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A Single-Chain Magnet Tape Based on Hexacyanomanganate(III)**
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Abstract: The tape-like chain {[(tptz)MnII(H2O)-
MnIII(CN)6]2MnII(H2O)2}n·4nMeOH·2nH2O based on the
anisotropic building block hexacyanomanganate(III) exhibits
long-range magnetic ordering below 5.1 K as well as single-
chain magnetic behavior at lower temperatures with an
effective energy barrier of 40.5(7) K.

One-dimensional (1D) transition-metal coordination poly-
mers are interesting materials that often exhibit unusual
behavior that is intermediate between the molecular and bulk
regimes.[1] Examples of chain architectures include ladders,
ropes, and cluster-based 1D systems.[2] After years of being
less studied in favor of higher-dimensionality conductors and
magnets, the discovery of the first example of nanomolecular
wires in 2001,[3] with the evocative name of single-chain
magnets (SCMs) being introduced in 2002,[4] stimulated
a renaissance of research on the topic of chain compounds.
SCMs exhibit slow relaxation of the magnetization at low
temperatures and may have potential applications in high-
density information storage.[5] A variety of SCMs have been
realized by implemention of astute design approaches involv-
ing the selection of specific bridging units in combination with
anisotropic metal ion mononuclear or polynuclear complexes
with ancillary ligands.[5] Among the known SCMs are those
based on cyanometallate anions, which constitute a conven-
ient platform for the isolation of structurally related materials
by using a building-block or modular synthetic approach.[6,7]

The first reported cyanide-bridged SCM is {[FeIII(L)-
(CN)4]2CoII(H2O)2}·4H2O (L = 2,2’-bipyridine or 1,10-phe-
nanthroline), which consists of neutral cyanide-bridged FeIII-
CoII double zigzag chains,[6e] or the so-called 4,2-ribbon
chain.[2a] This architecture is a common structural archetype
for SCMs and photo-responsive SCMs, which is most likely
due to the favorable parallel arrangement of the anisotropic
metal units.[6,8] Expanding this structural type to a tape is one
of the challenges in this area that piqued our interest.[2b, 7m]

In contrast to the other hexacyanometallate building
blocks of the 3d elements, the [MnIII(CN)6]

3¢ anion remains
much less explored due to its inherent instability involving
cyanide loss in the absence of free cyanide.[9, 7c] This anion is

quite intriguing because of the presence of unquenched
orbital angular momentum originating from first-order spin–
orbit coupling of the low-spin (LS) t2g

4 MnIII ion, which
endows it with significant single-ion anisotropy. This anionic
building block is a promising candidate for both SMMs and
SCMs, provided the chemistry can be controlled. In 2003, our
group isolated one of the first cyanide SMM ([MnII

3MnIII
2]),

which is a trigonal bipyramidal pentanuclear cluster with
[Mn(CN)6]

3¢ anions occupying the axial positions.[10] Theo-
retical studies based on this compound led to the prediction
that a linear trinuclear molecule containing the MnII¢NC¢
MnIII¢CN¢MnII unit should exhibit an SMM barrier height
larger than 100 K, a hypothesis that has yet to be tested.[11]

Given the aforementioned findings, we recently turned
our attention to the elaboration of 1D chains based on the
[Mn(CN)6]

3¢ building block. We initiated this work by
targeting the use of the centrosymmetric linear trinuclear
compound [(tptz)2MnII

3(OAc)6] (1, tptz = 2,4,6-tri(2-pyridyl)-
1,3,5-triazine), which contains two different environments for
the MnII ions.[12] We postulated that the labile acetate bridging
ligands could be replaced with [Mn(CN)6]

3¢ anions, and
that the chelating tptz ligands would serve to prevent the
extension of the structure to a two-dimensional layered motif
(Scheme 1). Indeed, slow diffusion of {[18-C-6 K}3[Mn(CN)6]
into 1 affords the unusual compound {[(tptz)MnII(H2O)-
MnIII(CN)6]2MnII(H2O)2}n·4n MeOH·2nH2O (2) with a tape-
like chain structure. Magnetic studies revealed that 2 exhibits
long-range magnetic ordering below 5.1 K that is due to both
intra- and inter-chain antiferromagnetic couplings as well as
SCM behavior at lower temperatures with an effective energy
barrier of 40.5(7) K.

