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ARTICLE INFO ABSTRACT

AffiC{e history: Magnetic lanthanide-transition-metal hybrid materials have enjoyed increasing attraction because they
Received 16 January 2009 not only provide examples for studying magnetic coupling involving lanthanide ions but also exhibit novel
Accepted 10 May 2009 magnetic behavior which render them candidates for future devices for information storage and quantum

Available online 27 May 2009 computation. Herein, we review the structures and magnetic properties of lanthanide-transition-metal

hybrid materials that are categorized based on the structural features and organic ligands used. The review

fey‘gl"rd,s(; transiti - pays special attention to the examples which show magnetic slow relaxation since these render them to
];:gniglc e-transition-meta be potentially applied as devices for information storage.
Cluster © 2009 Elsevier B.V. All rights reserved.
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1. Introduction
The chemistry of Ln-TM compounds (TM =transition metal)
dates back almost a century. The origin can be traced to 1916, when
a series of lanthanide hexacyanocobaltates Ln[Co(CN)g]-n(H,0)
* Corresponding author. Fax: +86 591 837914946, were synthesized [1a]. Up until now, numerous Ln-TM com-
E-mail address: hmc@fjirsm.ac.cn (M.-C. Hong). pounds have been obtained by various synthetic approaches [1].
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In a recent review by Shore and coworkers, the existing Ln-TM
compounds were summarized and a rational classification was
proposed according to the different types of interactions between
lanthanide and transition metal ions: (1) Ln-TM direct bonds, (2)
ionic association, and (3) Ln-linkers-TM [2]. In particular, for the
Ln-linkers-TM system, many examples were prepared from the
aggregation of lanthanide, transition metal ions and diverse organic
ligands due to the development of coordination chemistry and crys-
tal engineering [3]. Research in this field has greatly progressed for
the following reasons. First, the curiosity to synthesize new types of
Ln-TM hybrid materials has encouraged creative synthetic strate-
gies. Second, the Ln-TM heterometallic coordination complexes not
only have attractive structure motifs but also important physical
properties which render them candidates for luminescent sensors
[4], catalysts [5], adsorption materials [6-8] and magnetic materi-
als [9-12]. Finally, the magnetic Ln-TM hybrid materials provide
abundant examples for studying the magnetic coupling involving
lanthanide ions, a topic which is still far from being satisfactorily
understood [12-20].

Studies of the magnetic interactions involving lanthanide ions
were pioneered by Kahn and Gatteschi. In 1985, Gatteschi and
coworkers observed that when Cu?* and Gd3* were bridged
together, the coupling between the ions was ferromagnetic [21].
At that time, this result was surprising and aroused some skep-
ticism as it might be expected that at least one of the seven
4f-orbitals would overlap with the semi-occupied orbital on Cu2*
which would result in an antiferromagnetic interaction between
the two ions. Kahn and Gatteschi gave a rational explanation to
the phenomenon [22,23]. Since the 4f-orbitals on lanthanide ions
are small and internal, the interaction between the Cu?* 3d and
Gd3* 4f orbitals is minimal, and hence the overlap is of little impor-
tance. The important interaction is between the orbital of d,2_2
on Cu?* and an empty 5d-orbital on Gd3*. In such a charge transfer
configuration, there are two possible orientations for the electron
transferred from Cu?* to Gd3*. One is that the additional elec-
tron aligns antiparallel to the seven 4f-electrons giving an S=3
spin state equivalent to antiferromagnetic exchange; the other is
that it aligns parallel to 4f-electrons leading to an S=4 spin state
equivalent to ferromagnetic exchange. According to Hund’s rule,
the latter will be lower in energy and hence the excited state of
the system favors ferromagnetic exchange. After this pioneering
work, many systems containing 4f-3d pairs of interacting ions
were synthesized [24-28]. As to the exchange mechanism, most
of the work focused on the nature of magnetic coupling involving
Gd3*, while that involving other lanthanide ions with large mag-
netic anisotropy is still not revealed mainly due to the unquenched
orbital contribution which introduces many complications [13a].
Compared to the silence of the research on the exchange mecha-
nism involving lanthanide ions, many Ln-TM hybrid materials with
interesting magnetic properties have been obtained. For example,
many discrete Ln-TM clusters showing magnetic slow relaxation
have been reported [29,10b]; 4f-3d molecule-based magnets with
high T¢ (Curie temperature) have also been obtained [30]; Einaga
and coworkers reported a cyano-bridged 3d-4f molecule-based
magnet showing photoinduced magnetization which allows it to
be used as a magnetic sensor [31].

We initiated our Ln-TM coordination complex research in the
early 2000s. At that time several isolated Ln-TM clusters were
reported [32], but Ln-TM complexes with extended structures were
still very rare [33]. We aimed to synthesize Ln-TM coordination
polymers with charming structures and interesting magnetic prop-
erties employing diverse synthetic strategies [34]. Gatteschi and
coworkers reviewed the magnetic materials with interacting lan-
thanide and transition metal ions, and Winpenny et al. reviewed
3d-4f magnetic clusters [34d,e], herein we would like to review the
structures and magnetic properties of Ln-TM hybrid materials. We

classify these materials depending on their structural features (dis-
crete and infinite in one, two and three dimensions, respectively).
In particular, we pay special attention to compounds with novel
magnetic properties.

2. Discrete clusters

As is well known, lanthanide ions have large and various coordi-
nation numbers and prefer to ligate to hard donor atoms, whereas
d-block transition metal ions prefer to bind to soft donor atoms.
This recognition of donor atoms by metal ions provides a poten-
tial approach to the synthesis of Ln-TM coordination complexes.
However, to generate target Ln-TM compounds, a judicious choice
of ligands is necessary. Except for cyano groups, multidentate lig-
ands containing N-/O-donor atoms are considered good candidates
and so are usually employed. Many Ln-TM compounds based upon
multidentate N-/O-donor ligands have been prepared under diverse
conditions [35-40].

Discrete Ln-TM clusters have been designed [42] from cyano
groups, [31,41] ammonia phenol or carboxylic acids ligands. For
example, Einaga and coworkers reported a cyano-bridged dinuclear
Ln-TM compound showing photoinduced magnetization [31], and
high nuclearity Ln-TM SMMs constructed from carboxylic acids
ligands have also been obtained, but most of Ln-TM clusters are
based on the following three kinds of ligands: Schiff-base [43-46],
pyridonates [28,47-49] and amino acids [49-52].

2.1. Clusters using Schiff-base ligands

The magnetic interaction mechanism involving lanthanide and
transition metal ions is one of the active issues in the study of dis-
crete Ln-TM clusters, so special interest has been devoted to the
synthesis of well-isolated dinuclear Ln-TM complexes to get direct
information on the nature of the magnetic exchange. To avoid the
problem of the unquenched orbital momentum of other lanthanide
and transition metal ions, research interests mostly focus on the
compounds containing Gd-Cu pairs. Due to the tendency of lan-
thanide ions towards high coordination numbers, the preparation
of a simple dinuclear Ln-TM system usually requires specific lig-
ands normally consisting of a N,O, donor set. Several Schiff-base
ligands with this character have been used to synthesize these din-
uclear Ln-TM complexes [43-46,53]. The first fully characterized
isolated dinuclear Gd-Cu compound [L1CuGd(NO3)3]-Me,CO was
synthesized by Costes et al. (L1 =1,2-bis((3-methoxysalicylidene)
amino)-2-methyl-propanato). In this molecule, the Cu?* ion occu-
pies the N,O, compartment, while the Gd3* ion enters the O4
compartment, as in most of this type of systems [43-46,53]. The
remaining coordination sites of the Gd3* ion are occupied by
counterions to furnish the eight-coordinate environment with dis-
torted trigonal dodecahedron geometry. The Gd3*-Cu?* distance
within the molecule is around 3.5A, while the intermolecular
distance between paramagnetic centers is around 7-8 A. The mag-
netic behavior of this dinuclear compound is characterized by the
presence of a ferromagnetic Gd-Cu interaction. After analyzing a
series of similar dinuclear systems, Costes et al. [54] proposed a
correlation between the absolute value of the ferromagnetic cou-
pling constant J and the exponential of the dihedral angle (c)
between the two halves (Gd-O-Gd and O-Cu-0) of the bridg-
ing core: |J|=Aexp(Bc), with A=11.5, B=—-0.054, |J| (cm~1), and ¢
).
Employing different Schiff-base ligands, various Cu-Gd clus-
ters including trinuclear Cu,Gd complexes [21], tetranuclear
CuyGd, cages [12a], and hexanuclear GdCus magnetic cores
[55] have been observed. For instance, a trinuclear Cu,Gd
complex [CuyGd(L2);(HO3)]-(Cl04)3-2Cul2.0.5C; HsNO, was syn-
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Fig. 1. (a) The trinuclear Cu,Gd structure of [Cu, Gd(L2),(NO3)3] [21]; (b) the dimerisation of the trinuclear Cu;Gd units [CusGdy(L3)4(NO3)s] [12b].

thesized, whose asymmetric unit consists of three nuclear species
where two Cu?* ions are bonded to one Gd3* ion by bridg-
ing oxygen atoms (L2 =N,N'-ethylenebis-(salicylaldiminato) [21]
(Fig. 1a). Furthermore, a dimerization of the above trinuclear Cu,;Gd
units [CuyGdy(L3)4(NO3)s]-0.5(CH30H-H,0) was also obtained by
Kahn and coworkers (L3 is the ligand derived from 3-(N-2-
(pyridylethyl)formimidoyl)salicylic acid) [12b] (Fig. 1b). In the
CuyGd; core, the Cu,Gd subunits are connected through the car-
boxylate groups from L3 ligands to generate a hexanuclear CuyGd,
polyhedron which can be considered as a Cuy tetrahedron deco-
rated with two Gd3* ions. Notably, Luneau and coworkers reported
a cubane GdCus core and a Gd3Cug cluster resulting from the con-
densation of three {Gd,Cu,} cubane-like moieties [12d]. Although
some of these clusters present problems for the well-defined anal-
ysis of their magnetic properties, most magnetic studies supported
the conclusion that the Cu-Gd coupling was ferromagnetic and the
Cu-Cu and Gd-Gd exchanges were antiferromagnetic [59].

Due to the unquenched orbital momentum of Ni%*, Co?*
and Cr3* ions, it is difficult to quantitatively analyze the
interactions of Gd3*-Ni2*, Gd3*-Co2*, and Gd3*-Cr3* pairs, so
only a few reports on this research field are available in
the literature. For the interactions of Gd3*-Ni2* pair, a dinu-
clear compound [L4Ni(H,0),Gd(NO3)3] containing a magnetically
interacting Gd-Ni pair (L4=[2,2’-[2,2’-dimethyl-1,3-propanediyl-
bis(nitrilomethyldyne)]bis-(6-methoxyphenole)]) was reported.
Magnetic studies suggest that the complex has aS=9/2 ground state
which derives from a Gd-Ni ferromagnetic interaction with a cou-
pling constant of 3.6 cm~! [44a]. Luo and coworkers also reported
a heterodinuclear Gd-Ni cryptate with the presence of ferromag-
netic interaction between the two metal ions (J=0.56cm™1) [56].
No clusters containing Gd3*-Co2* and Gd3*-Cr3* pairs were con-
structed from Schiff-base ligands, but such compounds constructed
from other ligands were reported. For example, two dinuclear
compounds including interacting Co2*-Gd3* pairs have been con-
structed from pivalate ligand or mixed ligands (pivalic acid and
quinoline) [57,40]. In both cases, the authors concluded that the
magnetic behavior may be ferromagnetic, but no quantitative anal-
ysis was done. In addition, a weak antiferromagnetic Gd3*-Cr3*
interaction with J=—0.09cm~! was observed in the compound
[(acac),Cr(ox)Ln(HBpz3 ), ] (acac- = acetylacetonate, ox2~ = oxalate,
HBpz;~ = hydrotris(pyrazol-1-yl)borate) [58].

