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bstract

Assembled Mn(III) salen-type quadridentate Schiff-base (SB) complexes, [MnIII(SB)]n+, with various metal-containing/non-metal building
locks and their synthetic strategies are summarized. With the Mn(III) salen-type complexes, it is possible to have two coordination labile sites in
rans- or cis-position as the SB ligand takes a quasi-planar chelate form and a stereoscopic chelate form, respectively, being a coordination-acceptor
uilding block. Particularly in the quasi-planar form, the coordination labile sites face the direction of the Jahn–Teller elongated axis occupying the

z2 orbital with an unpaired electron. Due to this characteristic orbital arrangement, the activity and magnetic–electronic properties of the Mn(III)
alen-type complexes can be tuned, at will, by modulating the SB ligand that is equatorially located around the Mn(III) ion and coupled with the
mpty dx2−y2 orbital. Both the structural aspects, and magnetic characteristics of assembled compounds are of great interest. This point is the main
heme in this review. The high-spin Mn(III) salen-type complexes (S = 2) display strong magnetic uniaxial anisotropy, in which the magnetic easy
xis can be unambiguously found as the Jahn–Teller axis. Thus, out-of-plane assembly of the quasi-planar Mn(III) salen-type complexes makes it
ossible to align the easy axes of the Mn(III) ions. This strategy creates unique magnetic systems involving molecular superparamagnets such as
ingle-molecule magnets and single-chain magnets. So far, variously assembled systems employing Mn(III) salen-type complexes as oligomers,
ne-dimensional chains, and two- or three-dimensional networks have been designed. By following this review, we would know that the Mn(III)
alen-type complexes have the potential as a versatile magnetic source for the design of unique magnetic materials with multiple assembling
tructures.

2007 Elsevier B.V. All rights reserved.

operties; Bulk magnetism; Superparamagnetism
eywords: Mn(III) salen-type complexes; Assembled compounds; Magnetic pr

. Introduction

The current outstanding development in the coordination
hemistry of manganese (Mn) is largely a result of the fol-
owing three research subjects: (i) the design of models of

n-containing biological systems [1–4] (e.g., photosystem II
f green plants [5,6], manganese catalase [7,8], superoxide
ismutase [9], ribonucleotide reductase [10], and acid phos-
hatase of sweet potato [11]), (ii) the development of catalysts
or oxidations of organic substrates [12,13] (e.g., epoxidation
14,15] and aziridination of olefins [16,17], oxidation of sul-
des [18,19]), and (iii) study on magnetism of Mn complexes
nd Mn-containing hetero-metallic assemblies [20]. The design
and/or search) for key ligands to suit respective needs is the
ost important process to advance this research. The desired

igands need to have the potential not only to stabilize the coor-
ination of Mn ions but also to modulate ligand fields around
n ion in order to control the reactivity and operability with

eactants or additional ligands and concomitant oxidation states
nd spin states of the Mn ion. Despite the different purposes
f the various (i)–(iii) research subjects, quadridentate Schiff-
ase ligands such as N,N′-ethylene-bis(salicylideneiminate)
alled “salen” and its analogues (hereafter, referred to sim-
ly as “salen” or as “Schiff-base (SB)”) have often been used
s a key ligand common to these versatile Mn chemistries
Scheme 1 shows some salen ligands introduced in this
eview).

The stable quadridentate salen chelate is reminiscent of the
orphyrin framework. Indeed, because of their commonality,
he substitution of heme-active-site with salen metal complexes
as frequently been carried out in bioinorganic chemistry [21].
owever, the salen ligands have an open framework for bind-

ng metal ions. Assuming octahedral Mn geometry the ligand
an flexibly take two coordination modes as a quasi-planar

helate or a stereoscopic chelate, in which the other two coordi-
ation sites are positioned in trans- and cis-fashions, respectively
Scheme 2). The Mn ion in these coordination modes, can,
n general, adopt multiple oxidation states of II, III, IV, and Scheme 1.
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Scheme 2. The arrows show coordination labile sites.

ossibly, V. In air or in the reaction with oxidants, the high
xidation states of Mn(III), Mn(IV), and Mn(V) are more sta-
le than the oxidation state of Mn(II). Among these oxidation
tates, the Mn(III) species can be generally found under com-
on experimental conditions independent of additional ligands,

xcept O2−, OH−, or some oxygen sources, and their binding
odes (trans or cis). The Mn(IV) [22,23] and Mn(V) species are

btained by oxidation of the Mn(III) species (such compounds
s di-�-oxo-Mn(IV) dimers will be described in Section 3).
n particular, the Mn(V) species are exceptionally stabilized in
wo forms as oxo-Mn(V) complexes [24–27] (Scheme 3a) or as
itrido-Mn(V) complexes [28–32] (Scheme 3b). Meanwhile, the
n(II) species are generally stable in anaerobic conditions [33].
nly salen ligands substituted with strong electron-withdrawing
roups such as an NO2 group tend to stabilize the Mn(II)
pecies in air in the solid state [34].

Thus, the stability in their complexation and flexibility and
iversity in coordination modes and oxidation states of Mn ion in
he salen ligands allowed multiple uses for various research sub-
ects. Furthermore, it should be emphasized that the introduction

f functional groups on the salen ligand (R1 and R2 in Scheme 1)
akes it possible to tune the ligand field around Mn(III) ion (this

ffect may be more characteristic for the quasi-planar form). The
igand field influences the versatility for reactivity and availabil-

Scheme 3.
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ty of oxidation states of the Mn ion in the process of molecular
ssembly.

As supposed from their many oxidation states, Mn complexes
isplay a diversity of spin states (the research subject of (iii)).
hus, the magnetic behavior of these Mn complexes and Mn-
ontaining hetero-metallic assemblies has been energetically
tudied. Mn(III) salen complexes are attractive targets, because
hey promote stable and versatile complexation with themselves
r other metal ions to form polynuclear assemblies. Further-
ore, the recent interest in molecular superparamagnets such as

ingle-molecule magnets (SMMs) [35] and single-chain mag-
ets (SCMs) [36,37], in which uniaxial anisotropy originating
rom metal ions fulfill a crucial role, has accelerated investiga-
ion of the magnetic properties of Mn(III) salen complexes.

For the past decade, we have investigated Mn(III) salen
ssemblies from the viewpoint of their assembling activities and
agnetic properties. Through our studies, we reaffirmed that
n(III) salen complexes act as highly useful building blocks for

he design of magnetic assemblies not only toward bulk magnets
ut also toward molecular superparamagnets. Some important
esults are briefly reviewed in this article.

. Motivation for the use of Mn(III) salen complexes as
building block

Mn(III) salen complexes can be regarded as a coordination-
cceptor building block, with two ligand-substitution-labile sites
dopting a hexa-coordination mode (Scheme 2), whereas com-
lexes possessing coordinatable ligand group(s) are defined as
oordination-donor building blocks. The benefits of using such
uilding blocks for assemblies would be (i) its variable magnetic
ature (i.e., intrinsic magnetic–electronic aspect) and (ii) flexi-
ility of the coordination-acceptor ability (i.e., structural aspect).
ince these aspects are closely related to each other, Mn(III)
alen complexes are a useful source of spin for the design of
ultiple magnetic assemblies. Here, we present a brief discus-

ion, first, on the magnetic–electronic aspect (Section 2.1), and
hen, on the structural aspect (Section 2.2).

.1. The intrinsic magnetic nature of Mn(III) ion in
ctahedral ligand fields

The high-spin free Mn(III) ion with S = 2 has a 5D ground
erm, which splits in octahedral ligand fields to form 5T2g

nd 5Eg terms. Under Jahn–Teller distortion forming a tetrag-
nal geometry (D4h symmetry), these terms split from 5T2g

o 5B2g and 5Eg and from 5Eg to 5A1g and 5B1g. If the com-
lex has an axial-elongated geometry, the ground term is 5B1g,
hile if the complex has a compressed form, 5A1g is the
round term. The spin degeneracy of the ground state is further
emoved by the second-order spin–orbit coupling, the so-called
ero-field splitting (ZFS) (Fig. 1). The ZFS from the ground

erm, 5B1g or 5A1g, produces the lowest magnetization lev-
ls of Ms = ±2 or 0, respectively, with a gap of 4D (=|D|S2)
etween the spin ground state and the highest excited state
when 5B1g is the ground term, D is negative, and conversely,
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F
J

ig. 1. Splitting of the 5D term (d4) by octahedral and tetragonal (axially elon-
ating) fields and by second-order spin–orbit coupling (zero-field splitting).

hen 5A1g is the ground term, D is positive with a Hamiltonian
f H = D[Ŝ2 − 1/3S(S + 1)]) [38,39]. Gerritsen and Sabinsky
40] have experimentally demonstrated that the anisotropy of the

nIII ion depends greatly on its Jahn–Teller distortion, leading
n most cases to a negative ZFS parameter (D). Indeed, Mn(III)
alen complexes afford a typical axial-elongated Jahn–Teller dis-
ortion, and therefore exhibit a negative D parameter with finite
niaxial anisotropy. In 1985, Mennedy and Murray [41] reported
he first experimental study on the anisotropy of several Mn(III)
alen complexes and related complexes.
For this reason, Mn(III) salen complexes have recently been
ttracting much attention as a uniaxial anisotropic magnetic
ource for the design of molecular superparamagnets. Concrete

s
F
c

ig. 2. Schemes of one-dimensional arrangements of MnIII salen units for both mon
ahn–Teller axis of MnIII ions is directed along the one-dimensional assembly induci
try Reviews 251 (2007) 2622–2664 2625

xamples for SMMs or SCMs will be introduced in Sections 4
nd 5. Before that, we comment briefly about the self-assembled
imer of Mn(III) salen complexes. The self-assembled out-
f-plane dimers have co-linear Jahn–Teller axes and, in many
ases, exhibit ferromagnetic coupling between Mn(III) ions
ia a bi-phenolate bridge to induce an ST = 4 ground state.
hese dimer complexes are of interest not only in their intrin-
ic superparamagnetism (Section 4) but also in their use as a
i-coordination-acceptor building block (Section 5).

.2. Magnetic topology in assembling forms

Another benefit is to be able to easily control the
nisotropic direction in assembled structures. As mentioned
bove, anisotropy is a key ingredient to obtain slow relaxation
f the magnetization in SMM and SCM systems. Therefore,
ontrol of the building block coordination sphere is very impor-
ant to produce significant anisotropy in the assembled complex.
or example, let us consider an SCM system (i.e., 1D sys-

em). As mentioned previously, the Jahn–Teller axis of the
n(III) salen complexes corresponds to the magnetization easy

xis, i.e., the preferential orientation of the magnetic spin
n the MnIII complex (Fig. 1). When these complexes are
ssembled into a chain with a trans-bridging ligand or a trans-
oordination-donor building block with isotropic spins, the
ndividual MnIII Jahn–Teller axes are necessarily aligned to the
hain direction (Fig. 2). This topology leads to a simple sys-
em with an easy axis of the magnetization parallel to the chain
irection.

Thus, in the quasi-planar chelate mode, the Jahn–Teller
xis (i.e., out-of-plane elongated axis), in which the dz2 orbital
ponding with sites for additional ligands (see Scheme 2a and
ig. 2). For example, in the assembly with a metal-containing
oordination donor building block, the ligands assigned to the

omer (a) and out-of-plane dimer forms (b) with linkers (M). In both cases, the
ng a unique easy-axis (i.e., Ising-type axis) for a given chain.
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Scheme 4.

ahn–Teller axis are magnetic mediators (i.e., bridging ligands)
etween Mn(III) ion and the metal ion of the coordination-
onor building block (Scheme 4). At this time, not only the
ature of a given bridging ligand but also the nature of the
alen ligand modulates the affinity of coordination, the mag-
etic nature of the Mn(III) ion (e.g., anisotropic nature), and the
egree of magnetic interaction between the Mn(III) ion and the
etal ion. Namely, the ligand field from the equatorial plane

trongly affects the d-orbital ligand field splitting particularly
he degree of Jahn–Teller distortion involving the energy dif-
erence between the spin-occupying dz2 orbital and the empty

x2−y2 orbital. In addition, the steric effect of substituent groups
nfluences the packing of the assembled compounds, as shown
n later sections. Thus, the choice of the salen ligand is an impor-
ant factor to determine both structural and magnetic properties
f the assembled compounds.

. Self-assemblies using organic and inorganic bridging
igands

Mn(III) salen complexes can be bound to various additional
igands. With ligands able to cap the residual two coordina-
ion sites of octahedral Mn(III) ion (i.e., end-capping ligands),

ononuclear Mn(III) salen complexes would be preferentially
ormed. It is not the main purpose of this review to introduce such
ononuclear compounds. In this section, we focus on assembled

omplexes obtained by reactions of Mn(III) salen complexes
ith non-metallic bridging ligands. Various organic or inorganic
ridging ligands, listed in Fig. 3, formed polynuclear assemblies
ith Mn(III) salen complexes.

.1. Discrete Mn complexes

Pecoraro and his group synthesized various dinuclear Mn
omplexes based on salpn2− and its derivatives (see Scheme 1)
ainly with the purpose of mimicking biological Mn-activation

ites. Among such dinuclear complexes, the most attractive tar-
ets were di-�-oxo bridged Mn(IV) complexes. Since the first

eport in 1991 [42], many groups have energetically investigated
his type of compound. The di-�-oxo bridged Mn(IV) complexes
xist as two different types with the same chemical formula,
Mn2

IV(SB)2(O)2], but are distinguished by their complexation

M
[
(
t

try Reviews 251 (2007) 2622–2664

eatures. One has a structure in which a salen ligand coordinates
o each Mn(IV) ion in the stereoscopic chelating mode to form
[MnIV(SB)] moiety, consequently yielding a simple di-�-oxo-
ridging skeleton as [MnIV(SB)] (O)2 [MnIV(SB)] (Fig. 4a)
42–47]. The other has a structure in which each salen ligand
cts as a bridging ligand to bind two Mn(IV) ions as well as the
i-�-oxo-bridge, producing a formula [Mn2

IV(�-dbsalen)2(�-
)2] (Fig. 4b) [46–50]. The Mn(IV) ions via the di-�-oxo bridge

including non-Schiff-base complexes) are strongly antiferro-
agnetically coupled with an exchange coupling in the range of
80 to −190 cm−1 (−110 to −270 K). Pecoraro et al. investi-

ated a magneto-structural correlation between the exchange
nteraction and the MnIV O MnIV angle in these di-�-oxo
ridged Mn(IV) Schiff-base complexes and their related com-
ounds and found a linear correlation between them (Fig. 5)
47].

Note that �-oxo Mn(IV) dinuclear complexes
[MnIV O MnIV]2+) and �-oxo Mn(III) dinuclear com-
lexes ([MnIII O MnIII]) have also been detected in solution
edia through oxidation of Mn(III) and Mn(II) salen com-

lexes, respectively, where the former was an intermediate
pecies for the MnV O complex, but they have never been
haracterized by X-ray crystallography [24,51].

Kirk and Pecoraro et al. also synthesized a di-Mn(III)
omplex and its one-electron oxidized mixed-valent complex
MnIII/MnIV) using bridging deprotonated H3DCBI ligands
see Fig. 3), where the di-anionic ligand (HDCBI2−, in which
ne proton would be located on either of the two carboxyl
roups) yielded the former and the tri-anionic ligand (DCBI3−)
ielded the latter (Fig. 6) [52]. In both complexes, the ligands
ct as chelating/bridging ligands, thus each [Mn(SB)] moi-
ty adopts the stereoscopic chelating mode (cis-coordination
ode). The latter is the first example of a ferromagnetically

oupled MnIII/MnIV dinuclear complex (J = +1.4 cm−1). Inci-
entally, the use of the H2DCBI− ligand, which can act both as
onodentate [53] and bidentate [54] end-cap ligands, yielded
ononuclear Mn(III) complexes.
Other dinuclear Mn(III) complexes adopting the stereoscopic

helating mode in the Mn(III) coordination geometry were syn-
hesized using salpn2−: di-�-MeO [42] and di-�-OH complexes
note that it is doubtful whether the di-�-OH complex is true,
ecause the existence of this complex was determined only by
-ray crystallography and the structure obtained was the same as

MnIV (O)2 MnIV]) [55,56]. Unfortunately, there are no mag-
etic data for these complexes in the literature.

