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Magnetic and Porous Molecule-Based Materials

Nans Roques, Veronica Mugnaini, and Jaume Veciana

Abstract In this chapter, we give an overview of the recent state-of-the-art research
of porous and magnetic molecule-based materials. The subject is introduced by
a section devoted to the fundamentals of magnetism in molecular magnets, with
special attention to the design strategies to prepare molecular magnetic materials.
We will then focus on the two main families of materials combining porosity and
magnetism: the purely organic and the metal-organic porous magnetic materials.
For both families, a selection of the most representative examples has been made.
A complete section is devoted to magnetic and porous materials with flexible
frameworks, an area of emerging importance in this field, because of their wide
range of applications. Finally, we conclude with a brief overview on the most recent
approaches for the future development of these materials.
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1 Introduction

Since Flanigen and co-workers reported the synthesis of the first zeolite analogues
— the microporous aluminophosphonate solids [1] — the number of synthetic porous
solids has increased significantly. Over the past 30 years, in addition to the large
number of porous phosphates described in the literature, new oxygen-containing
porous materials have been obtained, combining phosphites, oxofluorides and oxo-
chlorides, fluorides, nitrides, sulphates, sulphides, selenites, halides, germinates,
arsenates, and cyanides with a large list of metal ions [2—4]. Together with the rapid
development of these inorganic porous materials, a new class of porous solids
emerged around 15 years ago, when organic molecules were introduced as direct
constituents of porous structures. These porous solids result from the reaction
between inorganic and organic species (the latter mainly containing O and/or N
donor atoms) to build open-frameworks whose skeletons contain both organic and
inorganic moieties mainly linked by strong bonds [5], at variance to supramolecular
chemistry. According to the dimensionality of the inorganic framework, Férey
classified these new porous materials into four different categories [6] (an alterna-
tive classification has been proposed by Cheetham and co-workers [7]) (Fig. 1).
Thus, the introduction of organic connectors can induce pillaring between infinite
inorganic 2-D layers or allow connecting infinite inorganic 1-D chains. These 2-D
and 1-D systems are usually referred to as organic-inorganic hybrid materials, in
contrast to the pure inorganic 3-D zeolites. Eventually, organic linkers could also
be arranged around single ions or discrete polymetallic species, as in coordination
chemistry, to afford 0-D structures, as far as the inorganic part is concerned. These
0-D inorganic structures will be referred from now on as coordination polymers or
with the more general acronym MOFs (metal-organic frameworks).

Since the beginning of the 2000s, thousands of publications describing open-
framework coordination polymers have been reported [8—15]. The reason why
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Fig. 1 Classification of porous structures depending on the dimensionality of the inorganic sub-
network. (a) 3-D pure “inorganic”-based framework; (b) Pillared 2-D “inorganic” layers through
multitopic organic linkers; (¢) 1-D “inorganic” chains linked through multitopic organic linkers;
(d) Coordination polymers resulting from the connection of 0-D “inorganic” species (metal-
organic assemblies or isolated metal ions) thanks to multitopic organic linkers. The design of this
figure has been inspired from ref 6

these materials have attracted so much attention is twofold. First, and compared to
“classical” porous solids, it consists in the potentiality offered by organic chemistry
to design organic multitopic ligands combined with the huge number of metal ions
and polynuclear species, previously isolated in coordination chemistry, providing
an almost endless number of possibilities for creating new MOFs. Therefore,
numerous examples of nanoporous coordination polymers have been reported in
the last few years, showing diverse topologies, rigid or dynamic frameworks,
increasingly higher pore sizes and specific surfaces, and various pore shapes and chemi-
cal nature [16]. The second reason is related to the important applications expected
for these coordination polymers. As organic-inorganic zeolite analogues, these
systems have shown relevant properties in the areas of ion exchange [17-22], separation
processes, [23] and catalysis [24-26]. Particularly, their potential use in gas storage
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applications [27-29] has greatly contributed to the expansion of this research line.
For instance, Férey, Kitagawa, Yaghi, and co-workers have shown the ability of
some MOFs in the sorption of carbon dioxide [30], methane [31-35], and hydrogen
[27], domains of paramount importance concerning pollution and energy problems.
Such results, together with the efficiency recently shown by some of these porous
solids for industrial applications [36-39], make us think that MOFs-based gas stor-
age devices will be developed in the near future. However, as far as properties are
concerned, the major revolution comes from the large diversity of elements — metal
ions or polynuclear species and organic molecules — involved in the direct composi-
tion of the open-framework. This situation opens new perspectives in the design of
a second generation of multifunctional porous materials [40-42], which combine
classical applications of zeolites associated to their inherent porosity character with
the development of novel chemical and physical properties, such as, among others,
magnetic, conductive, and/or optical properties (for a complete review on multi-
functional open-framework materials see [43]).

Since magnetic open-framework materials are probably the most abundant among
multifunctional porous materials reported to date, we aim to give, in this chapter,
a short overview on the different types of magnetic and porous coordination polymers,
although, due to the large number of examples so far described in the literature,
we have decided to focus on representative cases. Therefore, in order to proceed
in a pedagogic fashion, the second section will describe the main approaches used
so far to construct molecule-based magnetic materials. Using the given information
as a starting point, we will hence demonstrate, in the third and fourth sections, that
the same tools and rules can be used to design magnetic and porous frameworks.
Particularly, the third section will focus on purely organic open-frameworks, an
emerging new class of porous solids composed of only organic molecules
bonded by weak interactions, whose design takes advantage of supramolecular
chemistry. The fourth section will be devoted to metal-organic coordination
polymers and to some representative cases of MOFs. In the fifth section, we will
show some cases reporting the most remarkable properties of coordination
polymers: their dynamic structural transformations due to their flexible structures,
which could be used to modulate the magnetic properties. Finally, the last section
will be dedicated to the state-of-the-art research in this field, giving some repre-
sentative examples on recent investigations focused on magnetic nanoporous
materials.

2 Molecular Magnetic Materials: General Concepts

Magnetism has long attracted the imagination and attention of the scientific com-
munity, and magnets have been essential for the transformation of our society into
the high-technology one of today [44]. Particularly, the remnance and hysteresis
phenomena associated with magnetic materials are fascinating: hysteretic materials
retain part of their magnetization and hence, can store information below their critical
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temperature [45]. This characteristic explains the wide spreading study of molecule-
based magnets for their application in modern technology as well as in the field of
nanotechnology [46].

A magnetic material always consists of a spin-bearing moiety responsible for the
magnetic behaviour. According to the nature of the spin site — also named magnetic
unit — magnetic materials can be classified into traditional magnets, composed only
of inorganic magnetic units, and molecule-based magnets, incorporating molecules
in their structures. These latter ones will be the subject of this section [47].

A single spin-bearing moiety cannot be responsible for the magnetic character
of a magnet, since magnetism is a bulk phenomenon, i.e., it is never associated with
the presence of a single spin or many isolated spins, but rather with the presence of
many interacting spins in bulk materials. Therefore, a magnet does not only consist
in a magnetic unit, but also in a connector or spacer (either an organic or an inor-
ganic species) able to propagate the magnetic interactions among the magnetic
units. These connecting species can be either magnetically non-active or magneti-
cally active. While magnetically non-active ligands are only responsible for the
transmission of the exchange interactions by properly placing the spin-bearing sites
in space, magnetically active spacers might play, in addition, an active role in the
determination of the final magnetic properties of the material. A particular case is
represented by pure organic magnets, where the magnetic unit is an organic open-
shell molecule and the interaction between the spins is mediated by non-covalent
bonds, such as hydrogen bonds, and therefore, no spacers, neither organic nor inor-
ganic, are needed [48, 49], as will be described in Section 3. The main factors that
contribute to the overall magnetic behaviour in molecule-based magnets are: (1) the
topology of the molecules and (2) the molecular packing. The shape of the mole-
cules and their electronic structure play a crucial role in determining the crystallo-
graphic structure, while the magnetic interaction or coupling between the spins
through covalent and/or non-covalent bonds depends on the molecule packing that
ultimately governs the cooperative behaviour. Hence, the molecular topology and
the packing are of utmost importance for the interaction of the spins and the mag-
netic ordering at a characteristic temperature, named the critical temperature. Such
a temperature will be determined by the strength of the magnetic interactions
between the spins as well as by the dimensionality of such interactions. One of the
goals of the research on molecular magnetism is to achieve a molecular material
with a residual permanent magnetization at zero-field for an as-high-as-possible
critical temperature, below which all spins of the magnetic units are ordered. The
ordering of the spins may lead to three different types of cooperative magnetic
behaviours: ferromagnetism, ferrimagnetism, and antiferromagnetism. In the case
of ferromagnetism, the structure allows for a parallel alignment — ferromagnetic
coupling — of all the spins in the ordered phase [50]. In both ferrimagnets and anti-
ferromagnets there is an antiparallel alignment or antiferromagnetic coupling of the
spins of neighbouring spin carriers. When the individual magnetic moments are
different, the result is a non-zero total magnetic moment of the bulk material and
the material is ferrimagnetic. Instead, when there is an antiparallel coupling of spins
of identical magnetic moments, the magnetizations of the two sublattices cancel and
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the material shows antiferromagnetism, with a total null magnetic moment. Since
states of low-spin (LS) multiplicity are often more stable than states of high-spin (HS)
multiplicity, and the structural and electronic requirements for achieving ferromag-
netic couplings are much stricter than for antiferromagnetic ones, antiferro- and
ferrimagnetism are much more common than ferromagnetism in nature.

2.1 Molecule-Based Magnetic Materials: Why?

Nowadays, research on molecule-based magnetic materials is focused on the study
of molecular compounds, combining magnetic properties normally associated with
inorganic materials with the chemical flexibility of their molecular tectons. While
traditional inorganic materials, during their synthesis, are subjected to high tem-
peratures, which ensure thermodynamic stability but limit chemical flexibility, one
of the advantages provided by molecules is the possibility to alter and modulate the
interactions between the building blocks, changing the structure of the molecule by
means of organic chemical methods [51]. Moreover, if a multifunctional organic
molecule is used as a synthon of the magnetic material, the result could be a mul-
tifunctional molecule-based magnetic material.

The increasing interest in molecular magnetism is explained not only by the
larger malleability of molecular tectons but also by the large variety of possible appli-
cations of molecular magnetic materials into the emerging field of nanotechnology.
Thus, molecular materials have emerged in many application areas such as data
storage and quantum computation and the design of new conductors and supercon-
ductors, or novel non-lineal optical materials [44]. The presence of magnetism in
such materials makes molecular magnetism even more interesting. Nevertheless, it
remains a challenge to prepare a magnetic molecular material showing bistability
at room temperature or above because of the difficulties in predicting not only the
spatial arrangement of the molecules but also the strength of their magnetic interaction
and hence, their bulk magnetic properties, which depend on both the architecture of
the material and the cooperative intermolecular magnetic interactions.

2.2 Magnetic Interactions in Molecular Materials

The most interesting magnetic properties of a material are represented by ferromag-
netism and ferrimagnetism, since they give rise to spontaneous magnetization
below the critical temperature. Generally, the different behaviour of magnetic mate-
rials is explained on the basis of the magnetic exchange coupling, J, which
describes the interaction between two spins and is defined by the effective spin
Hamiltonian, H= —2JS,S,, where 2J is the energy separation between the singlet and
the triplet states. A positive J indicates ferromagnetic coupling, while a negative J
indicates antiferromagnetic coupling. Generally, a parallel coupling between the
spins occurs when the interacting magnetic orbitals are strictly orthogonal to each

other, while if they have non-zero overlap, an antiparallel alignment will be favoured.
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To have a bulk ferromagnet it is necessary that parallel couplings dominate along
the three directions of the lattice, but the orthogonality conditions are difficult to
impose on all the neighbours of a given spin at the same time, hence, making
ferromagnetic behaviour a rarity. By contrast, antiferromagnetism is more common,
since magnetic orbitals tend to overlap each other along the three directions of the
lattice, favouring the antiparallel alignment of spins.

In the case of molecular materials, the first evidence of a purely organic compound
with ferromagnetic interactions was given in the late 1960s when such interactions
were identified in the case of galvinoxyl radicals [52] (Fig. 2 ).
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Fig. 2 Molecular formula (left) and magnetic susceptibility (right) of galvinoxyl radical.
Reprinted from ref 52 [Blundell SJ, Pratt FL, “Organic and Molecular Magnets”, (2004) J Phys
Condens Matter 16:R771] with permission of IOP publishing Ltd

In the specific case of galvinoxyls, the small intermolecular SOMO-SOMO overlap,
together with the excited charge transfer configurations, involving intermolecular inter-
actions between the singly occupied molecular orbital (SOMO) on one molecule and
the fully occupied molecular orbital on the other is responsible for the parallel align-
ment of the spins of neighbouring molecules. Thus, the small intermolecular SOMO-
SOMO overlap can be considered as a requirement for ferromagnetic interactions in an
organic compound, but only if the SOMOs are close enough for the electrostatic repul-
sion of neighbouring electrons to become effective [52]. Therefore, unpaired electrons
interact ferromagnetically when the overlap integral is null or close to zero, a situation
occurring for orthogonal orbitals, and when, at the same time, the exchange integral is
significant [53]. Moreover, the propagation of the magnetic interactions along the three
directions of the space depends strongly on the geometry of the molecule and its nature
as well as on the type of packing forming the network of the solid.

2.3 Design Strategies for Molecular Magnetic Materials

Two different synthetic approaches to obtain molecule-based magnetic materials
can be envisioned: (1) the organic approach and (2) the metal-organic approach.
The first approach uses only organic molecules as magnetic units, i.e., organic free
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radicals or radical-ions and no metallic ions, while in the second approach metal
ions are always used as magnetic units.

