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Assembling [W(CN)6(bpy)]- and magnetic anisotropic Mn Schiff
bases produced two MnIII(3d)-WV(5d) bimetallic chains. Modulation
of the types and degrees of interchain π-π interactions in the
one-dimensional coordination polymers leads to the variation of
the magnetic behavior from a metamagnetic character to a single-
chain magnet property.

Single-chain magnets (SCMs) show slow magnetic relax-
ation arising from the combined effects of intrachain
magnetic interactions and single-ion anisotropy, which are
found in 3d,1 3d-radical,2 3d-3d,3 3d-4f,4 and 4f-radical
systems.5 It is important to note that the SCM characteristic
can be achieved with the condition of negligible interchain
magnetic interactions compared with intrachain magnetic
couplings.6 To construct one-dimensional (1D) structures
with anisotropic nature, one of the rational strategies is to

employ both anisotropic sources and building units [M(C-
N)p(L)q]n- (M ) paramagnetic metal ions; L ) usually
polydentate ligands) containing appropriate capping ligands,
which preclude structural extension toward higher dimen-
sionality. Most capped cyanometalate-based precursors re-
ported in the literature consisted of chelating ligands with
planar rings, which are beneficial to grow single crystals
through the effective intermolecular π-π crystal packings
between the planar groups, but interchain magnetic interac-
tions mediated through the significant intermolecular contacts
are often promoted, eventually destroying a SCM property.7

This antagonistic propensity could serve as a hurdle of using
the building blocks with aromatic rings as synthons for
SCMs. We have explored the magnetic properties of 1D
anisotropic chains that can be fine-tuned by intermolecular
π-π contacts.

We report the syntheses, structures, and magnetic char-
acterizations of 1D chains [W(CN)6(bpy)][Mn(L1)] ·MeCN ·
MeOH [2; bpy ) 2,2′-bipyridine, H2L1 ) N,N′-bis(1′-hydroxy-
2′-acetonaphthylidene)-1,2-diaminoethane] and [W(CN)6(bpy)]-
[Mn(L2)] ·H2O [3; H2L2 ) N,N′-bis(2-hydroxynaphthalene-
1-carbaldehydene)-trans-diaminocyclohexane]. We utilized
Mn Schiff bases including two fused benzene rings (naph-
thalene rings) with different geometric dispositions, each of
which can create intermolecular stackings at various contact
faces. The magnetic trait is modulated from a metamagnetic
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(3) (a) Clérac, R.; Miyasaka, H.; Yamashita, M.; Coulon, C. J. Am. Chem.
Soc. 2002, 124, 12837. (b) Pardo, E.; Ruiz-Garcı´a, R.; Lloret, F.;
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character in 2 to a SCM property in 3, which marks the first
SCM example involving 5d metal ions.

A stoichiometric reaction of [W(CN)6(bpy)]- (1)8 with the
Mn Schiff bases9 afforded deep-brown crystals of 2 and 3.10

The characteristic CN peaks in the IR spectra are centered
at 2171w, 2159w, 2152vw, 2134w (sh), and 2115w cm-1

for 2 and 2148w, 2139w (sh), and 2118w cm-1 for 3. Some
peaks in 2 shift toward higher frequencies based on the IR
peaks of the precursor (1) visible at 2146w, 2135w, and
2119w cm-1, suggesting the existence of bridging CN
ligands. However, the observed peaks in 3 are close to those
in 1, implying that the coordination of the N end in the CN
group to a metal center is somewhat weak, if existing at all.

In the crystal structures [Figures S1 (Supporting Informa-
tion) and 1], the central environments of W belong to a
distorted dodecahedron for 1 and a distorted square antiprism
for 2 and 3 (Table S1 in the Supporting Information). Two
groups among the six CN ligands of the W(CN)6(bpy)-

moiety behave as bridges to Mn Schiff bases, generating a
1D linear chain structure. The MnIII center adopts a distorted

octahedral arrangement with a significant tetragonal elonga-
tion. The axial Mn-N distances [Mn1-N1 ) 2.294(4) Å
and Mn1a-N6 ) 2.311(3) Å for 2, a ) -0.5 + x, 1.5 - y,
0.5 + z; Mn1-N1 ) 2.438(4) Å and Mn1b-N6 ) 2.371(4)
Å for 3, b ) x, 1 - y, 0.5 + z] are longer than the average
equatorial Mn-N(O) lengths [1.93(7) Å for 2 and 1.93(5)
Å for 3]. There exist two different Mn-N-C(cyanide) angles
withinachain [Mn1-N1-C1)165.0(3)°andMn1a-N6-C6
) 153.9(3)° for 2 and Mn1-N1-C1 ) 163.8(4)° and
Mn1b-N6-C6 ) 156.0(4)° for 3]. The average Mn-N-C
angles are quite akin to each other. The intrachain metal-metal
separations through the CN bridges are W1-Mn1 of
5.5513(5) Å, W1-Mn1a of 5.4764(5) Å for 2, and W1-Mn1
of 5.6937(7) Å and W1-Mn1b of 5.5582(8) Å for 3.
Hydrogen bonding is formed between O atoms of methanols
and one of free N atoms of cyanides for 2.

