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Spectroscopic and Electrical Properties of Oxidized Tris(dmit)vanadium Anion
Complexes (dmit = 4,5-dimercapto-1,3-dithiole-2-thionate)
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Abstract

Several oxidized tris(dmit)vanadium anion com-
plexes (dmit?>” =the 4,5-dimercapto-1,3-dithiole-2-
thionate anion) were prepared; [FeCp,][V(dmit);]
(Cp~ =the cyclopentadienyl anion), [Fe(MeCp),]-
[V(dmit);] (MeCp™ =the methylcyclopentadienyl
anion), [Fe(MesCp),][V(dmit);] (MesCp™ = the
pentamethylcyclopentadienyl  anion),  [NiCp,]-
[V(dmit)s], Fe(V(dmit);},-3H,0, and Co(V-
(dmit);]+-3H,0. They behave as semiconductors with
electrical conductivities of 1 X1077 to 1 X10™*
S cm™ measured for compacted pellets at 25 °C.
On the basis of powder electronic reflectance, IR,
ESR, and X-ay photoelectron spectra, electronic
states of the complexes and interactions among the
anion moieties are discussed.

Introduction

Planar metal complexes with the 4,5-dimercapto-
1,3-dithiole-2-thionate ligand (dmit; A), [M-
(dmit);]" complexes (M =Ni, Pd, and Pt; n <1),
have attracted much attention owing to their high
electrical conductivities [1--5]; [TTF][Ni(dmit),],
(TTF = tetrathiafulvalene) [3], [NMeg4][Ni(dmit),],
[4] and [TTF][Pd(dmit),}, [5] were reported to
become superconductors at low temperatures. Two-
or three-dimensional molecular interactions through
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sulfur atoms are considered to be most important for
metallic and superconducting properties of these
dmit—metal complexes and of charge transfer com-
pounds of sulfur-rich organic donors [1, 6]. From the
view that cubic tris(dmit)metallate anion complexes
are also expected to behave as new conductors upon
oxidation through multi-dimensional dmit—dmit
interactions in the solid state, we have recently
reported preparations and properties of some tris-
(dmit)vanadium anion complexes [7].

This paper reports preparations of oxidized
V(dmit); complexes with several cations as well as
their electrical properties and discusses their elec-
tronic states on the basis of powder electronic reflec-
tance, IR, ESR, and X-ray photoelectron spectra.

Experimental

Materials

FeCp, (Cp™ = the cyclopentadienyl anion), NiCp,,
Fe(MeCp), (MeCp™ =the methylcyclopentadienyl
anion), Fe(MesCp), (MesCp™ =the pentamethyl-
cyclopentadienyl anion), Fe(ClO4)3'9H,0, Co-
(C104),*6H,0 and Cu(ClO4),*6H,0 were commer-
cially available. 4,5-Bis(benzoylthio)-1,3-dithiole-2-
thione [8], [NBu®;]:[Zn(dmit),] [5], [NBu"].-
[V(dmit);] [7] and [NiCp,][PF¢] [9] were prepared
according to the literature methods.

[FeCp,][PF¢] was prepared by reaction of FeCp,
with a concentrated aqueous nitric acid solution,
followed by addition of an aqueous solution of
[NH,] [PF¢]. [Fe(MeCp),][PF¢] and [Fe(MesCp),]-
[PF¢] were also prepared by a similar procedure.

Preparation of [M][ V(dmit);] ([M]*=[FeCp,]*
(1), [Fe(MeCp),]* (2), [Fe(MesCp),]* (3) and
[NiCp,]* (4))

All the procedures for preparation of the following
complexes were performed under nitrogen atmo-
sphere.
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An acetonitrile (4 cm®) solution of [FeCp,] [PFs]
(13 mg, 40 umol) was added to an acetonitrile (10
cm®) solution of [NBu®4];[V(dmit)s] (14 mg, 12
umol) with stirring to give a green precipitate of 1.
The product was collected by centrifugation, washed
with acetonitrile and dried in vacuo (50% yield).
Anal. Calc. for C,gH oFeS,sV: C, 27.63; H, 1.22,
Found: C, 28.07; H, 1.59%. By a similar procedure,
reactions of [NBu"4],[V(dmit);] with [Fe(MeCp),]-
[PF¢], [Fe(MesCp).][PFs] or  [NiCp.][PFs]
afforded dark green microcrystals of 2 (24% yield), 3
(30% yield) and 4 (31% yield), respectively. 4nal. 2,
Calc. for C,H 4FeS,sV: C, 29.53; H, 1.66. Found:
C, 29.76; H, 1.81%. 3, Calc. for CygH30FeS5V: C,
36.04; H, 3.14. Found: C, 35.49; H, 3.09%. 4, Calc.
for ClngoNislsv: C, 27.53, H, 1.22. Found: C,
27.31;H, 1.49%.

