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A series of one-dimensional Ni2Ln cationic complexes have been prepared by assembling the in situ generated
dinuclear mesocate [Ni2(mbpb)3]

2- building block [H2mbpb is the ligand 1,3-bis(pyridine-2-carboxamide)benzene]
with Ln3þ metal ions (Ln3þ = Gd, Tb, Dy). The crystal-field potentials for the two types of site symmetries found for
these 3d-3d-4f complexes (LnO7 and LnO8) are quite different, which has a direct influence on the depopulation of
the Stark sublevels, the magnetic anisotropy, and the magnetic properties.

Introduction

The field of molecular magnetism based on coordina-
tion compounds has experienced a renaissance in the
last 2 decades with the discovery of some molecular
complexes that exhibited slow relaxation of the magneti-
zation, i.e., magnetic hysteresis without undergoing
three-dimensional (3D) magnetic ordering. These nano-
magnets, called single-molecule magnets (SMMs),1 strad-
dle the quantum/classical interface showing quantum
effects such as quantum tunneling of the magnetization
and quantum phase interference. They are also potential
candidates for magnetic information storage and quan-
tum computing.2 More recently, the discovery of a similar
magnetic behavior in one-dimensional (1D) systems has

expanded the field of nanomagnets. These latter systems,
named single-chain magnets (SCMs),3 are able to exhibit
magnetic hysteresis at higher temperatures than SMMs
and, therefore, are promising materials for the achieve-
ment of future devices for magnetic information storage
and processing at more accessible and cost-efficient tem-
peratures. Two requirements are needed to observe SCM
behavior: first, high Ising-type anisotropy of the magnetic
centers or units composing the chain and, second, strong
intrachain interactions with very weak interchain inter-
actions to avoid 3D magnetic ordering. Intrachain inter-
actions may be ferro- or antiferromagnetic in nature as
long as an overall nonzero magnetization is expected for
the chain. The former gives rise to ferromagnetic-type
SCMs4 and the latter to either ferrimagnetic5 or spin-
canted antiferromagnetic SCMs.6 In some cases, SCMbeha-
vior is observed when anisotropic high-spin units, such as
ST=4Mn2

III dinuclear units,3 antiferromagnetically coupled
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MnIII-NiII-MnIII units,3 or SMM systems,7 are ferromag-
netically coupled along the chain. In the past few years, much
effort has been devoted to the rational preparation of SCM
systems, but only a limited number of these have been
structurally and magnetically characterized. The early SCMs
were made from 3d,6,8 3d-radical,9 3d-3d,4,5,10 and 3d-5d11

spin carriers. Unfortunately, these systems exhibited magnetic
hysteresis at too low temperature for practical applica-
tions. In view of this, LnIII cations with largemagnetic aniso-
tropy were further assembled with radical or metal com-
plexes with the aim of obtaining 4f-radical12 and 3d-4f13

chain systems that could eventually behave as SCMs at
higher temperatures.Although some achievements have been
reached in this direction, more examples of 1D systems with
different bridging ligands and couples of 3d-4f metal ions
still need to be studied. In this context, we report here the
synthesis, crystal structures, and magnetic properties of a
family of 1D NiII2Ln

III cationic complexes of formulas
{[Ni2(mbpb)3]Tb(H2O)5}(NO3) 3 3THF 3 7H2O (1) and {[Ni2-
(mbpb)3]Ln(H2O)6}(CF3SO3) 3 7H2O (Ln=Tb, 2; Dy, 3; Gd,
4). Tb3þ and Dy3þ have been chosen because they possess
intrinsic high-spin and strong Ising-type anisotropy and
therefore satisfy one of the requirements needed to observe
slow relaxation of the magnetization. This, together with the
anisotropy of theNiII ions, which is due to zero-field-splitting
effects, might favor SCMbehavior of 1-3. Conversely, GdIII

has been chosen because of its isotropic nature, and therefore
the NiII-GdIII magnetic exchange interaction can be easily
determined in 4.