2.3.1 Organic Approach

Organic radicals interacting through appropriate non-covalent bonds that allow the
propagation of the magnetic interactions have been largely used as magnetic syn-
thons following a methodology, herein called organic approach, which results in
completely organic magnets. Functional groups attached to the skeleton of mag-
netic synthons may form supramolecular interactions that influence the solid-state
structure and provide new pathways for intermolecular magnetic exchange interac-
tions. According to the description given by Kahn in the late 1990s, magnetism is
a “supramolecular function,” related to the supramolecular interactions between
spin-bearing molecules [54]. However, the interactions mediated by non-covalent
bonds are generally very weak and extremely difficult to control. This limitation
generally found for purely organic magnets is the reason why they are very rare.
Moreover, their bulk magnetic order generally occurs only at very low tempera-
tures. In purely organic magnets, the organic spin-bearing sites are open-shell
molecules such as free radicals or radical ions. Most representative examples of
radicals that show bulk magnetism are o-nitronyl nitroxide, verdazyl, and triphe-
nylmethyl radicals (Fig. 3).

All these molecules share stability and persistency and take part neither in
dimerization reactions nor in any other kind of addition reactions that could disrupt
the presence of the unpaired electron. Moreover, the radical building blocks show
enough persistency to assemble into crystalline structures where they remain iso-
lated from one another and maintain their open-shell character.

According to the model described by McConnell, ferromagnetic interactions
occur when the molecules closer in space have spin densities contacts of opposite
sign [52, 55]. In contrast, antiferromagnetic interactions take place when a direct
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o-Nitronyl Nitroxide R,

Polychlorotriphenylmethyl
Verdazyl Radical Radical

Fig. 3 Molecular formulas of the three families of stable radicals used as synthons to prepare
molecular magnetic materials



Magnetic and Porous Molecules-Based Materials 215

overlap of the SOMOs of neighbouring molecules occurs. Because of that, the
introduction of appropriate substituents into specific positions of the radical skele-
ton will change its packing motif, thus modifying the intermolecular magnetic
exchange pathways and generating either ferromagnetic or antiferromagnetic inter-
actions. One of the most efficient methods to modify intermolecular magnetic
interactions is based on the use of hydrogen bonds, which provide a directional
pathway for the transmission of magnetic interactions in several pre-established
spatial directions [55, 56]. Consequently, they are the interaction of choice to
design the final architecture of a material and hence, the nature and dimensionality
of the magnetic interactions.

In the case of nitroxides and substituted nitroxides, the degree of delocalization
of unpaired electron density is the key factor in controlling the resulting magnetic
behaviour. Small changes can lead to significant modifications of the crystal struc-
ture, thereby altering the orbital overlaps and the magnetic interactions between
unpaired spins on neighbouring molecules and hence, the bulk magnetic behaviour.
To build organic magnets based on nitroxides, a-nitronyl nitroxides have been
largely used as magnetic synthons. While in nitroxides such as TEMPO, the nitrox-
ide group is isolated from the rest of the molecule, in a-nitronyl nitroxides there are
two equivalent nitroxide groups whose unpaired electron is in a m* orbital. These
are roughly equally localized onto the nitrogen and oxygen atoms, while the carbon
atom located in-between the two nitroxide functions is a node in the SOMO
(Fig. 4). Most of the spin density is located onto the ONCNO part of the five-
membered ring, being positive in the NO groups and negative in the central C(sp?)
atom [53, 55, 57]. The a-nitronyl nitroxide radicals generally form 1-D or 2-D
networks built by hydrogen bonds. The relative orientation of radicals depends on
the position of the substituents on the nitroxide skeleton that rules the crystal pack-
ing and hence, the magnetic behaviour of the material.

Long-range ferromagnetism was reported for the first time by Kinoshita et al. [58,
59], the B-phase of p-nitrophenyl o-nitronyl nitroxide being the first example of a
purely organic ferromagnet (Fig. 5) [60]. This compound was a seminal starting
molecule to build organic ferromagnets that inspired the work of many researchers.

Fig. 4 General chemical structure of the family of o-nitronyl nitroxides and a representation of
their singly occupied molecular orbitals (SOMO). Reprinted from ref. 55 [Amabilino DB,
Cirujeda J, Veciana J, “Crystal architectures of organic molecular-based magnets”, (1999) Phil
Trans R Soc Lond A 357:2873] by permission of The Royal Society, Copyright 1999



216 N. Roques et al.
@)
o/
N
NO,
v

N

-
N
N

N

h \

o

\\\\\\ A

Fig. 5 Molecular formula of the p-nitrophenyl o-nitronyl nitroxide

Much effort has been spent on the investigation of the role of substituents and
their position on the phenyl ring of a-nitronyl nitroxides [53]. The examples
reported in the literature show that it has been possible to tune the magnetic interac-
tion of a-nitronyl nitroxide-based materials by changing the type and position of
the hydrogen bonding substituents that modify the crystal packing of the material.
However, the extent of the magnetic interactions mediated through hydrogen bonds
is quite low and hence, the critical temperature of these compounds is far from
room temperature and below 4 K in most cases. Verdazyl radicals have also been
investigated as tectons for molecule-based magnetic materials [61]. Their planar
rings, together with the relative lack of bulky substituents and the presence of
hydrogen bonding acceptor sites, make these radicals good candidates for the gen-
eration of magnetic materials [62]. Polychlorotriphenylmethyl (PTM) radicals were
also successfully used for the preparation of purely organic magnetic materials, as
will be reported in Section 3 [63].

2.3.2 The Metal-Organic Approach

Generally speaking, the so-called metal-organic approach consists of combining a
magnetically active metal ion with an organic unit that acts as a polytopic ligand
and in some cases may also be a spin-bearing unit. This strategy leads to magnetic
materials with higher critical temperatures than purely organic magnets. Two main
families can be distinguished. On one side are the magnets formed by magnetically
active metal ions and organic moieties with a closed-shell electronic structure. In this
case, the magnetic behaviour originates from the metal ion and the organic ligand
has only a structural function promoting the magnetic interaction [52]. On the other
side, magnets can also be formed by an organic ligand with an open-shell character
combined with magnetically active metal ions. In the following subsections, we
will summarize the most important aspects of both families of compounds that use
the metal-organic approach.
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Use of Closed-Shell Ligands

When using closed-shell ligands in the metal-organic approach, the organic moiety
acts as polytopic ligand coordinating the metal ion, providing a good pathway for
exchange coupling. By varying the nature, size, and the topicity of the ligand it is
possible to prepare an infinite number of materials as well as tune their magnetic
properties.

Many different compounds can be used as diamagnetic ligands with the role
to space and transmit magnetic interactions. As it will be described in detail in
Section 4.3.1, pyridine and pyrimidine derivatives can readily coordinate with
metal ions and hence, give a MOF with generally weak magnetic character.
However, pyridine derivatives (such as bipyridine) have been effective in the
preparation of solids, showing both porosity and spin-crossover (SCO) phenom-
ena. To increase the magnetic coupling between metal centres bearing unpaired
electrons, shorter bridges — such as oxo, cyano, or azido — are usually needed. For
example, the oxalate dianion (as will be shown in Section 4.1.2) is widely used as
a bridging ligand to enable strong magnetic interactions between metallic centres
when adopting the bidentate coordination mode. Acting as a rigid bidentate ligand,
the oxalate dianion facilitates the formation of open-frameworks and modulates
magnetic interactions. The role of the most representative linkers for the prepara-
tion of magnetic and porous coordination polymers will be discussed with exam-
ples in Section 4.

The most frequently used magnetic metal ions are of the transition series, but
recently the world of lanthanides has also been investigated. These ions are attrac-
tive because, in some cases, they show magnetic anisotropy that renders them suit-
able to give bulk magnetism. Nevertheless, their lone electrons reside in the more
internal f orbitals, resulting in magnetic interactions of one magnitude smaller than
those involving transition metal ions. Another disadvantage of these ions is repre-
sented by the high coordination numbers, as compared to d-block transition metal
ions, which may cause difficulty in controlling the synthetic reactions and thereby,
the structures of the products [64].

Use of Organic Open-Shell Ligands

The methodology based on the use of a magnetic metal ion and an organic open-shell
molecule, named the “metal-radical approach”, was originally introduced in the
1980s by the groups of Rey, Gatteschi and co-workers [50]. The leading idea is to
combine the magnetic character of an organic radical ligand with a metal centre
through coordination chemistry. Such units form a network of alternating stable
radicals and metal ions, in which both constituents are generally antiferromagnetically
coupled and have distinct magnetic moments, leading to a ferrimagnetic material
[65]. The presence of the spin on both the metal ions and the radical represents an
improvement in the magnetic properties with respect to those of closed-shell ligands
with comparable sizes and, for this reason, is one of the most attractive strategies
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for the design of molecule-based magnetic materials, especially if one wants to use
large ligands generating open-framework structures. When metals and open-shell
molecules are engaged in sufficiently strong exchange interactions, this approach
leads to the preparation of networks with long-range magnetic order and high criti-
cal temperatures. The strength of magnetic interactions as well as the magnetic
dimensionality of the molecular material are generally enhanced in comparison
with that of systems made up from magnetic metal ions and closed-shell coordinat-
ing ligands [66]. The first requirement to build magnetic materials via the metal-
radical approach is the availability of stable radicals able to coordinate or chelate
the metal ions, and that can be easily modified allowing the design of multidimen-
sional structures [67].

Nitrogen-based radicals like nitroxides and verdazyl derivatives fulfill the
basic requirements, since they share high stability and persistency and can be
functionalized to coordinate metal ions. Charged radicals such as tetracyanoeth-
ylene [68, 69] and tetracyanoquinone radical anions have also been reported [70],
and a special case is represented by the o-quinone ligands that can be found in
different oxidation states in valence tautomeric compounds [71]. Recently, PTM
radicals substituted with carboxylate groups have been used to obtain metal-
radical coordination polymers, which, in some cases, exhibit porous structures
and relevant magnetic properties. Example of such porous magnets will be
reported in detail in Section 4.3.3 [72].

3 Purely Organic Porous Magnetic Materials

As introduced in the previous section, different families of open-shell tectons have
been used to prepare purely organic magnetic molecular materials following the
organic approach. a-Nitronyl nitroxide derivatives, substituted with hydrogen bond
donors to favour the packing and hence, the propagation of proper magnetic interac-
tions, have been reported [53]. In these magnets, non-covalent hydrogen bonds play
a key role in the magnetic behaviour, since they are responsible for the directional
propagation of the magnetic interactions. However, the resulting coupling between
the magnetic units is rather weak. For the second family of open-shell ligands, the
verdazyl radicals, it has been reported how its small size, together with the planarity
and m-stacking, results in strong magnetic exchange interactions, even when the
two radical sites are quite far apart [61]. In all such examples, the organic tecton
was a small molecule to transmit more effectively the magnetic interactions and
consequently, the resulting material showed structure with close frameworks.
However, as highlighted in the introductory part, the field of porous materials is of
increasing interest due to its huge range of applications. So the question is: Is it
possible to combine magnetic ordering and porosity in the same material? A positive
answer was given by the preparation of purely organic open-frameworks showing
magnetic properties using open-shell tectons with a trigonal symmetry [63].
The key point in this approach is the use of propeller-like trigonal free radicals, based
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upon PTM structure, that are stable and persistent and that can be functionalized
with a great variety of functional groups. The chemical stability of PTM radicals,
due to the presence of six bulky chlorine atoms in the ortho-positions with respect
to the central C-atom, makes them suitable organic magnetic units. The presence of
the chlorine atoms is also responsible for the high localization onto the central sp?
hybridized carbon atom of the electron spin density as well as for the twisting of
the three phenyl rings, resulting in a propeller like structure of the radical. Even
though PTM derivatives do not have a planar structure, and consequently, often
show unpredictable packing, the rigidity and bulkiness of these open-shell
molecules prevent in many cases their interpenetration, giving rise to solids with
open-frameworks being one of the few examples of porous magnets. Thus, the
introduction on the triphenyl methyl skeleton of groups capable of forming hydro-
gen bonds enables the formation of multidimensional interactions. Indeed, PTM
radicals functionalized with several carboxylic groups are able to form robust and
well-defined 2-D or 3-D frameworks that allow the propagation of weak ferromag-
netic interactions [73, 74]. So far, four carboxylic -substituted PTM derivatives are
available, named PTMMC, PTMDC, PTMTC, and PTMHC, according to the
number of carboxylic functions (1, 2, 3, and 6, respectively), introduced onto the
triphenylmethyl skeleton (Fig. 6).

The monocarboxylic PTMMC derivative does not form a rigid framework but
gives an insight into the mechanism of the formation of intermolecular hydrogen
bonds and transmission of magnetic interactions betwen bonded molecules in these
fully chlorinated radicals [75]. PTMMC was synthesized and then crystallized fol-
lowing two different procedures that resulted in two phases, the o-phase and the
[B-phase. In the a-phase, obtained by diffusion of n-hexane into a dichloromethane
solution of the radical, the PTMMC molecules associate into hydrogen-bonded
centrosymmetric [R,*(8)] dimeric synthons and show weak dominant ferromagnetic
interactions. In the B-phase, obtained by slow evaporation of a radical solution in
ethanol, the [R,*(8)] dimeric synthons observed in the o-phase are disrupted by
ethanol molecules. The ability of ethanol to form hydrogen bonds with the carboxylic
groups of the radical leads to the disruption of any direct hydrogen bond between
PTMMC radicals. In this phase, dominant antiferromagnetic interactions were
found. The two different magnetic behaviours found in the a- and B-phase reveal
that the propagation of ferromagnetic interaction mostly occurs through the

Cl ¢]
COOH HOOC

O Cl Cl O

|

cl Cl

Fig. 6 Molecular formulas of the carboxy-substituted PTM derivatives (PTMMC, PTMDC,
PTMTC, and PTMHC)
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pathways defined by direct intermolecular hydrogen bonds between the carboxylic
functions of PTM radicals.

