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The synthesis of transition-metal high-spin complexes and of
infinite coordination networks of these high-spin carriers
now represents a recognized subdiscipline of coordination
chemistry. This new research trend has been particularly en-
couraged by the discoveries that molecular and one-dimen-
sional coordination aggregates may behave as nanomagnets,
as illustrated by the so-called single-molecule magnets
(SMMs) and single-chain magnets (SCMs). While the synthe-
sis of isolated polynuclear high-spin complexes still rely
mostly on serendipitous assembly with appropriate ligands,
the synthesis of SCMs or extended networks of high-spin
complexes demands a more designed and controlled bottom-
up assembly of precursor complexes and bridging species se-
lected for their coordination abilities. In this context, the case
of a [Mn,4] SMM is unique in the literature, as one-, two-, and

three-dimensional networks have been rationally designed
by using this SMM unit as a building block, giving rise to
original magnetic properties. This review gathers all re-
ported systems that we know of, having the corresponding
[Mn,4Og] core, either in isolated complexes or in frameworks.
Their structures and, when relevant, the synthetic strategy
and magnetic properties are described. The demonstrated
and potential outcomes, in terms of physical properties, of
such coordination assemblies of high-spin complexes are
then discussed. These are highlighted through examples
with other building blocks, to broaden the scope of possible
strategies and building blocks, and thus provide a basis for
the further development of this promising area.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The synthesis of paramagnetic metal complexes of high
nuclearity and/or spin ground state (S) is currently an active
field of research, stimulated to a large extent by the field of
molecular magnetism,!-?l and in particular since the discov-
ery of single-molecule magnets (SMMs) in the early
1990s.131 SMMs are coordination complexes that behave as
single-domain magnetic particles exhibiting, at the molecu-
lar scale, slow thermal and quantum relaxation of magne-
tization and in some cases quantum phase interference be-
low a so-called blocking temperature.™ Intensified efforts
towards the isolation of polynuclear coordination com-
plexes also arose from the interest in biomimetics of natural
polynuclear enzymes, such as the water oxidation complex
(WOC) of the photosynthetic system PSII, a Mn mixed-
valent species with a [CaMny] core.l®) Nevertheless, and es-
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pecially in the case of SMMs, these synthetic efforts largely
rely on serendipitous assembly!”! of transition-metal ions in
the presence of sources of small bridging ligands such as
0>, N5, CI', or OH-, in combination with chelating-bridg-
ing polydentate ligands. Obviously, these latter ligands are
chosen for their ability to bridge metal ions in a closely
packed manner, but also to form chelates preventing the
formation of infinite networks. As a consequence of using
mixtures of ligands with versatile coordination modes, this
synthetic strategy has led to very diverse and large families
of complexes,® but without a real control over the topology
of the polynuclear metallic cores. Nevertheless, a number
of examples are known, in which the ligands or precursor
complexes have been designed to force a certain arrange-
ment of the metal ion in the final polynuclear com-
plexes.[*13]

As shown by the pioneering work of W. Wernsdorfer et
al. on dimers of SMMs,'4 the introduction of magnetic
interactions between SMMs may allow the control of their
quantum properties. Therefore, organizing SMMs or high-
spin complexes into controlled coordination or supramolec-
ular architectures became an appealing new goal for chem-
ists, in particular because new magnetic properties may
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arise from such assemblies. Indeed, by using a step-by-step
assembly of building blocks with selected magnetic proper-
ties such as SMMs, one-dimensional (1D) systems have
been recently shown to potentially present slow relaxation
of the magnetization, i.e. to exhibit magnet behavior.['] In
these materials, called by analogy single-chain magnets
(SCMs) 1161 the slow relaxation of magnetization depends
on magnetic 1D correlations (J), although the high-spin
ground state (St) and uniaxial anisotropy (D) of each unit
along the chain remain of importance. More generally,
these compounds are 1D assemblies of spins (metal ions,
organic radicals, or metal-ion complexes) that can be cou-
pled ferro- or antiferromagnetically. The latter case corre-
sponds to systems with a noncompensation of spins along
the chain (ferrimagnetic or canted-antiferromagnetic arran-
gements).

More generally, isolation of extended coordination net-
works based on paramagnetic ions or polynuclear com-
plexes is sought for traditional magnetic properties. In order
to obtain high-temperature magnets, chemists working in
this field have tried to stabilize three-dimensional (3D)
structures, although most of the time low-dimensional as-
semblies (1D, 2D) are obtained. To gain some molecular
control in this so-called bottom-up approach, important
synthetic parameters must be considered such as (i) the li-
gands used as coordination and magnetic links, (ii) the
metal ions used and their coordination preferences, and
(iii) the complexes used as building blocks and their coordi-
nation abilities. In this respect, the complex-as-ligand ap-
proach and the use of cyanide bridging represent two widely
used strategies, which have resulted in numerous interesting
systems.!718] In this context, the use (and selection) of
stable preformed complexes possessing coordination prop-
erties allowing their assembly into extended networks is
particularly attractive. The richness of possibilities is tre-
mendous. The choice of the complex building-block allows

access to different types of nodes (control over dimensional-
ity through the number and position of potential coordina-
tion sites) and properties (spin state, magnetic anisotropy,
optical or electrical properties, etc.). Furthermore, variation
of the linker will also affect the organization of the nodes
within the solid and thus influence the dimensionality of
the system. In the case of magnetic materials, the linker is
of paramount importance for the control of the magnetic
interactions among the building blocks. Obviously, the way
these building blocks are assembled in the solid (orienta-
tion, isolation) is fundamental for its physical properties,
and therefore the rational assembly of the building blocks
represents a major issue for chemists of this field.

There are still only a limited number of examples in
which extended coordination compounds presenting inter-
esting and original magnetic properties were obtained
rationally from preformed polynuclear complexes. Never-
theless, the field is very active and constitutes an ideal topic
for a microreview. A particular focus on a specific [Mny]
SMM building block will be given here, as it allows the
description of various synthetic approaches, dimensionalit-
ies, and potential outcomes of such assemblies. As far as
we know, all coordination compounds containing the corre-
sponding [Mn4(p3-0),(n-0),] corel'! are included in this re-
view and are listed in Table 1. Isolated complexes are first
described, highlighting those that could be used as building
blocks. Compounds presenting significant intermolecular
interactions between the [Mny] building blocks resulting in
infinite supramolecular arrays are given separately, and the
effect of these weak interactions on the magnetic properties
are described when relevant. Then the systems presenting
infinite coordination networks of the [Mny] building blocks
are reviewed, with a short description of their magnetic
properties. The compounds in which the [Mny(us-O),-
(1-0)4] core was found only as part of a larger (oxido, hy-
droxido, carboxylato) corel?”! will not be discussed here. In
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Table 1. List of all the compounds containing the butterfly [Mny(u3-O),(p1-O)4] core discussed in this review, including in this order,
formula, reference, dimensionality of the [Mny] assembly, ground spin state S of the [Mny] unit, uniaxial magnetic anisotropy D of the
ground spin state, intra-[Mn,] magnetic interaction constants (where known), other relevant magnetic property data and compound
number used in the text.

