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In this study we set out to discover an example of the
solution-phase self-assembly of cation radicals into =-stacks.
w-Stacks of this kind are the structural entities responsible
for the electrical conductivity of most crystalline molecular
conductors,! and such a discovery would have significance
for understanding both self-assembly and molecular
conductors. Furthermore, we believe that studies of
solution w-stacks, which are unconstrained by crystal
forces, will lead to the preparation of several new types of
conductive materials. Because the archetypical conductive
structure is a stack of oxidized tetrathiafulvalene (T'TF)
molecules and some of the most interesting results concern
oxidized TTF derivatives,! we focused attention on such
compounds. Previous studies? have identified a w-dimer
of the T'TF cation radical (T'TF*),, but no evidence for
TTF =-stacks in solution exists.? Publications® from this
laboratory elucidated solution-phase anion radical w-stacks
from diimide derivatives such as 1-. This singular case is
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not well connected to the large literature on conducting
salts, and it seemed appropriate to use a T'TF derivative
to make this connection. We also anticipated the advan-
tage of air stability from TTF cation radicals, a quality
that imide anion radicals lack. Our anion radical studies
showed among other things that (1) water was a necessary
solvent for forming stacks and (2) near-infrared (NIR)
absorption bands (optical conduction bands) provided a
signature for these aggregates which have electrons
delocalized intermolecularly along the stack direction. On
this basis we chose to study the water-soluble dipotassium
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Figure 1, UV-vis—NIR spectrum of 2+, 5 mM in D,0. Oxidized
by bulk electrolysis without added electrolyte.

tetrathiafulvalene dicarboxylate 2 and to focus attention
on optical spectroscopy.

Compound 2,% synthesized from the diester, was dried
and stored in the dark, under vacuum to prevent air
oxidation. Dissolved in DsO (H30 has strong overtones
in the NIR), it was oxidized with 0.5 mol equiv of the
two-electron oxidant, KyS;0s, or by preparative one-
electron oxidation at a platinum electrode in D;0, with or
without 0.01 M KySO,4. Similar spectra for the cation
radical were obtained using the two oxidation methods.
In both cases reduction (NaS;04 or cathodic) regenerated
neutral 2 in high yield. The optical spectra from coulo-
metric oxidations without added electrolyte indicated that
below 0.06 mM 2 in D20 the cation radical 2+ was present
in monomeric form with Amax 600 and 429 nm. Oxidation
of the 2 diacid in DMF gave a similar spectrum. At higher
concentration in DO there was a new band at 764 nm,
which was assigned to a w-dimer by comparison with
(TTF*)2 (Amax 714 nm).

At concentrations above 2 mM the spectral shape again
changed as a new, intense NIR-IR band grew in at about
2400 nm (the maximum is obscured by solvent absorption)
at the expense of the monomer and dimer bands. We
propose that this band is due to w-stacks of 2*. NIR
absorbance at such long wavelengths can be best explained
by excitation of a valence electron along a delocalized stack,
an excitation that corresponds to the electrical conductivity
along stacks in solids.

In experiments in which chemical oxidations were
sequentially performed to varying extents (0.5, 0.6, 1.0,
1.2 electrons/molecule) or in which solutions coulomet-
rically oxidized to 1 electron/molecule were diluted it was
shown that the An.; values of these two bands were
independent of concentration (Figure 1). Thus, the
preliminary indication is that one kind of w-stack (or a
specific mixture) formed, and there was no evidence for
the formation of mixed valence aggregates when 2 was
partially oxidized or overoxidized. Infurtherexperiments
it was found that addition of surfactant converted stacks
to dimers.

The monomer, dimer, stack scheme outlined above is
in agreement with cyclic voltammetry (CV, Figure 2) and
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Figure 2. (a) CV of 1 mM 2, D;0-0.01 M K;S0,, scanned from
—-0.2 to 0.3 V at 100 mV/s, glassy carbon electrode. (b) CV of 1
mM 2+, D,0-0.01 M K,SOy,, scanned from 0.3 to 0.2 V at 100
mV/s, glassy carbon electrode.

ESR studies. CV showed fully reversible one-electron
oxidation starting from 2, but when 2+ was generated
coulometrically and then studied, the cathodic peak
current decreased by about 50% and the peak wasslightly
broadened, as if aggregated cation radical species were
present that diffused more slowly and reduced at more
negative potentials than the monomeric2+. ESR indilute
D;0 showed the expected three-line spectrum for mon-
omeric 2*. As concentration increased the spin count
(percent of 2% as radical) went down as w-dimers and stacks
formed. At 4 mM 23% of 2* was ESR active.

The NIR band found in solution is similar to those found
for oxidized TTF in infinite stacks,? truncated stacks,’

Communications

polymeric materials, and films.® These bandsin the solid-
state materials are proposed? to arise from intermolecular
excitation along mixed-valence stacks. We propose that
similar stacks are present in solution and give rise to NIR
“optical conduction bands”, but it appears that the solution
stacks are not mixed valent. Comparison of the data for
1- and 2* shows interesting differences. (1-); absorbs in
the NIR at 1140 nm and the =-stacks appear nearby at
1300-1800 nm. (2%), absorbs in the visible (770 nm), and
the w-stack absorbance is far removed in the spectrum
(2400 nm). This suggests that the structures (geometry,
size, or bonding) of the two stacks are quite different.

Solids formed by precipitation of 2+ and polymers
containing 2% are electrically conductivel® and also have
aNIR-IR band (Anex 2500nm). Future studies will attempt
to define the structure, understand the differences between
1- and 2%, and use these air-stable stacks of 2t to form
anisotropic conducting polymers!! and other unusual
materials.
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