Crystallization of PTMDC, following the same methodology used to obtain the
a-phase of PTMMC, yields a robust extended hydrogen-bonded network named
POROF-1, where POROF refers to pure organic radical open-framework. The pres-
ence of two carboxylic functions increases the dimensionality of the resulting
structure and the intermolecular hydrogen-bonded connections between PTMDC
radicals create a primary structure consisting of 2-D hydrogen-bonded sheets. Each
molecule adopts two hydrogen-bonded motifs, the expected dimeric [R,*(8)] and
the unusual hexameric [R °(24)] unit, and these represent the repetitive units in
POROF-1. The packing of the resultant 2-D layers creates an open-framework with
1-D channels, which are stable up to 275°C, even after the removal of included
solvent molecules [76]. Magnetic measurements revealed weak antiferromagnetic
interactions between the radical units at low temperature. In the case of the tri-
carboxylic PTM derivative, the presence of three carboxylic substituents allowed
the preparation of a robust porous extended hydrogen-bonded 2-D network,
POROF-2 [48, 49]. In POROF-2 , the repetitive unit is the hexameric [R66(24)]
motif, formed by six mutually hydrogen-bonded PTMTC molecules (Fig. 7a).

Each PTMTC molecule participates in the construction of three identical hexa-
meric units that propagate along a plane (Fig. 7b). These 2-D layers stack through

Fig. 7 (a) Geometrical characteristics of the hexameric [R °(24)] ring formed by intermolecular
hydrogen bonds of six PTMTC radicals. (b) Stepwise growth of the 2-D hydrogen-bonded sheets
in POROF-2. (¢) Space-filling representation showing the tubular channels. Reproduced with
permission of ref 48 [Maspoch D, Domingo N, Roques N, Wurst K, Tejada J, Rovira C,
Ruiz-Molina D, Veciana J, “Structural and Magnetic Modulation of a Purely Organic Open
Framework by Selective Guest Inclusion” (2007) Chem Eur J 13:8153]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA
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CI---Cl interactions and the resulting 3-D structure presents channels that can
accommodate a sphere of 5.2 A diameter (Fig. 7c). As for the magnetic properties,
POROF-2 presents paramagnetic behaviour from 300 to 5 K, and a bulk ferromag-
netic ordering below 2 K. It should be noted that POROF-2 is a unique example of
a porous, purely organic structure, which shows long-range ferromagnetic ordering.

A PTM derivative with six carboxylic groups in the meta positions (PTMHC)
forms 3-D hydrogen bonded open-framework. In this compound a solvent-free
crystallization was not possible and mixtures of THF or diethyl ether and n-hexane
were used. When using THF, the PTM hydrogen bonded network and thus, the trans-
mission of the magnetic interactions are disrupted to yield a paramagnetic solid.
However, when diethyl ether is used, the resulting crystal structure contains solvent
molecules that only partially disrupt the expected 3-D hydrogen bonded structure.
The resulting primary structure is formed by 2-D corrugated layers, with a [R °(48)]
repetitive unit formed by six PTMHC molecules. For each molecule, three carboxylic
groups are hydrogen bonded to solvent molecules, while the three remaining car-
boxylic groups interact with three other PTMHC molecules to give three identical
hexameric units. The magnetic behaviour of this compound is very similar to that of
POROF-2. Thus, in the range 20-300 K, this compound behaves as a paramagnet,
and below 20 K, very weak intermolecular ferromagnetic interactions are present, and
long-range magnetic ordering is expected at very low temperatures.

The availability of a family of carboxylic substituted organic open-shell
compounds and the investigation of their magnetic properties allow some general
observations on the behaviour of these radicals as synthons for magnetic materials:
(1) increase in the number of carboxylic groups is accompanied by reduction of
chlorine—chlorine contacts in the solid state; these latter contacts are usually
responsible for antiferromagnetic interactions in this type of material; (2) the
change in the position (meta versus para) of carboxylic groups does not appear to
modify the ferromagnetic nature of the intermolecular magnetic interactions in the
bulk material.

4 Metal-Organic Porous Magnetic Materials

Together with purely inorganic and molecular hybrid porous materials, coordina-
tion polymers, or 0-D zeotype systems, according to Férey’s classification [6], have
experienced a gigantic evolution along the last few years. Interest in this latter fam-
ily of material is threefold when porosity and magnetism are combined in the same
material. First, the huge versatility of molecular chemistry provides a large number
of ligands whose shape and topology can be controlled. Second, and of paramount
importance in the building of magnetic materials, these ligands have proven to
provide good superexchange pathways. Finally, such materials may benefit from
crystal engineering techniques to arrange, in a predictable fashion, transition metal
ions or already identified polymetallic assemblies with organic or preformed metal-
organic tectons.
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In this section, we aim to give representative examples of magnetic and porous
coordination polymers. We have selected examples that combine porosity and
relevant magnetic properties, ranging from strong magnetic exchange interactions
to magnetic ordering, to single-molecule magnet (SMM) behaviours. Since the
efficiency of superexchange interactions between metal ions through bridging
ligands is strongly related to the distance between the magnetic units and their rela-
tive orientation, the different examples have been divided into three subsections.

Section 4.1 will be devoted to porous and magnetic solids constructed around
carboxylate-based ligands (O—C-0), which allow the formation of 1-D, 2-D or 3-D
M-0O-C-0O-M and/or M—O-M subnetworks with magnetically active metal ions.
In these systems, organic molecules are either small or extended polytopic ligands,
but the magnetic properties are governed by the M—O-C-O-M or M-O-M
structural motifs, which lead to strong interactions compared to the magnetic path-
ways defined by bridged metal ions through multitopic ligands. Section 4.2 will
review examples of coordination polymers obtained by connecting metal-organic
polymetallic species through polytopic organic ligands. In this class of polymers,
magnetic properties are closely related to the magnetic properties of the “father”
cluster and long-range magnetic ordering will only be observed if the organic
ligands allow magnetic interactions between the polymetallic centres. Section 4.3
will deal with porous and magnetic coordination polymers where single ions are
also connected through polytopic organic ligands. In this case, observation of
magnetic properties for the bulk material will mainly depend on the distance sepa-
rating the magnetic units and on the ability of the ligands to furnish efficient
magnetic superexchange pathways between magnetically active metal ions.

4.1 Carboxylate-Based Porous Networks

A detailed review on carboxylate-based open-frameworks has been recently pub-
lished [15]. As already mentioned, in order to obtain magnetic open-frameworks,
the challenge is to control both pores size and chemical nature, together with the
strength of magnetic interactions between spin-bearing moieties. In such a context,
the use of short organic ligands, which favour the formation of 1-D, 2-D, and 3-D
M-O-C-O-M and M-O-M carboxylate-based networks, will mediate strong
magnetic interactions between magnetic units in 1-D, 2-D, and 3-D and yield, in
some cases, open-framework architectures.

For this purpose, some of the most used ligands are formate (1), oxalate (2),
malonate (4), succinate (5), fumarate (6), and glutarate (7) (Fig. 8). Oxamate-based
ligands (3), inspired by the seminal work of Kahn and co-workers, have also
attracted attention as nitrogen-containing oxalate analogues, since they tend to
bridge metal ions not only through M—O—-C—O-M but also through M-N-C-N-M
motifs, which facilitate magnetic interactions. In this subsection, we include exam-
ples of magnetic porous solids constructed around the above ligands.
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Fig. 8 Most used ligands to prepare coordination polymers with open-frameworks

4.1.1 Metal-Formate Networks

The formate ion (1) (Fig. 8) is the smallest and simplest carboxylate ligand, and has
been widely used to prepare open-framework architectures showing high thermal
stability even in the absence of guest solvent molecules [38]. The short HCOO~
bridge is particularly efficient for the magnetic coupling between magnetically
active metal ions. Moreover, the absence of any bulky substituent in 1 favours
anti—anti coordination modes. Therefore, several magnetic open-framework metal
formates showing 1-D, 2-D, and 3-D M-O-C-O-M/M-O-M subnetworks have
been reported [77-81]. A representative example of this family of porous and mag-
netic solids is given by the compound Mn,(1),-CH,OH-H,0, reported by Kobayashi,
Kurmoo, and co-workers [82]. This solid possesses a diamondoid framework with
high stability and flexibility for the inclusion of many types of guests. It exhibits 1-D
channels with dimensions of 4 x 5 A (32% of the total volume cell), where each node
comprises MnMn, tetrahedral clusters built around a central Mn(II) ion, connected
to four Mn(Il) ions located at the apices via formate ligands to generate a 3-D
M-0-C-0O-M/M-0O-M network. The network is robust up to 533 K and exhibits a
particularly rich guest-modulated magnetic behaviour, as it will be explained in
detail in Section 5.1. Both the as-synthesized and the evacuated solid show long-
range magnetic ordering, with a critical temperature close to 8 K (Fig. 9).

Several additional examples of formate-based open-framework magnetic
materials presenting long-range magnetic order have been reported. Depending on
the metal ions used, the structural topology, the nature of guest molecules, and the
use of ancillary ligands or ammonium templates, different kinds of magnetic order-
ing have been observed in the related materials, which order magnetically below
temperatures ranging from 8 to 35.6 K [77-83]. Among them is the coordination
polymer of formula Mn(1),-0.5CO,-0.25SHCOOH-0.75H,0, reported by Sessoli and
co-workers, which shows particularly interesting porosity and traps CO, molecules
in its cavities [83].
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Fig. 9 (a) Structure of evacuated [Mn,(1),] showing the 1-D channels. (Mn, purple; O, red; C,
brown). (b) Temperature dependence of the y*T product for an applied magnetic field of 100 Oe.
Reproduced from ref. 82 by permission of The Royal Society of Chemistry. http://dx.doi.
org/10.1039/b314221c¢

4.1.2 Metal-Oxalate Networks

As in the case of formate, the dicarboxylate oxalate ion (2) (Fig. 8), which acts as
a rigid ambidendate ligand, facilitates the formation of open-framework coordina-
tion polymers and mediates the magnetic interactions between magnetic metal ions
through similar “inorganic” M—O-C-O-M or M—O-M subnetworks. So far, the use
of such a ligand has led to several examples of mixed-valence polymers with 2-D
and 3-D open-framework architectures, respectively. In the first case, the 2-D coor-
dination polymers are described with the common formula (A)-[M"M"(2),], where
A can be an ammonium, an alkali-metal, or a bis-cyclopentadienyl M(III) complex
such as [Cp,M"]* [84-92]. Overall, the crystal structure shows a templated frame-
work formed by alternating M(II) and M(III) metal ions through oxalate ligands in
a 2-D honeycomb-like lattice, the positively-charged species being located in the
channels resulting from the packing of the different layers (Fig. 10a). Various for-
mulae are observed for 3-D MOFs resulting from the oxalate coordination chemis-
try: [M,"(2),], [IM'M™(2),] and [M"M"(2),] [93-95]. These compounds are based
on an oxalate-bridged (10,3)-chiral network able to host in its 1-D channels cationic
metal complexes such as [M"(2,2°-bpy),]** (2,2’-bpy =2,2’-bipyridine) (Fig. 10b).

The wide range of possible combinations of M(II) and M(III) magnetically
active metal ions afford long-range anti-, ferro- and ferrimagnetic behaviours [96—
99]. Depending on the material, magnetic ordering temperatures range from 8 K up
to 70 K. However, the main drawback of oxalate-based frameworks is related to the
presence of cationic species within their channels, since their removal or exchange
leads to the collapse of the open-framework. To date, and to the best of our knowl-
edge, the only exception is Na (N(CH,),Ph) [Cr(2),],Cl-5H,O, which maintains its
structure on cation exchange or partial thermal removal of the template [100].

The possibility to combine several physical properties in the same molecular
material has greatly contributed to the development of this family of coordination
polymers. Added to the already mentioned chiral characteristics presented by some
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Fig. 10 Projection of the two representative templated lattices constructed from using oxalate
ligands. (a) 2-D honeycomb framework of (A)*[M(IDM(II)(2),] (where A refers to ammonium
cations, alkali-metal cations, or Cp,M(III)). (b) Chiral (10,3)-network observed in [M(I),(2),],
[M(DM(I)(2),], and [MADM(I)(2),]. (M, purple; O, red; C, brown. Cationic templates are
omitted for clarity). Adapted from ref 43 [Maspoch D, Ruiz-molina D, Veciana J (2007) Chem
Soc Rev 36:770, “Old materials with new tricks: multifunctional open-framework materials”] by
permission of The Royal Society of Chemistry, http://dx.doi.org/ 10.1039/b501600m

of these solids and interest in the quest for optically active molecular materials
[101, 102], a strategy based on functional cationic templates has also been success-
fully developed. For instance, Coronado and co-workers have reported a series of
magnetic conductors using tetrathiafulvalene (TTF) radical cations as cationic
counterparts [103, 104]. A representative example of this is given by the material
[BEDT-TTF], [MnCr(2),], where BEDT-TTF stands for bis(ethylenedithio)TTF,
which alternates magnetic oxalate-based anionic layers with conductive positively-
charged BEDT-TTF. This molecular solid behaves as a magnet below 5.5 K and is
metallic down to at least 0.2 K [105].