Looking at Mn(III) salen complexes adopting the quasi-
lanar chelating mode, several discrete complexes are
nown. A carboxylate-bridged dinuclear Mn(III) complex,
n which the opposite coordination sites were capped by

2O and EtOH, exhibited a weak antiferromagnetic inter-
ction (4.75μB at 300 K, 3.82μB at 5 K) [57]. Liu et al.
ynthesized terephthalate-bridged dinuclear Mn(III) complexes
58]. By capping the opposite coordination sites with a
eOH molecule, discrete di-Mn(III) complexes were obtained:
{MnIII(SB)(MeOH)}2(�-phth)] (SB = salen2− and salpn2−)
Fig. 7). The corresponding compounds using deuterated tereph-
halate (p-C6D4(CO2

−)2) were also prepared. The temperature
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ependence of the susceptibility (χ) and χT was simply simu-
ated using a Heisenberg dinuclear model with SMn1 = SMn2 = 2.
his simulation indicated the presence of a very weak anti-

erromagnetic interaction (J ≈ −0.2 cm−1) via the terephthalate
inkage, despite a long Mn· · ·Mn separation. However, due to

lack of more detailed considerations, this conclusion is still

mbiguous. For example, the origin of the drop of χT at low
emperatures might be due to inter-molecular antiferromagnetic
nteraction or anisotropy of Mn(III) ion (the ZFS effect was
ot taken into account) instead of the intra-molecular exchange

c
b
c
fi

Mn(III) salen-type complexes.

ia the phth bridge. Interestingly, its non-capped unit was also
ynthesized, which formed a one-dimensional (1D) chain by
ggregating in [Mn(SB)]+ moieties of adjacent units (forming
n out-of-plane dimeric moiety, [Mn(SB)]2

2+). This complex
ill be described in the next section.
By sandwiching a Na+ ion between two Mn(III) salpn
omplexes using phenolate groups of salpn2− and additional car-
oxyl bridges connecting the Mn(III) and Na+ ions, trinuclear
omplexes of [MnIII NaI MnIII] were formed. Pecoraro et al.
rst reported this type of compound using N,N′-disalicylidene-2-
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Fig. 4. Structures of two types of di-�-oxo bridged form: [MnIV(salpn)(�-O)]2 (a), in which the salpn ligand coordinates to each Mn(IV) ion in the stereoscopic
c keleto
( Mn(IV
[
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helating mode to form a [MnIV(salpn)] moiety, yielding a di-�-oxo bridging s
b), in which each 3,5-Brsalen ligand is acting as a bridging ligand to bind two
42,48].

ydroxypropylenediaminate (Fig. 8) and its magnetic properties:
here is a negligible magnetic interaction between the Mn(III)
ons via the diamagnetic Na+ ion, but there is a significant effect
f anisotropy attributed to the Mn(III) ion (D = −6.13 cm−1)
eading to a drop of χT at low temperature [59]. On the
ther hand, Liu et al. [58] reported the presence of ferro-
agnetic exchange in the same core with the salpn2− ligand

−1
J = +1.74 cm as H = −JSMn1SMn2), where the decrease of χT
as treated using the contribution of inter-molecular antiferro-
agnetic interactions (zJ′ = −0.125 cm−1) without taking into

ccount the anisotropy of the Mn(III) ion.

ig. 5. A plot of the exchange coupling constant between Mn(IV) ions via the
i-�-oxo bridge, J (cm−1), vs. the Mn O Mn angle (◦). Reproduced with
ermission from Ref. [47].
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n of [MnIV(salpn)] (O)2 [MnIV(salpn)], and [{Mn(�-3,5-Brsalen)(�-O)}2]
) ions as well as the di-�-oxo-bridge Reproduced with permission from Refs.

.2. Mn(III) one-dimensional chains

1D chains are among the most intriguing compounds using
ssemblies of Mn(III) salen complexes. The quasi-planar
helating Mn(III) salen complexes can be used to form a linear-
ype 1D chain with bridging ligands and coordination-donor
uilding blocks (see Fig. 2). We now used “linear-type” to
xpress this feature of the assembled chains, but it is strongly
ependent on the bridging mode and shape of bridging lig-
nds and coordination-donor building blocks used. Assemblies
ith coordination-donor building blocks will be summarized

n Section 5. In this section, we focus on 1D Mn(III) salen
ssemblies formed using organic and inorganic non-metal bridg-
ng ligands. Note that when the quasi-planar chelating Mn(III)
alen complexes are axially assembled, the half-occupied dz2
rbitals can interact via a bridging group, generally lead-
ng to antiferromagnetic coupling except as considered by an
ccidental orthogonality. Table 1 lists the alternating chain
n(III) salen complexes with bridging ligands (L), hav-

ig. 6. Structure of [Mn2
III/IV(dtsalpn)2(DCBI)]. Reproduced with permission

rom Ref. [52].
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Table 1
One-dimensional alternating chains of Mn(III) salen complexes with non-metal bridging ligands and their magnetic properties (nd = no data in the literature)

Compound Bridging ligand μeff at 300 K (μB) μeff at low T (μB) JMn Mn (cm−1) DMn (cm−1) zJ′ (cm−1) Additional comments Reference

[Mn(salen)(O2CCH3)] CH3CO2
− 4.68 nd −1.4 ± 0.1 ∼0 ∼0 [60]

[Mn(salen)(O2CCH3)] CH3CO2
− 4.74 nd −1.8 – 0.1 J = −1.5 ± 0.1 cm−1,

zJ′ = 1.00 ± 0.05 cm−1

from another fitting

[41]

[Mn(salpn)(O2CCH3)]·1.5H2O CH3CO2
− nd nd nd nd nd [61]

[Mn(salphen)(O2CCH3)] CH3CO2
− nd 1.65 (4.7 K) −1.32 −0.72 – [62]

[Mn(salphen)(O2CCH3)] CH3CO2
− nd nd nd nd nd [63]

[Mn(naphen)(O2CCH3)] CH3CO2
− nd nd nd nd nd [64]

[Mn(salpn)(O2CEt)] EtCO2
− 4.6 nd nd nd nd [45]

[Mn(5-Brsalpn)(O2CCH2Ph)] PhCH2CO2
− 4.4 nd nd nd nd [45]

[Mn(salpn(2-OH))(O2CCH3)] CH3CO2
− 4.85 nd −1.72 – – [59]

[Mn(salen){(N-4-NCPh)glycinate}] (N-4-cyanophenyl)glycinate nd nd nd nd nd [65]
[Mn(salen)(NO3)] NO3

− 4.79 3.80 (4 K) −0.55 −0.43 – [66]
[Mn(salpn)(NCS)] NCS− 4.75 nd −3.2 – – Tc = 6.8 K [67]
[Mn(salen)(N3)] N3

− nd nd −4.52(4) – – J = −5.19 cm−1 from
another fitting

[68]

[Mn(salen)(N3)] N3
− 4.53 nd −5.42 ± 0.1 −0.18 ± 0.05 – J = −4.45 ± 0.05 cm−1,

zJ′ = −1.4 ± 0.2 cm−1

from another fitting

[41]

[Mn(salpn)(N3)] N3
− nd nd −4.03 – – θ = 0.022 K, ρ = 0.6% [69]

[Mn(salpn)(N3)] N3
− 5.14 nd −4.3 – – χmax = 0.0269 cm3 mol−1

at 35 K
[70]

[Mn(5-Brsalen)(NCNH)] HNCN− (=hydrogencyanamide) nd nd −0.99(3) – −1.0(2) J = −0.85(2) cm−1,
zJ′ = −1.3(1) cm−1 from
another fitting
TN = 7.5 K, Tc = 2.8 K

[71]

[Mn(salen)(dca)] NCNCN− (=dicyanamide) 4.70 4.23 (5 K) −0.24 – – [72]
[Mn(3-MeOsalpn)(HO2CC6H4CO2)] HO2CC6H4CO2

− (=hydrogenphthalate) 4.59 4.65 (150 K) nd nd nd [75]
[Mn(salen)(biim)]ClO4 biim (=1,4-di(1-imidazolyl)butane) nd nd nd nd nd [76]
[Mn(salen)(N-4-pyridylglycinate)] N-4-pyridylglycinate nd nd nd nd nd [65]
[Mn(salen){(4-pyridylthio)acetate}] (4-pyridylthio)acetate nd nd nd nd nd [77]
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Fig. 7. Structure of [{MnIII(salen)(MeOH)}2(�

ng a [ MnIII L ] repeat unit, together with their magnetic
roperties.

The carboxylate group such as acetate (CH3CO2
−) can

oordinate to these Mn(III) complexes in several modes. It
an act as monodentate [49,45,58] and bidentate end-cap lig-
nds [49,45,57], probably forming discrete complexes in both
igands. Meanwhile, carboxylate-bridged Mn(III) alternating
hains having a [ MnIII O CR O ] bridging motif have also
een synthesized (Table 1) (discrete compounds with a simi-
ar bridging scheme were described in the previous section).
atehous et al. reported the first example of this type of com-
ound in 1973: [Mn(salen)(�-O2CCH3)] (Fig. 9) [60]. In this
ompound, the Mn· · ·Mn intra-chain distance is 6.536 Å. The

agnetic interaction between the Mn(III) ions via the car-

oxylate group was estimated as very weak antiferromagnetic
ith J = −1.4 ± 0.1 cm−1 by simulating the susceptibility in

he temperature range of 300–80 K. Other carboxylate-bridged

ig. 8. Structure of the anionic portion of [C2H9O2][NaMn2
III(2-OH-

alpn)2(OAc)4]·2H2O. Reproduced with permission from Ref. [59].
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]. Reproduced with permission from Ref. [58].

hains having a similar bridging motif were found in var-
ous combinations of salen ligands and carboxylate groups,
H3CO2

− [59,61–64], EtCO2
− [45], PhCH2CO2

− [45], (N-4-
yanophenyl)glycinate [65] (Table 1). Evidently, the magnetic
xchange between the Mn(III) ions via the carboxylate group
ies in the range J ≈ −1 to −2 cm−1.

Three-atom bridged Mn(III) chains can be found in com-
ounds containing inorganic mono-anions such as NO3

−,
CS−, N3

− (end-to-end coordination mode), and hydrogen
yanamide (HNCN−). The NO3

− linkage complex, hav-
ng a [ MnIII O N O ] bridging motif, showed weaker

n· · ·Mn antiferromagnetic exchange (J = −0.55 cm−1) than
hat of the carboxylate-bridged compounds, despite their sim-
larity [66]. Meanwhile, chains with the NCS− [67] and N3

−
68–70,41] linear-type linkages, having [ MnIII N C S ]
nd [ MnIII N N N ] bridging motives, respectively, yielded
xchanges of J = −3 to −5.5 cm−1, significantly bigger than
hose of the carboxylate- or NO3-bridged chains. While,
ydrogen cyanamide is a similar linear-type linkage forming
[ MnIII NH C N ] bridging motif, its chain yielded an

xchange of less than −1.0 cm−1 [71]. Compounds with NCS−
nd hydrogen cyanamide revealed a three-dimensional (3D)
ong-range order at Tc = 6.8 and 2.8 K, respectively, due to a spin
anting arrangement of antiferromagnetically coupled spins.

A five-atom bridged Mn(III) chain was found in a
ompound of [MnIII(salen)]+ and dicyanamide having a
MnIII N C N C N ] bridging motif, in which the
n· · ·Mn exchange was estimated as J = −0.24 cm−1 [72].

his small J value is compatible with values obtained in other
icyanamide-bridged metal complexes [73,74].

Bigger and longer bridging ligands such as hydrogen phtha-
ate [75], 1,4-di(1-imidazolyl)butane [76], N-4-pyridylglycinate
65], and (4-pyridylthio)acetate [65,77] can also form alternat-

ng 1D chains with Mn(III) salen complexes. Due to the long
istance exchange via these bridging ligands, the intra-chain
n· · ·Mn interaction would be negligibly small (indeed, no
agnetic evaluation was reported in the literature).
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Fig. 9. One-dimensional chain struc

Hereafter, we focus on four interesting chains which are
ot simple alternating chains as in the compounds mentioned
bove. The first is [{MnIII(salen)}2(�-phth)] [58]. The phth
igand bridges two [MnIII(salen)]+ to form a neutral dumbbell-
haped dinuclear Mn(III) unit, [MnIII phth MnIII], in which
wo carboxylate functions of the phth ligand are coordinate to

n(III) ions in a monodentate fashion. This dinuclear Mn(III)
nit interacts with adjacent units by forming an out-of-plane
imer aggregation, constructing a 1D linear chain having a
MnIII phth MnIII (OPh)2 ] repeat unit (where (OPh)2

s a bi-phenolate bridge in the out-of-plane dimeric moiety)
Fig. 10). The Mn· · ·O∗

Ph and Mn· · ·Mn* distances are 2.773
nd 3.564 Å, respectively, in the out-of-plane aggregation of the
n(III) salen molecules. The temperature dependence of μeff of

his compound clearly indicates that a ferromagnetic interaction
etween Mn(III) ions is dominant. This ferromagnetic interac-
ion is attributed to Mn· · ·Mn coupling via the bi-phenolate
ridge. Nevertheless, this magnetic behavior was simulated
sing a 1D chain model taking into account both the exchanges
ia the phth ligand (J) and via the bi-phenolate bridge (J′). The
east-square fit gave J = −0.295 cm−1 and J′ = +0.329 cm−1.

A peculiar 1D chain composed of [Mn(salen)]+ and TCNQ
as synthesized by Oshio et al.: [{MnIII(salen)(TCNQ)0.5}
MnIII(salen)(TCNQ)0.5(MeOH)}]·MeOH·H2O [78]. This was

III +
he first [Mn (salen)] TCNQ assembly (a simple alternating
hain was synthesized by Miyasaka et al., and this compound
ill be described in Section 5.2) [79]. In this compound, two dis-

inct six-coordinate [MnIII(salen)]+ chromophores are bridged

i
μ

t
a

Fig. 10. One-dimensional chain structure of [{MnIII(salen)}2
f [MnIII(salen)(�-O2CCH3)] [60].

y two kinds of TCNQ2− anions (A and B in Fig. 11) in �2 and
4 fashions to form a 1D structure (Fig. 11). The oxidation state
f the TCNQ moieties were determined by their structures and
agnetic properties: unfortunately, the interaction between the
n(III) ions via the diamagnetic TCNQ2− is negligibly small.
ote that a complex of Mn(III) salen and TCNE was prepared
y Miller et al., but no X-ray structure was reported [80].

Cyano-bridged metal complexes are among the most attrac-
ive targets in the field of molecule-based magnetism. Many
roups energetically investigate this type of compound, and
he assemblies employing Mn(III) salen complexes occupy an
mportant position in this research (see Section 5). The sim-
lest way to obtain cyano-bridged complexes would be to react
irectly Mn(III) salen complexes with the free CN− ion. Mat-
umoto et al. obtained a neutral compound having the formula
MnIII(salen)(CN)] from a methanol/H2O reaction medium [81].

e suppose, superficially from the formula, that this compound
s comprised of one kind of Mn(III) species. However, sur-
risingly, its magnetic properties deny this general hypothesis
utright. The μeff of 4.09μB at room temperature is consis-
ent neither with the spin-only value for high-spin Mn(III)
4.89μB for S = 2, g = 2.00) nor with the spin-only value for
ow-spin Mn(III) (2.83μB for S = 1, g = 2.00). The temperature
ependence of μeff displays the presence of a ferromagnetic

nteraction between Mn(III) ions: upon lowering temperature,

eff increases smoothly from 300 to 25 K and then sharply
o reach a maximum value of 10.3μB at 6 K, followed by

sudden decrease to 2.75μB at 2 K (Fig. 12b). This behav-

(�-phth)]. Reproduced with permission from Ref. [58].
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Fig. 11. Structure of [{MnIII(salen)(TCNQ)0.5}{MnIII(salen)(TCNQ)0.5

(
�

p

i
t
I
p
C
(
d
(
c
T
a
t
C
t

t
p
[
a
t
a
i
(

o
T
o
m
s
T
[
t
r
b
i
n
t
p

4

t
d
(
i
s
p
e
l
[
[

F
m

MeOH)}]·MeOH·H2O, in which TCNQ (A) and TCNQ (B) make �2 and

4 bridging fashions, respectively, to form a 1D structure. Reproduced with
ermission from Ref. [78].

or is due to the presence of two kinds of Mn(III) species in
he compound, i.e., high-spin Mn(III) and low-spin Mn(III).
ndeed, the X-ray structure revealed the presence of two inde-
endent [MnIII(salen)]+ units, one was axially coordinated with

atoms of two CN− ions to produce [MnIII(salen)(CN)2]−
MnB C = 2.06(3), 2.13(3) Å) and the other was axially coor-
inated with N atoms from the [MnIII(salen)(CN)2]− unit
MnA N = 2.25(3), 2.34(3) Å), constructing a 1D alternating
hain having a [ MnIII NC MnIII CN ] repeat unit (Fig. 12a).
he MnIII ions of [C MnIII C] and [N MnIII N] possess

low-spin state (S = 1) and a high-spin state (S = 2), respec-

ively, and the exchange interaction between these species via
N− is ferromagnetic. The fact that the exchange between

he high-spin Mn(III) ion and the low-spin Mn(III) ion via

fi
B
[
t

ig. 12. Structure of the repeat unit of [ MnIII NC MnIII CN ] in a one-dimen
oment μeff and the reciprocal magnetic susceptibility χ−1

A of this compound as a fu
try Reviews 251 (2007) 2622–2664

he CN group is ferromagnetic is known in another exam-
le K[{MnIII(3-MeOsalen)}2{MnIII(CN)6}] (see Section 5.3)
82]. Inter-chain antiferromagnetic interactions consequently
fforded a metamagnet-type compound. Thus, the simple reac-
ion of [MnIII(salen)(H2O)]ClO4 with NaCN leads selectively
nd stoichiometrically to form high-spin and low-spin species
n situ and to self-assembly in an alternating arrangement
Scheme 5). Such a peculiar reaction is quite rare.

In the final paragraph of this section, we comment briefly
n an assembly of Mn(V) N (nitrido-manganese) species.
he nitrido-metal complexes are of great interest in research
n metal-assisted nitrogen-transfer reactions. To date, several
ono-Mn(V) complexes based on salen complexes have been

ynthesized for this purpose [28–32]. Among these complexes,
suchimoto et al. reported a rare 1D chain form repeating a
MnV N ] unit: [MnV N(salpn)] (Fig. 13), where bond dis-

ances of Mn N and N Mn* are 1.520(3) and 2.528(3) Å,
espectively [83]. Such polymeric nitrido-metal complexes have
een observed for V, Mo, W, and Re [84–88]. However, this
s the first report of the 1D chain form of Mn(V) N. The
itrido-Mn(V) complexes are diamagnetic due to the forma-
ion of frontier orbitals between d-orbitals of Mn(V) ion and
-orbitals of nitrogen [29,31,89].

