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A magnetically-isolated one-dimensional chain can behave as if ‘‘magnet’’— this sentence may be opposed to our
common sense. In this review, we will show that a ‘‘magnet-like’’ behavior can effectively be found in only a magnetic
spin chain. In 2001, which is almost forty years after the pioneering theoretical work of R. J. Glauber [J. Math. Phys., 4,
294 (1963)] on the dynamics of ferromagnetically-coupled Ising spin chains, the first experimental evidence of such be-
havior has been discovered in a real one-dimensional compound [A. Caneschi et al. Angew. Chem., Int. Ed., 40, 1760
(2001)]. In 2002, we have reported on a one-dimensional compound [Mn2(saltmen)2Ni(pao)2(py)2](ClO4)2 (saltmen2� =
N,N0-(1,1,2,2-tetramethylethylene)bis(salicylideneiminato), pao� = pyridine-2-aldoximato, and py = pyridine) which
can be considered as a chain of ferromagnetically-coupled anisotropic ST ¼ 3 units [J. Am. Chem. Soc., 124, 12837
(2002)]. Magnetic measurements on this compound revealed the presence of slow relaxation and large field-dependent
hysteresis of the magnetization at low temperatures. The topology of this chain is very close to the ‘‘ideal’’ chain im-
agined by Glauber and hence, still to date, the simplest system to probe the Glauber dynamics. By analogy to the Sin-
gle-Molecule Magnets described in the introduction of this paper, we called this type of material: Single-Chain Magnet
(SCM). To obtain simple SCM systems, we have developed a step-by-step synthetic strategy using primary and secon-
dary building blocks to control the chemistry of the targeting materials and the physics of their characteristic magnetic
properties. In this review, we will describe this synthetic strategy from the elementary building blocks to the final series
of Single-Chain Magnets obtained since 2002. The magnetic properties of all these materials will be discussed in detail.
In particular, the experimental SCM behavior will be described and analyzed in relation with the generalization of the
Glauber model for real systems.

The syntheses of Single-Molecule Magnet (SMM) and Sin-
gle-Chain Magnet (SCM) are current challenges in the fields of
molecule-based magnetism and solid-state physics.1–5 While
these systems set the academic community theoretical ques-
tions, their potential uses in devices for information storage
at the molecular and nano-scale levels have given a strong im-
petus to this field.6–11 After the discovery of the SMM behavior
in the well-known Mn12 family,12 many other SMM clusters
have been prepared based on Mn,13,14 Fe,15 Ni,16 V,17 Co,18

or mixed-metals19,20 polynuclear complexes. Their characteris-
tic magnetic properties and related physical phenomena have
been widely investigated to understand the magnetization dy-
namics and the intrinsic quantum effects.21–35 In these systems,
the slow relaxation of the magnetization is induced by a com-
bined effect of a high spin ground state (ST), an uni-axial an-
isotropy (zero-field splitting parameter, D), and a small trans-
verse anisotropy of the transition-metal-based complex. The
former two characteristics create an energy barrier,�, between

‘‘spin-up’’ and ‘‘spin-down’’ configurations of the spin ground
state (ms ¼ �ST). From the energy diagram of the spin ground
state which can be viewed as a double-well potential scheme
(Fig. 1), this gap can be easily estimated at jDjST2 for integer
ST spin and jDjðST2 � 1=4Þ for half-integer ST spin.4 When a
magnetic field is applied on this system, the magnetization
therefore saturates and consequently removes the ground state
degeneracy. After the applied field is switched off, the magnet-
ization decays with a single relaxation time, �, to recover the
thermodynamic equilibrium between the two ms levels. Exper-
imentally, � follows an Arrhenius law, � ¼ �0expð�=kBTÞ
(where �0 is the pre-exponential factor and kB is the
Boltzmann constant), with an activation energy equal to �.
The exponential enhancement of the relaxation time with low-
ering temperature leads to a return at the equilibrium with a
very long (relaxation) time, sometimes reaching several years.
Hence, these materials display a large-field hysteresis of the
magnetization at low temperatures and can be therefore
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considered as if ‘‘magnets.’’
In 1963, R. J. Glauber have reported that an infinite one-

dimensional arrangement of ferromagnetically-coupled Ising
spins could also experience slow relaxation of the magnetiza-
tion.36,37 In these one-dimensional systems, the ‘‘magnet-type’’
behavior is induced not only (i) by the uni-axial anisotropy (D)
and the high spin ground state (ST) of the repeating unit of
chain (note that similar ingredients are used to describe the
SMM behavior) but also (ii) by the correlation (J) operating
along the chain. It is well-known that independently of the
spin dimensionality, n (n ¼ 1, Ising; n ¼ 2, XY; n ¼ 3,
Heisenberg), one-dimensional systems do not experience
long-range order at any finite temperature (at only T ¼ 0

K).38 Nevertheless, as for SMM, these one-dimensional sys-
tems can be considered as if ‘‘magnets’’ when their relaxation
time becomes extremely long. Glauber predicted that this
characteristic time of relaxation should follow an Arrhenius
law with an energy barrier �Glauber � 8JST

2.39

Surprisingly, the first evidence of slow relaxation in a one-
dimensional compound has been reported only in 2001 by the
group of D. Gatteschi (about 40 years after Glauber’s predic-
tion!!). Far from the prototype chain imagined by Glauber, this
compound is a ferrimagnetic chain: CoII(hfac)2(NITPhOMe)
(hfac = hexafluoroacetylacetonato, NITPhOMe = 4-methoxy-
phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), where
Co(hfac)2 and NITPhOMe radical moieties alternately ar-
ranged in a helical chain.40,41 The slow relaxation of the mag-
netization is induced by the strong anisotropic CoII metal ion
and a strong CoII–radical antiferromagnetic interaction. The
helical arrangement of the cobalt local anisotropy tensors leads
to a complex magnetic behavior superposed on the slow relax-
ation process. In parallel to this work, an important part of our
researches has been devoted to the design of simple chains in
order to obtain an experimental model system to study the
Glauber’s relaxation. In 2002, we reported on a new one-di-
mensional compound [Mn2(saltmen)2Ni(pao)2(py)2](ClO4)2
(saltmen2� = N,N0-(1,1,2,2-tetramethylethylene)bis(salicyli-
deneiminato), pao� = pyridine-2-aldoximato, py = pyri-
dine),42 which can be considered as a chain of ferromagnetical-
ly-coupled anisotropic ST ¼ 3 units. As predicted by Glauber,
magnetic measurements on this compound revealed the pres-
ence of slow relaxation and large field-dependent hysteresis

of the magnetization at low temperatures. By analogy to the
SMMs, we called this type of materials: Single-Chain Magnet
(SCM).42 This SCM system offers two important advantages:
(i) each chain is structurally and magnetically well isolated
by the counter anions and bulky ligands, which precludes
any magnetic order, and (ii) the local easy axes of the repeat-
ing units of chain are all parallel to the unique chain orienta-
tion. Therefore, this chain, composed of ferromagnetically-
coupled anisotropic ST ¼ 3 units, is the image that we had
of the Glauber Ising-type chain and hence supplies us a simple
model system to study the magnetic dynamics (i.e., Glauber
dynamics). Although the number of SCM materials known43

is increasing with the discoveries of cyano-bridged CoII–FeIII

ferromagnetically-coupled systems,44 a helical chain of ferro-
magnetically-coupled CoII system,45 and a CoII–CuII anti-
ferromagnetically-coupled system,46 the previous MnIII2Ni

II

chain42 is still to date the simplest system available to probe
the Glauber dynamics.

This review is devoted to summarizing our contributions to
the growing field of single-chain magnet from the synthetic
point of view as well as our contributions on their magnetic
properties. Our synthetic strategy to built SCMs has adopted
a rational step-by-step approach with pre-designed primary
and secondary building blocks (Fig. 2). In order to introduce
uni-axial anisotropy, we decided to employ MnIII salen-type
units known to possess a strong intrinsic uni-axial anisotropy
in their monomers (primary building blocks) and also in their
out-of-plane dimeric forms (secondary building blocks).47

These complexes also act as good coordinating-acceptor
building blocks as shown, for example, in many examples of
assemblies with polycyanometalate ([Mnþ(CN)m]

ðm�nÞ�).48,49

Among the salen-type ligands, the N,N0-(1,1,2,2-tetramethyl-
ethylene)bis(salicylideneiminato) (abbreviated saltmen here-
after) reacts with MnIII to form ferromagnetically-coupled
out-of-plane dimers with an ST ¼ 4 spin ground state that in
some cases exhibit SMM behavior.14 As a primary coordinat-
ing-donor building block, we selected metal (M) oximato com-
plexes that link magnetically to metal ions (M0) or generally to
coordinating-acceptors units through an oximate-bridge (M–
NO–M0).50 Using the pyridine-2-aldoximato (pao�) ligand,
we have synthesized new NiII building blocks: Ni(pao)2(L

1)2
(L1 = monodentate N-ligand such as pyridine and its deriva-
tives),51 Ni(pao)2(L

2) (L2 = 2,20-bipyridine and 1,10-phenan-
throline),52 and [Ni(Hpao)(bpy)2](ClO4)2.

53 Thanks to these
primary units, secondary building blocks have been obtained:
(i) Trinuclear complexes composed of two Mn(saltmen) moie-
ties and one Ni(pao)2(L

2) unit, i.e. making a [MnIII–ON–NiII–
NO–MnIII] motif, were produced. This type of building blocks
acts as a SMM induced by the uni-axial anisotropy and its
ST ¼ 3 spin ground state,20 (ii) Employing [Mn(saltmen)]þ

and [Ni(pao)(bpy)2]
þ units produced in-situ a secondary dinu-

clear [NiII–NO–MnIII] moiety, which dimerizes to form a
tetranuclear [NiII–NO–MnIII–(O)2–MnIII–ON–NiII] complex
(where –ON– is a oximato bridge and –(O)2– is a bi-phenolate
bridge).53 To form a one-dimensional assembly, secondary tri-
nuclear [MnIII–ON–NiII–NO–MnIII] building blocks ‘‘poly-
merize’’ via self-assembly to produce [–(O)2–MnIII–ON–
NiII–NO–MnIII–]n chains. Along this strategy, we have
obtained a family of MnIII2Ni

II SCM systems possessing

Fig. 1. Double-well potential energy scheme of the ground
spin state, ST, in SMMs (at Hz ¼ 0).
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an ST ¼ 3 repeating unit: [Mn2(saltmen)2Ni(pao)2(L
1)2](A)2

(saltmen2� = N,N0-(1,1,2,2-tetramethylethylene)bis(salicyli-
deneiminato); pao� = pyridine-2-aldoximato; L1 = pyridine,
4-picoline, 4-tert-butylpyridine, N-methylimidazole; and
A� ¼ ClO4

�, BF4
�, PF6

�, and ReO4
�).42,54,55

It is worth noting that this step-by-step synthetic approach to
obtain one-dimensional compounds offers the opportunity to
modify them easily at the molecular level (metal, ligands, sol-
vents, and counter ions) and therefore to tune finely the mag-
netic parameters such as intra- or inter-chain magnetic cou-
pling or anisotropy. One is also able to generalize the observed
SCM behavior. Moreover, the magnetic characteristics of the
primary and secondary building blocks must not be neglected,
as they allow a simple estimation of the magnetic parameters
that can be directly compared to the ones deduced for the
SCM compounds. During the study of the first SCM com-
pound, we suspected that the observed magnetic properties
were somehow not completely understood by the Glauber
model. Obviously, the obtained one-dimensional materials
were not composed (i) of Ising spin units, but a finite anisotro-
py (zero-field splitting effect, D) had to be considered, nor (ii)
of infinite chains, but indeed intrinsic crystalline defects were
necessary, leading to finite-size chains. Thus, this real SCM
system and its physical characteristics were quite far from
the idealistic theory. Therefore, our efforts were first dedicated
to generalizing the Glauber theory for real systems including
finite anisotropy and finite-size chain effects and to studying
systematically the magnetic properties of SCM series that val-
idate our theoretical approach.