In the race to obtain molecular materials showing robust structures and higher
magnetic ordering temperatures, two more examples have to be highlighted before
closing this subsection. Related to the structure robustness, Li and co-workers reported
a series of coordination polymers of general formula [M"(2)(4,4’-bpy)]
M = Fe, Co, Ni) [106, 107]. These solids result from the linkage of metal-
oxalate chains through 4,4’-bipyridine ancillary ligands, and show rectangular-shape
channels with dimensions of 5 x 8 A and are stable up to 563-613 K. Furthermore,
magnetic properties revealed a spontaneous antiferromagnetic ordering with transition
temperatures of 12, 13, and 26 K for the Fe-, Co-, and Ni-based materials, respectively.
These results are attributed to the combination of both the strong magnetic exchanges
within the 1-D metal-oxamate chains and the weaker ones mediated through the bipy-
ridine connectors.

Julve, Lloret, and co-workers have reported several isomorphous oxalate-based
coordination polymers presenting magnet behaviour through spin canting below 40
and 70 K [108, 109]. Among them, the 3-D and chiral coordination polymer
[Fe,(2),(OH)CL]-ENH,-2H,0 is the most interesting. This material possesses helical
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channels (ca. 12 x 6A), in which the alkyl ammonium and water molecules are
associated through hydrogen bonds. The structure is constructed around Fe(II)-
oxalate chains interconnected through hydroxo-bridges. Remarkably, this coordina-
tion polymer undergoes a non-reversible solid—solid transformation together with a
colour change when the crystals are exposed to air. In this transformation, a proton
transfer occurs between the hydroxo bridge and one of the host water molecules,
thus forming a new compound o[Fe (2),(O)CL]-EtNH,-H,0-H,O. Even though this
transformation leads to a decrease in channel symmetry, the new solid still behaves
like a magnet below 70 K [109].

4.1.3 Metal-Oxamate Networks

Like their fully oxygenated analogues, oxamate-based ligands (3) (Fig. 8) have also
gained much attention in the field of molecular magnetism, and some of the first
examples of molecule-based magnets were obtained following the rational-design
strategy developed by Kahn and co-workers. In this pioneering work, mononuclear
oxamato copper(Il) complexes [Cu(3)]*~ were used as bis(bidentate) metallo-lig-
ands toward fully solvated metal ions to form heterobimetallic 1-D coordination
polymers through M—O-C-O-M and M-N-C-N-M repeat units. Depending on
the interchain interactions, the ferrimagnetic chains [M"Cu(3)] (M=Mn, Fe, Co,
Ni) show either ferromagnetic (7,,=4.6-9 K) [110-113] or antiferromagnetic order
(TN=2.4—3 K) [113, 114]. In subsequent work, Kahn, Stumpf, and co-workers
prepared the corresponding oxamato-bridged M,"Cu, 2-D planar species (M=Mn,
Fe, Co, Ni) presenting either an open-framework structure or a perpendicular inter-
locked disposition of honeycomb hexagonal planes depending on the nature of the
counter-cation, which could be an alkaline [115] or an alkylammonium [116—-118]
cation as in the case of oxalate-based networks, or even a substituted pyridinium
derivative of nitronyl nitroxide [119-122]. Unlike their 1-D analogues, these com-
pounds have a higher ordering temperature, with T, values up to 37 K. These
examples perfectly illustrate the influence of the structural dimensionality upon the
magnetic ordering temperature. Moreover, the change in anisotropy of the incorpo-
rated metal ion plays a fundamental role. Generally, Mn,Cu, planes behave as soft
magnets (HC=10 Oe) [116, 117, 119], whereas COZCu3 ones are hard magnets
(H_ =25 Oe) [121]. This is due to the large differences in magnetic anisotropy, with
Co(II) ions being highly anisotropic and Mn(II), isotropic. Inspired by this work,
Julve, Lloret, and Journaux extended this well-known “complex as ligand”
approach by using oligonuclear complexes of late first row transition metal ion,
from mono- to trinuclear, working with related aromatic-substituted mono-, di-, and
tri-oxamate-based molecules (8-10) as ligands (Fig. 11) (for a detailed review on
this strategy, see [123]).

This strategy was particularly elegant, since the reaction between the oxamate
ligands with metal ions afforded pre-defined metallotectons. For example, coordi-
nation of Cu(Il) through the bidentate N,O-oxamate donor set of 8 was aimed to
afford the linear, ditopic metallotecton [Cu'(8)]>-, while reaction of the same
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Fig. 11 Aromatic-substituted mono-, di-, and tri-oxamate-based molecules used as polytopic
ligands

molecule with Ni(II) or Co(Il) targeted the trigonal and tritopic building blocks
[Ni(8)]* and [Co'(8)]*-, respectively. Mono-, di-, tri-, hexa-, octa-, and nonanuclear
complexes were prepared via blocking the outer cis carbonyl-oxygen atoms of the
oxamate groups with well-known nitrogen-based metallamacrocycles stoppers.
Careful magneto-structural correlations on metallotectons involving ligands 9 or
10 confirmed that the weak intramolecular interactions mediated through the meta-
substituted phenyl rings are ferromagnetic and could be masked by the intermo-
lecular antiferromagnetic interactions and/or magnetic anisotropy effects. On this
basis, the already identified H-shaped metallo-ligand [Cu'(9)]* an its methylated
analogue [Cu"(Me,-9)]*~ were reacted with Co(II) to afford the neutral heterobime-
tallic 2-D coordination polymers [Co,"Cu,"(9),(H,0),]-6H,0 and [Co,"Cu,"(Me,-
9),(H,0),]-6H,0 (Fig. 12). The crystal structure of [Co,"Cu,"(9),(H,0).]-6H,0
shows a brick-wall 2-D architecture of (6,3) net topology [124]. In these isostructural
solids, each Co,"Cu," rectangular corrugated layer is made up of oxamato-bridged
Co''Cu" linear chains running parallel to the a-axis, which is further connected
through two m-phenylenediamidate bridges between the Cu(Il) ions to give binu-
clear metallacyclic cores of the cyclophane-type, which define the short edge of the
rectangle. The adjacent planes stack above each other to give an infinite array of
interdigitated layers along the b-axis. This packing is mediated through weak
hydrogen bonds and the neighbouring layers are displaced in a parallel manner
along the a-axis: As a consequence, small square pores that are occupied by hydrogen
bonded crystallization water molecules are formed.

In this series of metallacyclophane-based Co,"Cu," layered compounds, the double
meta-substituted phenylene linkers ensure a ferromagnetic interaction between the
oxamato-bridged ferrimagnetic chains. Hence, thecomplex [Co,"Cu,"(9),(H,0),]-6H,0
behaves as a metamagnet, with a long-range 3-D antiferromagnetic ordering (7,,=8.5 K)
and a ferromagnetic-like transition at a critical field of 1.2 kOe, which is sufficient to
overcome the weak interlayer antiferromagnetic interactions. In contrast, the complex



228 N. Roques et al.

- -
R R '. TN
x ! R
}_f i‘\s )C \%/‘x \':-'%’f S\
x x
%f—*‘%hf*% # %%Lf

*%X wf% A

Fig. 12 “Metal-oxamate” approach for coordination polymers Co(ID),Cu(Il),(9),(H,0)6H,0
(A-C) and Li[LiM(I),9, (H,0)]*31H,0 (M = Ni and Co) (d-f). (a) H shape metallo l1gand
Cu(ID)(9)*+. (b) Corrugated 1ayer resultmg from the reaction of the H-shape metallo-ligand with
Co(II) ions. (¢) Packing of the corrugated layers showing square-like channels running along the
b-direction. Side (d) and top (e) view of the hexatopic metallo-ligand [M(II),9,]*- (M = Ni or Co).
(e) Reaction of hexatopic metallo-ligands with Li* or Mn** metal ions afford a 3-D honeycomb
architecture of (6,4) net topology with large channels running along the ¢ direction. (From (a) to
(¢): Cu, purple; Co, blue. From (d) to (e): Co or Ni, blue; Li or Mn, purple. In all cases: O, red,
C, brown, N, light blue. Cationic templates and water molecules are omitted for clarity) (the figure
design has been inspired from refs 124 and 125)

[Co,"Cu,"(Me,-9),(H,0),]-6H,0 shows a long-range (most likely 2-D) ferromagnetic
order at T,=24.0 K because of the minimization of the interlayer magnetic inter-
actions that would lead to well-isolated planes of Ising-type magnetic anisotropy.
The differences observed between the two coordination polymers in the magnetic
ordering are attributed to the presence of the methyl substituents on the ligands,
which, in the second case, tend to separate the planes from each other, thus weakening
the interlayer interactions.

Very recently, a series of isostructural 3-D open-framework architectures have
been obtained following a comparable approach. In this case, the dinickel(II) and
dicobalt(IT) complexes [M,"(9),]* act as hexatopic ligands toward fully solvated Li*
or Mn?* ions to give anionic heterobimetallic 3-D compounds of general formula
[Li,M,"(9),(H,0)] > and [Mn,M.,"(9),(H,0),] **~, respectively [125]. The crystal
structures of the lithium salts LiS[Li3M2"(9)3(HZO)6]'31H2O (M=Ni, Co) show a
3-D honeycomb architecture of (6,4) net topology. The crystal lattice of these
two isostructural compounds consists of an infinite parallel array of anionic
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oxamate-bridged Li,M," hexagonal layers growing in the ab plane; the adjacent
layers are interconnected through three m-phenylenediamidate bridges between the
M(I) ions to give binuclear metallacryptand cores of the meso-helicate-type, which
act as pillars of the hexagonal prismatic structure. Overall, this leads to an open-
framework structure showing hexagonal pores of ca. 22.5 A in diameter (along the
c-direction), where hydrogen bonded water crystallization molecules and solvated
Li* species [Li(H,0),]* are located. The magnetic properties of this family of met-
allacryptand-based M,'M," open-framework compounds depend mainly on the
diamagnetic or paramagnetic nature of M(I) and on the magnetic anisotropy of
M(I). Hence, the compounds Li,[Li,M,"(9),(H,0)]-31H,0 (M=Ni, Co) behave as
isolated M," complexes with weak ferromagnetic interactions between the M(II)
ions (M =Ni, Co) across the three meta-substituted phenylenediamidate bridges within
the metallacryptand core [J=+3.2 (M=Ni) and +1.0 cm™ (M=Co)]. Similarly, the three
meta-substituted phenylene linkers ensure a ferromagnetic interaction between the
oxamato-bridged ferrimagnetic planes in the compounds Li,[Mn,M,"(9),(H,0),]-
22H,0 (M=Ni, Co), which lead to a long-range 3-D ferromagnetic order at 7.=6.5 K
for both of them.

4.1.4 Fumarate-, Glutarate-, Malonate-, and Succinate-Based Networks

Numerous examples of metal channel-like magnetic complexes synthesized using
malonate (4), succinate (5), fumarate (6), and glutarate (7) ligands (Fig. 8) have been
reported. For most of these porous solids, a 3-D framework is obtained by connecting
2-D carboxylate-based layers with bifunctional ligands, the same ligands also
acting as pillars [126—132]. This topology usually defines 1-D channels running
parallel to the layers. However, from a magnetic point of view, these solids rarely
show long-range magnetic ordering. An exception to this topology was found in the
malonate complex [Cu(4)(DMF)], which shows a 3-D chiral diamond-like open-
framework resulting from the connection of Cu(Il) ions through malonate linkers
and behaves as a ferromagnet below 2.6 K [133].

Especially attractive from a magnetic point of view are the open-frameworks
involving infinite M—O-M type linkages. For example, Forster and Cheetham have
described a nickel succinate [Ni (5),(OH),(H,0),]-2H,0 with infinite Ni-O-Ni
connectivity, and exhibiting 1-D hydrophobic channels composed of large cavities
of dimensions of 8 A and narrower apertures of 4A [134]. This material exhibits a
high thermal stability up to 673 K and may be magnetically frustrated. Similarly,
the nickel glutarate [Ni,(7),,(H,0),]-40H,O reported by Guillou et al. presents an
infinite Ni-O—Ni connectivity with very large intersecting 20-membered ring chan-
nels and a pure ferromagnetic ordering at 4 K [135]. The porosity characteristics of
this material are particularly interesting, since it can be dehydrated at 423 K and
slowly rehydrated under air at room temperature, and when the sample is activated
at 473 K shows a surface area of 346 m*g~!. Also, an open-framework showing
ferrimagnetic behaviour below 20 K has been prepared by the same authors using
succinate (5) ligands. The porous solid [Ni(5),(OH)(H,0),]-40H,0 shows 1-D
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connected Ni—-O-Ni chains and presents a reversible dehydration/hydration process,
with a specific surface of 135 m?-g~! for its activated form [136].

4.2 Networks Based on Metal-Organic Polynuclear Species
and Polytopic Organic Ligands

So far, most part of the porous and magnetic coordination polymers we have described
are constructed around 1-D, 2-D, or 3-D “inorganic” subnetworks. However, dis-
crete di-, tri-, tetranuclear, and higher nuclearity metal-organic assemblies, such
as the carboxylate-based paddle-wheel copper acetate and trimeric zinc or iron
acetates are suitable building blocks — commonly called secondary building block
units (SBUs) - for polymerization reactions involving polytopic ligands [10].
Such clusters are spaced in defined geometries depending on their own geometry
and the geometry of the polytopic ligands. As a result, extended coordination
polymers with high porosity and predictable structures are typically obtained.
Using a cluster with an inherent property, one can then imagine distributing these
SBUs in a desired way along the 3-D of space to create porous solids with novel
functionalities. For example, catalytic clusters may be included in the skeleton of
a porous structure, increasing the accessibility for these units and, therefore,
enhancing their catalytic properties. From the magnetic point of view, the assem-
bly of clusters also provides an excellent route to magnetic porous solids. The
advantages of this strategy are obvious, since on one hand larger pores can be
obtained from large cluster units and, on the other, the functional framework
inherits the interesting physical properties derived from the clusters. However,
since magnetic properties in the bulk are resulting from cooperative effects, the
ligands used have to allow the establishment of magnetic interactions between the
magnetically active SBUs, while the magnetic interactions between the metal
ions within the SBU will also greatly influence the overall magnetic behaviour.
This subsection gives a few representative examples of porous and coordination
polymers constructed around metal-organic SBUs, starting with high nuclearity
species, and then, examples of magnetic MOFs constructed around more common
low nuclearity metal-organic clusters.