. Out-of-plane dimers

Cationic Mn(III) salen complexes can be present in solu-
ion mainly as a monomer A or as an out-of-plane dimer B
epending on the steric characteristics of the Schiff-base ligands
Scheme 6). Inter-conversion between the two forms, depend-
ng on the reaction conditions, is probable. The respective
pecies can be isolated in the solid state dependent on their
acking stability, and the reaction conditions. Indeed, structural
vidence of both species has been obtained from the crystal-
ization of similar reactions: for example, there is a monomer
MnIII(salen)(Cl)(H2O)] [90,91] and a dimer [MnIII(salen)(Cl)]2
92]. Additionally, a dimer [MnIII(5-Brsaltmen)(H2O)]2(ClO4)2

rst isolated from the reaction of Mn(III) ion with 5-
rsaltmen2− in a MeOH/water medium changed to a monomer

MnIII(5-Brsaltmen)(H2O)(MeOH)]ClO4 by recrystallization in
he same medium [93].

sional chain compound, [Mn(salen)(CN)] (a), and plots of effective magnetic
nction of temperature T (b). Reproduced with permission from Ref. [81].
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Table 2
Pertinent bond distances (Å) and Angles (◦) for Mn(III) out-of-plane dimeric complexes and magnetic parameters obtained from the simulation of the magnetic susceptibility (F = ferromagnetic interaction,
AF = antiferromagnetic interaction, NI = non-interaction, nd = no data in the literature)

Compound Mn O Mn O* O Mn O* Mn O Mn* Mn· · ·Mn* Mn· · ·Mn interaction g J (cm−1) DMn (cm−1) zJ (cm−1) Reference

[Mn(salen)(H2O)]2(ClO4)2 1.901(5) 2.412(6) 79.42(21) 100.58(22) 3.334(3) F 2.0 6.30 −1.70 [66]
[Mn(salen)(NCO)]2 1.8983(14) 2.793(0) 97.82(0) 3.584(1) F 2.03 0.73 −0.3 [94]
[{Mn(salen)}2(�-phth)]·2MeOH 1.893(4) 2.773 3.564 F 2.02 0.329 [58]
[Mn(3,5-Brsalen)(3,5-Brsalicylaldehyde)]2 1.918(7) 2.728(2) 100.00(1) 3.597(3) F 2.00 0.55 −4.1 [94]
[Mn(salpn)(H2O)]2(ClO4)2 1.9105(2) 2.3407(2) 80.42(7) 99.58(7) 3.258(5) F 1.96 1.25 −3.13 −0.06 [109]
[Mn(saltmen)(H2O)]2(ClO4)2 1.909(2) 2.434(2) 78.42(10) 101.58(10) 3.381(1) F 1.93 1.79 −2.53 −0.79 [95]
[Mn(saltmen)(ReO4)]2 1.913(4) 2.459(4) 81.5(1) 98.5(2) 3.330(1) F 2.00 1.79 −2.50 (<−0.14) [96]
[Mn(saltmen)(NCS)]2 1.872(2) 3.441(2) 83.76(8) 96.24(8) 4.0923(8) F 1.99 0.55 −1.25 [95]
[Mn(saltmen)(O2CCH3)]2·2CH3CO2 1.8906(13) 2.813(5) 99.57(5) 3.641(5) F 1.98 1.35 −1.9 [94]
[Mn(saltmen)(N3)]2 1.863(4) 3.190(2) 98.39(16) 3.922(5) F 1.98 0.6 −1.0 [94]
[Mn(5-Clsaltmen)(H2O)]2(ClO4)2·2H2O – – – – – F 2.05 1.11 −1.74 −0.21 [93]
[Mn(5-Brsaltmen)(H2O)]2(ClO4)2 1.916(3) 2.391(3) 77.7(1) 102.3(1) 3.3681(8) F 1.95 0.76 −1.81 −0.17 [93]
[Mn(naphtmen)(H2O)]2(ClO4)2 1.896(3) 2.662(3) 79.4(1) 100.6(1) 3.541(1) F 1.96 1.20 −0.38 [95]
[Mn(naphtmen)(NCS)]2 1.877(2) 3.758(3) 83.43(10) 96.57(10) 4.3885(9) F 2.03 0.12 −1.00 [95]
[Mn(naphtmen)(Cl)]2 1.892(5) 3.505(5) 85.8(2) 94.2(2) 4.102(2) F 2.04 0.38 −1.87 [95]
[Mn(naphtmen)(TCEA)]2 1.904(3) 2.627(3) 81.1(1) 98.9(1) 3.475(2) F 2.01 1.50 −0.35 [97]
[Mn(acphen)(N3)]2 1.88(1) 2.87(1) 83.22 96.76 3.611 F 1.99 1.32 [98]
[Mn(acphmen)(H2O)]2(ClO4)2 1.894(3) 2.411(3) 100.4 3.325(1) F 2.015 1.85 −0.205 [99]

1.892(3) 2.401(3) 1010.9 3.326(1)
[Mn(saldmen)(N3)]2 1.912(4) 2.375(5) 78.17(19) 101.83 3.341(2) AF 2.00 −0.55 [98]
[Mn(salacen)(H2O)]2(ClO4)2 1.912(3) 2.305(2) 76.6(1) 103.4(1) 3.318(1) AF 2.01 −1.68 [100]
[Mn(5-Brsalen)(H2O)]2(ClO4)2 1.906(6) 2.419(7) – – 3.350(3) AF nd nd nd nd [48]
[Mn(5-Brsalen)(MeOH)]2(ClO4)2 1.908(3) 2.395(3) 99.85(11) 3.307(4) AF 1.96 −0.45 −1.0 [94]
[Mn(salen)(NCS)]2 1.880(6) 2.750(6) 81.3(2) 98.7(2) 3.558(3) AF nd nd nd nd [101,41]
[Mn(salpn)(NCS)]2 1.923(3) 2.539(3) 80.01(12) NI nd nd nd nd [67]
[Mn(salen)(H2O)]2(ClO4)2·H2O 1.891(3) 2.490(3) 80.7(1) 99.3(1) 3.361(2) nd nd nd nd nd [102]
[Mn(salen)(Cl)]2 1.906 3.458 nd nd nd nd nd [102]
[Mn(salen)(O2CC6H5)]2 1.876(3) 3.109 nd nd nd nd nd [103]

1.903(2) 2.803
[Mn(salen)(p-NO2C6H4S)]2 1.883(1) 4.14 nd nd nd nd nd [11]
[Mn(salen){2-(3-oxobutenyl)phenolate}]2 1.886(4) 2.897(4) 3.644(2) nd nd nd nd nd [104]
[Mn(salpn)(Cl)]2·CH3CN 1.919(4) 2.487(4) nd nd nd nd nd [49]
[Mn(salpn)(Ph3PO)]2(CF3SO3)2 1.914(3) 2.339(3) 80.48(14) 99.52(14) nd nd nd nd nd [105]
[Mn(salen)(Him)]2(ClO4)2·2MeOH 2.635(3) nd nd nd nd nd [76]
[Mn(3-MeOsalen)(O2CEt)]2·EtOH 1.89(1) 2.56(1) 3.485(7) nd nd nd nd nd [45]
[Mn(3-MeOsalen)(O2CBun)]2 1.878(7) 2.765(6) 3.529(4) nd nd nd nd nd [45]
[Mn(3,6-Mesalphen)(H2O)]2(PF6)2 1.836(7) 2.780(8) nd nd nd nd nd [51]
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Table 3
Pertinent bond distances (Å) and angles (◦) for Mn(III) salen out-of-plane dimeric cores in metal-assembled compounds and magnetic parameters obtained from the simulation of the magnetic susceptibility
(F = ferromagnetic interaction, AF = antiferromagnetic interaction, NI = non-interaction, nd = no data in the literature)

Compound Mn O Mn O* O Mn O* Mn O Mn* Mn· · ·Mn* Mn· · ·Mn
interaction

gav JMn Mn (cm−1) DMn (cm−1) zJ (cm−1) Reference

[Mn(salen)Cu(A)]2(BPh4)2 1.878(9) 3.103(5) 88.9(2) 91.1(2) 3.658(2) F nd nd nd nd [134]
(NEt4)[{Mn(5-MeOsalen)}2{Fe(CN)6}] 1.913(3) 2.375(3) 91.4(1) 98.6(1) 3.2644(8) F [114]
[{Mn(saltmen)}4{Fe(CN)6}]ClO4 1.90(1) 2.85(1) 79.9(5) 100.1(5) 3.693(6) F nd nd nd nd [111]
[Mn(5-MeOsaltmen)(DCNNQI)]2·MeOH 1.900(4) 2.633(6) 80.6(2) 99.4(2) 3.488(2) F 1.95 1.39 −2.99 −0.16 [133]
[Mn(5-

MeOsaltmen)(DCNNQI)]2·2CH2Cl2·2CH3CN
1.897(5) 2.584(4) 78.7(2) 101.3(2) 3.492(1) F 1.94 0.56 −2.78 −0.35 [133]

[{Mn(saltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 – – – – – F 2.04 0.63 −0.16 [130]
[{Mn(5-Clsaltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 1.925(3) 2.492(3) 79.1(1) 100.9(1) 3.4248(8) F 2.04 0.49 −0.14 [130]
[{Mn(5-Brsaltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 1.929(3) 2.493(3) 79.1(1) 100.9(1) 3.4286(8) F 2.04 0.56 −0.16 [130]
[{Mn(5-MeOsaltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 1.934(3) 2.416(3) 78.5(1) 101.5(1) 3.3826(9) F 1.96 0.28 −0.13 [130]
[{Mn(5-

MeOsaltmen)}{Cu(salenox2−)}]2(CF3SO3)2·2H2O
1.879(3) 3.081(2) 85.11(11) 94.89(12) 3.7436(8) F 1.994 1.18 −2.50 −0.05 [131]

[{Mn(5-
MeOsaltmen)}{Cu(salenox2−)}]2(CF3SO3)2

(dried sample)

1.876(2) 2.858(2) 82.58(9) 97.42(10) 3.6157(6) F 2.032 1.95 −2.09 −0.016 [131]

[{Mn(5-
MeOsaltmen)}{Ni(salenox2−)}]2(CF3SO3)2·2H2O

1.8715(19) 3.1132(14) 84.04(5) 95.96(6) 3.7953(5) F 1.995 1.11 −2.50 −0.022 [131]

[{Mn(5-MeOsaltmen)}{Ni(salenox2−)}]2(CF3SO3)2

(dried sample)
1.8765(19) 2.842(2) 81.48(8) 98.52(9) 3.6305(6) F 2.05 1.11 −2.50 −0.017 [131]

[{Mn(acphmen)}{W(bpy)(CN)6}]2·3H2O 2.408(3) 100.7(1) 3.333(1) F 1.98 0.95 [128]
[{Mn(saltmen)}2{Ni(pao)2(py)2}](ClO4)2 1.910(3) 2.551(3) 81.1(1) 98.9(1) F [37,138]
[{Mn(saltmen)}2{Ni(pao)2(4-pic)2}](ClO4)2 – – – – – F [138]
[{Mn(saltmen)}2{Ni(pao)2(t-Bupy)2}](ClO4)2 – – – – – F [138]
[{Mn(saltmen)}2{Ni(pao)2(N-Meim)2}](ClO4)2 1.907(5) 2.503(6) 80.7(1) 99.3(2) F [138]
[{Mn(saltmen)}2{Ni(pao)2(py)2}](BF4)2 – – – – – F [138]
[{Mn(saltmen)}2{Ni(pao)2(py)2}](PF6)2 1.903(3) 2.537(3) 80.5(1) 99.5(1) F [138]
[{Mn(saltmen)}2{Ni(pao)2(py)2}](ReO4)2 1.914(6) 2.470(5) 81.2(2) 98.8(2) F [138]
[{Mn(saltmen)}2{Ni(miao)2(py)2}](ClO4)2 1.905(3) 2.554(2) 80.72(11) 99.28(12) 3.4238(8) F [139]
[{Mn(saltmen)}2{Ni(miao)2(py)2}](PF6)2 1.905(2) 2.563(2) 80.54(9) 99.96(10) 3.4357(8) F [139]
[{Mn(saltmen)}2{Ni(eiao)2(py)2}](PF6)2 1.910(2) 2.552(2) 80.04(10) 99.96(11) 3.4417(8) F [139]
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The Mn(III) salen out-of-plane dimers are of great interest
rom a magnetic point of view. A number of such com-
ounds have been structurally characterized and magnetically
nvestigated so far [66,93–105,58,48,41,67,94,11,49,76,45,51].
urthermore, hetero-metal assembled compounds containing

he Mn(III) dimer moiety were also designed (Section 5). Table 2
ists pertinent bond distances and angles for Mn(III) out-of-plane

imers together with their magnetic parameters. Table 3 lists
hose in metal-assembled compounds. One of the most important
spects is that most dimers exhibit an intra-dimer ferromagnetic

f
e
p

.

xchange coupling, generating an ST = 4 ground state. This ferro-
agnetic exchange should be due to the accidental orthogonality

etween the unpaired-electron-occupying dz2 orbital located on
he out-of-plane axis (Jahn–Teller axis) and the empty dx2−y2

rbital located on equatorial Mn N2O2 bonds via the phenolate
xygen, which is explained by the Goodenough–Kanamori rule
Fig. 14) [106]. There are, nevertheless, a few reports of anti-

erromagnetically coupled dimers. Indeed in some cases, the
ffective moment (or χT) decreases monotonically at low tem-
eratures and this feature looks like being due to the contribution
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Fig. 13. Structure of a unit of one-dimensional chain [MnV N(salpn)]. Reproduced with permission from Ref. [83].

o
c
a
d

F
c

Scheme 6.
f intra-dimer antiferromagnetic coupling. However, in most
ases that concluded like that, the contribution of inter-dimer
ntiferromagnetic interaction and the anisotropic effect, which
isplay as if the decrease of the effective moment was due to

ig. 14. Orbital arrangements in the out-of-plane dimer of Mn(III) salen-type
ompounds.

Fig. 15. Correlation between the ferromagnetic exchange parameters J and
t
n

i
d
i

o
a
t
c
c
M
i
t
f
i
b

he Mn O* distances in Mn(III) out-of-plane dimers with saltmen2− and
aphtmen2−. Reproduced with permission from Ref. [95].

ntra-dimer antiferromagnetic coupling despite the actual intra-
imer coupling being ferromagnetic, were undervalued than it
s.

Thus, the estimation of magnetic parameters in Mn(III)
ut-of-plane dimers is sometimes very difficult. Miyasaka et
l. first reported a systematic investigation on the correla-
ion between the dimeric core structure and the exchange
oupling using a family of Mn(III) saltmen and naphtmen
omplexes [95]. As mentioned above, the bonding feature
nIII O∗

Ph MnIII∗ is a key to decide the coupling between MnIII

ons. They found a linear correlation between the bond dis-
ance of Mn O∗ and the exchange coupling constant in this
Ph
amily, where O∗

Ph is the phenolate oxygen of the neighbor-
ng molecule making the out-of-plane dimer and the Mn O∗

Ph
ond corresponds to the Jahn–Teller axis (Fig. 15). From
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Fig. 17. (a) Plot of the relaxation time τ vs. 1/T (a) and the field dependence of
the normalized magnetization measured at 0.04 K and several field sweep rates
f
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hese data, [MnIII(naphtmen)(NCS)]2 which has a very long
n O∗

Ph distance of 3.758 Å still shows ferromagnetic exchange
J = 0.12 cm−1). Not all dimers obey this correlation, but most
imers having the Mn O∗

Ph bond in the range of 2.4–3.76 Å
ndependent of Schiff-base ligand used exhibit ferromagnetic
oupling of less than 2 cm−1 (note that only a dimer of
MnIII(salen)(H2O)]2(ClO4)2 displayed a strong coupling con-
tant, J = 6.3 cm−1 [66]).