Ferromagnetic Tb-Cu, Dy-Cu, Dy-Mn, Dy-Fe and Dy-Ni inter-
actions were also observed in some Ln-TM clusters based on
Schiff-base ligands. Due to the large magnetic anisotropy from Th3*
and Dy3* ions, these compounds may exhibit slow relaxation which
is the characteristic of SMM (single molecule magnet). We will
review these Ln-TM SMMs below.

2.2. Clusters constructed from pyridonates

Pyridonate molecules largely employed by Winpenny's
group are also effective to construct high nuclearity Ln-TM
clusters. Reaction of 2-pyridone with copper hydroxide and
a hydrated lanthanoid nitrate gave the first such cluster
[CuyGdy(hp)g(Hhp)s(OH)2(NO3)4(H20):] (Hhp =2-pyridone)
with CuyGd, cage, where the six metal ions occupy the vertices
of a distorted octahedron [25]. In this compound, the CuyGd,;
core is besieged by twelve pyridonate ligands, eight of which link
four Cu?* ions into a cyclic tetranuclear subunit. If a 6-substuited
2-pyridonate is used, a series of predominantly tetranuclear
Ln-TM cages can be obtained [28,47,49]. The lanthanide, sol-
vent and pyridonate derivative influence the exact products of
this series. Winpenny et al. classified these tetranuclear Ln-TM
cages into two types. Type [ features a central Cu,0; ring, with
two pyridonate ligands attached to each copper center through
the N-donors of their rings, which further ligates to Ln atoms
through the O-donors from pyridonate ligands. As a result, the
CuyLn; core is held by four pyridonate ligands. Type II has either
Cusln or CuyLny core held by eight pyridonate ligands. Their
structures have a similar arrangement of pyridonates, while the
central rings are different, CuLnO, for CusLn core and Ln,0,
for CuyLn, core, respectively (Fig. 2). Probably due to the larger
radius of the La3* ion, it has quite different coordination chem-
istry with the pyridonate ligands than the smaller 4f-elements.
Some clusters seemingly unique to La centers, including Cuylay
and Cusla cages, have been obtained [48]. Particularly, reaction
of [CugNa(mhp);2]:NO3 with hydrated lanthanum nitrate in
dichloromethane generated a fascinating highly ordered cluster
[CuqzLag(OH)24(NO3 )21.2(Hmhp)y3(H20)55]-[NO3]28  (Hmhp=6-
methyl-2-pyridone) [60]. This cluster presents a central core
incorporating a cuboctahedron of copper centers inside a cube of
lanthanum, which implies the core has non-crystallographic Oy
symmetry. The CuqyLag core is exclusively held together by twenty-
four p3-OH. Such a core can be assumed to consist of eight LaCus
tetrahedra with an OH group at the center of each LaCu, triangular
face. Each copper is coordinated by four OH groups exhibiting a
square plane geometry. The lanthanum centers are each bound
by three p3-OH groups, with the remaining coordination sites
furnished by different ligands, nitrate and water molecules. The Lag
and Cuqy cages show little distortion from the ideal polyhedron.
For the Lag cube, the La. - -La distances range from 6.301 to 6.705 A
and the Cu.--Cu---Cu angles vary from 86.7° to 93.3°. The Cu---Cu
contacts are invariant while the polyhedral angles deviate from
60° required for a perfect cuboctahedron. Surprisingly, if betaine
ligands (either pyridinioacetate or pyridiniopropionate) are used,
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Type 1

Type I1

Fig. 2. Two types of tetranuclear Ln-TM cages based on 6-substituted 2-pyridonate [49].

a similar CujpLng(p3-OH)4 (Ln=Y, Nd, Sm, Gd) cage, in which the
cuboctahedron of copper centers remains unchanged from that
of CuqyLng(ju3-OH),4 core, can be isolated [61]. Rather than being
coated in a Lng cube, herein it is coated in a Lng octahedron.

All the magnetic studies of these clusters reveal ferromagnetic
interactions between Cu?* and Gd3* ions, which are in accordance
with the initial observation. An empirical correlation between J and
the Cu---Gd distance, —/=A exp[Bdcg...cy] (Where A=6.5 x 104 and
B=-2.833, with J in cm™! and dgq.. ¢y in A), has been proposed.
However, due to the rather small range covered by these studies,
this correlation still remains to be proven.

2.3. Clusters constructed from amino acids

Amino acids, because of their various coordination modes, have
proven to be good candidates to construct high nuclearity clusters.
Employing glycine, L-proline, L-alanine or L-threonine as ligands,
Wu and coworkers synthesized a series of Ln-TM clusters including
{LnMs}, {LngCujy}, {LngCuy4}, clusters, etc. [3e,62]. The self-
assembly of M(ClO4), (M =Co, Ni), Ln(ClO4)3 (Ln=La, Pr) and amino
acids (glycine, L-alanine, L-threonine) in aqueous media, generates
a heptanuclear LnMg polyhedron [NaLnMg(AA)12]-(ClO4)4-(H20)14
with a center coated Ln3* ion (AA=glycine, L-proline, L-alanine or
L-threonine) [62b]. In this polyhedron, twelve amino acids bridge
the six M2* jons into an octahedron, and each amino acid acts as
an edge of the octahedron. The Ln3* ion is located at the center of
the octahedron coordinated by twelve oxygen atoms from twelve
ligands. The structure is similar to that reported by Yukawa, which
is constructed with L-prolinato [50]. A series of different LnMg clus-
ters containing a Ln3* center besieged in a trigonal prism formed
by six Ni2* metal ions were also synthesized [62c]. All the com-
pounds in this system have a [LnNig(gly)s(n3-OH)3(H,0)5]6* core
and can be viewed as the edge ligands and/or terminal ligands
exchange products of [LnNig(gly)s(3-OH)3(H20)g(p2-H20)3]%. In
theses compounds, two parallel layers being composed of three Ni2*
ions and three gly ligands nip the Ln3* center together to form the
final trigonal prism. Notably, another {LnMg} cluster [LnCug(jL3-
OH)3(HIDA),(IDA)4](Cl04);-25H,0 with similar geometry was
obtained by replacing glycine with iminodiacetate acid (HIDA) [63].

Two types of high nuclearity Ln-TM clusters [Gd(H;0)g]
[GdgCu12(OH)14(gly)15(Hgly)s(H20)6]-16C104-14H,0  {GdgCuyp}
and [SmgCuz4(p3-OH)30(gly)12(Ac)12(Cl04)(H20)16]-(Cl04)9-(OH),
(H20)31 {SmgCuy4} were also synthesized [62d,c]. The first
features a crystallography imposed 3 symmetry and is com-
posed of an isolated octadecanuclear cation [GdgCui2(OH)q4
(Gly);5(HGly)3(H,0)5]13*, an oct-aqua Gd3* ion and several lattice

water molecules (Fig. 3a). Six symmetry-related Gd3* ions are
bridged together by eight p3-OH groups to form a hollow octa-
hedral Gdg core. On the other hand, two Cu?* ions are linked to
form a binuclear pair. Six such binuclear pairs encapsulate the
Gdg core via w3-OH groups and glys, leading to the fan-shaped
cation GdgCuqy. The six Cuy binuclear units act as a blade and
the Gdg cluster acts as the fan core. For the second cluster, the
metal skeleton may be described as a large {SmgCuy4} octahedron
encapsulated by twelve additional Cu2* ions (every two connect
to one Ln3* vertex) with the help of w3-OH groups and glys
(Fig. 3b). An encapsulated distorted ClO4~ anion lies at the center
of the {SmgCuy4} octahedron. Although a detailed study is still
needed, the ClO4~ anion seems to act as a template, which directs
the formation of the large {SmgCuy4} cluster. In addition, some
polydimensional supramolecular polymers based on {LngCuy4}
clusters can also be obtained by adjusting the reaction condition
[64]. We will review these extended arrays below.

While using iminodiacetate acid as ligands, Long and
coworkers obtained two highly sophisticated yet stunningly
beautiful Ln-TM clusters [LazoNi30(IDA)30(CO3 )5(NO3 )G(OH)30
(H20)12](CO3)6-72H20 and [Gds4Nis4(ida)sg(OH)144(CO3)s(H20)25]
(NO3)18-140H,0 [36a,65]. The cluster core of the first cluster fea-
tures a keplerate type double-sphere structure with an inner
sphere of 20 La3* ions encapsulated by the outer sphere formed
by 30 Ni2* ions. The 30 Ni?* ions construct an icosidodecahedron
formed by 12 pentagonal and 20 triangular faces; while the 20 La3*
ions occupy the vertices of a perfect dodecahedron. The IDA ligands
and p3-OH groups link the two metal spheres to form the final
structure. Replacing the La(NOs)3-6(H,0) into Gd(NO3)3-6(H,0) in
the reaction, a large four shell, nesting doll-like Ln—-TM cluster was
synthesized. Moving toward, the innermost shell (shell 1) contains
six Ni2* and two Gd3* ions occupying the vertices of a cube and is
followed by shell 2 of 20 Gd3* ions occupying the vertices and the
middle of the edge of a cube, by shell 3 with 32 Gd3* ions forming
a cube with two additional Gd3* ions on each edge, and by the
outermost shell (shell 4), a truncated cube with 48 Ni2* ions, with
each vertex being a triangle of Ni2* ions.

Magnetic studies were carried out for most of these
Ln-TM clusters based on amino acid ligands. Both ferromag-
nets and antiferromagnets were observed, but due to the
crystal-field effects on the lanthanide ions and sophisticated
structure of these clusters, it is difficult to quantify the indi-
vidual contributions of the transition metal and lanthanide
ions. As far as we know, there is only one cluster [Gd(H;0)g]
[GdgCuq2(OH)14(gly)15(Hgly)3(H20)6]-16C104-14H,0 - {GdgCuya}
whose magnetic susceptibility was quantitatively analyzed. The
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(a)

Fig. 3. (a) The fan-shape {GdgCuy,} cluster structure [62d]; (b) the glc bridged {SmgCuy4} cluster [62c].

best fit was found with Jcg_gq =0.0016 cm—1, Jeg4-cy =9.6 cm~! and
Jcu-cu=—857.3 cm~1. Unfortunately, in spite of the large cluster
structure, there is no magnetic slow relaxation observed for any of
these complexes.

2.4. Ln-TM single molecular magnet

Some metal ions with large magnetic anisotropy are consid-
ered to be good candidates for synthesizing magnetic materials
with interesting behavior. The most important of these magnetic
materials is the single molecule magnet (known as SMM) which
is associated with the combined effect of a ground state with
high-spin value (S), easy axis anisotropy (D<0, in which D is
defined as the zero-field splitting parameter), and small transverse
anisotropy. It follows Arrhenius law with a characteristic energy
gap A for reversal between up-spin and down-spin given roughly
by A =|D|S2. Slow relaxation is observed at low temperature when
ID|S% > kgT. A large JJJ' ratio (in which J is the intramolecular
exchange interaction and J' the intermolecular exchange interac-
tion) is also required to observe SMM behavior [29b].

Recently, the field of SMM has extended into well-isolated dis-
crete Ln-TM clusters in which highly anisotropy lanthanide ions
are usually employed. The Ln-TM SMMs reported are mainly high
nuclearity clusters involving highly anisotropic Tb3* or Dy3* ions.
Various multidentate ligands have been employed, including Schiff-
base ligands, carboxylic acids and alcohol ligands.

