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ABSTRACT: The reaction ofmeso-tetraphenylporphyrina-
tomanganese(II) (MnTPP) and N,7,7-tricyanoquino-
methanimine (TCQMI) forms {[MnIIITPP]þ}2[TCQMI]2

2-,
which possesses a one-dimensional chain with μ1,3-NCN
linkages. The reduced [TCQMI]•- dimerizes as [TCQMI]2

2-

with a long, central 1.611(8) Å C-C bond and leads to a
honeycomb, two-dimensionally layered structure with 24-
membered rings. The μ1,3-NCN linkage stabilizes a canted
antiferromagnetic (weak ferromagnetic) behavior with Tc

of 3.7 K.

Tetraphenylporphyrinatomanganese(III) compounds posses-
sing radical anions that bridge the S = 2MnIII sites comprise a

family of unusual linear-chain-structured organic-based ferrimag-
nets. They are ferrimagnets with magnetic ordering temperatures
(Tc) up to 28 K1 and have complex history- and temperature-
dependent magnetizations that include extraordinarily high coer-
civities (∼27 kOe) at low temperature that exceed commercial
magnets.2

The most studied radical anion is [TCNE]•- (TCNE =
tetracyanoethylene),3 although substituted 7,7,8,8-tetracyano-
p-quinodimethanes (TCNQ),4 and chloranil,5 etc., also stabilize
magnetic ordering. To extend this family of materials, we have
investigated the reaction of meso-tetraphenylporphyrinato-
manganese(II) (MnTPP) and N,7,7-tricyanoquinomethanimine
(TCQMI).6

This reaction7 forms nonsolvated [MnIIITPP][TCQMI].
TCQMI was reduced, as evidenced by the νCN IR (KBr)
absorptions being reduced from 2230 and 2169 cm-1 for
TCQMI0 to 2188 and 2106 cm-1. The structure was determined
from single-crystal X-ray diffraction8 and consists of a warped
MnTPP with an average Mn-N distance of 2.023 Å and a
σ-[TCQMI]2

2- dimer. [TCQMI]2
2- dimerizes with a (NC)2C-

C(CN)2 linkage with a long, central 1.611(8) Å C-C bond
(Figure 1). TheMnIII ion lies out of the plane of the four N atoms
bound to it. This bond length is in accordance with the bond
lengths exhibited by the related σ dimers of [TCNQ]•- (∼1.6 Å)9

and [TCNE]•- [1.59(2) Å].10-14

On the opposite side of the dimer, the linear NCN fragment
bonds to two MnIII ions in a μ1,3-bridging manner with 2.382(2)
and 2.241(3) Å separations. The NC bond lengths of the NCN
fragment [1.318(4) and 1.161(4) Å] indicate a cyanimine (N—
CtN) structure and not a carbodiimide (NdCdN) resonance

structure. This is consistent with similar structures seen for a
series of MnIIISalen compounds bridged by hydrogencyanamide
(HNCN) that exhibit the cyanamide form with two different C-
N bonds [1.294(4) and 1.171(4) Å].15 In contrast, MnIINCN
possesses the carbodiimide (NdCdN) resonance structure with
two equivalent C-N bonds (1.23 Å).16

The warped porphyrin rings adopt a staggered orientation,
with alternating planes canted. Warping of the porphyrins,
particularly of TPP, has been ascribed to the porphyrin shifting
to allow more favorable overlap between its orbitals and those of
the central metal.17 This is most likely due to the steric
constraints of the dimer. Hence, MnIII-NCN-MnIII linkages
with 6.204 Å Mn 3 3 3Mn separations are present, and the S = 2
MnIII sites are not bonded to a radical. Thus, [MnIIITPP]-
[TCQMI] is best formulated as {[MnIIITPP]þ}2[TCQMI]2

2-.
The Mn-NCN-Mn linkages lead to one-dimensional chains
that are cross-linked by the σ-[TCQMI]2

2- dimer. This leads to
a honeycomb two-dimensionally layered structure with 24-mem-
bered rings (Figure 1b). This motif is similar to that reported
for tetrakis(2,4,6-triphenylmethyl)porphinatomanganese(III)
([TCNQ]•-; 1), which possesses [TCNQ]2

2-;9a however, the
porphyrin ring is planar. The porphyrin plane warping observed for
[MnIIITPP]2[TCQMI]2 is attributed to greater steric interactions
for the shorter Mn-NCN-Mn (vs Mn-NCCCN-Mn).

