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One-step Synthesis of Partially Oxidized Cobalt(III) Phthalocyanine Salts with Axial Ligands

Derrick Etherbert C. Yu,! Hiroyuki Imai,! Mamoru Ushio,! Sayaka Takeda,' Toshio Naito,"> and Tamotsu Inabe*!
' Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810
2Creative Research Initiative “SOUSEI,” Hokkaido University, Sapporo 001-0020

(Received February 13, 2006; CL-060181; E-mail: inabe @sci.hokudai.ac.jp)

The one-pot syntheses of partially oxidized cobalt(IIl)
phthalocyanine salts with axial halides, as well as a shorter route
(single-step) for the axial dicyano counterpart are reported. The
method utilizes an electrolytic reaction, and appears to be
solvent dependent. Overlap integral calculations and electrical
transport measurements indicate axial ligand effects on the
molecular stacking of the cobalt phthalocyanine.

Partially-oxidized cobalt phthalocyanine salts with axial CN
ligands, Co(Pc)(CN),, are known conductors, primarily be-
cause their 77-ligands are oxidized.! This type of M(Pc)L, com-
pound can be a vital component due to the possibility of intro-
ducing different ligands and central metal atoms. This leads to
a variation in the 77— stacking structure of its molecular assem-
blies.> Compared with L = CN compounds, L = X (halides)
compounds have not been studied in detail because the labile na-
ture of halides makes it difficult to prepare the starting com-
plexes. Herein, we present synthetic methodologies to synthesize
new partially oxidized cobalt(IIl) phthalocyanine salts with axial
halides.

A direct reaction to oxidize Co"(Pc) to [Co™(Pc)X,]~ for
X = Cl and Br is not known; therefore, a general method involv-
ing a multi-step synthesis>* has to be utilized to prepare the par-
tially oxidized salts. However, in this study, direct electrolysis of
Co"(Pc) with TPP*X~ (TPP = tetraphenylphosphonium; X =
Cl or Br) has been determined to give the partially oxidized salts
of TPP[Co™(Pc)X;],. Furthermore, electrolysis with TPP*1~ in
certain solvents has been found to give TPP[Co™(Pc)(CN),], in
one-step. The series of crystals obtained are isomorphous, and
their electrical properties are presented.

In our multi-step synthesis, Co™(Pc) was first allowed to
react with thionyl chloride, thus producing the hardly soluble
Co™(Pc)Cl,.> The proceeding step involves reduction of the
Pc ligand as well as axial ligand substitution utilizing potassium
thiocyanide to afford the K[Co'(Pc)(SCN),] salt.* The salt was
then electrooxidized in acetone with TPPTX™ to obtain the par-
tially-oxidized TPP[Co™(Pc)X;]s.

The one-pot synthesis of the partially oxidized TPP-
[Co™(Pc)X, ], salts involves the direct electrochemical reaction
between Co'(Pc) and TPP* X~ (Scheme 1). This method was in-
itiated based on a report of the one-step electrocrystallization
synthesis of the neutral radical Co™(Pc)Cl,.® Thus, we investi-
gated whether this single-step procedure would be applicable
to partially oxidized salts. This method was determined to be ef-
fective; however, more delicate in terms of solvent effects; only
tetrahydrofuran (THF) gave TPP[Co™(Pc)X,],. Alternative or-
ganic solvents (dimethyl formamide, dichloromethane, dimethyl
sulfoxide, acetone, and ethanol) only generated the neutral radi-
cal CoM(Pc)X, crystals.