Experimental Section

General Procedures. All analytical reagents were purchased
from commercial sources and used without further purification.
The 1,3-bis(pyridine-2-carboxamide)benzene (H2mbpb) ligand
was prepared according to a previously described procedure.14

Preparation of the Complexes. {[Ni2(mbpb)3]Tb(H2O)5}-
(NO3) 3 3THF 3 7H2O (1). A solution of NaOH (0.2 g, 5 mmol)
in 10 mL of water and a solution of Ni(NO3)2 3 6H2O (0.485 g,
1.67 mmol) in 5 mL of water were successively added dropwise
to a suspension of the H2mbpb ligand (0.795 g, 2.5 mmol) in 25
mL of water, and the mixture was refluxed for 2 h (solution A).

Slow diffusion of a water solution (3 mL) of Tb(NO)3 3 6H2O
(0.170 g, 0.375 mmol) into 3 mL of solution A (0.083 mmol)
through a 3 mL tetrahydrofuran (THF) layer in a 2.5-cm-
diameter glass tube afforded after 2 weeks green crystals of 1.
Yield: 32%. Anal. Calcd for C66H84N13O24Ni2Tb: C, 46.09; H,
4.92; N, 10.59. Found: C, 46.01; H, 4.60; N, 10.54. IR (KBr,
cm-1): 3393, ν(OH); 1610, ν(CdO); 1581, ν(CdC); 1561, ν(CN);
1384, ν(NO3).

{[Ni2(mbpb)3]Tb(H2O)6}(CF3SO3) 3 7H2O (2). A solution of
Tb(CF3SO3)3 (0.076 g, 0.125 mmol) in 5 mL of water was added
to 6 mL of solution A (0.125 mmol). A light-green precipitate
immediately formed. The mixture was stirred for 30 min. After
filtration of the light-green solid, the resulting green solution
was allowed to stand at room temperature. X-ray-quality light-
green crystals of 2 were obtained by slow evaporation of the
solution after several days. They were filtered off and air-dried.
Yield: 53%. Anal. Calcd for C55H62N12O22Ni2TbSF3: C, 41.07;
H, 3.89; N, 10.45. Found: C, 41.19; H, 4.22; N, 10.28. IR (KBr,
cm-1): 3371, ν(OH); 1610, ν(CdO); 1582, ν(CdC); 1559, ν(CN);
1276, 1261, ν(CF3SO3).

{[Ni2(mbpb)3]Dy(H2O)6}(CF3SO3) 3 7H2O (3). This com-
pound was synthesized by following the same procedure as that
for 2 but using Dy(CF3SO3)3 (0.076 g, 0.125 mmol). The result-
ing light-green solution was kept at room temperature, and
X-ray-quality light-green crystals of 3 were obtained by slow
evaporation of the solution after several days. Theywere filtered
off and air-dried. Yield: 48%. Anal. Calcd for C55H62N12O22-
Ni2DySF3: C, 40.98;H, 3.88;N, 10.43. Found: C, 40.52;H, 4.01;
N, 10.53. IR (KBr, cm-1): 3370, ν(OH); 1610, ν(CdO); 1581,
ν(CdC); 1560, ν(CN); 1273, 1259, ν(CF3SO3).

{[Ni2(mbpb)3]Gd(H2O)6}(CF3SO3) 3 7H2O (4). This com-
pound was synthesized by following the same procedure as that
for 2 but usingGd(CF3SO3)3 (0.076 g, 0.125mmol). In this case,
amicrocrystalline green powderwas obtained by evaporation of
the green solution. Yield: 69%. Anal. Calcd for C55H62N12O22-
Ni2GdSF3: C, 41.11;H, 3.89;N, 10.46. Found:C, 40.77;H, 4.21;
N, 10.33. IR (KBr, cm-1): 3392, ν(OH); 1611, ν(CdO); 1581,
ν(CdC); 1559, ν(CN); 1277, 1259, ν(CF3SO3).