There are a few reports on Ln-TM SMMs based upon Schiff-
base ligands. Most of them are constructed from Dy3* ion,
except a cyclic Cu%*,Tbh3*, SMM [Cu2*L5Tb3*(hfac),], in which
the molecule has an inversion center and the Cu?* and Tb3*
ions are arrayed alternately (Hs3L5=1-(2-hydroxybenzamido)-
2-(2-hydroxy-3-methoxy-benzylideneamino)-ethane,

Hhfac = hexafluoroacetylacetone) [3b]. The Cu.--Cu and Tb.--Tb
distances are around 4.9 and 7.9A, respectively, indicating that
each ion pair is well separated. Furthermore, the cyclic tetranuclear
molecules are well isolated in the crystal and the compound can
be described as a magnetically isolated molecule. The magnetic
susceptibility measurement reveals a ferromagnetic interaction
between the Tb-Cu pairs. Further magnetic characterizations show
that this cluster exhibits SMM behavior which is confirmed by
the concomitant appearance of an out-of-phase signal. The out-
of-phase component of the ac susceptibility x};, shows frequency

dependent peaks at around 2.5 K. Fitting the data by Arrhenius
law, the obtained best fitting parameters are 6g=2.7 x 10~8 s and
Alkg=21K, and the estimated Tg is 1.2 K.

The structures of Ln-TM magnets showing slow relax-
ation based upon Schiff-base ligands containing Dy3* ions
vary considerably including linear {Dy,Cu}, {Dy3Cug}, planar
{DyCus} and {DygMng} cores [2b,2c,13a,29b]. For instance, very
recently, Gatteschi and coworkers reported two linear Dy,M
trinuclear compounds [{Dy(hfac)s;},{Fe(bpca),}]-CHCl; and
[{Dy(hfac)s},{Ni(bpca),}]-CHCl3 (bpca~ =bis(2-pyridylcarbonyl)
amine anion) [29b]. In both compounds, a central [M(bpca),]
(M =Fe?*, Ni?*) unit is linked to two terminal [Dy(hfac)s] units.
Static magnetic susceptibility measurements reveal a weak fer-
romagnetic exchange interaction between Ni%2* and Dy3* ijons,
while the diamagnetic Fe2* ion leads to the absence of mag-
netic interaction. Dynamic susceptibility measurements show a
thermally activated behavior with the energy barrier of 9.7 and
49K, respectively. Thanks to the comparison of the magnetic
behavior of these two compounds, an interesting negative effect
of the ferromagnetic exchange interaction on the dynamics of
the magnetization has been found. Ishida and coworkers also
reported a similar linear compound [{Dy(hfac)s;},{Cu(dpk),}]
with {Dy,Cu} core with 6g=1.5x 10~7 s and A/kg =47 K showing
interesting quantum tunneling of magnetization (Hdpk=di-2-
pyridyl ketoximate) [13a]. By employing the “one-step strategy”,
Pecoraro and coworkers can obtain a large {DygMng} cluster
[DysMng(H;L6)4(HL6),(L6)10(CH30H)10(H20)2]-9CH30H-8H,0
showing SMM behavior (H,L6 = salicylhydroxamic acid) [3c]. This
cluster is centered about a nearly planar hexagonal ring of Dy3*
ions that is capped on either end by a Mn,3*Mn** trimer. In a word,
sixteen L6 ligands ligate the six Dy3* jons and six manganese ions
together to form the large condensed cluster (Fig. 4). Upon cooling,
the ymT value decreases continuously, which is indicative of
dominant intramolecular antiferromagnetic exchange interaction
in the cluster, depopulation of dysprosium single-ion sublevels, or
a combination of both. However, the ac magnetic measurements
reveal its SMM behavior, for a frequency dependent out-of-phase
component (x},) signal appears. Unfortunately, due to the low
blocking temperature (Tg <2 K), no relaxation time 6y and energy
barrier A/kg was reported.

Simple monocarboxylic acids ligands have also been employed
to construct Ln-Mn SMMs by Christou’s group and Powell’s
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Scheme 1. Schiff-base ligands used to construct Ln-TM clusters appearing in this review.

group. Employing ‘BuCO,H, Powell and coworkers isolated a
bell-shaped {Gd,;Mny; } cluster and a {Ln4Mns} (Ln=Tb, Dy, Ho, Y)
cluster with central core composed of two distorted {Ln;Mn;04}
cubanes sharing a Mn** vertex [29c,g]. Both of these Ln-Mn
clusters unambiguously exhibit SMM behavior and the 6y, A/kg
for the bell-shaped {Gd;Mny;} cluster [Mn3*9Mn2*,Gdy(0)g-
(OH),(piv)ig6(fca)sa(NO3)(H20)]- 13CH3CN-H,0 are 2 x 107125
and 184K, respectively (Hfca=2-furan-carboxylic acid,
Hpiv='BuCO,H). Combination ‘BuCO,H and Hstmp, Brechin
and coworkers obtained a cyclic {Dy,Mny} cluster [NMeyl,
[Mn, Dy, (tmp),(02,CCMes )4(NO3)4]-2MeCN-0.5H,0 showing not
only frequency dependent out-of-phase ac susceptibility signals
but also temperature and sweep rate dependent hysteresis loops
(H3tmp = propane-1,1,1-triol) [29f]. While using PhCO,H, Chris-
tou and coworkers synthesized two large Ln-Mn clusters with
{Dy4Mny; } or {GdMny;} cores, both showing interesting quantum
tunneling of magnetization (QTM) [29d,h]. For the {GdMnj,}
cluster, clear quantum tunneling steps can be observed in its
hysteresis loops (Schemes 1 and 2).

3. Extended arrays
3.1. Synthesis strategy

Over the last 20 years, the tremendous development of func-
tional hybrid materials has greatly stimulated the synthesis of
Ln-TM coordination polymers. Apart from the aesthetic perspec-
tive, the interest in such polymers arises from their novel properties
and potential applications as magnetic materials [66], photolu-
minescent materials and zeolite-like materials [67]. For instance,
using the molecular precursor [Cu(opba)]?~, Kahn obtained a series

Ln ™ 0 G N F/Cl Br

Scheme 2. Key for figures in this review.
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Fig. 5. The 2D (4, 4) net-like structure of Nax[LngCuy7(gly)20(pL3-OH)30(H20)22(C104)](Cl04)23(H20)28 based on {LngCuy4} cluster [64].

of 3d-4f multidimensional magnetic materials showing different
long-rang magnetic ordering [6]; Cheng and coworkers developed
a luminescent probe of Zn2* ions with porous zeolite-type struc-
ture [4a,67]. On the other hand, the search for new synthetic routes
leading to functional 3d-4f hybrids is also a focus of research for
chemists, physical scientists and material scientists. By manipulat-
ing the various forces in order to design target 3d-4f coordination
polymers with useful properties, chemists have realized that the
resulting structures are determined by the following factors: (1)
metal-to-ligand stoichiometry, (2) the stereochemical preference
of the assembling cations, (3) the use of ancillary ligands, (4)
the intervention of the noncovalent interactions (hydrogen bonds,
- stacking interactions), (5) the role of the anions (coordi-
nated, bridging, uncoordinated), and (6) the presence of organic
guest molecules, which can act as templates [68]. Several ratio-
nal synthetic approaches aiming at obtaining heterometallic Ln-TM
polymers have been proposed and developed. The most direct way
is reaction of lanthanide salts, transition metal salts and organic
links in one step, and most of the reported 3d-4f polymers have
been prepared by this strategy [34,67,69]. The approach based on
heterometallic Ln-TM cluster as nodes has also proven to be effec-
tive to construct 3d-4f hybrids [68,70]; the metalloligand approach
is also used, that is self-assembly process involving metalloligands
and diverse lanthanide cations [71,72]; recently a new approach
which introduces the cooperation of different organic ligands has
been developed [73]. For our own work, using the polycarboxylic
acids as ligands and employing various strategies, we obtained
series of 3d-4f coordination polymers containing materials which
feature aesthetic structures and interesting properties [3a,e,34,74].
Here we will review the Ln-TM coordination polymers according
to their structural features.

3.2. Extended frameworks based on Ln-TM clusters or
metalloligands

3.2.1. Extended frameworks based on Ln-TM clusters

In contrast to the fruitful production of extended frameworks
based on transition-metal clusters, those based on Ln-TM clusters
are still very scarce [70]. The use of metal clusters to construct
extended arrays can not only make the functional frameworks
inherit interesting magnetic, optical and electrical properties from
the clusters introduced, but also make the size of caves or pores
of coordination polymers increase, which is of great significance
for the design and synthesis of frameworks analogous to impor-
tant minerals such as quartz, clays and zeolites [75]. Some porous

frameworks based transition metal or lanthanide clusters have
been observed which exhibit both novel magnetic and adsorption
properties known as porous magnets [76]. However, this area cor-
responding to Ln-TM clusters still remains to be explored.

As discussed above, employing amino acids, Wu and coworkers
obtained a series of high nuclearity Ln-TM clusters. With the
help of trans-Cu(gly), or trans-Cu(Pro), unit and by adjusting the
reaction conditions, both 2D and 3D coordination polymers based
on LngCuyy clusters can be obtained [64,70b]. With the help of
trans-Cu(gly),, a 2D compound with formula Na,[LngCuy7(gly)ao
(13-OH)30(H20)22(Cl04)](ClO4)23(H20)28 (Ln=Er, Eu, Gd), was
obtained (Fig. 5).In this compound, LngCuy4 clusters are first double
bridged by two trans-Cu(gly), linkers to generate a 1D chain run-
ning along the crystallography b-axis. Then these chains are further
connected together by trans-Cu(gly), units. That is, each LngCuyy
cluster is connected to four neighboring ones by six trans-Cu(gly),
units, resulting in a 2D net-like framework with (4, 4) topology.
Two 3D compounds based on {LngCup4} clusters {[SmgCuyg(iz-
OH)30(gly)24(Cl04)(H20)22](Cl104)14-(OH)7-(H20)24}n  and {[Ndg
Cus3o(p3-OH)30(Pro)24(Cl04)(H20)21]-(Cl04)12-(OH)11-(H20)6 }n
can also be synthesized with the help of trans-Cu(gly), or trans-
Cu(Pro), unit, respectively. For the first compound, each SmgCuyy4
unit is connected via ten trans-Cu(gly), groups to six neighboring
ones to give rise to a 3D porous network with quasi-rectangular
7 A x 31 A channels along b-axis. According to topology approach,
the net can be simplified as a-Po net with (4°-68) Schlifli symbol.
In the second compound, differently, each LngCuy4 cluster is con-
nected to twelve adjacent ones by twelve trans-Cu(Pro), bridges
to generate a 3D framework. Notably, each trans-Cu(Pro), unit
attaches two Cu2* ions from different clusters. The complicated
3D framework can be described as a 12-connected fcu net. In
other words, the 3D structure can also be considered to be con-
structed from interlinked {NdgCuy4 }13 dodecahedral cages coating
a NdgCuyyq cluster center. This {NdgCuy4}13 dodecahedron cage
not only has large pores itself, but also can form superlattices with
large pore size and high pore volume. Remarkably, Chen et al. also
successfully extended their {LngCuy4} clusters into a 2D structure
[70b]. Magnetic studies for all these compounds indicate that all
of them behave as antiferromagnets, but it is difficult to clearly
determine the nature of magnetic interactions involving the metal
ions.

Costes and coworkers also reported a series of extended arrays
based on dinuclear or trinuclear cluster units constructed from a
Schiff-base ligand (L4) (Fig. 6) [68]. Different from Wu'’s compounds
based on metalloligand bridged {LngCuy4} clusters, two families
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Fig. 6. The dinuclear (a) and trinuclear (b) cluster units in the series of compounds obtained by Costes and coworkers [68].

of bridges have been employed as linkers in the system: the first
consists of exo-dentate ligands bearing nitrogen donor atoms such
as bipyridine (bipy) and dicyanamido (dca), while the second con-
sists of exo-dentate ligands with oxygen donor atoms containing
anions derived from the acetylenedicarboxylic (Hyacdca), fumaric
(Hyfum), trimesic (Hztrim) and oxalic (Hy0x) acids. Interestingly,
the nature of linkers shows an important impact on the final struc-
tural diversity. Using bipy as linker, as expected, two {CuLn} entities
are bridged together leading to a tetranuclear complex. However,
the ligands belonging to the second family connect the cluster units
into extended arrays. Using Hpacdca linkers, the {CuLn} entities
are alternatively bridged by one or two acdca ligands into a zigzag
chain. The Hyfum can link the {CuLn} entities into a single chain,
double chain or 2D brick-wall type layer with (6, 3) net, and the
Hstrim connects the {CuLn} entities into a double chain. H, 0x coop-
eration with 2,2’-bipy connects {CuLn} entities into a zigzag chain,
while if H,0ox cooperates with dca, trinuclear {Cu,Ln} entities were
extended into honeycomb layer. For all of the compounds involving
Gd3* ions, the Cu2*-Gd3* exchange interaction were ferromagnetic,
with J values in the range of 3.53-8.96 cm~'. Due to the depopula-
tion of the Stark levels of other lanthanide ions, the nature of the
magnetic exchange involving them is unclear.

