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ABSTRACT: Li[TCNE] (TCNE = tetracyanoethylene)
magnetically orders as a weak ferromagnet (canted
antiferromagnet) below 21.0 + 0.1 K, as observed from
the bifurcation of the field-cooled and zero-field-cooled
magnetizations, as well as remnant magnetization. The
structure, determined ab initio from synchrotron X-ray
powder diffraction data, consists of a planar y,-[TCNE]*~
bound to four tetrahedral Li* ions. The structure consists
of two interpenetrating diamondoid sublattices, with
closest interlattice distances of 3.43 and 3.48 A. At 5 K
this magnetic state is characterized by a coercivity of ~30
Oe, a remnant magnetization of 10 emu-Oe/mol, and a
canting angle of 0.5°.

etracyanoethylene (TCNE) plays an important role in the

development of organic-based magnetic materials. Mag-
netically ordered materials with T.s up to 127 °C occur in
compounds in which the [TCNE]*~ radical anion coordinates
to paramagnetic transition metal ions. In all cases, the
[TCNE]*~ S = '/, spins couple with spins on high-spin
transition metal ions."~* These materials can possess 0-, 1-, 2-,
and 3-D extended structures with S = !/, [TCNE]*", u-
[TCNE]*", u,-[TCNE]*", and u,-[TCNE]*", respectively.

Additionally, for alkali cations,”~” [TCNE]*~ dimerizes as
diamagnetic 7-[TCNE],>~ with exceptionally lon§ (~2.9 A)*®
two-electron, four-center (2¢/4c) C—C bonds.”* As part of
our systematic exploration of the unusual bonding associated
with the [TCNE],>” dimer, we unexpectedly discovered a new
structural motif and magnetic ordering as a weak ferromagnet
for Li'[TCNE]".

The reaction of TCNE and Lil forms a dark green product,'
with TR vy absorptions at 2280, 2221, 2177, and 2137 cm™
that are inconsistent with the presence of either isolated
[TCNE],>~ or [TCNE]*~,"* but virtually identical to those
reported for [Fe(TCNE)(NCMe),][Fe™Cl,] (ie., 2222 and
2178 cm™!), which possesses u,-[TCNE]*~.> The blue shift of
the more intense 2221 and 2177 cm™ vy absorptions with
respect to 2183 and 2144 cm™’ that are present for isolated
[TCNE]*~ ' is expected due to the Li*---N interaction."?
Backbonding arising from d,—z*{[TCNE]*"} overlap, and
leading to a red shift of the vy absorptions, cannot occur as Li*
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lacks low-lying d orbitals, and this does not occur for
[Fe(TCNE)(NCMe),][FeCl,]. The single Sy absorption at
525 cm™ is also in accord with [TCNE]*™ (521 cm™), but it is
not split into three bands as occurs for [TCNE],>~.'" While
single crystals sufficient for a structure determination could not
be isolated, X-ray powder diffraction (XRPD) was observed.
High-resolution XRPD patterns were collected at beamline
X16C of the National Synchrotron Light Source at ambient
temperature, 250, 200, 150, 100, 50, 20, and 16 K (Figure S1;
Table S1).'*'* The structure was determined by simulated
annealing and Rietveld refinement (Figure 1), and reveals
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Figure 1. High-resolution synchrotron powder diffraction data (black
dots) and Rietveld fit for the refined structure of Lif TCNE] at 16 K
(red solid line). The lower trace is the difference, measured minus

calculated, plotted to the same vertical scale. The results of similar fits
at other temperatures are given in the Supporting Information.

planar 1,-[TCNE]*™ bound to four tetrahedral Li* ions (Figure
2a). The structures at all of the temperatures studied are
isomorphous, and no evidence was found for a structural phase
transition. Each Li* is tetrahedrally surrounded by four
[TCNE]*"’s (Figure 2b) with the central CC and C—CN
distances of 1.41(1) and 1.51(1) A at 16 K, and the average Li—
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Figure 2. Structure of planar y,-[ TCNE]*~ bound to four Li* ions (a),
and tetrahedral geometry of four [TCNE]*”’s surrounding a Li* ion
(b). Li is green, C black, and N blue. The extended 3-D network
structure of Li{TCNE], with the two interpenetrating diamondoid
lattices in red and blue, is shown in (c). Li* is shown as a lighter tint
than C and N in each sublattice.

N distance of 2.05 A; N—Li—N angles range from 98° to 121°,
and Li*-bridged N--N distances range from 3.22 to 3.46 A
(Table S2). Albeit noncubic, this arrangement forms an
extended 3-D diamondoid topology equivalent to zinc-blende,
as well as PbS as observed for (NMe,)Cu"[Pt(CN),]."¢ The
large separation between Li* ions across [TCNE]*~ (6.30 and
7.67 A) accommodates a second, interpenetrating lattice
(Figure 2c). Interpenetrating independent 3-D diamondoid
lattices have also been observed for cubic M(CN), (M = Mn,
Zn, Cd)."” The shortest inter-sublattice central C---C
separations are S.41 and 543 A along the b and a axes,
respectively. The shortest interlattice C---N and C---C
separations are 3.46 and 3.28 A, respectively.

