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ABSTRACT: A new homonuclear single-chain magnet self-assembles as
a one-dimensional coordination network of defective dicubane {CoII4}
complexes linked by single CoII ions with the assistance of azido and
picolinate ligands. Dominating intrachain ferromagnetic interactions,
intrinsic Ising-like CoII anisotropy, and negligible interchain magnetic
interactions lead to a thermally activated relaxation time of the
magnetization below 8 K. Two thermally activated regimes above and
below 3.5 K are observed with the following energy barriers: Δτ1/kB =
66 K (τ0 = 3.7 × 10−11 s) and Δτ2/kB = 51 K (τ0 = 2.3 × 10−9 s),
respectively. The difference between the two energy barriers of the
relaxation time, 15 K, agrees well with the experimental energy, Δξ, to
create a domain wall along the chain.

■ INTRODUCTION

About 10 years after the first report on single-molecule magnets
(SMMs) in the beginning of the 1990s,1,2 the discovery of the
single-chain magnets (SCMs)3−12 opened a new trend of
research in the field of molecular magnetism with potential
application in one-dimensional (1D) information storage and
molecular electronics. Different synthetic strategies have been
explored to obtain these molecule-based magnets relying on the
well-known coordination abilities of metal ions, ligands,
sometimes coligands, and mainly on the expertise of the
chemists who built up an impressive library of materials. In the
quest for these new magnets, serendipity played a major role in
the synthesis of key systems, leading in some cases to important
breakthroughs.13−15 For instance, the first and most cited
SMMs, [Mn12O12(O2CR)16(H2O)4] (R = Me or Ph), were
prepared by accident, but the scientific impact of these
magnetic molecules has still no equivalent in the field for
both chemists and physicists.1,2,16 In parallel to this serendipity
approach, chemists have also developed “more rational”
synthetic strategies to design molecule-based magnets using
building-block or modular precursors to get a better control
and a possible fine-tune of their physical properties.17−19 It is
interesting to note that the design of materials in coordination
chemistry relies often on principles originating from serendip-
itous findings. Remarkably, these synthetic strategies have
proved their efficiency to obtain fascinating magnetic
materials.17,20,21 In this work, the serendipitous hydrothermal
assembly of CoII metal ions with picolinate (pic) and azido
ligands leads to an interesting one-dimensional coordination
network [Co5(pic)6(N3)4] (1) that displays single-chain

magnet properties (vide infra). Targeting the synthesis of
SMM or SCMs, a certain degree of “design” is indeed present
in our choice of the reagents: (i) CoII metal ions were chosen
for their strong Ising-like magnetic anisotropy requested to
create an energy barrier for the magnetization reversal in SMM
and SCMs.22−28 (ii) The azido anion is a versatile ligand that is
known to display various coordination geometries (Scheme
1).23,25,29−32 In addition, when adopting end-on (EO, μ1,1) or
μ1,1,1 bridging modes, the azido ligand mediates often
ferromagnetic interactions observed in previous Co-based
SCMs.23,25 Finally, (iii) the picolinate ligand (pic) was used
as a coligand to limit the extension of coordination network.
Indeed, this ligand is known to adopt chelating (by pyridine
and carboxylate groups) and bridging modes (carboxylate
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Scheme 1. Selected Azido and Carboxylate Bridging Modes
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group),33−36 which favor the formation of molecular complexes
or 1D systems.34−36

■ EXPERIMENTAL SECTION
General Procedures. All of the starting materials were purchased

commercially reagent grade and used without further purification.
Caution! Although not encountered in our experiments, azido compounds
of metal ions are potentially explosive. Only a small amount of the
materials should be prepared, and it should be handled with care.
Synthetic Procedure. For the syntheses of [Co5(pic)6(N3)4] (1),

a suspension of Co(NO3)2·3H2O (0.14 g, 0.59 mmol), picolinic acid
(0.049 g, 0.4 mmol), NaN3 (0.052 g, 0.8 mmol), and ethanol (5 mL)
was sealed in a 12-mL Teflon-lined stainless steel container that was
heated to 140 °C and held at this temperature for 96 h. After being
cooled to room temperature, red columnar single crystals of 1 (83%)
were obtained. Anal. Calcd for C36H24Co5N18O12: C, 36.17; H, 2.02;
N, 21.09. Found: C, 36.22; H, 1.76; N, 21.15. IR (KBr): 3433s, 2061s,
1639s, 1386s, 763m, 2926w, 700m, 1586w, 1565w, 1301w, 1006w,
847w.
Crystal Structure Determination. The diffraction data of 1 were

collected at 298 K on a Bruker Apex diffractometer (Mo Kα, λ =
0.71073 Å). Lorentz-polarization and absorption corrections were
applied. The structures were solved with direct methods and refined
with the full matrix least-squares technique (SHELX-97). Analytical
expressions of neutral-atom scattering factors were employed, and
anomalous dispersion corrections were incorporated. All non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms of organic
ligands were geometrically placed and refined with isotropic
temperature factors (Table 1).
Physical Measurements. Elemental analyses were performed on a

