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Conducting Materials

The First Proton-Conducting Metallic
Ion-Radical Salts**

Akane Akutsu-Sato, Hiroki Akutsu, Scott S. Turner,
Peter Day,* Michael R. Probert, Judith A. K. Howard,
Tomoyuki Akutagawa, Sadamu Takeda,

Takayoshi Nakamura, and Takehiko Mori

Metallic materials that also conduct protons are being sought
because of their potential as components in solid-state
electrochemical devices, such as batteries and fuel cells.! To
date, the search has concentrated mainly on purely inorganic
materials, and in particular continuous lattice oxides. In fact,
there is a clear lack of candidates among electronically
conducting organic molecular crystals, despite the existence
of proton-conducting polymers, such as perfluorinated
Nafion. Recently a 2,2'-[2,5-cyclohexadiene-1,4-diylidene]-
bis(propanedinitrile) (TCNQ) charge transfer complex of
benzimidazolyl-benzimidazole was shown to exhibit coupled
protonic and electronic conductivity, and a TCNQ complex of
1,4-diazabicylo[2.2.2]octane also exhibited proton transfer.”!
Herein we report what we believe to be the first molecular
ion-radical salts that are metallic conductors at room temper-
ature, and also show a high proton conductivity. We provide
evidence that the mobility of both protons and electrons is
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high in these lattices because of a unique crystal structure
consisting of layers of organic donor molecules interleaved
with arrays of stacked crown ether molecules. The crown
ether molecules form “pipes” filled with water molecules. The
crystal structure, resolved from X-ray data recorded at 30 K,
gives strong indication of a hydrogen-bonding network, which
gives rise to the protonic conductivity.

The series of cation-radical salts (BEDT-TTF),[(Cat)M-
(C,0,);]G, where BEDT-TTF = bis(ethylenedithio)tetrathia-
fulvalene, has proven to be an exceptionally fruitful source of
different collective electronic ground states, promoted by the
ease with which the monocation Cat, 3dmetal M**, and
neutral guest molecule G can be varied. Thus we found the
first examples of paramagnetic superconductors (Cat =H;O;
M=Cr, Fe; G=PhCN, PhNO,)" and the first case of
polymorphism, in the whole realm of solid-state chemistry,
that arose from different spatial distributions of chiral
enantiomers [M(C,0,);]*” in a racemic lattice.”) By inserting
asymmetrically substituted aromatic G molecules in cavities
within the anion sublattice, it has also been possible to
synthesize unique conducting salts containing a superlattice of
two different packing types (o and (") of the BEDT-TTF
cations.”” The present salts also contain superlattices of cation
layers but, instead of being made up from two different
arrangements of the BEDT-TTF molecules, they consist of
BEDT-TTF and crown ether molecules that incorporate both
H,O and H;O" or NH,* ions.

B’-(BEDT-TTF),[(Cat)M™(C,0,);],[(Cat),([18]crown-6
ether)]-5H,0, where M™ is Cr or Ga (1 and 2, respectively)
and Cat is H;O" or NH,*, were synthesized by electro-
chemical crystallization. Both 1 and 2 crystallized in the
triclinic space group (P1). From single-crystal X-ray diffrac-
tion data recorded at 150 K.[”! the structure of the Cr salt has
been resolved, with all Cat molecules assigned to H;O*. X-ray
data recorded at 30 K on the Ga salt established the molecular
structure, but in addition enabled many of the protons to be
resolved.®! The crystal structure consists of successive layers
of BEDT-TTF with a p” packing motif (layer A), A-
[(Cat)M(C,0,);] (layer B), (Cat/H,0O)-[18]crown-6 (layer C),
and A-[(Cat)M(C,0,);] (layer D) arranged in the sequence
...ABCDA... (Figure 1). Within experimental error the C—C
and C=S bond lengths of the crystallographically inequivalent
BEDT-TTF are equal and from the correlation between bond
length and charge in BEDT-TTF salts,”) these identify a mean
charge on each cation of +0.5, as seen in the " phase
paramagnetic superconductors.