In this review, we will follow our synthetic road from the
primary and secondary building blocks to the final targeted
compounds. The Single-Chain Magnet materials will be pre-
sented in details together with their remarkable magnetic prop-
erties and their interpretations using a generalization of the
Glauber model.

1. Synthetic Strategy: Necessary Ingredients
to Obtain SCM Behavior

The first question that a chemist asks when he or she is tar-
geting a peculiar physical behavior is ‘‘what are the molecular
design and physical ingredients necessary to get what I
want?’’ For one to design Single-Chain Magnet materials
and before one starts anything, four essential ingredients need
to be considered about the elementary spin unit or building
block: this needs (i) to be able to connect one-dimensionally,
(ii) to be magnetically coupled without complete cancellation
of the chain magnetization, and (iii) to possess a strong uni-ax-
ial anisotropy (Ising-like). Moreover (iv), the one-dimensional
arrangement should be as magnetically isolated as possible, i.e.
the magnetic inter-chain interactions must be very weak com-
pared to intra-chain coupling in order to avoid the stabilization
of a three-dimensional magnetic order.

So, let’s try to give individual answers to these points and to
figure out which system could finally meet all of these require-
ments. First, it appears clear that the elementary units (building
blocks) need to have only two available linking sites on both
coordinating-acceptor and coordinating-donor moieties to get
a one-dimensional arrangement. The remaining coordination
sites of the elemental units should hence be controlled by de-
signed blocking ligands. Then, how can we avoid magnetic
compensation of the spins along the chain? It is well-known
by the chemists working in the field of molecule-based mag-
netism that antiferromagnetic interaction is, most of the time,
active through bridging groups between transition metals.
Therefore, a simple approach to avoid the spin-cancellation
would be to connect alternately different kinds of spin units
(i.e., SA 6¼ SB) along the chain as [���SA���SB���SA���SB���]. With
this strategy, the coupling mode between spin units (ferro- or
antiferromagnetic) does not matter, because the spin cancella-
tion is impossible in both cases. It is noteworthy that the design
of a simple regular ferromagnetically-coupled spin chain with

Fig. 2. Schematic representation of step-by-step building-block strategy to construct SCM molecular assemblies, where –NO– is
the oximate bridge and –(O)2– is the bi-phenolate bridge in the out-of-plane dimer form of [Mn2(saltmen)2]

2þ. In this diagram,
1:1 alternating chain assemblies shown in Fig. 3a are not described.
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a single kind of spin carrier is still a challenge for the com-
munity, because such a chain would be the prototype of the
Glauber chain. Indeed Gao and co-workers have reported an
example of a homo-spin SCM: [CoII(2,20-bithiazoline)(N3)2]n,
in which azide groups bridged anisotropic CoII ions in an end-
on geometry to produce ferromagnetic coupling.45 Neverthe-
less, the presence of three crystallographically-independent
Co sites led to a helical arrangement of spin carriers, which
complicated the understanding of its relaxation dynamics.

As with SMMs, the anisotropy is a key ingredient to get
slow relaxation of the magnetization in SCM system. There-
fore, the choice of the metal ion to be employed and the con-
trol of its coordination sphere are very important. Considering
the previous ingredients, we have chosen MnIII salen-type
complexes as one of two kinds of building units; here, salen2�

is the abbreviation of N,N0-ethylenebis(salicylideneiminato)
(Chart 1).56 Each salen-type Schiff-base molecule acts as a tet-
radentate ligand, which generally occupies the equatorial plane
around an octahedral high spin MnIII ion (3d4, S ¼ 2). This
type of complex can be viewed in many cases as a trans-bi-co-
ordinating-acceptor unit with its axial positions available for

further coordination (ligand-exchange labile site). The octahe-
dral geometry of these MnIII complexes is usually strongly dis-
torted due to a Jahn–Teller effect. Gerritsen and Sabinsky have
experimentally demonstrated that the anisotropy of a MnIII ion
depends highly on its Jahn–Teller distortion, leading in most of
the cases to a negative zero-field splitting (ZFS) parameter (D),
in other words, to uni-axial anisotropy.57 The Jahn–Teller axis
corresponds to the easy axis, i.e. the preferential orientation of
the magnetic spin on the MnIII complex. When these com-
plexes are assembled into a chain with a trans-bridging ligand
or trans-coordinating-donor unit, the individual MnIII Jahn–
Teller axes are necessarily aligned to the chain direction
(Fig. 3). This topology leads to a simple system with an easy
axis of the magnetization parallel to the chain direction.

Salen-type ligands are also interesting due to the steric hin-
drance that is necessary to isolate chains into the materials. As
mentioned above (fourth requirement to obtain SCM behav-
ior), the inter-chain interactions must be as weak as possible
in order to avoid the stabilization of a three-dimensional mag-
netic order. The inter-chain interaction is closely associated
with the packing arrangement of chains and structural contacts
such as �–� stacking or hydrogen bonding in crystal structure.
The control of the inter-chain interaction may thus be achieved
by design of the right molecular unit, taking into account (i)
the metal-surrounding ligands (blocking ligands) for producing
a steric hindrance around the chains and (ii) the intercalation of
counter ions for occupying evenly the maximum of void space
between chains.

Among many derivatives of salen-type ligands known to
date, we decided to use saltmen2� tetradentate Schiff-base li-
gand (Chart 1) and its derivatives (R-saltmen2�) to synthesize
new MnIII complexes.58 The saltmen ligands seem to be slight-
ly bulkier than the salen ligand, but they are still structurally
closely related, i.e. the ethylene moiety of the salen being re-
placed by 1,1,2,2-tetramethylethylene in saltmen. The magnet-
ic properties of these complexes have been reported in de-
tails.58,59 In many cases, the MnIII complexes based on salt-
men-type ligand adopt an out-of-plane dimeric form, as shown

Fig. 3. Schemes of one-dimensional arrangements of MnIII saltmen units (for both monomer and out-of-dimer forms) with linkers
(green ball; organic linkers or coordination-donor metal complexes). In both cases, the Jahn–Teller axis of MnIII ions is directed
along the one-dimensional assembly inducing the presence of an unique easy-axis for a given chain.

Chart 1.
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in Fig. 4. These dimers exhibit a strong uni-axial anisotropy
and an ST ¼ 4 spin ground state induced by a intra-dimer fer-
romagnetic coupling. Interestingly, as shown in Fig. 5, the cor-
relation between this ferromagnetic exchange and the Mn���O�
distance (O� is the bridging phenolate oxygen) in R-saltmen-
based MnIII out-of-plane dimers is almost linear. Table 1 sum-
marizes the pertinent bond distances, angles, and the known
magnetic parameters for some R-saltmen- and salen-based di-
mers.60–68 Such ferromagnetic exchange can be understood by
considering the arrangement of the MnIII ion d-orbitals. The
electronic configuration of the high spin MnIII ion in an elon-
gated Jahn–Teller distortion is known to be (dxy)

1, (dyz)
1, (dxz)

1,
and (dz2 )

1 with a 5B1 ground state.69 The methyl group of salt-
men-type ligand acts as an electron donor and enhances the
Jahn–Teller orbital splitting. So, the ferromagnetic exchange
interaction between MnIII ions is mainly the result of orthogo-

nality between the dz2 and the d� orbitals (dxy, dyz, and dxz or-
bitals). When the Mn���O� distance increases, the ferromagnet-
ic interaction in the out-of-plane dimeric core decreases; the
exchange interaction could vanish when the Mn���O� distance
reaches ca. 3.8 �A. The correlation between the Mn���Mn
distance and the exchange coupling has the same trend.

These characteristics (trans-bi-coordination ability, steric
hindrance, and anisotropy) illustrate how MnIII saltmen-type
complexes could be useful to design SCMs not only in their
monomeric form, [MnIII(saltmen)]þ (ST ¼ 2) (Fig. 3a), but
also in their dimeric form, [MnIII2(saltmen)2]

2þ (ST ¼ 4)
(Fig. 3b). Among these dinuclear MnIII building blocks, we
have chosen to devote a part of this review to the remarkable
magnetic behavior of Mn2(saltmen)2(ReO4)2. This simple di-
mer behaves as a magnet at the molecular level (SMM) and
shows quantum tunneling of the magnetization.14

Fig. 4. Structures of out-of-plane dimers of MnIII saltmen- and naphtmen-type compounds (Adapted from Ref. 58. Copyright 2002,
RCS; from Ref. 14. Copyright 2004, Wiley-VCH; from Ref. 59. Copyright 1996, Elsevier).
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2. Mn2(saltmen)2(ReO4)2: A Di-Nuclear
Complex Can Be a SMM

A further proof for the claim that MnIII saltmen dimers are
anisotropic building units has been given by our recent
report on the SMM behavior in Mn2(saltmen)2(ReO4)2. [Mn2-
(saltmen)2(H2O)2](ClO4)2, and its derivatives, Mn2-
(saltmen)2(ReO4)2, have an out-of-plane dimeric form
(Fig. 4c) with MnIII sites assuming an axial-elongated square
bipyramidal six-coordination geometry (the free apical posi-
tions are occupied by ReO4

�) [the average Mn(1)–X bond
distance: 1.948(4) �A where X: N or O atom of the saltmen2�

ligand, the axial bonds of Mn(1)–O(3) and Mn(1)–O(1�):

2.184(4) and 2.459(4) �A, respectively]. This structural feature
is a typical case of Jahn–Teller distortion in MnIII ions sur-
rounded by salen- and R-saltmen-type tetradentate Schiff-base
ligands.58–68 As noted above, the exchange interaction between
MnIII ions via a bi-phenolate bridge is ferromagnetic, and a
ZFS effect induced by the uni-axial anisotropy (DMn) of each
MnIII ion is observed at low temperatures (Fig. 6). From the
estimated values of J and DMn, the energy diagram could be
calculated (inset of Fig. 6) and the energy barrier, �=kB, be-

Fig. 5. Correlation between the ferromagnetic exchange
parameters J and the Mn–O� distances in MnIII out-of-
plane dimers with saltmen2� and naphtmen2� (Adapted
from Ref. 58. Copyright 2002, RCS).