PerkinElmer 240 elemental analyzer. The FT-IR spectra were recorded
on KBr pellets in the 400−4000 cm−1 range on a Nicolet 5DX
spectrometer. The magnetic susceptibility measurements were
obtained with the use of MPMS-XL Quantum Design SQUID
magnetometer and PPMS-9 susceptometer. The magnetometer and
susceptometer work between 1.8 and 400 K for dc applied fields

ranging from −7 to 7 T (MPMS-XL). Measurements were performed
on a polycrystalline sample of 11.08 mg introduced in a polyethylene
bag (3 × 0.5 × 0.02 cm). The ac susceptibility measurements were
measured with an oscillating ac field of 1 Oe with frequency between
10 and 10 000 Hz (PPMS-9) and with an oscillating ac field of 3 Oe
with frequency between 1 and 1500 Hz (MPMS-XL). M versus H
measurements have been performed at 100 K to check for the
presence of ferromagnetic impurities that have been found absent. The
magnetic data were corrected for the sample holder and the
diamagnetic contributions.

■ RESULTS AND DISCUSSION
Synthesis and Crystal Structure. Compound 1 was

obtained in high yield (∼83%) combining the selected
ingredients by hydrothermal technique in a 12-mL Teflon-
lined stainless steel container using a CoII/Hpic/NaN3/ethanol
stoichiometric molar ratio of 5.9:4:8:109. Single-crystal X-ray
diffraction analysis reveals that 1 crystallizes in the C2/m
monoclinic space group with an asymmetric unit containing
three CoII ions, two pic−, and two azido ligands (Figure 1a and
Supporting Information Figure S1). The Co1 site and the azido
N atoms (N2−N7) are located on a crystallographic mirror
plane, resulting in a site occupancy of 0.5 (Figure 1b). The Co1
site possesses a distorted octahedral coordination sphere
occupied by two azido groups in trans positions, three O, and
one N atoms from three pic− ligands. Two of these picolinates
μ-bridge the Co1 and Co2 sites, while the third one, disordered
on two positions, is N,O-chelating the Co1 metal ion
perpendicularly to the mirror plane [Co1−N/O = 2.029(3)−
2.287(4) Å, N2−Co1−N5 = 167.7°(2), N5−Co1−O3 =
102.5°(5)] (Figure 1b). The Co2 metal ion resides on a 2-
fold axis with a site occupancy of 0.5. Its strongly distorted
octahedral coordination sphere is occupied by two N,O-
chelating picolinate and two azido ligands [Co2−N/O =
2.074(4)−2.165(3) Å]. Both anionic ligands are bridging
efficiently the Co1 and Co2 sites forming a defective dicubane
{Co4(μ3-N)2(μ-O)4} unit with two μ1,1,1-azido and four μ1,1-
carboxylate atoms (Supporting Information Figure S1a). The
bond angles of Co1−N2−Co2 and Co2−N2−Co2a are
96.969(6)° and 96.226(4)°, respectively. The resulting
tetranuclear unit, [Co4(pic)6(N3)4]

2−, is shown in Figure 1a.
Adjacent [Co4] moieties are linked by the Co3 ions assisted by
two EO azido and four μ1,1,3-carboxylate (Scheme 1) groups to
form the one-dimensional coordination polymer shown in
Figure 1c. While the μ1,1-azido groups bridge only Co3 and
Co2 sites, each μ1,1,3-picolinate ligand coordinated to Co3 links
concomitantly Co1 and Co2 in syn−syn and anti−syn modes,
respectively. The Co3 center is exactly situated on both a
mirror plane and a 2-fold axis leading to a 0.25 site occupancy.
This Co ion adopts a symmetrical axially compressed
octahedral (N5)2(O2)4 coordination sphere with trans-
positioned atoms forming 180° angles with Co3 by symmetry,
and Co(3)−O(2) and Co(3)−N(5) bond distances of
2.136(3) and 2.066(4) Å. It is worth mentioning that the
shortest Co···Co separations between chains are overall greater
than 8.73 Å, and there are no significant interchain hydrogen
bonding or π−π stacking interactions (Supporting Information
Figure S1).

