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We report how the covalent attachment! of short oligo(ethylene
glycol) chains to cobalt tris(bipyridine) complexes (I), tetrathi-
afulvalene (II), tetraphenylporphyrin (III), and ferrocenecar-
boxylate (IV) transforms these normally crystalline materials
into room-temperature melts which freely dissolve electrolytes
like LiClO, to yield ionically conductive melts. Compound I
possesses intrinsic ionic conductivity and is a novel electroactive
molten salt. This paper describes a microelectrode-based vol-
tammetric study of diffusion and electron transport phenomena
in compounds I-IV in undiluted forms.?
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It is generally impossible to observe electrochemical reactions
of crystalline substances, like metal bipyridine complexes, owing
to the absence of adequate ionic mobility. Their interfacial
electron transfers are known only in dilute fluid solutions, wherein
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B.D.; Dishong, D. M.; Arnold, K. A.; Gokel, G. W. J. 4m. Chem. Soc. 1988,
107,6659-6668. (d) Lau, H. H.; Hart, H. J. Org. Chem. 1959, 24, 280-281.
(e) Momenteau, M.; Mispelter, J.; Loock, B.; Bisagni, E. J. Chem. Soc.,
Perkin Trans. 1 1983, 189-196. (f) Evers, R. C.; Moore, G. J. J. Polym. Sci.
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they diffuse rapidly, and in ionically conducting redox polymers?
in which the complexes do not diffuse (macroscopically) at all.
Undiluted small-molecule liquids (4-cyanopyridine, PhNO,) in
which diffusion is rapid have been studied by White et al.
Transport in I-IV is unique, involving sterically bulky and highly
concentrated monomeric electron carriers slowly diffusing among
themselves in the electrochemically formed, mixed-valent diffusion
layer adjacent to the electrode.

Voltammetric oxidation and reduction of the undiluted (~0.6
M) cobalt(II) complex I>*, an extremely viscous, yellow, room-
temperature melt, are shown in Figures 1A and 1B, respectively.
The I2*/3+ oxidation wave is linear diffusion-controlled and, at
sufficiently slow potential scan rates (50 uV /s),’ nearly reversible
(AEesk =65 mV). TheI?*/1*+ reduction currentsare muchlarger,
and the wave shape indicates radial diffusion control. Chrono-
amperometry gives apparent self-diffusion coefficients D, for
oxidation and reduction of I** of 3 X 10-!3 and 6 X 10~ cm?/s,
respectively.

The enormous (10%-fold) difference in the apparent diffusivity
of I** during its oxidation and reduction isunusual.® Contributing
factors include ionic migration and electron self-exchange
reactions in the concentrated diffusion layer. While ionic
migration’ (there is no added electrolyte) would depress Dypp2/3
and enhance Dapp,/1, these anticipated effects should lead to only
small (and certainly << 10%-fold) D, differences. Noting that
thedilute solution electron self-exchange rate constants k. of the
related complexes [Co(bipy);]?*/3* (~2 M-! s-1)¢ and [Co-
(bipy);]2+/1+ (~10° M-!s1)? are very different, charge transport
by fast electronself-exchange of I**/1+ in the concentrated molten
salt is almost certainly the primary reason for the large Dapp2/1
relative to Dypp2/3. Coupling of diffusion with electron-transfer
reactions is described by the Dahms—Ruff relation,!? according
towhich a I?*/3* k; of 2 M~ s~ would yield a I2*/3+ self-exchange
transport rate negligible!®® in comparison to the oxidatively
observed value, Dypp0/3 =3 X 1013 cm?/s. Thus, D,y 2/3 represents
the actual physical self-diffusivity Dpnys of I** in a I2*/3% mixed-
valent diffusion layer. In contrast, a I?*/!* k. of 10° M-! s°!
would greatly enhance reductive electron transport, thereby
producing the observed Dupp2/1 > Dapp/3. The observed
enhancement is less than that predicted by k. = 10° M-! s1;
using Dyppa/1 (6 X 102 cm?/s) and Dyppa/3 = Dppys (3 X 10°12
cm?/s), the k. calculated!? is 2 X 106 M-! s-!. This calculation
is an upper-limit estimate, ignoring acceleration of electron
transfer by the migration-generated electrical gradient in the
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Figure 1, Cyclic voltammetry at 5-um-radius Pt microdisks in millivolts
versus a Ag wire-tip quasi-reference of (A) neat (I2*)(ClO4™); v = 50
uV/s, oxidation scan; (B) neat (I2*)(ClO47)2 v = 50 uV/s, reduction
scan (same sample); (C) 1:2 (IN):(LiClO0s), v = 50 uV/s; (D) 1:1 (HI):
(LiClO4), CH;CN vapor-plasticized, v = 200 mV/s; (E) 3.16 mM HI
and 3.27 mM LiClO4 in CH;CN solution, v = 500 mV/s; and (F) 3:1
(IV):(LiClOg), v = 10 mV /s.

diffusion layer.!! From this preliminary result, it seems that
electron self-exchange is much slower in the molten salt I than
in dilute solutions of [Co(bpy);]2+/3*.

