaction is an essential prerequisite for electrical conduction perpendicular to the
stacking axis and along the N-Cu-N bridges. Furthermore, the conduction pathway
along the stacking axis is coupled with that perpendicular to the axis, thus introducing
pseudo three-dimensionality and a stabilization of the metallic conductivity against low
temperature insulating distortions. For large distortions of a.., the interaction of the Cu
3d orbitals with the DCNQI LUMO band is diminished, manifesting itself in a
breakdown of the conduction pathway perpendicular to the stacking axis. As a result,
there is no stabilization of the conduction pathway along the stacking axis, rendering it

prone to low temperature metal-to-insulator transitions.
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CHAPTER TWO

Charge transfer salts of the dinuclear metallocene donor complex [Fe,Cp, (CO)(u-

SEt),] and the electron acceptor molecules Tetracyanoquinodimethane (TCNOQ),

Tetracvanoethylene (TCNE) and the Dicyanoquinonediimines (DCNQD’s)

2.1 Introduction

In attempts to synthesize novel molecular based charge transfer salts exhibiting high
electrical conductivity, comparable to or exceeding the conductivity of (TTF)(TCNQ) (see
Section 1.5), the electron acceptor molecules TCNX (X = Q or E) and various substituted
DCNQU’s were not only reacted with a range of electron rich organic molecules, but also
with a host of electron rich organometallic molecules. The seminal work in this regard
involves the synthesis of [Fe™Cp, J(TCNQ) (Cp” = CsMes) which was found to possess
magnetic properties which are substantially different from that normally associated with
ferrocinium salts. This discovery by J.S. Miller and co-workers sparked interest into a
totally new area of research, namely the development of molecular based bulk

ferromagnetic materials.

2.2 Aims of this work

A consideration of [Fe™Cp, [(TCNQ) and other examples of metallocene based charged
transfer salts which exhibit unusual magnetic properties, reveals that all metallocene based
molecules employed to date, are mononuclear. It was thus deemed appropriate to utilize a
dinuclear metallocene based donor molecule in reactions with the polycyano acceptor
molecules and to study the effect such a perturbation would have on the magnetic
properties of the resulting charge transfer salts. The donor molecule selected in this context

was the electron-rich dinuclear sulphido bridged molecule, [Fe;Cp, (CO)a(u-SEt),].

[Fe,Cp, (CO)»(1i-SEt),] when compared to e.g. [FeCp,] is not only dinuclear, but also
possesses two bridging thio-ethyl ligands. Consequently, the steric requirements of the

[Fe;Cp,'(CO)x(n-SEt);] molecule is dramatically different to that of [FeCp,']. This
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difference can be expected to manifest itself in the solid state structures and physical

properties of any charge transfer salts derived from [Fe,Cp. (CO)x(u-SEt):].

The aims of this work thus included the following:

1) The synthesis and characterization of [Fe,Cp, (CO)2(n-SEt),] and the charge
transfer salts resulting from its reactions with polycyano electron acceptor
molecules.

i) The determination of the solid state structures of the parent donor molecule and its
charge transfer salts.

111) The investigation of the magnetic properties of these compounds.

1v) The reconciliation of the observed bulk physical properties of these materials with

their solid state structures.

With the object of putting the results obtained in this study in context, a brief introduction
to molecular based magnetism, outlining some of the fundamental theoretical
considerations, is provided next. This is followed by a short discussion of relevant results as
found in the literature. No effort is made at attempting to be comprehensive in this regard,
instead only results illustrating fundamental principles associated with molecular based
magnetism are discussed. The final section will consist of a report and discussion of the
results obtained in the study of the donor molecule [Fe,Cp, (CO)y(pi-SEt),] and the charge

transfer salts resulting from its reactions with TCNX (X = Q or E) and various substituted

DCNQI’s.

2.3 Background

2.3.1 Fundamental theoretical considerations

Bulk magnetic behaviour arises from the intrinsic spin of electrons and how the spins on
adjacent molecules or atoms constituting a material are coupled (aligned). Materials
possessing no unpaired electron spin density are diamagnetic. Should a material possess
unpaired electron spin density, but the spins are not aligned, the material behaves as a very
weak magnet and is referred to as being paramagnetic (see Figure 2.1). Spins which are
aligned antiparallel to each other can cancel completely, known as antiferromagnetic

coupling, or result in a reduced magnetic moment, known as ferrimagnetic behaviour. In

59



rare cases the unpaired electron spins may align parallel to each other, resulting in a net
magnetic moment. Such behaviour is termed ferromagnetism. In order for a material to
exhibit bulk ferromagnetic behaviour, this coupling should not be restricted to isolated

domains, but should extend in all directions in the solid.

s
Y i

(2) (®)

(c) @

Figure 2.1:  Electron spin alignment and magnetic behaviour
(a) Paramagnetic
(b) Antiferromagnetic
(c) Ferrimagnetic
(d) Ferromagnetic

In conventional bulk ferromagnetic materials e.g. CrO, or y-Fe,Os, unpaired electrons
involved in spin-spin coupling reside in metal atom or metal ion-based d-orbitals and couple
with each other via direct bonds that extend in all three dimensions. In contrast, the
organometallic charge transfer salts utilizing organic acceptor molecules (e.g. TCNQ), rely
on the coupling of spins which are both d-orbital based (from the organometallic
constituent) and p-orbital based (the organic acceptor molecule). Furthermore, the charge
transfer salts considered here, with possibly the exception of [V(TCNE),].y(CH,Cl,), do
not possess the three dimensional network of direct bonds found in conventional bulk

ferromagnetic materials.

A crucial part of the study of molecular based magnetism thus involves ascertaining

whether the unpaired electron spins on the molecular units are coupled or not, and if so,
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what mode of coupling is operative. This involves studying the material’s response to an
applied magnetic field. On exposing a material possessing unpaired electron spins to such
an applied field, a magnetic moment is induced in the solid. For ideal noninteracting spins
the induced magnetic moment, M, is proportional to the applied field strength, H, the

proportionality constant ¥, being the molar magnetic susceptibility.
M=xH

The molar magnetic susceptibility, in turn varies with temperature, the temperature

dependence being chararcterized by the Curie expression:
x=C.T"!

C is the Curie constant associated with the number of unpaired spins per radical in the
material. The above relationship applies to materials possessing noninteracting unpaired
electron spins. Ferromagnetic (or antiferromagnetic) coupling results in the spins
-xperiencing an effective parallel (or antiparallel) exchange field which increases (or
decreases) the measured susceptibility with respect to that predicted from the Curie law for
independent spins. In such cases, the high temperature (T > 50 K) susceptibility data can

often be fitted to the Curie-Weiss law;
x=C.(T-8)"

where for ferromagnetic (or antiferromagnetic) coupling the Weiss constant, 0, is greater
than (or less than) zero. The Weiss-constant, 6, is thus used as an indicator of whether no

coupling, ferromagnetic or antiferromagnetic cooperative interactions are operative

between the unpaired electron spins of the material.

A critical temperature, below which the interacting unpaired spins of a material order on a
microscopic level, exists. If the ordering is such that the spins are aligned parallel to each
other (ferromagnetic coupling), a macroscopic spontaneous magnetization results, even if
no field is applied, i.e. H = 0. In this case the critical temperature is also known as the
Curie temperature, Tc. For a material showing such spontaneous magnetization to be
commercially useful, the Curie temperature needs to exceed room temperature, as is

observed for CrO; (Tc = 387 K) and y-Fe;O; (Tc = 816 K). If in contrast to ferromagnetic
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coupling, the material’s unpaired electrons undergo a spontaneous antiferromagnetic
ordering, no net macroscopic moment results and the critical temperature is referred to as

the Néel temperature, Tx.

2.3.2 Molecular based magnetic materials; selected examples from the literature

Molecular based materials exhibiting novel magnetic behaviour will be discussed under the
following three headings:

1) Metallocene based charge transfer salts

i)  [V(TCNE)J.y(CHCL)

iil) Metalloporphyrin based materials

Although there are distinct differences between the materials under the three different
headings, they are all interrelated, the metalloporphyrin based materials having evolved
from [V(TCNE),].y(CH,Cly) which in turn originated from the metallocene based charge

transfer salts.

2.3.2.1 Metallocene based charge transfer salts

In an attempt to obtain TCNQ-based sublimable conducting charge transfer salts, Miller
and co-workers reacted decamethylferrocene [FeCp, ] with TCNQ.® The reaction was
found to afford three different products of varying stoichiometry,**" with the relative yields
being dependent on the reaction conditions. Of these products, the kinetic phase of the 1:1
charge transfer salt [FeCp, J(TCNQ), crystallizes with one-dimensional integrated stacks of
donor and acceptor anions, i.e. ..D"AD"A"... The magnetic behaviour of this salt obeys
the Curie-Weiss law, with 6 = +3 K.®* At temperatures below 2.55 K, [FeCp. J(TCNQ)
behaves as a metamagnet, i.e. the nature of the spin coupling of the unpaired electrons
changes between ferromagnetic and antiferromagnetic, depending on the strength of the
applied magnetic field, H. In this case, at temperatures below 2.55 K and at field strengths
less than 1500 QOe, antiferromagnetic behaviour is observed. Increasing the applied field

strength to above 1500 Oe, results in the spin coupling changing to being ferromagnetic.

Based on the supposition that a radical anion smaller than TCNQ would have a greater spin
density which could lead to increased spin-spin interactions, [FeCp; J(TCNE) was
synthesized.?” This salt possesses the same ...D*A"DA"... motif as [FeCp; (TCNQ), its
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magnetic behaviour obeying the Curie-Weiss law at temperatures above 60 K. The
unpaired electron spins are ferromagnetically coupled, as indicated by the Weiss constant,
0 = +30 K. At temperatures below 4.8 K the salt displays the onset of spontaneous

magnetization in zero applied field, /.e. bulk ferromagnetism is observed.

The results obtained with [FeCp, J(TCNQ) and [FeCp, J(TCNE) paved the way for the
synthesis of new molecular based ferromagnetic materials. With the goal of identifying the
combination of steric and electronic features which would stabilize ferromagnetic coupling
as well as bulk ferromagnetic behaviour in the metallocene based charge transfer salts, the
properties of a variety of these materials were studied. The three variable entities associated

with these salts are:

1) The nature of the acceptor molecule
i) The substituents on the metallocene cyclopentadieny! rings
1ii) The metal in the metallocene donor molecule.

One of the first modifications was the replacement of the Me-groups on [FeCp, ] with H-
atoms. However, ferrocene [FeCp,] (Cp = CsHs), is more difficult to oxidize than
[FeCp,'1,%* resulting in no electron transfer occurring when it is reacted with TCNE.
Nevertheless, the product obtained, [FeCp,](TCNE), has the same structural motif ®*® as
that associated with the [FeCp, ] analogue, vet it is diamagnetic, since neither [FeCp,]° or

(TCNE) possess unpaired electron spin density.

Subsequent studies ®* centred on charge transfer salts where the salt comprises either a

radical donor ion in combination with a spinless acceptor ion e.g. [Fesz*][C3(CN)5], or

vice versa as found in [CoCp, [(TCNE).

Z
O=Z
Z

\
]

Z=0
Z=0

[C5(CN)s| (Pentacyanopropenide)
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The crystal structure of [FeCp, J[Cs(CN)s] consists of integrated stacks of the radical
[FeCp,'1” ion and the spinless [C3(CN)s] ion, ie. ..D'AD'A".. The structure of
[CoCp, J(TCNE) has not been reported, however both of these salts exhibit only very weak
Curie-Weiss behaviour {6 = -1.2 + 0.4 K for [FeCp, ][C3(CN)s] and 8 = -1.0 + 0.3 K for
[CoCp, J(TCNE)}** This is indicative of negligible, if any, cooperative behaviour (spin
coupling), thus suggesting that in order to stabilize ferromagnetic coupling and ultimately
bulk ferromagnetic behaviour, it is essential that each of the donor and acceptor ions must
have unpaired electron spin density, S > %, This situation can only be achieved if complete
charge transfer occurs between the diamagnetic donor and acceptor molecules. At this
point it is also interesting to note the contrast between this requirement of complete charge
transfer to stabilize bulk ferromagnetic behaviour and that of partial charge transfer (see

Section 1.5.2) required for high electrical conductivity to occur in charge transfer salts.