Considering the stoichiometry of 1 and 2 and the known
charges of the molecular species, overall charge neutrality
requires four monocations (Cat), which could be H;O" or
NH,*. The 30 K structure refinement of 2 confirms the Cat
molecules, embedded in the anionic oxalate layers, are all well
ordered NH," ions. In this case there is a marginal improve-
ment in the residual factors for occupancy by nitrogen as
compared to oxygen. The remaining cations are predicted to
be located in the channels formed by the stack of crown ether
molecules. The water molecules found in the channels, refined
with a fixed 50 % occupancy, form zigzag hydrogen-bonded
chains that align with the axis of the crown ether stacks.
Additional electron density is located, off the stack axis
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Figure 1. The crystal structure of 2 at 30 K, showing the sequence of
BEDT-TTF, [(Cat)Ga(C,0,);], and crown ether layers. Protons have
been removed for clarity.

between adjacent crown ether molecules. Refinements were
carried out to try to distinguish between the preferred
occupancy of these sites as oxygen or as nitrogen atoms, but
these refinements were inconclusive. Despite the very low-
temperature diffraction data, there is not sufficient informa-
tion therein to identify individual atomic sites for occupancy
by nitrogen or oxygen in these channel regions. Figure 2
shows the zigzag hydrogen-bonded network within the crown
ether stacks, with these atoms assigned as oxygen.

Four-probe DC electrical conductivity measurements on
single crystals of 1 and 2 with current flow parallel to the
layers reveals high electronic conductivities at room temper-
ature (300 Scm™' for 1 and 200 Scm™' and 2) with temper-
ature dependence characteristic of a metal. However, in each
case the resistance shows an upturn at lower temperature,
which occurs at 190 K for 1 and 240 K and 2 (Figure 3). These
metal-semiconductor transitions contrast with the behavior
of other BEDT-TTF salts of tris(oxalato)metallates, which
have metal-superconducting transitions.*!

Measurements of proton conductivity of 1 and 2 from
260-297 K made on pellet samples, show specific conductiv-
ities varying from 107° to 107> Scm™ over this temperature
range (Figure 4a). For each compound the conductivity is
activated, as anticipated, but does not follow a simple
Arrhenius Law. Instead the measured activation energies
change slightly for 1 from 1.06-1.59 eV and for 2 from 1.01-
1.92 eV with the lower activation energy at higher temper-
atures and a gradual change across approximately 280 K. For
a similar measurement on Nafion 117 (Figure 4a) there is a
constant activation energy of 0.27 eV. A slight discontinuity in
protonic conductivity at about 280 K can be seen clearly in
Figure 4a for 1 and to a lesser extent for 2. Typical complex
impedance plots are shown for 1 in Figure 4b. The relatively
high values of the room-temperature specific conductivity are
comparable to those found in polymeric electrolytes of the
polyethylene oxide type.'”! The mechanism of the proton
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Figure 2. Hydrogen-bonding (broken lines) of water molecules within

the crown ether stacks of 2 a) perpendicular and b) parallel to the

stacks. O black ellipsoids, H small gray circles, Cgray ellipsoids.
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Figure 3. Four-probe single-crystal electronic conductivity of 1 (m) and
2 (0).

conductivity is not known. However, it has been established
that significant proton conductivity can be mediated by a
diffusion mechanism involving NH,*/H,0 or NH,*/H,O%*
species. The former has been found in
(NH,),[Fe(CN)y]-1.5H,0 and the latter in the polytungstate
(NH,)o[W,,04,]-5H,0,! albeit with smaller absolute con-
ductivities than the compounds presented herein.

Solid-state NMR spectra were studied as a function of the
temperature in the diamagnetic salt 2, under magic-angle
spinning (MAS) and static conditions. At room temperature,
the high-resolution 'H spectrum of a fully protonated sample
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Figure 4. a) Proton conductivity of 1 (2), 2 (@), and Nafion 117 (m)
from 260-297 K with logarithmic y axis; b) typical complex impedance
plots for 1 at 274 and 280 K.