4.2.1 High Nuclearity Metal-Organic SBUs

Despite the numerous examples of high nuclearity metal-organic clusters presenting
SMM behaviour reported in the literature since the beginning of the nineties, only
a few examples of multidimensional coordination polymers using such clusters as
SBUs behaving as SMMs have been described [137-140]. These systems are based
upon the assembly of SMM acting as SBUs, thanks to coordination bonds [137],
diamagnetic metal ions [138], and/or hydrogen bonds [139]. Among them, the
isostructural coordination polymers of formula {[Mn, Na(u,-O),(1,-O)(p,-OH),(O,
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CMe),(pd),(H,0),]IOH]}, and {[Mn,,Na(p,-0),(11,-O)(11,-OH),(O,CMe),(mpd),
(H,0),]1[OH]}, (pd = propanediolate, mpd = 2-methyl-propanediolate) reported
by Christou and co-workers [140] are the only ones that show an open-framework
architecture. In these coordination polymers, the structure is constructed around
the Mn,; SBUs containing seven Mn(II) and 12 Mn(IIl) ions. The manganese—
oxygen core of each SBU consists of three equilateral triangles stacked one above
the other. The basal triangle contains ten manganese ions, nine at its edges and the
tenth near its centre, whereas the middle and apex triangles contain six and three
manganese ions, respectively, all of which lie on their edges. The manganese ions
of the core are held together by nine p,-O*, one p,-O* , and three p,-OH" ions,
resulting in an overall triangular-pyramidal frustum topology. The peripheral
ligation is completed by nine bridging propanediolate ligands, nine bridging
O,CMe" ligands, and three terminal H,O molecules. Each Mn, aggregate is
connected through three p,-O,CMe™ ligands to a Na* ion, while these SBUs are
also directly interconnected through p,-O,CMe" ligands. Examination of the two
structures reveals highly ordered 3-D structures that contain large rectangular
channels with dimensions of approximately 12 x 16 A (Fig. 13a). These channels
are nearly empty, containing only a very small proportion of H,O molecules and
OH™ counterions, and originate a void space of approximately 44%. The SMM
behaviour of these extended systems was confirmed, thanks to magnetisation
versus dc field measurements. Below 1.1 K, they show magnetic hysteresis loops
and their coercivity increases with decreasing temperature (Fig. 13b).

Besides these two examples, a series of open-framework architectures showing
rather weak antiferromagnetic interactions have also been constructed around Ln,
[141] and Mn, [142, 143] SBUs. In the latter SBU, the 3-D coordination polymer
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Fig. 13 (a) Space filling representation (along the c¢ axis) for the polymeric structure of
{{Mn ¢Na(u,-0),(1,-O)(1,-OH),(O,CMe),(pd),(H,0),][OH] }, showing the large channels (Na,
pink; Mn, blue; O, red; C, grey; OH™ anions and water molecules are omitted for clarity). (b) Field
dependence of the magnetization (hysteresis loop) for single crystals of the same solid at the indi-
cated temperatures; the magnetization (M) is normalized to its saturation value. Reproduced with
permission of ref 140 [Moushi EE, Stamatatos TC, Wernsdorfer W, Nastopoulos V, Christou G,
Tasiopoulos AJ “A Family of 3D Coordination Polymers Composed of Mn19 Magnetic Units”
(2006) Angew Chem Int Ed 45:7722]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA
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reported by Ovcharenko et al. in 2004 perfectly illustrates the difficulty in obtaining
relevant magnetic properties in the final solid [143]. Substitution of preformed
[Mn(O,)Piv, | (piv = pivaloate) afforded magnetic clusters linked through magneti-
cally active o-nitronyl nitroxide ditopic ligands. This coordination polymer has a 3-D
open-framework diamond-like structure and shows the onset of weak antiferromag-
netic interactions at low temperatures.

4.2.2 Tetra- and Trinuclear Metal-Organic SBUs

Tetra- and trinuclear SBUs have also been reported as constituents of porous
and magnetic coordination polymers. Coordination polymers constructed
around Co, [144] and cubane-like Ln, [145] assemblies have been reported, and
these systems present contrasting porosity and robustness, but show only weak
and predominant antiferromagnetic interactions at low temperature. Very recently,
Yang and co-workers described a series of 3-D lanthanide-transition MOFs
constructed around two distinct tetranuclear units of Ln, cubanes and chair-like
Cu, clusters [146].

More interesting from a magnetic point of view is the porous coordination poly-
mer reported by Wu and co-workers [147]. This solid is built from tetranuclear
Co(II) citrate clusters as octahedral linkers and Co(II) ions as trigonal nodes. This
connectivity shows an anatase topology with channels of 9.5 x 4.3 A along two
directions, leading to an apparent Langmuir surface area of 939 m>-g~' and a pore
volume of 0.31 cm?-g~!. This material behaves as a 3-D canted antiferromagnet with
a magnetic hysteresis loop observed at 2 K.

Trinuclear metal-organic building blocks, such as Cr, or Fe, containing assemblies,
have been used by Férey and co-workers to build highly porous and robust coordination
polymers [30]. An example of an MOF-based trimeric structural unit was described by
Barthelet et al. [148]: the coordination polymer [V"(H,0)],0(C,O,H,),(Cl-9H,0)
exhibits a 3-D framework built from octahedral vanadium trimers, joined via isophtha-
late anionic linkers to delimit cages where water molecules and chlorine ions are
occluded. Although the trimeric clusters are connected along three directions, the 120°
triangular topology of V(III) ions in each cluster induces a spin-frustration of
their magnetic moments and therefore, a lowering of the temperature for magnetic
ordering.

4.2.3 Binuclear Metal-Organic SBUs

One of the most frequently used SBUs is the binuclear paddle-wheel copper (II)
dimer. In this motif, the two copper ions are strongly interacting in an antiferromag-
netic fashion. This dimeric building-block supplies a square planar building block
with four grafting sites, therefore, its connection provides coordination polymers
combining relevant magnetic properties with contrasted porosity by an appropriate
choice of ligands.
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In 1999, Williams and co-workers were the first to report the magnetic properties
of a porous structure based on the connectivity of paddle-wheel Cu(Il) dimers
through 1,3,5-benzenetricarboxylate ligands (BTC), with a 3-D structure with
formula [Cu,(BTC),(H,0),], referred to as HKUST-1[149, 150]. The connectivity
between square planar copper-based SBUs and trigonal organic ligands afford a
3-D network showing channels with fourfold symmetry and a diameter of 9A. In
addition, the structure remains crystalline up to 513 K. Water molecules that fill the
channels can be readily removed at 373 K without a loss of structural integrity.
Resulting voids give a surface area of 917.6 m*g~!, a calculated density of 1.22 g-m?,
and an accessible porosity of nearly 41% of the total volume cell. Interestingly,
additional experiments of the activated HKUST-1 showed that pore functionaliza-
tion is possible without losing the overall structural information. Added to these
particularly interesting structural characteristics, HKUST-1 presents relevant
magnetic properties [150]. As shown in Fig. 14, this porous coordination polymer
shows a minimum in its y versus T plot at around 70 K and an increase at lower
temperatures. Fitting high-temperature data to the Curie—Weiss law gives a positive
Weiss constant of 4.7 K. This magnetic behaviour can be explained by the presence
of the expected strong antiferromagnetic interactions within Cu(II) dimer and
weaker ferromagnetic interactions between Cu(Il) dimers, which are mediated
through the meta-substituted phenyl rings of the ligands.

Other magnetic porous solids have been prepared using the paddle-wheel Cu(II)
dimer as SBUs [151-156]. For instance, Zaworotko and co-workers proposed to
combine such molecular square building blocks with the 1,3-benzenedicarboxylate
ligand (m-BDC), i.e., a V-shape spacer, to generate two porous frameworks, according
to the self-assembly of two different SBUs: a triangular SBU, formed by three
connected paddle-wheel Cu(II) dimers, or a square SBU, formed by four connected
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Fig. 14 (a) Paddle-wheel copper (II) tetracarboxylate building block for [Cu,(C,O.H,),(H,0),]
and view of the open-framework showing nanochannels with fourfold symmetry. The empty space
is represented as yellow spheres. (Cu, orange; O, red; C, brown; H, white). (b) Zero-tield cooled (0)
and field-cooled (¢) temperature dependent magnetic susceptibility. Reprinted with permission
from ref 150. Copyright 2000, American Institute of Physics.
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paddle-wheel Cu(Il) dimers. The first of such structures, [(Cu,(py),(m-BDC),).] ,
was generated from the self-assembly of the triangular SBU to yield a Kagomé
lattice with hexagonal channels presenting dimensions of 9.1 A [151, 152]. The
second structure, [(Cu,(py),(m-BDC),),] , was generated from the self-assembly of
Cu(Il) dimers with a square topology to lead a 2-D network with channels formed
by narrowed windows (1.5x1.5A) and large cavities with maximum dimensions
close to 9.0x9.0x6.5A [153]. As for HKUST-1, the Kagomé lattice shows high
rigidity in the absence of solvent guest molecules and pyridine ligands, which can
be removed at a temperature of 473 K without losing crystallinity. Its most interesting
feature is the report of remnant magnetization even at room temperature, due to the
magnetic spin frustration associated with its triangular lattice [154], although this
result seems to be controversial based upon the molecular character of this material.
In contrast, the 2-D framework with a square-like arrangement of the dimeric units
does not present any remnant magnetization due to lack of any geometrical frustra-
tion. In this context, its magnetic behaviour is comparable to that already observed
for HKUST-1, with Cu---Cu intradimer antiferromagnetic interactions of —238
cm™', but with antiferromagnetic interdimer interactions of —85 cm'. Examples
based on ligands such as 1,3,5,7-adamantane tetracarboxylate and 1,2,4,5-benzene-
tetracarboxylate have also been reported. In the first case, the porous coordination
polymers formed present a typical inorganic platinum sulphide-based topology, a
high porosity and a surface area of 560 m?-g™! for their activated form [155]. For
the second ligand, a 2-D coordination structure with rectangular pores of 6.0 x
7.0A is obtained [156]. In both solids, strong antiferromagnetic Cu---Cu intradimer
antiferromagnetic interactions are observed.

Finally, channel-like magnetic frameworks built from the spacing of dimers
other than the paddle-wheel dimer can also be found. To date, coordination polymers
composed of nitrogen-bridge [157], oxo-bridge [156, 158], carboxylato-bridge
[156, 159], and mixed oxo/carboxylato-bridge [160] dimers have been reported.
For example, Liu et al. reported a family of coordination polymers formed around
dicobalt(Il) building blocks linked through nicotinate ligands that show robust
open-framework structures up to 570 K, with antiferromagnetic coupling within the
cobalt dimers [160].

4.3 Networks Based on Isolated Metal Ions and Polytopic
Organic Ligands

A large variety of open-framework solids prepared using carboxylate ligands
composed of a six-member ring (phenyl or a cyclohexane) backbone substituted
with two or more carboxylate functional groups are known. However, even
though the magnetic properties of many of them are not described, the magnetic
exchange interactions between metal ions are expected to be weaker in comparison
with the coordination polymers described so far in this section. For example, two
complexes formed by Ni(II) macrocycles linked by BTC ligands show structures
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with large channels (ca. 11 A), but they only behave as paramagnets with very weak
antiferromagnetic interactions at low temperatures [161]. Similarly, other coordina-
tion polymers prepared using benzene carboxylates with the general formula
CH,_(COO"), exhibit comparable weak interactions [162-164]. Besides these
examples, different kinds of ligands such as N-containing or mixed N- and COOH-
containing polytopic ligands have also been successfully used in the construction
of porous and magnetic MOFs. This subsection provides some examples of coordi-
nation polymers obtained by this approach, or using both polytopic COOH and
N-based ligands. In the last part, a strategy inspired from the “metal-radical”
approach [50], which is based on the use of paramagnetic-organic polytopic open-
shell ligands, is highlighted.

4.3.1 Nitrogen-Based Polytopic Ligands

Open-frameworks constructed around ditopic N-based ligands such as bipyridine
have been recently reviewed. These systems show contrasting porosities, but lig-
ands such as bipyridine usually afford solids only presenting antiferromagnetic
interactions at low temperatures [5]. Examples based on tetratopic ligands such
bispyrazolate, bistriazolate, or extended versions of bipyridine, among others, have
also been described [165]. If these ligands do not allow an efficient transmission of
magnetic interactions between isolated metal centres, porous solids showing SCO
properties can be accessed [166, 167]. For example, Kepert and co-workers have
reported a series of nanoporous SCO coordination polymers based on extended
4,4’ -bipyridine derivatives as ditopic ligands (Fig. 15).

The complexes [Fe,(ligand),(NCS),]-x guest (guest = ethanol, acetone) consist
of almost orthogonal doubly-interpenetrated 2-D (4,4) rhombic grid layers built
from the linkage of Fe(Il) by different ditopic ligands. In the coordination polymer
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Fig. 15 Extended 4,4’-bipyridine used as ditopic ligands
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of [Fe,(azpy),(NCS),]-EtOH, this interpenetration leads to the fonglation of two
kinds of 1-D channels with dimensions of 10.6 x 4.8 and 7.0 x 2.1 A, respectively
[166]. These channels run in the same direction and are filled with ethanol molecules.
Loss of guest ethanol occurs at 373 K and is accompanied by several reversible
structural changes. The as-synthesized sample exhibits a constant effective
magnetic moment of 5.3 uB between 300 and 150 K. Below this temperature,
the magnetic moment decreases, reaching a constant value of 3.65 puB due to the
SCO interconversion from a fraction of the Fe(II) ions in the material. In contrast,
the evacuated sample does not show SCO behaviour, but exhibits a constant magnetic
moment around 5.1 uB corresponding to two crystallographic HS Fe(II) ions.