Interestingly, when propiononitrile was used as the solvent
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Scheme 1. One-step synthesis of TPP[Co™(Pc)L;],.
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under the same single-step reaction conditions, a different prod-
uct was observed. Propiononitrile produced a mixture of cyanide
and halide ligands, TPP[Co™(Pc)(CN/X),],; whereas propiono-
nitrile with TPP*I~ gave TPP[Co™(Pc)(CN),],. Halides can act
as nucleophilic reagents; therefore, the following equilibrium
may be realized during electrolysis, R-CN + X~ = R-X +
CN~. For X = Cl or Br, both X~ and CN™~ can be incorporated
in the products, whereas only the Co™(Pc)(CN), species is
selectively incorporated when I~ is used. This is thought to be
due to the reducing ability of I~, which makes it difficult to sta-
bilize the I~ -coordinated Co™(Pc). This one-step electrocrystal-
lization method for synthesizing Co(Pc)(CN)j; salts is desirable
compared with the conventional multi-step route, which uses
massive amounts of toxic cyanide reagents.

The electrocrystallization process varies depending on the
method. The one-step synthesis usually takes 2—8 weeks, where-
as the electrochemical reaction between K[Co™(Pc)(SCN),] and
TPP*X~ takes 1-3 weeks (current of 1-3 uA). Furthermore, a
homogenous acetone solution of the K[Co™(Pc)(SCN),] with
the TPPTX~ system produced purely TPP[Co™(Pc)X,],. On
the other hand, Co''(Pc) in the one-step synthesis did not com-
pletely dissolved in THF, and the electrolysis gave a mixture
of crystals of Co™(Pc)X, and TPP[Co™(Pc)X;],; they could
be readily separated based on their different appearances. For
the crystal growth of the partially oxidized salt, both Co™(Pc)X,
neutral radical and [Co™(Pc)X,]~ anionic species have to co-
exist in the solution. Probably, this condition is satisfied only
in THF in the one-step synthesis.

The single-crystal X-ray structural measurements revealed
that the series of TPP[Co™(Pc)L,],7° (L = CN, Cl, and Br)
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Figure 2. Computational graphical representation of the 7—7
overlap between the Co™(Pc)L, moieties: top (a), and side (b)
perspectives.

crystals was isomorphous (Figure 1). The Co™(Pc)L; units form
a one-dimensional 77— stacking network. In addition, TPP
stacks one-dimensionally and is surrounded by the Co™(Pc)L,
formation. The Co™(Pc)L, unit is formally oxidized by 0.5e,
which translates into two Co"™(Pc)L; units per TPP counter cat-
ion, resulting in a tetragonal crystal system.

The varying thickness of the axial ligands'© results in differ-
ent distances between the Co™(Pc)L, moieties, thereby affecting
the effectiveness of the 71— overlap (Figure 2). This hypothesis
was confirmed by overlap integral (S) calculation using the ex-
tended Hiickel method.

The computed values obtained are as follows: for TPP-
[Co™(Pc)(CN), 15, S = 0.0085;” for TPP[Co™(Pc)Cly],, S =
0.0090; and for TPP[Co™(Pc)Br; 15, S = 0.0081. These results
indicate that as the ligand gets bulkier, the overlap integral
decreases, and the band width becomes narrower.

Electrical resistivity measurements using a 4-probe tech-
nique further confirmed this relationship. As can be seen in
Figure 3, the Br-ligated species, which has the least effective
-7t overlap due to the bulky ligand, has the highest electrical
resistivity. This series of crystals is expected to have a 3 /4-filled
metallic band, since the one-dimensional chain composed of Pc
units formally oxidized by 0.5e is uniform. However, all of them
exhibited an apparent semiconducting temperature dependence
with a small activation energy (Ex < 0.01eV for L = CN,’
0.008-0.015eV for L = Cl, and 0.015-0.026eV for L = Br).
All of the systems have rather narrow bands, making the
electronic system sensitive to the correlation effects; therefore,
the semiconducting transport property may be related to the
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Figure 3. Electrical resistivity plot of TPP[Co™(Pc)L,],.

charge ordered instability suggested for quarter-filled one-di-
mensional molecular conductors.'!

In conclusion, we were able to synthesize the partially oxi-
dized Co™(Pc)L, salts by a one-pot synthetic route. This
methodology may be applied to other M(Pc) species, and useful
for systematic extension of a variety of the conductors.
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