In accord with the presence of S = !/, [TCNE]*", the 280 K
pulsed electron paramagnetic resonance (EPR) spectra revealed
a featureless absorption centered at g = 2.0038(7), with a shift
to g = 2.0041(7) at 77 K, but no EPR center observed at 9.5 K.
This is consistent with a free electron behavior within the
paramagnetic phase in good agreement with solution spectra
reported for [TCNE]*” as the sodium salt with g
2.0026(2).'%"

The magnetization, M(T), at 1000 Oe was measured
between 5 and 400 K under an inert atmosphere using a
Quantum Design MPMS-SXL S T SQUID magnetometer
equipped with a recifrocating sample measurement system as
previously described, %21 and y (= M/H) is displayed as yT(T),
7 N(T), and y(T),* Figure 3. Above 120 K, 4~ '(T) is linear and
can be fit to the Curie—Weiss expression, y = C(T — §)™" (C
and @ are the Curie and Weiss constants, respectively) with 6 =
—39 K, Figure 3, indicating significant antiferromagnetic
coupling. The value of C is 0.375 emu-K/mol, as expected
for S = '/, g = 2 material. The magnetization gradually
increases with decreasing temperature until it abruptly
increases, Figure 3 inset, at 20.2 K [from the dM(T)/dT data].
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Figure 3. yT(T) (®) and y~'(T) (A) for Lif TCNE]. Inset is y = M/
H (H = 1000 Oe). The line is the fit to y = C(T — )™ with @ = —39
K

Below 120 K, y(T) is less than that expected for Curie—
Weiss behavior with 8 = —39 K. This is indicative of significant
spin coupling between the [TCNE]*" sites. Unexpectedly,
below 22 K, yT(T) abruptly increases with decreasing
temperature, reaching a maximum of 0.45 emu-K/mol at 13.1
K, before decreasing again upon further cooling, Figure 3.
Likewise, y(T) has an abrupt increase, Figure 3 inset, and
2 '(T) has an abrupt decrease at 22.3 K. These data suggest
magnetic ordering and/or a structural phase transition with a
concomitant increase in spin coupling. A Spin-Peirels
transition®> can be ruled out, as this would lead to a
diamagnetic ground state, not an increase in susceptibility.
The unit cell parameters above and below the 22 K transition
temperature (Figure S1; Table S1) are essentially unchanged,
arguing against a structural transition, although the quality of
data obtainable from these samples admits the possibility of a
subtle change."®

The 5-Oe field-cooled, Mgc(T), and zero-field-cooled,
Mypc(T), magnetizations for Li{ TCNE] exhibit a bifurcation,
Ty, at 21.1 K (Figure 4), indicative of magnetic ordering. The
M;(T) is nearly coincident with the remnant magnetization,
M,(T), Figure 4. The T, extrapolated from the temperature at
which M(T,H = 0) = 0is 21.0 and 20.9 K from the Mgc(T) and
M,(T), respectively, and is in good agreement with T
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Figure 4. Zero-field-cooled, Mypc(T), field-cooled, Mgc(T), and
remnant, M,(T), magnetizations for Lil TCNE].
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The S K M(H) shows a rapid rise with increasing field, H,
Figure 5, followed by a linear increase. At S0 kOe the
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Figure S. Hysteretic M(H) for Li{TCNE] at 5§ K. H,, = 30 Oe, M, =
10 emu-Oe/mol.

magnetization is 175 emu-Oe/mol and still rising. Hence, it
indicates weak ferromagnetic (canted antiferromagnetic behav-
ior). The canting angle, y, for a polycrystalline sample can be
estimated from sin(y/2) = 2M,(T—0)/M,** with M,(T—0)
being obtained by extrapolating the low-temperature remnant
magnetization, M,(T), to 0 K, and is 12 emu-Oe/mol, while M
is assumed to be 5585 emu-Oe/mol; thus, y = 0.5°, in accord
with other weak ferromagnetic materials. Lii TCNE] has a
coercive field of 30 Oe and remnant magnetization, M,, of 10
emu-Oe/mol at 5 K, Figure 5.

The structure and magnetic data for Lif TCNE] suggest a
two-sublattice antiferromagnet, with spins on the two magnetic
sublattices slightly canted. At present, it is not known if the
distinct diamondoid (structural) networks are the magnetic
sublattices (dominant antiferromagnetic coupling along the
interlattice C--N interactions), or if there are sites of opposite
spin on each sublattice (dominant antiferromagnetic coupling
via the N—Li—N bridges). As Li* contains only s electrons,
superexchange via that route is unexpected. However, super-
exchange may arise from the covalency of the strong Lewis acid
interaction between the Li* and N’s.

The weak ferromagnetism could arise either from a different
anisotropy direction on the two ma§netic sublattices or from a
Dzyaloshinsky—Moriya interaction.” Further work, including
pressure studies and AC susceptibility, as well as modeling of
the magnetic interactions based on density functional
computations is in progress, and should provide insight into
these questions.

In conclusion, Li{ TCNE] is anomalous with respect to the
other alkali salts of [TCNE]*", as it possesses y,-[TCNE]*~
bound to four tetrahedral Li* ions, forming an interpenetrating
diamondoid lattice, and not z-[TCNE],”". Furthermore, Li*
does not stabilize p,-[C,(CN)s]*". Li{TCNE] undergoes a
transition from a paramagnetic state to the weak ferromagnetic
(canted antiferromagnet) ground state with T, = 21.0 + 0.1 K,
with a 0.5° canting angle, ~30 Oe coercivity, and 10 emu-Oe/
mol remnant magnetization at 5 K.

Thus, Li[TCNE], consisting only of three first-row elements,
has a T, exceeding those of all reported organic ferromagnets
and weak ferromagnets, except 4’-cyanotetrafluorophenyldi-
thiadiazolyl (T, = 35.5 K).*® The coercivity is higher than that

typically observed for an organic magnet based on first-row
elements, and larger than those of all other organic magnets,
except those containing Se.”” This may arise from the noncubic
nature of the interpenetrating diamondoid lattices, and is under
further investigation.
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X-ray crystallographic CIF files for Li[TCNE] at eight
temperatures between 16 and 295 K, as well as unit cell
parameters and selected bond lengths and angles at those
temperatures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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