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Abstract: tetrathiafulvalene (ttf) and its derivatives are very well known as reversible, stable two-electron donors 
and they have found widespread use in the field of organic conductors and superconductors. further, during 
the last decades, developments in synthetic ttf chemistry have enabled the use of ttf and its derivatives as 
versatile building blocks in new fields of materials and supramolecular chemistry. this brief review relates some 
recent advances that have been achieved by combining the redox and conducting properties of ttf with other 
functionalities, such as magnetism or optical properties. a variety of ttf-based ligand systems and their metal 
complexes are presented.
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TTF has become one of the most studied 
heterocyclic systems [4]. Consequently, 
TTF and its derivatives, on account of their 
unique π-donor properties, are successfully 
used as versatile building blocks for charge-
transfer salts, giving rise to a multitude of 
organic conductors and superconductors 
[5].

The key property of the electron-rich 
TTF unit is its ability to act as a unique 
π-electron donor. TTF can be sequentially 
and reversibly oxidized to the thermody-
namically stable radical cation TTF•+ and 
dication TTF2+. The contribution from 
6π-electron heteroaromaticity in the 1,3-
dithiolium cations explains the relatively 
low oxidation potentials and stability of the 
oxidized states (Fig. 1) [6].

In the solid state, TTF derivatives read-
ily form highly ordered stacks or two-
 dimensional sheets, which are stabilized by 
intermolecular π–π interactions and non-
bonded chalcogen–chalcogen interactions. 
These short contacts allow by means of 
chalcogen π-orbital overlap the formation 
of a band structure. Consequently, partial 

oxidation of the TTF species in the stacks 
generates, due to the partially filled conduc-
tion band, the charge carriers for the con-
ducting properties. As a result, conducting 
charge-transfer salts are composed of ar-
rays of donor and acceptor species, one or 
both of which must be a radical ion. As a 
case in point for a TTF derivative, Fig. 2 il-
lustrates a superconducting charge-transfer 
system which exhibits a strong network of 
inter-stack, as well as intra-stack selenium–
selenium interactions [7]. 

Progress in synthetic TTF chemistry 
[4][5] has enabled the preparation of elabo-
rate molecular architectures and, in recent 
years, TTF has been incorporated into a 
number of molecular and supramolecular 
systems, such as cyclophanes, catenanes, 
rotaxanes, dendrimers, etc. [8]. Especially 
the development of TTF-based ligands for 
the coordination of metal centers has been 
a subject of growing interest. Complexation 
of metal ions to the TTF unit is seen as a 
promising strategy for the construction of 
materials that combine two or more physi-
cal properties, such as electrical conductivi-
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1. Introduction

Heterocycles form by far the largest chemi-
cal class in organic chemistry and are of 
immense importance industrially and bio-
logically. More specifically, organic com-
pounds possessing a high degree of con-
jugation are ideal materials for advanced 
electronic applications in the emerging 
field of molecular electronics [1]. Within 
this context, a prominent prototype of het-
erocyclic compounds is tetrathiafulvalene 
(TTF) and since the discovery of the first 
organic conductor, namely TTFCl in 1972 
[2], and also the metallic behavior in the 
charge-transfer complex TTF-TCNQ (TC-
NQ = tetracyano-p-quinodimethane) [3], 

fig. 1. reversible redox states of ttf: E1/2
1 = 0.34 V, E1/2

2 = 0.73 V vs Ag/AgCl 
in MeCN [6]
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ty, magnetic interactions and photophysics, 
in a synergistic way. The first TTF-based 
ligands and their metal complexes were al-
ready prepared in the 1980s [9]. Since the 
1990s, systems such as redox-switchable 
TTF crown compounds [10], TTF-based 
photo-redox or electrochromic switches 
[11] and single-component molecular con-
ductors [12] have been prepared. Overall, 
a large variety of TTF-based ligands has 
proven to be of particular interest because 
of their multiple coordination abilities to 
different metal ions in combination with 
their unique redox properties (Fig. 3). 