3.2.2. Extended frameworks based on metalloligands

The metalloligand approach, which is also called stepwise syn-
thesis, has been employed to construct multidimensional Ln-TM
structures in the past few years. Generally, the metalloligand should
be relatively stable and contain potential coordinating atoms. Sev-
eral metalloligands have proven to be effective and a variety of
Ln-TM compounds were synthesized.

Kahn and coworkers reported a honeycomb ferromagnet
using Na,[Cu(pba)] as a metalloligand [72]. Yan and coworkers
designed a bifunctional ligand HL7 (Scheme 3a) that contains
two different coordination sites: lanthanide ions will inter-
act with the pyridine-N-oxide, while the transition metal ions
will bind to a tridentate chelating site [71a]. As expected, an
orthogonal metalloligand Ni(HL7)L7ClO4 can first be isolated,
and employing this, an extended 1D Ln-Ni chain with formula
{LnNiyL3(HL7)(DMF)4(ClO4)4-S} (Ln=Gd, Tb, S=solvent) can be
obtained. In the chain, two adjacent Ln3* ions and two bridging met-
alloligands form a square unit, and these units are linked together
by sharing the common Ln3* nodes. For the Gd derivative, as the
temperature is lowered, the xT first decreases slowly, reaching a
minimum at ca. 64 K, and then increases reaching a maximum at ca.

12K, and then decreases dramatically. This phenomenon indicates
that the complex behaves as a ferromagnetic chain with antiferro-
magnetic interactions between the adjacent paramagnetic centers
with uncompensated spins.

Using the metalloligand Cu(pic); (Scheme 3b), Guo and cowork-
ers synthesized a series of Ln-Cu coordination polymers, containing
linear chain {NdCu(pic)z[CO(NHZ)2]4(H20)3}(C104)3-[Cu(pic)2]2,
zigzag chain [LnCuy(pic)4(H20)6](Cl04)3-H,0 (Ln=Sm, Nd, and Pr)
and a 2D layer structure constituted by Cu(pic), moiety bridged
zigzag chains with formula [Ln,Cus(pic)i9(H20)g](Cl04)s-2H,0
(Ln=Gd, Nd, Sm, Dy, Eu, Pr, and Yb Hpic=picolinic acid) [71b].
Although magnetic data were collected for some of the compounds
in this system, due to the progressive thermal depopulation of
the Ln3* Stark components, the nature of Ln3*-Cu?* interactions
remains to be clarified.

As for our own work, we developed a new metalloligand
[Co(2,5-Hpydc)3]-3H,0 (Scheme 3c), in which the Co3* is octa-
hedrally coordinated with three N and three O atoms from
three 2,5-Hpydc moieties (2,5-H;pydc=2,5-pyridine dicarboxylic
acid) [74g]. The metalloligand [Co(2,5-pydc);]3~ has two kinds
of Lewis-base coordination groups, 2-carboxylate group (group
A) and 5-carboxylate group (group B) moieties. The bridging
capability of group A is weaker than that of group B because
of its weak electron-donating and electro static power, and
the distance between adjacent groups B is considerable larger
which allows [Co(2,5-pydc)s]?~ to form well isolated magnetic
nanowires. In this regard, [Co(2,5-pydc)s;]*~ may be a better
candidate for single chain magnets (SCMs) than the original 2,5-
H,pydc if the control of the choice of metal ions for coordination

(a) L
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Scheme 3. (a) The metalloligand of [Ni(HL7)L7]*; (b) the metalloligand of Cu(pic),;
(c) the metalloligand of [Co(2,5-pydc)s >~ [74g].
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Fig. 7. The 2D layer structure of [Dy,Co,(2,5-pydc)s(H20)4],-2nH20 [74g].

groups is possible. Indeed, using metalloligand [Co(2,5-pydc); |3~
to covalently link lanthanide ions into an extended net-
work, we obtained four cobalt-lanthanide heterometallic
compounds [Dy,Coy(2,5-pydc)g(H20)4]n-2nH,0, [TbyCoy(2,5-
pydc)s(H20)4]n-3nH20, [TbaCo2(2,5-pydc)s(H20)9]n-4nH,0  and
[LaCo(2,5-pydc)3(H20); ]n-2nH, 0, some of them exhibit interesting
like-SCM behavior.

In the first compound, the Ln3* ions are first bridged into a
chain by carboxylate groups from metalloligand [Co(2,5-pydc)3 |3,
which is further extended leading to a layer with large inter chain
Dy---Dy distances (Fig. 7). For the second compound, there are
two crystallographic unique metalloligands [Co(2,5-pydc);]3~ in
its asymmetric unit. One links the Tb3* ions into a layer based
upon linear carboxylate-bridged [Tb3*]4 units, the other bridges
the Tb3* ions into a tape which is based upon linear carboxylate-
bridged [Tb3*]4 units. The tapes interlinked with layers above by
sharing Tb3* ions to generate a porous three-dimensional network,
resulting from the [Tb3*]4 units bridged by carboxyl groups to
form a carboxylate-bridged Tb3* chain. In the 3D network, each
carboxylate-bridged Tb3* chain connects with four other adjacent
chains with an interchain Th3*. . .Tb3* distance of about 13 A. For the
third compound, one crystallographic unique metalloligand con-

nects the Tb3* jons into a chain formed by two kinds of dimers,
the other links the chains into a layer structure with the short-
est interchain Tb3*...Tb3* distance 7.470 A. The fourth compound
is an intricate 3D architecture, which can be viewed as a uninodal
5-connected net with boron nitride (BN) topology and (43-5-6°-8)
Schifli symbol.

Temperature-dependent magnetic susceptibility measurements
for the former two compounds reveal that notable ferromag-
netic interactions exist in the carboxylate-bridged Ln3* chains,
while the Tb3*...Tb3* magnetic interaction in the third com-
pound may be antiferromagnetic. The ferromagnetic interactions
in the carboxylate-bridged Ln3* chains were further confirmed by
their M vs H curves which show fast-saturation variations. For
the observed ferromagnetic coupling between Ln3* ions in the
carboxylate-bridged chains, we measured the ac magnetic suscep-
tibility in zero applied dc field. The linear variation of In(x},T)
versus T-! observed indicates a strong Ising-like chain. No irre-
versibility was observed in the ZFC and FC magnetization, thereby
indicating no long-range order, which further confirms their 1D
nature. No clearly frequency-dependent out-of-phase signal was
observed for the second compound above 2K, which excludes the
possibility that it exhibits single-chain magnet behavior. However,
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Fig. 8. Temperature dependence of ac xn, at different frequencies for [Dy,Co>(2,5-
pydc)s(H20)4]n-2nH,0 [74g].

both clearly frequency-dependent in-phase and out-of-phase sig-
nals were observed for the first compound (Fig. 8). This behavior is
a proof for the SCM, although it does not mean it is definitely a SCM,
since spin-glass or random-domain magnets can also lead to such
signals. To further investigate this behavior, isothermal frequency-
dependent ac susceptibility of the first compound was measured to
evaluate the effective energy barrier and relaxation time. The data
were fitted by a generalized Debye model. The 6 values obtained are
further used and fitted by the Arrhenius law [6 = 6 exp(Uess/ksT)],
giving d~0.18, Uxgr=4.89K, 89 =7.56 x 108 s, indicating a narrow
distribution of relaxation times. An ideal SMM or SCM is likely to
possess a single relaxation time (d=0) whereas a spin glass would
show a wide range of relaxation process (d=— 1). The d, Ueg and
0g values obtained allow us to assess that we are not faced with a
spin glass behavior and the values are comparable to those of some
other SCMs or SMMs.

3.3. One-dimensional Ln-TM materials

One-dimensional compounds, especially the simple chain struc-
tures, comprising lanthanide ions and transition metal ions are
exceedingly rare. For the reported compounds, cyano, CCl3COO-,
H, pydc, oxalate, opba (o-phenlenebis(oxamato)) as well as bpa (2-
hydroxy-1,3-propylenebis(oxamato)) were employed.

[M(CN)g]3~ ions (M=Fe, Mn, Cr) show a great capability to
bridge lanthanide ions, so they are considered to be good candi-
dates to construct Ln-TM compounds. Indeed, a series of simple 1D
chain structures were synthesized by using [M(CN)g]>~ ions as pre-
cursors [77]. For the compounds in this system, the [M(CN)g]?~ ion
can use its two cyano groups to ligate to Ln3* ions, as a result, M3*
and Ln3* ions alternate regularly forming a simple chain. Other ter-
minal or capping ligands, such as DMA (N,N-dimethylacetamide),
DMF (N,N-dimethylformamide), betain, 2,2’-bipy (2,2’-bipyridine),
attach to the lanthanide ions to furnish the coordination geome-
try. Interestingly, some of them exhibit unusual magnetic behavior,
such as long range ordering and strong coercive force. Using
CCI3COO~ as a bridging ligand, another simple chain structure
Gd,Cu(CCl3C00)g-6H,0 can be obtained, in which the Cu?* jon
and a Gd, dimer locate alternately [78a]. The compound seems
to behave as an antiferromagnet, but no quantitative analysis was
done.

While employing 2,5-H,pydc (pyridine-2,5-dicarboxylic acid)
or 2,6-Hypydc (pyridine-2,6-dicarboxylic acid) as ligands, chain
Ln-TM compounds with different shapes can be obtained. For

example, we obtained a zigzag chain structure formulated
as [{LnyCus(2,5-pydc)s(H20)12}-4H,0], (Ln=Er, Gd). This chain
structure consists of two building blocks, cyclic [LnyCuy(2,5-
pydc)s(H20)12] and [Cu(2,5-pydc),]?~, which connect to each
other via Ln—0 bonds. As a result, the two units are arranged
alternately in the chain (Fig. 9). Eventually, some hydrogen
bonds exist between the chains to form a 3D supramolecular
structure [34c]. The xT value of the Gd3* derivative increases
slightly upon cooling and reaches a maximum at 40K, reveal-
ing the ferromagnetic exchange between Gd3*-Cu2* pairs. The
ferromagnetic interaction was further confirmed by the positive
Weiss constant 6=0.7857 K. Cai et al. also reported a co shaped
compound [{LngCuy(2,6-pydc)s(H,0)g}-18H,0], (Ln=La, Pr) con-
structed from 2,6-H,pydc. In this compound, 2,6-pydc ligands
ligate to Cu?* ions forming [Cu(2,6-pydc),;]?>~ units, which doubly
bridge the Ln3* ions into the oo shaped chain. For the La3* deriva-
tive, a weak ferromagnetic Cu—Cu interaction can be observed
[78Db].

Using oxalate, opba or bpa as ligands, a ladder-type or tubular
architecture can be obtained. Decurtins et al. reported a ladder-type
architecture formulated as [LnCr(ox)3(H20)4]2-12H,0 (Ln=La, Ce,
Pr, Nd), in which both the sidepieces and the rungs of the ladder
are formed by the oxalate bridges [78]. The xT values for the La, Ce,
Pr, derivatives show a continuous decrease on lowering the tem-
perature, which is attributed to the splitting of the electric levels
on metal ions and/or the presence of weak exchange interaction.
For the Nd derivative, the xT decreases first to reach a minimum at
about 5K and then increases. The authors claimed it as a ferrimag-
net, but further magnetic studies should be carried out to support
the conclusion.