Physical Measurements. Elemental analyses were carried out
at the “Centro de Instrumentaci�on Cientı́fica” (University of
Granada) on a Fisons-Carlo Erba analyzermodel EA 1108. The
IR spectra on powdered samples were recorded with a Thermo-
Nicolet IR200FTIR by using KBr pellets. The magnetic sus-
ceptibility measurements were obtained with the use of a
Quantum Design SQUID magnetometer MPMS-XL operating
at different magnetic fields up to 7 T and between 1.9 and 300K.
Measurements were performed on polycrystalline samples. Al-
ternating-current (ac) susceptibility measurements have been
measured with an oscillating ac field of 3 Oe and ac frequencies
ranging from1 to 1500Hz. Themagnetic datawere corrected for
the sample holder and the diamagnetic contributions.

Single-Crystal Structure Determination. Suitable crystals of
1-3 were mounted on glass fibers and used for data collection.
Data were collected with a Bruker APEXCCD (2) or Bruker X8
Proteum (1 and 3) diffractometer at 150(2) K. The data were
processed with APEX215 and corrected for absorption using
SADABS.16 The structures were solved by direct methods using
SIR97,17 revealing positions of all non-hydrogen atoms. These
atoms were refined on F2 by a full-matrix least-squares proce-
dure using anisotropic displacement parameters.18 All hydrogen
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atoms were located in difference Fourier maps and included as
fixed contributions riding on attached atoms with isotropic
thermal displacement parameters 1.2 times those of the respec-
tive atom. Final R1(F), wR2(F2), goodness-of-fit agreement
factors, and details of the data collection and analyses for 1
and 2 can be found in Table 1. It should be noted that crystals of
3 undergo a very fast degradation when removed from the
mother liquor, which has a high impact on the quality of the
data. Several crystals of 3 were measured, and the structure was
solved from the best data that we were able to collect. Crystal-
lographic and structure refinement data are given in Table 1.We
have chosen to include the CIF file for 3 as Supporting Informa-
tion but not to deposit them in the CCDC crystallographic
database.CCDCreference numbers are 750064 (1) and 750065 (2).

XRPD Analysis of 4. The powders were gently ground in an
agate mortar and then deposited with care in the hollow of an
aluminum holder equipped with a zero-background plate. Dif-
fraction data (Cu KR, λ = 1.5418 Å) were collected on a θ:θ
Bruker AXS D8 vertical scan diffractometer equipped with
primary and secondary Soller slits, a secondary-beam curved
graphite monochromator, a Na(Tl)I scintillation detector, and
pulse height amplifier discrimination. The generator was oper-
ated at 40 kV and 40 mA. Optics used are the following:
divergence 0.5�, antiscatter 0.5�, receiving 0.2 mm. Indexing
was obtainedwith the aid ofTREOR19 [monoclinic, a=12.887 Å,
b = 16.967 Å, c = 28.231 Å, and β = 91.201�]. Systematic
absences indicated P21/c as the probable space group, later
confirmed by a successful solution and refinement by using
the technique implemented in Topas-R.20

Results and Discussion

The 1D Ni2Ln systems were prepared by following the
strategy of “complexes as ligands”.We have recently reported
the bis-bidentate dinucleating bridging ligandH2mbpb, which
contains a m-phenylene linker. This ligand is able to afford
anionic triple-stranded dinickel(II) mesocates of formula

[Ni2(mbpb)3]
2- that exhibit ferromagnetic coupling of about

JNi-Ni=þ3.6 cm-1 (with the following spin Hamiltonian
definition: H = -JNi-Ni SNi1SNi2) between the NiII ions
through the bridging ligand by the spin-polarization mecha-
nism.21This anionicunit (seeScheme1) possessesoxygendonor
atoms belonging to the coordinated carboxamide groups of
the fully deprotonatedmbpb2- ligands and, in principle, could
be used as the ligand to coordinate oxophilic LnIII ions.
Thus, the assembly of the in situ generated dinuclear [Ni2-