Table 1. Pertinent Bond Distances ( �A) and Angles (�) for Out-of-Plane MnIII Dimeric Cores and Magnetic Parameters Obtained
from the Best Fitting of the Magnetic Susceptibility (F = Ferromagnetic Interaction, AF = Antiferromagnetic Interaction)

Structural aspects Magnetic parameters

CompdaÞ Mn–O Mn–O� O–Mn–O� Mn–O–Mn� Mn���Mn� g J=kB [K] DMn=kB [K] zJ=kB [K] Ref.

I 1.909(2) 2.434(2) 78.42(10) 101.58(10) 3.381(1) F 1.93 2.58 �3:64 �1:14 58
II 1.872(2) 3.441(2) 83.76(8) 96.24(8) 4.0923(8) F 1.99 0.79 �1:80 58
III 1.913(4) 2.459(4) 81.5(1) 98.5(2) 3.330(1) F 2.00 2.65 �4:00 14
IV 1.896(3) 2.662(3) 79.4(1) 100.6(1) 3.541(1) F 1.96 1.73 �0:55 58
V 1.877(2) 3.758(3) 83.43(10) 96.57(10) 4.3885(9) F 2.03 0.17 �1:44 58
VI 1.892(5) 3.505(5) 85.8(2) 94.2(2) 4.102(2) F 2.04 0.55 �2:69 58
VII 1.90(1) 2.85(1) 79.9(5) 100.1(5) 3.693(6) F 48b
VIII 1.904(3) 2.627(3) 81.1(1) 98.9(1) 3.475(2) F 2.01 2.16 �0:50 59
IX 1.878(9) 3.103(5) 88.9(2) 91.1(2) 3.658(2) F 67
X 1.901(5) 2.412(6) 79.42(21) 100.58(22) 3.334(3) F 2 9.06 �2:45 68
XI 1.912(3) 2.305(2) 76.6(1) 103.4(1) 3.318(1) AF �2:42 62
XII 1.906(6) 2.419(7) — — 3.350(3) AF 64
XIII 1.891(3) 2.490(3) 80.7(1) 99.3(1) 3.361(2) AF 65
XIV 1.880(6) 2.750(6) 81.3(2) 98.7(2) 3.558(3) AF 66a, 47

a) I: [Mn2(saltmen)2(H2O)2](ClO4)2, II: [Mn2(saltmen)2(NCS)2], III: [Mn2(saltmen)2(ReO4)2], IV: [Mn2(naphtmen)2-
(H2O)2](ClO4)2, V: [Mn2(naphtmen)2(NCS)2], VI: [Mn2(naphtmen)2(Cl)2], VII: [Mn(saltmen)]4[Fe(CN)6]ClO4, VIII:
[Mn(naphtmen)(TCEA)] (TCEA = tricyanoethenolate), IX: [Mn(salen)Cu(A)]BPh4 (H2A = 4-(6-methyl-8-oxo-2,5-di-
azanonane-1,5,7-trienyl)imidazole), X: [Mn(salen)(H2O)]2(ClO4)2, XI: [Mn(L)(H2O)]2(ClO4)2 (L = N-(acetylacetonyli-
dene)-N0-(�-methylsalicylidene)ethylenediamine), XII: [Mn2(bsalen)2(H2O)2](ClO4)2 (bsalen = N,N0-ethylenebis(5-bro-
mosalicylideneiminato) dianion, XIII: [Mn(salen)(H2O)]2(ClO4)2�H2O, XIV: [Mn(salen)(NCS)].

Fig. 6. Temperature dependence of �T product of
Mn2(saltmen)2(ReO4)2 under 1 kOe. The red line repre-
sents a best simulation using an SMn ¼ 2 dimer model with
g ¼ 2:00, J=kB ¼ þ2:65ð5Þ K, and DMn=kB ¼ �4:0ð2Þ K.
Inset: Energy diagram of the two lowest spin states calcu-
lated from the fitting of the temperature dependence of the
magnetic susceptibility (Reprinted with permission from
Ref. 14. Copyright 2004, Wiley-VCH).
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tween ms ¼ �4 levels was estimated to be 25.5 K. As � ¼
jDMn2jST2 for SMMs with an integer ST spin, DMn2 was esti-
mated at �1:59 K, where DMn2 is the uni-axial anisotropy
for the MnIII dimer. In agreement with this estimation, the
best-fitting of the reduced magnetization M vs H=T plot leads
to DMn2=kB ¼ �1:63 K and consequently to a theoretical ener-
gy barrier, �, of 26 K.

Alternating-current (ac) susceptibility measurements are an
important tool to probe magnetic relaxations and thus to char-
acterize SMM behavior. As expected for SMMs, ac measure-
ments on Mn2(saltmen)2(ReO4)2 at different temperatures
show a strong frequency dependence for both components of
the ac susceptibility (the real part �0 and the imaginary part
�00, Fig. 7). A single relaxation process has been identified
and its relaxation time (�) has been deduced from the maxi-
mum of the �00 versus � curves (� ¼ 1=ð2��maxÞ), plotted as
a function of 1=T (Fig. 8). Between 4 and 1.9 K, the relaxation
follows an Arrhenius law (see inset of Fig. 8) with �eff=kB ¼
16 K and �0 ¼ 8� 10�9 s. On the other hand, below 1.9 K, �
saturates, becoming truly temperature independent at 1:9�
10�4 s below 0.6 K. This feature is characteristic of SMM
behavior when quantum tunneling of the magnetization
(QTM) is dominant between the lowest msT levels of the
ground state. As a result of the QTM, the experimental energy
barrier, �eff , is lower than the expected value calculated from
DMn2 (�=kB ¼ 26 K). Associated with the slow relaxation,
hysteresis loops of the magnetization have been observed be-
tween 0.04 and 2 K when applying the external field along

the easy axis of molecule directions (Jahn–Teller direction).
These data indicated that a simple out-of-plane MnIII dimer,

Mn2(saltmen)2(ReO4)2, is an SMM and indirectly that mono-
or dinuclear MnIII/saltmen complexes could be useful uni-ax-
ial anisotropic building units to design SCM systems. Further-
more, these conclusions let us imagine a new synthetic strategy
to design SCMs by coupling ferromagnetically SMMs in one-
dimension.

3. NiII Oximato Complexes: Our Linking Building Unit

In our synthetic strategy, the design of one-dimensional
structures is achieved by connecting two different kinds of
building units, i.e., coordinating-acceptor building units and
coordinating-donor building units. As introduced in the previ-
ous section, we have established that MnIII salen- or saltmen-
type complexes are good candidates to be coordinating-
acceptor units (with a trans-bi-coordination ability, a good
steric hindrance, and a large uni-axial anisotropy). So, the next
step was to choose a coordinating-donor unit. Among the nu-
merous possible complexes, we have selected a family of NiII

oximato complexes (Fig. 9): NiII(pao)2(L
1)2 (L

1 = pyridine,70

4-picoline, 4-ethylpyridine, 4-tert-butylpyridine, N-methyl-
imidazole), NiII(pao)2(L

2) (L2 = 2,20-bipyridine, 1,10-phen-
anthroline), and [NiII(pao)(bpy)2]

þ. The NiII complexes,
NiII(pao)2(L

1)2 and NiII(pao)2(L
2) shown in Figs. 9a and 9b,

respectively, consist of two pyridine-2-aldoximato (pao�)
and two monodentate N-ligands such as pyridine derivatives
for trans-type species (Fig. 9a) or one bidentate N-ligand such
as 2,20-bipyridine or 1,10-phenanthroline for NO-trans-type
species (Fig. 9b). The coordination sphere around the NiII

ion is slightly distorted octahedral which induces an S ¼ 1

ground spin state (3A2g term). These complexes are neutral,
and the oxygen atom of the oximato groups is able to coordi-
nate to metal ions and therefore to bridge the NiII centre to a
given metal (M) ion, forming NiII–NO–M links.50g Depending
on the metals, the oximate bridge mediates significant magnet-
ic exchanges.50 Nevertheless, no examples of structurally-
characterized polymeric compounds with the oximate-bridge

Fig. 7. Frequency dependence of the in-phase (�0) and out-
of-phase (�00) ac susceptibility of Mn2(saltmen)2(ReO4)2
at temperature below 2.8 K at zero dc field and with an
amplitude of the ac field of 5 Oe. These measurements
have been done on a single crystal aligned with one of
the two easy directions (Reprinted with permission from
Ref. 14. Copyright 2004, Wiley-VCH).

Fig. 8. Relaxation time (�) versus 1=T plot for Mn2-
(saltmen)2(ReO4)2. Inset: View of the high temperature re-
gion of the � versus 1=T plot to emphasize the Arrhenius
behavior (Reprinted with permission from Ref. 14. Copy-
right 2004, Wiley-VCH).
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have been reported until our 1-D systems ([Mn2(saltmen)2-
Ni(pao)2(L

1)2](A)2) have been revealed.42,71 The complexes
depicted in Figs. 9a and 9b have two NO groups in trans-con-
figuration and could be thus used as a linear-type coordinating-
donor building-block between two metallic units as M–ON–
NiII–NO–M. As we will show later in this review, MnIII–
NiII–MnIII trimers (Section 5) and MnIII/NiII chains (Section
6) have been successfully synthesized using NiII(pao)2(L

2)
and NiII(pao)2(L

1)2, respectively, in association with the
MnIII/saltmen unit (Figs. 10a and 10b, respectively). It is also
interesting to note that the neutrality of the Ni units allows
the final product to keep the counter anions introduced from
the MnIII precursor. In the case where the SCM materials are
targeted, the presence of these counter anions that are interca-
lated into the void space between the chains, would help indu-
bitably to minimize the inter-chain interactions. As mentioned
in Section 1, this point is crucial (fourth condition) to obtain
SCM materials and to prevent the stabilization of the magnetic
order.