Aserials of 1D Ln-TM coordination polymers were also obtained
using [M(opba)]2~ (M=Cu, Ni, Zn) and [Cu(pba)]?~ as building
blocks. The former feature as ladder-type motifs, while the lat-
ter feature as either ladder-type or tube-type structures. For the
ladder-type {Ln;[M(opba)]3}-S system (Ln=La-Lu, S for solvent
molecules), the [M(opba)]?~ moieties act both as the sidepieces
and the rungs of the ladder to link the Ln3* ions into a string [79]
(Fig. 10a). The successful synthesis of the Zn2* derivatives allows the
authors to obtain independent information on the crystal-field and
determine the nature of the exchange interactions of the Ln-TM
pairs. For the Cu?* derivatives, the Gd3*-Cu?*, Tb3*-Cu?* and
Dy3*-Cu?* interactions are ferromagnetic, The Tm3*-Cu?* interac-
tion might also be ferromagnetic but is uncertain. On the other
hand, in all other cases, the Ln3*-Cu?* interaction is not ferro-
magnetic. For the Ni2*-Ln3* pairs, the interaction is ferromagnetic
when Ln3* is Gd3*, Tb3*, Dy3*, and perhaps Ho®*. However, when
Ln3* is Ce3*, Pr3*, Nd3*, Er3*, the interaction seems to be anti-
ferromagnetic. Similar ladder-type compounds {Ln;[Cu(pba)]s}-S
(Ln=Dy, Tb, Er) can also be obtained by slow diffusion in a H-shaped
tube at room temperature, using equimolar aqueous solutions
of Nay[Cu(pba)]-6H,0 and Ln chloride [80]. In this system, the
[Cu(pba)]?~ units act as the sidepieces and the rungs of the lad-
der. For the Dy3* derivative, the T is constant until 10K and then
increases rapidly reaching 90 emu mol~! K at 1.8 K, suggesting a fer-
romagnetic interaction. Ferromagnetic coupling is also observed for
the Tb3* and Er3* derivatives. In addition, a beautiful tubular-like
structure formulated as Ln,[Cu(pba)]3-20H,0 (Ln=Gd, Eu) can be
synthesized with the same procedure described above but allow-
ing slow crystallization at 70°C [79] (Fig. 10b). There are two Ln3*
ions, three [Cu(pba)]?>~ moieties and several coordinated and lat-
tice water molecules in the asymmetric unit of this structure. Two
[Cu(pba)]?>~ moieties link the Ln3* ions into chains, the third one
connects four neighboring chains together to form a tube. The
chains formed by [Cu(pba)]?~ linked Ln3* ions act as the wall of
tube, while the third [Cu(pba)]?~ is moiety trapped in the inner
part of the tube. The Gd3* derivative behaves as a 1D ferromagnet
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Fig. 9. The zigzag chain structure of [{Ln,Cus3(2,5-pydc)s(H20)12 }-4H2 0], [34c].

with 8 =1.2K, while the xT value of the Eu3* derivative surprisingly
tends to be zero at low temperature.

3.4. Two-dimensional materials

2D Ln-TM structures are still rare in the literature. These
reported Ln-TM compounds are generally constructed from either
cyanide or multiple N- and O-donor ligands such as pyridine car-
boxylic acids.

3.4.1. Cyanide bridged layer structures

Initially, the magnetism of the cyano-bridged Ln-TM hybrid
Prussian Blue coordination polymers was rarely investigated.
Known cyano-bridged Ln-TM complexes such as dinuclear, trin-
uclear, tetranuclear, and one-dimensional chains do not seem
exciting, since the coupling between the lanthanide and transi-
tion metals is very weak, because of the effective shielding of
the 4f electrons by the outer-shell electrons. However, the 3D
polymer [SmFe(CN)g]-4H,0, with strong anisotropic coercive field,
exhibits long-range ferrimagnetic ordering below 3.5K, and the
similar polymer [TbCr(CN)g]-4H,0 has a high Curie temperature
(Tc =11.7K). Encouraged by this exciting result, Gao et al. started
their research interest on high dimensional cyano-bridged Ln-TM
hybrid and obtained a series of compounds exhibiting interesting
magnetic behavior.

Their interests are focused on 3d-4f compounds which are
generally synthesized by slow diffusion or evaporation and using
[M(CN)s]3~ (M=Fe, Co, Cr) which can be viewed as analogous to
the metalloligand as precursor mentioned above. Their structures

are various containing brick wall-like (6, 3) layer and unusual sheet
structure with mixed nodes.

For instance, slow diffusion of K3[Cr(CN)g], Ln(NO3)-6H,0 and
DMF in a 1:1:2 molar ration in aqueous solution, generate a brick
wall-like structure formulated as [Ln(DMF),(H,0)3Cr(CN)g]-H,O
(Ln=Sm, Gd) [81]. In this compound, each [Cr(CN)s]*~ unit uses
three cyanide groups to connect with three [Ln(DMF),(H,0);]3*
units. Each [Ln(DMF),(H,0)3]3* unit, in turn, connects to three
[Cr(CN)g]?~ units, generating a flat brick wall-like layer. In topol-
ogy view, both of the units define identical 3-connected nodes
and the layer can be symbolized as a uniform (6, 3) net. For
the Sm3* derivative, due to the presence of the orbital contri-
bution in the Sm3* ground state, the observed decrease of xT
upon cooling should be attributed to the superposition of ther-
mal depopulation of the excited state of single Sm3* ion and/or
the antiferromagnetic Sm-Cr magnetic interaction. Although the
nature of the magnetic interaction is unclear, long range mag-
netic order was observed confirmed by a magnetic phase transition
below 4.2K and a coercive field of 100 Oe at 1.85K. For the Gd3*
derivative, the T decreases smoothly with decreasing temperature,
reaching a minimum at 100K. With a further decrease in tem-
perature, xT increases sharply reaching a maximum at 4.0K and
then decreases again, indicating ferrimagnetic behavior. Intralayer
ferromagnetic interaction deriving from the uncompensated spins
and long-range antiferromagnetic ordering due to the interlayer
antiferromagnetic coupling were confirmed by further magnetic
properties measurements. Furthermore, the “double-S” shape of
its M-H curve suggests metamagnetism, which switches from an
antiferromagnetic ground state to a ferrimagnetic-like state. Using

Fig. 10. (a) The ladder-type structure of {Lny[M(opba)]s}-S [79a]; (b) the tube structure of {Ln[Cu(pba)]s}-S [79c].
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Fig. 11. The unusual layer structure of [NdM(bpym)(H;0)4(CN)s]-3H,0 with mixed nodes [82].

capping ligand bpym instead of terminal ligand DMF, a unique 2D
structure formulated as [NdM(bpym)(H;0)4(CN)g]-3H,0 (M =Fe,
Co)was synthesized (bpym = 2,2’-bipyrimidine) (Fig. 11) [82]. In the
asymmetric unit of the structure, there are two crystallographically
unequal M atoms and one Nd3* ion. Both the M3* ions are six coor-
dinate via six CN groups with octahedral geometry. The Nd3* ion is
eight coordinate via four water molecules, four nitrogen atoms from
two CN groups, and one bypm ligand. One [M(CN)g]3~ center uses
four CN~ groups in the same plane to connect to Nd3* jons, resulting
in a double strand chain comprising 12-membered rhombus sub-
units M,Nd,(CN),; the other [M(CN)g]3~ center uses two trans CN~
groups to link neighboring chains, leading to an unusual 2D sheet
structure with alternating fused rows of rhombus-like M;Nd;(CN)4
rings and six sided MyNd4(CN)g rings. Treating the Nd3* ions and
the first type of [M(CN)g]3~ centers as nodes, the 2D layer can be
viewed as a net with (3, 4)-connected mixed nodes. In this system,
for the Co3* derivative, the xT decreases continuously with decreas-
ing the temperature; while for the Fe3* derivative, the xT decreases
first reaching a minimum at 10K and then increases rapidly. The
comparison of the magnetic properties of these two derivatives
suggests that the coupling between Fe3* and Nd3* ions is ferromag-
netic. Unexpectedly, the Co3* derivative showed a puzzling behavior
of the ac susceptibility measured in the presence of an applied field
of 2kOe. While measured at zero field, it showed normal para-
magnetic behavior. This field dependent relaxation analogous to
that observed in spin glasses or superparamagnets was tentatively
attributed to spin glass behavior generated by spin frustration.

In addition to the 3d-4f hybrid Prussian Blue coordination
polymers above, some other groups reported several examples
of 2D 4d-4f and 5d-4f cyano-bridged coordination polymers
which are synthesized by using the [Rul’(CN)s]*~ as well as
[W(CN)g]?~ as building blocks. The structures of these com-
pounds are diverse, varying from brick wall layer to highly
ordered (4, 4) sheet. Ward and coworkers reported a 2D
compound [Ru(phen)(CN)4]3[Gd(phen)(H,0)3],-6H,0 in which
the [Ru(phen)(CN)4]?~ units link the Gd3* ions into 2D brick
wall layer structure (phen=1,10-phenanthroline) [83b]. Notably,
Hashimoto and coworkers obtained a 2D Sm3*-W>* complex
Sm(H,0)5[W(CN)g] with a highly ordered (4, 4) layer structure
[83c]. For this compound, when the sample was slowly cooled from
300 to 10K at a cooling rate of —1 K min~!, the M vs T curve showed

antiferromagnetism with a Néel temperature (Ty) of 3.0K. Con-
versely, when the sample was placed directly into a sample chamber
at T=10K, ferromagnetism with a T¢ of 2.8 K was observed. On the
basis of calculations considering interlayer superexchange interac-
tions and interlayer dipole-dipole interactions, the authors ascribed
the observed cooling-rate dependent ferromagnetism to be under-
stood by a change of the interlayer superexchange interactions.

In addition, reaction of Tb(NOs3);-6H,0 and Ph4P[Ru(acac),
(CN);] gave a different wavy (4, 4) layer structure Ph4P{Ln(NO3),
[Ru(acac);(CN); ]2} (Ln=Tb, Dy, Er, Gd) [83a]. In this compound,
each Ln3* ion is eight coordinate through four oxygen atoms from
two nitrate ions and four nitrogen atoms of cyano groups of four
[Ru(acac),(CN), ]~ ions. As a result, the [Ru(acac);(CN), ]~ ions act
as linkers to bridge the Ln3* ions into a wavy (4, 4) layer. However,
the magnetic coupling between the Ln3* and Ru3* ions via the cyano
bridges is negligibly weak.

3.4.2. Two-dimensional materials based on multiple N-/O-donor
ligands

Although multidentate ligands containing mixed N- and O-
donor atoms are considered as good candidates to construct Ln-TM
hybrid materials, 2D Ln-TM compounds based on them are still lim-
ited. Except for the compounds mentioned above based on Ln-TM
clusters or metalloligands, there are several others mainly con-
structed from pyridine carboxylic acid ligands. Their structures
are diverse containing sandwich structure, 2-fold penetrating cor-
rugated brick wall frameworks, as well as a typical honeycomb
structure with (6, 3) net.

As far as we know, there is no 2D Ln-TM compound constructed
from pyridine monocarboxylic acids or pyridine tricarboxylic acids,
while several compounds with different topologies are constructed
from pyridine dicarboxylic acids. Unfortunately, due to the large
distances between paramagnetic centers, the magnetic interactions
are weak.