These dimers, albeit with the minimum nuclearity, have the
otential themselves to be single-molecule magnets (SMMs)
ith the ST = 4 ground state. Miyasaka et al. reported the
rst experimental evidence in 2004 in [MnIII(saltmen)(ReO4)]2
Fig. 16) [96]. Before getting down to the specifics of this com-
lex, we give a brief explanation about SMM. The SMM system
s a size-defined superparamagnet, which exhibits slow relax-
tion of the magnetization induced by the combination of a
igh-spin ground state (ST) and uniaxial anisotropy (DST: zero-
eld splitting parameter). These two intrinsic characteristics
reate an energy barrier, D = |DST|S2

T, between spin-up and
pin-down states leading to hysteresis phenomena for reversal
f the magnetization similar to those observed in bulk magnets.
hen a magnetic field is applied to magnetize this complex

nd then removed, the magnetization decays with a relaxation
ime τ, which follows an Arrhenius law (τ = τ0 exp(Δeff/kBT))
ith an effective activation energy equal to Δeff. At lower tem-
eratures, τ may saturate as the thermally activated relaxation
athway becomes slower than quantum tunneling through the
nergy barrier.
The simulation of χT and field dependence of the
agnetization (MH curve) of [MnIII(saltmen)(ReO4)]2 gave
ST = −1.13 cm−1 (DST/kB = −1.63 K) as g = 2.00, providing an

ig. 16. Structure of an out-of-plane dimeric structure in [Mn(saltmen)
ReO4)]2. Reproduced with permission from Ref. [96].
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or [Mn(saltmen)(ReO4)]2. Inset of (a): enlarged view of the high-temperature
egion of the plot to emphasize the Arrhenius behavior. Reproduced with per-
ission from Ref. [96].

stimate of the theoretical energy barrier, D = |DST|S2
T/kB,

f 26 K. Experimental evidence for its SMM behavior was
bserved in the temperature dependence of relaxation time mea-
ured by ac and dc magnetic measurements and an MH curve
n an oriented single crystal. At the high temperature range
etween 4 and 1.9 K, relaxation follows the Arrhenius law
ith Δeff/kB = 16 K and a pre-exponential factor τ0 = 8 × 10−9 s

inset of Fig. 17a). Below 1.9 K, τ starts to saturate and becomes
emperature independent at 1.9 × 10−4 s below 0.6 K (Fig. 17a).
his feature is characteristic of SMM behavior when quantum

unneling of the magnetization (QTM) is dominant [107]. The
maller Δeff than the expected value of 26 K indicates that the
TM is operative even at higher temperatures. Indeed, the value
f Δeff measured at different dc fields increased up to 23 K at
00 Oe.

The magnetization hysteresis on an oriented single crystal
n the temperature range between 0.04 and 7 K shows a typical
utterfly-type hysteresis co-exhibiting fast tunneling between
ST = ±4 at approximately zero field (Fig. 17b). Hysteresis

ppeared at temperatures below about 2 K (for field sweep
ates of 0.14 T/s) that became temperature independent below
.6 K but is strongly time dependent, proving the QTM effect.

ote that the presence of very small antiferromagnetic inter-
olecular coupling of about −0.2 K (0.035 T) was observed

rom these hysteresis data: While the QTM between the ground
tates mST = ±ST should appear at zero field when inter-SMM
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ig. 18. View of the one-dimensional hydrogen-bond network of
Mn2

III(salpn)2(H2O)2]2+ along the c axis and the formation of a supramolecular
hain motif. Reproduced with permission from Ref. [109].

nteractions were negligible, systems with any coexisting inter-
MM interaction have a small shift from zero field, so-called
xchange bias field Hex [108]. These magnetic data confirm that
he Mn(III) salen dimer is a SMM. Gao et al. confirmed this
MM behavior in several Mn(III) salen dimers [94].

Although more relevant to Section 5.2 on SCMs, one specific
ase of a Mn(III) out-of-plane dimer will be introduced here. The
ompound is a SMM system regarded as an intermediate species
etween ideal SMM system and SCM system. Clérac et al. inves-
igated an out-of-plane dimer, [MnIII(salpn)(H2O)]2(ClO4)2,
he cationic dimer of which was linked through weak hydro-
en bonds as OHwater· · ·OPh in one dimension (Fig. 18) [109].
n the crystal packing, two [Mn2

III(sapln)(H2O)2]2+ orienta-
ions are identified and form an angle (α) of 31◦ between the
espective Jahn–Teller axes. The dimer itself is ferromagneti-

ally coupled to derive the ST = 4 ground state; J/kB = 1.8(1) K,
Mn/kB = −4.5(2) K, J′/kB = −0.04 K and g = 1.96(1), where

′ is inter-dimer interaction likely mediated by the hydrogen
onds. The DST was estimated as −1.65 K, therefore, |DST|S2

T =

5
i
w

ig. 19. Field dependence of the normalized magnetization performed on an oriente
weep-field rate of 0.002 T/s and with different sweep-field rate at 0.04 K (a) and M
.001 T/s and scheme of the spin chain topology illustrating the observed dynamics
xperiments, the field was applied in the easy direction of the crystal. Reproduced wi
try Reviews 251 (2007) 2622–2664

6.4 K. As a typical case of SMM, we can see a stepwise hys-
eresis (at 0 and ±0.32 T (±H1)) in its MH curve measured on
n oriented single crystal (Fig. 19a), but at the same time, we
ealize the occurrence of QTM at zero field despite that the
MM units mutually interact through the hydrogen bonds. This

hree-step feature including QTM at zero field has never been
bserved in interaction SMM systems reported previously, but
an be explained by taking into account the 1D arrangement of
he SMM.

Each magnetic unit (SMM unit) experiences an effective
agnetic field (Heff) that results from the applied field (H) and

he exchange fields (
∑

Hex) created by magnetic interactions
ith its neighbors: Heff = H +

∑
Hex. In general, when

∑
Hex = 0,

he QTM should be observed at zero field (this is applied to ideal
MMs). Meanwhile, when

∑
Hex �= 0, the QTM at mST = ±ST

ould be shifted by the field to cancel
∑

Hex, so we can no longer
ee it at zero field. In the regular case of a 1D arrangement with
weak antiferromagnetic interaction, the sum of the exchange
eld for one unit can be assumed to be 2Hex. In such spin units
TM occurs at H1, but some of the units are trapped in the initial
ST state under the experimental conditions, dependent on tem-
erature and field scan rate. Thus, the trapped spin units have
he sum of the exchange field of

∑
Hex = (+Hex) + (−Hex) = 0

Fig. 19b). Therefore, in the trapped spin units QTM occurs at
ero field. This phenomenon is a special case for 1D arranged
MMs with weak intra-chain antiferromagnetic interactions,
.2. Nevertheless, the observed relaxation of the magnetization
s evaluated rather as that for the SCM case (Δ = 2Δ� + ΔA,
here Δξ = 4|J ′|S2

T cos(α)/kB and ΔA = |DST|S2
T/kB) than

d single crystal of [Mn2
III(salpn)2(H2O)2]2+ at different temperatures with a

/MS and dM/dH vs. H data at 0.04 K with an increasing sweep-field rate of
(b), where arrows representing the spin projection along the dc field. In these
th permission from Ref. [109].
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hat for ideal SMM (Δ = |DST|S2
T/kB): The observed Arrhenius

arameters are τ0 = 2 × 10−8 s and Δeff = 31.0 K.

. Hetero-metallic assemblies with coordination-donor
etal complexes

The Mn(III) salen complexes which act as a coordination-

cceptor building block led to various hetero-metal assemblies
n the reaction with coordination-donor metal complexes. Most
ssembled compounds are of great interest for their magnetic
roperties including topics of bulk magnets involving long-range

s
t

Fig. 20. Coordination-donor building blocks con
try Reviews 251 (2007) 2622–2664 2639

agnetic order, single-molecule magnets (SMMs), and single-
hain magnets (SCMs). This section focuses on such hetero-
etallic assemblies. Fig. 20 displays coordination-donor metal

omplexes so far used in the assembly reactions with Mn(III)
alen complexes.

.1. Oligomers including single-molecule magnets
Oligomeric hetero-metallic assemblies based on Mn(III)
alen complexes reported so far can be roughly classified into
hree groups: cyano-bridged compounds, oximate-bridged

nectable to Mn(III) salen-type complexes.
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Fig. 20.

ompounds, and others. The cyano-bridged compounds were
esigned using polycyanometalates as shown in Fig. 20.

Mn:M = 1:1 assembly, (NEt4)2[{MnIII(saldmen)(H2O)}
FeIII(CN)6}], was synthesized by Miyasaka et al. (Fig. 21)
110]. One [MnIII(saldmen)(H2O)]+ group capped by H2O is
oordinated with [Fe(CN)6]3−, forming a discrete dinuclear
ompound (Mn NCN = 2.198(9) Å, Mn N C = 162.4(8)◦),

ontaining a hydrogen-bonded 2D network using the coordi-
ating water molecule and crystallization solvents (H2O and
eOH) filling in voids of packing. The magnetic interaction

etween MnIII and low-spin FeIII ion via a cyano-linkage

fi
R
a
[

tinued ).

s ferromagnetic with J = 4.5 cm−1 (gMn = 2.01, gFe = 2.05,
= −9.5 cm−1, zJ′ = 0.2 cm−1). Interestingly, this short-

ange magnetic property changes by a desolvation treatment
−2H2O·MeOH) into magnet behavior exhibiting a long-range
rder. This behavior suggests that the reconstruction of coordina-
ion/magnetic networks occurs by the desolvation of the capping
olvent molecule (Fig. 22). The same group has also reported the

rst example of 2:1 assemblies. The compounds, K[{MnIII(5-
salen)(H2O)}2{FeIII(CN)6}]·2H2O (R = Cl, Br) [111]
nd (NEt4)[{MnIII(5-Clsalen)(H2O)}2{FeIII(CN)6}]·H2O
112], have been synthesized, but not structurally char-
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ig. 21. Structure of [NEt4]2[{MnIII(saldmen)(H2O)}{FeIII(CN)6}], where the

2O molecule capping the [MnIII(saldmen)]+ and methyl group of saldmen2−
re disordering. Reproduced with permission from Ref. [110].

cterized. Later, the structure of the R = Br compounds
ith MIII = FeIII and CrIII were reported by Long et al.

Mn NCN = 2.342(4) Å, Mn N C = 141.8(4)◦ for MIII = CrIII)
113]. The compounds with MIII = FeIII also showed fer-
omagnetic exchange between Mn(III) and Fe(III) ions via
he cyano-linkage with J = 4.2 cm−1 (gMn = 2.04, gFe = 2.04,

= −7.8 cm−1, zJ′ = −0.3 cm−1) [111] and J = 5.9 cm−1
gMn = 2.01, gFe = 1.98, D = −6.4 cm−1, zJ′ = −0.38 cm−1)
112] for R = Cl and J = 4.5 cm−1 (gMn = 2.02, gFe = 2.00,

= −8.5 cm−1, zJ′ = −0.3 cm−1) for R = Br [111], form-
ng an ST = 9/2 cluster. Meanwhile, the compound with

o
t
1
v

Fig. 22. Schematic representation of molecular rearrangem
try Reviews 251 (2007) 2622–2664 2641

III = CrIII showed antiferromagnetic exchange between
n(III) and Cr(III) ions with J = −6.3 cm−1 (g = 1.912),

orming a ferrimagnetic arrangement with an ST = 5/2 ground
tate [113]. These compounds have the possibility to be a
MM. Long et al. also reported the SMM behavior of these
ompounds (Δeff = 25 cm−1, τ0 = 5.5 × 10−10 s for MIII = FeIII

nd Δeff = 16 cm−1, τ0 = 6.1 × 10−8 s for MIII = CrIII in the
elation τ = τ0 exp(Δeff/kBT)) [113]. However, the dynamical
arameters especially for MIII = FeIII were quite strange: Δeff
s too large and τ0 is too fast, if these are assumed as those for

SCM case. Finally, this SMM behavior was confirmed in a
imilar MnIII

2FeIII trinuclear compound possessing the ST = 9/2
round state and DST = −0.87 cm−1 (DST/kB = −1.25 K),
ac-(NEt4)[{MnIII(salmen)(MeOH)}2{FeIII(CN)6}];

n NCN = 2.219(9) Å, Mn N C = 164.7(9)◦ (Fig. 23)
110]. For this compound, dynamic parameters of

eff = 9.7 cm−1 (Δeff/kB = 14 K), τ0 = 2.5 × 10−7 s, were
btained which are completely different from those for Long’s
ompound, [114]. This SMM behavior was proven by detailed
tudies using ac and dc measurements. The single-crystal MH
easurements using a micro-SQUID revealed a butterfly-type

ysteresis with a step at ±40 mT, showing a fast tunneling
elationship between mST = ±9/2 (Fig. 24). The negligibly
eak inter-molecular antiferromagnetic interaction was

stimated at −0.0035 cm−1 (−5 mK) from this tunneling
eld (|J′| = gμBHex/(2ST)). Importantly, the hysteresis loops
re independent of temperature below 0.5 K. Indeed, the
elaxation time is saturated at 470 s below this tempera-
ure, showing the quantum-tunneling regime. The presence

f the tunneling relaxation readily explained the reduc-
ion of the energy barrier from Δ = |DST|(S2

T − 1/4) =
7.4 cm−1 (theoretical value) to 9.7 cm−1 (observed
alue).

ent due to the desolvation of solvated discrete units.
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ig. 23. Structure of rac-(NEt4)[{MnIII(salmen)(MeOH)}2{Fe(CN)6}], where
ethyl group of salmen2− is disordering. Reproduced with permission from
ef. [110].

This compound also changed to a magnet by removing
he capping MeOH molecule. Such a reconstruction from dis-
rete units to a network structure was also demonstrated in
hydrogen-bonded 2:1 aggregation of monomeric species of
MnIII(5-Clsalen)(MeOH)]+ and [FeIII(CN)6]3− [115].
Two other MnIII:FeIII = 2:1 compounds based on

FeIII(CN)6]3− are known so far: rac-(NEt4)[{MnIII(salcy)

ig. 24. Field dependence of the magnetization at tem-
eratures below 1.1 K on an oriented single crystal of
ac-(NEt4)[{MnIII(salmen)(MeOH)}2{FeIII(CN)6}] along the b axis
ith a sweep field rate of 0.07 T/s. Reproduced with permission from Ref.

114].
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ig. 25. A cis-coordinating trinuclear structure of [{MnIII(5-
rsalen)(H2O)}2{FeIII(CN)5(1-CH3im)}]. Reproduced with permission

rom Ref. [116].

MeOH)}2{FeIII(CN)6}] and (R,R)-(NEt4) [{MnIII(salcy)
H2O)}2{FeIII(CN)6}] [110].

Kou et al. synthesized five MnIII:FeIII = 2:1 dis-
rete compounds employing [FeIII(CN)5(1-CH3im)]2−:
{MnIII(5-Brsalen)(H2O)}2{FeIII(CN)5(1-CH3im)}]·H2O,
{MnIII(5-Clsalen)(H2O)}2{FeIII(CN)5(1-CH3im)}]·H2O,
{MnIII(5-Clsalpn)(H2O)}2{FeIII(CN)5(1-CH3im)}],
{MnIII(5-Clsaltmen)(H2O)}2{FeIII(CN)5(1-CH3im)}]·H2O,
nd [{MnIII(5-Brsaltmen)(H2O)}2{FeIII(CN)5(1-CH3im)}]·
2O [116]. In all these compounds, [MnIII(SB)]+ is capped
y a water molecule forming discrete structures. Except for
he first compound, the other compounds have, basically, a
imilar trans-coordinated trinuclear arrangement (linear-type)
f [MnIII NC FeIII CN MnIII]. Only the first compound
as a cis-coordinated arrangement (Fig. 25). However, all
ompounds showed similar magnetic properties exhibiting
erromagnetic coupling between the Mn(III) and Fe(III) ions
JMn Fe ≈ 4.5–6 cm−1). These data are also consistent with
hose observed in the compounds using [FeIII(CN)6]3−.

Colonado et al. synthesized a compound using [FeIII(CN)
(NO)]2−: [{MnIII(3-MeOsalen)(H2O)}2{FeIII(CN)5(NO)}]
117]. This compound is a paramagnetic species because
t contains the diamagnetic [FeIII(CN)5(NO)]2−. The
:1 type compounds with other diamagnetic metal
ons include: (R,R)-[{MnIII(salcy)(H2O)}2{NiII(CN)4}]
118], [{MnIII(saltmen)(H2O)}2{HgII(CN)4}] [119], and
NEt4)2[{MnIII(salen)(MeOH)}2{Nb6Cl12(CN)6}]·2MeOH

120].

The perfectly cyano-bridged MnIII:MIII = 3:1 assemblies
an only be seen in [{MnIII(salen)(EtOH)}3{MIII(CN)6}]
MIII = FeIII, CrIII) (Fig. 26) [121]. In both compounds, the
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ig. 26. Structure of [{MnIII(salen)(EtOH)}3{FeIII(CN)6}]. Reproduced with
ermission from Ref. [121].

(CN)6 moiety acts as a meridional-�3-coordinating-donor
uilding block and binds three [Mn(salen)(EtOH)]+ moieties,
n which Mn NCN bond distances are very similar, in the
ange Mn N ≈ 2.25–2.3 Å, but significantly different Mn-N-

angles are found (Mn1 N C ≈ 170◦, Mn2 N C ≈ 150◦,
n3 N C ≈ 162◦). A step-by-step simulation approach based

n J1 �= J2 �= J3 yielded an adequate parameter set of gav = 2.085,
1 = J3 = −2.78 cm−1 (−4.0 K), and J2 = 3.34 cm−1 (4.8 K) for

III = FeIII and gav = 2.03, J1 = J2 = J3 = −1.60 cm−1 (−2.3 K),
nd zJ′ = −0.14 cm−1 (−0.2 K) for MIII = CrIII. As found in the
ase of MIII = FeIII, the exchange interaction between Mn(III)
nd low-spin Fe(III) ions via the cyano-linkage is variable
nd dependent on the MnIII NCN angle. The compound with

III = FeIII exhibited SMM behavior.
A discrete compound using [WV(CN)8]3− with

= 1/2 was reported by Sieklucka and co-workers
122]: [{MnIII(salen)(H2O)}3{WV(CN)8}]·H2O. In
his compound, [WV(CN)8]3− coordinates with two
Mn(salen)(H2O)]+ moieties in a V-shape to form a
(H2O)MnIII NC WV CN MnIII(H2O)]− unit. The
ther [Mn(salen)(H2O)]+ moiety coordinates with this
rinuclear unit by forming a MnIII OPh MnIII bond,
here OPh is a phenolate oxygen arising from one of the

Mn(salen)(H2O)]+ moieties of the trinuclear unit. There-
ore, this compound has an asymmetric V-shaped form of

(H2O)MnIII NC WV CN MnIII(H2O) (OPh) MnIII(H2O)].
he temperature-dependence simulation of χT
ielded JMn W = −0.75 cm−1, JMn Mn = −1.95 cm−1,
J′ = −0.35 cm−1, g = 1.99.

o
1
i
F

ig. 27. Structure of [{MnIII(salpn)(MeOH)}4{FeIII(CN)6}]ClO4·9H2O [123].