Compound[a] Ref. Dim. ST D/kB Jbb/JWb Acff or AT/J,/kB/TC Compound
(K)®! (lkg in K)ll - (K)ld! number
[Mn,(hmp)g(NO3)o(MeCN),J(CIO4)y2MeCN (331 0D 9 031  9.1/6.0 SMM 1
[Mn,(hmp)(NO3)o(NO3), MeCN (331 0D 9 027 14214 SMM 2
[Mn,(hmp)(NO3)»(H,0),(NO3),-2.5H,0 (341 0D 9 035  7.1/08 12.3 3
[Mn(hmp)e(H,0)»(NO3)](CIO,)y4H,0 [351 0D 9 034 133123 196 4
[Mn,(hmp)(NO3)s(den)o]-2MeCN [361 0D 9 034  980/1.6] 209 5
[Mn(hmp)(MeCO,)s(H;0),](C10,),4H,0 37 0D 9 032  80/0.77 11.9 6
[Mn(hmp)(PhCO,),(H,0),](ClO,)>-4MeCN-2H,0 57 0D 9 037 7513 13.8 7
[Mn,(hmp)g(acac),(MeOH);](CIO,), B3 0D 9 031 7.6/l SMM 8
[Mn(hmp)g(H>0),](C10,),-2H,0 341 0D 9 - 5.0/0.55 233 9
[Mn(hmp)g(Hhmp),J(CIO,),-2MeCN 341 0D 1 - 025092 - 10
[Mn(hmp)e(CLLCCO5)>(H,0),](COs), 37 0D 9 - 5.3/0.9 SMM 1
[Mn,(hmp)g(MeCN)s(H>0),](ClO4)42MeCN B 0D 9 033  85600.66 233 12
[Mn,(Hpdm)(MeCO,),)(Cl0,),-2MeCN-2Et,0 1 0D 8 035  11.600.6 17.3 13
[Mn,(Hpdm)(MeCO,),](Cl0,),-2.5H,0 M 0D 9 037 1256 17.3 13b
[Mn,(mdas)s(mdaH)(PhCOs),J-CH,CL-Et,O “1 0D 9 02 - 15.3 14
[Mny(bdea)(bdeaH),(1BuCO),] 431 0D 9 027  6.7/0.4 SMM 15
[Mn,(bdea)(bdeaH),(PhCO,),] 431 0D 9 034 11013 26.7 16
[Mn,(HL'),(OH)o(MeO),(bpy),] 441 0D 1 - 203/-50 - 17
[Mny(Buscat)s(py)s] [43] 0D - - - - 18
[Mny(L2)5(0),](PF¢),4MeCN 146] 0D 0 - - - 19
[Mn4(L)s(0)>](MnCl,)-MeCN “1 0D 0o - - - 20
[Mn(L?)»(0)»(MeCO»),] 4H,0-2MeOH “ 0D 0o - 144153 - 21
[Mny(L4)5(0)o(MeCO,),] 2MeCN [49] 0D 0o - 36131 - Py)
[Mn(hmp)Bra(H,0),]Brs4H,0 1501 IDAD 9 050  18.2/1.9 15.8/< 0/1.33 23
[Mn,(teaHy)y(teaH)o(PhCO,),](PhCO,)," MeCN 2 IDH 9 - 9.5/0.6 203 2
[Mn,(teaH,),(teaH)o(PhCO,),](PhCO») B IDH 9 033 12326 2.6 24
,0.7MeCN-0.3EtOH
[Mn,(teaHa),(teaH)(1BuCO,),](1BuCO»), [531 IDH 9 - 10.1/0.1 SMM/< 0 25
[Mn(teaHa),(teaH),(MeCO4),[(MeCO,),2H,0 [52) JDH 9 - 9.3/2.4 24 26
[Mn(teaHa),(teaH)o(ELCO,),](CIO,), (521 JDH 9 - 15.7/0.3 SMM/< 0 27
[Mny(L5)5(MeO),(McOH),] [54] ID H - - 28
[Mn,(HL®),Cl(MeOH),]-2E,0 1561 JDH 9 - 11.1/4.9 SMM 29
[Mn,(HL),Br,(MeOH),]-2E£,0 1561 JDH 9 - 17.9/4.7 SMM 30
[{Mn,(hmp)s(MeCN),} {Pt(mnt),} JJ[Pt(mnt),], [57) x99 030 144008 18.7 31
[Mn,(hmp)e(MeCO,),](Cl0,),-H,0 [37) D 9 - 6.5/1.9 37.3/-0.10 kY
[Mn,(hmp)¢(CICH,CO»),](CIO,),-2H,0 [37) ) 9 - 7.0/1.6 41.6/-0.12 33
[Mn,(hmp)e(N3),J(CIO,), (351 ) 9 - 8.6/0.7 47/-0.15 34
[Mn,(hmp)CL](CIO,), (591 ) 9 062 - SMM/-0.077 35
[{Mn,(hmp)s(MeCN),} {Pt(mnt),},J[Pt(mnt),]2MeCN 1571 ) 9 025 6209 SMM 36
[Mn,(hmp)e(den),](CIOy), (361 2D 9 - 9.12/1.02  —I-/4.6 37
[Mn,(hmp),(Hpdm)y(den),](C10,),-2H,0-2MeCN Bl 2D 9 041 1266115  12.8/-/< 0.6 38
[Mn,(hmp),Bra(MeO),(den),]-0.5H,0-2thf (361 2D 9 - 10.89/130  SMM/-/2.1 39
[Mn,(hmp),(OH),Mn(den)g]-2MeOH-2thf (621 3D 9 041 7115 /4.1 40

[a] H4L! = 1,2-bis(2-hydroxybenzamido)benzene; H;L? = saltren; H5L? = 1,5-bis(salicylidenamino)pentan-3-ol; H;L* = 2,6-bis(salicyliden-
aminomethyl)-4-methylphenol; H;L® = 1,5-bis(3-chlorido-5-nitro-salicylidenamino)pentan-3-ol; H5L® = 2,6-bis(hydroxymethyl)-4-meth-
ylphenol. [b] Of the high-spin ground state. [c] Data reported in cm ' have been converted to K for comparison; Jy, describes the
interaction among the inner Mn ions, while J,,;, describes that between an external and an inner Mn ion, whatever their oxidation states.
[d] Magnetic properties: energy gap Ay or A, associated with slow relaxation of magnetization in SMM or SCM, respectively; “SMM”
indicates the observation of slow relaxation of magnetization without the evaluation of A.g/inter-[Mny] interaction constant J'/when
relevant, critical temperature of the ordered antiferromagnetic phase.

the second part of this review, we intend to summarize the
potential outcomes in terms of physical properties of such
rational assembly of high-spin complexes, giving some rel-
evant examples with other building blocks and various
types of links. The reader will be systematically oriented
to the original publications for detailed description of the
magnetic properties, which are beyond the scope of this
microreview.
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Isolated [Mny4] Complexes: a Versatile Building
Block

Tetranuclearity in oxido-based manganese complexes is
quite common. Several families have been described in the
literature in which the [Mny] core presents a linear,?!]
square,?? basket,? cubane,**! adamantane,**! or so-called
butterfly!>>->7! topology. The butterfly [Mn,(p3-O),] core is
4327
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normally completed with additional bridges between exter-
nal (or “wing”) Mn ions and internal (or “body”) ones.
These additional bridges are either polynuclear (mostly car-
boxylates) or monatomic p-oxido or p-alkoxido groups re-
sulting in a rhombic [Mny(p3-0),(u-O),4] core similar to the
butterfly one (see Scheme 1).128]

L—Mn—L O—Mn—0O
/ I\ \ /\ \
Mn—O O—Mn Mn—O O—Mn
\ N/ / \/ /
L—Mn—L O—Mn—O0O
a) b)

Scheme 1. (a) The so-called butterfly [Mny(p3-O),] core completed
by additional polynuclear bridging ligands L (usually carboxylates)
and (b) the rhombic [Mny(p3-O)-(n-O)4] core, which is the subject
of this microreview.

While in the former case mostly [Mn',] systems domi-

nated by antiferromagnetic interactions are known,% the
latter usually gives rise to mixed-valent complexes often
presenting high-spin ground states and SMM behavior,
which makes them interesting building blocks. In addition,
a structural survey?”! shows that in the butterfly-like
[Mny4(p3-0),(1-0)4] systems the external Mn ions, in general
divalent, often have labile terminal ligands. This character-
istic offers an ideal opportunity to assemble the tetranuclear
core into extended coordination networks through ex-
change of these terminal ligands by judiciously selected
moieties. Indeed, some examples (described in this microre-
view) of compounds based on the same structural motif
have demonstrated that these positions can be used to con-
struct, in a rather controlled manner, extended networks of
these interesting building blocks. We will first describe in
this section the isolated [Mny(p3-O),(n-O)4] systems. In
manganese—oxido  coordination  chemistry, compro-
portionation reactions or preformed complexes, especially
triangular oxido-centered ones, are very often used to ob-
tain mixed-valent species. This is particularly valid for com-
pounds containing Mn™!, as this ion is useful as a source
of uniaxial magnetic anisotropy. This is also true for the
[Mny(p3-O),(1-0)4] system that could be isolated from tri-
nuclear [Mn;0(0O,CR)¢](O,CR) (vide infra, compounds
15-16), although, in most cases, the reported complexes
could also be obtained from simple Mn precursor salts and
the components of the final complexes.

Rhombic Mixed-Valent [Mn",Mn™,(13-0),(n-0),4]
Systems

This system is by far the most extended family of com-
plexes presenting the [Mny(p3-O),(n-O),] butterfly core. In
this tetranuclear core, the inner Mn ions are trivalent, while
external ones are divalent. The inner Mn'! ions are
connected through two ps-alkoxido bridges from an
alcohol-based ligand [2-hydroxymethylpyridine (Hhmp),
2,6-dihydroxymethylpyridine (H,pdm), or polyalcohols; see
4328
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Scheme 2 and below], and four p-alkoxido groups from the
same ligands bridge each Mn'" ion to the two external Mn!!