(mbpb)3]
2- building block with either Tb(NO3)3 3 6H2O or

Ln(CF3SO3)3 (Ln=Gd3þ, Tb3þ, Dy3þ) afforded the 3d-
3d-4f carboxamidate-bridged 1D complexes of formulas
{[Ni2(mbpb)3]Tb(H2O)5}(NO3) 3 3THF 3 7H2O (1) and {[Ni2-
(mbpb)3]Ln(H2O)6}(CF3SO3) 3 7H2O (Ln = Tb, 2; Dy, 3;
Gd, 4).
The structure of 1 is made of 1D cationic chains

{[Ni2(mbpb)3]Tb(H2O)5}
þ (Figure 1) extended along the

(101) direction, one nitrate anion, three THF molecules,
and seven crystallization water molecules, which are all
involved in an extensive network of hydrogen bonds.
Within the chains, Tb3þ are connected by [Ni2(mbpb)3]

2-

metalloligand units, which act as bidentade/bridging ligands.
In this coordination mode, each [Ni2(mbpb)3]

2- unit is con-
nected to two TbIII ions through two amidate oxygen atoms
of two different mbpb2- strands, with O-Tb distances of
2.269 and 2.196 Å (Figure 2). One of these oxygen atoms is
located in the upper part of the [Ni2(mbpb)3]

2- unit and the
other one in the lower part. Because two neighboring
[Ni2(mbpb)3]

2- units of the chain coordinate the Tb3þ ion
through the amidate oxygen atoms of the same part (upper or
lower), the Tb3þ ions exhibit a zigzag conformation along the
chain with a Tb-Tb-Tb angle of 120�.
The coordination sphere around the TbIII ions is com-

pleted by five water molecules, leading to a TbO7 coordina-
tion environment with Tb-Ow distances varying between
2.335 and 2.391 Å. The degree of distortion of the Tb
coordination polyhedron with respect to ideal seven-vertex
polyhedra was quantified by the continuous shape measure
theory.22 By using the SHAPE software,23 we compute the
shape measure relative to the pentagonal bipyramid (D5h),
capped trigonal prism (C2v), and capped octahedron (C3v)
with values of 1.16, 2.78, and 4.23, respectively. The shape
measures relative to other reference polyhedra are signifi-
cantly larger. Therefore, the TbO7 coordination sphere is
clearly a pentagonal bipyramid. In this description, the two
carboxamide oxygen atoms occupy axial and equatorial posi-
tions and therefore adopt a cis disposition. The O-Tb-O
angles in the equatorial plane fall into the 69.69-76.76�
range, whereas the axial O-Tb-O angle is 173.08�. On the
other hand, the structural parameters of the distorted Ni2
dinuclear unit show no significant differences from those
observed in the heteronuclear complex {Ag2(H2O)[Ni2-
(mbpb)3]} 3 11H2O.21 The Tb 3 3 3Tb, Ni 3 3 3Ni, and two
Tb 3 3 3Ni distances within the chain are 10.257, 6.970,
6.322, and 6.401 Å, respectively.

Table 1. Crystallographic Data and Structural Refinement Details for Com-
pounds 1-3

