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High Proton Conductivity of One-Dimensional Ferrous Oxalate Dihydrate
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Coordination polymers (CPs) have attracted much interest in the
past two decades' because of their fascinating characteristics such
as gas absorption,? electronic conduction,? or catalytic* properties.
CPs have advantages of a highly ordered structure and a wide design
latitude of frameworks by choosing various metal ions and bridging
ligands. In addition, the hydrophilicity or acidity of the frameworks
can be controlled by the design of the frameworks. Recently, a
few works on the proton conductivity of CPs have been reported.’
CPs also have several advantages for the construction of proton
conductors. It is possible to make use of internal degrees of freedom
of space (so-called coordination space') in addition to the lattice
(framework). Therefore, we can control the condensed state of the
water cluster existing in a pore as a conducting media with changing
hydrophilicity of the framework. By using both freedoms, we can
also design hydrogen-bond networks as a conducting pathway and
built-in acidic groups as a proton source and even tune pK, of
coordination space.

Ferrous oxalate dihydrate, so-called Humboldtine in the field of
mineralogy, is one of the simplest CPs and was found in brown
coal about a century ago and is able to found in soil. It has a one-
dimensional (1D) chain composed of ferrous ions and oxalate, as
shown in Figure 1, and a magnetic property as well as thermal
stability had been reported.® Two water molecules coordinate axially
to a ferrous ion and form a 1D ordered array of water molecules
described in Figure 1. Lewis acidic ferrous ions have the potential
to promote elimination of a proton from the coordination water.
Therefore, the ordered array of water molecules coordinating to
Lewis acidic ferrous ions is expected to make a pathway for proton
transportation along with this array. Here, we report a highly proton-
conductive property of ferrous oxalate dihydrate having a 1D chain
of coordination water molecules.

Ferrous oxalate dihydrate (1) was synthesized by a simple mixing
of ferrous sulfate and oxalic acid in water, according to the
literature.® It was characterized by X-ray diffraction, infrared
spectroscopy, and elemental analysis. For an electrical conductivity
study, the powdered sample was compressed to ~0.5 mm in
thickness and 2.5 mm in diameter. Both sides of the pellet were
attached to gold wires with gold paste. The conductivity measure-
ment was carried out using a Solartron 1260 impedance/gain-phase
analyzer by a quasi-four-probe method at the frequency range 10
MHz to 1 Hz. A Debye semicircle was observed in the temperature
range 5 to 45 °C. The proton conductivity was calculated from a
diameter of the semicircle. Samples were placed in a temperature—
humidity controlled chamber (SH221, ESPEC Corp.) during the
measurement.

Figure 2 shows the Nyquist plot of 1 under ambient temperature
and humidified conditions. A Debye relaxation process was
observed at ~5 MHz. As shown in Figure 2, ferrous oxalate
dihydrate showed a high proton conductivity of 1.3 mS cm™! at 25
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Figure 1. Crystal structure of Humboldtine.
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Figure 2. Nyquist plot of 1 at 25 °C and relative humidity 98%.

°C and RH 98%. The electric field dependence of proton conductiv-
ity was also measured, and 1 showed ohmic conductivity in the
measured voltage range. The direct current electrical conductivity
of 1 was also measured and found to be very low (<1071 S cm™),
showing poor electronic conductivity, as reported previously.°

The proton conductivity of organic polymers with sulfonic acid,
like Nafion, is reported to be 107'—107> S cm™'.” Proton
conductivities with other acidic functional groups have also been
reported: 10~'—107* for phosphate, 107>—107 for carboxylic acid,
and 107°—107% S cm™' for imidazole.® The proton conductivity of
pure water is 5.5 x 107 S cm™!. The proton conductivity of 1 is
extremely high at ambient temperature without any strong acidic
group and is comparable to Nafion.® In 1, oxalic acid is totally
coordinated to ferrous ion and there is no proton as a possible carrier
at the bridging oxalate ligand. Thus a proton carrier is thought to
originate from coordination water molecules.
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Figure 3. Arrhenius-type plot of 1 at various temperatures.

The ionic conductivity of a nanoscaled conduction pathway has
been reported this decade, and a number of reports showed that
the ionic conductivity of nanospace is more improved than that of
bulk ion conduction compounds.”'® Maier and his co-worker
reported the promotion of ionic conduction in a nanoscale interlayer
of the ionic conductor.'® The reason of the conductivity improve-
ment was still under discussion, but ionic conductivity has a
tendency to be enhanced when a thickness space—charge layers
are comparable to the Debye length. CPs are featured as highly
ordered nanoscale interfaces, and an interaction between framework
and guest molecule becomes important. 1 contains a 1D nanoarray
of coordination waters which form hydrogen bonds to oxygen atoms
of the ferrous oxalate framework (2.71 A%). Proton conduction is,
therefore, considered to be much improved by this confined water
nanoarray column.