ones (see Scheme 1). An additional carboxylate bridge be-
tween Mn'" and Mn'"" ions is also found in some cases, with
H,pdm and polyalcohol ligands. In all cases, the resulting
metal core has a defective dicubane topology. The coordi-
nation sphere of the external Mn" ions is completed by the
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Scheme 2. Ligands discussed in this review: from top to bottom,
N-aromatic alcohols, salen-type ligands, aliphatic polyalcohols, and
others.
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chelating N-donor-containing ligands, coordinated anions,
and/or solvent molecules. The latter two have been found
to be labile and thus easily exchanged by species present in
the reaction mixture, resulting in many variations in which
the Mn'! is either hexacoordinate or heptacoordinate. On
the other hand, the internal Mn'" are always hexacoordi-
nate and present the Jahn—Teller elongation typical of a +3
oxidation state. As shown by many reported examples, this
[Mny] defective dicubane core is very stable and is best
formed from Mn'! salts under aerobic, and thus oxidative,
conditions. The solvent of choice is acetonitrile, while an
organic base such as tetracthylammonium hydroxide
(TEAOH) is used to deprotonate the alcohol ligands. De-
spite the variations in synthetic conditions (ligands, anions,
solvent), the structural features of the [Mn4(p3-O),(1-O)4]
core are in most cases preserved. The Mn"™Mn!™! separa-
tion ranges from 3.29 to 3.40 A, with Mn-O-Mn angles of
99 to 101°. One of the Mn"-O distance is always much
longer (2.17 to 2.27 A for axial positions with respect to
1.94 to 2.04 A for equatorial ones), corresponding to the
Jahn-Teller elongation axis. The Mn"-Mn'"! separation lies
in the 3.24-3.31 A range, with Mn—p;-O-Mn angles from
94 to 96° and Mn—-O-Mn angles that are larger and more
variable between 106 and 114°. In almost all the examples,
the resulting magnetic interactions, J, (for wing-body) and
Jpp (for body-body), are both ferromagnetic and lead to a
high-spin ground state of St = 9. The values derived for
these two interactions (see Table 1),1*] are not very sensitive
to the ligand used; nor are they sensitive to the presence of
an additional Mn™-Mn"" bridge. Because the Jahn-Teller
elongation axes of the two anisotropic Mn'! ions are al-
most or strictly parallel (usually by molecular symmetry),
the high-spin states of the complexes present a significant
magnetic anisotropy (D). This parameter has been evalu-
ated in many cases for the St = 9 ground state to be nega-
tive and uniaxial, in the range 0.1 to —0.45 K (see Table 1).
Note that the evaluation of D can be done either by using
the first step due to quantum tunneling of magnetization
(QTM) in low-temperature hysteresis loops, from HF-EPR
data, or from the fit of the M vs. H/T data. In all cases
discussed in this section, these [Mny] complexes are well
isolated from each other. Indeed, most are cationic species
surrounded by uncoordinated anions and lattice solvent
molecules resulting in at most very weak intercomplex in-
teractions. As a result, most of the reported examples be-
have as SMM. The following paragraphs briefly describe,
by groups, all reported examples, together with, when rel-
evant, their structural singularities and deviations from the
magnetic properties described above.

So far, the most widely used bridging ligand to build
these tetranuclear cores is Hhmp. Note, nevertheless, that
this ligand has also allowed the isolation of higher-nu-
clearity Mn complexes,[206-201-20L.30] 45 well as Fe or Co com-
plexesB!! or heterometallic systems.[*?l Indeed, the depro-
tonated form, hmp, is able to form ps-alkoxido bridges
while chelating one metal ion, thus limiting the growth of
a metal-oxido and/or -alkoxido core. All these complexes
have in a common a [Mny(hmp)s]** core, in which the hmp~
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provides all u3-O Mn™-Mn™ and p-O bridges Mn'™™-Mn’,
The outer Mn"! ions are heptacoordinate in the first group
of complexes. These are chelated by either a 12-O,0’ nitrate
anion, e.g. in [Mny(hmp)g(NO3),(MeCN),](ClO4),:2MeCN
(1), [Mng(hmp)s(NO3)»(NO53),]MeCN (2),5% [Mny(hmp)s-
(NO3)2(H20)2](NO3)2‘25H20 (3, Sec Figure 1),[34] [MH4-
(hmp)s(H,0)>(NO3),J(CI0,),4H,0 (4),55 and [Mn(hmp),-
(NO3),(dcn),]-2MeCN (5),B¢ or a carboxylic group in the
n2-0,0’ coordination mode, e.g. in [Mny(hmp)s(MeCO,),-
(H20)2)(ClO04)24H,O  (6)  and  [Mny(hmp)s(PhCO,),-
(H,0),](ClO4),*4MeCN-2H,0 (7).37

Figure 1. A view of the [Mny] complex in [Mny(hmp)s(NO3),-
(H,0),]J(NO5),-2.5H,0 (3), with heptacoordinate terminal Mn!!
ions. Color and size code used throughout this review: Mn (or M)
gray, O light gray, and N dark gray. Only the atoms involved in
coordination and the metal centers are represented as balls and
sticks; hydrogen atoms are omitted for clarity.

A smaller group of complexes with the same core mostly
built from the Hhmp ligand possesses hexacoordinate outer
Mn" ions, namely [Mny(hmp)s(acac),(MeOH)4(ClO,),
(8).7 [Mny(hmp)s(H,0)4)(ClO4)42H,0  (9),04 [Mny-
(hmp)s(Hhmp),](ClO4)4-2MeCN (10),134 and [Mny(hmp)e-
(C15CCO,),(H50),](ClOy,), (11, see Figure 2).37) Except for
9, hexacoordination arises from steric reasons. A too bulky
group on a terminal ligand (CCl; in 11) or a large chelate
(acac in 8 or Hhmp in 10) impedes the coordination of an
additional terminal ligand. In 10, the presence of additional
terminal Hhmp neutral ligands arises from the use of excess
Hhmp in the synthesis.

Y
<

Figure 2. Representations of the [Mny] complex in [Mny(hmp)s-
(CI5CCO,),(H50),](ClOy4), (11), in which the outer Mn'! ions are
hexacoordinate. The space-filling view (right) highlights the role of
the bulky trichloroacetate group in preventing heptacoordination
and further assembly as a 1D chain (see text). Hydrogen atoms are
omitted for clarity.
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Compound [Mny(hmp)s(MeCN),(H>0),](ClOy4)4
2MeCN (12)B81 demonstrates that, if no specific constraint
is present in the synthetic system (coordinating anion, steri-
cally hindered ligand, stoichiometry), the outer Mn!! ions
prefer to be heptacoordinate. Indeed, 12 is crystallized ex-
tremely fast in high yield out of an acetonitrile solution
containing Mn(ClOy),, Hhmp, and TEAOH in H,O. Under
these experimental conditions, complex [Mny(hmp)e-
(MeCN),(H»0),]** is therefore present in solution and rep-
resents a good candidate for building extended networks of
the [Mn4Og] core. These extended systems can be achieved
through exchange of the labile MeCN and H,O terminal
ligands on the external Mn"" ions (see Figure 3) by selected
bridging species that can be added to the solution. It is
worth mentioning that 12 presents the highest D (St = 9)
of this series of [Mng(hmp)e]** complexes (see Table 1).

Figure 3. A view of the simplest [Mng(hmp)g]*" cation, in
[Mn4(hmp)6(MeCN)2(H20)z](CIO4)4'ZMCCN (12), obtained when
no coordinating anion or additional bridging moiety is used. Exter-
nal Mn'! ions are heptacoordinate with three labile terminal ligands
(2H,0 and 1MeCN) that can be replaced for further coordination
assembly of the [Mny] complex (vide infra).

The first reported compound with the rhombic mixed-
valent defective dicubane [Mny(p3-O),(p-O)4] core was ob-
tained with a ligand similar to Hhmp, but with two hy-
droxymethyl arms: Hypdm. As for Hhmp, this ligand is also
able to produce higher-nuclearity complexes.* In
[Mny(Hpdm)g(MeCO,),](ClO4),-2MeCN-2Et,0 (13) and
its analogue, [Mny(Hpdm)s(MeCO,),](ClO4),-2.5H,0
(13b), obtained by exchange of lattice solvent molecules in
air, the Hopdm ligand is only monodeprotonated and pro-
vides all ps3-O and p-O bridges. % As shown in Figure 4,
four of the Hpdm~ ligands have their protonated hy-
droxymethyl arm uncoordinated and pending outward the
complex core, while the deprotonated ligands form the four
u-O bridges. The two remaining Hpdm™ ligands have their
deprotonated hydroxy oxygen atom in ps-bridging mode,
the protonated one being coordinated as a terminal ligand
to the outer Mn'! ions. Hpdm- is therefore quite similar to
the hmp ™ anion in terms of chelation and bridging proper-
ties. Nevertheless, each central Mn'! ion is additionally
bridged to only one of the outer Mn!! ions by an acetate
group. The tridentate coordination mode of two of the li-
gands results in the efficient chelation of the outer Mn!!
ions. Two of their terminal positions are thus blocked, while
4330

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

some steric constraints arise for the remaining position. As
a consequence, compound 13 is not a good candidate for
building extended assemblies.

Figure 4. The structure of the [Mny] complex in [Mny(Hpdm)e-
(MeCO,),](ClO4),2MeCN-2Et,0 (13). Note the additional acetate
bridges, the pending uncoordinated hydroxymethyl arms of two of
the Hpdm™ ligands, and the chelating N,0,0’ coordination mode
of Hpdm™ on the terminal Mn'! ions.