Single-crystal X-ray diffraction studies revealed that both
1 and 2 crystallize in the triclinic P1̄ space group. The
structure of 1 contains a centrosymmetric linear trinuclear
unit in which the central octahedral Mn2 atom is bridged by
six acetate ligands to the terminal heptacoordinate Mn1 and
Mn1A atoms (Figure 1a). The Mn2 center is in a compressed
octahedral [MnO6] environment, with six oxygen atoms from
the acetate ligands; the axial bonds (Mn2¢O1/O1A
2.108(2) è) are slightly shorter than those in the equatorial

Scheme 1. Representation of the chain formation after substitution of
the acetates in 1 by hexacyanomanganate(III).
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plane (2.212(2) and 2.246(2) è). The Mn1 ion adopts
a distorted pentagonal bipyramidal geometry with O4 and
O6 in the axial positions and tptz serving as a tridentate
chelating ligand in the equatorial plane. Two of the acetate
groups act as 2.11 (syn–syn)[13] bridges between Mn2 and
Mn1, whereas the third exhibits the 3.21 (m2-O,O,O’) bridging
mode with a Mn1¢O3¢Mn2 angle of 107.68(9)88. The intra-
molecular Mn···Mn distance is 3.81(2) è.

The structure of 2 is best described as a tape consisting of
quadruply cyanide-bridged MnIII¢MnII zig-zag chains or
double 4,2-ribbons along the a axis (Figure 1c). Each MnIII

center in the [MnIII(CN)6]
3¢ anions is in a slightly distorted

octahedral geometry with Mn¢C distances of 1.950(2)–
2.011(2) è and C-Mn-C angles in the range 86.9(4)–93.7(5)88.
There are two different MnII ions: Mn2 resides in a distorted
octahedral geometry with one chelating tptz ligand, two
coordinated [MnIII(CN)6]

3¢ units in a cis disposition, and
a bound water molecule. The cis N-Mn-N angles vary from
70.56(11) to 110.53(38)88. The octahedral Mn3 ion is located on
an inversion center and linked by four [MnIII(CN)6]

3¢ anions
in the equatorial plane with Mn¢Ncyanide 2.197(35)–
2.230(34) è; two water molecules occupy the axial positions
(Mn¢O 2.204(36) è; Figure 1b). Each [MnIII(CN)6]

3¢ anion is
linked to two Mn2 and two Mn3 atoms through cyanide
bridges in the equatorial positions while each Mn2 and Mn3 is
connected to two [MnIII(CN)6]

3¢ anions to form a 4,2-ribbon
chain along the a axis, which is further expanded by sharing
the Mn3 atoms to form a tape. The cyanide linkages deviate
slightly from linearity with the MnIII-C-N and Mn-N-C angles
being in the ranges 175.4(4)–179.0(5)88 and 168.5(3)–171.4(4)88,
respectively. The nearest intrachain Mn¢Mn separations are
in the range of 5.24(8) to 5.33(5) è. The chains interact to
form a three-dimensional structure by p–p stacking inter-
actions between the tptz ligands as well as hydrogen bonding
(Supporting Information, Figure S1).

Magnetic susceptibility data for 1 and 2 were measured
over the temperature range of 2–300 K under a direct current

(dc) field of 1 kOe. The cm T value of 1 at 300 K (calculated
for the [MnII

3] unit) is 12.85 cm3 mol¢1 K, which is consistent
with the spin-only value (13.125 cm3 mol¢1 K) for three
isolated high-spin (HS) MnII ions (Supporting Information,
Figure S2). Based on the Hamiltonian: H =¢2J(SMn1 SMn2 +

SMn2 SMn1A), (SMn = 5/2), J is the magnetic interaction between
the Mn ions), the best fit to the data using the PHI program[14]

led to the values g = 2.01 and J =¢0.81 cm¢1, an indication of
very weak antiferromagnetic (AF) coupling between the Mn
ions. The isothermal magnetization (M) as a function of the
field (H) measured at 1.9 K reaches the value of about 5.0 Nb

between 20–30 kOe, and then increases steeply at higher
fields. These data are in accord with the conclusion that the
weak AF interaction between the Mn ions results in
a ferrimagnetic state (S = 5/2, M = 5.0Nb), which is easily
overcome at higher applied fields. The best fit for the M–H
data gave J =¢0.78 cm¢1 and g = 2.01, consistent with the
parameters extracted from the M–T data (Supporting Infor-
mation, Figure S2, inset).

The plot of cm T versus T for 2 is indicative of typical
ferrimagnetic behavior as a result of the non-compensating
moments of the AF-coupled MnII and MnIII ions (Figure 2).