Smaller and simpler molecules such as imidazole or pyrimidinol derivatives
have also been used with success to construct porous and magnetic solids. Compared
to their extended analogues, they offer shorter magnetic exchange pathways
that help generate stronger magnetic interactions between isolated magnetically
active metal ions. For instance, Gao, You, and co-workers have reported a family
of Co(Il) imidazolates (im) complexes showing a variety of open-framework struc-
tures with different magnetic behaviours [168]. In this case, the rational use of
solvents and counter-ligands plays a key role to obtain a collection of polymorphic
3-D porous Co(Il) structures: [Co(im),]-0.5py, [Co(im),]-0.5Ch, [Co(im),],,
[Co(im),], , and [Co,(im) 0.4 Mb], (py = pyridine, Ch = cyclohexanol, Mb =
3-methyl-1-butanol). Complexes [Co(im),]-0.5py and [Co(im),]-0.5Ch are isostruc-
tural, formed by Co(II) centres linked into boat- and chair-like six-membered rings
connected in an infinite diamond-like net. This conformation affords 1-D channels
of dimensions 5.3 x 10.4A and 6.6 x 8.4 A (Fig. 16a). The crystal structure of
[Co(im),], shows four-membered ring Co(Il) units, which are doubly-connected to
wavelike or double crankshaft-like chains. These chains intersect with those running
along the perpendicular axis by means of the common four-rings at the wave peaks.
Three such frameworks are interwoven and linked by the imidazolates at the Co(II)
ions, and the resultant 3-D framework presents 1-D helical channels of dimensions
3.5%3.5A (Fig. 16b). Similarly, the MOF [Co(im),], shows identical units con-
nected into chain units. These chains are linked by imidazolate ligands along the
other two directions to give a 3-D framework with a pore openings of 4.0 x 4.0 A
(Fig. 16¢). Of special structural interest is the complex [Co (im), -0.4 Mb],, which
shows an open structure of zeolitic topology (Fig. 16d). In all polymorphous
frameworks, the imidazolates ensure antiferromagnetic coupling between Co(II)
ions. However, the uncompensated antiferromagnetic couplings arising from
particular stoichiometries and topologies lead to spin-canting phenomena that are
particularly sensitive to the structural characteristics. Thus, compound [Co(im),]-0.5py
is an antiferromagnet with 7 =13.1 K, while [Co(im),]-0.5Ch shows weak fer-
romagnetism below 15 K (Fig. 16e). Relatively strong ferromagnetism is observed
below 11.5 K for [Co(im)z] » with a coercive field of 1,800 Oe at 1.8 K, while the
strongest ferromagnetism of the series is observed in [Co(im),], , which has a T, of
15.5 K and a coercive field of 7,300 Oe at 1.8 K (Fig. 16f). The compound
[Co(im),-0.4 Mb], behaves as a hidden-canted antiferromagnet with a magnetic
ordering temperature of 10.6 K.
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Fig. 16 Views and magnetic properties of the open-framework coordination polymers based
on cobalt imidazolates. (a) Evacuated [Co(im),]-0-5Ch. (b) [Co(im),],. (¢) [Co(im),],. (d)
[Co (im),0.4Mb],. (e) Plots of temperature dependence of ac susceptibility obtained at 0.1 Oe
field for [Co(im),] 0.5Ch. A peak appears at 15 K, which is indicative of the ferromagnetic
character of this compound. (f) Plot of the thermal evolution of the y,, for [Co(im),], at 10 kOe
field. The inset shows the hysteresis loop at 1.8 K (L) and 5.0 K (0). (Co, blue; O, red; C, brown;
N, violet; H, white. Solvent guest molecules in (d) are represented as spheres) Reprinted from ref
168 [Tian YQ, Cai C-X, Ren X-M, Duan C-Y, Xu Y, Gao S, You X-Z, “The Silica-Like Extended
Polymorphism of Cobalt(Il) Imidazolate Three-Dimensional Frameworks: X-ray Single-Crystal

Structures and Magnetic Properties” (2003) Chem Eur J 9:5673]. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission
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Ligands such as pyrimidin-2-ol [169] and pyrimidin-4-ol [170] have also been
extensively used in this material chemistry. In 2006, Galli, Navarro, and co-workers
reported a series of microporous and isomorphous coordination polymers based on
5-X-pyrimidin-2-olate ligands (referred to as 5-X-2-pymo; X=H, Cl, Br, I) [171].
All the complexes are isomorphous, with a formula [Co(5-X-2-pymo)] , and show
a diamondoid 3-D topology. Depending on the substituent X, important changes are
observed for the magnetic properties at low temperatures. While the pyrimidinolate
ligands transmit antiferromagnetic coupling between Co(Il) ions, the uncompen-
sated antiferromagnetic coupling arising from the diamondoid topology leads to
magnetic ordering through spin-canting phenomena below 7} , ranging from 20 to
23 K. The spin-canting phenomena are sensitive to the ligand structure and a
significant enhancement of the magnetic hardness takes place in the halo-substituted
derivatives compared to the hydrogenated analogues. Thus, the coercive fields
decrease in the following sequences: 2,500, 1,000, 775, and 500 Oe for X=Br, Cl,
I and H, respectively, while the remnant magnetisation follows the trend 0.0501 puB
for X=Br, 0.0457 uB for X=Cl, and 0.0358 uB for X =H. Interestingly, the authors
also reported the preparation of molecular alloys (X=0.5 Br+0.5 Cl or 0.5 Br+0.5 I),
which are intermediate properties compared to the above examples.

4.3.2 Nitrogen and Carboxylic-Based Polytopic Ligands

Polymeric architectures generated by the linkage of magnetically active metal ions
through mixed carboxylic and N-based ligands, or through ligands combining both
functionalities, have also been reported [172—-178].

A perfect illustration of this approach is given by the coordination polymer
{[Co,(IDC),(4,4’-bpy)3]-6H,0-DMF}, reported by Cao and co-workers [175]. In
this porous solid, reaction between imidazoledicarboxylic acid (IDCH,) and Co(II)
ionsyieldstriangular SBUs. These SBUs exchange corners to afford a2-D-honeycomb-
like network with 24-membered metallacycles composed of six IDC3~ anions and six
Co(II) cations. The different graphene-like layers are pillared, thanks to 4,4’-bipyridine,
the nitrogen atoms completing the coordination sphere of Co(Il) ions belonging to
neighbouring layers.

As a result of this connectivity, hexagonal channels running parallel to the
4,4’-bipyridine are obtained (Fig. 17). These channels, which present a 12 A diam-
eter, are filled with water and DMF molecules. Guest solvent molecules departure
is completed at a temperature of 450 K without losing the structural integrity, and
both the as-synthesized and evacuated samples show weak Co---Co antiferromag-
netic interactions at low temperature.

One of the most successful families is represented by a series of polymers built
from the linkage of metallic carboxylate chains through 4,4’-bipyridine spacers
[176]. Asanexample, the coordination polymer [Cu(C,H,0,)(4,4’-bpy)(H,0),]-2H,0
is formed by the connection of chains of Cu(Il) metal ions bridged by succinate
ligands through 4,4’-bipyridine molecules. This 3-D framework shows weak fer-
romagnetic interactions and channels, in which the water molecules are located.
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Fig. 17 Open—fr.’i}mework architecture of {[Co,(IDC),(4,4'-bpy)3]-6H,0-DMF} . (a) Top view
showing the 12 A in diameter hexagonal channels. (b) Side view showing the graphene-like
layers pillared through bipyridine ligands (Co, light blue; O, red; N, dark blue; C, grey; H, white)
Reprinted with permission from ref 175. Copyright 2005, American Chemical Society

Almost similar connectivity and magnetic properties are observed in the porous
solid [Fe(C,0,)(4,4’-bpy)(H,0),]-3H,0 [177]. Chains of Fe(Il) metal ions bridged
by squarate ligands are connected through 4,4’-bipyridines to form a framework
with 1-D channels filled with water molecules. Interestingly, the dehydration/rehy-
dration process in this coordination polymer, as well as in other isostructural
polymers with other metal ions, is fully reversible and accompanied with a continuous
change of the colour [178].

4.3.3 Organic Open-Shell Polytopic Ligands

In all the examples described so far, it can be noted that when the distance between
metal ions increases, the magnetic coupling decreases. As already introduced in
Section 2, magnetic coupling between metal ions generally takes place through a
superexchange mechanism involving the ligands, a mechanism that is dependent on
their relative orientations, and especially on the distance between magnetically
active metals. Since the synthesis of larger pore sizes in coordination polymers is
usually achieved by using longer organic spacers, the preparation of porous materi-
als with increasing pore size dimensions and simultaneous long-range magnetic
properties is a challenge.

The use of organic radicals as polytopic ligands is particularly attractive since
these molecules are expected to act as magnetic relays between metal ions, thus
allowing larger magnetic couplings and dimensionalities compared to those built
from diamagnetic polytopic ligands [179]. However, the number of examples showing
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high dimensionality architectures is limited due to synthetic considerations linked
to ligand preparation and the coordination polymer formation [180]. In order to
prepare porous and magnetic coordination polymers following this approach, the
organic open-shell ligands must fulfill a series of conditions. They must have the
correct geometry to induce the formation of open-framework structures, exhibit
high chemical and thermal stability, and be able to interact magnetically with tran-
sition metal ions. To fulfill all three conditions, a strategy based on the use of
polychlorinated triphenylmethyl tricarboxylic acid radical (PTMTC) as ligands has
been developed. The conjugated base of the PTMTC radical can be considered an
expanded version of the BTC ligand, where the benzene-1,3,5-trityl unit has been
replaced by an sp* hybridized carbon atom decorated with three 4-substituted
2,3,5,6-tetrachlorophenyl rings. Therefore, PTMTC would be expected to yield
open-frameworks structures similar to BTC. In addition, polychlorinated triphenyl-
methyl radicals have their central carbon atom, where most of the spin density is
localized, sterically shielded by the encapsulation, with six bulky chlorine atoms
that greatly increase their lifetime and thermal and chemical stability [181]. A fam-
ily of monomeric complexes using a similar PTM radical with only one carboxylic
group (PTMMC) has confirmed the feasibility of this type of carboxylic-based radi-
cals to interact magnetically with metal ions [72, 182, 183].

Using these types of open-shell polytopic ligands, a series of metal-organic
radical open-framework (MOROF-n), Fig. 18 have been prepared. Interestingly,
the crystal structure of [Cu,(PTMTC),(py),(EtOH),(H,0)] (MOROF-1) reveals a
2-D honeycomb (6,3) network with very large 1-D hexagonal nanopores measur-
ing 3.1 and 2.8 nm between opposite vertices and composed of a ring of six metal
units and six PTMTC radicals. The long through-space distances between the
magnetic Cu(Il) ions in MOROF-1 do not prevent long-range magnetic ordering.
Each open-shell PTMTC ligand is able to magnetically bridge three Cu(Il) ions
and, therefore, extend the magnetic interactions across the infinite layers, giving a

Fig. 18 Open-framework architectures for (a) MOROF-1 and (b) MOROF-4. (a) has been
adapted from ref 63, by permission from Macmillan Publishers Ltd: Nature Materials. Copyright
(2003). http://dx.doi.org/10.1038/nmat834. (b) has been adapted from ref 186 by permission of
The Royal Society of Chemistry. http://dx.doi.org/10.1039/b802196a
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ferrimagnetic layer. The solid thus shows an overall magnetic ordering at low
temperatures, around 2 K [63], which is probably produced by the magnetic dipo-
lar interactions between the large magnetic moments developed in each layer at
this temperature.

Reaction of the PTMTC ligand with Co(Il) ions yielded two other supramolecu-
lar Co(I)-based MOROF, namely [Co(PTMTC)(4,4’-bpy)(H,0),]-6EtOH-2H,0
(MOROF-2) and [Co,(PTMTC),(py),,(H,0),(EtOH)] (MOROF-3). MOROF-2
presents an unprecedented (6°)-(6%-8') topology and exhibits helical nanochannels
of dimensions 13.2 x 9.4A, along with antiferromagnetic interactions [184].
MOROF-3 exhibits a (6,3)-helical network with large 17.5 x 6.8 A 1-D channels
and a bulk magnetic ordering below 1.8 K [185]. More recently, the same ligand
has also been reacted with magnetic Ln(II) ions to afford a series of highly porous
and magnetic coordination polymers. As an example, the coordination polymer
[Tb(PTMTC)(DMF),] (MOROF-4) shows a diamond-like architecture resulting
from the corner sharing of tetrahedron SBUs made by 4 PTMTC ligands and 8
Tb(III) ions. Similar to some zeolite structures such as sodalite, the connectivity of
the large SBUs in MOROF-4 creates large pore sizes of dimension 22.2x 11.3 A
and generates 2-D channels running along the a and b axes. These cavities are large
enough to endow this material with a total potential void volume of 61.7% of the
cell volume. In this solid, PTMTC-Tb(III) ferromagnetic interactions are observed
at a low temperature [186].