Received: January 13, 2011



2736 dx.doi.org/10.1021/ic200083j |Inorg. Chem. 2011, 50, 2735–2737

Inorganic Chemistry COMMUNICATION

χT(T)18 of [MnIIITPP]2[TCQMI]2 is 3.13 emu 3K/mol at
300 K, in accordance with the spin-only expectation of 3.00
emu 3K/mol for S = 2MnIII and diamagnetic [TCQMI]2

2-. This
is comparable to that reported for 1.9a Unlike 1, however, upon
cooling, χT(T) decreases, and fitting χT(T) above 20 K to the
Curie-Weiss expression, χ � (T - θ)-1, gives θ = -19.2 K,
indicative of significant antiferromagnetic coupling (Figure 2).
This deviates from the [MnIIITPP]2[TCNE]2 family of ferri-
magnets because they have effective θ values that are significantly
positive. Above 15 K, the χT(T) data were fit to a one-dimensional

chain model, eq 1, developed by Fisher and later modified by Smith
and Friedberg,19 with g = 2.08 and J/kB =-2.00 K (-1.39 cm-1

and -4.00 cal/mol).
χT(T) continues to decrease with a decrease in the temperature

until∼8 K, where it begins to rise to a maximum of 1.19 emu 3K/
mol at 4 K before decreasing again. The low magnetization is
thought to arise from the spin canting of the MnIII spin sites.

Evidence of magnetic ordering can be seen from the in-phase,
χ0(T), and out-of-phase, χ00(T), components of the alternating-
current (ac) susceptibility (Figure 3). The peak of the 33 Hz
component occurs at 3.65 K, while the rise in χ00(T) upon cooling
at 3.76 K provides another value of Tc, which averages 3.7 K.

χT ¼ Ng2μB
2SðSþ 1Þð1- uÞ
3kBTð1þ uÞ

u ¼ T
T0

- coth
T0

T
and T0 ¼ 2JSðSþ 1Þ

3kBT

ð1Þ

Both χ0(T) and χ00(T) are frequency-dependent below 4 K,
indicating either a spin glass or superparamagnetic state.20

This ordering temperature is in close agreement with the
bifurcation temperature (Tb) observed below ∼3.2 K observed
from the zero-field- and field-cooled magnetization data (not
illustrated). The origin of the canted antiferromagnetic/weak
ferromagnetic ordering is attributed to the close proximity of
the MnIII sites. Similar behavior is seen in MnIIISalen sites
bridged by HNCN in a μ1,3 mode with ordering temperatures
observed below 2.5 K.15 However, in contrast to these HNCN-
bridged MnIII compounds, no hysteresis loop is evident for
[MnIIITPP]2[TCQMI]2 and saturation magnetization is not
achieved at 9 T.

Thus, the three-atom conjugated bridging NCN provides a
pathway to stabilize magnetic ordering, as a canted antiferro-
magnet (weak ferromagnetic), which has not been observed for
the conjugated five-atom NCCCN bridging group.
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Figure 1. Structure of [MnIIITPP]2[TCQMI]2 possessing [TCQMI]2
2-

(a) and the 24-membered ring connecting the chains (b). Color code: Mn,
red; N, light blue; C, black.

Figure 2. χT(T) (b), χ-1(T) (O), and fit (þ) of [MnIIITPP]2-
[TCQMI]2 to eq 1.

Figure 3. In-phase, χ0(T), and out-of-phase, χ0 0(T), susceptibility at 33
(b), 100 (9), and 1000 (2) Hz.
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