Magnetic Properties. Magnetic susceptibility measure-
ments for 1 were performed between 1.8 and 300 K (Figure 2).
At room temperature, the χT product is 18.2 cm3 K mol−1,
which is in good agreement with the presence of five CoII metal
ions with a strong orbital contribution expected for an
octahedral high-spin configuration (g ≈ 2.8).22−28,37−42 As

Table 1. Crystallographic Parameters for 1

compound 1
empirical formula C36H24Co5N18O12

formula weight 1195.38
crystal system monoclinic
space group C2/m
a (Å) 18.981(4)
b (Å) 13.878(3)
c (Å) 10.4284(19)
α (deg) 90
β (deg) 114.289(3)
γ (deg) 90
V (Å3) 2503.9(8)
Z 2
ρcalc (g cm−3) 1.585
μ (mm−1) 1.695
F(000) 1194
crystal size (mm) 0.31 × 0.18 × 0.15
reflections 6476/2832
Rint 0.0167
Tmax/Tmin 0.7851/0.6216
data/parameters 2832/48/202
S 1.035
R1,

a wR2
b[I > 2σ(I)] 0.0634/0.1073

R1, wR2 (all data) 0.1695/0.1941
Δρmax/Δρmin (e Å−3) 0.785/−0.714

aR1 = ∑||F0| − |Fc||/∑|F0|.
bwR2 = [∑[w(F0

2 − Fc
2)2]/

∑[w(F0
2)2]]1/2.
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the temperature decreases, the χT product in zero-dc field
increases to 380 cm3 K mol−1 at 4.5 K (Figure 2) as an
indication of the dominant intrachain ferromagnetic inter-
actions already observed in related azido-bridged CoII

systems.23,25,39 At lower temperatures, the χT products at 0.1
and 100 Hz decrease due mainly to the blocking of the
magnetization at 3.8 and 2.6 K (vide infra, inset of Figure 2 and
Supporting Information Figure S2) and also to the possible
additional effect of weak interchain antiferromagnetic inter-
actions. In the presence of the combined complexity of the
chain topology and the CoII magnetism, no physically

meaningful simulation of these susceptibility data has been
obtained. Nevertheless, the temperature dependence of the
correlation length, ξ, was estimated from these χT versus T data
to probe the one-dimensional nature of the observed magnetic
properties. In any 1D classical systems, ξ is directly propor-
tional to χT in zero-dc field. For Ising-like or anisotropic
Heisenberg spin chains, the χT product increases exponentially
with cooling temperature with χT ≈ Ceff × exp(Δξ/kBT) (Ceff is
the effective Curie constant and Δξ is the energy to create a
domain wall along the chain).10−12,43−45 As shown in the inset
of Figure 2, the ln(χT) versus T−1 plot is linear between 21 and
7.5 K with Δξ/kB evaluated at 15.2 K (and Ceff = 30.1 cm3 K
mol−1), thus demonstrating the 1D nature of the magnetic
properties of 1. Below this linear regime, ln(χT) saturates first
around 380−400 cm3 K mol−1 as expected when the correlation
length is physically limited by structural defects (the average
chain length is estimated around 13 units, i.e., 13.9 nm).12

Below 4 K, the χT product decreases mainly due to the
blocking of the magnetization (see ac susceptibility data below).
The field dependence of the magnetization was measured

below 15 K (Figure 3, Supporting Information Figure S3). The
magnetization at 1.85 K does not even saturate under 7 T
(reaching 14.2 μB) due to the strong magnetic anisotropy of the
CoII metal ions. It is worth mentioning that no inflection point
is observed on the M versus H data above 1.8 K, highlighting
the absence of significant antiferromagnetic (AF) interactions
between chains and thus the lack of 3D magnetic ordering.
Moreover, M versus H data do not exhibit any hysteresis effect
at the field sweep-rates (50−400 Oe/min) used in commercial
magnetometers. Nevertheless, the dynamics of the magnet-
ization in 1 was studied using ac susceptibility measurements.
Below 8 K, both the real (χ′) and the imaginary (χ″)

Figure 1. Ball and stick views of the crystal structure of 1: (a) The [Co4(pic)6(N3)4]
2− defective dicubane tetranuclear unit; (b) view of the crystal

structure illustrating the disorder of picolinate ligand induced by crystallographic mirror plane; and (c) one-dimensional coordination polymer
formed by the [Co4] complexes linked by a single Co(3) metal ion; Co, N, O, and C atoms are represented in pink, blue, red, and gray, respectively.
Hydrogen atoms have been omitted for clarity.