The use of different flexible polyalcoholamines has al-
lowed in recent years the isolation of many high-nuclearity
complexes, for some of them with SMM properties.[*!]
Again, the conjunction of chelating capabilities and the po-
tential bridging modes of alkoxido groups limit the expan-
sion of the metal-oxido (or -alkoxido) core. Thus several
isolated complexes presenting the [Mny(p3-O),(1-O)4] core
have been obtained with ethanolamine-based ligands.
With N-methyldiethanolamine (Hmda), the compound
[Mny(mda),(mdaH),(PhCO,),]-CH,Cl,-Et,O (14, Figure 5)
is obtained,*” in which the deprotonated mda®  ligands
provide the p;-O Mn'"-Mn!"" bridges, as well as two of
the p-O Mn"—Mn'" bridges, through a N,0,0’ bridging-
chelating moiety similar to the coordination mode adopted
by the deprotonated Hpdm . On the other hand, the mono-
deprotonated mdaH™ ligands chelate the outer Mn'' ions
and provide the two other p-O Mn™-Mn'" bridges. The
Mn'-Mn™! pairs are further connected through benzoate
bridges, while monocoordinated benzoate groups complete
the heptacoordinate environment of the Mn" ions. Overall,
the [Mny] units are well-isolated, as the remaining proton
on mdaH is only involved in intramolecular hydrogen
bonds with the terminal benzoate. With N-butyldiethanola-
mine, two compounds very similar to 14 were isolated either
with benzoate or pivalate as carboxylate bridge and ter-
minal ligand: [Mny(bdea),(bdeaH),(BuCO,),] (15) and
[Mny(bdea),(bdeaH),(PhCO,),] (16).143! For these two com-
plexes, the sources of carboxylate are trinuclear
[Fe30(02CR)6](OZCR), [Mn30(02CR)6L3], or [MH30-
(O,CR)6L3](0O,CR) complexes, often used in the synthesis
of high-nuclearity iron or manganese oxido-carboxylato
complexes. With respect to the Hhmp systems, the use of
these complexes as building blocks seems to be less ade-
quate, as the chelating N,0,0" moiety of the ligand blocks
in a stable manner the coordination sphere of the outer
Mn" ions. The use of triethanolamine also yields [Mn4(us-
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0),(n-0),4] cores, but the corresponding compounds present
extended hydrogen-bonding networks that will be discussed
below.

Figure 5. A typical view of the structure of the [Mn4] complex ob-
tained by the use of polyalcoholamines as ligands in combination
with carboxylates, here in [Mny(mda),(mdaH),(PhCO,)4]-
CH,Cl,-Et,O (14), showing the N,0,0’ chelating coordination of
the polyalcoholamine.

Other [Mny(n3-0),(n-O)4] Systems with Different Valencies

The mixed-valent complex [Mny(HL"),(OH)>(MeO),-
(bpy),] (17) is obtained from a Mn'!"! precursor bearing the
chelating  1,2-bis(2-hydroxybenzamido)benzene  ligand
(HL") that is able to further coordinate through its phenol
groups and thus produces the p-O bridges of the [Mny(u3-
0),(u-0)4] core upon reaction with Mn'™.[*4 The p;-O brid-
ges in the resulting [Mny4] complex arise from hydroxido li-
gands. In this complex, however, the central ions are di-
valent and low-spin (S = 1/2), while the external ones are
trivalent. Their coordination environment is completed by
bipyridine and methanol molecules, respectively. This com-
plex could therefore be considered for the construction of
extended systems through the replacement of the terminal
methanol molecule on the external Mn!™! ions. Nevertheless,
both Mn™-Mn™™ and Mn™Mn!" magnetic interactions
are antiferromagnetic, inducing an St = 1 ground state, and
thus SMM properties are absent.

The rest of the known tetranuclear manganese complexes
possessing the considered [Mny(p3-O),(n-O)4] core are not
mixed-valent. The neutral catecholate complex [Mny-
(tBuscat)4(py)s] (18)*° has all its manganese ions in the +2
oxidation state. Two of the catecholates have one ps-bridg-
ing and one terminal oxygen, while the other two cate-
cholates have two p-bridging oxygen atoms. One (on the
central Mn'! ions) or two (on the external Mn!! ions) pyr-
idine molecules complete the coordination sphere of all
Mn" ions, yielding distorted trigonal bipyramidal or octa-
hedral environments, respectively, and a basket-like [Mny]
core. While replacement of the terminal pyridine ligands
could be considered to use 18 as a building block, its mag-
netic properties, although not reported, are likely domi-
nated by antiferromagnetic interactions on basis of the Mn—
O-Mn angles, and this should result in an St = 0 ground
state.

Eur. J. Inorg. Chem. 2008, 4325-4342

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

Eventually, the considered core can be isolated with all
manganese ions being trivalent. The ps-bridges are then ox-
ido ions, as observed in [Mny(L?),(O),](PF¢),*4MeCN
(19),19 [Miny(L?),(0)2)(MnCly)MeCN (20),1*7) [Mny(L?),-
(0)>,(MeCO»),]-4H,0-2MeOH (21),18 and [Mny(L*)5(0),-
(MeCO»),]2MeCN (22).] In the first two related com-
plexes 19 and 20, the flexible salicylaldimine ligand
N(CH,CH,N=CHC¢H,OH); (H;L?) acts as a heptadentate
bridging-chelating ligand (the tripodal N is involved in a
coordination bond with the external Mn'! ion), providing
the rest of the axially elongated octahedral coordination en-
vironment for both central and external Mn ions. Although
no structure was reported, perchlorate, trifluromethanesul-
fonate, and tetraphenylborate salts of complex 20 were also
isolated.™®! In 21, only one of the salicylphenol oxygen
atoms of each L3 [H;L3: 1,5-bis(salicylidenamino)pentan-3-
ol] forms a p-O bridge, the other one acting as a terminal
ligand for an external Mn'" ions. The other two p-O brid-
ges arise from the alkoxido moiety. A similar structure is
observed in 22, with the phenoxido group of L* [H;5L*: 2,6-
bis(salicylidenaminomethyl)-4-methylphenol]. In both 21
and 22, an acetato group additionally bridges central and
external Mn™™! ions. The Mn-Mn separation is shorter in
these four complexes, e.g. below 3 A, as observed in the
WOC complex of PSII. Nevertheless, the intramolecular
magnetic interactions in these four [Mn'",] compounds are
all antiferromagnetic, which leads to an St = 0 ground
state.

Assembling [Mny4] Single-Molecule Magnets

Hydrogen-Bonded and n-Stacked Networks of [Mng] Units

Weak intermolecular interactions (hydrogen-bonding, m-
stacking, anion-7, halogen—halogen, etc.) are often present
in coordination compounds without being particularly
highlighted in the papers. Nevertheless, these can have non-
negligible effects, in particular on the magnetic properties.
Therefore, compounds with the [Mng(p3-O)»(p-O)4] core in
which these weak intermolecular interactions are significant
and form extended networks of the molecular complexes
are first considered here. The resulting magnetic properties
are briefly summarized in comparison with the isolated sys-
tems previously described.

In [Mny(hmp)¢Bry(H,0),]Bry4H,O (23),5% shown in
Figure 6, the molecular structure of the [Mny] core is very
similar to those of the isolated systems 8-11. The outer
Mn!! ions are hexacoordinate, most likely due to steric
limitations arising from the coordinated bromide anion.
These bromide anions interact directly with a Br---Br sepa-
ration of 4.91 A between neighboring [Mn,] moieties, re-
sulting in the formation of 1D chains of interacting [Mny]
units (see Figure 6). In addition, a 3D hydrogen-bonding
network, which connects these coordinated bromide anions,
uncoordinated ones, and lattice water molecules, is ob-
served. Altogether, these intermolecular interactions are at
the origin of a transition to an antiferromagnetic ordered
phase observed at 1.33 K.5! Single-molecule-magnet be-
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havior is nevertheless observed in 23 above this temperature.
It is interesting to note that this compound was in fact the
first [Mn4] SMM isolated with the Hhmp ligand.

~~

(.~'.

Figure 6. A view of the structure of [Mny(hmp)sBr,(H,0),]-
Br,-4H,O (23), highlighting with dashed bold lines the one-dimen-
sional Br-Br contacts among [Mny] units.

As mentioned in the previous section, the use of triethan-
olamine as a bridging-chelating ligand indeed yields the ex-
pected [Mny(p3-O),(p-0)4] core, which is similar to that in
14-16, but uncoordinated ethanolamine arms form inter-
molecular hydrogen bonds with uncoordinated anions.
These result in extended hydrogen-bonding networks link-
ing the [Mny] units. In [Mny(teaH,),(teaH),(PhCO,),]-
(PhCOz)z'MeCN(24)[52]and[Mn4(teaHz)z(teaH)z(PhCOZ)z]—
(PhCO,),*0.7MeCN-0.3EtOH (24b),[*31 the uncoordinated
oxygen of the free ethanolamine arm is hydrogen-bonded
to the uncoordinated benzoate anion, which also forms hy-
drogen bonds with the p-O atoms of the coordinated etha-
nolamine arms. These hydrogen bonds link the [Mn,] com-
plexes into chains as shown in Figure 7. The same chain
network is observed in [Mny(teaH,),(teaH),(BuCO»),]-
(1BuCO,), (25) through the uncoordinated pivalate anions;
in this case additional hydrogen bonds are formed with co-
ordinated pivalate ions.>3 In 24 and 24b, the intermolecular
interactions among the [Mny] units were found to have no
apparent influence on the magnetic properties. Only in the
case of 25, some indications of antiferromagnetic intermo-
lecular interactions were found in susceptibility measure-
ments. In the temperature region studied, the three com-
pounds nevertheless behave as paramagnetic species with
SMM behavior at low temperatures.

Figure 7. A view of the structure of [Mny(teaH,),(teaH),-
(PhCO,),](PhCO,),*MeCN (24), emphasizing the 1D hydrogen-
bonding network (dashed bold lines) among [Mny] units.