1 2 3

chemical formula C66H36N13-
O24Ni2Tb

C55H36N12O21-
F3SNi2Tb

C55H36N12O21-
F3SNi2Dy

M (g mol-1) 1671.42 1566.36 1569.94
T (K) 150 150 150
λ (Å) 0.710 69 1.541 78 1.541 78
cryst syst monoclinic monoclinic monoclinic
space group P21/n P21/c P21/c
a (Å) 10.744(5) 12.8938(7) 12.9029(7)
b (Å) 35.592(5) 16.8784(10) 16.9341(10)
c (Å) 19.347(5) 28.5936(17) 28.3232(17)
R (deg) 90 90 90
β (deg) 101.159(5) 90.860(3) 90.288(3)
γ (deg) 90 90 90
V (Å3) 7258(4) 6222(6) 6188.5(6)
Z 4 4 4
F (g cm-3) 1.530 1.672 1.685
μ (mm-1) 1.563 7.336 8.216
no. of unique reflns 52 055 87 751 38 557
R(int) 0.049 0.087 0.317
GOF on F2 1.277 1.045 0.747
R1a [I > 2σ(I)] 0.080 0.047 0.102
wR2a [I > 2σ(I)] 0.177 0.125 0.223

aR1(F) =
P

)Fo| - |Fc )/
P

|Fo|; wR2(F2) = [
P

w(Fo
2 - Fc

2)2/P
wF4]1/2.
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At the supramolecular level, the chains are glued by strong
hydrogen-bond interactions involving the coordinated water
molecules of a chain and the noncoordinated amidate oxygen
atoms of neighboring chains, with donor-aceptor O 3 3 3O
distances falling within the 2.599-2.824 Å range. These
supramolecular interactions give rise to a two-dimensional
(2D) network (Figure 3).
The crystallization water molecules, the THF molecules,

and the nitrate anions are involved in hydrogen-bond inter-
actions giving rise to the formation of 2D arrays, which are
intercalated between the layers of hydrogen-bonded chains
(Figure 4).
Complexes 2 and 3 are isostructural. In the case of

compound 3, the bad quality of the data prevents an accurate

resolution of the structure.Nevertheless, the chain part of the
structure of 3 can be considered as correct. Because of this, we
have chosen to include the CIF file as Supporting Informa-
tion but not to deposit it in the CCDC crystallographic
database. Although we have not succeeded in obtaining
suitable crystals of 4 for X-ray crystal structure determina-
tion, powder diffraction measurements (see Figure S1 in the
Supporting Information) clearly show that 4 is isostructural
with 2 and 3. In view of the above considerations, only the
structural data for 2 will be given here.
Although the chain structure of 2 is, in general, similar to

that of 1 (see Figure 5), the use of triflate instead of nitrate as
the counterion gives rise to some important structural differ-
ences: (i) Tb3þ cations exhibit a LnO8 coordination environ-
ment with dodecahedral geometry (the shape measure
relative to the trigonal dodecahedron is the lowest with a
value of 0.79). (ii) The steric crowding around the Tb3þ

cations for the eight-coordination mode is greater than for
the seven-coordination mode observed in 1. Consequently,
the Tb-O bond distances for 2, which vary between 2.382
and 2.462 Å, are greater than those observed for 1. The
shortest distances correspond to the Tb-Oamidate bonds with
values of 2.328 and 2.247 Å. (iii) As a consequence of the
longer Tb-O distances found in 2, the Tb 3 3 3Tb and two
Tb 3 3 3Ni distances within the chain of 10.902, 6.497, and
6.379 Å, respectively, are greater than those observed for 1.
The Ni 3 3 3Ni distance of 6.970 Å is only slightly shorter than
that for 1. (iv) The lines connecting Ni2þ inside the [Ni2-
(mbpb)3]

2- dinuclear units (red lines in Figures 2 and 6) are
almost parallel in 1 and significantly titled in 2. (v) Chains
propagate along the b axis with Tb-Tb-Tb angles rather
smaller than that observed in 1 (101.6�). (vi) In 2, two of the
coordinated water molecules are not involved in hydrogen-
bond interactions with the amidate oxygen atoms of the

Figure 1. Perspective view of the chain structure of 1.