On the other hand, [NiII(pao)(bpy)2]
þ shown in Fig. 9c is

composed of only one pao� ligand and two bpy ligands, form-
ing an octahedral cationic building-block.53 While Ni(pao)2-
(L1)2 and Ni(pao)2(L

2) are linking units, this complex acts
as a terminal moiety allowing the synthesis of heterometallic
oligomeric complexes. Actually, assembly reactions with
MnIII/(5-R-saltmen) building-blocks gave a series of tetranu-
clear complexes: [Mn(5-R-saltmen)Ni(pao)(bpy)2]2(ClO4)4
(R ¼ H, Cl, Br, MeO) (Figs. 2 and 10c). This family of com-
pounds and also the previous mentioned trinuclear complexes
are, from the magnetic point of view, relatively simple and
thus allowed us to get easily quantitative estimations of the
magnetic exchanges through MnIII–ON–NiII and MnIII–(O)2–
MnIII bridges. The next two sections will be devoted to the oli-
gomeric species which can be viewed as elementary compo-

Fig. 9. NiII/pao complexes acting as coordinating-donor
building units (or linking units). a) trans-Type building
unit, Ni(pao)2(L

1)2, where L1 is pyridine (py), 4-picoline
(pic), 4-ethylpyridine (Etpy), 4-tert-butylpyridine (t-
Bupy), and N-methylimidazole (Meim). b) NO-trans-type
building unit, Ni(pao)2(bpy) and Ni(pao)2(phen), where
bpy and phen are 2,20-bipyridine and 1,10-phenanthroline,
respectively. c) Terminal building unit, [Ni(pao)(bpy)2]

þ.
Figures b) and c) only represent � form while the racemic
species were synthesized in our work.

Fig. 10. Different possible assemblies of MnIII/saltmen-type complexes and NiII/pao complexes.
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nents of the [–MnIII–ON–NiII–NO–MnIII–(O)2–]n chains
(Fig. 10b) described in Section 6.

4. Tetranuclear NiII–MnIII–MnIII–NiII Complexes

The assembly reaction of [Ni(pao)(bpy)2]
þ with [Mn2(5-R-

saltmen)2(H2O)2](ClO4)2 in a molar ratio of 2:1 produced iso-
structural linear tetramers independently on the 5-R substituent
(R ¼ H, Cl, Br, MeO): [Mn(5-R-saltmen)Ni(pao)(bpy)2]2-
(ClO4)4.

53 As shown in Fig. 11, the linear-type tetranuclear
complexes have an inversion center in the midpoint of
[Mn2(5-R-saltmen)2]

2þ dimeric core. This centro-symmetry
is induced by the presence of the � and � isomer forms of
the [Ni(pao)(bpy)2]

þ moieties. MnIII ions display a strongly
distorted octahedral geometry with a Jahn–Teller axis along
the bridging direction. This result suggests that the [NiII–
NO–MnIII] dinuclear unit is present in solution and can be thus
considered as a secondary building block, as shown in Fig. 2.

The dc magnetic susceptibility measurements on polycrys-
talline samples of these compounds produced the same mag-
netic behavior along the series i.e., strong antiferromagnetic
interaction between MnIII and NiII ions via an oximate bridge
and weak ferromagnetic interaction between two MnIII ions via
a bi-phenolate bridge. The �T vs T plot was simulated by the
isotropic Heisenberg spin Hamiltonian for the tetramer unit,
H ¼ �2JMn{NiðSMn(1)�SNi(1) þ SMn(1�)�SNi(1�)Þ � 2JMn{MnðSMn(1)�
SMn(1�)Þ, taking into account inter-tetramer magnetic interac-
tions (zJ) treated in the frame of the mean-field approxima-
tion.72 The best-sets of parameters obtained are summarized
in Table 2. This study gave the magnitude of the magnetic
interactions JMn{Ni=kB � �26 K via the –NO– bridge and
JMn{Mn=kB < þ1 K via the bi-phenolate bridge, yielding an
ST ¼ 2 spin ground state (note that these tetramers do not

exhibit SMM behavior above 1.8 K). Both exchange couplings
were consistently found in the SCM compounds built on ferro-
magnetically-coupled [MnIII–ON–NiII–NO–MnIII] tri-nuclear
units (see Section 6). In the next section, we will confirm
the magnitude JMn{Ni in a series of isolated [MnIII–ON–NiII–
NO–MnIII] trinuclear complexes that are also described as
secondary building blocks and in-situ precursors of SCMs
(Fig. 2).

5. MnIII–NiII–MnIII Trinuclear SMM Complexes

As mentioned before in Section 2, one of our strategies to
design SCM is based on the idea to arrange SMMs ferromag-
netically in one dimension. Indeed, SMMs possess all of the
desired intrinsic characteristics (uni-axial anisotropy, high-spin
ground state) needed for a SCM building block (unit). When
we discovered the SMM properties of [MnIII–ON–NiII–NO–
MnIII] trinuclear complexes, we realized that this approach
was already successful and will promote development to de-
sign future SCM systems rationally.

If we look more closely at the SCM systems, [Mn2-
(saltmen)2Ni(pao)2(L

1)2](A)2, described in Section 6, we
realize that they are obtained from the controlled reaction
between an out-of-plane MnIII dinuclear unit and a NiII

oximato moiety as:

� � �{[ON{NiII{NO]{[MnIII{(O)2{MnIII]

{[ON{NiII{NO]{[MnIII{(O)2{MnIII]{� � �: ðAÞ

The chain can be thus viewed as an alternating chain of Mn2
and Ni moieties. Nevertheless, this view is not relevant to de-
scribing the magnetic properties of these one-dimensional
compounds. In order to get the magnetic topology of the sys-
tem, the magnitude of the exchange interactions needs to be
considered. As introduced in the previous sections, the ex-
change interaction between two MnIII ions via the bi-phenolate
bridge is relatively weak and ferromagnetic with J=kB < þ3

K14,53,58,59 (in the tetramers, it was evaluated to be J=kB <
þ1 K).53 On the other hand, the exchange interaction between
NiII and MnIII ions via the oximate bridge is antiferromagnetic
and is estimated to be approximately ��26 K,53 which is
much stronger than the exchange interaction between MnIII

ions. Therefore, if one includes the magnetic interactions,
the magnetic topology of the system can be clearly illustrated
by the following scheme:

� � �{[MnIII{ON{NiII{NO{MnIII]{(O)2

{[MnIII{ON{NiII{NO{MnIII]{(O)2{� � �: ðBÞ

The repeating unit of chain that will be helpful to discuss the
magnetic properties is hence the [MnIII–ON–NiII–NO–MnIII]
trinuclear moiety (Fig. 12). Interestingly, this trinuclear unit
is found isolated in a series of materials: [Mn2(5-R-salt-
men)2Ni(pao)2(phen)](ClO4)2 (R ¼ Cl, Br) (Fig. 10a). These
discrete complexes yield an ST ¼ 3 spin ground state and ex-
hibit SMM behavior (vide infra).20 Thus, this result illustrates
nicely that the use of SMM as building blocks is an efficient
and convenient approach for the rational synthesis of SCMs.

The linear-type trinuclear compounds [Mn2(5-R-saltmen)2-
Ni(pao)2(phen)](ClO4)2 (R ¼ Cl, Br) have been synthesized
by the assembly reactions of [Mn2(5-R-saltmen)2(H2O)2]-
(ClO4)2 (R ¼ Cl, Br) with Ni(pao)2(phen) in a molar ratio of

Fig. 11. ORTEP view of a tetramer [Mn(5-Cl-saltmen)-
Ni(pao)(bpy)2]2(ClO4)4 (Reprinted with permission
from Ref. 53. Copyright 2004 The American Chemical
Society).

Table 2. Magnetic Parameters for the Tetramers [Mn(5-R-
saltmen)Ni(pao)(bpy)2]2(ClO4)4 (R ¼ H, Cl, Br, MeO)
Obtained from Simulation of �T Using a Ni–Mn–Mn–
Ni Tetramer Model with Inter-molecular Interactions53

Compd gav JNi{Mn=kB [K] JMn{Mn=kB [K] zJ=kB [K]

H 2.04(1) �23:7(2) þ0:90(5) �0:23(2)
Cl 2.04(1) �26:1(2) þ0:70(5) �0:20(2)
Br 2.04(1) �25:1(2) þ0:80(5) �0:23(2)
MeO 1.96(1) �24:4(2) þ0:40(5) �0:18(2)
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1:2 in a MeOH/H2O solution. The use of the Ni(pao)2(bpy)
building-block instead of Ni(pao)2(phen) leads, depending on
the reaction conditions, to one-dimensional compounds or
mixtures of 1-D materials and trinuclear complexes (Fig. 13).
This result highlights how the type of ligand (5-R-saltmen or
bpy/phen) and its properties (the ligand-field effect on a metal
center and the weak ligand-, counter anion-, solvent-, and

ligand-interactions) influences dramatically the final architec-
ture in these systems.

Compounds [Mn2(5-R-saltmen)2Ni(pao)2(phen)](ClO4)2�
n(solvent) (R ¼ Cl, Br) are isostructural (Fig. 14). The asym-
metrical cationic trimer consists of two [MnIII(5-R-saltmen)]þ

groups (R ¼ Cl, Br) and a NiII(pao)2(phen) unit linked via
oximate bridges of the NiII moiety, thus forming a [MnIII–
ON–NiII–NO–MnIII] linear motif. The oximato functions of
Ni(pao)2(phen) moiety coordinate to MnIII ion of [Mn(5-R-
saltmen)]þ groups on their apical position. Whereas many of
MnIII sites in salen- and saltmen-type compounds have a
square-bipyramidal coordination geometry with a Jahn–Teller
distortion, Mn ions in these trinuclear compounds assume a
square-pyramidal geometry (the equatorial Mn–X bond
distances (X ¼ N or O of the 5-R-saltmen2� ligand): 1.859–
1.990 �A; the apical Mn–O bond distances: 2.059–2.065 �A).
Such square-pyramidal geometry is also a case of Jahn–Teller
distortion. The vacant apical position is weakly in contact with
the 5-R (R ¼ Cl, Br) groups of neighboring trinuclear units
with Mn���X (X ¼ Cl, Br) distances of 3.347–3.561 �A; howev-
er, these compounds function magnetically as discrete units.

As shown in Fig. 15, the �T product gradually decreases
from 300 K to a minimum at ca. 72 K. Below 72 K, �T reach-
es a maximum at 22 K and then decreases until 1.82 K. Based
on the trinuclear nature of the compounds, this behavior was
simulated using a MnIII–NiII–MnIII trimer model (SMn ¼ 2,
SNi ¼ 1) with the following Heisenberg Hamiltonian:

H ¼ �2JfSMn1�SNi þ SNi�SMn2g þ g�BSTzHz; ð1Þ

where J is the exchange interaction between MnIII and NiII

ions via the –ON– bridge, ST refers to the total spin operator

Fig. 12. Schematic representation of the magnetic system:
[Mn2(saltmen)2Ni(pao)2(L

1)2](A)2 (L1 = monodentate
ligand, A� = counter anion). The [MnIII–NiII–MnIII] unit
exhibits an ST ¼ 3 spin ground state. These units connect
ferromagnetically via a bi-phenolate bridge along the
chain.