The cm T value of 14.26 cm3 mol¢1 K at 300 K is lower than the
expected spin-only value of 15.13 cm3 mol¢1 K for three HS
MnII (S = 5/2) and two LS MnIII (S = 1) ions (calculated for the
[MnII

3MnIII
2] unit), which is most likely due to the spin–orbital

coupling effects of the MnIII ions. The cm T value decreases
gradually to a minimum of 11.56 cm3 mol¢1 K at 40 K and then
increases sharply to a maximum of 149.1 cm3 mol¢1 K at 5.0 K.
The further sharp decrease below 5 K is attributed to
interchain AF coupling and/or zero-field splitting (ZFS). A
fitting of the data above 40 K to the Curie–Weiss law gives a C
value of 15.05 cm3 mol¢1 K and a negative q constant of
¢15.6 K (Supporting Information, Figure S3). No suitable
modelling for further analysis of the data was attempted
because of the complicated topology.

The isothermal field-dependent magnetization (M vs H)
was measured at 1.8 K (Supporting Information, Figure S4).

Figure 2. Variable-temperature dc magnetic susceptibility data for 2,
measured in an applied field of 1 kOe. Inset: Plot of ln(cm T) vs 1/T.

Figure 1. a) X-ray structure of 1. b) The asymmetric unit of 2. c) The
tape architecture of 2 composed of fused zig-zag chains. All hydrogen
atoms and interstitial solvent molecules are omitted for clarity.
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In the very low-field region, the magnetization curve for 2
exhibits a sigmoidal shape, typical of a field-induced meta-
magnetic transition at a critical field of 200 Oe. After the
transition, the magnetization increases rapidly but does not
fully saturate even at 7 T, as the value of 9.27 Nb is lower than
the estimation of 11.0 Nb per [MnII

3MnIII
2] for a g of 2. These

data indicate the presence of significant magnetic anisotropy.
It should be mentioned that 2 exhibits a negligible hysteresis
loop (Supporting Information, Figure S5). Field-cooled mag-
netizations (FCMs) at different dc fields further confirmed
the metamagnetism of 2 (Supporting Information, Figure S6).
The FCMs at below 200 Oe display a peak at around 5 K,
which disappears at higher fields, indicating the transition
from an AF state to paramagnetic state.

For an anisotropic Heisenberg or Ising-like one-dimen-
sional system, cm T increases exponentially with decreasing
temperature, and follows the equation: cm T/Ceff = exp(Dx/
kB T), where Ceff is the effective Curie constant, Dx is the
correlation energy (the energy needed to create a domain wall
in the chain), and kB is the Boltzmann constant. In fact, the
resulting plot of ln(cm T) versus 1/T for 2 features a linear
region in the temperature range 7–20 K, yielding Dx =

22.3(4) K, suggesting SCM characteristics (Figure 2, inset).
Below 7 K, ln(cm T) reaches a maximum and then undergoes
a linear decrease at lower temperatures. The crossover
temperature T* is about 5.2 K extracted from the intersection
of the two linear regimes.

To verify SCM behavior for 2, alternating current (ac)
magnetic susceptibility measurements were performed as
a function of both temperature and frequency in a 5 Oe ac
field and a zero dc magnetic field. Figure 3 clearly reveals that
variable-temperature ac susceptibility measurements for 2
exhibit peaks for the in-phase but no signals for an out-of-

phase component at 5.1 K due to the long-range AF ordering.
In sharp contrast, at lower temperatures (below 4 K), strong
frequency dependence of both in-phase (cm’) and out-of-
phase (cm’’) components is evident. The relaxation times,
extracted from the peaks of cm’’, were plotted as ln(t) vs T¢1,
following an Arrhenius law t = t0exp(Dt/kB T) with Dt/kB =

40.5(7) K and t0 = 1.0(3) × 10¢11 s (Figure 3, inset). The results
are in good agreement with those reported for other SCMs.[5]

Given that the dynamics of the magnetization occur below the
crossover temperature (5.2 K), the slow relaxation is consid-
ered to be within the finite-size regime, where the overall
spin-reversal barrier can be expressed as the sum of the
correlation and anisotropy energies, Dt = Dx + DA.[15] Thus, DA

may be estimated as 18.2 K. It should be mentioned that the
recent finding of magnet behavior in AF ordered phases of
SCMs by Coulon, Cl¦rac et al. in 2009[16] have prompted
a new approach for SCMs and the field is expanding as
different examples of these fascinating systems continue to be
developed.[17] What is more, ferromagnetic interchain inter-
actions of SCMs may lead to a three-dimensional ordering
magnet with significantly enhanced coercivity.[18]

Variable-frequency ac susceptibilities collected over the
temperature range 1.80–2.70 K also show highly frequency-
dependent peaks (Figure 4a). As above, the relaxation time

follows an Arrhenius law with D/kB = 39.9(5) K, t0 = 1.1(2) ×
10¢11 s, consistent with the values reported above (Figure 4b).
Cole–Cole plots (Figure 4c; Supporting Information,
Table S1) of cm’ vs. cm’’ were fitted to a generalized Debye
model,[19] which led to a values ranging from 0.49 to 0.57,
indicative of a relatively wide distribution of relaxation times,
which may be caused by the variable distributions in chain
length, magnetic interchain interactions, and random defects
as found in other cases where a ranges from 0–0.7.[5c]