Figure 3 shows the temperature dependence of the proton
conductivity of 1 at 98% RH. The proton conductivity was increased
with temperature. The activation energy (E,) and pre-exponential
factor (0,) were estimated to be 0.37 eV and 10>” S cm™! K from
the equation below.

Ea
oT=o, exp(—m) (1)
where o is the ionic conductivity, g is the preexponential factor,
kg is the Boltzmann constant, and 7 is the temperature.

Colomban et al. described a superionic conductor (or fast ionic
conductor) as a compound which has a conductivity above 0.1 mS
cm™' and an activation energy below 0.4 eV.'! 1 shows a
significantly high conductivity and relatively low activation energy,
whose values are comparable with those of Nafion having a fluid
water tube in the polymer.

In summary, a familiar 1D coordination polymer, ferrous oxalate
dihydrate, exhibits a high proton conductivity of 1.3 mS cm™! at
ambient temperature. In general, ambient proton conductors possess
strong acidic functional groups. In the present coordination polymer,
a water molecule coordinating to ferrous ion is considered to be a
proton source and proton conduction is extremely enhanced by the
well-ordered 1D water nanoarray. This result provides us with a
rational design of coordination polymers which are useful for solid
electrolyte.

Acknowledgment. The present work is supported in part by a
Grant-in-Aid for the Global COE Program, “Science for Future

Molecular Systems” from the Ministry of Education, Culture,
Science, Sports and Technology of Japan.

Supporting Information Available: Synthetic procedure, PXRD
patterns, water uptake measurement. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) (a) Chen, B.; Ockwig, N. W.; Millward, A. R.; Contreras, D. S.; Yaghi,
O. M. Angew. Chem., Int. Ed. 2005, 44, 4745-4749. (b) Pan, L.; Olson,
D. H.; Ciemnolonski, L. R.; Ryan, H.; Li, J. Angew. Chem., Int. Ed. 2006,
45, 616-619. (c) Chen, B.; Liang, C.; Yang, J.; Contreras, D. S.; Clancy,
Y. L.; Lobkovsky, E. B.; Yaghi, O. M.; Dai, S. Angew. Chem. Int. 2006,
45, 1390-1393. (d) Lin, X.; Blake, A. J.; Wilson, C.; Sun, X. Z.;
Champness, N. R.; George, M. W.; Hubberstey, P.; Mokaya, R.; Schroder,
M. J. Am. Chem. Soc. 2006, 128, 10745-10753.
(2) (a) Hagrman, P. J.; Hagrman, D.; Zubieta, J. Angew. Chem., Int. Ed. 1999,
38, 2638-2684. (b) Kitagawa, S.; Kitaura, R.; Noro, S. Angew. Chem., Int.
Ed. 2004, 43, 2334-2375. (c) Chandler, B. D.; Enright, G. D.; Udachin,
K. U.; Pawsey, S.; Ripmeester, J. A.; Cramb, D. T.; Shimizu, G., K., H.
Nat. Mater. 2008, 7, 229-235. (d) Fletcher, A. J.; Cussen, E. J.; Prior,
T. J.; Rosseinsky, M. J.; Kepert, C. J.; Thomas, K. M. J. Am. Chem. Soc.
2001, 723 (41), 10001-10011. (e) Rowsell, J. L. C.; Yaghi, O. M.
Microporous Mesoporous Mater. 2004, 73, 3—-14. (f) Rao, C. N. R,;
Natarajan, S.; Vaidhyanathan, R. Angew. Chem., Int. Ed. 2004, 43, 1466—
1496. (g) Ma, B.-Q.; Mulfort, K. L.; Hupp, J. T. Inorg. Chem. 2005, 44,
4912-14.
Tadokoro, M.; Yasuzuka, S.; Nakamura, M.; Shinoda, T.; Tatenuma, T.;
Mitsumi, M.; Ozawa, Y.; Toriumi, K.; Yoshino, H.; Shiomi, D.; Sato, K.;
Takui, T.; Mori, T.; Murata, K. Angew. Chem., Int. Ed. 2006, 45, 5144—
5147.

(4) (a) Schlichte, K.; Kratzke, T.; Kaskel, S. Microporous Mesoporous Mater.
2004, 73, 81-88. (b) Uemura, T.; Kitaura, R.; Ohta, Y.; Nagaoka, M.;
Kitagawa, S. Angew. Chem., Int. Ed. 2006, 45, 4112-4116. (c) Uemura,
T.; Ono, Y.; Kitagawa, K.; Kitagawa, S. Macromolecules 2008, 41, 87—
94. (d) Alvaro, M.; Carbonell, E.; Ferrer, B.; Xamena, F. L.; Garcia, H.
Chem.—Eur. J. 2007, 13, 5106-5112.