Fig. 13. Reaction scheme of the assemblies of [Mn2(5-R-saltmen)2(H2O)2](ClO4)2 with Ni(pao)2(bpy) and Ni(pao)2(phen).
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of the trimer as ST ¼ SMn1 þ SNi þ SMn2 and STz is the projec-
tion of ST along the magnetic field applied in the z direction,
Hz. This model simulates well the temperature dependence

of �T product from 300 to 45 K and leads to J=kB � �22 K
(blue line in Fig. 15). Below 45 K, inter-trimer interaction
and/or ZFS effects become relevant and should be considered.
Therefore, as a first approach, inter-trimer interactions have
been introduced, taking into account the mean field approxi-
mation:72

� ¼
�trimer

1�
2zJ0

Ng2�2
B

�trimer

; ð2Þ

where z is the number of next neighbour trimers and J0 is the
average inter-trimer magnetic interaction between trinuclear
complexes. As shown by the red line in Fig. 15, this model re-
produced qualitatively well the magnetic data. The magnetic
parameters are summarized in Table 3. It is worth noticing that
this antiferromagnetic interaction (J) between MnIII and NiII

ions via the –ON– bridge leads to an ST ¼ 3 spin ground state
for both trinuclear compounds. As seen in Fig. 15 below 10 K,
antiferromagnetic interactions between trimers evaluated
around �0:2 K are not able to completely reproduce the exper-
imental data, indicating that the anisotropy may be relevant to
improve the model. Therefore, the anisotropy for the trimer, D,
was evaluated from the field dependence of the magnetization
at D=kB � �2:4 K for both trinuclear compounds (Table 3).20

As observed for SMMs, the presence of uni-axial anisotro-
py, D, creates an energy barrier, �=kB ¼ jDjST2, between
the two ms ¼ �3 levels of the ST ¼ 3 ground state. From the
previous magnetic characteristics, �=kB can be estimated to
be around 21 K (Table 3). Based on this result, we investigated
the possibility of slow magnetization relaxation, i.e. SMM be-
havior, in these compounds by ac susceptibility measurements.
In-phase (�0) and out-of-phase (�00) components of the ac
susceptibility are shown in Fig. 16 for [Mn2(5-Cl-saltmen)2-
Ni(pao)2(phen)](ClO4)2 (note that similar results have been
obtained with R ¼ Br). As expected for a SMM, both �0 and
�00 components are strongly frequency (�) dependent and a
single relaxation mode of the magnetization is observed. Its
characteristic time follows an activated behavior (Arrhenius

Fig. 14. Structure of cation [Mn–Ni–Mn] trinuclear unit
in [Mn2(5-R-saltmen)2Ni(pao)2(phen)](ClO4)2�n(solvent)
(R ¼ Cl, Compd 1: part a; Br, Compd 2: part b) with
atomic numbering scheme for selected atoms (50% prob-
ability thermal level). Hydrogen atoms are omitted for
clarity (Reprinted with permission from Ref. 20. Copy-
right 2005, Wiley-VCH).

Fig. 15. Temperature dependence of �T product for
[Mn2(5-Cl-saltmen)2Ni(pao)2(phen)](ClO4)2 at 1000 Oe.
The solid blue and red lines are the fits using Heisenberg
Mn–Ni–Mn trimer model and this same model taking ac-
count inter-trimer interactions in mean field approxima-
tion, respectively. Inset: Enlarged view of the low temper-
ature region (Reprinted with permission from Ref. 20.
Copyright 2005, Wiley-VCH).

Table 3. Magnetic Characteristics of the Trinuclear Com-
pounds [Mn2(5-R-saltmen)2Ni(pao)2(phen)](ClO4)2
(R ¼ Cl, Br)20

Cl Br

J=kB [K] �24:3(1) �24:0(1)
g 2.00(2) 1.97(2)

D=kB [K]aÞ �2:4(5) �2:4(5)
D=kB [K]bÞ �2:30(5) �2:31(5)

zJ0=kB [K]cÞ �0:18(2) �0:19(2)
zJ0=kB [K]aÞ �0:22(2) �0:21(2)
�=kB [K]dÞ 21.1(1) 21.2(1)
�0 [s]eÞ 1:2ð1Þ � 10�7 1:5ð1Þ � 10�7

�eff=kB [K]eÞ 18.3(1) 18.2(1)

a) From the analysis of M vs H curves. b) From the reduced
magnetization plots. c) From the analysis of the temperature
dependence of the magnetic susceptibilities. d) Calculated
from the average value of the D parameters reported in this
table. e) Deduced from the analysis of the relaxation time
deduced with ac susceptibility measurements.
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law) between 3 and 1.8 K with �eff value of 18.3(1) and
18.2(1) K and pre-exponential factors, �0, of 1:2ð1Þ � 10�7

and 1:5ð1Þ � 10�7 s for the trinuclear compounds with R ¼
Cl and R ¼ Br, respectively. The fact that the experimental en-
ergy gaps (�eff) are lower than the values �=kB ¼ 21 K calcu-
lated from D and ST has been attributed to the quantum tunnel-
ing of the magnetization (QTM). Indeed as explained in the
case of Mn2(saltmen)2(ReO4)2 (Section 2), this alternative
pathway of relaxation ‘‘short-cuts’’ the thermal energy barrier
and an effective �eff value is obtained that is lower than the
one deduced from � ¼ jDjST2 (this regime is also called
thermally-assisted QTM).13a,14

In summary, we have shown in this section that [Mn2(5-
R-saltmen)2Ni(pao)2(phen)](ClO4)2�n(solvent) (R ¼ Cl, Br)
possess a [MnIII–ON–NiII–NO–MnIII] trinuclear core, a strong

uni-axial anisotropy, and an ST ¼ 3 spin ground state. Further-
more, these characteristics induce SMM behavior with a ther-
mally assisted QTM regime. As these trinuclear units can be
viewed as the repeating unit (secondary building block in
Fig. 2) of the [Mn2(saltmen)2Ni(pao)2(L

1)2](A)2 SCM com-
pounds (Section 6), this result demonstrates that SCMs can
be designed by connecting ferromagnetically SMMs in one di-
mension. This strategy is currently our main research project
as we hope in a near future to obtain with this approach new
SCMs with high blocking temperatures.

6. A Family of Ferromagnetic Single-Chain Magnets

In 2002, we have reported the slow relaxation of the mag-
netization in a one-dimensional material: [Mn2(saltmen)2-
Ni(pao)2(py)2](ClO4)2.

42 Starting from this compound, we
have developed two types of synthetic strategy to obtain a
series of materials with a modulation of the magnetic chain
neighborhood: (i) We have substituted L1 ligands on the NiII

metal ion by several N-type ligands: Ni(pao)2(L
1)2 (L

1 = pyri-
dine, 4-picoline, 4-tert-butylpyridine, N-methylimidazole) and
reacted this coordinating-donor building block with the coordi-
nating-acceptor complex: [Mn2(saltmen)2(H2O)2](ClO4)2.
Following this approach, the family of compounds: [Mn2-
(saltmen)2Ni(pao)2(L

1)2](ClO4)2 (L1 = pyridine; 1, 4-pico-
line; 2, 4-tert-butylpyridine; 3, N-methylimidazole; 4)54 was
obtained, (ii) We also managed to exchange counter anions
by using [Mn2(saltmen)2(H2O)2](A)2 (A� ¼ BF4

�, PF6
�)

and Mn2(saltmen)2(ReO4)2 starting materials in reactions with
Ni(pao)2(py)2: [Mn2(saltmen)2Ni(pao)2(py)2](A)2 (A ¼ BF4

�;
5, PF6

�; 6, ReO4
�; 7)54 (Fig. 10b). The [Mn2(saltmen)2-

Ni(pao)2(L)2](A)2 series of compounds was synthesized in a
methanol/water medium by the direct reaction of adequate
building blocks in a molar ratio of 1:2, i.e., one equivalent
of Mn dimer for two equivalents of Ni building-block (i.e., a
Mn:Ni = 1:1 ratio). The yield of the final products was not
improved by changing the Mn:Ni reaction ratio. Although
an equilibrium between the monomeric [Mn(saltmen)]þ and
dimeric [Mn2(saltmen)2]

2þ species generally occurs in meth-
anol/water media, this result indicates that the Ni(pao)2(L

1)2
monomer reacts selectively with the [Mn2(saltmen)2]

2þ dimer
in these reaction conditions. The origin of this selectivity has
not been clearly identified, but it could be due to a coordina-
tion affinity of the NiII donor building blocks and also to pack-
ing effects of the final materials.

Compounds 1, 4, 6, and 7 crystallized in the same mono-
clinic space group, C2=c (#15), and are isostructural (Fig. 17
and 18). These compounds are composed of NiII(pao)2(L

1)2

Fig. 16. Temperature and frequency dependence of the real
(�0) and imaginary (�00) parts of the ac susceptibility for
[Mn2(5-Cl-saltmen)2Ni(pao)2(phen)](ClO4)2. The solid
lines are guide for the eyes (Reprinted with permission
from Ref. 20. Copyright 2005, Wiley-VCH).

Fig. 17. One-dimensional topology of 1.
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and MnIII/saltmen dimer units that form an alternating one-di-
mensional chain with a repeating unit of [–MnIII–ON–NiII–
NO–MnIII–(Oph)2–] (Fig. 17 and see discussion in Section 5).

The NiII center has a two-fold axis and the out-of-plane di-
mer, [Mn2(saltmen)2], lies on an inversion center. The asym-
metric unit thus contains only one MnIII moiety and half of a
NiII pao unit. These symmetry arguments simplify the system
considerably and the interpretation of the magnetic properties
as well. Indeed, the symmetry implies only one kind of bridge
between MnIII and NiII ions and between MnIII ions. Therefore
only two exchange magnetic interactions become necessary to
describe the system (vide infra). In term of bond distances and
angles, the NO bridge between MnIII and NiII ions is almost
identical along all the structurally characterized compounds
(Table 4). The out-of-plane dimer, [Mn2(saltmen)2], assumes
a square bipyramidal six-coordination geometry with a Jahn–
Teller distortion orientated along the chain direction
(Fig. 3b). As expected for this type of distortion, longer bond
distances (see Table 4) are found in the axial position occupied
by the phenolate oxygen O(1�) arising from neighboring
[Mn(saltmen)]þ moiety forming an out-of-plane dimer [Mn–
O(1�) = 2.470(5)–2.537(3) �A] and by oximato oxygen O(3)
arising from Ni(pao)2(L

1)2 moiety [Mn–O(3) = 2.100(3)–
2.122(5) �A] (equatorial average bond distances: hMn{Ni ¼
1:989 �A and hMn{Oi ¼ 1:893 �A).