A MnIII:FeIII = 4:1 discrete assembly was first synthe-
ized by the reaction of [Mn(saltmen)(H2O)]ClO4 with
NEt4)3[Fe(CN)6] in ethanol: [{MnIII(saltmen)(H2O)}4
FeIII(CN)6}]ClO4 [110]. A similar reaction using a set of
Mn(saltmen)(H2O)]ClO4 and K3[Fe(CN)6] in a MeOH/water
edium produced a 2D network possessing the same assembly

atio (4:1). This compound is presented in Section 5.3. Unfor-
unately, the first 4:1 discrete assembly was not structurally
haracterized, but its magnetic properties proved its chemical
ormula and discrete feature. The exchange between the

n(III) and Fe(III) ions was estimated as J = −1.60 cm−1

ith gMn = 2.08 and gFe = 2.2. In 2003, Liao et al. confirmed
his MnIII:FeIII = 4:1 discrete assembly by investigating the
tructure and magnetic properties of a similar compound:
{MnIII(salpn)(MeOH)}4{FeIII(CN)6}]ClO4·9H2O (Fig. 27)
123]. Here, the four CN− lie in the equatorial plane of
he [FeIII(CN)6]3− moiety and bridge four Mn ions with a
ridging distance and an angle of Mn NCN = 2.261(3) Å and

N Mn = 160.2(3)◦. The Mn ion assumed an elongated
ctahedral geometry, in which a MeOH molecule capped
nother apical position (Mn OMeOH = 2.365(3) Å). The
xchange between the Mn(III) and Fe(III) ions is ferromagnetic
JMn Fe = 1.4 cm−1, gMn = 1.99, gFe = 2.01).

With respect to assemblies having a higher nuclearity,
here is no report on MnIII:MIII = 5:1 discrete assemblies, but

nIII:MIII = 6:1 assemblies, in which all of six coordination sites
n [MIII(CN)6]3− are occupied by Mn(III) ions, were reported
y Xu et al. (Fig. 28) [124,125]. The compounds have the for-
ula [{MnIII(salen)(H2O)}6{MIII(CN)6}][MIII(CN)6]·6H2O

MIII = FeIII, CrIII), where one [MIII(CN)6]3− is acting as a
ounter anion. For the compound with MIII = FeIII, the χT
f 17 cm3 K mol−1 at room temperature (spin-only value:
8.76 cm3 K mol−1) increases gradually to reach a maximum

3 −1
f 17.7 cm K mol at 14 K and then decreases sharply to
4.6 cm3 K mol−1 at 4.9 K. The high-temperature behavior
ndicates that a ferromagnetic interaction between Mn(III) and
e(III) ions is dominant. The simulation at the temperatures
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skeleton containing an out-of-plane Mn(III) salen dimeric form
(MnIII (OPh)2 MnIII) and three trinuclear compounds with a
[M CN MnIII NC M] bridging skeleton were synthesized:
tetramers, [{MnIII(salen)}{Fe(dppe)(Cp)(CN)}]2(SbF6)2 and
ig. 28. Structure of the cationic part of [{MnIII(salen)(H2O)}6{CrIII(CN)6}]-
CrIII(CN)6]·6H2O. Reproduced with permission from Ref. [125].

bove 14 K yielded J = 0.24 cm−1 with gFe = gMn = 1.92 [125].
or the compound with MIII = CrIII, a magnetic study was
arried out by two groups. Xu et al. have first reported the
emperature dependence of the susceptibility, but it seems to
e quite strange: The μeff of 22.78μB (64.9 cm3 K mol−1) at
oom temperature is much higher than the spin-only value of
3.19μB (21.75 cm3 K mol−1) expected for the magnetically
iluted eight-spin system (6SMn = 2, 2SCr = 3/2), but it is nearly
qual to the value of 22.3μB (62.16 cm3 K mol−1) calculated
or antiferromagnetic coupling between six Mn(III) ions and
ne Cr(III) ion in the [{MnIII(salen)(H2O)}6{CrIII(CN)6}]3+

nit (possessing a very strong coupling?). Furthermore, this
alue decreases linearly to reach a minimum at 47 K, then
ncreases slightly to make a peak at 13 K [124]. Finally, Long
t al. improved the data and quantized the exchange coupling
etween Mn(III) and Cr(III) ions via NC (J = −2.5 cm−1,
= 1.86) [126]. This behavior suggests that antiferromagnetic
oupling between the Mn(III) and Cr(III) ions is dominant,
onsistent with other cyano-bridged Mn(III)/Cr(III) systems.

As a particular case of assembling, Kou and Sato et
l. synthesized a cyano-bridged wheel-type compound,
{MnIII(salen)}6{FeIII(bpmb)(CN)2}6]·7H2O, which was
electively obtained in high yield (ca. 60%) from a mixed
olution of MeOH/MeCN/H2O (6:3:1 volume ratio) con-
aining the starting materials, [MnIII(salen)(H2O)]ClO4 and
[FeIII(bpmb)(CN)2] [127]. This compound has a dodecanu-

lear wheel-type structure having a [ MnIII NC FeIII CN ]6
yclic unit (Fig. 29), in which the Mn NCN distances and
he Mn N C angles were in the range 2.258(5)–2.354(4) Å
nd 140.8(4)–163.3(5)◦, respectively. The Mn Fe exchange
nteraction via a cyanide bridge is ferromagnetic. Interestingly,
his compound exhibited slow relaxation of the magnetization

t low temperatures. Although the compound is an oligomeric
iscrete molecule anticipated for a SMM, a large cyclic wheel
tructure with a weak Mn· · ·Fe coupling might be assumed as
closed quasi-1D chain anticipated for a SCM. Unfortunately,
ig. 29. Structure of [{MnIII(salen)}6{FeIII(bpmb)(CN)2}6]·7H2O [127].

o detailed magnetic data and explanation on the relaxation
rocess were given in the literature.

A cyano/phenoxo bridged Mn2
IIIM2 was found in

{MnIII(acphmen)}{WV(CN)6(bpy)}]2 (Fig. 30) [128]. This
ompound has a [WV CN MnIII (OPh)2 MnIII NC WV]
ridging skeleton, where (OPh)2 is an out-of-plane
n(III) acphmen dimeric form (MnIII (OPh)2 MnIII).
oth exchanges of MnIII WV and MnIII MnIII with
Mn = 2 and SW = 1/2 were ferromagnetic estimated as
Mn W = 0.83 cm−1 and JMn Mn = 0.95 cm−1, respectively,
roducing an ST = 5 ground state. This compound exhib-
ted SMM behavior. Some compounds possessing a similar
M L MnIII (OPh)2 MnIII L M] skeleton will be introduced
elow.

There are Mn(III) salen compounds decorated with
rganometallic cyanides acting as terminal groups, [Fe(dppe)
Cp)(CN)], [Ru(PPh3)2(Cp)(CN)], [Fe(CO)2(Cp)(CN)], and
Cr(CO)5(CN)]− [129]. Two linear-type tetranuclear com-
ounds with a [M CN MnIII (OPh)2 MnIII NC M] bridging
Fig. 30. Structure of [{MnIII(acphmen)}{WV(CN)6(bpy)}]2 [128].
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Fig. 31. Structure of [{MnIII(5-Clsaltmen)}{NiII(pao)(bp

{MnIII(salen)} {Ru(PPh3)(Cp)(CN)}]2(SbF6)2; trimers,
{MnIII(salen)}{Fe(CO)2(Cp)(CN)}2]SbF6, [{MnIII(salen)}
Fe(dppe)(Cp)(CN)}2]SbF6, and (NEt4)[{MnIII(salen)}
Cr(CO)5(CN)}2].

To summarize the magnetic properties on cyano-bridged
ompounds, the magnetic interaction between Mn(III) ion
nd low spin Fe(III) ion via the NC linkage (i.e.,
nIII NC FeIII(l.s.)) shows both ferromagnetic and antifer-

omagnetic behavior, while that of MnIII NC MnIII(l.s.) and
nIII NC CrIII is always ferromagnetic and antiferromagnetic,

espectively (this tendency can be seen in other dimensional
ompounds as described from the next section). Table 4
ists cyano-bridged assemblies with MnIII NC M bridging
imensions with their exchange coupling constants. In the
nIII NC FeIII(l.s.) system, the exchange coupling is quite

ensitive to the bonding feature of MnIII N C FeIII, although
he examples with the ferromagnetic coupling are more gener-
lly seen than those with the antiferromagnetic one. The nature
f the magnetic interaction cannot be simply summarized as
dependency only on the MnIII N C angle, but would also

e correlated with the bent angle of MnIII N C M. The latter
ngle creates the orthogonality between an occupied d� orbital
f the Fe(III) ion and three d� orbitals of the Mn(III) ion [111].

In recent outstanding contributions to nanosized molec-
lar magnets, Miyasaka et al. focused on oximate-bridged
ssemblies of Mn(III) salen complexes employing coordination-
onor metal building blocks having naked oximato groups.
mong several kinds of such materials, to date, three types
f such oligomeric compounds have been reported. The
se of mono-oximato building blocks that act as terminal

uilding blocks provided linear-type hetero-metal assem-
lies having a [M NO MnIII (OPh)2 MnIII ON M]
ridging skeleton containing an out-of-plane Mn(III)
alen dimeric moiety. The first type is a family of

(
c
m
a

2(ClO4)4. Reproduced with permission from Ref. [130].

{MnIII(5-Rsaltmen)}{NiII(pao)(bpy)2}]2(ClO4)4 (R = H,
l, Br, MeO) (Fig. 31) [130]. These compounds were

ynthesized by the assembly reaction with both [MnIII(5-
saltmen)(H2O)]2(ClO4)2 and [NiII(pao)(bpy)2]ClO4 in a
ethanol/water medium. The [NiII NO MnIII (OPh)2
nIII ON NiII] bridging skeleton is composed of local

imensions of Mn Ooximate ≈ 2.1 Å, Mn O* ≈ 2.4–2.5 Å,
n O N ≈ 129–132◦, Mn O Mn* ≈ 101◦, and O Mn O*
79◦. Table 5 lists the magnetic parameters of these assemblies

ontaining the [MnIII
2(saltmen)2]2+ out-of-plane dimeric

ore. The exchange interactions in the two pathways of
iII NO MnIII and MnIII (OPh)2 MnIII are strongly anti-

erromagnetic (JMn Ni/kB > −20 K) and weakly ferromagnetic
JMn Mn/kB < 1 K), respectively, generating an ST = 2 ground
tate. As expected from such a small low-lying state, SMM
ehavior was not observed at temperatures above 1.8 K.

Similar Mn2
IIIM2

II assemblies having the [M NO MnIII

(OPh)2 MnIII ON M] bridging skeleton were also syn-
hesized using a mono-Ni(II) or Cu(II) complex with 3-{2-
(2-hydroxy-benzylidene)-amino]-2-methyl-propylimino}-
utan-2-one oximate (salenox2−): [{MnIII(5-
eOsaltmen)}{MII(salenox2−)}]2(CF3SO3)2·2H2O (M = Cu,
i) [131]. The [MII(salenox)] unit has a naked oximato
roup able to coordinate to other metal ions, so acting as
coordination-donor building block (Costes et al. was the

rst to report on this type of complexes (with M = CuII))
hat acts as a bidentate unit when assembled with lanthanide

etal ions (in �-phenolato-�-oximato fashion [132]). These
wo compounds are isostructural (Fig. 32). Furthermore,
heir solvent-free compounds (−2H2O) were also stable

these compounds were characterized by single-crystal X-ray
rystallography and magnetic measurements). Magnetic
easurements on the compounds with MII = CuII revealed

ntiferromagnetic MnIII/CuII interaction (JMn Cu/kB ≈ −16 K)
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Table 4
MnIII NC M bridging dimensions and the exchange coupling constant JMn M in cyano-bridged assemblies of Mn(III) salen complexes

Compound Coordination donor and its spin state Mn:M Mn NCN Mn N C JMn M (cm−1) Reference

Discrete compounds
(NEt4)2[{Mn(saldmen)(H2O)}{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 1:1 2.198(9) 162.4(8) +4.5 [110]
K[{Mn(5-Clsalen)(H2O)}2{Fe(CN)6}]·2H2O [FeIII(CN)6]3−, S = 1/2 2:1 +4.2 [111]
K[{Mn(5-Brsalen)(H2O)}2{Fe(CN)6}]·2H2O [FeIII(CN)6]3−, S = 1/2 2:1 2.331(4) 142.7(3) +4.5 (+4.6)a [111,113]
(NEt4)[{Mn(5-Clsalen)(H2O)}2{Fe(CN)6}]·H2O [FeIII(CN)6]3−, S = 1/2 2:1 +5.9 [112]
rac-(NEt4)[{Mn(salmen)(MeOH)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 2.219(9) 164.7(9) +3.6 [110]
rac-(NEt4)[{Mn(salcy)(MeOH)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 [110]
(R,R)-(NEt4)[{Mn(salcy)(H2O)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 [110]
[{Mn(5-Brsalen)(H2O)}2{Fe(CN)5(1-CH3im)}]·H2O [FeIII(CN)5(1-CH3im)]2−, S = 1/2 2:1 (cis) 2.236(6) 160.0(5) +4.75(6)

(+5.92(7))b
[116]

2.222(6) 154.3(5)
[{Mn(5-Clsalen)(H2O)}2{Fe(CN)5(1-CH3im)}]·H2O [FeIII(CN)5(1-CH3im)]2−, S = 1/2 2:1 2.243(5) 149.8(5) +4.98(10)

(+5.86(11))b
[116]

[{Mn(5-Clsalpn)(H2O)}2{Fe(CN)5(1-CH3im)}] [FeIII(CN)5(1-CH3im)]2−, S = 1/2 2:1 2.221(5) 165.2(5) +6.01(8) [116]
2.249(5) 156.9(5) (+6.68(8))b

(2.229(5)) (152.8(5))
(2.298(5)) (147.8(5))

[{Mn(5-Clsaltmen)(H2O)}2{Fe(CN)5(1-CH3im)}]·H2O [FeIII(CN)5(1-CH3im)]2−, S = 1/2 2:1 2.311(3) 159.7(3) +4.51(6) [116]
2.258(3) 157.8(3) (+4.95(6))b

[{Mn(5-Brsaltmen)(H2O)}2{Fe(CN)5(1-CH3im)}]·H2O [FeIII(CN)5(1-CH3im)]2−, S = 1/2 2:1 2.323(3) 159.4(2) +4.68(5) [116]
2.266(3) 157.2(3) (+5.10(6))b

[{Mn(3-MeOsalen)(H2O)}2{Fe(CN)5(NO)}] [FeIII(CN)5(NO)]2−, S = 0 2:1 2.355(6) 146.9(6) – [117]
K[{Mn(5-Brsalen)(H2O)}2{Cr(CN)6}]·2H2O [CrIII(CN)6]3−, S = 3/2 2:1 2.342(4) 141.8(4) −6.3 [113]
(R,R)-[{Mn(salcy)(H2O)}2{Ni(CN)4}] [NiII(CN)4]2−, S = 0 2:1 2.276(8)–2.302(8) – [118]
[{Mn(saltmen)(H2O)}2{Hg(CN)4}] [HgII(CN)4]2−, S = 0 2:1 2.295(7) 173.4(8) – [119]
(NEt4)2[{Mn(salen)(MeOH)}2{Nb6Cl12(CN)6}]·2MeOH [Nb6Cl12(CN)6]4−, S = 0 2:1 2.295(3) 157.2(3) – [120]
[{Mn(salen)(EtOH)}3{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 3:1 2.249(2)–2.307(2) 170.7(2) J1: −2.78 [121]

148.9(2) J2: +3.34
161.9(2) J3: −2.78

[{Mn(salen)(EtOH)}3{Cr(CN)6}] [CrIII(CN)6]3−, S = 3/2 3:1 2.234(4)–2.293(4) 168.7(4) −1.60 [121]
149.9(4)
161.5(4)

[{Mn(salen)(H2O)}3{W(CN)8}]·H2O [WV(CN)8]3−, S = 1/2 3:1c 2.336(3) 153.2(3) −0.75 [122]
2.398(3) 149.3(3)