Preparation of Fe[ V(dmit)s;] ,»3H,0 (5) and
Co[ V(dmit);]-3H,0 (6)

An acetonitrile (4 cm®) solution of Fe(ClO,)s:
9H,0 (21 mg, 41 umol) was added to an acetonitrile
(10 cm?) solution of [NBu®,],[V(dmit);] (17 mg,
15 wpmol) with stirring to afford dark green micro-
crystals of 5. The product was collected by centrifu-
gation, washed with acetonitrile and dried in vacuo
(47% yield). Anal. Calc. for C;gHgFeO3S30V,: C,
15.56; H,0.44. Found: C, 15.30; H, 0.49%.

By a similar procedure, complex 6 was obtained
by the reaction of [NBu";],[V(dmit);] with Co-
(Cl04),°6H,0 (13% yield). Anal. Calc. for CoHg-
Co03S,5V: C, 14.36; H, 0.80. Found: C, 14.09; H,
0.78%.

The presence of metals in these complexes was
confirmed by X-ray fluorescence analysis. The
presence of water in complexes 5§ and 6 was con-
firmed by 'H NMR spectra.

Physical Measurements

Electrical conductivities were measured for com-
pacted pellets in the —30 to +25 °C range by the
conventional two-probe method [10]. Electronic
absorption, powder electronic reflectance [10], IR,
ESR [11], and X-ray photoelectron spectra (XPS)
[11,12] were recorded as described elsewhere.

Results and Discussion

Spectroscopic Properties of Oxidized
Tris(dmit Jvanadium Anion Complexes
[NBu”].[V(dmit);] is stably oxidized by one-
electron at a low potential (£;,,°=0.15 V versus
SCE) in electrolysis, as is illustrated in its cyclic
voltammogram in acetonitrile and the absorption
spectral changes under electrolysis [7]. Figure 1
shows the absorption spectra of [NBu®;],[V(dmit);]
on addition of [FeCp,] [PF¢] with various concentra-
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Fig. 1. Electronic absorption spectra of [NBu®4],[V(dmit);]
(6.67 X 1075 mol dm™3) in acetonitrile in the presence of
[FeCpz][PFg]: (@) 0, (b) 0.77 x 1075, (c) 2.30 x 1075, (d)
3.78 X 1075, (e) 4.59 X 1075, (f) 7.56 X 10~° mol dm™3.

tions in acetonitrile. The spectral change is essentially
the same as that in the potential-controlled elec-
trolysis; the intense band at 500 nm decays on
addition of the [FeCp,}* ion, a band concomitantly
occurring at 390 nm [7]. This finding indicates the
formation of the one-electron oxidized species,
[V(dmit)3] ™, in solution, through oxidation by the
ferrocenium  cation (FeCp,/[FeCp,}*, E;.°=
0.328 V versus SCE) [13]. Addition of Fe** or Co?*
ion to an acetonitrile solution of [NBu%},[V-
(dmit);] has caused the same spectral change as the
above system. Reactions of [NBu";],[V(dmit);]
with several oxidizing compounds have given the
stable oxidized V(dmit); complexes 1-6.

The valence state of the vanadium atom of the
complexes can be deduced from binding energies of
vanadium 2p electrons determined by XPS, which
are summarized in Table 1. Binding energies of 2p
electrons of 14 are very close to that of [NBu",],-
[V(dmit);], indicating that these complexes are
essentially in the vanadium(IV) valence state, dmit-
centered oxidation occurring. However, complexes 5
and 6 exhibit somewhat large binding energies com-

TABLE 1. Binding energies of V 2p electrons determined
from XPS and »(C=C) stretching frequencies of the dmit
ligand of the complexes

Complex Binding energy v(C=C) (cm™}
of V 2p3,2
electrons (eV)

[NBuP4|,[V(dmit);]  523.3 1440

1 5234 1340

2 5237 1330

3 5234 1350

4 5234 1250

5 523.9 1280

6 524.1 1250
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TABLE 2. Binding energies (eV) of metal 2p electrons
determined from XPS

Complex Fe 2pa3/a Ni 2p3/2 Co 2p3/2
1 710.2

{FeCp,][PF¢] 711.5

FeCp, 709.3

2 711.0

[Fe(MeCp), ] [PF¢] 711.5

Fe(MeCp), 709.4

3 709 .4

[Fe(MesCp),][PFg] 709.3

Fe(MesCp)» 707.8

4 855.6
[NiCp2][PF¢] 856.9

NiCp, 855.5

5 711.9

FeSO4 711.5

Fez(SO4)3 714.0

6 780.3
CoCl,+6H,0 782.4
Co metal 779.0

pared with the other complexes, suggesting some
oxidation of the vanddium atom through metal-to-
ligand electron transfer. Table 2 lists binding energies
of metal 2p electrons of complexes 1—-6 together
with those of metal jons, metallocenes and metallo-
cenjum salts. On the basis of these binding energies,
complexes 5 and 6 are suggested to contain Fe(II)
and Co(l) ions together with the [V(dmit);]™ anion,
respectively. In complex 2 the binding energy of
Fe 2p electrons is close to that of the [Fe(MeCp),]*
cation and the corresponding binding energy of 3 is
essentially the same as that of the [Fe(MesCp).]*
cation. On the other hand, the binding energy of 2p
electrons of complex 1 falls between those of FeCp,
and the [FeCp,]* cation, suggesting some charge
transfer from the [V(dmit);]” moiety to the
[FeCp,]* cation through an anion—cation interaction
in the solid state. In complex 4 the binding energy of
Ni 2p electrons is greatly lowered compared with that
of the [NiCp,]* cation. This finding suggests a nega-
tive charge transfer from the [V(dmit);]™ moiety to
the [NiCp,]* cation. In accordance with this, further
oxidation of the dmit ligand of the [V(dmit);]™
moiety is observed, as described below.