As an illustration of the general packing diagram in these
compounds, Figure 18 shows two projection views of 6. Each
chain runs in the ac plane along the (aþ c) direction (Fig. 18a),
and counter anions are evenly located between chains
(Fig. 18b). Thereby, each chain is separated from the nearest
chains with a minimum inter-metallic distance between Mn
and Ni ions of 10.39 �A for 1, 10.36 �A for 4, 10.51 �A for 6,
and 10.30 �A for 7. Thus, this counter-anion arrangement plays
clearly a key role in the magnetic isolation of the chains. It is
also important to note for the magnetic discussion that no sig-
nificant inter-chain weak interaction, such as interchain �–�
stacking between phenyl rings of the saltmen ligands or hydro-
gen bonding, is observed in 1, 4, 6, and 7. X-ray diffraction
analyses on powder samples of 2, 3, and 5 revealed, in all
cases, that they are constructed with similar one-dimensional

a

b
PF6

-

Fig. 18. Packing diagram of 6 showing (a) the projection in
the ac plane where the chains are running in the (aþ c)
direction (PF6

� counter ions located between chains and
hydrogen atoms are omitted for clarity) and (b) the projec-
tion along the chain axis. (Reprinted with permission from
Ref. 54. Copyright 2003, The American Chemical Soci-
ety).

Table 4. Important Structural Distances and Magnetic Parameters for One-Dimensional Chain Compounds 1–742,54,55

Mn–Ooximate Mn–O–N Mn–Ophenolate Mn–O–Mn� The nearest
Compd distance angle distance angle interchain Magnetic interactionsaÞ Arrhenius parameters

/ �A /� / �A /� M–M distance

/ �A J=kB
bÞ [K] Ji=kB

cÞ [K] �0/s �=kB [K]

1 2.116(3) 131.8(2) 2.551(3) 98.9(1) 10.39 �20:8(2) þ0:70(2) 0:6ð1Þ � 10�10 74.0(2)
2 �22:2(2) þ0:71(2) 0:8ð1Þ � 10�10 68.0(2)
3 �24:2(2) þ0:62(2) 1:3ð1Þ � 10�10 68.3(2)
4 2.106(5) 134.9(5) 2.503(6) 99.3(2) 10.36 �22:2(2) þ0:76(2) 1:0ð1Þ � 10�10 70.9(2)
5 �21:4(2) þ0:79(2) 1:2ð1Þ � 10�10 67.6(2)
6 2.100(3) 132.4(3) 2.537(3) 99.5(1) 10.51 �21:5(2) þ0:80(2) 1:2ð1Þ � 10�10 67.8(2)
7 2.122(5) 133.4(5) 2.470(5) 98.8(2) 10.30 �21:2(2) þ0:84(2) 0:8ð1Þ � 10�10 72.6(2)

a) The parameters obtained by best-fitting simulation using the Heisenberg trimer model of [MnIII���NiII���MnIII] (S ¼ 2, 1, 2) with
inter-trimer interactions treated in a mean-field approximation in the temperature range of 30 to 300 K (see text), note that the average
g value was fixed at 1.99. b) The J=kB refers to the intratrimer magnetic interaction between MnIII and NiII ions via oximate bridge.
c) Neglecting inter-chain interactions, the Ji=kB refers directly to the intertrimer magnetic exchange interaction therefore
JMn{Mn ¼ JiST

2=SMn
2.
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arrangements.54

Figure 19 shows the temperature dependence of �T for 1 as
a typical set of data among the series. With decreasing temper-
ature, the �T product decreases gradually and shows a mini-
mum around 100K. Below this temperature, �T increases
abruptly to reach a maximum of around 6K (�Tmax ¼
80{100 cm3�K�mol�1 at 6–7K, depending on the com-
pounds), and finally decreases again at lower temperatures.
The decrease of �T above 100 K is well understood by the an-
tiferromagnetic interaction between MnIII ions and NiII ions
via the oximate bridge already observed in the trinuclear and
tetranuclear compounds (Sections 5 and 4).20,53 However, the
abrupt increase of �T below 100 K is not seen in the trinuclear
complexes and reveals the presence of weak ferromagnetic in-
teractions, as expected between MnIII ions via the phenolate
bridge. It is noteworthy at this point that the direct observation
of ferromagnetic exchange on the �T vs T plot indicates that
ferromagnetic MnIII���MnIII interaction clearly overcomes the
inter-chain antiferromagnetic ones.73 Therefore, the material
looks like an assembly of trimers [MnIII���NiII���MnIII] with
relatively strong NiII���MnIII antiferromagnetic interaction (J)
connected through weak ferromagnetic interactions between
the trimers (J0).

From this viewpoint, the magnetic susceptibility of this
system can be modeled by the simple MnIII–NiII–MnIII

trimer model (SMn ¼ 2, SNi ¼ 1), based on the Heisenberg
Hamiltonian (Eq. 1, Section 5). Nevertheless, ferromagnetic
inter-trimer magnetic couplings (J0) along the chain need to
be considered to reproduce the �T increase below 100 K. As
mentioned above, these interactions are significantly weaker
than the intra-trimer NiII–MnIII coupling. Therefore, this mag-
netic coupling has been treated in a mean field approximation
(MFA):72

� ¼
�trimer

1�
4Ji

Ng2�2
B

�trimer

; ð20Þ

where Ji is the sum of the magnetic interactions around each
trimer which is surrounded by two trimers within a chain
and by eight trimers on neighboring chains (see Fig. 18), there-
fore Ji ¼ J0 þ 4J00, where J00 is considered to be the whole in-
ter-chain antiferromagnetic interaction. This model reproduces
with a good agreement the experimental data for all com-
pounds above 30 K (the simulation curve for 1 is shown in
Fig. 19, solid line; the best sets of parameters for 1–7 are sum-
marized in Table 4). It should be mentioned that the calculated
parameters are in good agreement with those obtained in the
primary and secondary building units (vide supra). As expect-
ed from the structural description of 1, 4, 6, and 7, magnetic
parameters are very similar among the series and no clear cor-
relation with structural distances and angles has been ob-
served. Based on Eq. 20 and considering isotropic interactions
(J0 � jJ00j), a divergence of the susceptibility is predicted at
low temperatures, for example at TMF ¼ 10:7 K for 1 as shown
in Fig. 20. However, this behavior is not observed experimen-
tally and a large deviation from the MFA is found at low tem-
peratures (see Fig. 20). This result emphasizes the anisotropy
of the inter-trimer interactions (J0 	 jJ00j and then J0 � Ji)
and the one-dimensional nature of the system.

To discuss in more details the anisotropic nature of these
one-dimensional compounds, we have performed experiments
on oriented single crystals. The susceptibility has been mea-
sured in three perpendicular directions including the monoclin-
ic b axis (Figure 21 gives the data for 1). Below 60 K, the sus-
ceptibility becomes strongly anisotropic and reveals a quasi
uni-axial symmetry above 20 K.74 These results clearly estab-
lish the position of the easy axis along the chain direction in
agreement with the alignment of the local Jahn–Teller axis
on MnIII ion along the chain. This anisotropy is confirmed
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Fig. 19. Temperature dependence of the �T product (where
� ¼ M=H) at 1000 Oe above 30 K measured on a poly-
crystalline sample of 1. Dotted and solid lines correspond
to the best fits obtained with a trimer MnIII���NiII���MnIII

model and the mean field approximation for a chain of
weakly coupled trimers, respectively. Inset: Temperature
dependence of the 1=� at 1000 Oe between 1.8 and 300
K. Solid line corresponds to the best fit obtained with
the Curie–Weiss law above 120 K (Reprinted with permis-
sion from Ref. 42. Copyright 2002, The American Chemi-
cal Society).
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Fig. 20. Temperature dependence of the susceptibility �0

(where �0 ¼ dM=dH) on a polycrystalline sample of 1 at
zero dc magnetic field and a 3 Oe ac field, at 1 Hz from
1.8 to 7 K and at 125 Hz above 7 K, where �0 is independ-
ent of the ac frequency above 3.5 K (peak temperature).
Solid line is the mean field fit shown in Fig. 19 (Reprinted
with permission from Ref. 42. Copyright 2002, The Amer-
ican Chemical Society).
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by the field dependence of the magnetization (for example for
1 at 10 K, inset of Fig. 21). The magnetization quickly satu-
rates when the field is applied along the chain direction, at
6�B per trimer (expected value for the ST ¼ 3 spin ground
state arisen from an antiferromagnetically-coupled MnIII���
NiII���MnIII trimer). This low temperature behavior has been
simulated using a one-dimensional Ising model. For that,
we have used a simplified treatment which consists in keeping
only the two STz ¼ �3 spin states.75 At this approximation, the
Hamiltonian reads:

H ¼ �2J0
X
i

STzi�STzðiþ1Þ þ g�BHz

X
i

STzi: ð3Þ

To identify this expression with the 1-D Ising Hamiltonian,
one should introduce �i ¼ �STzi=3 (with �i ¼ �1). Therefore
using the Glauber notation,36 Eq. 3 becomes:

H ¼ �J0eff

X
i

�i�iþ1 ��effH
X
i

�i; ð4Þ

with J0eff ¼ 18J0 and �eff ¼ 3g�B � 6�B.
76 This model gives

the magnetization as functions of the temperature and the
magnetic field:

M ¼ N�eff

sinh
�effH

kBT

 !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sinh2

�effH

kBT

 !
þ exp

�4J0eff
kBT

 !vuut
: ð5Þ

This expression has been used to fit the data between 5 and 15
K (solid lines in Fig. 21 and its inset). The obtained parameters
are �eff=�B ¼ 5:4, and J0eff=kB ¼ þ12 K. The former value is
consistent with the expected moment at saturation �eff=�B ¼
6 and the latter gives J0=kB ¼ þ0:67 K, in agreement with the
value previously estimated from the high temperature magnet-

ic susceptibility (vide supra). It is worth noticing that the rapid
saturation of the magnetization along the chain (inset of
Fig. 21) is compatible with 1-D correlations and does not im-
ply a long-range magnetic order. Above 15 K, the theoretical
model will be more complicated, due to the population of
the trimer excited states and to the necessary crossover to-
wards a Heisenberg behavior described previously.