Ferrocene is not oxidized by the TCNE, but reaction with the stronger acceptor 7,7,8,8-

A R |

tetracyanoperfluoro-p-quinodimethane, TCNQF,,**®

results in the formation of two
products [FeCp, J(TCNQF,) and [FeCp2]o(TCNQF,);. The crystal structure of the 1:1
charge transfer salt consists of segregated one-dimensional chains of § = Y% radical donor
and acceptor ions which contrasts with the integrated .. DA D"A"... structure observed in
[FeCp, (TCNE). The magnetic properties of [FeCp,]J(TCNQF,) provide no evidence for
ferromagnetic coupling. In fact, the magnetic susceptibility is weakly antiferromagnetic (6~
-3 K). A further result which highlights the relationship between the solid state packing
motif and the magnetic properties of the metallocene based charge transfer salts, involves
the  bis(dithiolato)metalate  salts of decamethylferrocene, and in particular

[FeCpa IIM{S2C2(CF3),},] (M = Ni and Pt),

FsC CFy |

S, S
T
F3C S S

CF;

The bis(dithiolate) radical anion IM{S:C; (CF3) .}

The  crystal  structures  of  both [FeCp, 1INi{S,C2(CF3)2}.]*”  and
[FeCp; 1[Pt{S:Cx(CF:):}2]™  comsist of stacks of alternating  [FeCp,']" and
[M{S2C5(CF;)}]" radical ions; however, the .. DA D A" chains in the Pt-containing
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salt are strictly linear, whereas the chains in the Ni-analogue exhibits a distinct zig-zag or
wavelike nature, resulting in a greater Fe-Fe separation in the Ni-analogue (11.19A)
compared to that observed in the Pt-analogue (10.94A). The magnetic susceptibilities of
both salts approximate to Curie-Weiss behaviour, but differ between the two compounds in
that the magnetic coupling in the Pt-analogue (6 = +27 K) is greater than that of the Ni
containing salt (6 = +15 K). This difference in ferromagnetic interaction is believed to be
the consequence of weaker intrachain coupling in the Ni-analogue as a direct result of the
wavelike nature of the ... D"A"D"A"_.. chains. These results support the necessity of a solid
state packing motif consisting of strictly linear integrated ..D"AD"A".. chains for
achieving significant ferromagnetic coupling and ultimately, bulk ferromagnetic behaviour.
Again it is interesting to note that the prerequisite for ferromagnetic coupling, i.e.
integrated stacking, is the exact opposite to that which is required for high electrical

conductivity to be observed, i.e. segregated stacking (see Section 1.5.2).

A comparison of the magnetic behaviour of [FeCp, J(TCNQ) (metamagnetic) with that of
[FeCp, J(TCNE) (bulk ferromagnetism below 4.8 K) seems to suggest that ferromagnetic
coupling and bulk ferromagnetic behaviour tends to be more associated with charge
transfer salts possessing higher spin densities. Further support for this suggestion is
obtained by  consideration of the ferrocinium(dithiolato)metalate  salts

[FeCp; 1IM{S,C5(CN),},] (M = Ni and Pt).

The crystal structure of [FeCp, ][Ni{S2C2(CN),}-] comprises isolated D'"(A;)*D" dimers
and the salt shows no cooperative spin interactions (6 = 0 K).%? The Pt-analogue, in
contrast, crystallizes in two phases, both of which have one dimensional . D*A D A"
strands in one direction and D”(A;)*D" dimer units in the other direction.®” The magnetic
behaviour of both phases can be described by the Curie-Weiss law, with Weiss-constants
(6 = +6.6 K for the a-phase and 6 = +9.8 K for the B-phase) intermediate between that of
[Fesz'][Ni{SZCZ(CN)z}z], possessing isolated D(A;)*D™ dimers, and e.g. the trifluoro
analogue [FeCp,'|[Pt{S,Cy(CF3)2},] possessing ..D'AD"A".. chains. The reduced
Weiss-constants  for o- and B-[Fesz'][Pt{SZCZ(CN)Z}Z], when compared to
[Fecpzt][Pt{SzCz(CF:;)z}z], would seem to be a direct consequence of the presence of
D"(A;)*D” dimer units in the crystal lattice. The occurrence of these dimers result in two-

thirds of the anions in the [Fesz'][Pt{SZCZ(CN)z}z] lattice existing as diamagnetic, S = 0,
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(A2)* units, thus reducing the overall unpaired spin density. The suggestion that higher
unpaired electron spin density on the constituent donor and acceptor ions of a charge
transfer salt could enhance ferromagnetic coupling and bulk ferromagnetic behaviour, is
further supported by a study @9 centred on [MnCp; J(TCNQ). [MnCp,'] was selected as
the donor molecule since its cationic form, [MnCp, ], has an unpaired spin density, S = 1.
Furthermore, the absence of the element Fe removed the possibility of any contribution to
the observed magnetism of the charge transfer salt from ferromagnetic metallic iron which
might result form decomposition. (Metallic Mn is antiferromagnetic.) The reaction of
[MnCp, ] with TCNQ involves a complete electron transfer from [MnCp,'] to TCNQ. The
crystal structure of the salt consists of the integrated ..DTAD"A"... stacks and is
isomorphous with the structure reported for [Fesz‘](TCNE).(zo” The magnetic
susceptibility of [MnCp, J(TCNQ) can be described by the Curie-Weiss law, the Weiss-
constant (8 = +10.5 + 0.5 K) being indicative of ferromagnetic spin interactions. Bulk

ferromagnetic behaviour was observed at temperatures less than 6.2 £ 0.1 K.

A further prerequisite for the stabilization of bulk ferromagnetic behaviour involves that the
required .. D"A"D"A"... chains exist as extended chains in the crystal lattice as compared
to being of finite length. The importance of this prerequisite is aptly illustrated by a study in
which spinless S = 0 [CoCp,']" cations were randomly substituted for the S = ¥4 [FeCp,']"
cation in the [FeCp, J(TCNE) structure.*'” This resulted in the formation of random finite
..DAD"A"... chains existing in the crystal lattice, which manifested itself in a dramatic
reduction of the Curie Temperature, Tc, with increasing [CoCp,]" content (Tc for

[FeCp, 1[CoCp; 11(TCNE): Forx =1, Tc =4.8 K; x = 0.925, Tc = 2.75 K and x = 0.85,
Tc=0.75 K).

From the above discussion it is clear that in order to stabilize ferromagnetic coupling and
bulk ferromagnetic behaviour in a metallocene based charge transfer salt, the solid state
structure of the salt has to comprise extended integrated .. DA D"A"... stacks of donor
and acceptor ions. Furthermore, the charge transfer between the donor and acceptor
molecules has to be complete. These two conditions are necessary prerequisites for

ferromagnetic coupling. However, they do not guarantee that such coupling will occur in

the charge transfer salt.
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2.3.2.2 [V(TCNE),].y(CH,CL,)

The discovery of bulk ferromagnetic behaviour in [MnCp, J(TCNQ), together with the fact
that [VY(CsHe),]" like [Mn™Cp,']" is a S = 1 cation with E, ground state, led researchers
to expect that the charge transfer salt of [V(CeHs),] and TCNE would also exhibit bulk
ferromagnetism. However, the reaction of [V(C¢Hs),] with excess TCNE in
dichloromethane, did not result in the expected charge transfer salt. Instead an insoluble,
black product of empirical composition [V(TCNE),].y(CHCly) (x ~ 2; y ~ 0.5) was
isolated. @' *!? The product is believed to result from an electron transfer from [V(CsHs)2]
to TCNE followed by loss of the benzene ligands, according to the infrared spectroscopic
evidence. On the basis of the IR spectral data it was also suggested that the final product,
[V(TCNE)].y(CH,Cl), contains reduced TCNE with some of its nitrogen atoms
coordinated to the vanadium. However, the exact oxidation state of the vanadium and

TCNE is still unknown.

[V(TCNE),] y(CH,Cl,) behaves as a ferromagnet at room temperature and is strongly
attracted to a permanent magnet, making it the first example of a molecular or organic-
based material exhibiting ferromagnetic behaviour at room temperature. The Curie
temperature, Tc, exceeds 350 K at which point the material undergoes thermal
decomposition. Attempts directed at determining Tc via indirect methods, lead to an

estimated T value of ca. 400K .

Based on infrared spectroscopic data, X-ray diffraction studies and the extreme insolubility
of [V(TCNE),].y(CH,Cl,), the compound is believed to comprise vanadium centres, each
coordinated by up to six nitrogen atoms from different TCNE moieties. Furthermore, each
TCNE molecule can coordinate up to four different vanadium centres through o N-bonds,
thereby enabling the construction of a three-dimensional network which could support the

strong three-dimensional spin-spin coupling necessary for a Curie temperature of ca. 400K

to occur.

[V(TCNE).].y(solvent) has also been prepared with a variety of § = 0 solvents e.g. THF,
CH;CN, diethylether and hexane, replacing CH,Cl,.®*® The magnetic properties of the
resulting products were found to vary dramatically with the choice of solvent, Tc

systematically decreasing with increasing ability of the solvent to coordinate to the
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vanadium centre. Several explanations attempting to rationalize the differences in magnetic

behaviour with variation of the occluded solvent molecule have been proposed. These

include:

1) Coordinated solvent molecules reduce the number of nearest neighbour spins
surrounding the vanadium centre.

i) The connectiveness between the vanadium centres and thus the dimensionality of
the magnetic state is reduced, since a coordinating solvent molecule can displace a
multicoordinating TCNE ion.

1ii) Coordinated solvent molecules can affect the degree of crystalline order around

each vanadium centre, leading to random anisotropy and random exchange.

Attempts to prepare magnetic materials from the reaction of [V%(CsHs)(C7H7)] or
[VY(CsHs),] with TCNE, or [V(CsHs):] with other acceptor molecules, e.g. TCNQF,,
C4(CN)s, 2,3,5,6-tetrachlorobenzoquinone and 2.3,5,6-tetracyanobenzoquine, afforded
insoluble materials of unknown composition. None of these products exhibit bulk
ferromagnetic behaviour. In fact, their magnetic behaviour typically is in accordance with
that predicted by the Curie-Weiss law with 8 ~ -1 K, characteristic of weak

antiferromagnetic coupling.

2.3.2.3 Metalloporphyrin based materials
The metalloporphyrin based materials and in particular [Mn(tpp)]J(TCNE).2(toluene) (tpp =
meso-tetraphenylporphine), [Mn(oep)](TCNE) (oep = octaethylporphine) and [Mn(oep)]-

[C4(CN)s], represent the third structural class of molecular magnets.

The crystal structure of [Mn(tpp)](TCNE).2(toluene)®'” consists of parallel one-
dimensional .. [D]*"[A][D]*"[A] ... chains in which the TCNE" moieties are coordinated to
two [Mn(tpp)]" fragments in a trans-u,-N-c-bound manner. This solid state motif is
distinctly different from that observed in the metallocene based materials where the TCNE’
radical anion is not coordinated to the metal atom. It does however parallel the proposed
structural arrangement in [V(TCNE)(].y(CH,Cl;), which is believed to contain TCNE’
moieties coordinated to the vanadium centres. The magnetic susceptibility of

[Mn(tpp)](TCNE).2(toluene) is in accordance with Curie-Weiss behaviour with a Weiss-
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constant 6 of +61 K. Evidence for bulk ferromagnetic behaviour was observed at 5 K and

the Curie temperature, Tc, was estimated to be 18 K.

The magnetic behaviour of the analogous [Mn(oep)](TCNE) salt can also be described by
the Curie-Weiss law, however it exhibits only weak ferromagnetic coupling (6 = + 7 K) and
no evidence for bulk ferromagnetic behaviour was observed. The difference in the magnetic
properties of [Mn(tpp)](TCNE).2(toluene) and [Mn(oep)](TCNE) stems from a difference
in their solid state structures. Whereas both materials possess parallel one
dimensional ...[D]*[A][D]”'[A] ... chains, the spacing between the metalloporphyrin
fragments in [Mn(tpp)](TCNE).2(toluene) is uniform. In contrast, the one-dimensional
chains in [Mn(oep)](TCNE) have a dimeric nature with two alternating distances between
the metalloporphyrin fragments constituting a chain. Furthermore, the interactions between
the ©° orbital on TCNE™ and the Mn™ centres is not uniform over all the Mn™ centres in

[Mn(oep)](TCNE).

In contrast to [Mn(oep)](TCNE), [Mn(oep)][C4(CN)s]*'¥ possesses uniform one
dimensional chains with uniform spin couplings with the Mn™ centres. Accompanying these

features is a Weiss-constant, 6, of +67 K.

Considering the results presented above, it would appear that uniformity in the one-
dimensional integrated chains in the metalloporphyrin based materials, is an important

contributing factor to the achievement of long-range magnetic order.