Figure 2. Temperature dependence of χT product at 0 (0.1 and 100
Hz, 3-Oe ac field), 1000, and 10 000 Oe (where χ is the molar
magnetic susceptibility equal to M/H for 1000 and 10 000 Oe and χ′
at 0 Oe and 0.1 or 100 Hz) between 1.8 and 300 K for a
polycrystalline sample of 1. Inset: χ′T versus T−1 semilogarithm plot
(χ′ being the in-phase ac magnetic susceptibility in zero dc field). The
solid line is the best fit obtained using a 1D Ising model.
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components of the ac susceptibility (Figures 4 and 5, and
Supporting Information Figure S4) are strongly frequency

dependent as typically observed in SCMs.3−12,23−28,43−45 Using
ac frequencies between 0.1 and 10 000 Hz, the temperature
dependence of the magnetization relaxation time, τ, was
deduced from the maximum of the χ″ versus ν data (τ = 1/
(2πνmax)) between 2.5 and 5.4 K. Two thermally activated
regimes above and below 3.5 K are observed with the following
energy barriers: Δτ1/kB = 66 K (τ0 = 3.7 × 10−11 s) and Δτ2/kB
= 51 K (τ0 = 2.3 × 10−9 s), respectively (Figure 6). As it is well
established for SCMs, these two regimes correspond to the
infinite and finite-size chain dynamics and highlight the
importance of chain defects as already observed on the
correlation length (inset of Figure 2).12 Subsequently, the ac
susceptibility was studied under small dc fields (Supporting
Information Figures S5 and S6). As expected in the absence of

significantly interchain AF interactions or three-dimensional
magnetic order, τ becomes faster with increasing dc field,
confirming the 1D properties of 1 and thus its SCM behavior.46

On the basis of the known theory for SCM systems,12 the
difference between the two energy barriers of the relaxation
time, 15 K, agrees well with the experimental Δξ (15.2 K, inset
of Figure 2). The anisotropy contribution, ΔA, of the energy
barriers can also be evaluated at 36 K from Δτ2−Δξ.

12

■ CONCLUSION
A new homospin single-chain magnet was synthesized by self-
assembly of tetranuclear CoII complexes linked by single Co(II)
metal ions. The intrachain ferromagnetic interactions combined
to the intrinsic Ising-like Co(II) anisotropy and negligible
interchain magnetic interactions induced the observed SCM
behavior that has been demonstrated by complementary static
and dynamic magnetic measurements. Even if this compound

Figure 3. Field dependence of the magnetization for 1 between 1.8
and 15 K with sweep-rates of 100−200 Oe/min between 0 and 7 T.

Figure 4. Temperature dependence below 10 K of the real (χ′, left)
and imaginary (χ″, right) parts of the ac susceptibility for 1 in zero dc-
field at different ac frequencies between 0.1 and 10 000 Hz and with 3-
Oe (0.1−1000 Hz) and 1-Oe (1000−10 000 Hz) ac fields. Solid lines
are guides.

Figure 5. Frequency dependence of the real (χ′, top) and imaginary
(χ″, bottom) parts of the ac susceptibility for 1 in zero dc-field at
different temperatures (1.86−5.8 K) with 3-Oe (0.1−1000 Hz) and 1-
Oe (1000−10 000 Hz) ac fields. Solid lines are guides for the eyes.

Figure 6. Magnetization relaxation time (τ) versus T−1 plot for 1
under zero dc-field. The solid lines are the Arrhenius laws discussed in
the text below (blue) and above (red) the crossover temperature (3.5
K).
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was obtained by a serendipitous hydrothermal assembly, the
one-dimensional coordination polymer observed in this system
could be well extended to synthesize other magnetically
interesting materials by combining the strong N,O-chelated
ability of the picolinate ligand with the coordination flexibility
of the azide anion. In particular, the substitution of the Co(II)
ion by other anisotropic magnetic centers like lanthanides, 4d,
or 5d transition metal ions might lead to novel magnetic
systems. Exploration of these new systems is currently
underway in our laboratories.
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2006, 122, 163−206. (b) Miyasaka, H.; Julve, M.; Yamashita, M.;
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Delgado, F. S.; Ruiz-Peŕez, C.; Lloret, F.; Julve, M. Coord. Chem. Rev.
2005, 249, 2691−2729.
(19) Sun, H.-L.; Wang, Z.-M.; Gao, S. Coord. Chem. Rev. 2010, 254,
1081−1100.
(20) Leong, W. L.; Vittal, J. J. Chem. Rev. 2011, 111, 688−764.
(21) Yang, C.-I.; Tsai, Y.-J.; Hung, S.-P.; Tsai, H.-L.; Nakano, M.
Chem. Commun. 2010, 46, 5716−5718.
(22) (a) Murrie, M.; Teat, S. J.; Stoeckli-Evans, H.; Güdel, H. U.
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