Scheme 1. Ligand H2mbpb and the Anionic Metalloligand [Ni2(mbpb)3]
2-

Figure 2. Perspective view of the asymmetric unit of 1.
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[Ni2(mbpb)3]
2- units belonging to neighboring chains. Con-

cretely, one of them forms hydrogen bonds with a crystal-
lization water molecule, whereas the other one interacts with
the amidate oxygen atomof the [Ni2(mbpb)3]

2- unit towhich
Tb3þ is coordinated. The donor-acceptor Ow 3 3 3Oamidate

distances are in the 2.706-2.748 Å range. Cationic chains,
triflate anions, and crystallization water molecules form a
hydrogen-bond 3D network.

Magnetic Properties

The temperature dependence of the χMT product for 1 at
1000 Oe is given in the Figure 7. The room temperature χMT
value of 11.1 cm3 Kmol-1 is slightly low but still in relatively

good agreement with the expected value (13.8 cm3 K mol-1)
for two NiII metal ions (S=1, C=1 cm3 K mol-1) and one
TbIII metal ion (S=3, L=3, 7F6 g=

3/2: C=11.815 cm3 K
mol-1) in the free-ion approximation.24 The χMT product
decreases continuously upon decreasing temperature, first
slowly to 50K and further sharply to reach a value of 7.3 cm3

K mol-1 at 1.83 K. In Ln3þ complexes, the interelectronic
repulsions and the spin-orbit coupling give rise to 2Sþ1LJ

states, which are further split into Stark components by
crystal-field effects on the order of 100 cm-1. The number

Figure 3. View of the hydrogen-bond interactions (red lines) connecting chains in 1.

Figure 4. View of the 3D network for 1.

(24) Benelli, C.; Gatteschi, D. Chem. Rev. 2002, 102, 2369 and references
cited therein. Sutter, J. P.; Kahn, O.Magnetism: Molecules to Materials; Miller,
J. S., Drillon, M., Eds.; Wiley-VCH: Weinheim, Germany, 2005; Vol. V, p 161
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of Stark sublevels arising from the ground state depends on
the crystal-field symmetry.24 At room temperature, all of the
ground-state Stark sublevels are statistically populated and
the free-ion approximation applies. However, when the
temperature is lowered, depopulation of these sublevels leads
to a deviation of the χMT product from the Curie law.25

Moreover, because the magnetic exchange constants are
expected to be weak for 3d-4f systems,24,26,27 the decrease
of the χMT product in this compound is mainly due to the
depopulation of the Stark sublevels and not to the magnetic
exchange interactions. This behavior hides the ferromagnetic

Ni-Ni interactions (i.e., the increase of the χMT product)
known to be present in the dinuclear [Ni2(mbpb)3]

2- moi-
ety21 but also encumbers the determination of the nature of
the magnetic exchange interaction between Ni2þ and Tb3þ

ions through the amidato bridging group. The local effects of
the Tb3þ cation due to depopulation of the Stark sublevels
could be evaluated by comparing themagnetic properties of 1
with those of the isostructural compound Zn2Tb. However,
all attempts to obtain this compound failed.
The field dependence of the magnetization below 8 K

(Figure 8, inset) reveals a relatively slow increase of the

Figure 5. Perspective view of the chain structure of 2.

Figure 6. Perspective view of the asymmetric unit of 2.

Figure 7. Temperature dependenceof the χMTproduct for 1 (bluedots),
2 (green dots), 3 (red dots), and 4 (yellow dots) at 1000 Oe (with χM as the
molar susceptibility defined asM/H per Ni2Ln unit).
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magnetization at low fields and then a linear increase without
clear saturation above 4 T. The magnetization at 1.8 K and 7
T is 7.32 μB. The linear high-field variation of the magnetiza-
tion suggests the presence of a significant magnetic aniso-
tropy and also likely low-lying excited states that are partially
thermally and field-induced populated. These low-lying ex-
cited states are in agreement with weakmagnetic interactions
along the Ni2Tb chain. These two features can also be
highlighted by plotting M versus H/T at different fields
(Figure 8); i.e., the curves are not all superposed on a single
master curve like for isotropic systems. The important
magnetic anisotropy observed for 1 may be the main reason
forwhich the room temperature χMT value is not close to that
predicted in the free-ion approximation.
The thermal variation of the χMTproduct for 2 at 1000Oe is