2.4 Results and Discussion

2.4.1 Preliminary studies utilizing [Fe,Cp,(CO),(1u-SEt),] as the dinuclear donor

molecule

The dinuclear molecule [Fe2Cpa(CO)o(u-SEt),] forms a part of a series of mercapto-
bridged iron compounds which can be represented as [Fe;Cpa(CO),(u-SR),] (R = alkyl or
aryl). The first report on a compound of this type, [Fe:Cpa(CO),(1-SMe),], was published
in 1961" with subsequent reports®62!" describing the synthesis of several other
compounds of the series. Of note is a report by Dessy and co-workers describing the

electrochemical oxidation of [FesCpa(CO)o(u-SMe);] to afford the mono-cationic
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derivative [FezCpz(CO)z(u-SMe)2]+.(218) It was subsequently discovered that the oxidation
of [FeZsz(CO)z(u-SMe)z],(z19) and in fact a large number of the other members of the
[Fe2Cp2(CO)2(n-SR),] series,*®® can be affected chemically through the use of iodine,
silver salts and even oxygen in acidic media. The magnetic susceptibilities of a number of
the oxidized products, e.g [Fe,Cp2(CO),(u-SEt),](BPhy), were measured at room

@29 and found to correspond to one unpaired electron per [Fe,Cpa(CO)(u-

temperature,
SR),]" cation, ie. a S = ' system However, all the compounds containing
[Fe,Cp2(CO)2(u-SR),]", studied to date, include a closed shell (S = 0) anion in combination

with the cation.

Based on these literature results, it was deemed appropriate to utilize [Fe,Cp2(CO) (u-
SEt),] as the dinuclear donor molecule in attempts to study the effect of a dinuclear (versus
mononuclear) donor molecule on the magnetic properties of charge transfer salts resulting
from its reactions with polycyano acceptor molecules. As will be discussed in section
2.43.2, the one-electron oxidation of bridged dinuclear complexes containing a M,X,
moiety (M = Fe, X = u-SEt in this case) involves the removal of an electron populating a
molecular orbital involving both Fe-atoms. This is in contrast to the mononuclear
metallocene donor molecules where oxidation involves electrons populating orbitals
originating from a single Fe-atom. However, a preliminary study on the reaction between
[Fe2Cpa(CO)2(u-SEt),] and 2,5-Me,-DCNQI revealed that the product tends to
disproportionate to the starting materials, indicating that 2,5-Me,-DCNQI is not a strong
enough electron acceptor molecule to fully oxidize [Fe,Cp2(CO)(u-SEt),] to
[Fe,Cp2(CO)(u-SEt),]".

This was confirmed by cyclic voltammetric studies on the donor and acceptor molecules.
The first half-wave potential of the acceptor 2,5-Me,-DCNQI, E,,, ie. the potential
corresponding to the half-reaction 2,5-Me,-DCNQI + & — (2,5-Me,-DCNQI), occurs at
+0.008 V (see Table 2.1). On the other hand, the first half-wave potential, E,p, associated
with the [Fe2Cpa(CO)z(u-SEt),)/[Fe;Cpy(CO)y(u-SEt )] couple, occurs at -0.07 V, giving
a difference in potentials (|E|A -Epp] using Wheland’s notation"*”) equal to 0.15 V. This

value lies within the range of |Es - E;p| < 0.25 VI associated with charge transfer
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salts for which the electron transfer between the donor and acceptor molecules is not

complete.

Table 2.1 Redox potentials of selected donor and acceptor molecules

Compound E;, (V) E: (V)

This Study Literature This Study Literature
[Fe;Cpa(CO)a(1-SEt)2] -0.07 -0.420% Irreversable -
[Fe2Cp, (CO)o(p-SEt),] -0.27 - +0.47 -
2,5-Me,-DCNQI +0.08 +0.21%% -0.51 -0.38%%
2,5-Cl,-DCNQI +0.42 +0.65%%Y -0.26 0.00%%
2-Cl-5-Me-DCNQI +0.22 +0.43%% -0.41 -0.20%%
2-Me-DCNQI +0.12 +0.31%® -0.55 -0.31@%
H,-DCNQI +0.14 +0.39%% -0.49 -0.25%
TCNQ +0.14 +0.39%%) -0.44 -0.28%
TCNE +0.21 +0.15%% -0.85 -0.57%9

In an attempt to overcome this problem, [Fe;Cp2(CO),(u-SEt),] was reacted with 2,5-Cl,-
DCNQI, a much stronger electron acceptor molecule than its 2,5-dimethyl analogue; Ea
for 2,5-Cl,-DCNQI equals + 0.42 V. However, the product afforded by this reaction was
found to be prone to decomposition, thus complicating any further studies of its properties
or structure. The reason for the observed instability of [Fe,Cpx(CO),(u-SEt),](2,5-Cl,-
DCNQI) could be attributed to a variety of factors. Firstly, the cyclic voltammogram of
[Fe2Cp2 CO)2(-SEt),], dissolved in CH,Cl,, revealed that the second oxidation wave,
corresponding to the [Fe,Cpy(CO)a(u-SEt);] /[Fe,CpACO)a(1u-SEt)]*"  couple, s
irreversible. A similar observation has been made ®*” for the cyclic voltammogram
recorded in 1,2-dimethoxyethane where a broad peak was observed for this oxidation as a
result of coating of the electrode. Furthermore, the potentials E;4 and E,4 for the reduction
waves of 2,5-Cl,-DCNQI are such that there is partial overlap, albeit very little, of the first
reduction wave of the acceptor with the second irreversible oxidation wave of
[Fe2Cpa(CO)2(n-SEt),] and of the second reduction wave of 2,5-Cl,-DCNQI with the first
oxidation wave of [Fe;Cp2(CO),(u-SEt),]. This implies that the product obtained from the
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reaction of [Fe;Cpa(CO)a(u-SEt),] with 2,5-Cl-DCNQI could contain small amounts of
the di-ionic [Feszz(CO)z(u-SEt)z]2+ and [2,5-C12-DCNQI]2' species. Dicationic species of
the type [Feszz(CO)z(u-SR)z]z* (R = Me, Ph, "Bu for instance) have been reported as
consitituent ions of the [FesCpa(CO)(1-SR)}(PFs), salts.*” The report detailing the
synthesis and properties of these salts, did not make mention of any unusual instability of

the dicationic [Feszz(CO)2(|.L-SR)2]2+ moieties or of its PFg’ salts.

On the other hand, no reports of any stable charge transfer salts involving dianionic
dicyanoquinonediimine moieties have been found. Thus it is possible that the instability of
the product resulting from the reaction of [Fe,Cpa(CO)(u-SEt),] with 2,5-Cl,-DCNQI
originates from the decomposition of small amounts of the [2,S-C12-DCNQI]2' anion
(present as a by-product) which catalyses a chain reaction leading to further decomposition
of the product. Apart from this possibility, other metallocene based charge transfer salts of
the dicyanoquinonediimines, where the possibility of forming the dianionic acceptor species
does not exist, have been found and have been reported to be unstable. Further discussion

of this instability is provided in section 2.4.6.1.

Considering the fact that the transition-metal decamethylmetallocenes are more readily
oxidized than their corresponding metallocene analogues and that methyl substitution on
the cyclopentadienyl ring seem to impart some stability to the decamethylmetallocinium
ions®™® it was thus decided to utilize the electron-rich decamethyl derivative
[Fechz‘(CO)z(u-SEt)z], rather than [Fe,Cp(CO)(1-SEt);] as the donor molecule in
electron transfer reactions with TCNQ, TCNE and substituted DCNQI’s. The preparation
of the decamethyl derivative has not been described previously and its synthesis and

characterization is discussed in the following sections.

2.4.2 [Fe;Cp, (COY,(u-SEt)] (1)

2.4.2.1 Synthesis and spectroscopic studies on [Fe;Cp; (CO),(u-SEt),] (1)

The synthesis of the pentamethyl cyclopentadienyl derivative [Fe,Cp, (CO),(u-SEt),] was
based on the procedure for the preparation of its cyclopentadienyl analogue,
[Fe2Cpa(CO)(u-SEt),] ™" with some modifications. Treatment of the di-carbonyl bridged
dimer [Fe;Cp,'(C0O)s]*** with an excess of the dialkyl disulphide, Et,S,, in toluene under
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reflux, afforded [Fe,Cp, (CO),(1-SEt),] in high yield. The product was isolated by
removing the solvent in vacuo and extracting the residue with petroleum ether, followed by
a crystallization from petroleum ether. Elemental analysis for C and H were consistent with

the formulation of the brown-black crystalline material as being [Fe,Cp, (CO)2(1i-SEt),).
The spectroscopic data for [Fe,Cpy (CO)y(u-SEt),] are presented in Tables 2.2 and 2.3.

The 'H-NMR spectrum of 1, recorded at room temperature in CsDs, exhibits a single peak
corresponding to the methyl protons of the Cp ligands and the expected pattern of a triplet
and quartet assigned to the ethyl groups of the bridging SEt ligands (see Table 2.2). This
implies that the chemical environment of the two ethyl groups, and similarly of the two Cp
ligands, is identical and thus that, in solution, the [Fe,Cp, (CO)(u-SEt),] molecule is
symmetrical about a two-fold axis or a centre of inversion. Cis-trans isomerism is known to
occur in [Fe;Cpy(CO)(p-SEt),]**". However, since the 'H-NMR spectrum of 1 exhibits
only a single singlet, triplet and quartet, with no evidence for splitting of these resonances,
it follows that only one isomer, either cis or trans-[Feszzt(CO)z(u-SEt)z] 1S present in

solution, or that if both are present, rapid interconversion between the two isomers occurs.

Table 2.2. 'H-NMR Data Jor [Fe;sCp,'(CO)o w-SEY,] (1)

Functional group / ligand Chemical Shift (5)® Splitting Pattern
-CH;CH; 2.32 Quartet
L—CHzCﬂg 1.16 Triplet 1
LCs(CH;‘)s 1.79 Singlet 1

) Relative to tetramethylsilane

The infrared spectrum of 1 measured in cyclohexane exhibits two peaks in the C-O
stretching region, a strong peak at 1931 cm™ and a weak peak at 1902 cm™ (see Table 2.3).
This pattern (strong, weak) presents an exact match to that of the cis isomer of the

cyclopentadienyl derivative [Fe:Cpo(COY(u-SEt),] and is in marked contrast to the
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Table 2.3 Infrared Spectroscopic Data

(a)

Compound

Wavenumbers and Recording Medium

CH,Cl,

Cyclohexane

KBr

[Fe2CpaCO)o(n-SEt),]

1944(s), 1909(w,sh)

1954(s), 1928(m)

1948(s), 1930(ms), 1894(w)

[Fe,Cp.*(CO)(1-SEY);] (1)

1916(s), 1890(w,sh)

1931(s), 1902(w)

1918(s), 1892(m), 1886(m),

1854(w)
[Fe;Cp,*(CO),(1-SEt),](2,5-Me,- 2120(m), 2092(m), 1983(s), insoluble 2120(ms), 2092(ms), 1967(s),
DCNQI) (2) 1946(w) 1926(ms)
[Fe;Cp2*(CO)(p-SEt),](2-C1-5- 2127(m), 2120(m), 2110(m), insoluble 2122(m), 2108(m), 1967(s),
Me-DCNQI) (3) 1984(s), 1949(mw) 1936(m)
[Fe:Cp*(CO)2A(p-SEt),|(2-Me- 2128(mw), 2104(m), 1983(s), insoluble 2120(m), 2096(m), 1967(s),
DCNQI) (4) 1946(mw) 1930(ms)
[Fe,Cp2*(CO)a(p-SEt),](Ha- 2164(w), 2124(mw), 2098(m), insoluble 2160(w),2124(mw), 2092(m),
DCNQI) (5) 1984(s), 1947(mw) 1978(s), 1946(ms)
[Fe2Cp2*(CO),(u-SEt),J(TCNQ) 2182(s), 2154(w), 1984(ms), insoluble 2178(s), 2156(mw), 1978(ms),
) 1949(w) 194 1(ms)
[Fe;Cp2*(CO)(n-SEt);|(TCNE) 2187(w), 2147(m), 1983(s), insoluble 2188(mw), 2148(m), 1978(s),

@

1947(mw)

1946(s)

(a)

Key: sh = shoulder, s = strong, ms = medium to strong, m = medium, mw = medium to weak, w = weak

: -1
Wavenumbers quoted in cm’,
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medium, strong pattern reported for the trans isomer of [Fe,Cp2(CO)(11-SEt),] (see Table
2.4). The infrared spectrum of 1 recorded in CH,Cl, exhibits essentially the same pattern as
that recorded in cyclohexane with a strong peak at 1916 cm™ and a weak shoulder at 1890
cm’. The solid state spectrum, recorded as a KBr-pellet also exhibits one strong

peak at 1918 cm™ with weaker peaks at 1892, 1886, and 1856 cm™.