(5) (a) Kitagawa, H.; Nagao, Y.; Fujishima, M.; Ikeda, R.; Kanda, S. Inorg.
Chem. Commun. 2003, 6, 346-348. (b) Nagao, Y.; Ikeda, R.; Kanda, S.;
Kubozono, Y.; Kitagawa, H. Mol. Cryst. Lig. Cryst. 2002, 379, 89-94. (c)
Nagao, Y.; Ikeda, R.; Iijima, K.; Kubo, T.; Nakasuji, K.; Kitagawa, H.
Synth. Met. 2003, 135—136, 283-284. (d) Nagao, Y.; Kubo, T.; Nakasuji,
K.; Ikeda, R.; Kojima, T.; Kitagawa, H. Synth. Met. 2005, 154, 89-92. (e)
Fujishima, M.; Ikeda, R.; Kanda, S.; Kitagawa, H. Mol. Cryst. Lig. Cryst.
2002, 379, 581-586. (f) Fujishima, M.; Enyo, M.; Kanda, S.; Ikeda, R.;
Kitagawa, H. Chem. Lett. 2006, 35, 546. (g) Fujishima, M.; Kitagawa, H.
Solid State Phenomena 2006, 111, 107-110.

(6) (a) Rane, K. S.; Nikumbh, A. K.; Mukhedkar, A. J. J. Mater. Sci. 1981,
16, 2387-2397. (b) Bidard-Vigouroux, D.; Carel, C.; Vallet, P. C. R.
Seances Acad. Sci., Ser. C 1969, 268 (10), 951-954. (c) Lagier, J. P.;
Pezerat, H. C. R. Seances Acad. Sci., Ser. C 1967, 264 (6), 496-499. (d)
Manasse, E. Rend. Accad. Lincei 1911, 19, 138-145.

(7) (a) Schuster, M.; Meyer, W. H.; Wegner, G.; Herz, H. G.; Ise, M.; Schuster,
M.; Kreuer, K. D.; Maier, J. Solid State Ionics 2001, 145, 85. (b) Lia,
G. H.; Leeb, C. H.; Leeb, Y. M.; Cho, C. G. Solid State Ionics 2006, 177,
1083-1090. (c) Karadedeli, B.; Bozkurt, A.; Baykal, A. Physica B 2005,
364, 279-284.

(8) (a) Maruitz, K. A.; Moore, R. B. Chem. Rev. 2004, 104, 4535-4586. (b)
Gebel, G.; Moore, R. B. Macromolecules 2000, 33, 4850-4855. (¢) T. D.
Gierke, G. E. M. F. C. W. J. Polym. Sci., Polym. Phys. Ed. 1981, 19, 1687—
1704. Gebel, G.; Lambard, J. Macromolecules 1997, 30, 7914-7920. (d)
Woundenberg, R. C.; Yavuzcetin, O.; Tuominen, M. T.; Coughlin, E. B.
Solid State Ionics 2007, 178, 1135-1141. (e) Kreuel, K. D. J. Membr. Sci.
2001, 785, 29-39. (f) McKeen, J. C.; Yan, Y. S.; Davis, M. E. Chem. Mater.
2008, 20, 5122-5124.

(9) (a) Chadwick, A. V.; Savin, S. L. P. Solid State Ionics 2006, 177, 3001—
3008. (b) Schoonman, J. Solid State Ionics 2000, 135, 5-19. (c) Bellino,
M. G.; Lemas, D. G.; Walsoe de Reca, N. E. Adv. Funct. Mater. 2006, 16,
107-113. (d) Winter, M.; Besenhard, J. O. Electrochim. Acta 1999, 45,
41-46. (e) Schoonman, J. Solid State Ionics 2003, 157, 319-326. (f) Kang,
H.; Facchetti, A.; Jiang, H.; Cariati, E.; Righetto, S.; Ugo, R.; Zuccaccia,
C.; Macchioni, A.; Stern, C. L.; Liu, Z.; Ho, S.-T.; Brown, E. C.; Ratner,
M. A.; Marks, T. J. J. Am. Chem. Soc. 2007, 129, 3267-3286. (g) Yamada,
M.; Li, D.; Homma, 1.; Zhou, H. J. Am. Chem. Soc. 2005, 127, 13092—
13093. (g) Fan, R.; Huh, S.; Yan, R.; Arnold, J.; Yang, P. Nat. Mater.
2008, 7, 303-307.

(10) (a) Maier, J. Solid State Ionics 1987, 23, 59-67. (b) Maier, J. Solid State
Ionics 2003, 157, 327-334. (¢) Sata, N.; Ebermanl, K.; Eberl, K.; Maier,
J. Nature 2000, 408, 946-949. (d) Saito, Y.; Maier, J. J. Electrochem. Soc.
1995, 142, 3078-3083.

(11) (a) Colomban, P. J. Mol. Struct. 1988, 177, 277-308. (b) Colomban, P.
Proton conductors solids, membranes and gels—materials and devices;
Cambridge University Press: U.K., 1992.

JA808681M

(€]

=

J. AM. CHEM. SOC. = VOL. 131, NO. 9, 2009 3145