[{Mn(saltmen)(H2O)}4{Fe(CN)6}]ClO4 [FeIII(CN)6]3−, S = 1/2 4:1 −1.60 [110]
[{Mn(salpn)(MeOH)}4{Fe(CN)6}]ClO4·9H2O [FeIII(CN)6]3−, S = 1/2 4:1 2.261(3) 160.2(3) +1.4 [123]
[{Mn(salen)(H2O)}6{Fe(CN)6}][Fe(CN)6]·6H2O [FeIII(CN)6]3−, S = 1/2 6:1 2.334(2) 150.74(14) +0.24 [125]
[{Mn(salen)(H2O)}6{Cr(CN)6}][Cr(CN)6]·6H2O [CrIII(CN)6]3−, S = 3/2 6:1 2.322(4) 149.9(4) −2.5d [124,126]
[{Mn(salen)}6{Fe(bpmb)(CN)2}6]·7H2O [FeIII(bpmb)(CN)2]−, S = 1/2 6:6 (ring) 2.258(5)–2.354(4) 140.8(4)–163.3(5) Fe [127]
[{Mn(acphmen)}{W(CN)6(bpy)}]2 [WV(CN)6(bpy)]−, S = 1/2 2:2 (1:1 × 2) 2.291(3) 165.2(4) +0.83 [128]
[{Mn(salen)}{Fe(dppe)(Cp)(CN)}]2(SbF6)2 [Fe(dppe)(Cp)(CN)], S = 0 2:2 (1:1 × 2) 2.154(8) 172.6(7) – [129]
[{Mn(salen)}{Ru(PPh3)(Cp)(CN)}]2(SbF6)2 [Ru(PPh3)2(Cp)(CN)], S = 0 2:2 (1:1 × 2) – [129]
[{Mn(salen)}{Fe(CO)2(Cp)(CN)}2]SbF6 [Fe(CO)2(Cp)(CN)], S = 0 1:2 – [129]
[{Mn(salen)}{Fe(dppe)(Cp)(CN)}2]SbF6 [Fe(dppe)(Cp)(CN)], S = 0 1:2 – [129]
(NEt4)[{Mn(salen)}{Cr(CO)5(CN)}2] [Cr(CO)5(CN)]−, S = 0 – [129]

1D chains
[Mn(salen)(CN)] [MnIII(salen)(CN)2]−, S = 1 1:1 2.34(3) 143(2) Fe [81]
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Table 4 (Continued )

Compound Coordination donor and its spin state Mn:M Mn NCN Mn N C JMn M (cm−1) Reference

2.25(3) 147(3)
(NEt4)[{Mn(5-MeOsalen)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 2.179(3) 146.7(4) +6.5 [114]
[{Mn(R,R-salcy)(H2O)}2{Mn(R,R-

salcy)}{Fe(CN)6}]·2H2O and
[{Mn(S,S-salcy)(H2O)}2{Mn(S,S-
salcy)}{Fe(CN)6}]·2H2O

[FeIII(CN)6]3−, S = 1/2 3:1 Inter-tetramer: 2.398(4);
intra-tetramer: 2.251(4)
–2.256(4)

Inter: 148.3(3); intra:
143.0(3) –152.9(3)

Inter: −0.46;
intra: −0.15

[145]

[{Mn(5-MeOsalen)}{(Tp)Fe(CN)3}]·2MeOH [(Tp)FeIII(CN)3]−, S = 1/2 1:1 2.364(2) 161.7(2) +1.66 [146]
2.320(2) 151.1(2) +1.21

[Mn(salen)(H2O)2]2[{Mn(salen)(H2O)}{Mn(salen)}2{Mo(CN)8}]·0.5ClO4·0.5OH·4.5H2O
[MoIV(CN)8]4−, S = 0 5:1f 2.197(6)–2.314(6) 142.7(5)–152.0(6) – [122]

[{Mn(saltmen)(H2O)}{Hg(CN)3}] [HgII(CN)3]−, S = 0 1:1 2.29(1) 140(1) – [119]
[Mn(salen)Ag(CN)2] [AgI(CN)2]−, S = 0 1:1 2.321(4) 170.4(3) – [68]

2.286(4) 144.4(3)
(NEt4)2[{Mn(acacen)}{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 1:1 2.316(4) 152.6(3) Fe [147]
(NEt4)[{Mn(acacen)}{Fe(CN)5(1-CH3im)}]·6H2O [FeIII(CN)5(1-CH3im)]2−, S = 1/2 1:1 (cis) 2.331(4) 144.4(4) AFg [116]
[{Mn(salen)}{Fe(bpb)(CN)2}] [FeIII(bpb)(CN)2]−, S = 1/2 1:1 2.301(3)–2.439(3) 151.8(3)–158.6(3) AFg [127]

2D networks
K[{Mn(3-MeOsalen)}2{Fe(CN)6}]·2DMF [FeIII(CN)6]3−, S = 1/2 2:1 2.290(5) 169.5(5) Fe [111]

2.415(5) 137.2(4)
K[{Mn(3-MeOsalen)}2{Mn(CN)6}]·2DMF [MnIII(CN)6]3−, S = 1/2 2:1 Fe [82]
K[{Mn(3-MeOsalen)}2{Cr(CN)6}]·2DMF [CrIII(CN)6]3−, S = 3/2 2:1 AFg [150]
K[{Mn(3-MeOsalen)}2{Co(CN)6}]·2DMF [CoIII(CN)6]3−, S = 0 2:1 – [150]
(NEt4)[{Mn(salen)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 2.266(3) 167.8(3) AFg [151]

2.337(3) 146.2(2)
(NEt4)[{Mn(5-Clsalen)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 2.286(7) 154.4(7) AFg [112]

2.266(7) 146.1(7)
[{Mn(salen)}2{Ni(CN)4}]·0.5H2O [NiII(CN)6]2−, S = 0 2:1 2.312(6) 163.8(6) – [153]
[{Mn(5-Brsalen)}2{Fe(CN)5(NO)}] [FeIII(CN)5(NO)]2−, S = 0 2:1 2.378(2) 151.8(2) – [117]
[K(18-cr-6)(2-PrOH)2][{Mn(acacen)}2{Fe(CN)6}] [FeIII(CN)6]3−, S = 1/2 2:1 2.331(3) 152.0(3) Fe [154]

2.439(3) 154.8(3)
(NMe4)2[{Mn(salen)}2{Nb6Cl12(CN)6}] [Nb6Cl12(CN)6]4−, S = 0 2:1 2.233(3) 173.3(1) – [120]

2.365(3)
[{Mn(saltmen)}4{Fe(CN)6}]ClO4 [FeIII(CN)6]3−, S = 1/2 4:1 2.19(1) 156.1(10) Fe [111]
[{Mn(saltmen)}4{Fe(CN)5(CH3im)}](ClO4)2 [FeIII(CN)5(1-CH3im)]2−, S = 1/2 4:1 2.197(8) 157.3(7) 2.34(7) [116]
[{Mn(salen)}4{Re6Te8(CN)6}] [Re6Te8(CN)6]4−, S = 0 4:1 2.14(1)–2.28(1) 141.4(1)–149.5(1) – [155]

3D networks
Na[{Mn(salen)}3{Re6Se8(CN)6}] [Re6Se8(CN)6]4−, S = 0 3:1 2.293(8) 138.5(7) – [156]
(H3O)2[{Mn(salen)}6{Fe(CN)6}{Nb6Cl12(CN)6}]·3H2O [FeII(CN)6]4−, S = 0 and

[Nb6Cl12(CN)6]4−, S = 0
6:2 2.314(4) 154.4(4) – [157]

2.343(4) 147.9(4)

a Long et al. have confirmed the identification of the compound already reported in Ref. [111]. See Ref. [113].
b The obtained parameters are varied dependent on taking into account either zJ′ or ZFS of Mn(III) ion (DMn).
c The mixing ratio of Mn:M is 3:1, but the compound has a mixed composition.
d The exchange interaction was estimated in Ref. [126].
e The ferromagnetic interaction (F) was qualitatively evaluated.
f The mixing ratio of Mn:M is 5:1, but the compound has a mixed composition.
g The antiferromagnetic interaction (AF) was qualitatively evaluated.
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Table 5
Magnetic parameters of [M L MnIII (OPh)2 MnIII L M] and [Rad MnIII (OPh)2 MnIII Rad] compounds and several Mn(III) dimeric SMMs (ns = non-SMM above 1.8 K; nd = no data in the literature)

Compound ST g JMn M (K) JMn Mn (K) zJ′ (K) DMn (K)a DST (K)b |DST|S2
T (K) τ0 (s)c Δeff (K)c Reference

[{Mn(saltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 2 2.04(1) −23.7(2) +0.90(5) −0.23(2) nd ∼3 ∼12 ns ns [130]
[{Mn(5-Clsaltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 2 2.04(1) −26.1(2) +0.70(5) −0.20(2) nd ∼3 ∼12 ns ns [130]
[{Mn(5-Brsaltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 2 2.04(1) −25.1(2) +0.80(5) −0.23(2) nd ∼3 ∼12 ns ns [130]
[{Mn(5-MeOsaltmen)}{Ni(pao)(bpy)2}]2(ClO4)4 2 1.96(1) −24.4(2) +0.40(5) −0.18(2) nd ∼3 ∼12 ns ns [130]
[{Mn(5-

MeOsaltmen)}{Cu(salenox2−)}]2(CF3SO3)2·2H2O
3 1.994(2) −16.0(2) +1.7(1) −0.072(2) −3.6(1) −1.96(1) 17.6 nd nd [131]

[{Mn(5-MeOsaltmen)}{CuII(salenox2−)}]2(CF3SO3)2

(dried sample)
3 2.032(2) −14.7(2) +2.8(1) −0.023(2) −3.0(1) −1.92(1) 17.3 nd nd [131]

[Mn(5-MeOsaltmen)(DCNNQI)]2·MeOH 3 1.95(1) −23.0(5) +2.0(1) −0.23(2) −2.1 18.9 nd nd [133]
[{Mn(5-

MeOsaltmen)}{NiII(salenox2−)}]2(CF3SO3)2·2H2O
4 1.995(5) – +1.6(1) −0.031(2) −3.6(1) −1.38(1) 22.1 2.5 × 10−7 13.0 [131]

[{Mn(5-MeOsaltmen)}{NiII(salenox2−)}]2(CF3SO3)2

(dried sample)
4 2.05(2) – +1.6(1) −0.024(2) −3.6(1) −1.52(1) 24.3 6.2 × 10−7 10.5 [131]

[Mn(saltmen)(ReO4)]2 4 2.00(1) – +2.57 ∼−0.2 −3.6 −1.63 25.5 8 × 10−9 16 [96]
[Mn(saltmen)(O2CCH3)]2 4 1.98 – +1.94 0 −2.73 −1.48 23.7 nd nd [94]
[Mn(saltmen)(N3)]2 4 1.98 +0.86 0 −1.44 −1.42 22.7 nd 17 [94]
[{Mn(acphmen)}{W(bpy)(CN)6}]2·3H2O 5 1.98 +1.2 +1.37 0 nd nd nd 5.1 × 10−12 32 [128]

a The value was obtained by the χT simulation taking into account zero-field splitting of single Mn(III) ion. For the blank, such a treatment was not performed in the work.
b The value was obtained by the M H simulation for the ST species.
c The values were obtained from Arrhenius equation of τ(T) = τ0 exp(Δeff/kBT). For the blank, exact experimental values have not been given in the literature.
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Fig. 33. Field dependence of the magnetization on a single crystal
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f [{MnIII(5-MeOsaltmen)}{CuII(salenox2−)}]2(CF3SO3)2·2H2O (a)
nd [{MnIII(5-MeOsaltmen)}{NiII(salenox2−)}]2(CF3SO3)2·2H2O (b).
eproduced with permission from Ref. [131].

ecorated by a monoanionic organic radial DCNNQI molecule

133]. The bridging scheme is [Rad MnIII (OPh)2 MnIII Rad]
Fig. 34), forming a linear tetra-spin system of (Srad1 = 1/2,
Mn1 = 2, SMn2 = 2, Srad2 = 1/2), similar to the tetranuclear
ompounds above.

ig. 34. Structure of [MnIII(5-MeOsaltmen)(DCNNQI)]2 MeOH. Reproduced
ith permission from Ref. [133].
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Interestingly, although these two compounds have a very
imilar molecular structure, the packing forms of the respec-
ive compounds are completely different (this difference can
e distinguished by their crystallization solvents, S = MeOH
r 2CH2Cl2·2CH3CN). The former with S = MeOH is nearly
iscrete, but the latter with S = 2CH2Cl2·2CH3CN constructs
one-dimensional aggregation by forming a dimeric stacking

etween inter-molecular DCNNQI moieties. Due to the dia-
agnetic nature of the DCNNQI dimer, the compound formally

ossesses an ST = 4 ground state. However, the inter-molecular
nteractions through the DCNNQI dimers and space prohibited
hat the compound is a SMM. While, in the former (S = MeOH),
trong antiferromagnetic exchange between the Mn(III) ion and
CNNQI radical (JMn rad/kB ≈ −23 K) and weak ferromagnetic

xchange between the Mn(III) ions (JMn Mn/kB ≈ 2 K) gener-
ted an ST = 3 ground state, and this compound was a SMM
ith Δ/kB ≈ 19 K (DST/kB = −2.1 K).
The second family of oximate-bridged oligomers includes

ompounds having a [MnIII ON NiII NO MnIII] bridging
keleton. This family and its magnetic properties become an
xtremely important part of discussion on the SCM behav-
or of 1D chains comprised of this type of trinuclear unit
see next section). The Mn2

IIINiII trinuclear compounds,
{MnIII(5-Rsaltmen)}2{NiII(pao)2(phen)}](ClO4)2 (R = Cl, Br)
Fig. 35), were synthesized by the assembly reaction of
Mn(5-Rsaltmen)(H2O)]2(ClO4)2 with [Ni(pao)2(phen)] in a
ethanol/water medium [93]. In the molecule, the Mn(III) ion

s quasi-square pyramidal due a negligible weak interaction
etween Mn· · ·R (R = Cl and Br in the 5-Rsaltmen ligands). dc
agnetic measurements of these compounds confirmed their

T = 3 ground state (JMn Ni/kB ≈ −24 K) and strong uni-axial
nisotropy (DST/kB ≈ −2.4 K). The ac magnetic susceptibility
evealed a characteristic of SMM behavior with τ0 ≈ 1 × 10−7 s
nd Δeff/kB ≈ 18 K (Δ = |DST|S2

T = 21 K).
An imidazolate-bridged Mn2

IIICu2
II compound,

{MnIII(salen)}{CuII(acimen)}]2(BPh4)2, was synthe-
ized by Matsumoto et al. [134]. Its bridging skeleton of
CuII im MnIII (OPh)2 MnIII im CuII] is comprised of an
midazolate-bridge linkage between the Cu(II) and Mn(III) ions
CuII im MnIII) and the bi-phenolate bridge of out-of-plane

n(III) salen dimer (MnIII (OPh)2 MnIII) (Fig. 36). Despite
hat there is no significant quantitative evaluation of the
ow-temperature behavior, the magnetic data of this compound
uggest the presence of ferromagnetic exchange between
he Mn(III) ions via the bi-phenolate linkage, in addition to
ntiferromagnetic exchange between the Mn(III) and Cu(II)
ons via the imidazolate linkage (JMn Cu = −1.68 cm−1).

.2. One-dimensional chains including single-chain
agnets

Since the discovery of single-chain magnets (SCMs) at the
eginning of this century, hetero-metallic 1D chains based

n Mn(III) salen complexes have attracted a great deal of
ttention. As mentioned in Section 2.2, this is because the
inear arrangement of Mn(III) salen complexes can arrange
he respective Jahn–Teller axes to form an easy axis of the
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ig. 35. Structure of MnIII NiII MnIII trinuclear compound, [{MnIII(5-Clsalt

agnetization parallel to the chain direction (see Fig. 2).
his design of SCMs was proposed by Miyasaka et al.

135] and he and Clérac et al. presented an Mn2
IIINiII

hain, [{Mn(saltmen)}2{Ni(pao)2(py)2}](ClO4)2, possessing a
III II III
Mn ON Ni NO Mn (OPh)2 ] repeat unit in 2002

Fig. 37) [37]. This compound is the first ferromagnetic-type
CM. The temperature dependence of χT decreases gradu-
lly from 300 K to reach a minimum at approximately 90 K

ig. 36. Structure of [{MnIII(salen)}{CuII(acimen)}]2(BPh4)2. Reproduced
ith permission from Ref. [134].
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2{NiII(pao)2(phen)}](ClO4)2. Reproduced with permission from Ref. [93].

nd then increases abruptly at low temperatures. At low tem-
erature, this one-dimensional arrangement was described as
chain composed of ferromagnetically coupled anisotropic

T = 3 units. The ST = 3 state of each unit is induced by
he strong antiferromagnetic coupling in the oximate-bridged

nIII NiII MnIII trinuclear unit (JMn Ni/kB = J/kB ≈ −20 K).
he ferromagnetic coupling between the trinuclear units via a
i-phenolate bridge (J′/kB ≈ +0.7 K) forms a regular chain of
erromagnetically coupled units at low temperatures (<10 K).
he low-temperature single crystal MH measurements con-
ucted with a micro-SQUID setup revealed the existence of
trong uniaxial anisotropy of the chain with DST/kB ≈ −2.5 K
or the repeating unit (Fig. 38) [136]. These data led to the con-
lusion that this compound behaves as an Ising-type chain at
ow temperature. Indeed, the simulation of the low-temperature

T behavior using an Ising model deduced an energy value

o create domain wall (Δ�) consistent with 4J ′S2
T (Fig. 39).

urthermore, this simulation showed a negligibly small inter-
hain interaction (J′′/kB ≈ −0.047 K) and an average chain

ig. 37. One-dimensional chain structure of [{MnIII(saltmen)}2{NiII(pao)2

py)2}](ClO4)2. Reproduced with permission from Ref. [37].
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Fig. 38. Field dependence of the magnetization measured on a single crystal
of [{Mn(saltmen)}2{Ni(pao)2(py)2}](ClO4)2: (top) when the magnetic field is
applied parallel to the chain direction at different temperature with 80 Oe/s field
sweep rate (a) and at 2 and 0.04 K at different field sweep rates (b), (bottom)
when the magnetic field is applied perpendicular to the chains at 1.5 K, where
the intersection between the two dotted lines gives the anisotropy field. Inset:
S
t
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Fig. 39. Semilog plot of χT vs. 1/T. Inset: Field dependence of the magneti-
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magnetization reversal (Δeff) among these Mn2

IIINiII com-
pounds including the discrete trinuclear compounds introduced
in the former section (Fig. 41). This result proved that the
imilar measurements than the main figure at three angles in the plan normal to
he easy axis. The main figure is at 50◦. Reproduced with permission from Refs.
136,138].

ength of 140 nm. The slow relaxation of the magnetization
as demonstrated well by ac and dc magnetic measurements

t low temperatures (Fig. 40). The relaxation parameters are:
0 = 5.5 × 10−11 s and Δeff/kB ≈ 72 K. They explained this Δeff
y using an equation Δ1 = 8J ′S2

T + |DST|S2
T [136,137]. Inter-

stingly, they found a crossover between infinite chain regime
nd finite chain regime in the relaxation dynamics, where Δeff
hanged to Δ2 = 4J ′S2

T + |DST|S2
T in the latter case [136].