2. TTF-Based Compounds with π-d 
Interactions: Magnetic Molecular 
Conductors

The main idea is to form inorganic/
organic hybrid materials with the aim to 
establish interactions between the mobile 
π-electrons of organic conducting TTF 
layers and localized electron spins of para-
magnetic centers in inorganic layers (Fig. 
4) [14][15]. For this purpose different strat-
egies are explored. For instance, the prepa-
ration of a hybrid material exhibiting both 
conducting bis(ethylenedithio)tetrathiaful-

valene (BEDT-TTF) layers and ferromag-
netic oxalate-based bimetallic layers, has 
been realized [16]. However, in this specific 
case, no substantial π-d interactions could 
be determined.

Therefore, in order to achieve stronger 
π-d interactions, the strategy of direct co-
ordination of magnetic metal ions to TTF-
based ligands has recently been developed 
[13] [17]. Along this line of research, TTF 
complexes with paramagnetic metal ion 
centers are prepared, which are, in a sec-
ond step, chemically or electrochemically 
oxidized. In the case of partial oxidation 
and favorable stacking of the TTF metal 
complexes, a material with strong π-d-in-
teractions (Jπ-d) between the mobile π-elec-
tron carriers of the conduction band and the 
electron spins of the metal ion centers is ex-
pected to be formed.

In our research group we are following 
a synthetic strategy to link paramagnetic 
and/or photoactive transition metal ions 
directly to the skeleton of TTF units by 
flexible, chelating S- and N-donor binding 
groups, such as sulfanylmethylpyridine or 
-pyrazine groups (Fig. 3c) [18]. Thereby, 
with these tetradentate TTF-ligands, Co(ii), 
Ni(ii), Zn(ii) and Ru(ii) complexes have 
been prepared [13][19] and, e.g. in the case 
of a Ni(ii) complex, a chemical oxidation by 
iodine has successfully been achieved [20]. 
As a result, a µ-dichloro bridged dinuclear 
Ni(ii) complex emerged which bears four 
spin centers, namely two with electron spin 
values of S = 1 from the Ni(ii) ions and two 
with S = ½ from the TTF•+ radicals (Fig. 
5a). A detailed analysis revealed that the 
magnetic exchange coupling between the 
two Ni(ii) ions is of ferromagnetic nature, 
whereas the TTF•+ radicals exhibit a weak 
antiferromagnetic interaction towards the 
central core. However, due to steric reasons, 
this actual molecular geometry is not yet op-
timal for reasonable conducting properties. 
Additionally, it is worth mentioning that the 
oxidation of this functionalized ligand sys-
tem with Cu(ClO4)2 produces a formerly 
unknown 3,3’-bithiazolo[3,4-a]pyridinium 
ring system (Fig. 5b) [21]. This observation 
illustrates that specifically functionalized 
TTFs can also open access to new synthetic 
reaction pathways.

3. Perspectives: Merging 
TTF and Phthalocyanine or 
Hexaazatriphenylene Chemistry

To trace some recent developments in 
TTF chemistry, we want to emphasize that 
there is keen interest in the synthesis and 
study of supramolecular systems involv-
ing the covalent linkage of TTFs to por-
phyrins [22a], calix[4]pyrroles [22b] and 
calix[4]arenes [22c] etc. Such ensembles 
are mainly investigated for their multi-

fig. 2. layered structure of (tmtsf)2
+• pf6

– which is a superconductor under pressure (tmtsf = 
tetramethyltetraselenafulvalene). the overlap of the selenium π-orbitals along the stacks forms a 
conduction band with a width of ca. 1eV [7].