It has been found for three-dimensional AF ordered
phases of SCMs that “pure” SCM behavior may be observed
when a small dc field being applied, which may minimize the

Figure 3. Variable-temperature in-phase (top) and out-of-phase
(bottom) components of the ac magnetic susceptibility data for 2,
collected in a 5 Oe ac field oscillating at frequencies of 3.3–1400 Hz.
Inset: Arrhenius plot of relaxation times.

Figure 4. a) Variable-frequency in-phase (cm’) and out-of-phase (cm’’)
ac magnetic susceptibility data, collected in zero dc applied field and
a 5 Oe oscillating ac field at temperatures from 1.80 to 2.70 K.
b) Arrhenius plot of relaxation times. c) Cole–Cole plots.
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effect of the AF interchain interaction and slow down the
observed dynamics.[17] In this regard, additional variable-
temperature ac susceptibilities were measured under applied
dc fields of 50 Oe and 200 Oe. As a result, the AF ordering
temperature decreased to 4.9 K under a dc field of 50 Oe
(Supporting Information, Figure S7) and totally disappeared
under 200 Oe (Figure 5). The relaxation time extracted from
Figure 5 follows an Arrhenius law with D/kB = 53(1) K and
t0 = 1.0(6) × 10¢12 s.

In summary, a unique tape-like cyanide-bridged chain
compound (2) has been prepared with the anisotropic
[MnIII(CN)6]

3¢ anion. Compound 2 exhibits long-range anti-
ferromagnetic ordering with a N¦el temperature of 5.1 K due
to both intra- and inter-chain AF coupling between the metal
spin centers. An unusual feature of the magnetism is that
SCM behavior is clearly evidenced at lower temperatures
with an effective energy barrier of 40.5(7) K. Efforts to
minimize the interchain interactions and extend this chain
architecture to other cyanide building blocks are underway.

Experimental Section
Synthesis of 1: A MeOH (10 mL) solution of tptz (248 mg, 0.79 mmol)
was added dropwise into a solution of Mn(OAc)2·4H2O (294 mg,
1.20 mmol) in MeOH (10 mL) with stirring to give a clear yellow
solution which was stirred for 3 h and then concentrated to about
5 mL on a rotary evaporator. A light yellow solid was obtained by
adding diethyl ether. The powder was collected by filtration, washed
with MeOH, and dried in vacuo, yield: 256 mg (56%). Single crystals
of 1 were grown by slow diffusion of diethyl ether into a solution of
20 mg of 1 in methanol (2 mL). Anal. calcd. for C48H44Mn3N12O13 :
N 14.47, C 49.62, H 3.82; found: N 14.64, C 49.11, H 3.59%.

Synthesis of 2 : A sample of 1 (12.0 mg, 0.0105 mmol) dissolved in
MeOH (1.5 mL) was carefully layered over a MeOH–DMF (1.5 mL,

v/v = 2:1) solution of 22.5 mg (0.0201 mmol) of [(18-crown-
6) K]3Mn(CN)6 in a 6 mm diameter tube, which was sealed under
a reduced nitrogen pressure. Brown crystals were obtained after two
weeks and collected by filtration, washed with small amount of
MeOH, and dried in air. Yield: 9.0 mg (62%). IR (Nujol): n~= 2138,
2130 cm¢1 for cyanide stretches.

Crystal data for 1: C48H42Mn3N12O12, Mw = 1143.76 gmol¢1, tri-
clinic, space group P1̄, a = 8.4873(17), b = 11.710(2), c = 13.099(3) è,
a = 98.891(12), b = 104.418(11), g = 104.768(11)88, V= 1185.7(4) è3,
Z = 1, m = 7.073 mm¢1, 1calcd = 1.602 Mgm¢3, R1 = 0.0456, wR2 =
0.1131.

Crystal data for 2 : C52H52Mn5N24O10, Mw = 1447.88 gmol¢1,
triclinic, space group P1̄, a = 7.5739(15), b = 14.164(3), c =

14.996(3) è, a = 99.39(3), b = 90.35(3), g = 92.81(3)88, V=
1585.1(5) è3, Z = 1, m = 1.043 mm¢1, 1calcd = 1.517 Mgm¢3, R1 =
0.0814, wR2 = 0.1944.

CCDC 1021129 (1) and CCDC 965506 (2) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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