The extremely slow physical self-diffusivity of I>* (3 X 10-13
cm?/s) deserves comment. Small diffusion coefficients (~10-12
cm?/s) are observed'? in network PEO for small diffusants like
tetracyanoquinodimethane radical anion only at high concen-
trations of LiClO4, which depress polyether chain segmental
mobility by Li*-based chain cross-linking. On the other hand,
the complex [Fe(Me;phen);]?* diffuses quiterapidly (~10°cm?/
s)!3 when diluted in triglyme (three ethylene glycol units, as in
the tails of I). The slow self-diffusion of I** must reflect the
difficulty in generating large vacancies for diffusion-hopping of
an undiluted bulky diffusant, perhaps augmented by interactions
between the oligomeric chains of neighbor diffusants. Further
analysis of this new class of monomers exhibiting bulky-site self-
diffusion should be interesting.

The tetratailed tetrathiafulvalene II freely dissolves LiClO,
electrolyte (at least 2 Li*/TTF) and remains liquid at room
temperaturealthough a substantial viscosity increase occurs. The
tetratailed tetraphenylporphyrin ITI, whether pure or containing
LiClO, dissolved at a 1 Li*/TPP concentration, is a soft, dark,
apparently amorphous material. Voltammetry of II (at 2 Li*/
TTF, Figure 1C) and of III (at 1 Li*/TPP, Figure 1D)'4 shows
two well-defined oxidation steps with unequal currents. The
apparent self-diffusivities of II and ITI from their first oxidation
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steps are Dyppo/+ = 1.2 X 1011 and 10~ cm?/s, respectively. The
latter value was obtained under plasticization conditions, which
typically enhances diffusion.'4

The disparities of currents in the two oxidation steps of Il and
of III (Figures 1C, 1D) are much smaller than those observed for
I (vide supra) and appear to arise mainly from ionic migration®
and perhaps comproportionation-transport*d¢ effects. That is,
due to the intrinsically high concentrations of undiluted IT and
I, it is not possible to add sufficient electrolyte to reduce the
transference numbers of the monocations of II and III to
insignificant values. (This was also the case in undiluted small-
molecule redox liquids.*) In dilute CH;CN solutions of IT
containing excess electrolyte, the two oxidation currents are equal.
At electrolyte concentrations less than 2 Li* /TTF, the overall
self-diffusivity of undiluted II increases; at 0.25 Li*/TTF, the
ratio of the two oxidation currents is 12. Completely consistent
LiClO; electrolyte concentration effects are observed using the
undiluted monocation salt (II*)(ClO,~), another redox-active
molten salt. In dilute CH3CN solutions of III containing 1 Li*/
TPP, the ratio of currents for the two oxidation steps (Figure 1E)
is approximately the same as that in Figure 1D but become nearly
1 at higher electrolyte concentrations. Thus, while secondary
effects from electron self-exchange transport (as with I above)
and from changes in the interfacial melt liquid structure* may
contribute, the observed electrolyte concentration dependencies
suggest ionic migration as the primary cause of the two unequal
oxidation steps for II and for III

Ferrocenecarboxylic acid, when esterified with an ethylene
glycol trimer tail, is a soft wax, as was a previously described
longer-chain derivative.!S However, esterification with an anal-
ogous, but atactic, poly(propylene glycol) trimer produces the
ferrocene IV, which is rich in redox sites (~2.5 M) and dissolves
>1 M LiClO, electrolyte yet remains a viscous liquid. Figure
IF shows cyclic voltammetry at a 1:3 Li*/IV ratio; chrono-
amperometric measurements indicate that Dypp0/+ = 2 X 10°
cm?/s in this material. Given its large ferrocene site concen-
tration and the large k., values typical of ferrocenes in solution,
this Dqpp,0/+ is probably enhanced by diffusion—electron-transfer
coupling.!?

The above results show that undiluted I-IV are bulky-site
materials with transport properties intermediate between those
of dilute fluid solutions and fixed-site polymers. These materials
may permit an improved understanding of distinctions between
microscopic and macroscopic mobility and viscosity. Compounds
I-IV are, in effect, pseudopolymers, offering large, controllable
viscosities and a potential for blending without microphase
segregation. Additionally, they may exhibit interesting spec-
troscopic and thermal properties involving respectively site—site
electron and self-entanglement interactions. The structural
diversity among I-IV furthermore suggests that our synthetic
approach may have general utility for transforming additional
redox and other species into room temperature liquids.
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