From the solution infrared spectra, in conjunction with the NMR evidence, it would thus
appear that the [Fe,Cp, (CO),(1-SEt)2] molecule is present as the cis isomer in solution. A
crystal structure determination (see section 2.4.2.2) revealed that only the cis isomer is

present in the solid state.

Table 2.4. Infrared spectroscopic data - Literature results (frequencies quoted in cm’™).

Compound Wavenumbers and Recording Medium Reference
CH,Cl, Cyclohexane
cis-[Fe,Cpa(CO)y(u-SEt),] - 1955(s), 1926(w) 221
trans-[Fe,Cp,(CO),(u-SEt),] - 1944(ms), 1931(s) 221
cis-[Fe;Cpa(CO)2(u-SEt),J(SbFe) | 2012(s), 1990(m) - 220

A comparison of the infrared spectra of [Fe,Cp, (CO)y(u-SEt),] and [Fe2Cpa(CO)2(u-
SEt),] recorded in CH,Cl, reveals a shift of 28 cm™ towards lower wavenumbers in going
from the cyclopentadienyl to the pentamethylcyclopentadienyl analogue. This is in
accordance with theoretical considerations which suggest that since methy! substitution on
the cyclopentadienyl ring increases the electron density on the iron centres, the
wavenumber of the C-O stretching peaks should decrease as a result of the increased back

donation of electron density into the antibonding orbitals of the carbonyl ligands.

Further confirmation for this increased electron density on the iron centres, was obtained
from cyclic voltammetric studies. The cyclic voltammogram of 1 consists of 2 reversible
one electron oxidation waves, the half-wave potential, Ep, corresponding to the
[Fe2Cpz'(CO)z(u-SEt)z]/[Feszz'(CO)z(u-SEt)z]+ couple occurring at -0.29 V (see Table
2.1). This potential is 020 V cathodic with respect to that associated with the

corresponding couple for the cyclopentadieny! analogue, thus reflecting the increased
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electron density on the [Fe,Cpa (CO)2(u-SEt),] molecule as brought about by the methyl
substituents on the Cp’ ligands. It is also important to note that the difference in the first
half-wave potentials (\EIA -Ep ') for the combination 1 and 2,5-Me,-DCNQI is 0.35 V.

149 required for

This value is substantially larger than the minimum value of 0.25 \%
complete electron transfer between the donor and acceptor molecule. This is in marked
contrast to the cyclopentadienyl analogue, where only partial charge transfer occurred
when it was reacted with 2,5-Me,-DCNQI, and again highlights the increased electron

density on 1 originating from the methyl substituents on the Cp’ ligands.

2.4.2.2 Structural studies on [Fe;Cp: (CO)(u-SEt)] (1)
Single crystals of 1 were grown by slow cooling of a saturated petroleum ether solution of

the compound and an X-ray diffraction study conducted.

[Fe,Cp, (CO)x(1u-SEt),] was found to crystallize in the monoclinic space group C2/c with
four molecules per unit cell. The unit cell dimensions, a full list of internuclear distances
and angles and other crystallographic data may be found in Tables 2.10 to 2.14 at the end
of this chapter.

The structure of [Fe,Cp, (CO)x(u-SEt),] comprises two crystallographically identical
FeCp'(CO) moieties which are linked to each other by the two bridging mercapto-ligands
(see Figure 2.2). The two halves of the molecule are related by a crystallographically
imposed two-fold rotation axis which passes through the centre of the Fe,S; rhomboid.
This implies that, contrary to what would be expected from purely steric considerations, the
bulky Cp" ligands are arranged in a cis configuration with respect to the Fe-Fe vector.
Similarly, the two carbonyl groups occur in a cis configuration. Furthermore, as a
consequence of the two-fold symmetry, the S-C bonds of the ethyl-mercapto ligands are
arranged in a syn-configuration with respect to the S-S vector, but the C-C bonds of the
ethyl moiety define an anti-arrangement with respect to this vector. As such the molecular
structure of [Fe,Cp, (CO)(u-SEt),] is closely related to that reported for the phenyl-
mercapto bridged, cyclopentadieny! analogue, [Fe,Cpx(CO)(u-SPh),].**

The Fe,S, rhomboid in [Feszz'(CO)z(u-SEt)z], like that in the [Fe;Cpa(CO)y(1-SPh),]
molecule, is slightly puckered, the dihedral angle between the two planes defined by the

two bridging S-atoms and one Fe-atom being 162.4(3)°. The Fe-Fe distance in
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Figure 2.2 The molecular structure of the neutral molecule [Fe 2Cp2 (CO)o(1=SE1),] (1)
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[Fe,Cpa (CO)(1-SEt),] is 3.444(1)A, which is slightly longer than that of 3.39A reported
for the phenyl-mercapto bridged cyclopentadienyl analogue. This distance is consistent with
no bonding interaction between the Fe atoms as predicted by a simple electron-count, /.e. a
closed-shell electron configuration is achieved for each Fe atom, without the necessity of

any Fe-Fe bonding interaction.

The Fe-S distances in 1 are 2.278(1) and 2.276(1)A with the Fe-S-Fe and S-Fe-S angles
being 98.3(1)° and 80.1(1)°, respectively. These values are in good agreement with that of
2.262(6)A, 98° and 81° respectively, as observed in the structure of [FeoCp; (CO)a(i-
SPh),].*» The Fe-C distance (C of Cp’ ligand) in 1 range between 2.084(6) and 2. 125(5)A
and average 2.103A. This distance is slightly longer than the Fe-C distance of 2.050(2)A

observed in [FeCp, ].%*

As was discussed in Section 2.3.2.1, the mode of packing associated with the metallocene
based charge transfer salts have a profound influence on the magnetic properties of the
compound. In order to gain some insight into possible intermolecular interactions which
might be present in crystals of [Fe,Cp, (CO),(n-SEt),] and which might also have an
influence on the packing of charge transfer compounds resulting from its reactions with
polycyano acceptor molecules, the molecular packing of the compound was studied.

Although the molecular structure of [Fe;Cpa(CO)y(1-SPh),] has been reported,” its

molecular packing was not discussed.

A view of the unit cell contents of [Fe,Cp, (CO),(n-SEt),] as projected on the ac-plane
(see Figure 2.3), reveals that the molecules occur in ordered rows or stacks which are at an
angle of ca. 50° with the [c]-axis. Isolating one of these “rows” and adding analogous
“rows” produced by a unit cell translation in both the positive and negative direction along
the [b]-axis, produces Figure 2.4. This diagram reveals that the [Fe,Cp, (CO)2(1-SEt),]

molecules within each of the rows pack in such a way that the Cp’ ligands of adjacent

molecules are arranged “face-to-face”.

The planes defined by two neighbouring Cp” ligands participating in this arrangement are
exactly parallel to each other, this being enforced by the fact that each [Feszzt(CO)z(u-
SEt),] molecule is related to its closest neighbour within the row through a crystallographic

centre of inversion situated midway between the two Cp’ ligands under discussion.
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[c]

Figure 2.3

A view of the unit cell contents of [Fe,Cp, (CO)Au-SEY),] (1) as seen in a projection onlo the ac-plane.
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L) -

Ao A 0

Figure 2.4  The arrangement of the neutral molecules in “rows” in the crystal lattice of [Fe,Cp, (CO)(1-SE1),] (1).
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The interplanar distance between the planes defined by the C atoms of two Cp’ ligands in
such a “face-to-face” pair, is 3.65A. This, together with the fact that there is some
delocalized m-electron density associated with Cp” ligands, cou.d be taken to suggest some
-7 interaction between every pair of adjacent Cp” ligands. However, the distance between
the centroids of the ligands in these pairs equals 4.69A, indicating substantial slipping of the
ligands with respect to each other and thus ruling out the possibility of any ring-ring
overlap and m-m interaction between the Cp’ ligands. The absence of ring-ring overlap is
aptly illustrated by a projection of such a pair of Cp ligands onto a plane parallel to that of

the ligands (see Figure 2.5).

kS

Figure 2.5 A projection of a pair of Cp" ligands (arranged face-to-face) onto a plane
parallel to that of the ligands
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A further important structural feature of [Fe;Cp2 (CO)2(u-SEt),], is that due to the cis
configuration of the Cp ligands, a line constructed from the centroid of one Cp ligand
through the Fe-atoms to the centroid of the other ligand, defines a boat shape. This is in
marked contrast to the mononuclear metallocene donor molecules utilized in all previously

reported studies, where the same construction yields a straight line.

2.4.3 [Fe;Cp, (CO)(u-SEt),]1(2,5-Me,-DCNQI) (2)

2.4.3.1 Synthesis and spectroscopic studies on [Fe;Cp; (CO)z(n-SEt))(2,5-Mez-
DCNQD (2)
The electrochemical properties of 2,5-Me,-DCNQI have been studied previously.?*”’
However, in order to allow for a direct comparison of the half-wave potential of the (2,5-
Me,-DCNQI)/(2,5-Me,-DCNQI)Y”  couple  with  that of the [FeoCp, (CO)a(u-
SEt),)/[Fe,Cp2 (CO)(n-SEt),]" couple, Eip, the electrochemical behaviour of 2,5-Me,-
DCNQI was reinvestigated. In accordance with the literature results, the cyclic
voltammogram of 2,5-Me,-DCNQI, recorded in CH,Cl,, was found to consist of two
reversible, one electron reduction waves, E;4 occurring at a potential of +0.08 V (see Table
2.1). As pointed out in section 2.4.2.1, this potential is substantially anodic to that
associated with the [Fe,Cp, (CO),(p-SEt),)/[Fe:Cpa (CO),(u-SEt),]" couple (Eip equals
-0.27 V), implying that the electron transfer between 1 and 2,5-Me,-DCNQI will be

spontaneous. The charge transfer is also expected to be complete since the difference in

potentials, | Eja-Eqp| which equals 0.35 V is significantly larger than the “cut-off” value of

025 V for complete charge transfer suggested by Wheland.**” Based on these
electrochemical data, the charge transfer salt [Fe;Cp,'(CO)(1-SEt),](2,5-Me,-DCNQI)

was expected to be stable with respect to disproportionation to its starting materials.

Slow addition of an equimolar amount of 1, dissolved in toluene, to a cooled toluene
solution of 2,5-Me,-DCNQI resulted in the formation of a green solution from which the
crude product precipitated on reducing the volume of the solution in vacuo. The product
was extracted from this precipitate with CH;CN, affording shiny blue-black crystals on
reducing the volume of the extracts and subjecting it to slow cooling over ca. 2 days. The
material obtained in this way was analytically pure; elemental analysis for C, H and N being

consistent with the empirical formula [Fe2Cp2‘(CO)2(u-SEt)2](2,S-Mez-DCNQI).

82



The infrared spectroscopic data for 2 is presented in Table 2.2.

The infrared spectrum of 2, recorded in CH,Cl, solution, exhibits two peaks (at 2120 and
2092 cm’') in the C-N stretching region and two peaks (at 1983 and 1946 cm™) in the C-O
stretching region. A similar peak pattern is observed in the solid state infrared spectrum
recorded as a KBr pellet, but whereas the C-N stretching peaks occur at the same
wavenumbers when the spectrum is recorded in CH,Cl, or KBr, the C-O stretching peaks,
as observed in the solid state spectrum, shift to wavenumbers 15 to 20 cm™ lower than that
observed in CH,Cl; solution. A single peak occurs in the C-N stretching region of the solid
state infrared spectrum of the neutral 2,5-Me,-DCNQI molecule, recorded as a KBr pellet.
This peak occurs at 2168 cm™, which implies that there is a 48 cm™ decrease in the
vibrational frequency of this C-N stretching peak upon reducing the 2,5-Me,-DCNQI
molecule to its mono-anion. (This comparison considered only the stronger of the two
peaks in the C-N stretching region in the solid state infrared spectrum of 2.) Similar shifts
of between 0 and 70 cm™ have been observed to be associated with the formation of the
DCNQI anion in reactions between TTF and a range of substituted DCNQI molecules."3*
The shift can be attributed to the increase in electron density in the LUMO of the neutral
DCNQI molecule which is antibonding with respect to the C and N atoms of the C=N

bonds.

A comparison of the peaks in the C-O stretching region in the infrared spectra of
[Feszz'(CO)z(u-SEt)z](z,S-Mez-DCNQI) with that observed for the neutral molecule
[Feszzt(CO)z(u-SEt)z] (recorded in both CH,Cl, and KBr), reveals a shift of between 50
and 70 cm™ to higher wavenumbers in going from the neutral to the cationic derivative. A

similar shift of ca. 50 cm™ has been reported for [Fe,Cp,(CO),(11-SMe),] and its cationic

(226)

derivative,“” and has been attributed to the lower electron density on the cation, resulting

in a diminished back donation of electron density into the n* orbitals of the C-O ligands.
These n* orbitals are antibonding in nature, so that the decreased back donation results in

an increase in the C-O bond order which manifests itself in an increase in the C-O

vibrational frequency.