Employing pyradine-2,4-dicarboxylic acid (2,4-H,pydc), we
synthesized a two-fold interpenetration corrugated brick wall layer
structure with (6,3) topology [LnCo(pydc);(H20)3],-xH20 (Ln=Eu,
Yb) [74f]. The asymmetric unit for this compound contains one
[Co(2,4-pydc)3 |3~ anion and one Eu3* ion. Each [Co(2,4-pydc)s |3~
unit connects to three Eu3* ions and in turn each Eu3* ion connects
to three [Co(2,4-pydc)3 >~ metalloligands, leading to a corrugated
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Fig. 12. The sandwich structure of [{Gd,Cu,(2,5-pydc)s(H20)s}-Cu(pydc),-12H, 0], [34b].

brick wall structure with (6,3) topology. In addition, two such
sheets interpenetrate together forming a 2-fold interpenetrating
layer structure with solvent-filled channels. The xT values for
both compounds in this system show a continuous decrease with
decreasing temperature suggesting possible weak antiferromag-
netic coupling between Ln3* ions. Using 2,5-H,pydc, we obtained
two compounds with formulae [Gd;Ag,(pydc)s(H20)4]n and
[{Gd,Cuy(2,5-pydc)4(H,0)g }-Cu(pydc),-12H;, 0], [74a,34b). For the
first structure, the Gd3* is coordinated by two nitrogen atoms

A

N

and six oxygen atoms of which four arise from different 2,5-pydc
ligands. The Ag* is coordinated by two oxygen atoms from differ-
ent 2,5-pydc ligands in a nearly linear fashion. The Gd3* ions are
first linked forming double chains which are further connected
together to generate the final 2D structure through Ag—O bonds.
The second compound has a sandwich structure which consists
of an infinite layer like [Gd,Cu;(2,5-pydc)4(H,0)g] cation and dis-
crete [Cu(2,5-pydc);] anion units and water molecules (Fig. 12).
As to the [Cu(2,5-pydc),] anion, the Cu?* jon is chelated by two

N

Fig. 13. The honeycomb structure of [GdCo(2,3-pydc)s;(H20)s], [84a].
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2,5-pydc ligands through nitrogen and oxygen atoms from 2-
carboxylate groups in an exactly square planar geometry. The
[Gd,Cuy(2,5-pydc)4(H,0)g] cation layer can be viewed as Gd3*-
linkers connected [Cu(2,5-pydc), ]~ building blocks. As a result,
carboxylate-bridged Gd3* chains exist in the layer-like cation. The
discrete [Cu(pydc); ]2~ anions are inserted between two cation lay-
ers, generating the final sandwich like structure.

While using 2,3-H,pydc (pyridine-2,3-dicarboxylic acid) or
3,5-H,pydc (pyridine-3,5-dicarboxylic acid), porous honeycomb
structure or herringbone structure with (6, 3) net was obtained,
respectively. Hydrothermal reaction of Co(Ac),-4H,0, Gd(NO3)3
and 2,3-H;pydc in aqueous solution at 140°C generated the first
honeycomb structure [GdCo(2,3-pydc)3(H,0)3]n (Fig. 13) [84a].
This compound contains [Co(2,3-pydc); >~ anions which act as pu3-
bridges. Each [Co(2,3-pydc);]3~ unit uses its three 3-carboxylate
groups of three 2,3-pydc moieties to connect to three nine coor-
dinated Gd3* ions. As a result, the Gd3* ions are extended
by [Co(2,3-pydc);]*~ anion forming a honeycomb sheet with
large Gd3Cos rings. Interestingly, on heating at 700°C, this com-
pound transforms into a perovskite oxide. The second herringbone
structure [{LnpM3(3,5-pydc)s(H20)22}-20.5H,0], (Ln=Sm, Eu, Gd;
M =Co, Ni) was synthesized by slow diffusion [84b]. Distinct from
the first structure, two 3,5-pydc ligands ligate to one M2* ion to give
rise to a [M(3,5-pydc), ]~ unit which acts as p-linker in the layer
structure. Each Ln3* ion connects to three adjacent ones through
[M(3,5-pydc); ]~ unit resulting in the herringbone structure with
GdgCog rings. Remarkably, a novel water aggregate, comprised of
alternate octameric water cubes and (H;0),p-cluster units, was
encapsulated within the crystal lattice of the metal-organic net-
works.

In addition, honeycomb Ln-TM structures were also synthesized
by using H,pzdc (pyrazine dicarboxylic acid) or Hyopba as ligands.
For example, Zheng and coworkers reported a honeycomb coor-
dination polymer [LnCu(2,6-pzdc)s]-[Ln(H20)9]o5-[(H20)7H" o5
(Ln=La, Eu, Gd) with supramolecular 1D channels, in which lan-
thanide hydrate cations and lattice water molecules are located
[85a]. Using Na|[Cu(opba)] as precursor, another honeycomb struc-
ture formulated as {Nd,[Cu(opba)gs(0x)]3-9DMF}.4.5DMF was
obtained, in which the oxalate (ox) was afforded by partial hydroly-
sis of the Nd,[Cu(opba)] during the reaction [85b]. In the hexagonal
structure, the Nd3* ions locate at the conjunctions of the hexagons
and the Cu(opba)?~ acts as the sides. Upon cooling, the xT curve
decreases continuously and tends to go to zero down to OK. It
is unusual for a 2D magnetic compound with an odd number of

unpaired electrons. This phenomenon may be due to the accidental
cancellation at low temperature of the moment associated with the
two Nd3* ions and three Cu?* ions.

3.5. Three-dimensional materials

3.5.1. Materials based on single ligand

About 30 years ago, cyanide bridged Prussian blue like
Ln-TM molecular magnets were obtained. For example, isostruc-
tural 3D Prussian blue like compounds [SmFe(CN)g]-4H,0 and
[TbCr(CN)g]-4H,0 exhibit important magnetic properties. In fact,
the former orders as a ferrimagnet at about 3.5 K with a strong coer-
cive field, while the latter has high critical temperature (T¢c = 11.7 K)
[86]. Until now, various ligands have been largely employed to
construct 3D Ln-TM coordination polymers. Among these, Hoda
(oxydiacetic acid) was used to construct 3D Ln-TM structure with
hexagonal or cubic topologies [69], benzenecarboxylic acids were
used to synthesize Ln-Cu metal-organic frameworks based on rod-
shaped and (6,3)-sheet [6], while pyridine carboxylic ligands were
more widely employed due to their abundant coordination modes
to synthesize 3D coordination polymers with diverse topologies
and magnetic properties [74]. Furthermore, the cooperativity of
different ligands was introduced by Yang and coworkers to con-
struct 3D Ln-TM coordination polymers based on lanthanide or
transitional metal clusters [73b].

Oxydiacetic acid (Hyoda), having five potential oxygen-donor
atoms, has been satisfactorily used in the assembling of lanthanide
and copper ions in the series of 3D complexes with formula
[{CusLny(oda)s(H20)6}-12H,0], (Ln=Y, Gd, Eu, Nd, Pr, Dr, Er)
(Fig. 14a) [87]. Reaction of Ln,;03, CuO and Hjoda in aqueous
solution gave the 3D compounds. The complexes in this system
crystallize in the high P6/mcc space group. The lanthanide constric-
tion seems to influence the crystallizing process, the homologous
polymers for the two larger La and Ce ions crystallize in the
hexagonal system, space group P62c [88]. Each four coordinate
Cu?* jon connects to four nine coordinate Ln3* ions by two odaZ~
ligands defining a 4-connecte node. Each Ln3* ion connects to six
Cu2* ions via three oda%~ ligands defining a 6-connecte node. As
a result, a porous framework with solvent filled channels along
c axis is formed. From a topological view, this framework can be
simplified as a (4,6) connected net with (44.62)(4°.65) Schlifli
symbol (Fig. 14b). For the Y3*, Dy3*, Ho3* and Gd3* derivatives,
upon cooling, their xT values remain constant at first and then
decrease rapidly, while for the Eu3*, Nd3*, Er3* and Pr3* derivatives,

Fig. 14. (a) The 3D hexagonal structure of [{CusLn;(oda)s(H20)s}-12H,0],; (b) topology view of its (4, 6)-connected net [87].
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a monotonical decrease of xT was observed. Therefore, all these
compounds behave as weak antiferromagnets. Interestingly, using
Mn?2* ions with octahedral coordination geometry instead of
Cu?* ions with square geometry, a cubic network was obtained
[69]. Hydrothermal reaction of Gd(NO3)3-5H;0, MnSO4-H,0 and
Hyoda generated a different 3D porous framework with formula
[{Mn(H,0)s}{MnGd(oda)s },]-6H,0. By contrast, the Mn?* ions in
the complex are coordinated by six oxygen atoms from three oda
ligands with octahedron geometry. As the result, each Mn2* ion
connects to six Gd3* ions, each Gd3* ion in turn links to six Mn2*
ions, giving rise to a porous framework with NaCl net. Isolated
Mn(H,0)s2* ions and lattice water molecules are filled in the chan-
nels. With decrease of temperature, xT remains constant to about
10K and then increases rapidly, indicating only ferromagnetic
interaction between the Gd3* and Mn2* ions with J=0.24cm™1.

Due to the rigidity and abundant coordination modes to metal
ions, benzenecarboxylic acids show their great ability to construct
coordination polymers with various topologies [89]. However,
research in the Ln-TM area based upon benzenecarboxylic acids
still remains to be explored. The carboxylate O atoms prefer to link
to lanthanide ions than transition metal ions, thus it is difficult to
introduce transition metal ions into the final products without the
assistance of N donor ligands in the reaction system.

There appears to be only one Ln-TM compound, in the CCDC
database, constructed solely from isophthalic acid (H,ip). Reaction
of Lny03, Cu(NO3), and Hyip under hydrothermal condition gen-
erated the compound [CusLny(ip)] (Ln=Eu, Gd) [6]. In the metal
carboxylate substructure, the metal ions are bridged into a 2D
hexagonal network, with Eu centers acting as nodes, and Cu2* ions
lying midway along an edge. The ip2~ ligands pillar the layers into
an overall 3D network with two different cavities. Actually, when
the required N donor ligands were introduced, a variety of Ln-TM
coordination polymers were obtained. In this system, the N donor
ligands either act as capping ligands coordinated to TM ions or
cooperate with benzenecarboxylic acids to connect the metal ions
into a 3D network.

Using 2,2’-bipyridine (2,2’-bipy) as ancillary ligands, our
group and others obtained several 3D Ln-TM compounds
based on isophthalic acid (Hyip) [6,74d]. Reaction of Gd,Os,
Cu(NO3),-3H,0, Hyip and 2,2’-bipy in 1:2:1:2 molar ration gener-
ated [{[Gd4(ip)7(H20);2][Cu(2,2'-bipy)z ]2 }n] (Fig. 15a). During the
reaction, the Cu?* was reduced to Cu* by excess 2,2’-bpy. This com-
pound has charged cages containing two encapsulated [Cu(bipy),]*
ions. The Gd3* ions are first linked by two oxygen atoms to form a
Gd, 0, building unit, then eight Gd;0, units are linked together
by ip?~ ligands to generate a large charged cage, in which two
[Cu(bipy), ]* ions with a distorted tetrahedral geometry are trapped
as charge-compensating guests. Reducing the amount of 2,2’-bipy
added, another compound with formula [GdsCu(ip)s(Hip)(2,2’-
bipy)].-H,0 was synthesized (Fig. 15b). The Gd3* ions are also
linked into a 3D network with cavities by ip ligands, while the
[Cu(bipy)]?* ions bind the inner backbone of the cavity forming the
3D structure. From the view of topology, the 3D structure can be
viewed as a-Po net treating rod-shaped GdgCu, subunits as nodes
and ip ligands as linkers. For these two compounds, the magnetic
interactions between metal ions are very weak. For the first, the xT
value decreases slightly to 12K, and then dramatically decreases.
The spin-coupled dimer model (H=—JS-S) was applied to perform
a quantitative analysis leading to g=2.08 and J=—-0.09cm™!. For
[Gd3Cu(ip)s(Hip)(bipy)]n-H20, the xT plot is almost constant from
300 to 50K, increases as temperature is lowered, reaching a maxi-
mum value around 10K, and then decreases again. Simulating the
result with a linear octanuclear model indicates that the Gd3*-Gd3*
interaction is weak antiferromagnetic and the Gd3*-Cu?* inter-
action is ferromagnetic. Recently, Zheng et al. reported a similar
Ln-TM compound [LnyCus(ip)g(2,2’-bipy)2]-5(H20)5 (Ln=Yb, Gd,
Tb) (Fig. 15¢). The ip ligands first link the Ln3* ions into a (6, 3) layer.
Different from the two compounds above, two crystallographic
Cu?*, one connecting the (6, 3) layers into a 3D framework with
cavities, the other chelated by 2,2’-bpy attaching the 3D framework
occupying the cavities. The 3D framework also can be considered as
a-Po net, if rod-shaped Ln3Cu, motifs are treated as nodes and ip

Fig. 15. (a) The structure of [{[Gd4(ip)7(H20);][Cu(2,2'-bipy)21>}n] [74d]; (b) the structure of [Gd3Cu(ip)s(Hip)(2,2'-bipy)].-H20 [74d]; (c) the structure of [Ln,Cus(ip)s(2,2'-

bipy),]-5(H,0)s [6].
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ligands as linkers. Magnetic studies for the compounds in this sys-
tem reveal antiferromagnetic-like behavior, but the nature remains
to be clarified since it may be related to the progressive thermal
depopulation of the Ln3* Stark components.