5 Magnetic and Porous Materials with Flexible Frameworks

One of the most remarkable characteristics of many molecule-based porous materials
is their structural flexibility [187]. This feature not only concerns 0-D coordination
polymers, but all the dimensionalities of the inorganic subnetworks, as well as
pure organic porous materials. Thus, dynamic structural transformations such as
the selective removal and resorption of solvent molecules followed by reversible
crystal transformations have become one of the most intriguing properties
observed for these porous materials ([188] and references cited therein). So far,
two main types of dynamic structural transformations have been described. The
first class deals with a reversible crystal-to-amorphous transformation that occurs
when the framework collapses upon removal of guest solvent molecules and
regenerates under initial or similar conditions. The second type corresponds to
frameworks showing a phase transition; a crystal-to-crystal transformation. In the
latter case, although removal or exchange of guest molecules results in reversible
structural changes within the network, the crystalline character is maintained
throughout. The structural flexibility of the coordination polymer originates from
the changes in the degree of freedom (rotations, stretching, scissoring, breathing,
etc.) of bonds (coordination bonds, hydrogen bonds, n—n stacking, van der Waals
interactions) linking the units in the polymeric material. Thus, when a structural
variation is induced by an external perturbation, for example on uptake/release of
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guest molecules, a cooperative transformation of the macroscopic structure occurs,
but causes no wide-range degradation of the crystal phase. An excellent account
of main factors involved in such dynamic structural transformations has been
published by Kitagawa et al. [40].

Recently, several authors have pointed out the possibility of using these reversible
structural transformations to design a novel generation of multifunctional
porous solids suitable as potential sensors. Since most of the functionalities known
in porous solids are closely dependant on their crystal structure, reversible transfor-
mations upon sorption/removal of guest molecules can conveniently induce reversible
modifications of the associated functionalities. This, together with the high selec-
tivity usually shown for dynamic solids, provides the ideal scenario for researchers
to create selective sensing open-frameworks for molecular recognition. Some
recent examples of dynamic porous solids exhibiting tuneable magnetic properties
will be presented, and a rare example of a MOF showing fascinating gas induced
modulation of magnetic properties will be highlighted.

5.1 Solvent-Induced Modulation of Magnetic Properties

Kahn’s group can be considered pioneer in the discovery of coordination polymers
that combine both porosity and magnetism, coupled with the modulation of
magnetic properties arising from guest-induced phenomena [189, 190]. In their
seminal paper, published in 1999 [191], they first introduced the concept of a
“molecular magnetic sponge” for a coordination polymer. As an example of these
sponge-like polymers, the compound [CoCu(obbz)(H,0),]-2H,0, (obbz = N,N’-
bis(2-carboxyphenyl)oxamido) shows a two-step reversible hydration/dehydration
process followed by a dramatic change in the magnetic properties [192]. As a
consequence of the first dehydration at 373 K, the discrete units link together to form
a 1-D structure that behaves as a ferrimagnet with no ordering down to 2 K. A second
dehydration process takes place on heating the sample up to 473 K. The resulting
presumed 2-D structure still behaves as a ferrimagnet, but with a critical temperature
of 30 K. All these processes are completely reversible, and the material can be
rehydrated after cooling with the recovering of the initial magnetic properties.

Several examples of porous and magnetic coordination polymers showing
solvatomagnetic effects have been reported. In 2003, the open-framework coordina-
tion polymer [Cu,(PTMTC),(py),(EtOH),(H,0)] (MOROF-1; see also Section 4.3.3),
which combines very large pores (3.1 x 2.8 nm, and a 65% void volume) with
magnetic ordering around 2 K, was reported [63]. Added to these properties,
another particularly interesting feature was observed for this material: the reversi-
ble “shrinking-breathing” process observed on solvent uptake and release, which,
in turn, induces changes in magnetic properties (Fig. 19a).

On removal from solution and exposed to air, crystalline MOROF-1 loses guest
solvent molecules very rapidly, becoming an amorphous magnet with a lower critical
temperature (Fig. 19b). The critical temperature is determined not only by the
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Fig. 19 (a) Schematic representation of the reversible crystal-to-amorphous transformations in
MOROF-1. Reprinted from ref 193, by permission from Macmillan Publishers Ltd: Nature
Materials. Copyright 2003. http:/dx.doi.org/10.1038/nmat837. (b) Plot of , T versus temperature
for as-synthesized (¢) and evacuated (o) MOROF-1. The graph has been adapted from ref 63

strength of the magnetic interactions between the spins but also by the dimensionality
of such interactions and hence, the crystal packing of the network. However, the
evacuated sample of MOROF-1 experiences a transformation, recovering its origi-
nal crystallinity and magnetic properties after exposure to ethanol solvent.
Unexpectedly, this behaviour is only observed when MOROF-1 is exposed to
small alcohols like methanol and ethanol, showing a large selectivity for these two
molecules among 16 larger alcohols assayed [63]. Contrasted solvatomagnetic
effects have been described in several molecular porous materials reported by
Kurmoo and co-workers. For example, reversible dehydration/rehydration processes
intheporousand magneticsolids[Co,(OH),(2),]-3H,0and[Ni,(OH) (C,OH, ),(H,0),]-
2H,0 induces reversible transformations from ferromagnetic to antiferromagnetic
ordering and from ferromagnetic to ferrimagnetic ordering, respectively (Fig. 20b)
[194, 195].

In contrast to the large structural transformations experienced by MOROF-1,
where volume variations close to 30% are observed between the as-synthesized and
the amorphous guest-free solid, these latter interconversions are accompanied by
subtle changes in crystal structure. For example, the dehydration process in
[Co,(OH),(2),]-3H,0 only involves minimum changes in its structure, with almost
no change in the coordination environment of the metal ions (Fig. 20a). This fact
clearly suggests that the ferromagnetic ground state in the hydrated phase may be
caused by the presence of significant magnetic exchange coupling through the
hydrogen bonded water molecules located within the channels.

The influence of sorbed guest molecules on magnetic properties was also nicely
evidenced in the diamondoid coordination polymer [Mn,(1),]-CH,OH-H,O, in
which the magnetic ordering temperature depends on the guest molecules in the
framework (very recently, guest influence on magnetic properties in a series of
isomorphous compounds of formula [Fe,(1),]-x guest (with x = iodine, THF, furan,
benzene, acetonitrile, and acetone) has also been explored in detail [196]). Indeed,
magnetic measurements of the as-synthesized or evacuated sample show a long-
range magnetic ordering with a critical temperature close to 8 K. However, this
critical temperature can be modulated from 5 to 10 K by the sorption of several
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Fig. 20 Structure and magnetic properties in [Co,(OH),(2),]:3H,0 (a) Almost similar as synthe-
sized and evacuated solids (water molecules are represented as spheres). (b) Strong modulation of
the magnetic properties between as-synthesized (0) and evacuated (¢) materials. Reproduced from
ref 43 by permission of The Royal Society of Chemistry. http://dx.doi.org/10.1039/b501600m

types of guest molecules. This transformation can be explained by the small
changes of the Mn—-O-Mn bond angles — the larger the angle, the smaller the 7. -
which are modulated on absorption of guest molecules. Very recently, the same
authors have also shown this framework to become optically active when enantio-
merically pure 2-chloropropan-1-ol molecules are inserted in its channels [197].
The apohost framework is achiral but incorporates channels of opposite handedness
(+) P and (-) M. Upon insertion of either R or S chiral solvent molecules the two
corresponding chiral solids — R and S, respectively, are obtained. These results are
explained by the fact that in the obtained chiral R framework the R molecules better
match the M channels and are disordered in the P channels, while in the S frame-
work the S molecules are ordered in the P channels and disordered in the M chan-
nels. In contrast, with the addition of a racemic solvent mixture, the meso compound
can be obtained. In this case, random disorder of the two guests in both kinds of
channels is observed. All the solids resulting from these loading experiments show
a ferrimagnetic ground state. Nevertheless, compared to the host framework, the
Curie temperature decreases to 7.6 K for both R and S solids, while it slightly
increases to 8.3 K in the meso form. In the chiral solids, additional interactions
between the framework and ordered guest solvent molecules through hydrogen
bonds or other electrostatic forces are responsible for the decrease in magnetic
ordering temperature.

Porous solids such as Prussian Blue analogues [198, 199], in which CN~ spacers
connect magnetic metal ions in the three directions, deserve to be commented upon
since they could exhibit important changes in their magnetic properties and colors
upon dehydratation/rehydration processes [200-202]. For example, Ohkoshi,
Hashimoto, and co-workers have recently reported Co[Cr(CN),],,.zH,0, a pink
ferromagnetically-coupled magnet with a 7. of 28 K that reversibly transforms into
a blue antiferromagnetically-coupled magnet with a 7. of 22 K on dehydration
[203]. Such solvatomagnetism and solvatochromism are ascribed to the adsorption
and desorption of ligand water molecules at the Co(Il) centres. Such processes
change the coordination geometry at Co(II) from six-coordinate pseudo-octahedral
to four-coordinate pseudo-tetrahedral coordination, thus modulating the magnetic
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interactions from ferromagnetic coupling in the hydrated solid to antiferromagnetic
ones in the apohost.

Very recently, Sutter and co-workers reported a series of nanoporous and chiral
magnets showing switchable ordering temperatures driven through similar H,O
sorption/desorption phenomena [204]. These coordination polymers [{Mn(HL)
(H,0)},Mn-{Mo(CN)_},-2H,0 are formed from the reaction of {Mo(CN) }*
with Mn(Il) ions and enantiomerically pure R, S or racemic mixture of N,N-
dimethylaminol (L), which acts as an ancillary ligand and confers to those materials
chiral characteristics. Overall, the different structures show a 3-D cyano bridged
Mn-Mo network, which has small channels running along the c-direction (Fig. 21a).
These channels are filled with water molecules and they are defined by “Mn,-Mo,”
rings with each {Mo(CN)_}* unit connecting two different Mn(II) ions. One
Mn(II) ion shows a distorted tetrahedral environment consisting of four NC-Mo
linkages, while the other has a distorted octahedral coordination sphere with four
NC-Mo linkages and two O-atoms, one coming from the L molecule, and the
other from an ancillary water molecule. Lattice and coordinated water molecules
are readily removed upon heating to afford an apohost crystalline material via a
phase transition.

Interestingly, the starting hydrated compound is fully recovered after the expo-
sure of the desolvated phase to air over 50 min. As observed in the previous exam-
ples, loss of coordinated water leads to a strong modification of the coordination
sphere of one of the Mn(II) ions, which changes from a distorted octahedral envi-
ronment to five coordinate. This reduced coordination number leads to the shorten-
ing of the Mn-NC bonds and gives stronger Mn-Mo interactions within the
framework. The hydrated material shows magnetic ordering below 7,,=85 K
(Fig. 21b), and the ordering temperature is shifted to 7,=106 K in the apohost
(Fig. 21c). Since the crystal-to-crystal transformations are fully reversible, magnetic
features are recovered when the framework is rehydrated.
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Fig. 21 (a) Open-framework architecture of S-[{Mn(HL)(H,0)} ,Mn-{Mo(CN)_},2H,O (water
molecules are represented as red spheres). Field cooled magnetization (o, H = 100 Oe), zero field
cooled (o), and remnant magnetization (¢) as a function of temperature for the hydrated (b) and
dehydrated (c) solids. Reprinted with permission from ref 204. Copyright 2007, American
Chemical Society
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5.2 Solvent-Induced Modulation of Spin-States

The influence of guest solvent molecules on SCO phenomena has been observed in
flexible coordination polymers, and this functionality has been incorporated in
dynamic porous solids. SCO is a cooperative phenomenon, where a given metal ion
can change its spin state, from HS to LS upon exposure to an external perturbation
such as change in temperature, pressure, or light. Structural modifications and both
intra-framework and host—guest hydrogen bonding interactions will greatly influ-
ence the SCO interconversion in such types of solids.

Kepert and co-workers have reported a series of porous coordination polymers by
the reaction of Fe(II) salts with N-based ditopic ligands [166, 205, 206]. Overall,
these coordination polymers present comparable 3-D structures resulting from the
interpenetration of (4,4)-rhombic grids obtained through the connection of the Fe
(IT) ions with the ditopic ligands (Fig. 22a). To explain the change occurring in the
SCO phenomena in dynamic structures, the coordination polymer [Fe(bpbd),
(NCS),]-{Acetone} can be regarded as a reference. In this solid, grid interpenetration
is realized at an angle of 90° and generates 1-D channels of dimensions 14.5 x
14.5A, which are run along the c-axis. This 3-D framework is further stabilized by
strong hydrogen bonds involving the diol groups of the bpbd ligand and the sulphur-
donor of thiocyanate groups complete the coordination sphere of each Fe(Il) ions.
Noteworthy is the fact that the acetone molecules filling the channels do not partici-
pate in any short hydrogen bonding with the ligands. Consequently, guest departure
is completed at 102°C and structural analysis of the apohost reveals minimal changes
in the framework atoms structuring the solvated and the desolvated forms (Fig. 22b).
Thus, SCO behaviour is only slightly affected by loss of solvent: while the solvated
form shows a relatively abrupt one-step full spin transition with 7',=162 K upon
cooling, a slightly shifted similar transition (7',,,=156 K) is observed in the evacu-
ated solid. As expected, both forms show comparable structure contraction, ca. 4%
of the unit cell, upon cooling, which is consistent with a full spin transition [205].