The CH,Cl, solution infrared spectra of [F eszz'(CO)z(u-SEt)z] and 2 furthermore differ in

that the spectrum of the neutral molecule exhibits essentially one peak with a weak
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shoulder in the C-O stretching region, whereas the spectrum of the cationic derivative
exhibits two pronounced peaks in this region. This difference has also been reported for the
cis isomers of [FeaCp(CO)(1-SR,)] (R = Me, Ph)**® and their monocationic derivatives
and is attributed to the cationic derivatives occurring as a mixture of at least two

conformers or isomers in solution.

2.4.3.2 Structural studies on [Fe;Cp: (CO):(u-SEt);](2,5-Me,-DCNQI) (2)
Single crystals of 2 were grown by slow cooling of a saturated CH;CN solution of the

compound,

[Fe,Cp2 (CO)a(p-SEt),](2,5-Mep-DCNQI),  like  the  neutral donor  molecule
[Fe2Cp2*(CO)2(u-SEt)2], crystallizes in the monoclinic space group C2/c with four formula
units per unit cell. The unit cell dimensions, a full list of internuclear distances and angles
and other crystallographic data are presented in Tables 2.15 to 2.19 at the end of this

chapter.

The structure presents the first example of a full characterization of a metallocene-based
charge transfer salt utilizing a member of the DCNQI series as the acceptor molecule.
Miller and co-workers reported the synthesis of [MCp;'1(2,5-Me,-DCNQI) (M = Fe, Mn)
which presents the only other examples of metallocene based DCNQI - charge transfer salts
synthesized to date. However, they have not been able to obtain suitable crystals of either

salts for a crystallographic analysis.

As in the case of the neutral molecule 1, the [Fe,Cp, (CO),(u-SEt),]" cation in 2 comprises
two crystallographically identical FeCp'(CO) moieties which are symmetrically bridged by
the ethyl-mercapto ligands and are related by a crystallographically imposed two-fold
rotation axis (see Figure 2.6). This implies that, as has been described for the neutral
molecule 1, (see section 2.4.2.2) the Cp” and CO ligands occur in a cis configuration with
respect to the Fe-Fe vector and the S-C bonds of the ethyl-mercapto ligands are syn-
disposed, whereas the C-C bonds of the ethyl-mercapto ligands occur in an anti-

conformation with respect to the S-S vector.

A further comparison of the molecular structure of the [Fe,Cp, (CO),(p-SEt),]" cation

with the neutral molecule, reveals a decrease of ca. 0.36A in the Fe-Fe distance from
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Figure 2.6

c12
ctr O G () (et

The molecular structure and numbering scheme employed for the cation in [Fe,Cp, (CO)(1-SEY),](2,5-Me ~DCNQI) (2).
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3.444(1)A in (1) to 3.083(1)A in the cation. Connelly and Dahl®*® compared the structure
of the neutral species [Fe;Cpa(CO),(1u-SPh);] with that of the cation [Fe;Cpa(CO)a(n-
SMe),]" and found the Fe-Fe distance in the cationic species to be 0.46A shorter than that

in the neutral molecule.

The decrease in the Fe-Fe distance on the oxidation of [Fe,Cp, (CO),(1-SR),] has been
explained®?® by utilizing the bonding scheme which Mason and Mingos have
proposed®® for bridged dinuclear systems containing an M,X, moiety (M = metal, X =

bridging ligand, as illustrated in Figure 2.7).

In this scheme the metal d,%, d,, and d,, participate in bridge bonding. The same is true of
the s and p orbitals of the bridging ligands The highest occupied molecular orbital is
derived from mainly the metal d, orbitals and is orthogonal to a rough plane defined by the

M, X, moiety. Furthermore, this orbital is strongly antibonding with respect to the metal

Figure 2.7: Structural formula for a bridged dinuclear system
containing an M,X; moiety (M = metal, X = bridging

28)

ligand, L, = terminal ligand)®

X
, ,y AN
z z
atoms. In a one electron oxidation, the electron is removed from this orbital, leaving one
electron in this antibonding orbital and two electrons in the bonding metal o orbital. This
implies that the net metal-metal bond order is 0.5 which has been interpreted *** as being
indicative of a one-electron metal-metal bond. Further support for this assertion is provided
by the fact that the Fe-Fe distance in e.g. [FeszZ‘(CO)z(u-SMe)z]+ [2.925(4)A] and

[Feszz‘(CO)z(u-SEt)z]+ [3.083(1)A in 2], is intermediate between that associated with
[Fe:Cpx(COX(u-SPh),] (3.39A) or [Fe,Cp, (CO)(p-SEt),] [3.444(1)A], where there is no
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Fe-Fe interaction, and that in e.g. [Fe;Cp2(CO)q] (2.533A) which possesses a two-electron

Fe-Fe bond ‘**

The shortened Fe-Fe distance in [Fe:Cpz (CO)(1-SEt),]" is accompanied by a decrease in
the Fe-S-Fe angle from 98.3(1)° in (Dto 86.3(1)° in the cation and a concomitant increase
in the S-Fe-S angle from 80.1(1)° in the neutral species to 93.4(1)° in the cation. A further
structural change associated with the decrease in the Fe-Fe distance is that the dihedral
angle between the planes defined by the two bridging S atoms and each one of the two Fe
atoms, increases from 163.4(3)° in the neutral species, to 172.4(8)° in the cation. The latter
angle is in sharp contrast to that of 153° observed in the [Fe,Cpa(CO)(1-SMe),]”
cation™®_ This difference most probably is the result of non-bonded repulsions between the
more bulky Cp’ ligands when compared to the unsubstituted Cp ligands. (Recall that the

Cp” and Cp ligands occur in a cis configuration.)

The Fe-S distances in the [Fe;Cp2 (CO)(1i-SEt),]" cation are 2.258(2)A and 2.248(2)A.
This represents a decrease of 0.024A when compared to the average value of 2.277(1)A
observed for the neutral molecule 1. An analogous variation of the Fe-S bond distance
upon ionization of members of the [Fe,Cpx(CO),(u-SR),] series have not been documented
previously, since the structures of both the neutral and monocationic forms of a single
member of this series have not been determined to date. The Fe-C (C of Cp ligand)
distances in [Fe,Cp; (CO)(u-SEt),]" varies between 2.105(8) and 2.163(8)A with an
average value of 2.139A. This value represents an elongation of 0.036A of the average Fe-
C distance when compared to that of 2.103A observed in the neutral molecule. Again a
comparison with members of the [Fe,Cp, (CO).(1i-SR),] series is not possible. A similar
elongation of the average Fe-C bond distance has however been reported to occur on the

oxidation of [FeCp;'], where the average Fe-C distance increases by 0.0464, from 2.050A

in the neutral molecule, to 2.096A in the cation.®"

The (2,5-Me,-DCNQI)™ anion is situated on a crystallographic centre of inversion. The
molecular structure and numbering scheme employed for the anion is provided in Figure
2.8. The principal internuclear distances and angles of the anion are provided in Table 2.5
together with that of the neutral unsubstituted DCNQI molecule,** that associated with

the unsubstituted DCNQI anion as found in (TTF)(DCNQI).2H,0%? and that of the
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Figure 2.8

N(1)

C(18)

The molecular structure and numbering scheme employed for the anion in [Fe,Cp, (CO)(1-SE1),](2,5-Me >DCNQI) (2).
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Table 2.5 Bond parameters for selected DCNQI species (4)

Compound X a® b c d e f Charge on
DCNQI
[Fe.Cp*(COL(-SENI25- | Me | 1.09Q2) | 138 | 135() | L4l(D) | 143(1) | 138(1) ®
Me,-DCNQI) (2)
(2,5-Me,-DCNQI),Cu Me 1.159(6) | 1.312(6) | 1.342(6) | 1.433(6) | 1.442(6) | 1.350(6) >,
H.-DCNQI H 1.150(2) | 1.334(2) | 1.303(2) | 1.446(2) | 1.450(2) | 1.336(2) 0
(TTF)(H,-DCNQI).2H,0 H 1.150(7) | 1.328(6) | 1.348(7) | 1.424(6) | 1.427(6) | 1.356(7) -1

(a)

® Charge can not be deduced accurately due to relatively large standard errors.
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2,5-Me,-DCNQI moiety of (2,5-Me,-DCNQI),Cu.*? Aiimuller and co-workers have
reported®® an increase in the length of bonds (c) and (f) (see diagram with Table 2.5) on
the reduction of the neutral unsubstituted DCNQI molecule to its mono-anionic derivative.
Similar variations in the bond lengths have been observed by Kato and co-workers;”"
however they reported the most significant variations to occur in the lengths of bonds (b)
and (c), with the length of (b) decreasing and that of (c) increasing, on comparing the bond
lengths and angles of the 2,5-Me,-DCNQI moiety in (2,5-Me,-DCNQI),Cu with that of the
neutral unsubstituted DCNQI molecules. A comparison of the (2,5-Me,-DCNQI)™ anion in
2 with the DCNQI compounds reported in the literature, shows that the observed bond
lengths and angles are in good agreement with that in the literature. The increase in bond
lengths (c) and (f) reported by Aiimuller and co-workers is also observed upon comparing
the anion in 2 with the neutral unsubstituted DCNQI molecule. However, because of the
relatively large standard errors associated with the bond parameters of the anion in 2, it is
not possible to base any firm conclusions about the charge on the anion on these

comparisons, as Kato and co-workers have done.

Viewing the unit cell contents down the [b]-axis (see Figure 2.9) reveals that, as in the case
of the neutral [Fe,Cp, (CO)z(11-SEt)2] molecule, the [Fe,Cp, (CO),(u-SEt),] cations in 2
are arranged in rows or channels. These are at an angle of ca. 28° with the [a]-axis in this
instance. The (2,5-Me,-DCNQI)™ anion is positioned between the Cp” ligands of two
neighbouring cations within these rows. Isolating one of these rows and adding the
analogous rows produced by unit cell translations along the [b]-axis produces Figure 2.10
This figure reveals that the [Fe,Cp, (CO)y(1t-SEt),]™ cation participates in essentially the
same mode of packing as that observed for the neutral molecule (compare Figures 2.4 and
2.9). Within this arrangement, the (2,5-Me;DCNQI)™ anion is “slipped in” between the Cp’
ligands of two neighbouring cations, to form part of a “face-to-face” arrangement which
can be represented as Cp',(2,5-Me2-DCNQI)"',Cp'. It is also important to note that both of
the Cp~ ligands of each cation participate in this arrangement, thus implying that all the
cations in the rows are “linked” to each other through this arrangement. Based on purely
structural considerations [FeZsz'(CO)z(u-SEt)z](Z,S-Mez—DCNQI) can thus be classified
as possessing long-range one dimensional order. However, in order to ascertain whether

this long-range structural order also induces extended electronic interactions in the solid
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Figure 2.9

The unit cell contents of [Fe,Cp, (CO)(u-SE),](2,5-Me,-DCNQI) (2) as seen in a view along the [b]-axis.
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Figure 2.10  The “rows” of alternating cations and anions in the crystal lattice of{Fe 2Cp; ' (CO)u-SEY),](2,5-Me ~DCNQI) (2).
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state, the possibility of any m-m interaction within the Cp’ (2,5-Me,-DCNQI)™,Cp*
sequence is of interest. The Cp  ligands of the Cp’,(2,5-Me,-DCNQI)",Cp  arrangement
are positioned such that the best planes defined by-the atoms constituting each of the two
ligands are exactly parallel to each other. This arrangement is enforced by the fact that
these two Cp~ ligands are interrelated by the crystallographic centre of inversion which is
situated between the ligands and is coincident with the centre of the quinone ring of the
(2,5-Me,-DCNQI)™ anion. The orientation of the plane defined by the constituent atoms of
the (2,5-Me,-DCNQI)™ anion, however is not uniquely defined by any symmetry element.
In fact, calculation of the mean plane defined by the atoms of the anion, revealed that the
dihedral angle between the (2,5-Me,-DCNQI)-plane and that of the Cp~ ligand is 11.4°.
This limits the extent of any m-m interaction within the Cp',(2,S-Mez-DCNQI)“',Cp*
arrangement. Furthermore, projecting the Cp ligands and the anion onto a plane parallel to
that of the anion (see Figure 2.11) reveals that there is no overlap of the Cp ligands with
the quinone ring or the exocyclic C=N bond of the (2,5-Me,-DCNQI)" anion, as would be
expected for conventional n-n interaction. The Cp’ ligands are however positioned directly
above and below the C=N groups of the anion; the distances from the C and N atoms of the
C=N group to the plane of the Cp’ ring being 3.27 and 3.12A respectively (see Figure
2.12). These distances are considerably smaller than 3.45A the Van der Waal’s spacing for
m-aromatic species in a face-to-face arrangement®? and could be indicative of some

electronic interaction between the C=N groups of the (2,5-Me,-DCNQID)™ anion and the

Cp’ ligands.