Single-crystal measurements below 3 K have been also car-
ried out by micro-SQUID technique77 (hysteresis and dc relax-
ation measurements) and Hall probe magnetometry (transverse
field magnetization measurements). When the external field is
applied parallel to the chain direction (easy axis) (Fig. 22a),
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Fig. 21. Magnetic measurements on oriented single crystals
of 1 along the chains ( ), perpendicular to the chains in
the (ac) plane ( ), and along the monoclinic b axis ( ),
respectively. Temperature dependence of the �T product
(where � ¼ M=H) at 10 kOe below 100 K, the solid line
corresponds to the best fits obtained with the 1-D Ising
model. Inset: Field dependence of the magnetization at
10 K. Solid line corresponds to the best fit obtained with
the 1-D Ising model (Reprinted with permission from
Ref. 42. Copyright 2002, The American Chemical Society).

Fig. 22. Measurements on a single crystal of 1 in the easy
direction (chain axis). Field dependence of the magnetiza-
tion (a) at different temperature with 80 Oe/s field sweep
rate and (b) at 2 K and 0.04 K at different field sweep
rates; (c) Temperature dependence of the coercive field
with 80 Oe/s field sweep rate (Reprinted with permission
from Ref. 54. Copyright 2003, The American Chemical
Society).
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hysteresis loops are observed below 3 K and the coercive field
increases very rapidly with lowering temperature (Figs. 22a
and 22c) to reach 2.75 T at 0.4 K. For the whole series of com-
pounds, field dependence of the magnetization below 3.5 K re-
veals the presence of hysteresis loops confirming the slow re-
laxation of the magnetization and their ‘‘magnet-type’’ proper-
ties, i.e. SCM behavior. On the other hand, when the external
field is applied perpendicular to the chain direction (Fig. 23),
no hysteresis effect is observed and the same field dependence
of the magnetization is obtained independently of the field
angle. This result proves clearly the uni-axial anisotropy in
these compounds (Ising-type chain), confirming the data ob-
tained from the classical SQUID technique (Fig. 21). More-
over, applying the field in the hard plane leads to a linear in-
crease of the magnetization and to a saturation at 11.0 T. This
field corresponds to the anisotropic field Ha which gives us an
estimation of the intrinsic finite anisotropy of the ST ¼ 3 trimer
unit. From the relation of 2jDjST2 ¼ g�BSTHa, we approxi-
mately obtained D=kB ¼ �2:5 K for 1. It is noteworthy that
this D value is in excellent agreement with the values estimat-
ed for the trinuclear SMM compounds [Mn2(5-R-saltmen)2-
Ni(pao)2(phen)](ClO4)2 (R ¼ Cl, Br) (D=kB ¼ �2:4K,
Section 5).

In order to probe the dynamics of the magnetization in these
one-dimensional systems, we have performed ac magnetic sus-
ceptibility measurements. For all the one-dimensional com-
pounds reported here, the frequency dependence of ac suscep-
tibilities was measured in the temperature range of 1.8–7 K un-
der an oscillating magnetic field of 1 or 3 Oe and with zero dc
magnetic field. Below 6.5 K, �0 and �00 are strongly frequency
dependent along the series of materials (see Fig. 24 for 1). At a
fixed temperature, �0 and �00 were also measured as a function
of ac frequency, �ac, ranging from 1 to 1500 Hz. From these
measurements, Cole–Cole diagrams (�00 vs �0 plot) with a
nearly semi-circle shape have been obtained. These data have
been fitted to the generalized Debye model with small distribu-

tion coefficient � values (<0:1) indicating a weak distribution
of relaxation times (Fig. 25).78 We have, therefore, considered
that the relaxation process of the magnetization is occurring
essentially with a single relaxation time. Moreover, slight
modifications at the molecular level on the counter anion or
on the L1 ligand have a very weak influence on the ac magnet-
ic behavior, highlighting the one-dimensional nature of the
observed magnetic properties. Additionally, the study of the
relaxation process and its characteristic time unambiguously
precludes possibilities of three-dimensional classical magnets,

Fig. 23. Field dependence of the magnetization (normal-
ized at the saturation value) of 1 when the magnetic field
is applied perpendicular to the easy axis at 1.5 K. The in-
tersection between the two dotted lines gives the anisotro-
py field. Inset: Similar measurements than the main figure
at three angles in the plan normal to the easy axis. The
main figure is at � ¼ 0� (Reprinted with permission from
Ref. 55. Copyright 2004, The American Physical Society).
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superparamagnetic nanoparticles,79 or spin-glass-like materi-
als.80–83

Taking into account that only one relaxation process occurs
in these materials, we conclude that the temperature at the
maximum of the �00ðTÞ curves corresponds to the blocking
temperature TBð�acÞ for a given frequency, �ac. At TB, the re-
laxation time of the system (�) is equal to the characteristic
time of the experiments (�exp): �ðTBÞ ¼ �exp ¼ 1=ð2��acÞ.
The thermal variation of � is experimentally well described
by an Arrhenius law (i.e., thermally activated behavior):

�ðTBÞ ¼ �0 exp
�

kBT

� �
; ð6Þ

where �0 is the pre-exponential factor and � is the energy bar-
rier to reverse the magnetization direction. At a given TB, Eq. 6
implies:

lnð�Þ ¼ lnð�0Þ þ
�

kBTB
; ð7Þ

or
1

TB
¼ �

kB

�
½lnð2��Þ þ lnð�0Þ
: ð70Þ

Across the series, the 1=TB vs lnð2��Þ plots (Fig. 26) have
been thus fitted to a linear function to deduce the pre-exponen-
tial factors (�0) and characteristic energies (�). These param-
eters are very similar across the series: �0 � 1� 10�10 s and
�=kB � 70 K, as summarized in Table 4.

At this point, we can conclude that the present compounds
1–7 are built from magnetically isolated chains of ferromag-
netically-coupled uni-axial ST ¼ 3 units with J0=kB � þ0:8
K and D=kB � �2:5 K (Fig. 12), exhibiting slow relaxation
of the magnetization. The dynamics of the magnetization have
been probed by ac susceptibility measurements and a thermal-
ly activated single relaxation time has been found. It should be
emphasized here that combined dc and ac measurements on
powder and single-crystal measurements down to very low
temperatures (40 mK) are all essential to prove what we call
‘‘SCM behavior.’’

Even if we have experimentally and clearly established the

SCM behavior in these systems, the interpretation of the mag-
netic parameters, mainly of their energy barrier, is still lacking
at this stage. The next questions are now naturally: (i) Can we
use the Glauber theory developed 40 years ago for chains of
ferromagnetically-coupled Ising spins in our real systems?
(ii) Can we understand why the energy gap, �, of our SCM
system (�70 K) is completely different from the one observed
for the trinuclear unit of [Mn2(5-R-saltmen)2Ni(pao)2(phen)]-
(ClO4)2 (R ¼ Cl, Br) (�18 K) in spite of their similar ST
and DST=3? (iii) What is the role of the intra-chain magnetic
interaction (J0) and the finite anisotropy (D)? These are the
main questions that we will try to answer in the following
section.

7. Slow Relaxation of the Magnetization
in Single-Chain Magnets

As illustrated by the experimental results obtained on the
family of SCM materials [Mn2(saltmen)2Ni(pao)2(L

1)2](A)2
and summarized in Section 6, the slow relaxation of the mag-
netization is not solely the consequence of the uni-axial anisot-
ropy (D) seen by each spin (or unit spin) on the chain but de-
pends also on magnetic correlations (J0). In one-dimensional
systems, the effect of the short-range order becomes more
and more important when the temperature is reduced, until a
critical point is reached at T ¼ 0 K. In fact, the experimental
relaxation time (Fig. 26) is found to be exponentially enhanced
at low temperatures, in agreement with the pioneer work of
Glauber devoted to chains of ferromagnetically-coupled Ising
spins and their dynamics.36 According to Glauber theory,84

the relaxation time follows an activated law:

�ðTÞ ¼ �iðTÞ exp
8J0S2T
kBT

� �
; ð8Þ

where the pre-exponential factor �i introduced phenomenolog-
ically by Glauber describes the individual dynamics of the spin
unit composing a chain, and therefore, generally depends on
temperature.36 In Eq. 8, the exponential factor is directly relat-
ed to the temperature dependence of the correlation functions.
In the case of a finite uni-axial anisotropy, D, the correlation
length remains exponentially enhanced at low temperatures
and we can still expect a thermally activated relaxation.85

The value of the corresponding gap remains the same as in
the Ising limit as long as jDj � 4J0=3.86 Indeed, the [Mn2-
(saltmen)2Ni(pao)2(L

1)2](A)2 materials fall in this limit based
on J0=kB � þ0:8 K and D=kB � �2:5 K (Section 6) and thus
Eq. 8 remains valid. In the simple case of anisotropic isolated
units (J0 ¼ 0), i.e. the SMM case, we expect that �i follows an
activated law:

�iðTÞ ¼ �0 exp
jDjS2T
kBT

� �
; ð9Þ

where D is the single unit anisotropy taken negative for uni-ax-
ial case, and �0 is a pre-exponential factor characteristic of the
system. As shown in Sections 2 and 5, this thermally activated
behavior is experimentally observed when the quantum tunnel-
ing of the magnetization87,88 can be ignored. In the case of the
anisotropic units coupled ferromagnetically along a chain, i.e.
ferromagnetic SCMs, the relaxation time is hence expected to
follow an activated behavior:

Fig. 26. 1=TB versus lnð2��acÞ plots. The solid lines repre-
sent the least-square linear fits of the experimental data
with the Arrhenius equation (Reprinted with permission
from Ref. 54. Copyright 2003, The American Chemical
Society).
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�ðTÞ ¼ �0 exp
ð8J0 þ jDjÞST2

kBT

� �
; ð10Þ

where ð8J0 þ jDjÞST2 corresponds to the energy barrier to re-
verse the magnetization direction (based on the Hamiltonian
given by Eq. 3). As shown in Fig. 27, combined ac and dc
measurements have allowed us to estimate the relaxation time
for 1 on an extended range of temperature 7 to 1.8 K.55 Two
activated regimes are found, above and below 2.7 K, with
two energy barriers: �1=kB � 74 K and �2=kB � 55 K. Based
on the magnetic parameters (J0, D, and ST) evaluated for 1
in Section 6 (J0=kB ¼ þ0:7 K, D=kB ¼ �2:5 K and ST ¼ 3),
the energy barrier deduced from the Glauber theory,
�Glauber ¼ ð8J0 þ jDjÞST2, is equal to ca. 73 K in excellent
agreement with the value experimentally obtained above 2.7
K: �1=kB � 74 K.