This SCM behavior was confirmed in a family of analogous
n2

IIINiII chains, [{MnIII(saltmen)}2{NiII(pao)2(L1)2}](A)2

L1 = pyridine, 4-picoline, 4-t-butylpyridine, N-
ethylimidazole; A− = ClO4

−, BF4
−, PF6

−, ReO4
−), by

arying the L1 ligands and the counter A− anions to change the
nter-chain environment but not the chain bridging motif for

F
i
e

ation (normalized at the saturation value) at 4 K and with a field sweep rate
f 0.14 kOe/s. Solid lines correspond to the fit using the Ising expressions.
eproduced with permission from Ref. [136].

xing intra-chain parameters ST, D, J and J′. All compounds
howed identical behavior almost independent of the inter-chain
nvironment [138]. Recently, they synthesized another group
f Mn2

IIINiII chain compounds that exhibit similar SCM
ehavior, [{MnIII(saltmen)}2{NiII(L)2(py)2}](A)2 (L = miao−,
= ClO4

−, PF6
−; L = eiao−, A = ClO4

−) [139]. The unit
xchange in the NiII moiety allowed tuning of the exchange
oupling J′ between the trimer [MnIII NiII MnIII] units (i.e.,
nteraction of MnIII· · ·MnIII) without significant change of
nisotropy. The most important point is that they demonstrated
linear correlation between J′ and the energy barrier of the
ig. 40. Temperature and frequency dependence of the (a) real (χ′) and (b)
maginary (χ′′) part of the ac susceptibility. The solid lines are guides for the
yes. Reproduced with permission from Ref. [37].
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Fig. 41. Correlation of effective energy barrier for magnetization relax-
ation (Δ) with exchange coupling between trinuclear units (J′) in
the family of MnIII

2 NiII SCMs, 1–3 and i–vii, and SMMs, a and
b. The solid and dashed lines represent the least-squares fit with
Δ/kB = 22.5 + 64.4J′/kB and the expected line of Δ/kB = 21 + 72J′/kB,
respectively, where the ΔA/kB value of 21 K was assumed from the data
of compounds a and b. (i) [{Mn(saltmen)}2{Ni(pao)2(py)2}](ClO4)2; (ii)
[{Mn(saltmen)}2{Ni(pao)2(4-pic)2}](ClO4)2 (4-pic = 4-picoline); (iii) [{Mn
(saltmen)}2{Ni(pao)2(t-Bupy)2}](ClO4)2 (t-Bupy = 4-tert-butylpyridine);
(iv) [{Mn(saltmen)}2{Ni(pao)2(N-Meim)2}](ClO4)2 (N-Meim = N-
methylimidazole); (v) [{Mn(saltmen)}2{Ni(pao)2(py)2}](BF4)2;
(vi) [{Mn(saltmen)}2{Ni(pao)2(py)2}](PF6)2; (vii)
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(phen)}](ClO4)2; (b) [{Mn(5-Brsaltmen)}2{Ni(pao)2(phen)}](ClO4)2.
eproduced with permission from Ref. [139].

agnetization relaxation dynamics of these ferromagnetic-type
CMs is well described generalizing the Glauber model and

ntroducing finite anisotropy.
Further characteristic physical properties of this Mn2

IIINiII

CM system were investigated by physicists research groups:
igh-field and high-frequency EPR study [140], NMR study

141], effect of pressure on SCMs [142], and quantum behavior
t extremely low temperatures [143].

A cyano-bridged SCM based on a Mn(III) salen com-
lex has also been reported by Miyasaka and Clérac et al.
he compound is comprised of [MnIII(5-MeOsalen)]+ and

FeIII(CN)6]3− in a 2:1 formulation ratio: (NEt4)[{MnIII(5-
III
eOsalen)}2{Fe (CN)6}] (Fig. 42) [114]. The chain possesses

[ MnIII NC FeIII CN MnIII (OPh)2 ] repeat unit includ-
ng two types of bridges, a cyano-bridge ( NC ) and a
i-phenolate bridge ( (OPh)2 ), connection between the MnIII

h
(
p

Fig. 42. One-dimensional chain structure of (NEt4)[{MnIII(5-MeOsalen
try Reviews 251 (2007) 2622–2664

nd FeIII ions and the two MnIII ions, respectively. Both
ridges mediated ferromagnetic interactions. With decreas-
ng temperature, the χT versus T curve increased gradually
rom 6.8 cm3 K mol−1 at 300 K to reach a maximum of
9.0 cm3 K mol−1 at 2.2 K (followed by a slight decrease to
6.0 cm3 K mol−1 at 1.82 K). The simulation of χT above
0 K using a Heisenberg trinuclear unit (SMn1 = 2, SFe = 1/2,
Mn2 = 2) taking into account inter-trimer interactions yielded
n adequate parameter set of gav = 2.03, JMn Fe/kB = +6.5 K,
nd J′/kB = +0.07 K, where J′ is the exchange coupling between
he trimer units, supporting a ferromagnetic chain scheme of
T = 9/2 repeat spins. dc magnetic measurements of a single crys-
al using micro-SQUID and Hall-probe magnetometers revealed
ni-axial anisotropy (DST/kB = −0.94 K) with an easy axis lying
long the chain direction. When the external field was applied
erpendicular to the chains, a linear increase with the magne-
ization without hysteresis was observed (Fig. 43b). When the
xternal field was applied parallel to the chains, large hysteresis
oops were observed (Fig. 43a). Thus, the low-temperature χT
ehavior was well simulated with an Ising model with Δξ =
J ′S2

T = 6.1 K (i.e., J′/kB = 0.08 K, in excellent agreement with
he value estimated from the simulation of high-temperature
T). The average chain length was approximately 60 nm. The

nvestigation of its dynamical behavior revealed two regimes
f SCM behavior with a crossover at 1.4 K. Above 1.4 K,
01 = 3.7 × 10−10 s and Δτ1/kB = 31 K, and below 1.4 K, τ02 =
× 10−8 s and Δτ2/kB = 25 K. These two energy barriers were

xplained well by correlations of Δ1 = 8J ′S2
T + |DST|S2

T and
2 = 4J ′S2

T + |DST|S2
T, respectively.

More recently, the same group reported that an alter-
ating chain of a Mn(III) salen complex and the TCNQ
adical exhibits SCM behavior [79]. This is an exciting
esult. The well-known family of alternating chain com-
ounds composed of Mn(III) porphyrin and TCNQ, TCNE,
r their derivatives was previously studied by Miller et al.
nd had already displayed similar behavior [144], but SCM
ehavior could not be proven because of the presence of
tructural fluctuations due to the partial elimination of crystal-
ization solvents that may cause spin-glass-like behavior. The
ad no crystallization solvent and was very stable in air
Fig. 44) [79]. This compound has a zigzag chain structure
acked with adjacent chains with an inter-chain Mn· · ·Mn

)}2{FeIII(CN)6}]. Reproduced with permission from Ref. [114].
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Fig. 43. Field dependence of the normalized magnetization (M/MS) on a single
crystal of (NEt4)[{MnIII(5-MeOsalen)}2{FeIII(CN)6}], in which the external
field was applied parallel (a) and perpendicular (b) to the chain direction (Fig. 41b
was measured at 1.5 K). Reproduced with permission from Ref. [114].
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Fig. 44. One-dimensional zigzag chain structure of [MnIII(5-TMAMsaltm
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istance of over 8 Å, reminiscent of what was observed in
he family of MnIII(porphyrin) TCNE or TCNQ compounds
eported previously by Miller et al. Indeed, χT behavior is
ery similar to that of the family of MnIII(porphyrin) TCNE
r TCNQ compounds, indicating a strong antiferromag-
etic exchange coupling (J/kB ≈ −96 K) between the MnIII

on and TCNQ radical. The fact that the correlation between
he structure (especially, the angle of MnIII N C) and the
xchange coupling followed a manner observed in the family
f MnIII(porphyrin) TCNE or TCNQ compounds supported
he similarity of these compounds. Nevertheless, the absence
f magnetic ordered phase or spin-glass behavior was estab-
ished by heat capacity calorimetry measurements that exhibit
o abnormal Cp between 0.5 and 10 K (Fig. 45a). Therefore, the
bservation of field hysteresis of the magnetization below 3.5 K
with a coercive field up to 14 kOe at 1.8 K) (Fig. 45b) was due
o the slow relaxation of the magnetization. Single crystal mag-
etization measurements demonstrated the presence of uni-axial
ymmetry of this compound, indicating the Ising-type nature of
his compound. The temperature dependence of the relaxation
ime displayed two activated regimes above and below 4.5 K
ith τ01 = 2.1 × 10−10 s, Δ�1 = 94.1 K and τ02 = 6.8 × 10−8 s

nd Δ�2 = 67.7 K, respectively. Thus, the detailed analysis of
hese dynamics properties allowed an unambiguous demon-
tration of the SCM behavior in this Mn(III) TCNQ system.
t is important that the observed energy barriers are ruled
ut of consideration using Δτ1 = 8JS2

T + |DST|S2
T and Δτ2 =

JS2
T + |DST|S2

T, because of |DST/J| < 4/3 [137].
As another topic, Zuo and Song et al. synthesized helical

hains exhibiting 3D ferrimagnetic behavior employing chiral
n(III) salen complexes, [MnIII(R,R-salcy)(H2O)2]ClO4

nd [MnIII(S,S-salcy)(H2O)2]ClO4 [145]. Their compounds
re [{MnIII(R,R-salcy)(H2O)}2{MnIII(R,R-salcy)}{FeIII

CN)6}]·2H2O and [{MnIII(S,S-salcy)(H2O)}2{MnIII(S,S-
alcy)}{FeIII(CN)6}]·2H2O (Fig. 46). These compounds

re enantiomers and crystallized in the chiral space group
212121, producing left-hand and right-hand helical chains,

espectively. In the chain, two trans-positioned cyanide groups
f the [FeIII(CN)6]3− unit bridge the [MnIII(salcy)]+ unit

en)(TCNQ)](ClO4)2. Reproduced with permission from Ref. [79].
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ig. 45. CpT−1 vs. T on a single crystal (a) and field depen-
ence of the magnetization on a polycrystalline sample (b) of [Mn(5-
MAMsaltmen)(TCNQ)](ClO4)2. Reproduced with permission from Ref. [79].

o form a chain having a [ MnIII NC FeIII CN ] repeat
nit (Mn1 NCN1 = 2.398(4) Å, Mn1 NCN2 = 2.251(4) Å,
n1 N1 C1 = 148.3(3)◦, and Mn1 N2 C2 = 151.6(3)◦).

wo equatorial cis-positioned cyanide groups coordinate
espectively to the capped [MnIII(salcy)(H2O)]+ moi-
ties (Mn2 NCN3 = 2.255(4) Å, Mn2 C3 N3 = 143.0(3)◦,
n3 NCN4 = 2.256(4) Å, and Mn3 N4 C4 = 152.9(3)◦),

onsequently assuming a [Mn3Fe] repeating chain. Two
yanide groups remain non-coordinated. The near inter-chain
· · ·M distances are approximately 5 Å. From a simula-

ion study on temperature dependence of χT, the intra-
nd inter-tetrameric exchange constants (J and Jc) were
= −0.46 cm−1 and Jc = −0.15 cm−1 (with g = 1.96 and
IP = 7.35 × 10−3 cm3 mol−1), displaying ferrimagnetic chain
ehavior. These compounds finally exhibited a 3D long-range
rder at Tc = 3 K.

An alternating zigzag chain composed of [MnIII(5-
eOsalen)]+ and [(Tp)FeIII(CN)3]− also exhibited a

D long-range order, but metamagnetic nature due
o the presence of weak inter-chain antiferromag-
etic interaction (Hc = 3600 Oe) [146]. The compound
s [{MnIII(5-MeOsalen)}{(Tp)FeIII(CN)3}]·2MeOH
Mn NCN1 = 2.364(2) Å, Mn N1 C1 = 161.7(2)◦,

n NCN2 = 2.320(2) Å, Mn N2 C2 = 151.1(2)◦) (Fig. 47). The

ntra-chain Mn· · ·Fe exchange and inter-chain interaction were
Mn Fe1 = 1.66 cm−1, JMn Fe2 = 1.21 cm−1, zJ = −0.038 cm−1

n a fitting of χT − T and MH plots taking into account ZFS
DMn = −0.95 cm−1).

f
o
h
t

try Reviews 251 (2007) 2622–2664

The reaction of [MnIII(salen)]+ with [MoIV(CN)8]4− (diama-
netic) produced a 1D chain of [MnIII(salen)(H2O)2]2[{MnIII

salen)(H2O)}{MnIII(salen)}2{MoIV(CN)8}]·0.5ClO4·0.5OH·
.5H2O, where the [Mn3IIIMoIV]− unit constructed a
hain skeleton by forming an out-of-plane dimeric bridge
122]. Chain compounds with other diamagnetic metal ions
nclude: [{MnIII(saltmen)(H2O)}{HgII(CN)3}] [119] and
{MnIII(salen)}{AgI(CN)2}] [68].

Finally, we have a brief comment for compounds based
n [MnIII(acacen)]+. The [MnIII(acacen)]+ group is not

“salen” complex, but acts as a similar coordination-
cceptor building block. An alternating chain using this
nit, (NEt4)2[{MnIII(acacen)}{FeIII(CN)6}], was synthesized
y Miyasaka et al. (Fig. 48) [147]. This compound
as a trans-coordinated snaky-chain structure consisting of
MnIII NC FeIII CN ] repeat units with dimensions of
n N = 2.316(4) Å and Mn N C = 152.6(3)◦, in which the Fe

on is positioned at the inversion center and the [MnIII(acacen)]+

oiety lies on a mirror plane. The exchange interaction between
he Mn(III) and Fe(III) ions was ferromagnetic, but was not
uantitatively evaluated in the literature. The cis-coordinated
hain can be seen in (NEt4)[{MnIII(acacen)}{FeIII(CN)5(1-
H3im)}]·6H2O (Fig. 49), in which Mn N = 2.331(4) Å
nd Mn N C = 144.4(4)◦ [116]. While the former trans-
oordinated compound exhibited Mn Fe ferromagnetic cou-
ling, this compound exhibited Mn Fe antiferromagnetic
oupling, forming an intra-chain ferrimagnetic spin arrange-
ent. The presence of weak inter-chain antiferromagnetic

nteraction yielded a metamagnet (TN ∼ 4 K and Hc =
700–2000 Oe).

Kou and Sato et al. also reported an alternating chain of
{MnIII(salen)}{FeIII(bpb)(CN)2}], where the Mn NCN dis-
ances were in the range 2.301(3)–2.439(3) Å and the Mn N C
ngles were in the range 151.8(3)–158.6(3)◦ [127]. The χT–T
nd MH data were interpreted by the presence of Mn Fe anti-
erromagnetic coupling, but no ferrimagnetic short-range order
as detected through the whole temperature range.

.3. Two-dimensional network studies

High-dimensional compounds synthesized by the reaction of
n(III) salen complexes with polycyanometallates are of inter-

st because their bulk magnetic properties are mediated by a
ong-range spin order via the cyano-bridge. Therefore, this work
as started in 1990s with the intent to design molecule-based
agnets as Prussian blue analogues. Several 2D network com-

ounds using polycyanometallates have been reported and two
ypes of 2:1 and 4:1 compounds identified from the Mn:M ratio.
oth types of compounds were first synthesized by Miyasaka et
l. [111,148].