In short, the crystal structure of 2 can thus be described as consisting of extended
alternating stacks of donor and acceptor ions, ie. .. D™ A"D™A™. . This extended
.DVA"D™A™ . structural arrangement presents an exact match to that required for the
stabilization of ferromagnetic coupling (see section 2.3.2.1). The second prerequisite for
the stabilization of such coupling is that the charge transfer between the donor and acceptor
molecules should be complete. A quick way of assessing the extent of charge transfer,
involves comparing the observed bond lengths and angles, which are known to change on
ionization of the donor and acceptor molecules, with that of the neutral and ionized

molecules as found in the literature. As has already been pointed out, the standard errors
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Figure 2.11  Projection of the Cp ligands and (2,5-Me,-DCNQI) anion in [Fe,Cp; -
(CO) o u-SE1),](2,5-Me-DCNQI) onto a plane parallel to that of the anion.

Figure 2.12  An alternative view of the Cp',(2, 5-Me>-DCNQI),Cp" arrangement in
[FexCpy'(CO)x(u-SEY),](2,5-Me-DCNQL) (2).
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associated with the observed bond lengths and angles of the (2,5-Me,-DCNQI)™ anion in 2
are too large to allow for any definite conclusions to be drawn about the charge on the
anion. However, as discussed above, Fe-Fe distances in [Fe;Cp,(CO)2(u-SR),] compounds
vary significantly on oxidation of the neutral molecule. Furthermore, the Fe-Fe distance in
the cation in 2 [3.083(1)A] has been determined with a high enough degree of precision to
allow for meaningful comparisons with literature results. Of particular significance in this
regard is that the Fe-Fe distance in the cation of 2 is significantly shorter than that observed
for the neutral molecule [3.444(1)A] and in good agreement with that observed
[2.925(4)A] in the cation of [Fe;Cpa(CO)y(1i-SMe),](BF4). The BF, anion carries a full
electron charge, ie. -1, which implies that the charge on the [Fe,Cp, (CO),(u-SMe),]’
cation equals +1. Due to the similarity in the Fe-Fe distances, the charge on the cation in 2,
in all likelihood also equals +1. In order to preserve electrical neutrality, it then follows that
the charge on the (2,5-Me,-DCNQI)™ anion in 2 must equal -1, which implies that full

electron transfer occurs between the donor and acceptor molecules in 2.

2.4.3.3 Magnetic studies on [Fe,Cp{(CO)z(u-SEt)Z](2,5-Me2-DCNQI) 2)

From the discussion in section 2.4.3.2 it is clear that [Feszzt(CO)z(u-SEt)z](2,S-Mez-
DCNQI) meets both of the requirements for the stabilization of ferromagnetic interactions
between the unpaired electron spins on its constituent radical ions. The magnetic
susceptibilty (over the range 2 to 320K) of 2 was thus determined®" by the Faraday

d(232)

metho and was found to obey the Curie-Weiss law, y = C.(T - 8)". A plot of the

inverse molar susceptibilty versus temperature, corrected for diamagnetic contributions
(see Figure 2.13), displays no obvious deviation from linearity at low temperature values,
as would be expected if significant coupling between the unpaired electron spin density on
the donor and acceptor ions was present. The Curie-Weiss constant, 6, derived from the
above plot, equals +0.41 K. This value is substantially smaller than that typically associated
with ferromagnetic coupling {6 = +30 K for [FeCp, TCNE)®, see section 2.3.2. 1} and
is comparible to the value of 0.5 + 2.2 K, observed for [Fe(CsMesH),](BF,)*® which has
been suggested to be indicative of very weak magnetic interactions. The effective magnetic
moment Lo [= (8%.T)"] equals 2.720 ks and, in accordance with the presence of only very

weak, if any, magnetic interactions, does not exhibit any temperature dependence
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Figure 2.13
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The inverse molar susceptibilty of [Fe ZCpg'(CO) o(u-SEY),](2,5-Me,-DCNQI) (2) plotted as a function of temperature.
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Figure 2.14  The effective magnetic moment of [Feszg'(CO) A-SE1)1[(2,5-Me,-DCNQI) (2) plotted as a function of temperature.
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(see Figure 2.14). This value (2.270 ug) however, is significantly different from the spin-
only value of 2.45 up predicted for two independent, non-interacting spins per formula
unit. #? The difference between the observed and predicted values most probably arises as
a result of orbital angular momentum contributions from the cation to the magnetic
moment of 2. Such contributions are known to cause the Lande g-values for ferrocinium
cations to be significantly different from the free-electron g-value of 2, utilized in the
prediction of the spin-only effective magnetic moment.*¥ A theoretical value for the
effective magnetic moment, taking orbital angular momentum contributions into account,
can be determined if the Lande g-values for the cation, containing the transition metal
atom(s), and corresponding to different orientations with respect to the magnetic field, are
known.®? These g-values are commonly determined through EPR spectroscopy.
However, since the EPR spectra of ferrocinium cations, and most probably that of
[FeoCp, (CO)p-SEt).]", are only observable in dilute diamagnetic glasses at liquid-helium
temperatures, and since [FeZsz‘(CO)z(u-SEt)z](2,S-Mez-DCNQI) does not exhibit
significant magnetic interactions between the unpaired electrons of its constituent radical

ions, it was decided not to pursue this line of study.

It was suggested in the introduction to this section that [FeZsz*(CO)z(u-SEt)z](2,S-Mez-
DCNQI) meets both of the prerequisites for the stabilization of ferromagnetic coupling
between the unpaired electron spins on its constituent radical ions. The fact that this salt
exhibits only very weak, if any, magnetic interactions, again serves to illustrate that meeting
these prerequisites is necessary, but not sufficient, to guarantee the stabilization of such
interactions. Some suggestions attempting to explain the lack of significant magnetic

interactions in 2 are provided in the following discussion.

The magnetic behaviour of [FeZCpZ'(CO)z(u-SEt)z](2,S-Mez-DCNQI) is in marked
contrast to that of [Fesz'](Z,5-Me2-DCNQI),(227) where significant ferromagnetic
interactions, as indicated by a Curie-Weiss constant, 8, of +15 K, occurs. Since the crystal
structure of [FeCp{](2,5-Me2-DCNQI) is not known, comparisons between this salt and 2
are limited to a consideration of the donor cations. Two major differences exist between

[FeCp,]" and [Fe;Cp, (CO),(1-SEt),]".
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Firstly, the [FeoCp, (CO)2(n-SEt);] molecule is dinuclear and occupies a substantially
larger volume than that of the mononuclear [FeCp, ] molecule. This implies that the spin
density on the S = 2 [Fe,Cp, (CO),(u-SEt),] cation, and thus the overall spin density in
salts containing this ion, is lower than that on the S = 2 [FeCp, ] cation and its associated
salts. As previously observed in the cases of [FeCp, J(TCNQ) and [Fesz'](TCNE) (see
section 2.3.2.1), a lower overall spin density in a charge transfer salt can result in a
decrease in the strength of the ferromagnetic interactions between the unpaired electrons in

that salt, when compared to related species with a higher overall spin density.

Secondly, as mentioned in section 2.4.2.2 a line drawn from the centroid of one Cp’ ligand
through the Fe-atoms to the centroid of the other Cp’ ligand, defines a boat shape in the
[Fe,Cp; (CO)y(-SEt),] molecule and cation, whereas a similar construction for the
[FeCp,'] molecule and cation yields a straight line. This implies that in an extended
.D™A"D™A"™ ... stack with a face-to-face arrangement of the Cp ligands and planar
acceptor radical ions, a line joining all the Fe-atoms within a stack will tend to be straight in
the case of [FeCp, ](A) (A = acceptor ion), but will have a distinct wave-like nature in the
case of [Fe,Cp, (CO)a(p-SEt),](A), as observed in 2 (see Figure 2.10). It is not known at
present what influence this geometrical feature might have on the magnetic interactions in
the salt. The reason for this is two-fold; firstly, the magnetic properties of dinuclear
metallocene-based charge transfer salts have not been reported previously, thus preventing
any comparisons with established analogues. Secondly, the wave-like geometry constitutes
only one of several possible features which could explain the lack of significant magnetic

interactions in 2.

A projection of the Cp’ ligands and the (2,5-Me,-DCNQI) anion of the Cp’,(2,5-Me,-
DCNQI),Cp” arrangement in [Fe2Cp2'(CO)2(u-SEt)z](Z,S-Mez-DCNQI), onto a plane
parallel to that of the anion (see Figure 2.11), revealed that there is a substantial lateral
displacement of the planar units constituting the face-to-face arrangements. As a
consequence, a line drawn between the centroids of the Cp’ ligands is not normal to the
planes of the ligands. The same geometrical arrangement is evident in the crystal structure
of [FeCp, 1[Ni{S:Co(CF3)2}21,*” in contrast to [FeCp, J[Pt{S:C2(CF3)s)2] where this
lateral displacement does not occur (see section 2.3.2.1), and causes an increase in the Fe-

Fe separation from 10.944 in the former compound, to 11.19A in the latter. This increased
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M-M separation was cited as the origin for the diminished ferromagnetic interactions in
[Fesz{][Ni{SzCz(CF3)2}2] as compared with those of the Pt-analogue and could well play
a role in the magnetic properties of [Fe,Cp2 (CO)p-SEt),](2,5-Me,-DCNQI).

It is clear that the factors suggested above to explain the lack of significant magnetic
interactions in 2, fall into two categories. The first is uniquely associated with the molecular
ions constituting the salt. The donor cation for instance is dinuclear, boat-shaped and of
lower spin density than e.g. [FeCp,']. The second category concerns structural features
centred around the packing of the donor and acceptor ions in the crystal, e.g. the lateral
displacement of the planar units of the Cp’,(2,5-Me,-DCNQI), Cp” sequence. Since crystal
packing is directly influenced, and to a great extent determined by the steric aspects
associated with the molecular units involved in the packing, the above two categories are

closely interrelated.

Bearing the above relationship in mind, and with the aim of eliminating, or at least
modifying, structural aspects which could diminish ferromagnetic interactions, and which
are associated with the crystal packing, [Fe,Cp; (CO)(iu-SEt),] was reacted with a range
of other polycyano acceptor molecules. The following sections describe the synthesis and
characterization of the resulting charge transfer salts. Since our access to equipment for the
measurement of magnetic susceptibility as a function of temperature is limited, such studies
were only performed on salts for which the solid state structure had been determined and
which met the fundamental prerequisites for the stabilization of ferromagnetic coupling

(integrated stacking and complete charge transfer between the donor and acceptor

molecules).

2.4.4 [Fe,Cp, (CO),(u-SEt),](2-Cl-5-Me-DCNOQI) (3)

2.4.4.1 Synthesis and spectroscopic studies on [Fe;Cp, (CO),(u-SEt),](2-Cl-5-Me-
DCNQI) (3)

The acceptor molecule 2,5-Me,-DCNQI is centrosymmetric and, as reported in section

2432, it is thus possible for the (2,5-Me,-DCNQI) anion to be situated on a

crystallographic centre of inversion, as observed in the salt 2. In an attempt to modify the

crystal packing, and as a result, possibly the magnetic properties of the charge transfer salt

as well, 2-Cl-5-Me-DCNQI was employed as the acceptor molecule in the reaction with the
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donor molecule 1. The 2-Cl-5-Me-DCNQI molecule is not centrosymmetric, which implies
that if the salt resulting from this reaction crystallizes with the same .. D" A"D"A™.... motif
as 2, the Cp",(DCNQI)™,Cp" sequence will no longer possess a centre of inversion located
at the centroid of the quinone ring and different modes of overlap between the units

participating in this arrangement might be observed.