In [Mn4(teaH2)2(teaH)2(MeC02)2](MeCOz)z'ZHzO
(26),1? similar hydrogen bonds with an uncoordinated ace-
tate anion are observed; but they also involve an uncoordi-
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nated lattice water molecule. The result is a 2D sheet-like
network of [Mny] units. Nevertheless, no indication of sig-
nificant intermolecular magnetic interactions were detected.
In [Mny(teaH,),(teaH)»(EtCO,),](ClO4), (27),° each
[Mny] complex is directly connected to four neighbors
through hydrogen bonds between the free ethanolamine
oxygen atoms and coordinated ethanolamine terminal oxy-
gen atoms, which also results in a 2D network, shown in
Figure 8. These more direct contacts in 27 result in signifi-
cant inter-[Mn,] antiferromagnetic interactions of the order
of —0.06 K. As observed in 23, some indications of a pos-
sible transition to an antiferromagnetic ordered phase were
obtained from M vs. H data.>!

Figure 8. Direct hydrogen bonds (dashed bold lines) connect the
[Mny] units in [Mny(teaH,),(teaH),(EtCO,),](ClO4), (27) into a 2D
network.

In [Mny(L>)>(MeO),(MeOH),] {28, H;L> is the Schiff
base 1,5-bis(3-chloro-5-nitro-salicylideneamino)pentan-3-
ol}, the [Mny(u3-O)-(u-O),4] core is built through two ps-
methoxide ligands connecting two dinuclear units that are
themselves bridged (1-O of the central alkoxido ligand) and
chelated by the trianionic pentadentate Schiff base.’* The
salicyl oxygen atoms provide the additional p-O bridges
among the dinuclear units. Each one of the coordinated
methanol molecules forms a strong hydrogen bond with the
nitro group of one of the (L°)* ligands of a neighboring
[Mng], thus generating a supramolecular chain. The ability
of the nitro group of this kind of ligand to induce intermo-
lecular interactions was previously documented in a Fe'!
spin-crossover system, in which the supramolecular as-
sembly through hydrogen bonds was shown to have a strong
influence on the magnetic properties.>> Unfortunately, the
magnetic properties of 28 were not investigated.>4

Compounds [Mny,(HL®),Cl,(MeOH)4]-2Et,O (29) and
[Mny(HL®),Br,(MeOH),]-2Et,O (30) are obtained under
similar conditions from MnX, salts (X = Cl or Br) and 2,6-
bis(hydroxymethyl)-4-methylphenol (H;L®) in methanol.[>%
Their [Mn,Mn™,04] core is very similar to those of com-
pounds 8-11, 13, and 23, whose outer Mn'" ions are hexa-
coordinate, likely for steric reasons, as for 23. Similarly to
Hpdm in 13, the (L®)? ligand is either tridentate, providing
a psz-alkoxido bridge, a p-phenoxido link, and a terminal
protonated alcohol donor, or bidentate ligand then provid-
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ing a p-alkoxido and a terminal phenoxido donor. The co-
ordinated methanol molecules are involved in hydrogen
bonds with the protonated uncoordinated hydroxymethyl
arm of the bidentate (L°? ligand, while the coordinated
halides also form hydrogen bonds with the oxygen atom of
the protonated terminal hydroxymethyl arm of the triden-
tate (L)> ligands. The result is a 2D network of the [Mny]
units. Both 29 and 30 behave as SMMs, and no indication
of intermolecular magnetic interactions has been found, al-
though data were only given down to 1.8 K.[%

[{Mny(hmp)s(MeCN),} { Pt(mnt), } 4][Pt(mnt),], (31) has
been obtained by electrochemical oxidation from the reac-
tion of 12 with (NBuy)[Pt"(mnt),] in a 1:3 ratio.5”! It is
thus an example of rationally designed material by using
the [Mny] SMM as a precursor building block. Its structure
reveals four [Pt(mnt),]" units coordinated to the terminal
heptacoordinate Mn!' ions of [Mn,] through one of the
mnt> nitrile moieties, forming a discrete {[Pt(mnt),],-
[Mng]-[Pt(mnt),],} complex. The reaction was designed to
allow the formation of a conducting system that would keep
the magnetic properties of the [Mn,] SMM. Indeed, the co-
ordinated and uncoordinated [Pt(mnt),]” are mutually 7t-
stacked along the a axis into segregated columns (see Fig-
ure 9, Pt-Pt distances of 3.46 and 3.57 A), thus weakly con-
necting the [Mny] complexes in a 2D arrangement. The Pt
ions were found to have an average charge of +3.33, corre-
sponding to [Pt(mnt),]°®®~ moieties. As a result, semicon-
ducting transport properties are detected when probing
along the a axis. The conductivity at room temperature is
0.22 S/cm, and the compound behaves as a semiconductor
at room temperature, with an average energy gap of
136 meV. Below 100K, 31 is an insulator with p >
107 Q-cm. Although SMM properties of the [Mny] units
were maintained as expected, no coexistence of a reasonable
electric conductivity and “magnet” properties was achieved.
Nevertheless, 31 represents the first step towards superpara-
magnetic/conductive hybrid materials.
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Figure 9. The conductive packing of coordinated and uncoordi-
nated [Pt(mnt),]>% in [{Mny(hmp)s(MeCN),} {Pt(mnt),}4]-
[Pt(mnt),], (31) resulting in a m-stacked 2D supramolecular as-
sembly of [Mny] units.
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One-Dimensional Coordination Assemblies of [Mn,] SMM

As evidenced in the Hhmp system, the [Mny(hmp)e]**
core is formed efficiently under many conditions, and it
crystallizes in different final forms depending on the species
present in solution. It therefore seems possible to modulate
this final form, by starting from the simplest reagents that
allow the [Mny(hmp)e]** unit to be prepared in solution,
e.g. those used to obtain 12, and then only to add the rea-
gent necessary for the planed extended system. The
[Mny(hmp)¢]** system is actually perfect for 1D assembly,
as double bridges can be expected through two terminal
ligands on the Mn™ outer ions, which would make them
hexacoordinate. Obviously, from structural analyses of the
[Mny] core, these interconnecting ligands should not be too
sterically demanding (Scheme 3).

a. L

Mn Mn Mn Mn
acetato chloroacetato
Mn cl
N——N—/—=N Mn’ Mn
Mn 1,3-azido chlorido
Mn——N N—M
n == s\ /s = n
A
N— s s =,

di(maleonitriledithiolato)platinum(I1I)

N
Né/ \QN -
Mn 1,5-dicyanamido Mn

\\\ (
N I )
Mn \ N N( Mn\N \Mn

hexa(1,5-dicyanamido)manganese(IT)

Scheme 3. The moieties used so far to connect [Mn,] SMMs into
infinite coordination networks.

These considerations are well evidenced by the products
obtained when using as the additional reagent a source of
the potentially bridging acetate, chloroacetate, and tri-
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chloroacetate anions.?”! In the latter case, with the bulky
trichloromethyl group, the isolated [Mny4] complex 8 is crys-
tallized (see Figure 2), while in the two former cases, chains
of [Mny] units connected through double syn-syn carboxylic
bridges are crystallized, in [Mng(hmp)s(MeCO,),](ClO,),*
Hzo (32) and [Mn4(hmp)6(ClCH2C02)z](CIO4)2'2H20 (33,
Figure 10), respectively.}] Given that the bridging moiety
is sufficiently small, this synthetic strategy is versatile. In-
deed, a very similar compound is obtained when using a
source of azido ligands, namely [Mny(hmp)e(N5),](ClO,4),
(34), in which the [Mny] units are linked one-dimensionally
by double p-1,3-azido bridges (so-called end-to-end bridg-
ing mode, see Figure 11).34 Finally, adding NaCl under the
same synthetic conditions,®® or starting from MnCl,
salt,? yields the related chlorido chain compound
[Mny(hmp)eCl,](ClO4), (35). In all these four chain com-
pounds, the [Mny] unit is almost identical to that in isolated
complexes, in which the terminal Mn!! ions are hexacoordi-
nate. The chains are well-isolated in the four structures by
perchlorate anions and lattice water molecules, with no sig-
nificant intermolecular interactions. In all four cases, the
bridges propagate weak antiferromagnetic interactions, as
expected for such syn-syn carboxylato, end-to-end azido,
and chlorido bridges. The four compounds therefore behave
as antiferromagnetically coupled chains of St = 9 [Mny]
units. The weak inter-[Mny] interaction (J) has been evalu-
ated to be —0.13, -0.10, -0.15, and —0.07 K for 32, 33, 34,
and 35, respectively. Apparently, the coupling along the
chain in chlorido compound 35 is sufficiently weak to allow
the observation of the slow relaxation of the magnetization
of the [Mn,] SMM units, as if they were isolated. Neverthe-
less, the existence of two types of chains with two different
orientations of the Mn'"' Jahn-Teller elongation axis (ca.
45°) results in a complex behavior at low temperatures,
which has been assigned to spin-canting.’®! Interestingly, in
the three chains with stronger intrachain antiferromagnetic
interactions, 32, 33, and 34, the typical responses of isolated
SMMs, e.g. slow relaxation of the magnetization and QTM,
are not observed as a result of the overall cancellation of
the spins along the antiferromagnetic chains. Nevertheless,
the presence of varying amounts of defects in these crystal-
line materials has allowed for the first time the measure-
ment and full modeling of the relaxation of the staggered
magnetization of such antiferromagnetic chains, through
the relaxation signal of chains with an odd number of [Mny]
units,33-371

Eventually, instead of small inorganic or organic linkers,
larger bridging moieties such as coordination complexes
can be considered. For a linear chain assembly, these linkers
should present two available donors or two labile coordina-
tion sites in trans positions. Indeed, when 12 is reacted in
acetonitrile with (NBuy)[Pt"(mnt),] in a 1:4 ratio, com-
pound  [{Mny(hmp)e(MeCN),} {Pt(mnt),}][Pt(mnt),].:
2MeCN (36) is obtained, in which the coordinated
[Pt(mnt),]  moieties doubly bridge the [Mny] units into a
{~[Mny]-[Pt(mnt),],}.. 1D coordination assembly through
one terminal cyanido group of each mnt> ligand (Fig-
ure 12).571 Uncoordinated [Pt(mnt),]” anions are located
4334
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Figure 10. Representations of a portion of the 1D assembly of
[Mny] units in [Mny(hmp)s(CICH,CO,),](Cl10,),2H,0 (33), in
which the outer Mn!! ions of two neighboring [Mny] units are dou-
bly bridged by syn-syn chloroacetate groups. The space-filling view
(right) highlights the steric limitations in such an assembly, as well
as a weak Cl-m interaction between the bridging chloroacetate
group and one of the hmp™ rings.