In the Mn:M = 2:1 compound, each Mn ion is surrounded
y an equatorial salen ligand and two axial nitrogen atoms
rom a polycyanometallate unit such as [MIII(CN)6]3−, the

our M CN groups of which coordinate to the Mn ions
f [Mn(SB)]+ units, forming a two-dimensional network
aving [ MnIII NC M CN ]4 cyclic repeat units. This is
he common skeleton in the Mn:M = 2:1 compound. If the
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ig. 46. Structures of the left- and right-handed helical chains of [{MnIII(R,R-sal
alcy)(H2O)}2{MnIII(S,S-salcy)}{FeIII(CN)6}]·2H2O (S isomer, right), respect

center has an inversion center, there are two kinds of
n N bond in the network. Two coordination-naked NC

roups face the perpendicular direction of layers, sometimes

aving interactions with counter ions or crystallization sol-
ents. Most systems have counter ions and/or crystallization
olvents between layers. A Mn:Fe = 2:1 compound, K[{MnIII(3-

eOsalen)}2{FeIII(CN)6}]·2DMF, also forms a similar 2D

ig. 47. One-dimensional zigzag chain of [{MnIII(5-MeOsalen)}{(Tp)
eIII(CN)3}]·2MeOH [146].
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2O)}2{MnIII(R,R-salcy)}{FeIII(CN)6}]·2H2O (R isomer, left) and [{MnIII(S,S-
[145].

etwork [111,148]. However, the K+ ion is held into the cen-
er of the octameric ring by forming a KO8 complex as seen
n K+-crown-ether complexes. Therefore, this compound con-
tructs a neutral network (Fig. 50). The bond and angles forming
he network are: Mn N1 = 2.290(5) Å, Mn N2 = 2.415(5) Å,

n N1 C1 = 169.5(5)◦, and Mn N2 C2 = 137.2(4) Å. The
xistence of two kinds of Mn N bond makes it difficult to eval-
ate exactly the exchange between Mn(III) and Fe(III) ions via
CN group. However, in this compound, the exchanges via

oth pathways were evaluated to be ferromagnetic. As expected,
hese local exchanges finally provide intra-layer long-range
rdering, but it is reversed with inter-layer antiferromagnetic
nteraction as seen in a metamagnet. Nevertheless, structural
uctuations caused from the partial elimination of crystalliza-

ion solvents (DMF molecules) located between layers made
t possible to present ferromagnet behavior (canting ferromag-
et) with field hysteresis of the magnetization (Fig. 51). This
agnetic behavior was confirmed by heat capacity measure-
ents [149]. The metal substituted analogues, K[{MnIII(3-
eOsalen)}2{MIII(CN)6}]·2DMF (MIII = MnIII [82], CrIII,

oIII [150]), were also prepared and magnetically investigated.
xcept for the paramagnetic compound with MIII = CoIII (S = 0),

he exchange between Mn(III) and M(III) ions were observed
o be ferromagnetic for MIII = MnIII (S = 1) and antiferromag-
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Fig. 48. One-dimensional chain structure of (NEt4)2[{MnIII(acacen)}{FeIII(CN)6}] [147].

eIII(C

n
b
M
m

Fig. 49. One-dimensional chain structure of (NEt4)[{MnIII(acacen)}{F
etic for MIII = CrIII (S = 3/2). The inter-layer interactions in
oth compounds are expected to be antiferromagnetic as seen in

III = FeIII. The compound with MIII = MnIII was a typical meta-
agnet (TN = 16 K), but the compound with MIII = CrIII was a

f
b
a
w

Fig. 50. Two-dimensional network structure of K[{M
N)5(1-CH3im)}]·6H2O. Reproduced with permission from Ref. [116].
errimagnet (Tc = 11 K) due to the inter-layer spin canting possi-
ly caused by structural fluctuations (a small cusp was observed
t ca. 9 K in its susceptibility) [150]. Interestingly, the compound
ith MIII = MnIII exhibited a negative magnetization in remnant

nIII(3-MeOsalen)}2{FeIII(CN)6}]·2DMF [111].
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ig. 51. Hysteresis loop (M (NμB) vs. H) at 4.5 K for crystalline sample of
[{MnIII(3-MeOsalen)}2{FeIII(CN)6}]·2DMF. Reproduced with permission

rom Ref. [111].

agnetization and zero-field cooled magnetization at very weak
xternal fields [82].

(NEt4)[{MnIII(salen)}2{FeIII(CN)6}] (bonds and
ngles: Mn N1 = 2.266(3) Å, Mn N2 = 2.337(3) Å,
n N1 C1 = 167.8(3)◦, and Mn N2 C2 = 146.2(2) Å)

Fig. 52) [151] and (NEt4)[{MnIII(5-Clsalen)}2{FeIII(CN)6}]

bonds and angles: Mn N1 = 2.286(7) Å, Mn N2 = 2.266(7) Å,

n N1 C1 = 154.4(7)◦, and Mn N2 C2 = 146.1(7) Å)
112] having a typical anionic network with the

MnIII NC M CN ]4 cyclic repeat units had intra-layer

e
c
[
S

Fig. 52. Two-dimensional network structure of (NEt4)[{MnIII(salen)}
try Reviews 251 (2007) 2622–2664 2657

errimagnet order at 7.7 and 10.3 K, respectively, but the
atter became finally a metamagnet at low temperatures below
N = 4 K due to inter-layer antiferromagnetic interactions.
he former displayed a sharp peak in both in-phase (χ′) and
ut-of-phase (χ′′) ac susceptibilities at Tc, illustrating typical
D magnet behavior (above 1.8 K) (Fig. 53a). However, heat
apacity measurements revealed the presence of another phase
ransition at 0.78 K [152]. In addition, the existence of strong

agnetic anisotropy was confirmed through single-crystal
agnetic measurements. Although the Jahn–Teller axes of the
n(III) ions lie on a layer, at temperatures below Tc, the easy

xis is directed perpendicular to the layer (Fig. 53b).
Three other compounds with Mn:M = 2:1 formula will be

ntroduced. The use of a square-planar [NiII(CN)4]2− building
lock (which is diamagnetic) instead of [MIII(CN)6]3−
roduced a similar distorted square-glide network:
{MnIII(salen)}2{NiII(CN)4}]·0.5H2O (Mn NCN = 2.312(6) Å,

n N C = 163.8(6)◦) (Fig. 54) [153]. From the magnetic
ata, two characteristics were suggested. One is that the
nIII ion was assumed to have low-spin S = 1 character.
nother is that the [MnIII(salen)]+ units were antiferromag-
etically coupled through the diamagnetic [NiII(CN)4]2−
nit with J = −3.2 cm−1. These characters may be still
oubtful. The former character might be due to the inter-
onversion of cyanide bridge from NiII CN MnIII to
iII NC MnIII. Indeed, the [NC MnIII CN] moiety is
xpected to show low-spin character. A similar network
ompound using [FeIII(CN)5(NO)]2− was also synthesized:
{MnIII(5-Brsalen)}2{FeIII(CN)5(NO)}] is a paramagnet with
Mn = 2 [117]. The reaction of [MnIII(acacen)]+ with [K(18-

2{FeIII(CN)6}]. Reproduced with permission from Ref. [151].
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Fig. 53. Some magnetic data of (NEt4)[{MnIII(salen)}2{FeIII(CN)6}]. (a) Temperature and frequency dependence of the real (χ′) and imaginary (χ′′) parts of the
ac susceptibility: (©) 800 Hz; (�) 1000 Hz; (�) 1200 Hz. (b) Field dependence of the magnetization on a direction-arranged single crystal when the external field
was applied as a*//H (©), b//H (�), and c//H (�), where the initial magnetization curve (a) and hysteresis loop at 1.9 K (b). Reproduced with permission from Ref.
[152].

Fig. 54. Two-dimensional network structure of [{MnIII(salen)}2{NiII(CN)6}]·0.5H2O. Reproduced with permission from Ref. [153].
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ig. 55. Projections of hybrid layered structure of [K(18-cr-6)(2-PrOH)2][{Mn

r-6)(H2O)2]3[Fe(CN)6] yielded a similar network compound:
K(18-cr-6)(2-PrOH)2][{MnIII(acacen)}2{FeIII(CN)6}] (18-cr-
= 18-crown-6-ether; bond and angles: Mn N1 = 2.331(3) Å,
n N2 = 2.439(3) Å, Mn N1 C1 = 152.0(3)◦, and
n N2 C2 = 154.8(3)◦) [154]. The interesting structural

spect can be seen in the formation of inter-layer stacking. The
ounter cations of [K(18-cr-6)(2-PrOH)2]+ form 1D columns
etween the layers of [{MnIII(acacen)}2{FeIII(CN)6}]− by
onnecting through hydrogen-bonds between the 2-PrOH
roup and the naked CN group of the layers (Fig. 55). The
oexistence of intra-layer ferromagnetic order and inter-layer
ntiferromagnetic order provided metamagnetic behavior
TN = 5.0 K and Hc = 1200 Oe).

The first Mn:Fe = 4:1 network compound was found in
{MnIII(saltmen)}4{FeIII(CN)6}]ClO4 (Fig. 56) [111]. In
his compound, Fe and two cyanide (trans-position) groups
ie on a fourfold rotation axis, and each of the four equa-
orial CN− ligands coordinates axially to a Mn from a
MnIII(saltmen)]+ moiety, forming a four-blade propeller-like
nit (Mn NCN = 2.19(1) Å and Mn N C = 156.1(10)◦). This
ymmetrical pentanuclear unit interacts with four neighbor-
ng units by forming an out-of-plane dimeric moiety in the
MnIII(saltmen)]+ moieties as shown in Section 4, conse-
uently constructing a 2D network having a dodecanuclear
MnIII (OPh)2 MnIII NC FeIII CN ]4 cyclic repeat unit.

herefore, the Mn(III) ion has a distorted square bipyramidal
eometry, in which the two apical sites are occupied by the
itrogen atom from [FeIII(CN)6]3− and the phenoxy oxygen
tom from an adjacent [MnIII(saltmen)]+ moiety, displaying a
ahn–Teller distortion with distances of Mn NCN = 2.19(1) Å
nd Mn OPh = 2.847(9) Å. The temperature dependence of
T of this compound displayed ferromagnetic exchange in

oth pathways of Mn NC Fe and Mn (OPh)2 Mn, finally
xhibiting a 3D magnetic order at low temperature below
c = 4.5 K. A compound having a similar repeat unit was

hen synthesized using [FeIII(CN)5(CH3im)]2− by Kou

m
s
f
i

cen)}2{FeIII(CN)6}] onto the bc plane (left) and the ac plane (right) [154].

t al.: [{MnIII(saltmen)}4{FeIII(CN)5(CH3im)}](ClO4)2
Mn NCN = 2.197(8) Å, Mn OPh = 2.844(8) Å,

n N C = 157.3(7)◦) [116]. The dc magnetic measure-
ents displayed similar magnetic properties (J = 2.34(7) cm−1,
= 2.04(2), zJ′ = 0.036(4) cm−1) exhibiting a long-range order
t Tc = 4.8 K.

The use of polycyano polymetal clusters instead of
M(CN)6]3− produced two kinds of 2D networks. One
s (NMe4)2[{MnIII(salen)}2{Nb6Cl12(CN)6}], where
Nb6Cl12(CN)6]4− is an octahedral edge-bridged niobium
yano-chloride cluster [120]. Using four equatorial NC
roups, this compound forms a distorted square-glide 2D net-
ork (Fig. 57). Another is [{MnIII(salen)}4{Re6Te8(CN)6}],
here [Re6Te8(CN)6]4− is a face-capped octahedral rhenium

yano-tellurium cluster [155]. In this compound, all six cyanide
roups of [Re6Te8(CN)6]4− are shared by [MnIII(salen)]+, four
f which form a network like a twisted rope and the other two of
hich have a terminal [MnIII(salen)]+ unit. The twisted ropes

nterconnected through the terminal [MnIII(salen)]+ units, form
2D network. The magnetic interactions in these compounds

re diluted because of using diamagnetic clusters, but their
tructures are very interesting. In particular, to use such large
lusters in the assemblies with Mn(III) salen complexes would
ake it possible to design higher-dimensional structures.

ndeed, such an assembly yielded a Prussian blue-type 3D
etwork described in the next section.

.4. Three-dimensional networks

There is no report of complete coordinated 3D networks
sing simple polycyano metallate ions such as [M(CN)6]3−,
ut there are two compounds based on polycyano poly-

etal clusters. Na[{MnIII(salen)}3{Re6Se8(CN)6}] has been

ynthesized by Kim et al., where [Re6Se8(CN)6]4− is a
ace-capped octahedral rhenium cyano-selenium cluster sim-
lar to [Re6Te8(CN)6]4− [156]. The six cyanide groups of
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forming a Prussian blue-like 3D framework (Fig. 59). The
compound crystallized in the rhombohedral space group R3̄.
Despite the fact that [FeII(CN)6]4− and [Nb6Cl12(CN)6]4−
Fig. 56. Two-dimensional network structure

Re6Se8(CN)6]4− coordinate to three [MnIII(salen)]+ moieties
ithout breaking coordination bond of Re CN MnIII NC Re,

orming a complete coordinated 3D framework like a
russian blue (Fig. 58). The compound crystallized in

he high symmetry rhombohedral space group R3̄c. The
uthors demonstrated that changing Q (Te or Se) in a
Re6Q8(CN)6]4− cluster can control the dimensionality in
aking infinite framework materials. Another 3D compound is
H3O)2[{MnIII(salen)}6{FeII(CN)6}{Nb6Cl12(CN)6}]·3H2O
eported by Lachgar et al. [157]. In this compound, two kinds of
nits, [FeII(CN)6]4− and [Nb6Cl12(CN)6]4−, built nodes con-
ected by [MnIII(salen)]+ moieties via FeII CN MnIII NC Nb

ig. 57. Two-dimensional network structure of (NMe4)2[{MnIII(salen)}2

Nb6Cl12(CN)6}]. Reproduced with permission from Ref. [120].

F
R
s

MnIII(saltmen)}4{FeIII(CN)6}]ClO4 [111].

inkage. Each node coordinates to six [MnIII(salen)]+ moieties,
ig. 58. Three-dimensional network in Na[{MnIII(salen)}3{Re6Se8(CN)6}]. A
e6Se8 unit surrounded by six [MnIII(salen)]+ units which are linked to other

ix Re6Se8 units. Reproduced with permission from Ref. [156].
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Fig. 59. (a) A projection of the overall structure of
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H3O)2[{MnIII(salen)}6{FeII(CN)6}{Nb6Cl12(CN)6}]·3H2O. (b) A schematic
iagram showing the pseudocubic lattice and the connectivity between
FeIII(CN)6]4− and [Nb6Cl12(CN)6]4− nodes through [MnIII(salen)]+ [157].

re both diamagnetic, the temperature-dependent effective
oment displayed a contribution from ferromagnetic exchange.
owever, the origin of this contribution is not yet completely
nderstood.

. Final remarks

In the design of molecular-based magnetic materials, the
ynthetic strategy using an assembly of “a coordination-donor
uilding block” and “a coordination-acceptor building block”
s an effective way to discover new magnetic materials, and
oncomitantly, to develop materials chemistry and physics in
he past decade. As summarized in this review, the family
f Mn salen complexes is an excellent candidate for such
oordination-acceptor building blocks. In particular, Mn(III)
omplexes with the quasi-planar form of the salen ligand acts as
trans-bi-coordination-acceptor unit (linear-type linker). Since

he coordination-acceptor sites in this form correspond to the
longated Jahn–Teller axis, the coordination ability and mode
e.g., bond distance) are sensitively affected by: (i) equatorial lig-
nd fields from the salen ligand used, (ii) the coordination-donor
bility or ligand field of a given axial ligand, and (iii) pack-
ng effects of the assembled compounds. For example, as seen
n(III) salen complexes/hexacyanometallate ([MIII(CN)6]3−)
amily, the assembled forms are of great variety, with dimen-
ionality from discrete to 2D network and in various Mn:M
ormulation ratios from 1:1 to 6:1 dependent on Schiff-base lig-
try Reviews 251 (2007) 2622–2664 2661

nds, solvents, and counter ions used. These assemblies reveal
arious intriguing magnetic properties involving well-defined
uperparamagnetism and bulk magnetism.

Here, there should be emphasis on superparamagnetism in
n(III) salen assemblies. The Mn(III) salen complexes act

ot only as a simple paramagnetic building blocks but also
s a uniaxial anisotropic building block useful for design of
MM or SCM, which generates a relative large anisotropy of
Mn/kB ≈ −1 to −8 K. The Jahn–Teller axis corresponds to the
agnetic easy axis. When these complexes are assembled into a

inear form with a trans-bridging ligand or trans-coordination-
onor unit, the individual MnIII Jahn–Teller axes are necessarily
ligned to the bridging direction. This synthetic strategy is espe-
ially useful for the design of SCMs, leading to a simple system
ith an easy axis of the magnetization parallel to the chain
irection. The SCM system dramatically varies its magnetic
roperties dependent on intra-chain exchange. Therefore, the
amily of chains constructed using tunable Mn(III) salen com-
lexes in the above synthetic manner provides useful data to
nderstand the mechanism of the SCM system.

Finally, we would like to stress that further studies on assem-
lies of Mn salen complexes would increase the possibility of
iscovering new magnetic materials.
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[48] M.R. Bermejo, A. Castiñeiras, J.C. Garcia-Monteagudo, M. Rey, A.

Sousa, M. Watkinson, C.A. McAuliffe, R.G. Pritchard, R.L. Beddoes,
J. Chem. Soc., Dalton Trans. (1996) 2935.
try Reviews 251 (2007) 2622–2664

[49] M. Watkinson, M. Fondo, M.R. Bermejo, A. Sousa, C.A. McAuliffe, R.G.
Pritchard, N. Jaiboon, N. Aurangzeb, M. Naeem, J. Chem. Soc., Dalton
Trans (1999) 31.

[50] M. Maneiro, M.R. Bermejo, M. Fondo, A.M. González, J. Sanmartı́n,
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