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ABSTRACT

Functionalised Tetrathiafulvalenes in
Supramolecular Chemistry

by
Peter John Skabara, B.S.c. (Hons.)

A thesis submitted for the degree of Doctor of Philosophy
at the University of Durham

August 1994

Using a range of functionalised tetrathiafulvalene (TTF) derivatives, developed
at Durham, the first examples of covalently linked TTF-ferrocene systems have been
prepared. The redox properties of these molecules, as studied by cyclic voltammetry,
provide evidence that these species are efficient t-electron donors.

Highly reactive 1,3-dithiole Wittig and Wittig-Horner reagents have been used
in the synthesis of complex mixed redox-active systems containing ferrocenyl units. A
series of [3]- and [4]-dendralenes has also been developed from this synthetic
methodology. Cyclic voltammetry shows that tri- and tetracationic states can be
achieved with these systems at relatively low potentials.

The potential for vinyl-TTF compounds to undergo [4+2] cycloaddition has
been investigated for the first time. The peripheral C=C unit of TTF, together with the
adjacent vinylic substituent, is able to act as the diene functionality in Diels-Alder
reactions. Remarkably, the mt-delocalisation within the TTF moieties is readily disrupted
by the addition of strong dienophiles.

The reactivity of lithiated TTF towards aldehydes and ketones has established
an array of hydroxy-functionalised TTF, bis-TTF and TTF-ferrocene derivatives. The
conducting and magnetic properties of the chloranil charge transfer salt of one of these
species is also reported.
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CHAPTER 1

INTRODUCTION

1.1 ORGANIC METALS

1.1.1 INTRODUCTION

The possibility for organic materials to exhibit conductivity was first suggested
towards the beginning of this century. 1.2 Supported by the ability to produce an infinite
number of suitable candidates, organic metals are arguably more versatile than their
inorganic counterparts. Due to the nature of organic chemistry, such compounds can be
modified via molecular fine tuning to yield materials with a range of conductivity
values; there is also the possibility of incorporating other components into the molecule
to provide, for example, optical or magnetic properties. However, the majority of
organic compounds are insulators, and inorganic species massively dominate the field
of higher temperature superconducting materials.

Much of the recent work has revolved around different groups of organic
conductors: those based upon charge-transfer complexes, conjugated polymers,
graphite and its related compounds, as well as organometallic species. This thesis is
concerned with the synthesis of new electron donors for the purpose of forming
charge-transfer salts (CT salts).

1.1.2 HISTORICAL BACKGR

The first organic conducting material (G = ca.lScm'l), an unstable perylene-
bromine salt, was reported in 1954 by Japanese workers.3 Previously, in 1911,
superconductivity was first recognised in the metal mercury;4 in the same year it was
predicted that metallic behaviour in a material composed of non-metallic elements could
be a possibility.1 It was thus 62 years later that the prospect of a 'synthetic metal'
became reality, when Ferraris and co-workers? reported that the CT salt of

tetrathiafulvalene (TTF) 1 and tetracyano-p-quinodimethane (TCNQ) 2 - TTF' -
1

TCNQ " showed a room temperature conductivity value of 500 Scm”















conductance band (Figure 1.4c). This process occurs with semi-conducting materials
(e.g. Si, Eg=1.1eV).

With other species, Eg is too large for the efficient movement of electrons, and
this gives rise to insulators (e.g. diamond, NaCl, Eg>4eV) (Figure 1.4d).

The effect of temperature is an important factor for these materials. In the case
of metals, as temperature decreases, crystallinity increases with a reduction in lattice
vibrations. This results in more efficient intermolecular overlap, and conductivity will
increase.

With semi-conductors and insulators, increasing the temperature induces a
Boltzmann-type factor:

noe-ES/KT

where n is the number of charge carriers, and these will increase if Eg is not
greater than kT. Subsequently, in this case conductivity increases with temperature due
to thermal excitation.

1.1 NDUCTION IN MOLECULAR SOLIDS AND THE BASIS OF
PER DUCTIVITY

If a large number of atoms or molecules congregate to form a polymeric chain
or crystalline solid, whose atomic or molecular orbitals provide sufficient interaction or
mixing, then an energy gap may form.

For a simple electron rich ncutral species, e.g. ethylene, the resulting band gap
between HOMO and LUMO will decrease as more molecules interact (Figure 1.5).

In an ideal situation where an infinite number of molecules actively participate in
molecular orbital overlap, the resulting band gap may be small enough to give rise to a
semi-conducting or semi-metallic state.

Conducting CT complexes can be either single-chain conductors (where the
anion is a closed-shell species, e.g. CI', PFg"), or two-chain conductors (e.g. TTF' -
TCNQ"). In each case, however, the complex contains stacks of open-shell radical
moieties, which form partially filled bands capable of one-dimensional (anisotropic)
conductivity. Up to this point band theory can be used to explain adequately the
behaviour of conducting materials. The question remains, however, as to how a
'metallic’ species can transgress to a superconducting state.