Figure 11. Representation of a portion of the 1D assembly of [Mng]
units in [Mny(hmp)e(N3)-]J(ClO4), (34), in which the outer Mn!!
ions of two neighboring [Mny] units and the two p-1,3-azido anions
form a chair-like bridge.

between these chains, packing in a broken stair-like column
with coordinated ones. Unlike those in 31, the platinum cat-
1ons in 36 are trivalent, and 36 is an insulator at room tem-
perature. The magnetic behavior of 36 is that of isolated
paramagnetic [Pt(mnt),]” and SMM [Mny] units, as only
extremely weak antiferromagnetic interunit interactions
could be observed. These interactions were evaluated to be
about zJ/kg = —0.001 K from the shift of the central step
from zero-field in the hysteresis loop measured on an ori-
ented single crystal at 470 mK.7!

o

Figure 12. A view of the structure of compound 36 showing the
connection among neighboring [Mny] units into chains through
double [Pt(mnt),]” bridges.

Given the current interest for chains of anisotropic spins,
arising from the discovery of single-chain magnets,[!3:16-6%
the present [Mny(hmp)g]** building block should allow the
isolation of new SCM systems. Of particular interest along
this line is the use of a ferromagnetic short linker, or intra-
chain antiferromagnetic coupling, as observed so far, but
with a paramagnetic low-spin bridge, which would induce
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ferromagnetic arrangements of the SMM spin carriers. Ob-
viously, higher dimensionality may also be attained. If in-
stead of short double bridges, one uses sufficiently long and
flexible linkers or a coordination complex with more avail-
able donors or labile coordination sites, then the units may
be connected not to two, but to four (2D assembly) or even
six (3D assembly) neighboring [Mny] moieties. The few
known examples reported so far are described in the next
two sections.

2D Coordination Assemblies of [Mng4] Units

The dicyanamide anion N(CN), (dcn”) has allowed the
isolation of a number of extended magnetically coupled
compounds by reaction with simple transition-metal
salts.!] Tt usually acts as a bidentate linear p-1,5-bridging
ligand, although other bridging modes are possible.l®! It is
therefore not sterically demanding, rather flexible, and thus
represents a good candidate for the assembly of the [Mny]
units into higher coordination assemblies. Indeed, three 2D
compounds have been isolated, in which each terminal
hexacoordinate Mn'" ion bears only two den™ anions that
bridge two separate [Mn,] neighbors.[*8! A view of the layers
in these three related compounds is sketched in Figure 13.
[Mny(hmp)g(den),](ClOy4), (37) is simply obtained from
compound 12 in situ by adding, as the last step of the reac-
tion, a limited amount of Na[den] (Mn/Hhmp/Na[den] =
1:2.5:0.4). Another way of limiting the number of den~
anions per terminal Mn'! ions is to use a mixture of Hhmp
and H,pdm in a similar reaction that yields [Mny(hmp),-
(Hpdm),(den),](ClO4),:2H,0-2MeCN (38). Indeed, as in
compound 13, the two monodeprotonated Hpdm™ ligands
afford the ps-O bridges but also act as terminal ligands for
the Mn'! ions through their protonated hydroxymethyl arm,
thus blocking one coordination site of these outer Mn!!
ions. In [Mny(hmp)4Br,(MeO),(dcn),]-0.5H,O-2thf (39),
which is obtained from compound 23 and Na[dcn] in
MeOH, the dcn anions have replaced the coordinated
water molecules, and together with methoxide ions (that
provide the ps;-O bridges), two hmp  ligands. In 39, it is
the coordinated bromide ion that limits the number of den™
anions per Mn'".

As can be seen in Figure 13, despite a very similar 2D
structure of dicyanamido-bridged [Mny] units, compounds
37, 38, and 39 strongly differ in the two orientations pre-
sented by the [Mny] easy axes of magnetization within these
sheets, which form angles of 9, 80, and 63°, respectively.
The low-temperature magnetic properties are strongly influ-
enced by this simple structural difference. The weak antifer-
romagnetic interaction (zJ/kg = —0.05 K, with z = 4) propa-
gated through the dicyanamido bridges implies theoretically
a canted antiferromagnetic ground state in the three com-
pounds, with expected T values of 0.8 K for 38, ca.2.1 K
for 39 and ca.4.4 K for 37. If the angle is small, as in 37,
the magnetic order is observed normally as it occurs in the
temperature range (at 4.6 K for 37) where the dynamics of
the [Mny] units is fast. On the other hand, for larger angles,
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Figure 13. Views of the 2D sheets of [Mny] units in [Mny(hmp)s-
(den)oJ(ClO4), (37, top),  [Mny(hmp)s(Hpdm)y(den),](ClOy)y:
2H,0-2MeCN (38, middle), and [Mny(hmp),Br,(MeO),(dcn),]
0.5H,0-2thf (39, bottom), in which the [Mny] easy axes of magne-
tization (Jahn-Teller elongation axis of the Mn'!"! ions) have two
orientations separated by 9, 80, and 63°, respectively.

the effective magnetic interactions are reduced, and the
magnetic order is stabilized at lower temperatures, which
makes its achievement difficult within the timescale of the
experiments because of the intrinsic slow dynamics of the
[Mny] SMM units. Indeed, compound 38 behaves as a clas-
sical SMM, while interplay between slow relaxation of mag-
netization (SMM) and the ordering phenomenon is ob-
served in 39. These three 2D compounds, obtained by con-
trolling the number of bridging dicyanamido ligands per
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www.eurjic.org



MICROREVIEW

O. Roubeau, R. Clérac

[Mny], have thus led to new magnetic behaviors resulting
from the competition between dynamic properties of the
[Mny] units and thermodynamic behavior induced by the
coordination networks.[3¢]

A Unique 3D Coordination Assembly of [Mny4] Units

Under similar synthetic conditions as those used to ob-
tain the 2D assemblies above, the three potentially available
coordination sites on each external Mn'! ions of the [Mny]
units can be occupied by bridging den™ anions. Indeed,
when using dicyanamide in a higher Mn/dcn™ ratio {namely
Mn(ClOy),*6H,O, hmp, and Na[dcn] in a 1:2:1 molar
ratio}, the six positions are occupied by den™ connecting the
[Mny] units into a 3D assembly, namely [Mny(hmp)4(OH),-
Mn(dcn)g]-2MeOH-2thf (40).1%! This arises at the expense
of the hmp  ligand, which normally provides the ps-O
bridge and is terminally coordinated to the Mn'! ion. In 40,
it is replaced by one of the den™ anions and a ps-hydroxido
moiety. The six den™ ligands per [Mny] bind in the p-1,5
mode to a Mn'! ion, thus forming a [Mn"(dcn)g]* unit,
interconnecting the [Mny] into a 3D coordination network
(see Figure 14). At low temperatures, the antiferromagnetic
interactions mediated by dicyanamido anions between the
[Mny,] units (St = 9) and the Mn'" (S = 5/2) result in a
ferrimagnetic order observed at T = 4.1 K. These interac-
tions are overcome at a critical field H- of 23 kOe. Both
Tc and H¢ allow a consistent estimation of the interaction
(J3p) through the dicyanamido anion at ca.—0.03 K. Com-

Figure 14. Two simplified views of the structure of 40 showing the
connection of the [Mng] unit to six Mn"' ions (top) and the connec-
tion of each Mn!"' ion to six [Mn,] units (bottom) through dicyana-
mido ligands.
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pound 40 was the first material to show that anisotropic
classical magnets can be designed with SMM building
blocks.[6?]

Potential Outcomes of the Assembly of Magnetic
Complexes and Selected Examples

Designed Assemblies of Magnetic Complexes: from Weakly
Interacting to Magnetically Correlated Systems of High-
Spin Complexes

The first goal of selecting building blocks and linkers
through their coordination acceptor and donor abilities is
to control the way these elements are going to self-assemble
into extended networks of varying dimensionalities, and
thus to be able, in fine, to predesign the final assembly in
order to obtain premeditated physical properties. The exam-
ple of the [Mny] unit considered here shows that this crystal
engineering strategy is indeed possible with SMM building
blocks. Almost all types of networks, e.g. coordination 1D,
2D, 3D networks, but also hydrogen-bonded systems, have
been obtained with simple synthetic considerations. The
first outcome of these coordination assemblies is thus basic
knowledge on the coordination potential, as acceptor or
donor, of certain high-spin complexes. However, further
studies are still necessary to gain a real control over the way
these SMM or high-spin complex building blocks assemble
and to extend the rational assembly to other building
blocks and linkers. Indeed, a number of reports in the litera-
ture illustrate that this type of synthetic rationalization,
made by using the [Mn4] SMM building block, is applicable
to other systems. As shown in the next paragraphs with
some selected examples, a variety of magnetic building
blocks and linkers have already been used to design new
materials. The magnetic properties of these coordination as-
semblies are also briefly discussed.