Pyrazine carboxylic acids being ligands containing multiple N-
and O-donors should be good candidates to construct extended
Ln-TM coordination polymers. Surprisingly, only two Ln-TM com-
pounds based on this kind of ligand were reported. One is a 2D
(6, 3) layer structure described above, the other one is a 3D coor-
dination polymer with formula [LnyZn(2,3-pzdc)4(H;0)s-2H, 0],
(2,3-Hypzdc = pyrazine 2,3-dicarboxylic acid) (Ln=Gd, Nd, Sm)
obtained by us [74c]. Two 2,3-pzdc2~ anions exist in the 3D struc-
ture: one links the Zn?* ions into a tape, the other links the Ln3*
ions into a wave-like layer structure. The pzdc ligands belonging
to the Zn?* tapes further ligates to Ln3* ions using its one of the
carboxylate O atoms forming the final 3D brick-like structure.

Compared to the silence of Ln-TM coordination polymers based
on pyrazine carboxylic acids, the research on pyridine carboxylic
acids is very active. A variety of compounds ranging from 1D to
3D structures were obtained. According to the number of car-
boxylic groups in the ligands, the pyridine carboxylic acids can be
divided into three types: pyridine monocarboxylic acid, pyridine
dicarboxylic acid and pyridine tricarboxylic acid, as illustrated in
Scheme 4.

The simplest is pyridine monocarboxylic acid which contains
picolinic acid (pic), nicotinic acid (na) and isonicotinic acid (ina).
Reports on 3D Ln-TM compounds constructed from picolinic acid or
nicotinic acid are still very limited. For picolinic acid, no 3D Ln-TM
coordination polymers were reported. For nicotinic acid, Gu and
Xue present a 3D Nd-Cu framework incorporating discrete cubane
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Cuy clusters covalently bonded to lanthanide centers [90]. Because
isonicotinic acid (ina) has oxygen and nitrogen donors on opposite
sides, 3D Ln-Cu coordination polymers constructed from it have
been widely explored. They present diverse structural features:
isonicotinic acid linked clusters, isonicotinic acid linked wheels and
pillared Ln-TM frameworks.

Yang and coworkers obtained a 3D coordination framework with
formula [Lnq4(pe-0)(m3-OH)z0(ina)2; CugCly(H20)s]-6H20 (Ln=Y,
Gd, Dy) based on linkage of nanosized lanthanide clusters and
copper centers using isonicotinic acid [91]. The Ln3* ions are
linked together through hydrophilic hydroxo and oxo bridges to
give a novel tetradecanuclear [Gdq4(pg-0)(p3-OH)z0]%%* cluster
pyramids, the Lny4 core consists of one octahedral [Gdg(jg-O)(jL3-
OH)g]®* unit that shares two opposing Ln apexes with two novel
[Gds(ms3-OH)g]%* trigonal bipyramids (Fig. 16a). The Cu* centers
either are bonded to four ina ligands or are bridged by CI~ to form
a Cu,Cl, dimer. The ina ligands connect the Lny4 core and the Cu*
centers into the overall 3D network with 1D channels filled by water
molecules and terminal ina ligands. For the Gd and Dy derivatives,
possible antiferromagnetic interactions exist between the Ln3*
ions. Another 3D Ln-TM coordination polymer based on isonico-
tinic acid linked clusters was reported by Zheng and coworkers [92].
Reaction of Gd, 03, CuCl,, Hina, (NH4)HCOO and HCIO4 generated
[Gd,Cu",Culs(ina)1o(po-Cl)(W2-OHy )2 (u3-OH), 1-(Cl04);, which is
a self-penetrating net based on an unusual a-Po net with double
edges constructed from a 12-connected Gd,Cu, core. Two Gd3*
ions and two Cu centers are bridged together via two w-Ocarboxylate
atoms, two p,-OH, molecules and two p3-OH™ ions to give rise to
a planar tetramer cluster. Each tetramer core connects to 12 oth-
ers through four ina~ anions and four linear Cu(ina), fragments, as
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Scheme 4. All the pyridine carboxylic acid.
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Fig. 16. (a) The Lny4 core in [Lny4(pme-O)(3-OH)z0(ina),2 CusCla(H20)s]-6H20 [91]; (b and c) the layer of {Erig} wheels (b) and {Cuy4} wheels in [Lng(j3-0)z](ina)is[Cug(jua-

)2(p2-1)3]H20 (c) [73a].

well as two H-shaped Cu;(,-Cl)(ina)y, resulting in the final self-
penetrating net. Upon cooling, its xT increases slightly to reach a
maximum at around 50K, and then sharply decrease because of
the dipolar-dipolar and/or antiferromagnetic interaction. Applying
Curie-Weiss law to analyze the result, a plus 6 value (8=0.9) was
obtained, indicating weak ferromagnetic behavior. Furthermore, at
2K, the M values rapidly increase at 0-15,000 Oe, confirming the
ferromagnetic behavior. Although no suitable model was applied
to simulate the experimental data, this compound possesses the
potential function as a molecule-based magnetic material.
Another important structural feature of 3D Ln-TM coordina-
tion polymer constructed from isonicotinic acid is isonicotinic acid
linked wheels. Yang and coworkers reported a series of Ln-Cu
cluster complexes with formula [Lng(pms3-0)2](ina)ig[Cug(pa-
[)2(p2-1)3]H20 (Ln=Y, Nd, Dy, Gd, Sm, Eu, Tb) [73a]. In this system,
two unusual trinuclear [Lns(3-0)] and tetranuclear [Cug(pg-I)]
cores are successfully assembled into two different nanosized
wheels [Lnig(j3-0)s(C02)48]1%~, {Lnig} (Fig. 16b), and [Cua4(js-
De(p2-1)3]6%, {Cuy4} (Fig. 16c). The wheels are further extended into
2D {Lnyg} and {Cuy4} layers, which are pillared by ina ligands to
form 3D sandwich-like frameworks. Except for the Gd derivative,
it is difficult to determine the magnetic nature of the compounds
due to the spin orbital couple of lanthanide ions and the compli-
cated topology. For the Gd derivative, the intratrinuclear interaction
was very weak antiferromagnetic with J=-0.031cm™!. Interest-
ingly, it exhibits a field induced frequency-dependent magnetic
behavior which may be explained by the magnetic behavior of an
isolated ion; the lifting of the Kramer degeneracy by the applied
magnetic field is responsible for this magnetic behavior. Xue and
coworkers also reported a Ln—Cu compound with formula Lng(js3-
OH),Cugls5(ina)g(OAc)s (Ln=Nd, Pr) constructed from isonicotinic
acid linked wheels [93a]. Three crystallographic unique Ln3* ions
are linked by one p3-OH to generate a [Lns(pu3-OH);]”* core, and
then the [Ln3(3-OH),]7* core links another one to form a chair like
[Ln(ws3-OH)4]™* core. The {Lng} cores and another {Ln;} core are
connected alternately to form a nanosized {Lnyg} wheel. The {Lnjs}
wheels then are linked to surrounding wheels to form a layer of
{Lnye} wheels. On the other hand, the Cu* ions are bridged into a

chain of {Cugls} clusters through Cu—I bonds. The ina ligands pillar
the layers of {Lnyg} wheels and the copper halide chains together
form the 3D framework. Instead of isonicotinic acid linked wheels, a
dimeric [Lny(ina)g] core linking [Cugl;],™" layers was also reported
in the literature [93Db].

In addition, Zheng and coworkers reported a 3D Ln-Cu com-
pound Gds(ina)o(m-OHz)gCus(py-Cl)4(Ho0) constructed from
diverse pillared carboxylate-bridged lanthanide layers employing
inaligands [94]. The Gd3* ions are bridged into 2D (4, 4) sheet by car-
boxylic groups from ina ligands. Three types of pillars: two different
H-shaped pillars and (double acalixarene)-related pillars, pillared
the (4, 4) sheets into the 3D framework. Upon lowering the tem-
perature, the xT value increases steadily from 300 to 70 K and then
decreases sharply. The increase of xT is typical of a ferromagnetic
interaction between Gd3* ions, which is further confirmed by its
M-H curve. The decrease of xT at low temperature may be ascribed
to antiferromagnetic and/or dipolar-dipolar interactions.

Pyridine dicarboxylic acids and pyridine tricarboxylic acids are
also viewed as good candidates to construct 3D Ln-TM compounds.
However, interest mostly focuses on 2,5-H,pydc and 2,6-H;pydc,
although a few reports on 3D Ln-TM compounds constructed from
other ligands can be found in the literature. The structures of the
compounds in this system are diverse, containing 3D networks con-
structed from clusters, pillared layers, 3D porous framework, etc.

Using 2,5-H,pydc, Yue and coworkers reported a 3D Ln-TM
antiferromagnet with formula [Gd4Co"Co(w3-OH)s3(u3-0)(2,5-
pydc)g(H20)5]-8H,0 constructed from Gdg4 clusters and Co,
subunits [95]. The Gd3* ions are clustered together by w3-OH
forming a tetrahedron, the Co?* and Co3* ions are bridged into a din-
uclear subunit by carboxylate groups. Finally, the tetrahedral Gd,
cluster connects to the Co, subunits by 2,5-pydc ligands forming a
3D framework with a-Po topology.

Several compounds constructed from pillared layers were
obtained by us and other groups. Employing 2,4-H,pydc as ligand,
two 3D Ln-Cu coordination polymers were obtained with for-
mula [Gd;Cu(2,4-pydc)4(H20)6]n and [Ln; Cus(2,4-pydc)s(H20)s]n
(Ln=Sm, Er, Tb) [34,74e]. For [Gd, Cu(2,4-pydc)4(H,0)s]n, there are
two 2,4-pydc, a Cu?* ion and a Gd3* ion in its asymmetric unit. Two
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Fig. 17. The 3D structure of [{LnsCu,(2,5-pydc)s(H20)12}-4H2 0], [74b].