given inFigure 7. The value at 300K (14.9 cm3Kmol-1) is not
far from that expected, 13.8 cm3 Kmol-1, especially consider-
ing than NiII g values are usually higher than 2. The χMT
product decreases continuously with decreasing temperature
to reach aminimumat 12.8K and then shows a sharp increase
down to 2 K to a value of 13.6 cm3 Kmol-1. It seems that the
effect of depopulation of the Stark sublevels in 2 is not as
pronounced as in 1. This may be due to the fact that, as
indicated above, the Tb3þ cations in 2 exhibit eight-coordina-
tionwithTb-Obonddistances longer than those observed for
1. Such features of the coordination environment give rise to a
reduction of the ligand-field effects and therefore to a smaller
multiplet width of the Stark sublevels. The field dependence of
themagnetization below8K is similar to that of 1, with a value
of 8.80 μΒ at 2 K and 5 T. Moreover, the M vs H/T plot (see
Figure S2 in the Supporting Information) shows that the
magnetic anisotropy is rather significant but smaller than in
the case of 1, thus supporting the reduction of the multiplet
width in2. The increase of theχMTproduct at low temperature
may be due to the known ferromagnetic interaction between
the Ni2þ ion in the dinuclear [Ni2(mbpb)3]

2- unit21 plus either
(i) a ferrimagnetic arrangement of the spin carriers promoted
by an antiferromagnetic interactionbetweenNi2þ andTb3þ or
(ii) a ferromagnetic interaction between Ni2þ and Tb3þ.
Therefore, the magnetic exchange interaction between Ni2þ

and Tb3þ may not be deduced unambiguously from only the
shape of the χMT vs T curve. The isostructural Zn2Tb com-
pound may permit one to have some qualitative insight into

the nature of the interaction, but, unfortunately, we were not
able to obtain such a compound.
At room temperature, the χΜT product for 3 of 17.7 cm3 K

mol-1 (Figure 7) is in relatively good agreement with the ex-
pected value (16.17 cm3 Kmol-1) for twoNiII metal ions (S=
1, C=1 cm3 K mol-1 for g=2) and one DyIII metal ion (S=
5/2, L=5, 6H15/2 g=

4/3: C=14.17 cm3 K mol-1). When the
temperature is lowered, the χΜT product at 1000 Oe slowly
decreases, reaching a value of 16.0 cm3Kmol-1 at 17Kbefore
increasing up to 17.9 cm3Kmol-1 at 1.8 K. The increase from
theminimumdown to 1.8Kof 1.9 cm3Kmol-1 is greater than
that caused by the intradinuclear Ni2þ-Ni2þ magnetic ex-
change interaction in the similar chain complex {Ag2(H2O)-
[Ni2(mbpb)3]} 3 11H2O.21 Unfortunately, this fact does not
help to discriminate between the existence of either a ferri-
magnetic arrangement of the spin carriers (antiferromagnetic
Ni 3 3 3Dy interaction) or a ferromagnetic interaction between
them. The field dependence of the magnetization below 8 K is
similar to that of 1 and 2 with a value of 9.7 μΒ at 11.8 K and
7T.As in 2, theM vsH/Tplot (seeFigure S3 in the Supporting
Information) shows that the magnetic anisotropy is also
smaller than that observed for 1.
The temperature dependence of χMT for 4 at a 1000 Oe

magnetic field is shown in Figure 6. The χMT value for 4 at
room temperature is 10.3 cm3 Kmol-1, which compares well
with the expected value of 9.875 cm3 K mol-1 for two Ni2þ

and one Gd3þ noninteracting metal ions (SGd=
7/2, SNi=1,

gGd=2.0, gNi=2.0), especially considering that the average g
value might be slightly higher than 2 (i.e., 2.04). This value
remains almost constant down to 50 K and below this
temperature starts to increase to reach a value of 14.5 cm3