When magnetic properties are targeted, not only the di-
mensionality but also the orientation of the anisotropic
building blocks in the assembly should be controlled, which
has so far not been fully possible. A way to achieve such
geometrical control is to use the complex-as-ligand strat-
egy,l'81 by which rather strict geometric constraints can be
achieved. As an example, reacting an out-of-plane S = 4
dimer [Mns(saltmen),(H,0),](ClO,), {41, saltmen®> =
N,N’-(1,1,2,2-tetramethylethylene)bis(salicylideneiminate) }
with the neutral mononuclear unit [Ni(pao),(py),] (42, pao~
= pyridine-2-aldoximate) results in the replacement of axial
water molecules of 41 by the O donor of pao-, which are
disposed trans to each other in 42. Thus, with these geomet-
ric constraints, infinite heterometallic chains of the aniso-
tropic Mn'"" and Ni" ions are formed.['% In [Mn,(saltmen),-
Ni(pao)»(py)-](ClO4), (43), the repeating unit is [-Mn-—
(0),-Mn-ON-Ni-NO-],, (see Figure 15). The dominant
magnetic interaction along the chains (which are well iso-
lated from each other in the structure) is that mediated by
the aldoxime bridge (J/kg = -21K), resulting in
Mn-++Ni--Mn trinuclear units with an S = 3 ground state

Eur. J. Inorg. Chem. 2008, 4325-4342



A [Mny] Single-Molecule Magnet Building Block

Eur|IC

that are ferromagnetically coupled via the biphenolate
bridge. As a result of this combination of high-spin mag-
netic units, strong interunit interactions, and uniaxial an-
isotropy, 43 shows hysteresis loops as well as slow relax-
ation of the magnetization, at low temperature, indicating
the presence of a metastable state without magnetic long-
range order. This material was the second example of a
SCM and the first heterometallic one with a ferromagnetic
interaction among the spins along the chain. A whole fam-
ily of SCMs could be isolated and studied by using the same
designed assembly with various building blocks.[®] Also to
be mentioned are the assemblies of dinuclear complexes
similar to 41, albeit with salen-based ligands, into one-di-
mensional arrays through hydrogenocyanamide single brid-
ges, exhibiting various types of low-temperature magnetic
properties.[®4

Figure 15. A view of the linear Mn+**Ni***Mn(O),Mn+**Ni**Mn se-
quence within the chains in [Mn,(saltmen),Ni(pao),(py)-](ClO4),
(43). The out-of-plane biphenolate bridge is shown as dashed bold
lines.

Oxido-centered triangular [M3;0(O,CR)sLs]"" (n = 0, 1)
complexes have often been used to construct molecular
magnetic materials, and especially SMMs.*3! Nevertheless,
these planar compounds act more as sources of M-oxido
and/or carboxylates rather than as building blocks. Indeed,
they usually present antiferromagnetic interactions yielding
a low-spin ground state, and, most importantly, the easy
axes of magnetization of the metal ions in the [M5O] unit
are not parallel to each other. Nevertheless, a neutral oxido-
centered Mn'"" triangular complex with all Jahn-Teller
elongation axes of the Mn"! ions parallel to each other has
been isolated with the bulky 3,5-di-zert-butylsalicylaldoxime
(tBu-saoH,): [Mn;0(tBu-sa0);CI(MeOH)s] (44).19] Inter-
estingly, the apical positions are all occupied by the
chlorido and methanol terminal ligands, thus making 44 an
interesting building block for assembly into infinite chains
through replacement of some of the apical donors. Indeed,
replacement of the chlorido ligand by either formato or
azido ligands results in the isolation of chains of very sim-
ilar [Mn;O] units bridged by the anti-anti formato ligand in
[Mn;0(Bu-sa0);(HCOO)(MeOH)s]-MeOH-0.5H,0 (45) or
the end-to-end azido ligand in [Mn;O(/Bu-sao);(Ns)-
(MeOH);]-0.5MeOH (46).1%1 In both compounds, the rBu
groups isolate the chains well, and in both cases slow relax-
ation of the magnetization, typical of SCM behavior, is ob-
served. In 45, the interaction between [Mn;O] units through
the anti-anti formato bridge is weak and antiferromagnetic,
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while that in 46 through the end-to-end azido bridge is fer-
romagnetic and stronger, resulting in the observation of re-
laxation at higher temperatures (7 K at 1500 Hz), related to
a larger energy gap, A//kg = 96.6 K. A similar chain with
anti-anti acetato bridges [Mn"';O(Meppz);(EtOH)4(OAc)]
{47, Meppz = 3-(5-methyl-2-phenolate)pyrazolate, see

Figure 16} was obtained by another group from a prede-
signed triangular complex, [Mn";O(Meppz);(EtOH)sCl]
(48), similar to 44.1°61 As in 45, the interaction through the
anti-anti acetato bridge is antiferromagnetic, and 47 be-

haves nevertheless as a SCM. Interestingly, its noncentro-
[66b]

symmetric structure results in dielectric relaxation.

Figure 16. A view of the structure of compound 47 showing the
connection among neighboring triangular [Mn;] units into chains
through a single acetato bridge.

Another example with similar bridges is obtained from
MnCl,2H,0 and the polyalcohol 1,1,1-tris(hydroxymeth-
ylethane (Hsthme). In the presence of sodium azide and
under aerobic conditions, necessary for oxidation of Mn!!
to Mn'"!, the original pe-oxido-centered hexanuclear mixed-
valent complex Na[Mn"™n5(p-O)(thme)s(N3)s(H,O)]:
5H,0 (49), shown in Figure 17, is isolated.[®7] Compound
49 presents an octahedral [Mng] core with the pe-O?> ion
at the centre, the four thme*~ ligands completing this very
symmetric core through three p-O bridges. The azido or
water terminal ligands that complete the octahedral envi-
ronment of all six Mn ions could then be used either to
form end-to-end intercomplex bridges or to be replaced by

\C

Figure 17. A view of the pg-oxido centered [Mng] complex present
in 49 and 50, showing the water and azido terminal ligands.
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another bridging ligand, respectively. Indeed, under very
similar synthetic conditions, the use of higher temperatures
favors the formation of azido end-to-end bridges among
similar octahedral [Mng] complexes, resulting in compound
Na,[Mng(pie-O)(thme)4(N3)s](Hsthme), (50).°77 In 50,
neighboring [Mng] units are connected through one sole
shared azido ligand to form infinite zigzag coordination
chains, while the rest of the azido ligands remain terminal.
Nevertheless, the magnetic properties of both compounds
are very similar and are dominated by antiferromagnetic
interactions, resulting in the case of 49 in a S = 2 ground
state.

Finally, when the linker propagates a more significant
magnetic coupling, magnetic correlations among the high-
spin complexes assembled may yield various kinds of prop-
erties. As shown in 41, 47, or 48, if the correlations are 1D
(even if the interactions are not very strong), then the final
assembly can be a magnetically arranged chain of uniaxial
anisotropic spins that should, if well isolated, present slow
dynamics typical of SCMs, as first predicted by R. J.
Glauber for an Ising chain.[®8! On the other hand, classical
ferro- or antiferromagnets may be attained when these cor-
relations are 3D or 2D, the intrinsic magnetic anisotropy of
SMM building blocks being an advantage to potentially
favor relatively large coercivity. As shown by the 2D sys-
tems obtained from the [Mny] SMM considered here, the
orientation of the magnetic complexes and therefore of their
anisotropy axes can drastically affect the final bulk proper-
ties. As a result of various orientations in the assembly,
canted magnets may also be isolated. Although some exam-
ples of such assemblies of correlated magnetic complexes
have been reported, some obtained in a rational manner,
their number is still very limited, and one can expect that
promising new systems would be obtained in the near fu-
ture. A good example arises from the use of nitroxide as a
magnetic linker. Indeed, 2,4,4,5,5-pentamethyl-4,5-dihydro-
1 H-imidazolyl-3-oxide-1-oxyl (NIT-Me) can replace ter-
minal thf moleculesin the[Mng] complex [MngO,(tBuCO,); (-
(thf)4]-thf (51) to connect two neighboring [Mng] units
through its two oxygen atoms.[] This results in extended
heterospin networks in which the [Mng] units remain but
interact magnetically through and with the NIT-Me moiety.
Interestingly, in this system, it is not the stoichiometry but
the solvent in which the reaction is conducted that controls
the number of replaced thf molecules and therefore the di-
mensionality of the final assembly. In dichloromethane,
only two thf terminal ligands on opposite sides of the [Mng]
complex are replaced, resulting in infinite chains in
[MngO,(tBuCO,)o(thf),(NIT-Me)MngO,(tBuCO,) -
(thf)(CH,ClL,)(NIT-Me)] (52). On the other hand, in hep-
tane or CCly, all four thf positions are replaced by NIT-
Me, forming [MngO,(1BuCO,),o(NIT-Me),] (53), which
possesses a diamond-like framework structure. Views of the
connectivity between [Mng] units in these two compounds
are sketched in Figure 18. As a result of the antiferromag-
netic interaction between NIT-Me and the [Mng] units and
noncompensation of spins, 53 presents a ferri-
magnetic order at Tc = 3.5 K.
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Figure 18. The connections between neighboring [Mng] units
through NIT-Me in 52 (top) and 53 (bottom), respectively.

