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Spintronics, which utilizes not only the charge but also the spin
of an electron, has received much attention because of its potential
applications in next-generation electronics systems.* To achieve
thisgoal, afirm understanding of spin-polarized molecular materials
must be established. However, molecular crystals of organic radicals
are Mott insulators because of their large on-site Coulomb repulsion,
despite the presence of asingly occupied molecular orbital (SOMO).
When radicals are partially doped to achieve a mixed-vaence state,
the unpaired electron of the radical becomes oxidized, forming a
spinless cationic species. Therefore, a special electronic structure
is required for constructing conductive organic radical crystals. In
this regard, we have developed a “spin-polarized donor” in which
one-electron oxidation occurs from the HOMO rather than the
SOMO, giving rise to aground-state triplet diradical cation, because
of the cross-conjugation between these sr-radical and sz-donor units
(Figure 1).% Recently, it was found that a diselena-analogue of the
tetrathiafulvalene (TTF)-based spin-polarized donor ESBN afforded
an ion radical salt of ESBN,CIO, through electrocrystallization.
This salt represents the first coexisting system of conductivity and
magnetism derived from organic spins without inorganic magnetic
ions.® Such a donor radical could be a building block for molecular-
based spintronic devices if a neutral crystal without counterions
manifests interactive conductivity and magnetism upon carrier
injection through electrodes. For the present study, we designed
and prepared a donor radical consisting of a dibrominated benzo-
TTF containing a nitrony! nitroxide (NN) group, 2-[2-(4,5-dibromo-
[1,3]dithiol-2-ylidene)-1,3-benzodithiol-5-yl]-4,4,5,5-tetramethylim-
idazoline-3-oxide-1-oxyl (BTBN; Figure 2), by introducing two
bromine atoms into the dithiole ring to increase the intermolecul ar
interactions within its crystal (see section Sl 1 in the Supporting
Information).* We found that the unicomponent neutral crystal of
BTBN was conductive upon hole injection from electrodes, even
at low temperatures, and that the conductance of the crystal could
be controlled by the application of an external magnetic field.

A differential-pulse voltammogram of BTBN measured in
benzonitrile in the presence of 0.1 M tetrabutylammonium per-
chlorate showed redox potentials at 0.82, 0.90, and 1.16 V versus
Ag/AQCI. Thefirst and third of these potentials were derived from
the donor unit, and the second potential originated from the NN
group. Therefore, these data suggest that BTBN does indeed possess
a spin-polarized electronic structure (section Sl 2).2

BTBN afforded needle crystals, and its crysta packing is
characterized as follows (Figure 2 and section SI3). Four BTBN
molecules are arranged in a square-like manner with the long
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Figure 1. Plausible mechanism for the increase in the conductance of
BTBN by the application of an external magnetic field.

Figure 2. Crystal structure of BTBN. (a) Structural formula of BTBN.
(b) Molecular arrangement viewed along the ¢ axis. (c) Columnar stack
along the c axis.

molecular axes orthogonal to each other, and the tetrameric BTBN
units are piled up along the ¢ axis with an interplanar distances of
~3.46 A. To avoid steric repulsion, the planar donor planes overlap
in an inverted manner, placing the NN groups on alternate sides
(left or right) of the molecules. Neighboring stacks are connected
with close Br-++S contacts of ~3.6 A between one of the bromine
atoms of the dithiole ring and a sulfur atom of the benzodithiole
ring in the adjacent stack. Each remaining bromine formsaBr---O
contact of ~3.0 A with the oxygen atom of the O—N unit in the
NN group of a neighboring molecule. Such a close contact between
an O—N unit and a halogen atom has also been observed for crystals
of some nitroxide derivatives.®> Notably, the planar stacking of the
donor units in the BTBN neutral crystals is appropriate for the
conduction of 7 electrons.

The temperature dependence of the magnetic susceptibility of
BTBN (Figure $4) was well-explained by a structure involving one-
dimensional ferromagnetic chains along the ¢ axis having intrachain
interactions with Jiwoke = 6.5 K and weak antiferromagnetic
interchain interactions with Jye/ks = —1.1 K, where the number
of neighboring chainsisz = 2.° The Curie constant (5 T) was 0.375
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Figure 3. (@) |-V characteristics of BTBN at 2 K. Inset: plot of log | vs
log V. (b) Magnetoresistance of BTBN at 2 K under an applied magnetic
field of 5 T. A negative value of the magnetic field corresponds to the
direction antiparallel to the previous magnetic field.

emu K mol~* at 290 K. The observed ferromagnetic interaction
may be derived from the overlap between NN groups along the
chain: the O—N unit of the NN group is close to the central carbon
atom of the NN group of an adjacent molecule.

Reflecting the black color of the crystal, the charge-transfer band
of a polycrystalline sample extended over to ~1400 cm™ (7100
nm; the band edge was estimated to be ~0.17 €V), suggesting the
presence of a narrow gap between the valence and the conduction
bands (Figure S5). As aresult, the room-temperature conductivity
of the neutral single crystal of BTBN was as highas9 x 1074 S
cm™1, as measured by a four-probe method. However, since the
neutral crystal was a semiconductor with an activation energy of
~0.28 eV, the degree of resistance of the crystal exceeded the lower
limit of the measurement at temperatures below 240 K.

We then fabricated the microcrystalline sample of BTBN on
interdigitated electrodes with a gap of 2 um to measure the
conductance of crystals at lower temperatures. A field-emission
scanning electron microscopy image showed that the thin fabricated
layer consisted of needlelike microcrystals with an average length
of 13 + 8 um. We found that the current—voltage (1—V)
characteristics of the sample exhibited a distinct nonlinear depen-
dence, particularly when high electric fields were applied to the
sample, as shown in Figure 3a. At lower bias voltages, the detected
current was very low, but the nonlinear current increased abruptly
when the bias voltage exceeded a certain threshold voltage (~8 V
at 2 K). Thisnonlinear |-V characteristic was rationalized in terms
of the space-charge-limited conduction (SCLC) mechanism, and
the current was driven by carrier injection from the electrode. The
situation is similar to the charge transport that takes place in organic
electroluminescent devices (section S| 6).”