consisted of three resonance signals A (0 =7.7 ppm), B (6 =
4.3 ppm), and C (0 =4.8 ppm) with intensity ratio 1:0.3:>2
and widths of 1.6, 0.6, and 7.4 ppm, respectively. Signal A can
be assigned to H,0, H;O" (and/or NH,*) since it corresponds
to a signal, found in the *H NMR spectrum, which appears
when a sample is prepared with D,O. A separate experiment
indicates that the chemical shift of ND, is 0 =7.4 ppm, similar
to the shift of signal A. It is difficult to distinguish between
deuterated water and this species since the details of hydro-
gen bonding, not known from crystallography, could affect the
chemical shifts. Signal C is assigned to the —CH,— group of
BEDT-TTF and the [18]crown-6 ether. The assignment of
signal C is supported by its behavior at low temperature; in
the wide-line '"H NMR spectrum at 130K it splits into a
doublet with a separation of approximately 30 kHz, which is
typical for the nuclear dipole interaction between the two
protons in a —CH,— group. Furthermore, the signal is absent
in the ’H NMR spectrum of the sample when exchanged with
D,0. Signal B, which is much weaker and narrower than the
other two, is tentatively assigned to water molecules adsorbed
on the surface of the crystallites. The increasing line width of
signal C in the wide-line '"H NMR spectrum of the fully
protonated sample (Figure 5) clearly indicates freezing of the
thermal fluctuations of the —CH,— on lowering the temper-
ature. In contrast, the width of signal A, remains relatively
constant and small (11 kHz) between 130 and 250 K before
decreasing further between 250 and 300 K. The ’H NMR
spectrum of the D,O sample further confirms an almost
isotropic and rapid rotation of those molecules producing
signal A, at least down to 195 K.
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Figure 5. Temperature dependence of the spectral width (Aw) of the
wide-line "H NMR spectra of a fully 'H substituted sample of 2. The
spectral width of BEDT-TTF and [18]crown-6 —CH,— groups () and of
H,O (@) including the weak signal (signal B, see text) are shown.

In summary, we have identified the first molecular ion-
radical salts that are both protonic and metallic conductors.
The high values of both the ionic and electronic conductivities
at room temperature are especially noteworthy and are
attributed to the presence of discrete conducting layers in the
crystal consisting of either organosulfur molecules or of
crown ether stacks containing disordered H,O, H;0O, and/or
NH,. This discovery expands the search for other mixed ionic-
electronic conductors among the large and versatile family of
TTF and BEDT-TTF ion-radical salts.

Experimental Section
The BEDT-TTF salts were prepared by in situ oxidation of BEDT-
TTF (12 mg) in an H-shaped electrochemical cell in the presence of a
racemic solution of (NH,);[M(C,0,);] (M=Cr, Ga; 120 mg),
[18]crown-6-ether (250 mg) and four drops of distilled H,O in a
mixture of freshly distilled CH;CN (10 mL) and CH,Cl, (10 mL). A
constant current of 1 pA was applied across the cell and thin dark
brown elongated plates of the product grew on the Pt anode in 2—
3days. Elemental analysis caled (%) for (BEDT-
TTF),[(NH,)M(C,0,);],[(NH,),([18]crown-6)]-5H,0): 1 C 29.58, H
3.18,N 2.16; found: C29.48, H2.91,N 1.70; 2 C29.30, H2.77, N 2.14;
found: C 29.47, H 2.82, N 2.17

Single-crystal DC conductivity were made using four contacts
(15 pm diameter Au wires attached to the crystals with Au paste) and
an Oxford Instruments Maglab 2000 cryostat with EP probe.

Temperature-dependent protonic conductivity was measured by
the AC impedance method in the frequency range 100-5x 10° Hz
using an HP4194A impedance analyzer. The sample, prepared as a
compressed pellet with a diameter of 3 mm, was enclosed by a Teflon
ring to avoid short circuit, this pellet was then sandwiched by proton-
conducting Nafion 117 (Aldrich). The sample was clamped by metal
electrodes, and was inserted into a Daikin PS24SS cryogenic refrig-
erating system. The conductivity was measured in vacuo (< 107° torr).

Solid-state high-resolution 'H and *H NMR spectra were mea-
sured by a magic-angle spinning technique with spinning speed of 25
(*H NMR) and 7 kHz (*H NMR) using a Bruker DSX 300 spectrom-
eter. Echo pulse sequence synchronized with spinning speed was used
for ensuring the phase of all spinning side-band signals. The
thermometers of the NMR probes were calibrated by standard
samples. Wide-line "H NMR spectrum under static conditions was
measured by the solid echo pulse sequence nt/2,-7-7/2,; the m/2 pulse
width and 7 were 1.5 ps and 15 ps, respectively.
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