2,4-pydc anions chelate the Cu?* ion forming a [Cu(2,4-pydc); ]2~
subunit. The Gd3* ions are connected by 2,4-pydc anions lead-
ing to a layer. Finally, the [Cu(2,4-pydc),]?>~ subunits pillar the
layers generating a 3D structure. [Ln,Cus(2,4-pydc)g(H20)g]n also
can be considered as 2,4-pydc ligands pillaring carboxyl-bridged
layers. For the Th3* derivative, a possible antiferromagnetic inter-
action between metal ions was observed. Unexpectedly, for the Er3*
derivative, the xT vs T curve increases slightly from 300-326 K and
then decreases rapidly, suggesting effective ferromagnetic inter-
action between metal ions. Furthermore, the M-H curve and the
nonzero imaginary component x” below 10K confirmed a fer-
romagnetic interaction. Using 2,5-H,pydc, we also synthesized a
3D structure formulated as [{LnsCu;(2,5-pydc)s(H20)12}-4H20],
(Ln=Sm, Gd, Er). In this compound, the Ln3* ions are first linked
together giving rise to a wave-like layer structure with carboxylate-
bridged Ln3* chains [74b]. Two 2,5-pydc dianions chelate one Cu?*
ion using its pyridine N atom and one of their 2-carboxylate O
atoms forming [Cu(2,5-pydc),]?~ subunit. The [Cu(2,5-pydc),]*~
subunits further pillar the wave-like layers leading to the 3D
structure (Fig. 17). Temperature dependence of magnetic suscep-
tibilities of the Gd3* and Er3* derivatives was measured from
300 to 2K. Fitting the results with Curie-Weiss law generated
the 6 value of —0.29 and -4.81, respectively, showing a weak
antiferromagnetic interaction between metal ions. In addition,
Yue and coworkers presented a similar structure formulated as
[Gd,Cu(2,5-pydc),(CO3),(H20)2]-2H,0 constructed from [Cu(2,5-
pydc), ]2~ bridges pillared {[Gd»(CO3),]%*}, sheets [95].

Another important type of 3D Ln-TM structures is a porous
framework with 1D channels. The combination of effective mag-
netic coupling between metal ions and the porous character makes
them good candidates for magnetic adsorption materials. Employ-
ing pyridine carboxylate ligands such as 2,3-H,pydc, 2,6-H;pydc
and pyridine 2,4,6-tricarboxylic acids (2,4,6-Hzpytc), several com-
pounds belonging to this type have been obtained generally under
hydrothermal condition. Hydrothermal reaction of LnCl3-6H,0
(Ln=Gd, Dy), M(NO3)3-6H,0 (M =Co, Ni) and 2,3-H;pydc resulted
in a 3D porous framework with 1D chair-like channels along
¢ axis formulated as [Lny(H,0)4M3(H20),(2,3-pydc)s]-nH,0 [8].
Because of the spin-orbital coupling of the metals in the sys-
tem, it is difficult to determine the magnetic nature between the
Ln3* and TM3* ions. However, the xT vs T curves with negative
6 values indicate possible antiferromagnetic interactions in all
compounds of this system. Employing 2,6-H,pydc, a hexagonal
3D Ln-TM coordination polymer feature as nanotubular structure
with formula [{[Ln(2,6-pydc)3sMn;5(H,0)3]-nH0}00] (Ln=Pr, Gd,

Er, Eu),was obtained [4,7]. In this system, each Mn2* ion connects to
four Ln3* ions through the carboxylate groups from 2,6-pydcligands
in planar geometry and each Ln3* ion connects to six Mn?* ions,
resulting in the porous 3D structure with hexagonal nanotubular
channels. From the view of topology, this structure can be simplified
as (4, 6) connected net with ((44.62)(4°-6)) Schlifli symbol. Unfor-
tunately, the nature of the magnetic interaction for the Pr, Er, and Eu
derivatives was not determined. For the Gd derivative, the coupling
between Gd3* and Mn2* ions seems to be antiferromagnetic. Inter-
estingly, the Eu derivative can be applied as a luminescent probe
for Zn2* ions. Porous Ln-TM compounds constructed from 2,4,6-
Hspytc have also been reported. For example, Tong and coworkers
obtained a system of 3D Ln—Co porous magnets exhibiting selective
gas adsorption behavior with formula [LnsCos(pyta)s(H20)g]-5H,0
(Ln=Sm, Eu, Gd) [96]. Compared with the unclear magnetic nature
for the Sm, Eu derivatives, the overall ferromagnetic interactions
between adjacent Gd. - -Gd and Gd. - -Co centers were confirmed by
the T vs T curve for the Gd derivative.

3.5.2. Materials based on mixed cooperative ligands

As bridging ligands, pyridine carboxylic acids have shown their
great ability to construct 3D Ln-TM compounds. If a second lig-
and were to be introduced, the cooperativity of both bridging
ligands may lead to new open frameworks. Oxalic acid and 1,2-
benzenedicarboxylicacid (H,bdc), due to their various coordination
modes and chelating coordination, have been widely employed by
Yang et al. to construct 3D Ln-TM compounds with diverse topolo-
gies. The synthesis strategy of employing two different pyridine
carboxylic acids has also proven to be effective.

Yang and coworkers reported two 3D Ln-TM compounds
based on the cooperation of oxalic acid and pyridine carboxylic
acids with formulae [Ln(in)(C;04)(H20);] (Ln=La, Pr, Nd) and
LnCu(na);(C,04)-1.5H,0 (Ln=La, Ce) [97]. The first one exhibits
a 3D uninodal 8-connected framework with a unique 36.418.53.6
topology. In this compound, two crystallographically identical Ln3*
ions are linked by four ina ligands to give a dinuclear unit, and then
each dinuclear unit was bridged by four oxalate ligands to give (4,
4) net, which are further extended by the bridging Cu(ina),~ to give
a 3D network. Treating the dinuclear unit as a node, this network
can be viewed as an 8-connected net. For the second compound,
the na ligand was obtained from the decarboxylation of 2,3-H, pydc
and it exhibit a rarely reported eight-connected self-penetrating ilc
net with dinuclear {Ln; } subunits as secondary building units. Four
na~ and four oxalate ligands link two Ln3* ions to form {Ln,} sub-
units which are extended by oxalate ligands leading to a 2D (4, 4)
layer. Linear Cu(na),~ anions further link the layers into the finial
3D network. No magnetic properties measurement was carried out
for either compound.

Several 3D Ln-Cu compounds based on the cooperation of
H,bdc and pyridine carboxylic acids are available in the literature.
Generally, these structures have pillars supporting layer topolo-
gies, the linear Cu(ina),~ anions acting as pillars. However the
layer substructures are diverse, including layers of {Lnsg} wheels,
bdc2- ligands linked Ln-organic layer and bdc2~ cooperation with
ina linked Ln-organic layers. As an impressive example, Yang
and coworkers reported a Ln-Cu sandwich framework compris-
ing {Cus} cluster pillars and a layered network of {Ersg} wheels
with formula [Er7(p3-O)(pr3-OH)g(bdc)s](ina)g[CusXs] (X=Cl or
Br) (Fig. 18) [73b]. In this surprising structure, the Er3* ions are
linked by hydroxo and oxo bridges to give two types of small clus-
ter cores: cubic [Erg(p3-0)(w3-OH)3]”*, {Er4} core, and dimeric
[Ery(m3-OH); 1%, {Ery} core. The {Ers} cores link alternately the
{Er,} cores to form a nanosized {Erszg} wheel with an 18-ring.
Each {Ersg} wheel is linked to surrounding wheels to form a lay-
ered network with honeycomb arrays. On the other hand, three
Cu ions are bridged by w-Cl atoms to form a {CusCls} trimeric
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Fig.18. Thelayer of {Erss} wheelsin [Ery(3-O)(pm3-OH)s(bdc)s](ina)e[CusX4][73b].

cluster, which links six ina ligands to form a new pillar support-
ing the layers of {Ersg} wheels. As the temperature is lowered,
this compound shows a continuous decrease in e, this behavior
may be attributed to the crystal-field splitting of the Er3* jon and
the contribution of overall antiferromagnetic interactions. Unfor-
tunately, no magnetic ordering and frequency dependence were
observed above 2 K. Two further 3D Ln-Cu compounds with pillared
topologies with formulae Lny(bdc);(ina);(H,0),Cu-X (Ln=Eu, Sm,
Nd, X =CI~ or ClO4~ ) and [Erg(ina)g(bdc),(OH)-(H,0)s5][Cugl; ] were
reported [98]. In the first compound, the linear Cu(ina),~ anions
act as pillars linking the Ln-bdc layers together to result in 3D
framework as a (5,6)-connected net with (47-63)(47-68) Schlifli
symbol. For the second compound, chains of [Cugl; ], clusters pil-
lar the Er-organic layers to form a 3D structure. Different from the
two compounds above, another 3D Ln-Cu compound with formula
[Ces(ina)g(bdc)(H;0)4][Cu;Brg] contains a 1D [CugBrg], chainlike
motif inserted into the channels of its 3D framework [98a].

New products will be obtained if an additional, different, pyri-
dine carboxylic acid is added to the reaction system. Indeed, several
new 3D Ln-TM compounds were synthesized with this strategy.
A 3D Ln-Cu compound [Cey(ina)s(na);(Hy0),][CusBry] con-
structed from interlinked Ce-organic double chains and inorganic
[CusBrg]n™ chains was synthesized by Yang and coworkers [98a].
Based on three different pyridine carboxylate acids, they obtained a
3D compound Erg(OH)4Cusly4(ina)g(na)(2,5-pydc)-0.3H, 0, which is
constructed from decanuclear [Cuyglg]?* clusters and inorganic 1D
[Ers(OH)4],8™ cluster chain-based layers. The na~ in the compound
was from the decarboxylation of 2,5-pydc?~ [93b]. In addition,
they reported a 3D Ln-TM compound Ln;Cu;I;(OH);(pca);(na);
(Ln=Y, Er, Yb) using the cooperation of pca and na ligands. This
compound is constructed from two distinct second building units
(SBUs) of cubane {Ln4} and chair-like {Cuy} clusters, resulting in a
3D framework with an unusual bimodal (6, 8)-connected net [99].
The magnetic properties for these complexes were not reported.

No Ln-TM compound constructed solely from 3,4-H,pydc has
been reported. While employing the cooperation of 3,4-H, pydcand
na, a 3D Ln-Ag compound LnAg(pydc);(na)gs (Ln=Nd, Eu) was
obtained [100]. The Ag* and Ln3* ions are first linked to form 1D
inorganic heterometallic chains which are further linked by pydc
ligands into a 3D open framework. A few, 3D Ln-TM compounds
constructed from the cooperation of pyridine carboxylic acids with

other bridging ligands (such as 4,4’-bipy, glycol, azido) have also
been reported. For example, Bu et al. obtained a 3D framework
[GdNi;(ina)s(N3),(H,0)3]-2H,0 constructed from antiferromag-
netic azido-bridged Ni2* chains and ferromagnetic carboxylate-
bridged Gd3* chains; while Cheng and coworkers reported a
3D Pr/Ni/Na heterotrimetallic framework {Na;NiPr(4-ClO4)(p2-
HOCH,CH;0H)(j4-2,4,6-pytc),(H20)g}-4.5H,0}, containing four
different bridging ligands [101].

4. Conclusion remarks

A variety of Ln-TM hybrid materials with diverse structures has
been synthesized. These structures not only enrich the database
of topologies but also supply excellent models for studying mag-
netic interactions involving lanthanide and transition metal ions.
Furthermore, some of these materials exhibit novel magnetic prop-
erties such as magnetic ordering and slow relaxation, which entitle
them to be good candidates for future magnetic materials. Fur-
ther with the development of Ln-TM hybrid materials, some new
synthesis strategies have been proposed.

However, due to the orbital contribution of lanthanide ions,
which introduces many complications, in particular large mag-
netic anisotropies, the understanding of the magnetic interactions
involving lanthanide ions in molecular magnets is still far from
being satisfactory. It is still necessary to gather more experimental
data about this issue. The availability of sophisticated physical mea-
surements and computational methods has dramatically improved
the development of magnetic chemistry, so a clear view of the mag-
netic interactions involving lanthanide ions can be expected.

Although a few Ln-TM compounds showing slow relaxation
have been synthesized, their block temperatures (T;,) are all too
low to be applied. The number of the Ln-TM materials exhibit-
ing long-range order is also limited but with the improvement
of synthesis strategies and measurements, more Ln-TM materials
with improved magnetic properties will be synthesized in the near
future.
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