fig. 3. a) pb2+ complex of a bis(pyrrolo)-ttf crown compound [10b]; b) photo-redox switch 
based on [ru(ttf-π-bipy)(bipy)2]2+ [11]; c) chelating ttf-based ligand with directly coordinated 
paramagnetic ni(ii) ion [13]; d) single-component molecular metal, composed of [ni(tmdt)2] (tmdt = 
trimethylenetetrathiafulvalenedithiolate) [12] 
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electron redox activities and photophysi-
cal properties. Similarly, to give a further 
example about the investigation of new 
structural modifications of such entities, a 
self-assembling ability has been demon-
strated in the case of tetrakis(tetrathiaful-
valene-crown-ether)-substituted metal-free 
and copper phthalocyanines, whereby mi-
crometer-long and nanometer-wide helical 
tapes could be prepared [23]. Other notable 
examples concern the synthesis of model 
systems to study charge-recombination dy-
namics, for instance in TTF-C60 dyads [24]. 
In the context of these new developments, a 
clear-cut case achieved in our laboratory is 
shown by the direct annulation of four TTF 
units to a phthalocyanine core [25]. Fig. 6a 
shows the novel redox-active, fused donor–
acceptor molecule which exhibits in the 
cyclic voltammogram two reversible four-
electron oxidation waves and one reversible 
one-electron reduction wave, corresponding 
to the oxidation of four TTF units (HOMO) 
and the reduction of the phthalocyanine 
core (LUMO), respectively. Interestingly, 
a very efficient fluorescence switching by 
oxidation of the non-fluorescent neutral 
molecule to the fluorescent tetracation is 
observed; the emission is quenched in the 
neutral state due to the charge-transfer state 
characterized by one TTF unit oxidized to 
TTF•+ and the Pc unit reduced to Pc•- (Fig. 
6b). 

Another striking example concerns the 
annulation of three TTF units to a hexaaza-
triphenylene (HAT) core [26]. Fig. 7 shows 
this planar π-conjugated heteroaromatic 
molecule which combines an electron-de-
ficient π-system as an acceptor unit with 
three TTF donor units; thereby, an extend-
ed redox-active donor–acceptor system 
with intriguing molecular tri-star geometry 
emerges. 

Note that this compound bears addi-
tionally three chelating coordination sites 
for binding metal ions. This specific topol-
ogy of the coordination sites renders HAT 

fig. 4. strategy for the construction of multifunctional materials combining 
conducting properties of ttf-based ligands and magnetic properties of 
paramagnetic metal ion centers

fig. 5. a) magnetic exchange interactions between ni(ii) ions and radical ttf•+ ligands in a µ-dichloro 
bridged dinuclear ni(ii) complex [20]; b) formation of a 3,3’-bithiazolo[3,4-a]pyridinium ring system 
by cu(ii) oxidation of a ttf-ligand [21]

T[K]

fig. 6. a) the redox-active ttf-annulated mpc [25]; b) excitation and emission spectra of the oxidized 
form mpc-(ttf•+)4 in thf; the emission is totally quenched for the neutral form mpc-(ttf)4 [25a,b]

λ[nm]

fig. 7. the redox-active ttf annulated hat 
molecule bearing three chelating metal ion 
binding sites [26]
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an especially interesting building block for 
creating self-assembled extended coordina-
tion frameworks.

Finally, in Fig. 8, another recent result 
of our synthetic efforts is shown with the 
planar TTF-fused dipyridophenazine mol-
ecule [27]. In view of the concept described 
above (see Fig. 4), this donor–acceptor 
molecule represents an ideal candidate for 
realizing a new class of inorganic/organic 
hybrid materials.

4. Conclusions

Since the synthesis of the radical cat-
ion bis-1,3-dithiolium, TTF•+, in 1970, and 
the use of the singular ‘electron rich’ olefin 
tetrathiafulvalene to form charge-transfer 
complexes, TTF has remained the most 
studied heterocyclic system. Much creative 
effort is still ongoing today and a recent re-
view of this research field [28] highlights 
the progress of these disciplines at the or-
ganic – inorganic – materials and physics 
interface. Expectations are also high in the 
search for new supramolecular ensembles 
which incorporate the redox-active TTF as 
donor part for multifunctional molecular 
materials.
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