1.1.7 TOWARDS THE IDEAL ORGANIC METAL

The key features of highly conducting organic CT materials have been briefly
discussed. A more detailed account of the design constraints for organic metals and
superconductors has been provided by Cowan16. In summary, the guidelines for
obtaining successful conducting CT salts are as follows:

1. Stable open-shell free radical components which form partially filled bands.
Alternatively, orbital overlap between neutral molecular species should be sufficient to

give increased bandwidths with a substantially reduced HOMO-LUMO energy gap.

2. Planar molecules with delocalised n-molecular orbitals to aid effective overlap, and

hence band formation.

3. Inhomogeneous charge and spin distribution to compensate for the repulsion of like
charged species in any one stack.

4. Segregated stacks of radical species, since alternating donor-acceptor stacks will
contain filled HOMO and empty LUMO bands with large energy gaps.

S. An aversion to Peierls distortion.

6. Little or no disorder in the structure which would otherwise lead to localised wave
functions.

7. Donor and acceptor molecules of the same size. It is postulated that this, as well as
other factors, contribute to the successful growth of well ordered single crystals of the
complex. (N.B. There are several exceptions to this guideline).

8. Fractional charge transfer which can minimise Coulombic repulsion.

9. Strong interchain coupling to suppress the formation of a CDW.

10. A divalent cation and/or anion giving highly polarizable components, also helps to
reduce Coulombic repulsion.



1.1.8 _CONDUCTING CT MATERIALS BASED UPON
HAL ENATED FULVALENES AS II-D R

Since its first synthesis in 1970, TTF has initiated the birth of many analogous
n-donor molecules. Although not in chronological order, a brief overview of these

systems is presented, with respect to increasing complexity of the structures.

1.1.8.1 ANALOGOUS 'CORE-TTF' DONORS

The substitution of sulfur by other chalcogens has been successfully achieved.
Although the syntheses of both tetraselenafulvalene (TSF, 4)17 and tetratelluraful valene
(TTeF, 5)18 are more chemically demanding than for TTF, the resulting fulvalenes
exhibit higher conductivity values on complexation with TCNQ. Indeed, room
temperature conductivity values for the TCNQ complexes are 700-800 Scm'1 for TSF,
and 2200 Scm! for TTeF (c.f. Grg = 500 Scm™! for TTF-TCNQ). The gain in
conductivity has been attributed to an enhancement in intrastack n-interactions within
the donor regions. This in turn is facilitated by the increasingly diffuse p and d orbitals
of the selenium and tellurium atoms, leading to improved n-delocalisation throughout
the molecule.

R _x xR
=X
RT X X7 g
4TSF,X =Se,R=H
S5TTeF,X=Te,R=H

6 TMTTF, X =S,R =Me
7 TMTSF, X = Se, R =Me

Extending the o—bond framework of these donors with methyl groups has
provided the compounds tetramethyl-TTF (TMTTF, 6),19 and tetramethyl-TSF
(TMTSE, 7).%° Tetramethyl-TTeF is still unknown.

Although molecule 6 gave the first example of metallic behaviour with
acceptors21 (tetrahalo-p-benzoquinones) other than TCNQ, the salts of donor 7
aroused more interest in the field of organic conducting materials. By varying the
anion, salts of the general formula (TMTSF),X were formed (e.g. where X = PF,,
AsFg, FSO;, ReO,, and ClIO, ), known as the Bechgaard salts.
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T MPLEX DUCTIVITY | PRE RE | REFERENCE
(BEDT-TTF)2ClO4 Metallic conductivity |  ---—-- 30
(1,1,2-trichloroethane)g s 298-1.4K
B-BEDT-TTF),l;3 Tc 1.4K Ambient 31
Tc 8K Anisotropic 32
(BEDT-TTF)lReO4 Tc 1.4K 4kbar 33
(BEDT-TTF)7IBry T¢ 2.6K Ambient 34
K-(BEDT-TTF)2Cu(SCN)2 Tc 104K Ambient 35
x-(BEDT-TTF),- T¢ 11.6K Ambient 36
Cu[N(CN)2]Br
k-(BEDT-TTF);- T¢ 12.5K 0.3kbar 37
Cu[N(CN)2]ClI
(BEDO-TTF)2 413 Organic Metal Ambient 38
Or = 100-280Scm-1
(BEDO-TTF)3Cu2(NCS)3 Tc 12.5K Ambient 39

Table 1.1: Conductivity values of sample BEDT-TTF - type complexes, where T is the
critical temperature at which the material undergoes the transition into a
superconducting state.

