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The preparation, X-ray crystal structure, EPR data, and magnetic
measurement of [CuII(hfac)2(TTF-py)2](PF6)‚2CH2Cl2, a novel mate-
rial where the conducting and the localized spin systems are
covalently linked through conjugated bridges, are reported. The
partial oxidation of the TTF-type organic donor ligand yielded the
first radical cation salt of a paramagnetic transition metal complex.
Moreover, this compound shows a mixed valence state at the
unimolecular level, and additionally, the arrangement of the
molecules in the crystal structure revealed the presence of isolated
mixed valence TTF dimers.

Charge transfer salts of organochalcogenide electron
donors have been subject of intense investigations and led
to synthesis and physical characterization of a large number
of materials with unusual electrical and magnetic properties.1

In light of both applications to devices and fundamental
science, recent interests are devoted to multifunctional
molecular materials. In particular, materials based on the
synergy between electrical conductivity and magnetic inter-
actions are currently a subject of extensive studies in order
to design long-range magnetic coupling between localized
spins through the mobile electrons of the conducting
networks (π-electrons).2-11 Up to now, works have been
concerned mostly with salts composed of organic radical ions

containing mobile electrons and counterions having localized
spins. Then, in these salts, the interaction could occur only
through space, and therefore, it should be weak. We are
investigating materials where the conducting and magnetic
systems are covalently linked through a delocalized bridge
which might enable magnetic exchange interactions between
the localized spins and the mobile electrons. We reported
recently new molecular building blocks, namely M(hfac)2-
(TTF-py)2 (M ) CuII, MnII; hfac ) hexafluoroacetylaceto-
nate; TTF-py) 4-(2-tetrathia-fulvalenyl-ethenyl)pyridine)
where the ligand TTF-py is coordinated to a paramagnetic
transition metal.10,11 Now we passed a new and very
important step in the realization of theπ-d system by the
synthesis and characterization of the first radical cation salt
of these coordination complexes. We report here the syn-
thesis, X-ray crystal structure, and magnetic properties of
[CuII(hfac)2(TTF-py)2][PF6].

The X-ray data were collected at 120 K from a single
crystal.12 The asymmetric unit contains one [CuII(hfac)2(TTF-
py)2]•+ radical cation and one [PF6]- anion both in special
positions, (0,0,0) and (0,0,1/2), respectively, as well as one
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dichloromethane solvent molecule in general position. As
usually observed for hfac ligand and PF6 anion, large thermal
coefficients together with residual peaks are found for the
fluorine atoms suggesting high thermal motion and/or
positional disorder for these atoms. In the molecular structure
(Figure 1), the Cu atom is in a distorted octahedral coordina-
tion. It is bonded in the equatorial plane to two bidentate
hfac anions through their oxygen atoms.

Two hfac anions are crystallographically equivalent, and
Cu-O bond lengths are 1.999(4) and 2.290(5) Å, for Cu-
O1 and Cu-O2, respectively. The TTF-py ligands occupy
the apical positions and aretrans to each other and bonded
to the metal atom through the nitrogen atoms of the pyridyl
ring with Cu-N bond length of 2.016(5) Å. The bond lengths
around the Cu atom are very close to those found in the
neutral complex; the central C-C bond length value of the
TTF-py moiety (1.369(8) Å) which is more sensitive to
oxidation is slightly larger than that found in the neutral
complex (1.317(10) Å).10 From the stoichiometry, the
following charge distribution might be deduced as [Cu2+-
(hfac)22-(TTF-py)2•+][PF6]- giving rise to mixed valence
state in the unimolecular [Cu2+(hfac)22-(TTF-py)2•+] radical
unit. In the crystal structure (Figure 2a), the TTF units form
dimers separated by the PF6 anions. The isolated dimers are
of course in the mixed valence state.

The shortest intradimer S‚‚‚S contact S1-S4 ) 3.593(3)
Å is in the van der Waals range. The TTF dimers and metal
centers are connected by the delocalized pyridine bridge
giving rise to linear chains parallel to the [1, 1,-1] direction.

EPR spectra were recorded down to 4 K with a JEOL JES-
TE200 X-band ESR spectrometer equipped with a JEOL ES-
CT470 cryostat. At 4 K, the EPR spectrum of powdered
[Cu(hfac)2(TTF-py)2][PF6]‚2CH2Cl2 shows signals with aniso-
topic g-values (g| ) 2.324 andg⊥ ∼ 2.0, Figure 3) typical
of a tetragonally elongated octahedral geometry.13 It is thus
evident that the orbital ground state is the (dx2-y2)1 orbital
singlet and the d-spin interacts weakly with the two TTF-py

moieties on thez-axis through the spin-orbit coupling.
Hyperfine structure (coupling constantA| ) 134 × 10-4

cm-1) owing to coupling with the copper nuclear spinI )
3/2 splits the resonance into four signals. Signal confirming
TTF-py•+ spins which clearly appear atg ) 2.00814 in the
10-3 M acetonitrile solution is hardly observable for the
powdered sample. TheA| andg| values remain invariant up
to 70 K, where they then begin to reduce more rapidly on
increasing temperature, and attain toA| ) 94.3× 10-4 cm-1
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Figure 1. Molecular structure of [CuII(hfac)2(TTF-py)2][PF6]‚2CH2Cl2 with
labeling scheme.