Indeed, we realized that the influence of defects in the chain
had to be considered in order to understand the low tempera-
ture regime of the relaxation (below 2.7 K). As the magnetic
correlation length of the infinite chain, 	, becomes exponen-
tially large at low temperatures, even a very small number
of defects can deeply affect the relaxation process. These de-
fects limit the size of the chain and therefore a finite-size scal-
ing of the Glauber model has to be considered to calculate the
relaxation time in this regime.89 Following the model devel-
oped in Ref. 89b when 	 becomes larger than the chain length,

L, the relaxation time energy barrier becomes ð4J0 þ jDjÞST2
(�48 K),55 in remarkable agreement with the experimental
value �2=kB � 55 K. Hence for the first time, this study shows
that two relaxation regimes that should be systematically ob-
served in Single-Chain Magnets. At high temperature, the
one-dimensional assembly behaves as an infinite chain and
the relaxation time follows the Glauber theory, which need
to be generalized for finite anisotropy in real systems: the en-
ergy barrier is then �Glauber ¼ ð8J0 þ jDjÞST2. At low temper-
atures below a crossover temperature (ca. 2.7 K in 1), a second
activated regime is found when the correlation length becomes
larger than the intrinsic chain length of the compound: the
energy barrier becomes then ð4J0 þ jDjÞST2.

It should be noted that this crossover is induced by intrinsic
defects on the chain, which limit the growth of the 1-D corre-
lations. Therefore, as in any classical problem, here �T is pro-
portional to 	,90 so a crossover should also be found on the
magnetic susceptibility. In a ferromagnetic one-dimensional
anisotropic Heisenberg model, this correlation length is expo-
nentially enhanced for any value of D when lowering the tem-
perature. In the jDj > 4J0=3 Ising limit, the susceptibility is
given by:85

�1 ¼
Ceff

T
exp

4J0ST
2

kBT

� �
; ð11Þ

therefore:

lnð�1TÞ ¼ lnðCeffÞ þ
4J0ST

2

kBT
; ð110Þ

where Ceff is the effective Curie constant of the chain.
55 As ex-

pected at high temperature, Figure 28 shows for 1 that lnð�TÞ
vs 1=T increases linearly with an energy gap of 28 K. This en-
ergy gap allows an estimation of J0=kB ¼ þ0:78 K, in good
agreement with the value (þ0:7 K) estimated in the fitting of
the �T vs T plot using the mean-field approximation (Fig. 19
and Table 4).

When the correlation length becomes larger than the real
chain length (L), the �T product qualitatively saturates at
about 200 cm3�K�mol�1. In this limit, the value of saturation
is simply equal to nCeff where Ceff and n are the effective
Curie constant of the chain defined previously (Ceff ¼ 2:7
cm3�K�mol�1) and the number of units in the chain, respec-
tively. Therefore, n can be roughly estimated at around 75
and then the chain length is about 105 nm for 1. Nevertheless,
the slight decrease of �T from the saturated value is mainly
due to weak antiferromagnetic interaction functioning between
finite chains of n spins (inset Fig. 27). Therefore, a complete
model of antiferromagnetically-coupled finite-size chains has
been developed to fit the experimental data in the low field
approximation (solid line Fig. 28):55

� ¼
Ceff

T
exp

4J0ST
2

kBT

� �
1�

1� exp �2n exp �
4J0ST

2

kBT

 ! ! !
1� tanh

2JAFST
2

kBT

 ! !

2n exp �
4J0ST

2

kBT

 !
1� tanh

2JAFST
2

kBT

 !
exp �2n exp �

4J0ST
2

kBT

 ! ! !
8>>>><
>>>>:

9>>>>=
>>>>;
: ð12Þ

Fig. 27. Semilog plot of the relaxation time � vs 1=T for 1.
The full and open dots were obtained from ac and dc mea-
surements, respectively. The corresponding straight lines
give the energy gap: �1=kB � 74 K and �2=kB � 55 K.
Inset: Relaxation of the magnetization at 3K (top).
Schematic view of the magnetic interactions for the
model (bottom) (Adapted from Ref. 55. Copyright 2004,
The American Physical Society).
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Using this model for 1, we found J0=kB � þ0:78 K and
JAF=kB � �0:047 K,91 and the average number of spins be-
tween two defects n � 110, which corresponds to an average
chain length of L � 140 nm. As shown in the inset of
Fig. 28, we also modeled the magnetization as a function of
the applied field55 and we obtained n � 90 in relatively good
agreement with the value deduced from the susceptibility.

In this section, we have shown that the Single-Chain Mag-
net behavior, its associated relaxation time and magnetic sus-
ceptibility can be perfectly understood in the frame of the
Glauber theory adapted with a finite anisotropy and taking into
account finite-size effects. The simultaneous interpretation
of both � and � allows us to deduce all the parameters
(�Glauber or �1, �2, J

0, JAF, and n) of the system. The activa-
tion energies of a SCM is thus a combined effect of: (i) the in-
dividual kinetics of unit composing the chain and (ii) the one-
dimensional magnetic correlations.

Concluding Remarks

Only in 2001 and almost forty years after the pioneering
work of R. J. Glauber on the dynamics of ferromagnetic Ising
chains,36 the first experimental evidence of the magnetization
slow relaxation in a one-dimensional object has been reported
by Gatteschi and co-workers.40a One year later, we have re-
ported what is still to date the simplest one-dimensional
system to probe the Glauber theory.42 Indeed, the [Mn2-
(saltmen)2Ni(pao)2(L

1)2]n
2nþ chains are very similar to the

prototype of the Glauber chains as they can be viewed as
one-dimensional arrangements of perfectly aligned ferromag-
netically-coupled anisotropic ST ¼ 3 spin units. In this review,
we have presented our synthetic strategy to built series of one-
dimensional magnets or what we have called Single-Chain
Magnets (SCMs). Using a step-by-step approach with comple-
mentary and functionalized building blocks (with a trans-bi-
coordination ability, a good steric hindrance, and a large uni-

axial anisotropy), we have been able (i) to synthesize premedi-
tated SCM systems easily modified at the molecular level and
therefore (ii) to probe systematically the SCM properties. In
this synthetic quest, we have also isolated oligomers (di-, tri-,
and tetra-nuclear complexes)14,20,53,58 that indeed exhibit inter-
esting magnetic properties such as SMM behavior, but also
have helped us to determine and verify the magnetic character-
istic (D, JMn{Mn, JMn{Ni, and g) of our final chain compounds.
Among these species, trinuclear [Mn2(5-R-saltmen)2Ni(pao)2-
(phen)]2þ (R ¼ Cl, Br) complexes are SMMs and also the
repeating units of the SCM family of [Mn2(saltmen)2-
Ni(pao)2(L

1)2]n
2nþ could be SMMs. This result demonstrates

for the first time that the synthesis of SCMs can be achieved
by connecting ferromagnetically SMMs in one-dimension.
This idea is also underlying the conclusions given by the anal-
ysis of the SCM behavior (Section 7). Indeed, the relaxation of
the magnetization is thermally activated in both SMM and
SCM, but the energy barrier changes from �SMM ¼ jDjST2
(when quantum tunneling of the magnetization is negligible)
to �SCM ¼ ð8J0 þ jDjÞST2 (in the infinite chain limit and if
jDj � 4J0=3), showing the effect of the one-dimensional corre-
lation. In other words, SMMs are a limit case of SCM when
J0 ¼ 0. In 2002, Wernsdorfer and co-workers have also dis-
cussed the effects of magnetic interaction between SMMs.27

They have shown in a H-bonded dimer of SMM that the in-
ter-SMM’s interaction enables to tune the quantum tunneling
of the magnetization. This breakthrough opens new perspec-
tives in the field of molecule-based magnetism to introduce
magnetic interactions between SMM clusters in 1-D, 2-D,
and 3-D architectures.92 If quantum effects can be seen on a
dimer of SMM, the next step would be naturally to discuss
possible quantum effects in SCM. Following this idea, it is in-
teresting to note on Fig. 22c that, below 0.4 K, the hysteresis
loop observed in the easy direction of 1 becomes temperature
independent at a given field sweep rate. Similar behavior can
be seen in SMM systems at very low temperatures, when the
dynamics is dominated by quantum tunneling of the magneti-
zation (see for example Fig. 8). Unfortunately, in our one-di-
mensional systems, the relaxation time becomes too slow to
be measured using dc or ac techniques. Nevertheless, this re-
sult suggests that a quantum tunneling effect might exist at
low temperatures (here below 0.4 K in 1) in our SCM system
as another relaxation regime. Indeed such conclusions have al-
ready been proposed in recent papers;43d,93 even so, a detailed
study and analysis of this regime still needs to be carried out
in order to prove unambiguously the relevance of the quantum
effects in SCM systems.

In this review, we have also summarized the magnetic sig-
natures of a real SCM system in the Ising limit (jDj � 4J0=3).
We have shown that finite anisotropy and also finite-size chain
effects must be included in the Glauber model in order to un-
derstand the crossover between two activated regimes of mag-
netic relaxation observed in SCMs. At high temperatures, the
chains can be considered as infinite with an energy barrier of
� ¼ ð8J0 þ jDjÞST2; while at low temperature, the defects
along the chain become relevant. The finite length of chains in-
duces thus a decrease of the energy gap to � ¼ ð4J0 þ jDjÞST2.
In parallel to the interpretation of the relaxation time, the mag-
netic susceptibility confirms this crossover and can be modeled

Fig. 28. Semilog plot of �T vs 1=T (� is given in
emu�mol�1) for 1. The full and open dots were obtained
from ac and dc measurements, respectively. Inset: Field
dependence of the magnetization (normalized at saturation
value) at 4 K and with a field sweep rate of 0.14 kOe�s�1.
Solid lines correspond to the fit using the expressions of
given in Ref. 55 (Reprinted with permission from
Ref. 55. Copyright The American Physical Society).
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over the whole range of temperature. From this analysis, the
chain length and the magnetic interactions between these finite
chains can be estimated. Even if the whole picture seems to be
consistent, the crossover is not observed exactly at the same
temperature on the relaxation time and the magnetic suscepti-
bility. Hence, additional ingredients such as poly-dispersity on
the chain length or exchange interactions may be relevant to
improve the discussion of the physical properties of these
SCM systems.55,94

In the field of molecule-based magnetism, SCMs have be-
come one of the main research trends in only a few years. This
subject offers interesting challenges for chemists to design pre-
meditated one-dimensional architectures but also for physicists
to understand the one-dimensional slow relaxation of the mag-
netization and its mechanism. Among them, the influence of
the quantum effects is still an open question. Single-Chain
Magnets are new fascinating materials at the frontier between
quantum and classical physics. The compounds reported in this
review illustrate how today’s chemistry can control the molec-
ular and nano-metric scales in order to build premeditated
functional materials in the world of nanotechnologies.
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