Completely different behaviours are observed in the coordination polymers
constructed from azpy and bped ligands (Fig. 23), in which guest ethanol molecules

Fig. 22 (a) Topological representation of the orthogonal interpenetration of (4,4)-rhombic grids
in the series of coordination polymers showing SCO properties. (b and ¢) Structure represen-
tations for [Fe(bpbd),(NCS),]-{acetone} and [Fe(bpbd),(NCS),]. Reproduced with permission of
ref 205 [Neville SM, Moubaraki B, Murray KS, Kepert CJ “A Thermal Spin Transition in a
Nanoporous Iron(Il) Coordination Framework Material” (2007) Angew Chem Int Ed 46:2059].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA



Magnetic and Porous Molecules-Based Materials 247

interact with the host framework through hydrogen bonds. The coordination polymer
[Fe (azpy),(NCS),]-EtOH presents two kinds of 1-D channels with dimensions of
10.6 x 4.8 and 7.0 x 2.1 A, respectively. These channels are filled with ethanol
molecules, which interact through hydrogen bonds with the sulphur centres of the
thiocyanate ligands bound to Fe(Il) ions. As a consequence, guest loss upon heating
leads to important structural changes in the apohost. The most significant change is
an elongation and constriction of the 1-D channels to new dimensions of 11.7 x
2.0A. This structural modification induces enormous changes in the electronic
behaviour of this compound. While the as-synthesized sample exhibits a broad half
SCO transition at 150 K, the evacuated one shows a constant magnetic moment of
5.1 uB, lacking any SCO transition. Surprisingly, the original SCO properties are
recovered after resorption of the guest solvent molecules, this phenomena being
also observed with small alcohols such as methanol or propanol (Fig 23a) [166].

Grid interpenetration at an angle of 85.2° is observed in the coordination poly-
mera[Fe(bped)z(NCS)z]-SEtOH, which incorporates channels of dimerzsions 8.4 x
4.7 A separated by narrower polar windows of dimensions 6.4 x 6.3 A. Channels
and windows are filled with ethanol molecules that interact through hydrogen
bonds with OH-groups of the bped ligands, which are also involved in intra-frame-
work interactions through strong hydrogen bonds with the sulphur centres of thio-
cyanate ligands. The most important structural change upon guest removal is an
increase in the interpenetration angle from 85.2° to 90°. Consequently, the acces-
sible void volume changes from 31.0 to 34.9%, and is associated with a dilatation
of the cavities and a contraction of the polar windows. Loss of guest molecules
leads to new intra-framework interactions, which tend to stabilize the apohost. As
in the previous case, these structural modifications are of paramount importance to
the SCO interconversion. While the starting material shows a broad and uncom-
pleted SCO interconversion at T,= 137 K, the T, decreases to ca. 125 K in the
aphohost with a transition over a wider temperature range (225-270 K) (Fig 23b).
Additionally, the fraction of residual HS Fe(I) is as well higher: ca. 53% in the
solvated material compared to 37% in the solvated solid [206].
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Fig. 23 (a) Temperature-dependent magnetic moment of [Fe,(azpy) (NCS), ]-x(guest), (1-x(guest)
in the scheme). The inset shows the effect of partial and complete removal of Methanol from
1-methanol. Reprinted from ref. 166 with permission from AAAS. (b) Plot of x, T versus tem-
perature for [Fe(bped),(NCS),]-3EtOH (¢) and the corresponding apohost (o) Reprinted with
permission from ref 206. Copyright 2008, American Chemical Society
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Very recently, a molecule-based nanoporous coordination polymer showing
tuneable SCO behaviour near room temperature has also been reported by
Aromi, Gamez, and co-workers [207]. In this case, reaction of the [Fez(dpya-
triz) (CH,CN),(H,0),]*" ditopic SBUs with Fe(II) affords a purple 1-D coordi-
nation polymer {[Fe (dpya-triz),(CH,CH,CN),(BF,),I(BF,),-4(CH,CH,CN)},
(dpya-triz = 2,4,6-tris-(di(pyridin-2-yl)amino)-1,3,5-triazine. Overall, packing
of 1-D chains results in the formation of channel-like cavities with a cross sec-
tion of ca. 6 x 4.&, in which reside lattice solvent molecules and non-coordi-
nated tetrafluoroborate anions. Interestingly, this coordination polymer shows a
HS to LS SCO process at ca. 300 K involving 2/3 of the Fe(II) centres. Upon
guest removal, a crystal-to-crystal transformation occurs with all the guest and
coordinated propionitrile molecules being exchanged with water molecules.
The solid turns to yellow and the SCO transition is lost. Interestingly, this phe-
nomenon is fully reversible and both the starting structure and properties are
recovered upon immersion in propionitrile or acetonitrile. With the latter sol-
vent, the SCO transition is shifted to lower temperatures (T,,=275 K).

Similar reversible properties have been found in another compound reported by
Real, Bousseksou, and co-workers [208, 209]. [Fe(pmd)(H,0){Au(CN),},]-H,0
(pmd = pyrimidine) shows a triply interpenetrated structure and a sharp half SCO
transition at 165 K with a hysteresis of approximately 8 K. The dehydration process
induces large changes in the crystal structure with the pyrimidine ligands, previ-
ously bound only through one nitrogen atom, now bridging two Fe(II) ions. This
results in the linkage of the three independent interpenetrated frameworks into a
unique 3-D network. This conversion results in the suppression of the SCO behaviour,
which can be recovered on rehydration. Interestingly, the isostructural [Fe(pmd)
(H,0) {Ag(CN), },]-H,O shows a similar reversible behaviour, but with a shift of the
SCO transition to lower temperatures for the dehydrated phase.

5.3 Gas-Induced Magnetic Properties Modulation

Although the number of examples of solvent-induced magnetic properties or spin-
state modulation is increasing, cases of coordination polymers in which magnetic
properties are modulated upon gas adsorption are rare. While several organometal-
lic compounds containing CO, are known [210, 211], the first example of magnetic
framework trapping CO, during its synthesis was reported by Cornia and co-workers
in 1999 [83]. Nevertheless, magnetic properties of the activated framework and
eventual reversible trapping were not reported.

The ultramicroporous 3-D MOF [Cu(F-pymo),(H,0),,.1, (F-pymo = 5-fluoro-
pyrimidin-2-olate) reported by Navarro, Parra, Sironi, and co-workers [212] dis-
plays a zeolitic gismondine-like topology with helical channels of ca. 2.9A
diameter. These channels result from the interconnection of two different cyclic
motifs, namely metallacalix[8]arenes and metallacalix[4]arenes exhibiting either
1,3-alternate or a pinched cone conformation (Fig. 24a). These are filled with water
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Fig. 24 Structure and magnetic properties for [Cu(F-pymo),(H,0), ,.], (a) Metallacalix[8]arenes
(a) and metallacalix[4]arenes (b) cyclic motifs. (b) Gismondine-like framework (guest water
molecules are represented as red spheres). (¢) ), T versus temperature for as-synthesized (blue),
activated (red) and CO,-loaded (black) materials. Reprinted with permission from ref 212. Copyright
2008, American Chemical Society

molecules, which are associated with the framework through strong hydrogen
bonds (Fig. 24b). The framework remains crystalline up to 513 K after guest water
removal and has a relatively small volume (ca. 13%) available for guest inclusion.
At 77 K, the activated solid behaves as a molecular sieve, selectively adsorbing H,
over N, possibly due to size exclusion. The case of CO, is even more interesting
since these larger molecules are readily incorporated at temperatures as high as
433 K through a transient phase and channels expansion.

Interestingly, the authors have investigated the influence of guest molecules on the
magnetic properties in this material (Fig. 24c). The as-synthesized solid shows antif-
erromagnetic interactions and a weak ferromagnetic ordering below 7, =24 K, which
arises from a spin-canting phenomenon related to the non-centrosymetric nature of
the framework. While the magnetic ordering temperature is only slightly decreased
in the activated material (7, =22 K), loading with CO, has a profound effect on the
magnetic properties, since the ordering temperature is increased to 29 K. To explain
this result, the authors presume that the structural perturbation exerted by the CO,
guests may lead to a less distorted environment for the Cu(Il) ions with a concomitant
increase in overlap between the ligand orbitals and the metal ion magnetic orbitals,
thus permitting more efficient magnetic exchange within the framework.

6 Conclusions and Perspectives

As highlighted in the previous sections, many magnetic and porous molecule-based
materials with well-defined geometries have been prepared using metal ions and
closed-shell and open-shell polytopic organic ligands. Due to the wide availability
of organic ligands that can be combined with metal ions, a huge variety of struc-
tures is available, the properties of which can be studied for different applications
similar to those developed with non-magnetic MOFs in area of catalysis [24-26],
gas storage [27-35], and others [36—39]. Nevertheless, new fields of application can
be envisioned by exploring the anchoring of these materials onto solid surfaces, or
their processability for applications in nanotechnology and in biomedicine.
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6.1 Porous and Magnetic Coordination Polymers on Surfaces

In the previous sections, we have reported examples of magnetic and porous coor-
dination polymers. Nevertheless, it is of the utmost importance to harness the
properties of such materials in solid-state applications or devices. Therefore, much
effort must be devoted to the development of new methods for preparing thin films
containing these multifunctional coordination polymers with the aim of directing
and controlling the growth of MOFs on surfaces, and to integrate them as novel
functional units for bottom-up nanotechnology [213]. The robustness of some
porous coordination polymers can be exploited for loading with organometallic
precursors of solids that can be subsequently converted into nanosized metal clus-
ters or wires inside the pores [214].

Surface anchoring is a key step, crucial for applications such as the manu-
facturing of sensor devices. It has been recently shown that the sequential addition
of molecular-sized layers to form complex structures is a way of building coor-
dination polymers as well as other heterogeneous nanostructures on surfaces
[215, 216]. This approach, named layer-by-layer, allows the building of supramo-
lecular structures from surfaces through the self-assembly of successive mon-
olayers of organic molecules and metal ions interacting via coordination bonds
[217]. Therefore, the well-known coordination chemistry of a metal ion in solu-
tion might be used to form and control thin film structure and properties at the
molecular level.

An example of this approach is represented by the growth of 3-D coordina-
tion polymers with SCO properties via stepwise adsorption reactions for multilayer
films based entirely on intra- and interlayer coordination bonds Fe(pyrazine)
[Pt(CN),] [218, 219]. Indeed, after functionalization of the surface with the
appropriate anchoring layer the coordination polymer is built in a stepwise
fashion, alternating the metal ion (Fe*), the platinum salt ([Pt(CN),]*"), and
pyrazine. The polymer shows many interesting properties, with the SCO transition
accompanied by a variation in the dielectric constant of the material accompanied
by a room temperature hysteresis of the dielectric constants. This dielectric
hysteretic property may be useful in building molecular memory devices that can
store information by high- and low-capacitance states. What must be remarked
here is that these appealing properties cannot be exploited in bulk materials, but
only in thin films.

The approach of anchoring metal-PTM based frameworks onto solid surfaces
has also been undertaken in order to graft porous and magnetic frameworks onto
solid supports. So far, the feasibility of the layer-by-layer methodology has been
exemplified by the monocarboxylic PTM derivative (PTMMC), the Cu(Il) com-
plex of which was successfully grafted onto a carboxylate-functionalized gold
surface with its magnetic character remaining intact. Further studies on di- and
tri-carboxy substituted PTM radicals coordinated to metal ions are in progress,
towards the grafting of a porous multidimensional magnetic structure onto a
metal surface [220].
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6.2 Porous and Magnetic Coordination Cages

Use of metal-directed self-assembly has afforded many different 0-D discrete
structures with internal void space, with the geometry of the organic linker dictating
the observed geometry of the material [221, 222]. A variety of structures that include
molecular nanosized squares and rectangles [221-223], trigonal [224, 225] and
square prismatic capsules [226], as well as tetrahedral [227], octahedral, and higher
order suprastructures [228, 229] have been reported. These supramolecular organi-
zations have potential applications as chemical sensors and reaction nanovessels
[223, 230-233]. It is only very recently that the first two examples dealing with the
preparation of magnetic and porous cages based on open-shell radical ligands and
metal subunits have been reported [234, 235]. These studies demonstrated the
possibility of incorporating multidimensional metal-organic cages bearing specific
functionality with predesigned physico-chemical properties. They also opened the
way towards exciting potential applications; since these spin cages are soluble in
water their use as new spin probes and as magnetic resonance imaging (MRI)
contrast agents could be envisioned.

6.3 Porous and Magnetic Coordination Polymers as Sensors

One of the aims of recent research on coordination polymers is the design of materials
combining a set of properties for specific applications. As an example, Corma,
Rocha, and co-workers recently reported the rational design and preparation of
lanthanide-based porous MOFs showing sensing properties [236]. Their aim was
the preparation of rare-earth based MOFs showing hydrophobicity, high adsorp-
tion capacity, high thermal resistance, anisotropic photoluminescence, and
magnetic properties. The authors succeeded in the preparation of such a MOF by
combining an organic aromatic and hydrophobic spacer with lanthanide ions.
The change in the fluorescence signal intensity is the result of the interaction of the
host with ethanol in the presence of water under ambient conditions. Hence,
this lanthanide-based MOF is an example of a rationally-designed sensor based
on coordination chemistry.

6.4 Processability of Magnetic Coordination Polymers

Hybrid materials based on gadolinium ions have been investigated as MRI contrasting
agents. However, many of these agents show toxicity that prevents their use. One
of the approaches to reduce the toxicity of contrast agent is based upon the use of
viral capsides as nanocontainers for gadolinium ions bound to the interior of the
capside via coordination bonds; i.e., in the form of MOFs [237]. A second approach
consists of the reduction of the dose of the drug given to the patient by increasing
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the availability of the administrated contrasting agent. So far, good results have
been reported by processing MOF-contrasting agent as soluble nanoparticles [238].
Nanoparticles might not only be of use in biomedicine, but also in nanotechnology.
Their applications may range among data storage, catalysis, photonics, electronics,
microlenses, and biosensors. The principal challenge is in the preparation of
nanoparticles showing specific properties, i.e., nanoscale metal-organic particles.
Recently, the successful preparation of nanoparticles of Prussian Blue analogues [239],
or systems showing magnetic behaviours such as superparamagnetism [240], valence
tautomerism [241], SMM behaviour [242] or SCO phenomena [243, 244] has been
reported. It is reasonable to think that examples of porous and functional nanopar-
ticles will follow soon [245].
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