In order to make a direct comparison between the potentials, E; associated with the (2-Cl-
5-Me-DCNQI)/(2-C1-5-Me-DCNQI)" couple and E;p of the [Fe,Cp, (CO),(u-SEt),)/
[FeoCp, (CO)(1-SEt),]" couple, the electrochemistry of this acceptor molecule was

investigated. As reported in the literature,**"

the cyclic voltammogram of 2-Cl-5-Me-
DCNQI, recorded in CH,Cl,, consists of two reversible one-electron reduction waves. The
potential E; was found to equal +0.22 V (see Table 2.1). This value is 0.14 V more anodic
than that determined for the 2,5-dimethyl analogue, which is as expected where the more
electron withdrawing chlorine substituent replaces the methyl group on the quinone ring.
The difference |Ejx-Eip| for the combination of 2-Cl-5-Me-DCNQI and
[FeZsz‘(CO)z(u-SEt)z] equals 0.49 V, indicating that complete electron transfer between

the donor and acceptor molecules is feasible."*”

The reaction of 2-Cl-5-Me-DCNQI with [Fe2Cp2'(CO)2(u-SEt)2], as well as attempts at
crystallizing the resulting product, has been carried out in a range of solvents and solvent
combinations. The reaction in toluene affords the expected product [FeZCp{(CO)z(u-
SEt),](2-Cl-5-Me-DCNQI), together with a CH;CN and CH,Cl, insoluble product which
could result from a side reaction or decomposition of the product. Attempts at extracting
[Fe2Cpz'(CO)z(u-SEt)z](2-Cl-5-Me-DCNQI) from this mixture with either CH,CN or
CHCl, resulted in it decomposing substantially. The reaction conditions which were found
to consistently afford [Fe2Cpz'(CO)z(u-SEt)z](2-Cl-5-Me-DCNQI) in the highest yield and
greatest purity involve the slow addition of a methylcyclohexane solution of
[FeZsz‘(CO)z(u-SEt)z] (5% excess) to a stirred CH,Cl, solution of 2-Cl-5-Me-DCNQI,
followed by a reduction of the volume (in vacuo) of the reaction mixture to a minimum
without effecting precipitation. Cooling the solution overnight resulted in the precipitation
of a small amount of [FeZsz'(CO)z(u-SEt)z](2-Cl-5-Me-DCNQI) together with a large
amount of the insoluble side product. Removing the mother liquor by filtration, reducing its

volume in vacuo and cooling it overnight, afforded the product as dark blue-black crystals.
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Elemental analysis for C, H and N confirmed the composition of these crystals to

correspond to the empirical formula [Fe,Cp, (CO)a(u-SEt),](2-C1-5-Me-DCNQI).

The solid state infrared spectrum of the salt [Fe,Cp, (CO)(u-SEt),](2-Cl-5Me-DCNQI)
recorded as a KBr pellet, exhibits two peaks in each of the C-N stretching (peaks at 2132
and 2108 cm™) and C-O stretching regions (peaks at 1967 and 1936 cm™, see Table 2.2).
Compared to the solid state spectrum of the neutral acceptor molecule (recorded as a KBr
pellet), which exhibits a single peak at 2184 cm’, the frequency of the C-N stretching
modes is shifted on average by an amount of 69 cm™” towards lower wavenumbers. As
discussed earlier for the solid state infrared spectrum of 2 (see section 2.4.3.2), this shift is
consistent with the increased electron density on the DCNQI anion resulting in a decrease
in the bond strength of the C=N bonds. A comparison of the peaks in the C-O stretching
region with that observed for the neutral donor molecule 1 reveals that, in exact accordance
with the spectrum of the (2,5-Me,-DCNQI) salt 2, the positions of the peaks are shifted by
ca. 80 cm™ to higher wavenumbers in going from the neutral to the cationic derivative. As
in the case of 2, this shift is the result of the decreased electron density on the cation,
resulting in decreased back donation to the CO ligands which leads to an increased C-O
bond order and thus, the shift towards higher wavenumbers of the C-O stretching modes

(see section 2.4.3.2).

The CH,Cl, solution infrared spectrum of an analytically pure, freshly prepared sample of
[FezCpz'(CO)z(u-SEt)z](2-Cl-5-Me-DCNQI) exhibits three peaks in the C-N stretching
region (peaks at 2127, 2120 and 2110 ¢cm™) and two peaks in the C-O stretching region
(peaks at 1984 and 1949 cm™). The relative intensities, and to some extent the position of
the C=N peaks, were however found to depend on the age of sample used to record the
spectrum. This variation was also found to occur on consecutive recordings of the
spectrum of the same sample, which suggests that the (2-C1-5-Me-DCNQI) anion might be
unstable in CH,Cl, solution, since the C-O stretching peaks associated with the cation, did
not exhibit the same variation. As was observed in the solid state spectrum of 3, the C-O
stretching peaks in the solution spectrum of this salt, are shifted towards higher
wavenumbers on oxidizing the [Fechzt(CO)z(u-SEt)z] molecule. This shift of C-O

stretching peaks was also observed on comparing the CH,Cl, solution spectrum of 2 with

that of the neutral donor molecule.
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Single crystals, as evidenced by X-ray oscillation photographs, were obtained from the
synthetic procedure as outlined above. These crystals were found to be weakly diffracting
however and moreover decomposed, as evidenced by the appearance of powder rings in
the oscillation photographs, even when mounted in sealed capillary tubes to minimize any

exposure to the atmosphere.

2.4.5 [Fe,Cp, (CO).(u-SEt),](2-Me-DCNOI) (4)

2.4.5.1 Synthesis and spectroscopic studies on [Fe;Cp, (CO),(u-SEt),](2-Me-
DCNQI) (4)

Based on the fact that the instability of [Fe,Cp,(CO)x(u-SEt),](2-Cl-5-Me-DCNQI)

appeared to be associated with the radical anion, it was deemed appropriate to change the

acceptor molecule to 2-Me-DCNQI. Similar to 2-Cl-5-Me-DCNQI, 2-Me-DCNQI is non-

centrosymmetric, allowing for alternative modes of overlap to that observed in the

Cp ,DCNQI,Cp" arrangement in [Fe;Cp, (CO)(p-SEt),](2,5-Me,-DCNQI).

The cyclic voltammogram of 2-Me-DCNQI in CH,Cl, solution was recorded in order to
allow the difference |E;a-Eip| to be calculated for the reaction with [Fe,Cp, (CO)x(pi-
SEt),]. Consistent with the literature results,** the voltammogram consists of two
reversible one-electron reduction waves. The potential E,a, associated with the (2-Me-
DCNQI)/(2-Me-DCNQI)" couple, was found to be equal to +0.12 V (see Table 2.1), which
implies that the difference |E;a-Eip| is 0.39 V and that complete charge transfer is thus

expected to occur between the donor and acceptor molecules.!*?

The addition of [Fe,Cp, (CO)y(1i-SEt),] (10% excess) dissolved in methylcyclohexane, to a
toluene solution of 2-Me-DCNQI resulted in the precipitation of [Fe,Cpa (CO)a(ui-
SEt);](2-Me-DCNQI) which was isolated through filtration. Washing the precipitate with
petroleum ether and drying it in vacuo afforded an analytically pure purple-blue product,
the composition of which was established by elemental analysis for C, H and N to be

consistent with the formulation [FeZszt(CO)z(u-SEt)z](2-Me-DCNQI).

The solid state infrared spectrum of 4, recorded as a KBr pellet, exhibits two peaks in each
of the C-N stretching (peaks at 2120 and 2096 em™) and C-O stretching regions (peaks at
1967 and 1930 cm™) (see Table 2.2). A comparison of the frequencies of the C-N
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stretching peaks of 4 with that of the single peak at 2168 cm™, observed in the solid state
spectrum of the (2-Me-DCNQI) molecule, reveals a shift of ca. 50 cm’' towards lower
wavenumbers on reducing the neutral molecule. This shift is consistent with the inreased
electron density on the anion causing a weakening of the C=N bonds as described in section
2.43.1. The peaks in the C-O stretching region, when compared to that of the neutral
molecule, exhibit the 50 to 70 cm™ shift towards higher wavenumbers associated with the
decreased electron density on the cation (see section 2.4.3.1). The solution spectrum of 4
recorded in CH,Cl, exhibits peaks at 2128 and 2104 cm™ in the C-N stretching region and
at 1983 and 1946 cm” in the C-O stretching region. As observed in the solid state
spectrum, the C-O stretching peaks in the solution spectrum are shifted towards higher

wavenumbers.

All attempts at obtaining single crystals of 4 suitable for X-ray analysis were unsuccessful
with the recrystallization process frequently affording oils which, as evidenced by infrared
spectroscopy, result from extensive decomposition of the salt. Based on these problems it

was decided to abandon further studies on [Fe2Cpz'(CO)z(u-SEt)z](Z-Me-DCNQI).

2.4.6 [Fe,Cp, (CO)(u-SEt),](H,-DCNQI) ®

2.4.6.1 Synthesis and spectroscopic studies on [Fe;Cp; (CO)z(11-SEt),](He-
DCNQI) (5)

Since none of the attempts aimed at synthesizing a charge transfer salt comprising the

[Fe2Cp2'(CO)2(u-SEt)2]+ cation in combination with a non-centrosymmetric DCNQI anion,

afforded crystals suitable for a crystal structure determination, it was decided to revert back

to the use of a centrosymmetric DCNQI molecule, namely the unsubstituted DCNQI
moiety, represented here as H;-DCNQL

The cyclic voltammogram of H,-DCNQI, dissolved in CH.Cl,, was recorded. As reported
in the literature,** the cyclic voltammogram consists of two reversible waves. The
potential E;a, associated with the (Hs-DCNQI)/(Hs-DCNQI)" couple was found to equal
+0.14 V (see Table 2.1) giving a difference |E1a-Eip| of 0.41 V. This value is substantially

larger than the minimum value of 0.25 V for complete electron transfer,"*” thus suggesting

that the charge transfer between [FeZsz'(CO)z(u-SEt)z] and H,-DCNQI will be complete.
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Slow addition of [Fe;Cp; (CO)»(11-SEt),], dissolved in toluene, to a toluene solution of an
equimolar amount of Hs-DCNQI results in the precipitation of a dark blue-black crude
product. Attempts at recrystallizing this product from CHCl; or CH;CN/THF mixtures for
instance, generally resulted in extensive decomposition. The most efficient purification
procedure involves adding a minimum amount of CH3CN to a suspension of the product in
toluene until it is completely dissolved. Filtration and reduction of the volume of this
solution followed by slow cooling over ca. 36 hours results in the crystallization of the
product as small dark-blue shiny plate-like crystals. The crystallization is however
accompanied by the precipitation of small amounts of a brown powdery decomposition
compound from which the product crystals have to be separated manually. Elemental
analysis for C, H and N on the material thus obtained, is in agreement with an empirical

formula [Fe,Cp, (CO),(u-SEt),](Hs-DCNQI).

The solid state and solution infrared spectra of §, recorded as a KBr pellet or in CH,Cl,
solution, exhibits three peaks in the C-N stretching region (at 2160, 2124 and 2092 cm™ in
the solid state spectrum and at 2164, 2124 and 2098 cm™ in the solution spectrum) and two
peaks in the C-O stretching region (at 1978 and 1946 cm™ in the solid state spectrum and
at 1984 and 1947 cm’ in the solution spectrum) as reported in Table 2.2. As was observed
for all the other [FezCpz'(CO)z(u-SEt)z](DCNQI) salts reported here, the increased
electron density on the (Hs,-DCNQI) anion in § results in the C=N stretching peaks in its
solid state spectrum to be shifted towards lower wavenumbers when compared with that
observed for the neutral molecule (a single peak at 2176 cm™ in the solid state spectrum).
The peaks in the C-O stretching region in the solution spectrum of S occur at the same
frequency as that observed for the other [Fe;Cp, (CO)(1i-SE1),[(DCNQI) salts reported
here. In the solid state spectrum however, these peaks are shifted by ca. 10 cm™ towards
higher wavenumbers when compared to the other [Feszz*(CO)z(u-SEt)z](DCNQI) salts
(see Table 2.2). Although the exact cause for this shift is not known, it most probably is

associated with a solid state packing effect.

Single crystals of the salt 5, suitable for X-ray analysis could not be grown, since attempts

at growing such crystals generally resulted in extensive decomposition of the salt.
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The instability of the metallocene based dicyanoquinonediimine (DCNQI) charge transfer
salts described in sections 2.4.4.1, 2.4.5.1 and 2.4.6.1 is not unprecedented. The only other
reported examples of salts of this type, utilizing DCNQI’s as acceptor molecules, are
[MCp,1(2,5-Me-DCNQD*” (M = Fe, Mn). These salts are unstable in CH,Cl, at room
temperature and have to be prepared at -70°C. However, no explanation was offered for

the observed instability.