Isolated High-Spin Building Blocks in Coordination
Networks through “Innocent” Bridges

When the linker does not mediate any significant mag-
netic interaction (e.g. “innocent” bridge), the assembly re-
sults in well-ordered connected magnetic complexes, which
can nevertheless be considered to be isolated high-spin com-
plexes from the magnetic viewpoint. This may lead to mate-
rials with improved SMM or more general magnetic prop-
erties, as the linker may force a better isolation and orienta-
tion of the molecular magnets than by simple traditional
crystal packing through weak interactions. Several groups
have attempted to anchor or deposit isolated SMM mole-
cules on different surfaces for the use of their individual
properties at the nanoscale.l’”l Following this goal, extended
networks of connected and organized but magnetically iso-
lated SMMs may be useful to form crystalline deposits di-
rectly on the surface. An example of large mixed-valent Mn
complexes connected into an infinite coordination network,
but isolated from the magnetic point of view, is observed in
a 3D coordination polymer based on [Mn,¢] units, namely
in [Mn;oNa(ps-0)o(n3-O)(13-OH)3(0.CMe)y(pd)o(H0);]-
[OH] (54).7'1 Although obtained by serendipitous assembly
from 1,3-propanediol (H,pd), this compound shows a con-
nection among the mixed-valent [Mn'",Mn'",,] aggregates
that is different from those seen so far in this review: each
[Mno] is connected to three sodium cations through pis-
acetate groups. Each [Mno] is thus bridged through the so-
dium cations, as well as through direct ps-acetato links (see
Figure 19), to three similar units. The resulting highly or-
dered framework presents large channels of ca. 12X 16 A2
The [Mno(ps-O)o(13-O)(113-OH)s] core has a triangular-py-
ramidal topology, possesses a large S = 23/2 ground state
and behaves as SMM below 1.1 K. Nevertheless, the linker
in 54 does not mediate a significant magnetic coupling so
as to affect the molecular behavior of the pseudo-isolated
[Mno] units.
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Figure 19. The connection between three neighboring [Mn o] units
(only the two Mn ions involved in the connection and their coordi-
nation spheres are drawn for clarity) through a Na* cation (here at
the center) and ps-acetato bridges in [Mnj9Na(my-O)g(m3-O)-
(m3-OH)3(0,CMe)o(pd)s(H,0);][OH] (54).

Similar diamagnetic bridges are obtained from polycar-
boxylic acid ligands, in conjunction with a source of hy-
droxido, oxido, or short alkoxido bridges, which also favor
the serendipitous assembly of large transition-metal aggre-
gates.”?! For example, with the carboxyphenyliminodiacetic
acid (Hscpida) ligand, triethylamine as a base, and a source
of Cu", a “ferrimagnetic”’® isolated dodecanuclear com-
plex formulated as [Cu;,(ps-OMe),(1-OMe)g(cpida)g]> is
obtained. Interestingly, by using alkali metal hydroxide
bases (M = Na, K, Rb, Cs), these [Cu;,] aggregates can
be assembled by mono-, di-, or tetraalkali bridges, through
carboxylate groups, into 1D, 2D, and 3D networks of the
unmodified [Cu,] unit.’¥ Note, nevertheless, that this
strategy is not limited to diamagnetic alkali bridges, since,
when using an excess of the Cu'! source, the [Cu;,] aggre-
gates are linked into a zigzag chain through magnetic
[Cu,(u-OMe),]?* bridges (see Figure 20), in [{Cu;s(us-
OMe),(1-OMe)g(cpida)e} {Cur(u-OMe),}] (55). Although
the magnetic properties of 55 were not reported, given the
Cu-O-Cu angles, the [Cu,] bridge is likely antiferromag-
netically coupled, which means that it will in fact be quasi-
diamagnetic at low temperatures.[’>]

Figure 20. The connection of two [Cuj,] units through [Cu,(p-
OMe),]** moieties along the zigzag chains in [{Cu»(us-OMe),(u-
OMe)g(cpida)g} {Cus(n-OMe),}] (55). For clarity, only the Cul!
ions and the oxygen atoms involved in the bridging of the [Cu,,]
aggregates are shown as balls and sticks.

Bipyridine ligands are often used to build metal-organic
frameworks and represent other potential nonmagnetic lin-
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kers for high-spin-building-block complexes, as each pyr-
idine can act as a terminal N-donor ligand. With 4,4'-bi-
pyridine (4,4'-bipy), two such assemblies, namely
[Mn4O5(PhCO,)s(dbm),(4,4'-bipy)] (56)7°! and [MneO,-
(tBuCO,);((tBuCO,H),(4,4'-bipy)] (57),’1 have been re-
ported starting from the butterfly core (NBuy)[MnyO--
(PhCO,),(dbm),] (58) and the mixed-valent [Mng] complex
[MngO,(1BuCO2),o(tBuCO,H),] (59), respectively.l’8 In the
first system, the only carboxylate group bridging the Mn
ions in the central body in the starting complex can be re-
placed, after treatment with Me;SiCl, by two 4,4'-bipy li-
gands in anti position, thus resulting in a staircase-like lin-
ear infinite arrangement of the initial [Mny] units. In the
latter case, two of the terminal pivalic acid tBuCO,H li-
gands on neighboring Mn'! ions of 57 are replaced by 4,4'-
bipy ligands, this disposition resulting in zig-zag chains of
[Mng] units in 59, as shown in Figure 21. In both cases,
the magnetic properties of the 1D-assembled systems are
identical to those of the starting building blocks.

connection

Figure 21. The through 4,4'-bipy in [MngO,-
(tBuCO,)¢(tBuCO,H),(4,4'-bipy)] (59), yielding a 1D arrange-
ment of [Mng] units, which are nevertheless magnetically isolated.

Original Physical Behaviors or Multifunctional Materials

The assembly of high-spin complexes may also allow the
isolation of multifunctional materials with an unprece-
dented coexistence of specific physical properties. A good
example is the first case of coexistence of conductive and
SMM properties, as in 31. Original physical properties may
also be observed thanks to a controlled assembly of high-
spin complexes. Indeed, the slow relaxation of the staggered
magnetization of antiferromagnetic chains has been ob-
served for the first time thanks to finite-size effects in anti-
ferromagnetically coupled chains of [Mny] SMM, e.g. 32,
33 and 34. Quantum relaxation was also observed recently
in a SCM." Overall, one can expect to obtain new materi-
als with novel physical properties as a result of more studies
on molecular nanomagnets and their assemblies. So far,
magnetic interactions within the magnetic complexes used
as building blocks is usually larger than those occurring
through the linkers. The case of strong correlations, espe-
cially in 1D systems, has in fact been very sparsely docu-
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mented experimentally;®% nevertheless, original behaviors
may arise. Eventually, the use of light-sensitive linkers may
allow to tune both the dimensionality and topology of an
extended network of magnetic units as well as the magnetic
carriers themselves.®!] The first point might be achieved
with an organic linker that is able, upon adequate irradia-
tion, either to create/break the magnetic pathway between
the magnetic carriers, or to change its conformation. The
second point would be achieved with a diamagnetic transi-
tion-metal-containing linker, which, upon irradiation,
would participate with a neighboring metal of the magnetic
complex in a metal-to-metal electron transfer as acceptor.
The resulting phenomenon would then be a photoinduced
switch from a system with isolated magnetic complexes to
a magnetically coupled extended network.

Conclusions

The assembly of high-spin polynuclear coordination
complexes into extended coordination or hydrogen-bonded
frameworks may give access to original and interesting
magnetic properties such as single-chain magnets, molecu-
lar-based classical magnets, or systems possessing an inter-
play between modified quantum and bulk thermodynamic
properties. Multifunctional materials may also be con-
structed from building blocks with adequate conductive,
optical, or other properties. For this purpose, the rational
design or selection of the starting complexes and of the lin-
kers is of paramount importance in controlling the dimen-
sionality of the desired coordination network. The way the
magnetic units are disposed and interact in the solid state
are also prime parameters that the chemist can intend to
adjust by judiciously selecting the components of the as-
sembly. The use of a [Mny] single-molecule magnet as build-
ing block illustrates well the different strategies and out-
comes in terms of physical properties that can be attained.
Although many coordination frameworks based on polynu-
clear metal complexes have been reported, very few have
been obtained from isolated, well-characterized building
blocks, allowing a rationalization of the synthetic strategies.
In this respect, if one considers that these few rationally
designed systems have been synthesized in the last six years,
one can suppose that the present subject has an eventful
and promising future ahead. We hope that this review,
exhaustive with regard to the [Mny] system, will be useful
for scientist eager to develop new strategies and new frame-
work materials based on high-spin coordination complexes.
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