Kmol-1 at 2 K. This behavior is consistent with the presence
of a weak ferromagnetic interaction betweenNi2þ andGd3þ,
leading to a value at 2Kmuch higher than that expected for a
simple sum of an S=2 NiII dinuclear complex (3 cm3 K
mol-1) and an S=7/2 GdIII Curie behavior (7.875 cm3 K
mol-1). The dominating ferromagnetic exchange interactions
are confirmed by the positive Weiss constant θ=21.4 K ob-
tained from a Curie-Weiss fit. The value of the magnetiza-
tion at 5 T of 11.2 μΒ is close to the expected saturation value
of 11 μΒ for one Gd3þ and two Ni2þ ions with g=2.0. The
calculated magnetization obtained from the sum of the
Brillouin functions for an S=2 Ni2þ dimer and one isolated
Gd3þ with gav=2.04 (note that this value has been fixed to
match the experimental data with the theory above 4 T) is
below the experimentalmagnetization (Figure 9), thus support-
ing the ferromagnetic interaction between NiII and GdIII.

Figure 8. M vs H/T andM vs H (inset) plots for 2.

Figure 9. M vs H plot at 2 K for 4. The solid line is the calculated
Brillouin function for an S = 2 Ni2þ dimer and one isolated Gd3þ

monomer with gav = 2.04.
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In spite of the isotropic nature of the GdIII ions, JNiNi and
JNiGd could not be extracted because there is no theoretical
model available for these types of 1D systems. Previous inves-
tigations on isostructuralNi2þ-Ln3þ complexes have shown
that GdIII, TbIII, and DyIII compounds display magnetic ex-
change interactions of the same nature (generally ferro-
magnetic).24,26,27 Therefore, it is reasonable to assume that
Ln3þ and Ni2þ are also weakly ferromagnetically coupled in
compounds 1-4, as concludedbyMadalan et al. on amidato-
bridged Ni-Ln chain compounds.27

As indicated above, Tb3þ and Dy3þ are highly anisotropic
ions, and therefore compounds 1-3 are good candidates for
displaying slow relaxation of the magnetization and, conse-
quently, SCMbehavior. The significant θ value for 4 suggests
also the existence of a significant ferromagnetic intrachain
interaction for compounds 1-3, whichwould favor the SCM
behavior. Because of this, we have performed an ac study on
compounds 1-3. However, the ac susceptibility in a zero
direct-current field shows the complete absence of an out-of-
phase component above 1.8 K. The lack of SCM behavior
may be mainly due to the weakness of the intrachain
magnetic interactions in 1-3, which does not allow the
establishment of a large 1D correlation length above 1.8 K.

Conclusions

The use of the in situ generated dinuclear anionic [Ni2-
(mbpb)3]

2- unit as a “ligand” for Ln3þ cations (Tb, Dy, Gd)
allows the preparation of the first examples of NiII2Ln

III

cationic 1D chains. It is worth noting that the Ln3þ coordina-
tion number seems to depend on the counteranion present in
the structure.Thus, in compound 1, containing anitrate anion,

the Tb3þ ions are seven-coordinated and exhibit a trigonal-
bypyramidal geometry. However, in compounds 2-4, con-
taining triflate as the counterion, the Ln3þ ions are eight-
coordinated and have a geometry that is intermediate between
a square antiprism and a dodecahedron. The crystal-field
potentials for these two site symmetries are quite different,
which has a direct influence on the depopulation of the Stark
sublevels, the magnetic anisotropy, and the magnetic proper-
ties. Despite the large anisotropy of the Tb3þ and Dy3þ ions
and the existence of a relevant ferromagnetic interaction along
the 3d-3d-4f chains, these compounds do not exhibit mag-
netic slow relaxation and, consequently, SCM behavior. This
is mainly due to the weakness of the intrachain magnetic
interactions, which hampers the apparition of SCM behavior.
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