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Molecular materials displaying both conductive and magnetic b

properties are typically based on the use of charge transfertsalts.
Examples of single component molecular solids displaying multi- 4
functional behavior are rafeas the design of the necessary 3 Q’\

molecular building blocks is a challenging task. The basic electronic ;
requirement for such molecules is the availability of at least one [ a2
unpaired electron that can serve as both charge carrier and magnetic h
coupler. In principle, this condition is met by molecular radicals.
A number of organic nitroxyls have been shown to order ferro-
magnetically, but their ordering temperaturds) (@re less than 2 N
K.3 Spin-canted antiferromagnetism (weak ferromagnetism) has 0 = 4

been found for an oxoverdazyl at 5.4 Knd also in a heterocyclic Figure 1. Crystal structure of (R; = Et, R, = ClI). Intermolecular Se
dithiadiazolyl at 35.5 K. In none of these systems, however, do SE€ contacts (dashed lines) are ¢13.328(1) A and d2= 3.459(1) A.
the unpaired electrons serve as charge carriers, as the high molecular .

disproportionation energies lead to a large on-site Coulomb barrier CONSisting of slippedr-stack arrays of radicals clustered about 4
(U) to charge migration. centers and linked by weblike arrays of intermolecular-Sé

contacts (d1, d2). These interactions are well within the van der

Chart 1 Waals separation for two selenium atoms and closer than the
Ry R, £ E corresponding SS contacts inl (Ry = Et, R = CI).6
N N__N Ne NN 1 8 S Variable temperature four-probe conductivity measurements on
E° | A Fe == F | = 2 S5 Se 1 and2 (Figure 2) show that the conductivity) is activated for
Ej E4 ETNTF, 3 Se S . . . . .
R, 4 Se Se both compounds, indicating that in neither case is the bandwidth

R . )
2 W sufficient to overcomé) and afford a metallic state. As observed

elsewheré, the replacement of sulfur it by the more spatially
|extensive selenium ir2 nonetheless has the desired effect of

increasingo(300 K) from 3x 106to 1 x 104 S cntl. It also

reduces the thermal activation enerigy; from 0.43 to 0.27 eV.

In order to lower the value dff and improve conductivity, we
have explored the potential of resonance-stabilized bisdithiazoly
radicals1 (Chart 1§ and their selenium-containing variarts 3,
and4.” With careful choice of the Rand R groups, these radicals
crystallize in undimerized, slipped-stack arrays. Intermolecular

interactions along and between thestacks allow for the develop- 10°f
ment of an energy band which, ideally, would be half-filled and 10} ""2
thereby afford a metallic ground state. The bandwidlth ¢f these A0 teee Fa= 0278V
materials is, however, insufficient to overcontg and their 5 100} e, “ee.,
conductivity remains activated, although the incorporation of the ‘% w0k ‘--., E, =043eV
heavier heteroatom selenium has the desired effect of increasing R
intermolecular interactions and hence conductivity. The presence 0 "..
of selenium can also give rise to interesting magnetic effects. We 10" 553525 25 50
have recently shown th&and4 (with Ry = Et, R, = H) behave 1000/T (K™)
as spin-canted antiferromagnets wikhvalues of 17 and 28 K, Figure 2. Electrical conductivity ofl and2 (R, = Et, R, = Cl) as a function
respectivel\®. Here we report that the bisthiaselenaz@yR; = of inverse temperature (data farfrom ref 6).
Et, R, = CI) displays bulk ferromagnetism with & of 12.3 K. ) . .
Black, air stable needles of radica(R; = Et, R, = Cl) can be Variable temperature magnetic susceptibiliy lneasurements

have been performed dhand?2 (R, = Et, R, = CI). Plots of the
e ProductyT (field cooled) as a function of temperaturg) (at a
magnetic field H) of 100 Oe (Figure 3) confirm paramagnetic

grown by reduction of salts of]* in acetonitrile solution with
either octamethylferrocene or tetrakisdimethylaminoethylene. Th
crystal structur® belongs to the tetragonal space groe2;m