In the case of (BEDT-TTF),ClO,(1,1,2-trichloroethane), s metallic conductivity
is retained over a large temperature range; by tailoring the anion of the CT salts, the
onset of superconductivity is observed over the range 1.4-12.5K, both at elevated and
ambient pressures.

Substitution of two of the peripheral sulphur atoms with oxygen afforded the
new donor BEDO-TTF 12. The subsequent CT complex (BEDO-TTF),Cu,(NCS),,
although inferior to the BEDT-TTF salts, became the first superconductor in this class
to contain oxygen.
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Figure 1.7: X-ray crystal structure of k-(BEDT-TTF),Cu|N(CN),]Br

Figurc 1.7(a) shows the formation of orthogonal BEDT-TTF dimers (k-
packing), with close intermolecular S---S contacts shorter than 3.60A. Forming a
highly ordered conducting three-dimensional S---S network, the material is able to
support superconductivity at higher temperatures than scen previously. Indeed, the salt
(BEDT-TTF),l, forms four dilfcrent types of stoichciomcetric phascs - termed o, f3, 6,

and x - of which the latter threc are superconducmrs.3l’43 The anions of thesc salts

15



also play an important role. As seen in Figure 1.7(b), insulating linear V-shaped
polymeric chains result with the anion; it has been suggested that increasing anion
length is responsible for the increase in T, of the BEDT-TTF salts.44 This can clearly
be seen on inspection of Table 1.1.

In summary, organic-based superconductors can now be synthesised without
relying upon the formation of segregated donor/acceptor stacks. More recently, it has
become a major challenge to produce further 3, 6, or x—type CT salts.

Other k—type dimer structures include (BMDT-TTF),Au(CN),,*> (MDT-
TTF),Aul,,*%*" and (DMET),AuBr,,*® derived from the donors 15, 16, and 17,
respectively. The above species provide evidence that a symmetrical donor is not
necessary for superconductivity. Indeed, both MDT-TTF and DMET provide
superconducting salts, whilst the parent symmetrical donors of the former (TTF and
BMDT-TTF) yield, at best, only metallic CT materials.

S S S S S S S
(ALY =]

15 BMDT-TTF 16 MDT-TTF

S S Se Me
(I=T
S S Se Me
17 DMET

It is worth noting that extending the m-orbital system, by fusing benzo-rings to
the fulvalene framework, does not afford particularly interesting donors.
Dibenzotetrathiafulvalene49 (DBTTF, 18) forms highly conducting CT materials [e.g.
(DB’I'I'F)g(SnCl6)3],5 0,51 but on the whole is a poor comparison to the Bechgaard and
BEDT-TTF salts.
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1.1.8.2 THE INTRODUCTION OF SPACER GROUPS BETWEEN THE
1,3-DITHIOLE RING SYSTEMS OF TTF DERIVATIVES

The concept behind the synthesis of vinylogous derivatives of TTF is
minimisation of the intramolecular Coulombic repulsion of the dication state, via
increased separation of the 1,3-dithiole rings.

In 1983, Yoshida et al. prepared the donor molecules ethanediylidene-2,2'-
bis(1,3-dithiole)*> 19, and 1,4-butenediylidene-2,2'-bis(1,3-dithiole)>* 20. The
redox behaviour of these compounds, and the related dibenzo analogues 2155 and
2252, have been elucidated by cyclic voltammetry and can be seen in Table 1.2.

In comparison with TTF 1 and DBTTF 18, donors 19 and 21 display
substantially lower first and second oxidation potentials; the difference between the two
redox waves, E;-E,, is also reduced in the vinylogues. This proves, therefore, that the
insertion of Csp2-derived spacer groups into the central bond of TTF systems,
suppresses Coulombic repulsion and promotes the formation of the dication state at
lower applied potentials.

The incorporation of a second pair of Csp? atoms into the spacer region does
not correlate to a further reduction in redox values, but induces the 1,3-dithiole rings to
act independently of each other. In both cases, a single two-electron oxidation is
observed for molecules 20 and 22 (0.22V and 0.47V, respectively).

Similar results are also seen with donors 23 (independently synthesised by
three different groups),56-38 and 24.58 Although BEDT-TTF 11 forms
superconducting salts, it is a weaker donor than TTF. The vinylogous derivative 23,
however, displays reduced redox potentials comparable to TTF but with a much lower
AE value. The same also applies to molecule 24, which is the first vinylogous donor of
its type to be characterised by X-ray crystallography.58 Donor 24 is essentially planar
with a small amount of puckering at the ethylene bridge. This arrangement is in slight
contrast to the non-planar structure of BEDT-TTF 11 which exhibits a bowing in the
TTF portion of the molecule, and can be seen in Figure 1.9.
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