Figure 2. (a) Structure of the title compound, showing alternate organic/
inorganic structure with the PF6 anions incorporated in TTF layer; solvent
molecules are omitted for clarity. (b) Projection in theab plane showing
the separation of the TTF dimers by the PF6 anions.

Figure 3. EPR spectra of powdered [Cu(hfac)2(TTF-py)2][PF6]‚2CH2Cl2
at typical temperatures.
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and g| ) 2.265 at 100 K. Along with the nearly isotropic
spectrum with ag-value of about 2.15 at room temperature,
these features are attributed to the dynamic Jahn-Teller
distortion13 above 70 K.

A Quantum Design MPMS-XL SQUID magnetometer was
used to collect static susceptibility data. Between 1.9 and
300 K, the magnetic susceptibilityø of [Cu(hfac)2(TTF-py)2]-
[PF6]‚2CH2Cl2 can be fitted by the Curie-Weiss expression,
ø ∝ (T - θ)-1, with Weiss temperatureθ ) -3.8 K. The
room-temperature effective momentµeff is 1.84(3)µB, which
is much less than the value of 2.45µB expected from an
uncorrelated twoS) 1/2 spins composed of CuII and (TTF-
py)2•+ spins. The observedµeff value also exceeds the value
of 1.73µB expected for an independentg ) 2, S) 1/2 system
and reflects an increasedg value of 2.1 estimated from the
EPR spectrum at low temperatures,g ) (g| + 2g⊥)/3. This
result is essentially identical to what is proposed on the basis
of the solid-state EPR spectra, in which only CuII spins with
S) 1/2 spin were observable. The most probable reason for
the absence of (TTF-py)2

•+ spins is the charge dispropor-
tionation on TTF-py dimers (Figure 4B or C) instead of the
equally charged state (Figure 4A). The electrical conductivity
measured on compressed pellet isσRT ) 10-9 S‚cm-1. UV-
Vis-NIR spectra were measured in KBr pellets (2600-240
nm) on a Shimadzu UV-3100 spectrophotometer. In this case,
the observed low-energy optical absorption band at around
5 × 103 cm-1 is readily assigned to the intramolecular
transition from TTF-py0 to TTF-py•+ 15However, the pro-
posed spin state with two TTF-py dimers in a repeating unit
seems to be in conflict with the structural refinement, which
suggests cystallographically equivalent TTF-py dimers in the
crystal. It is thus probable that the formation of the domain
structures composed of those in Figure 4B,C prevents the
diffraction pattern ascribable to the doubled periodicity.

Further work, particularly on the check on the diffuse spots,
is in progress.

In conclusion, we demonstrated the possibility of partial
oxidation of the TTF-type organic donor ligand yielding the
first radical cation salt of a paramagnetic transition metal
complex. In this novel material, the conducting and the
localized spin systems are covalently linked through conju-
gated bridges. Moreover, this compound presented a mixed
valence state at the unimolecular level, and additionally, the
arrangement of the molecules in the crystal structure revealed
the presence of isolated mixed valence TTF dimers. The
interaction between the spin of the metal and the spin of the
π-radical cation can be tuned using the magnetic orbital
topology by changing the metal and the connecting bridge
as already done for metal complexes containing nitronyl
nitroxide radical, for example.16 This compound is not
conducting, but it clearly opens the way for the synthesis of
new compounds by using other pyridine substituted TTF
derivatives as ligands,17 and also by changing the transition
metal and the counteranion, and crystal engineering. Without
doubt, conducting and magneticπ-d systems and other
properties might be achieved in the near feature using this
kind of coordination complex.

The solvents were distilled before use, and the starting
reagents were used as received. TTF-py18 was synthesized
as described in the literature. The monosubstituted Cu(hfac)2-
(TTF-py) was synthesized in the same way as the bis-
substituted analogue10 using less than 2 equiv of TTF-py
ligand for 1 equivof the Cu(hfac)2‚H2O unit. Black plate
crystals were obtained by galvanostatic (I ) 5µA) oxidation
of Cu(hfac)2(TTF-py) (10 mg) under argon atmosphere, using
(Bu4N)[PF6] (100 mg) in CH2Cl2 (20 mL) as electrolytes.
The stoichiometry of target material was determined from
X-ray crystal structure analysis.

The crystallographic data have been deposited with the
Cambridge Crystallographic Data Center as supplementary
publication CCDC-190472. (Copies of the data can be
obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, U.K. Fax: (+44)1223-336-033.
E-mail: deposit@ccdc.cam.ac.uk.)
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Figure 4. Schematic crystal structure of [Cu(hfac)2(TTF-py)2][PF6]‚2CH2-
Cl2 for the (A) equally charged state and (B, C) charge disproportionated
state. Hfac parts are omitted. A vertical arrow indicates an unpaired spin
for a TTF-py part.
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