(Figure 1) and is isomorphous with that b{R; = Et, R, = Cl), behavior for both compounds at ambient temperatures, with
values at 300 K of 0.379 and 0.370 emu K mlofor 1 and 2,
T University of Waterloo. respectively, that is, near that expected (0.375 emu K Hhdor
s oniversity Bfn\lfl'gg[t'; anS= 1/2 system. CurieWeiss fits to the data affor@ = 0.373
$ Memorial University of Newfoundland. emu K mof* andf = 4 K for 1 andC = 0.349 emu K moi* and

12688 m J. AM. CHEM. SOC. 2007, 129, 12688—12689 10.1021/ja0768410 CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

200 S
15+t o
~ 2."’" 132
< 150 | S 10
o L]
€ . .
X qo0} & o5}
= . .
E L]
2 o 0.0
= 50} . 0 100 _200 300
N T
1 .
S b e e
0 10 20 30 40 50

Temperature (K)

Figure 3. Plots ofyT (field cooled) versug for 1 and2 (R; = Et, R, =
Cl) atH = 100 Oe. Inset shows expansion of IgWli region from 2 to 300
K.

6 = 19.3 K for 2. In accord with its positive (ferromagnetié)
value, coolingl below 50 K leads to a slight increase #T to
0.45 emu K mot?, followed by a decrease arising from weaker
antiferromagnetic effects. The largéwvalue of compoun@ leads
to a more pronounced rise in the valueydf on cooling, starting
near 100 K. A major surge igpT, suggestive of a transition to a
ferromagnetically ordered state, then takes place just below 15 K,
with % T reaching a maximum valug )max= 174 emu K mot? at
9.0 K. The subsequent decreaseyihon further cooling can be
ascribed to low-temperature magnetization saturation.

AC susceptibility measurements @mas a function of temper-
ature, performed at frequencies of 1, 100, and 1000 Hz (Figure 4),

M (Np)

1000 500 0 500 1000
H (Oe)

Figure 5. Magnetization oR (R; = Et, R, = Cl) as a function of magnetic
field at 2, 6, and 10 K.

In summary, the presence of the heavy heteroatom selenium in
2 affords a molecular, non-metal containing ferromagnet with one
of the highesfT. values know#’ (the highesf2is in TDAE-Cgo,
T. = 16.1 K). Perhaps more importantly, the material displays a
coercive fieldH, far larger than those found in conventional light
atom molecular radical ferromagnets. The origin of the phenomenon
is yet to be established, but the raligfd = 0.64 indicates some
magnetic anisotrop¥; a conclusion consistent with the tetragonal
crystal system. The decrease in conductivitp efith temperature
militates against measurements bel@yy but modification of the
nature of the R, groups and/or the degree of selenium incorpora-

tion may increase both the ordering temperature and conductivity.
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Both the real, in-phasg and imaginary, out-of-phagg’ compo-
nents show well-defined maxima & = 12.3 K. The invariance
of T, with cycling frequency confirms that the material is not a
spin glass.
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Figure 4. In-phasey’ and out-of-phasg'’ magnetic susceptibility of
(R1 = Et, R, = Cl) as a function of temperature at 1, 100, and 1000 Hz.
Inset shows expansion gf nearT..

Magnetization /) measurements dhshow a rapid increase in
M as a function of field ), with M registering a value of 0.90/N
atH = 5 kOe (at 2 K).M continues to rise gradually thereafter,
reaching 0.95 M atH = 55 kOe. This behavior is consistent with
a ferromagnetically ordered state composedsef 1/2 radicals,
for which the saturation magnetization would be #;Xhe small

Chair to N.L.F.

Supporting Information Available: Synthetic, magnetization, and
crystallographic (CIF) data fd2 (R, = Et, R. = Cl). This material is
available free of charge via the Internet at http://pubs.acs.org.
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