In contrast to the DCNQI salts, the closely related TCNQ and TCNE salts of
[FeCpy 1** 23 4o not exhibit the instability referred to in the above discussion. The
same applies to the TCNQ and TCNE salts of [Fe,Cp, (CO)(n-SEt),] (see sections 2.4.7
and 2.4.8). Based on these considerations and the evidence provided by the infrared
spectroscopic studies on [Fe2Cpz'(CO)z(u-SEt)z](Z-Cl-5-Me-DCNQI), it would seem that
the instability of the metallocene based charge transfer salts of the DCNQI’s stem from the

instability of the acceptor anions.

Reports'® 2 of charge transfer salts prepared from the reaction of TTF with various
substituted DCNQI acceptor molecules contradict the above suggestion. Although the TTF
salts were synthesized using dry solvents under an atmosphere of nitrogen, the products
were obtained analytically pure directly from the reaction between the donor and acceptor
molecules. No mention was made of any unusual instability associated with the products. In
fact, single crystals of (TTF)(Hs-DCNQI).2H,O have been grown from wet

chlorobenzene. ™. The yield of this crystallization was however reported to be very low.

From the above considerations, it would appear that the observed instability of the
metallocene-based charge transfer salts of the DCNQI’s cannot be attributed to either the

donor or acceptor ions in isolation, but results from the unique combination of the

molecular constituents in these salts.

One property which is associated with the unique combination of molecular units, is the
lattice-energy associated with the crystallization of the salt. The more exothermic the lattice
energy, the greater the stabilization of the crystalline state. Since the lattice energy is
uniquely determined by the steric and electronic properties of the molecular constituents,

differences in the lattice energies might explain why single crystals of [Fe,Cp, (CO).(p-
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SEt),](2-C1-5-Me-DCNQI) lose their internal order, whereas crystals of [Fe;Cpz (COR(u-
SEt),](2,5-Me,-DCNQI) appear to be reasonably stable.

Considering the observed and reported instability of the metallocene-based charge transfer
salts of the dicyanoquinonediimines, it was decided to utilize the well-known acceptor
molecules 7,7,8,8-tetracyanoquinodimethane (TCNQ) and tetracyanoethylene (TCNE),

(200, 201, 203) -

which are known to form stable metallocene-based charge transfer salts, in

reactions with [Fe;Cpa (CO)2(u-SEt);].

2.4.7_[Fe,Cps (CO)(u-SE),1,(TCNOY, (6)

2.4.7.1 Synthesis and spectroscopic studies on [Fe;Cp: (CO)2(u-SEt):]2(TCNQ): (6)

A number of studies on the electrochemical properties of TCNQ have been
published. @ 2* 2 However, in order to make a direct comparison between the
potentials, E;n associated with the (TCNQ)/(TCNQ)" couple and Eip of the
[Fe;Cpa (CO)(u-SEt),)/ [FesCpz (CO)(u-SEt)] couple, the electrochemistry of TCNQ
in CH,Cl, solution was investigated. In accordance with the literature results, the cyclic
voltammogram was found to consist of two reversible, one-electron reduction waves. The
potential E,a, associated with the (TCNQ)/(TCNQ) couple was found to be equal to
+0.14 V (see Table 2.1). The difference |Eia-Erp| thus equals 0.41 V. Based on this
difference in potentials, the charge transfer between [Feszz'(CO)z(u-SEt)z] and TCNQ

was expected to be complete.**”

Slow addition of a 10% excess of [Fe,Cp; (CO)x(u-SEt),], dissolved in a 1:4
CH;3CN/toluene mixture, to a solution of TCNQ in toluene, afforded an emerald green
solution from which the product precipitated as a dark green microcrystalline solid upon
reducing the volume of the solution in vacuo. The mother liquid was removed by filtration
and the product washed with petroleum ether before drying it in vacuo. The material thus
obtained was analytically pure, elemental analysis for C, H and N being consistent with the

empirical formula [Fe,Cp, (CO),(u-SEt),]J(TCNQ).

The solid state and solution infrared spectra of 6 recorded as a KBr pellet or in CH,Cl,
solution, exhibits two peaks in each of the C-N stretching (peaks at 2178 and 2156 c¢cm™ in

the solid state spectrum and at 2182 and 2154 cm™ in the solution spectrum) and C-O
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stretching regions (peaks at 1978 and 1941 cm™ in the solid state spectrum and at 1984 and

1949 cm’™, in the solution spectrum) as reported in Table 2.2.

In analogy with the observations for the DCNQI acceptor molecules, the reduction of
TCNQ to TCNQ™ and TCNQ? results in a weakening of the C=N bonds as a consequence
of electron density being placed in the LUMO of the TCNQ molecule, which is antibonding
with respect to the C=N bonds. In the case of TCNQ"™ (n = 0, -1, -2) a definite correlation
between the charge, n, on the molecule and the frequencies of its C-N vibrational modes
has been established @ This enables the deduction of the charge on a TCNQ moiety®” by
comparison of the vibrational frequencies of its C-N stretching modes with that of TCNQ
species where the exact charge is known. These comparisons are normally made for

infrared spectra recorded as a Nujol mull.

Despite the fact that the infrared spectra of [FeZsz‘(CO)z(u-SEt)z]z(TCNQ)z have been
recorded in other media, the C-N vibrational frequencies associated with the salt 6 is in
excellent agreement with those reported for TCNQ' and is substantially different from those
reported for TCNQ® and TCNQ? (see Table 2.6). This result confirms the suggestion based
on the preliminary electrochemical investigation, that the reaction between
[Fechz‘(CO)z(u-SEt)z] and TCNQ will involve a complete one-electron transfer from the

donor to the acceptor molecule.

The C=O stretching peaks in both the solid state and solution infrared spectra of
[Fechz‘(cO)z(H-SEt)z]z(TCNQ)z are shifted by between 70 and 90 ¢cm™ towards higher
wavenumbers when compared with the neutral molecule. As noted for the DCNQI salts
(see e.g. section 2.4.3.1) this shift is a result of the decreased electron density on the
[Feszz'(CO)z(u-SEt)z]+ cation when compared to the neutral molecule 1 It is also
interesting to note that the frequencies of the C-O stretching modes in the solid state
spectrum of this salt 6, similar to that of [FexCp,'(CO)(u-SEt);](Hy-DCNQI) (see section
2.4.6), occur at wavenumbers ca. 10 cm™ higher than that of the other DCNQI salts
reported (see Table 2.2). As in the case for the (Hs-DCNQI) salt, the exact reason for the

difference is not known, and again is tentatively attributed to a solid state packing effect,
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Table 2.6: Infrared C=N vibrational frequencies of TCNQ" (n =0, -1, -2) and 6

C=N Vibrational frequency (cm™)
TCNQ' 2226(m), 2222(m)
TCNQ | 2179(s), 2153(m)
TCNQ* 2150(s), 2105(s) ©
[Fe2Cp2 (CO)2(u-SEt)2]2(TCNQ). 2178(s), 2156(mw)
[FexCps (COY(n-SEL(TCNQ): 2182(s), 2154(w) ©

@ Recorded as a Nujol mull®®.

Vibrational frequencies for TCNQ" and TCNQ* are averaged values,*®
obtained from a consideration of a range of TCNQ" and TCNQ? salts.
® Recorded as a KBr pellet.

© Recorded as a CH,Cl, solution.

2.4.7.2 Structural studies on [Fe;Cp; (CO);(1-SEt):[(TCNQ): (6)

Single crystals of [Fe2Cpa (CO)(u-SEt):]o(TCNQ), were grown by dissolving the salt in a
minimum amount of a 1:1 CH3CN/toluene mixture at room temperature, heating the
solution and reducing its volume in vacuo. On cooling this solution overnight to ca. -6°C,

single dark-green block-like crystals were obtained.

[Fe,Cp, (CO)a(u-SEt)21,(TCNQ), crystallizes in the space group C2/c. This is the same
space group as found for the neutral donor molecule 1 and the (2,5-Me,-DCNQI) salt 2;
however, the assymmetric unit in crystals of 1 comprises one half of the [Fe,Cp, (CO):(u-
SEt),] molecule, and half of the cation and half of the anion in 2, whereas the assymmetric
unit in [Fe,Cp, (CO)y(u-SEt),](TCNQ), comprises one full [Fe;Cp; (CO)u-SEt),]"
cation and a TCNQ moiety. The unit cell dimensions, a full list of internuclear distances and

angles and other crystallographic data can be found in Tables 2.20 to 2.24 at the end of this
chapter.
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A diagram displaying the geometry of the cation and the numbering scheme employed, is
provided in Figure 2.15 The [Fe,Cp, (CO),(u-SEt);]" cation is situated in a general
equivalent position which implies that there are no crystallographically imposed symmetry
relations between any of the constituent atoms or ligands in the cation. This again is in
contrast to the structures of both the neutral molecule 1, and the cation in the salt 2, where
a crystallographically imposed two-fold rotation axis passes through the centre of the Fe,S,
rhomboid. The cation in 6 can be considered to consist of two nearly identical FeCp'(CO)-
moieties bridged by two ethyl-mercapto ligands. The Cp” ligands occur in a cis
configuration with respect to the Fe-Fe vector and are staggered with respect to one
another. A cis arrangement is also observed for the two carbonyl ligands with respect to the
Fe-Fe vector, while the two S-C bonds of the ethyl-mercapto ligands define a syn
conformation with respect to the S-S vector. The molecular geometry of the cation
described thus far is analogous to that of the neutral molecule 1 and the cation in 2. The
difference in geometry between the cation in 6 and the latter two cases lies in the fact that
the ethyl portions of the thio-ethyl ligands in 6 are syn-disposed with respect to the S-S
vector, whereas the ethyl portions in 1 and 2 define an anti-relationship, as enforced by the

two-fold rotation axis passing through the Fe,S; rhomboid.

The Fe-Fe distance in the cation is 3.076(2)A which represents a decrease of ca. 0.37A
when compared to the Fe-Fe distance in the neutral molecule 1. The Fe-Fe distance in the
(2,5-Me,-DCNQI)-salt 2 is 3.083(1)A. As was discussed for the (2,5-Me,-DCNQI)-salt
(see section 2.4.3.2), this decrease in the Fe-Fe distance in the [Fe;Cp,'(CO)y(u-SEt),]"
cation is a result of the removal of an electron from the HOMO of the neutral molecule.
Since this molecular orbital is antibonding with respect to the Fe atoms, the Fe-Fe bond
order increases as manifested by the shortening of the Fe-Fe distance. Accompanying the
decrease in the Fe-Fe distance is not only a decrease of the Fe-S-Fe angles from 98.3(1)°
for the symmetry enforced equivalent angles in the neutral molecule to 86.2(1)° for both of
the non-equivalent angles in the cation, but also a concomitant increase in the S-Fe-S
angles from 80.1(1)° in the neutral molecule to 94.3(1)° and 93.3(1)°, with an average of
93.8° in the cation. Both the Fe-S-Fe angles and the S-Fe-S angles in 6 are in good
agreement with those observed in 2. The dihedral angle between the planes defined by the

two bridging S atoms and each of the two Fe atoms equals 179(6)°. This value is in
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Figure 2.15  The molecular geometry and numbering scheme employed for the cation in [Fe,Cp, (CO)(u-SEt) ,](TCNQ); (6).
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Figure 2.16

The molecular geometry and numbering scheme employed for the anion in [Fe,Cp," (CO)(1-SEt) ] o Tt CNQ), (6).
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Table 2.7 Bond paramelers for selected TCNQ species (4)™

Compound a b ¢ d e Charge Reference
TCNQ 1.346 | 1.448 | 1374 | 1.441 1.140 0 239
[TTP][TCNQ] 1.354 | 1.434 | 1396 | 1.428 1.17 -Ya 240
RbTCNQ 1.373 | 1.423 | 1.420 | 1.416 | 1.153 -1 241
[CoCp*L[TCNQ] 1.382 | 1403 | 1.457 | 1.413 | 1.165 -2 201
[Fe;Cpa (CO)(u-SE),]2(TCNQ), (6) | 1.372 | 1.430 | 1.429 | 1417 | 1.129 -1 This study
Theoretical 1.350 | 1.457 | 1.361 1.464 - 0 241
Theoretical 1.365 | 1.433 | 1.395 | 1448 - -1 241
Theoretical 1.39 1.42 1.44 1.42 1.145 -2 201
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reasonable agreement with that of 172° observed in 2 and confirms the increase in the
dihedral angle on oxidation of the [Fe,Cp, (CO)2(pi-SEt)2] molecule. The Fe-S distances
vary between 2.233(3) and 2.207(2)A with an average of 2.250A. This corresponds to the
average Fe-S distance of 2.253A observed in 2 and represents a decrease of 0.027A when
compared to the average Fe-S distance in the neutral molecule 1. The Fe-C distances for
the two non-equivalent Fe-Cp moieties vary between 2.092(9) and 2.177(9)A with an
a