The oxidation state of the dmit ligand of dmit—
metal complexes can be deduced from the C=C
stretching frequency in IR spectra, as reported
previously [14]. [NBu"4];[V(dmit);] exhibits a
N C=C) stretching band at 1440 cm™, whereas 1—3
give a strong band at 1330-1350 cm™ (see Table 1).
Lowering of the »(C=C) stretching frequencies by
¢. 100 cm™* corresponds to one-electron oxidation
of the [V(dmit);]?>  anion. On the other hand, com-
plexes 4—6 exhibit bands near 1250 cm™, suggesting

-
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Fig. 2. Powder ESR spectra of [NBu®4],{V(dmit)3} (—),
[NiCp,][V(dmit)3] (4) (---), and Fe[V(dmit);], 3H,0
(5) (- - - -) measured at room temperature.

that these complexes contain further oxidized dmit
moieties.

[NBu™;],[V(dmit);] shows a broad powder ESR
signal due to the typical vanadium(IV) species, as
illustrated in Fig. 2. The oxidized complexes 1-3
exhibit no obvious ESR signals. Although the
vanadium atoms of these complexes are considered to
be essentially in a vanadium(IV) state on the basis of
binding energies of vanadium 2p electrons, the un-
paired electrons on the oxidized dmit ligand are
coupled with an electron on the vanadium atom to
afford no appreciable signal. Moreover, no detectable
ESR signals of [FeCp,]*, [Fe(MeCp);]* and [Fe-
(MesCp),]* cations have been measured, as it was
reported to be difficult to detect signals of these
cations [15]. In complexes 4—6 in which the dmit
moieties are further oxidized, intense ESR signals are
observed. They are ascribed to the signals due to the
vanadium(IV) species (see Fig. 2).

Figure 3 shows the powder reflectance spectra of
complexes 1 and 4, together with that of [NBu",].-
[V(dmit);]. The spectrum of [NBu®];[V(dmit);]
displays bands which correspond to those measured
in solution [7]. However, 1 exhibits a broad band
near 800 nm. This seems to indicate a molecular
interaction among [V(dmit);]” anion moieties. In
the spectrum of complex 4, a broad band appears at
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Fig. 3. Powder electronic reflectance spectra of [NBu™4],-
[V(dmit)3] (—), [FeCp;][V@mit)3] (1) (----), and
[NiCp,][V(dmit)3] (4) (—-—).

TABLE 3. Electrical conductivities (o)

Complex 025 °c (S em™h

45x10710
12 %1075
25%x107®
49 x 1077
47 %107
69 x1073
1.0 x107*

[NBu™4],[V(dmit)3]

N B WN -

900 nm. This is due to more suitable molecular
interaction, as is reflected in its electrical conduc-
tivity. The other oxidized V(dmit); complexes have
exhibited broad bands around 800 nm, indicating
molecular interactions through sulfur—sulfur contacts
as observed for dmit—metal complexes such as
[epy]2[Cu(dmit),]1, o (epy = N-ethylpyridinium)
[16] and [Pt(dmit}bipym)] and [Pt(dmit)-
(bipym)]I, (x=1.6 and 2.7; bipym =22 bipyri-
midine) [17].

Electrical Conductivities

The temperature dependence of the electrical
resistivities of compacted pellets has indicated that
all the complexes behave as typical semiconductors
in the —30 to 25 °C range. Table 3 summarizes the
electrical conductivities at 25 °C. Although [NBu®,],-
[V(dmit);] exhibits a very small conductivity, all the
oxidized complexes exhibit an appreciable increase in
conductivities. The electrical conduction of these
oxidized V(dmit); complexes is likely to occur
through conduction pathways constructed with
sulfur—sulfur contacts of the dmit ligands, as was
reported for the crystal structure of [NMP],-
[V(dmit);] (NMP = N-methylphenazinium) [7].

For complexes 1, 2 and 4 having the metallo-
cenium cations with similar bulkiness, the degree of
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charge transfer from the V(dmit); moieties to the
cations reflects in their conductivities; transfer of
more negative charges causes more suitable inter-
actions among the oxidized V(dmit); moieties
leading to higher electrical conduction. The low con-
ductivity of complex 3 may come from an ineffective
packing of the [V(dmit),]” anions owing to bulky
configuration of the cation.

Oxidized V(dmit); anion complexes with small
cations may exhibit high conductivities, as recently
reported for Ky 4[Ni(dmit),] which is metallic down
to 20 K [18]. Although complexes 5 and 6 contain
Fe?* and Co™ cations, respectively, the cations are
hydrated, the conductivities being limited in 1.0 X
107%and 6.9 X107 Scm ™.
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