The π-π contacts with a centroid distance of 3.859 Å
are formed through phenoxide rings of L1 in 2, whereas
rather weak intermolecular interactions with a centroid
distance of 3.933 Å are established between phenoxide and
benzene rings of L2 in 3 (Figures S2 and S3 in the
Supporting Information). Accordingly, the interchain mag-
netic routes through the π-π-stacking interactions for 3 are
relatively longer than those for 2 because of the involvement
of the different aromatic rings in the formation of such
noncovalent forces. The shortest interchain Mn-Mn distance
(9.547 Å) through the intermolecular forces between the
disparate planar rings on the naphthyl groups for 2 is much
shorter than that (10.664 Å) for 3.

The magnetic data are plotted in Figures 2 and 3. As the
temperature is lowered, the �mT product decreases slowly
down to a minimum at Tmin ) 30 K for 2 and 20 K for 3.
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Figure 1. Molecular views of 2 (a) and 3 (b). Symmetry transformations
used to generate equivalent atoms: a ) -0.5 + x, 1.5 - y, 0.5 + z; b ) x,
1 - y, 0.5 + z.

Figure 2. (a) Plots of �mT and �m (inset) vs T for 2. The solid line in the
main panel shows the best fit to the magnetic model. (b) Field dependence
of M at 2 K for 2.
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Below Tmin, �mT undergoes an abrupt rise to a cusp at Tmax

) 4 K for 2 and 3 K for 3. These behaviors are associated
with the operation of antiferromagnetic interactions between
SMn ) 2 and SW ) 1/2. The fit of an analytical expression
derived by Drillon et al.11 to the data in the temperature
ranges of 35-300 K (2) and 30-300 K (3) affords estimated
results of gMn ) 2.00, gW ) 2.15, and J ) -15.2 cm-1 for
2 and gMn ) 2.06, gW ) 2.14, and J ) -11.8 cm-1 for 3.12

The stronger J value in 2 than in 3 can be understood by the
structural parameters that the mean Mn-N(cyanide) length
in 2 is significantly shorter than that in 3, whereas the average
Mn-N-C angles remain alike.

The M(H) data of 2 show a regular metamagnetic behavior
with a critical field of 800 G determined by the derivative
of M with respect to H (Figure 2). Below this field, interchain
magnetic interactions are dominant, as judged by peaks at 4
K in the �m(T) plots. The antiferromagnetic couplings
between neighboring chains originate from the π-π contacts
of the phenoxide groups. Application of a magnetic field
higher than 800 G enables the weak interchain interactions
to be overcome and brings about a phase transition from the
antiferromagnetic state to a ferrimagnetic state. The experi-
mental value of 2.71 N� at 7 T is comparable to the expected
ferrimagnetic value for gS ) gSMn - gSW ) 3 N�, assuming
g ) 2. Strikingly, however, the metamagnetic phenomenon

in 2 disappears in 3, where a ferrimagnetic state is also
stabilized with a saturation magnetization of 2.85 N� at 7 T
(inset of Figure 3a). This implies that the π-π stackings
through L2 in 3 transmit very weak or virtually negligible
magnetic couplings compared with L1 in 2. To further inspect
the underlying magnetic property of 3, alternating current
(ac) magnetic susceptibility data were collected at a zero
direct current field and an ac field of 5 G [Figures 3b and
S4 (Supporting Information)]. The maxima at Tp in �m′ move
toward higher temperatures with increasing oscillating
frequency (f). A quantity given by ∆Tp/[Tp∆(log f)] is
estimated to be 0.20, which falls in the range of a super-
paramagnet.1-6,13 The Arrhenius equation of τ ) τ0 exp(∆τ/
kT), where τ ) 1/2πf, was employed to extract parameters
relevant with a slow magnetic relaxation. A best fit of peak
temperatures in �m′′ to the equation affords τ0 ) 3.9 × 10-10

s, which is consistent with observed values of SCMs (Figure
S5 in the Supporting Information),1-6 and ∆τ/k ) 25.8 K.
On the basis of the Glauber model, the correlation length
(�) diverges exponentially in a ferrimagnetic 1D anisotropic
system, which can be described as the expression of �T )
Ceff exp(∆�/kT), where ∆� is the energy barrier to create a
domain wall in the chain.6,14 A linear fit of ln(�m′T) against
1/T gives ∆σ/k ) 3.6 K, ensuring the 1D Ising chain in 3
(Figure S6 in the Supporting Information). The low-tem-
perature maximum in the curve is concerned with finite size
effects, and the limitation of growing the correlation length
is due to the presence of structural defects on the chains.15

The Cole-Cole plots (inset of Figure 3b), measured at
temperatures of 2.2, 2.4, and 2.6 K, provide a semicircle,
and fitting with a generalized Debye model leads to values
of R of less than 0.057.15 The R parameters reveal a
substantially narrow distribution of relaxation times, which
are typical for reported SCMs.1-5

In summary, we have prepared and characterized two
bimetallic chains constructed by [W(CN)6(bpy)]- and mag-
netic anisotropic Mn Schiff bases. The magnetic properties
are altered from a metamagnet (2) to a SCM (3), marking
the first case of the SCM with 3d-5d metal centers. The
variation of the magnetic behaviors relies on the types and
degrees of fine-tuned interchain π-π interactions.
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Figure 3. (a) Temperature and field dependences (inset) of magnetic data
for 3. The solid line in the main panel presents the best fit to the magnetic
model. (b) Out-of-phase ac data and Cole-Cole plots (inset) for 3 at
indicated frequencies and temperatures, respectively.
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