The effect of an externa magnetic field on the resistance of
BTBN microcrystals was measured at a bias voltage of 10V (E =
5 x 10*V cm™) by applying a magnetic field between —5 and 5
T. The resistance of the sample decreased upon application of a
magnetic field at temperatures below 30 K, and the sample exhibited
negati ve magnetoresistance of (Ry — Rg)/Ro = —76% at 2 K under
5 T (Figure 3b). The temperature at which the magnetoresistance
appears, ~30 K, corresponds to the degree of interaction between
the conduction electrons and the organic localized spins.® When
the BTBN crystal is hole-doped through the positive electrode, the

conduction electrons, which itinerate along the columnar donor
stack, are scattered by the thermally fluctuating paramagnetic spins
of the radical sites. As the external magnetic field increases, the
localized spins align paralel to the external field. Thereafter, on
the basis of the double-exchange mechanism, only a conduction
electron of the opposite spin can be transferred (Figure 1). Hence,
the resistance of the crystal decreases at temperatures lower than
30 K. A control experiment using crystals of the nonradical acetal
precursor of BTBN exhibited nonlinear conductance attributable
to the SCLC mechanism, but the magnetoresistance observed in
that case was positive (+1.5% at 2 K under 5 T; see section Sl 7).

In summary, we have found that unicomponent crystals of BTBN
become conductive through the injection of holes from an electrode
even at low temperatures and that the conductance of the sample
is controllable by the external magnetic field at temperatures lower
than 30 K. Since the appearance temperature of this magnetore-
sistance, which is determined by the intramolecular ferromagnetic
coupling between unpaired and conduction electrons, is expected
to be elevated because of the appropriate molecular design, these
findings should be valuable in the devel opment of molecul e-based
spintronic devices.

Acknowledgment. The authors thank Mr. Kenji Y oza (Bruker
Japan) for his skillful assistance with single-crystal X-ray structure
analysis and Mr. Kazunori Ozaki (JEOL Ltd.) for time-of-flight
mass spectrometry measurements. This work was supported by a
Grant-in-Aid for Scientific Research (B) (20350062) from the Japan
Society for the Promotion of Science (JSPS).

Supporting Information Available: Materials and methods. This
materia isavailable free of charge viathe Internet at http://pubs.acs.org.

References

(1) (a) Naber, W. J. M.; Faez, S.; van der Wiel, W. G. J. Phys. D: Appl. Phys.
2007, 40, R205. (b) Chappert, C.; Fert, A.; Van Dau, F. N. Nat. Mater.
2007, 6, 813. (c) Camarero, J.; Coronado, E. J. Mater. Chem. 2009, 19,
1678. (d) Sugawara, T.; Matsushita, M. M. J. Mater. Chem. 2009, 19, 1738.

(2) (a) Borden, W. T. In Magnetic Properties of Organic Materials; Lahti, P. M.,
Ed.; Marcel Dekker: New York, 1999; Chapter 5. (b) Yamaguchi, K.
Okumura, M.; Fueno, T.; Nakasuji, K. Synth. Met. 1991, 41—43, 3631. (c)
Kumai, R.; Matsushita, M. M.; Izuoka, A.; Sugawara, T. J. Am. Chem. Soc.
1994, 116, 4523. (d) Hiraoka, S.; Okamoto, T.; Kozaki, M.; Shiomi, D.;
Sato, K.; Takui, T.; Okada, K. J. Am. Chem. Soc. 2004, 126, 58.

(3) (8 Matsushita, M. M.; Kawakami, H.; Kawada, Y.; Sugawara, T. Chem.
Lett. 2007, 36, 110. (b) Matsushita, M. M.; Kawakami, H.; Sugawara, T.;
Ogata, M. Phys. Rev. B 2008, 77, 195208.

(4) (a) Nishijo, J.; Miyazaki, A.; Enoki, T.; Watanabe, R.; Kuwatani, Y .; lyoda,

Inorg Chem. 2005, 44, 2493. (b) Shirahata, T.; Kibune, M.; Maesato,
; Kawashima, T.; Saito, G.; Imakubo, T. J. Mater. Chem. 2006 16, 3381.

(5) (a) Boubekeur, K.; Syssa—M agalé, J-L.; Pavadeau, P Schollhom B.
Tetrahedron Lett. 2006 47, 1249. (b) Fourmlgue M. Struct. Bonding (Berlin)
2008, 126, 181.

(6) dePanthou, F. L.; Luneau, D.; Laugier, J.; Rey, P. J. Am. Chem. Soc. 1993,
115, 9095.

(7) (& Kao, K. C.; Hwang, W. Electrical Transport in Solids; Pergamon Press:
Oxford, U.K., 1981. (b) Burrows, P. E.; Shen, Z.; Bulovic, V.; McMarty,
D. M.; Forrese, S. R.; Cronin, J. A.; Thompson, M. E. J. Appl. Phys. 1996,
79, 7991.

(8) The magnetic field dependence of the magnetoresistance of BTBN was
appreciably stronger than that of the previously reported compound (Figure
S8). This difference presumably occurred because the conduction electrons
in BTBN interacted with a cluster of ferromagnetically coupled spins of the
one-dimensiona chain (Jiw/ks = 6.5 K), even at lower magnetic fields.

JA9109538

J. AM. CHEM. SOC. m VOL. 132, NO. 13, 2010 4529



