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Nanoscale molecular magnets of highly porous and crystalline Metal-organic frameworks (MOFs)
have attracted increasing interest in recent years because of their potential application in nanomagnetic device or matrices for encapsulating of a large variety of substances. For that, a fundamental understanding of its origin of magnetism in MOFs would be essential and will provide
useful insight for intelligent design of their electromagnetic properties (e.g., single-chain magnets,
single-ion magnets or single-molecule magnets). Herein, we experimentally investigate the magnetic property of hexagonal 1-D channel MOFs composed of metal(cobalt) cluster connected with
organic linker (so-called CPO-27-Co). Through a fundamental physisorption analysis, in-depth magnetic studies by use of superconducting quantum interference device (SQUID) magnetometry, and
theoretically by the application of an isotropic Heisenberg Hamiltonian, we found a magnetic conDelivered by Ingenta to: Max-Planck-Institute / Bibliothek
figuration of CPO-27-Co exhibiting both a weak ferro- and antiferromagnetism with cobalt magneIP: 134.105.82.20 On: Mon, 24 Jul 2017 09:05:04
tocrystalline anisotropy. Interestingly,
a magnetic
configuration
of cobalt cluster (instead of
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ionic cobalt inside cluster of CPO-27) are considered, the inter Co cluster interaction exhibits superparamagnetic behavior while inside of Co cluster (ionic Co–Co interaction) is dominated by a weak
ferromagnetic component.
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1. INTRODUCTION
Single-molecule magnets (SMMs) have been continuously
investigated for last decade, and have huge potential for a
novel molecular magnetism due to their various interesting
physical properties like quantum tunneling magnetization,
phase interference and slow relaxation.1 2
Conventionally molecular magnets with zerodimensional (0-D) cluster materials and single ion magnets
have been investigated predominantly in this field. However, several groups have also been started studying
molecular magnets with one-dimensional (1-D) cluster
arrangements recently.3 4 These 1-D cluster materials
(e.g., magnetic 1-D polymeric coordination compounds)
can be also considered as single-chain magnets (SCMs).5
One should note that the SCMs are an interesting class of
molecular polymeric materials displaying slow relaxation
of the magnetization.4 They provide, at low temperatures (below a blocking temperature, TB , an magnetic
hysteretic behavior for a single polymeric chain, and
∗
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result in similar properties of magnetic nanoparticles and
single-molecule magnets (SMMs). Hence, a fundamental
investigation of these interesting molecular magnets would
provide the opportunity for a fundamental understanding
of the physics behind interactions or anisotropy,6 and as
the result can provide ways for new future applications,
as molecular electronics, spintronics and biomedical.7–9
Among various molecular magnet materials, in this
study, a novel class porous material, i.e., metal-organic
frameworks (MOFs),10 is investigated for their magnetic
properties. They are composed of metal cluster connected
with organic linker, and can be considered as singlemolecule magnets due to their incorporated transition
metal (e.g., Fe, Co, Ni) cluster11 keeping a distance of
each cluster by linker. Furthermore, a structural variation of MOFs would provide various dimensional structures (e.g., 1-D to 3-D network structure), and as a result
3-D MOFs can control magnetic phase and interaction
energy between magnetic ions with crystalline structure
and length of ligands.10 Exploiting the substitution of
metal ions, or using the extension of organic linkers,
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will allow the tailoring of various magnetic properties
such as curie temperature (TC , magnetic phase transitions,
and/or the spin crossover between high spin and low spin
configurations.12 13 Therefore, the understanding of these
physical natures of MOFs related magnetism is important
for perspective applications of magnetic sensor, magnetic
separation media and lightweight magnet1 14 15 and helping to understand fundamental curiosity of magnetism in
porous material.
Among various candidates CPO-27-Co,16 which is
assembled by a 1-D helical chain construction of Co2+ O5
square-pyramidal or octahedral structures, are investigated
here exhibiting interesting magnetic phenomena caused by
an unpaired 3d electron in the cobalt ion. Furthermore,
to draw the general picture and outline of these magnetic
phenmena, ionic Co–Co interaction and Co cluster interaction in CPO-27-Co will be further discussed.

2. EXPERIMENTAL DETAILS
2.1. Sample Characterization and
Structural Information
Commercially available sample of CPO-27-Co is kindly
provided by BASF. The crystal structure of the CPO-27-Co
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was identified by powder X-ray diffraction (PXRD) using
CuK (Fig. 1) in range of 2 = 5 –60. Measurements
were carried out in transmission mode and by using glass
capillaries. The PXRD patterns for CPO-27-Co is in good
agreement with measurements in the literature.17 Figure 1
shows the crystal structure of CPO-27-Co exhibiting a
three-dimensional honeycomb-like network with 1-D channel (formula unit: Co2 (C8 H2 O6 . The periodical basic unit
of CPO-27-Co is composed of 3 cobalts polyhedral with
distorted square-pyramids geometry (see Fig. 1). Co–O1-5
bonds length are various as 1.827(9), 1.885(6), 1.915(2),
1.964(1) and 2.086(0), respectively. The nearest Co–Co
interionic distances are 2.842(8) Å, and next nearest Co
bond length is 4.693(8) Å. The intracluster magnetic interaction between each Co2+ ions can be included pertinent
weak ferro- or antiferro-magnetic interaction. However the
distance of Co–Co through ligand (organic linker) is quite
far (7.797 A), so that the interchain magnetic interaction
can be very weak.
Scanning electron microscope (Fig. 1) shows the
morphology of crystallized CPO-27-Co, exhibiting
around 2 m length hexagonal rod-shapes. Nitrogen
adsorption–desorption isotherm at 77 K was carried
out using a Quantachrome Autosorp-1 MP instrument.
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Figure 1. (Left) Crystal structure of CPO-27-Co. The blue, red, brown and white are Co, O, C, and H, respectively. In a circle, a unit of metal
(Cobalt) cluster. (Right) Powder XRD patterns of CPO-27-Co at RT and SEM (scanning electron microscope) image of crystallized CPO-27-Co.
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The CPO-27-Co sample was first degassed at 420 K for
overnight. A specific surface area of 1012 m2 /g was calculated using the Brunauer-Emmett-Teller (BET) method in
the pressure range according to Rouquerol’s suggestions,18
indicating porous structure.
2.2. Magnetic Property
The magnetic properties of CPO-27-Co were measured
with a conventional Superconducting Quantum Interference Device (SQUID) magnetometry. The sample was first
purged with dry helium gas flow at 350 K for 48 h. All
the data were corrected experimentally for the diamagnetic
background. Especially, the diamagnetic properties from
ligand were eliminated by Pascal’s constant calculation.19
Temperature dependent magnetization was performed in
several external applied fields from 1.8 K to 300 K with
zero-field cooled (ZFC) and field cooled (FC) measurement. Field dependent magnetization curves (M–H curves)
were measured at various temperatures with the maximum
field of 7 T. The magnetization data were analyzed by the
general bilinear-biquadratic spin Hamiltonian with zerofield splitting and a modified Langevin function.2

3. RESULTS AND DISCUSSION
The interaction between ionic Co–Co interaction inside
of Co cluster in CPO-27 can be explained by magnetic
configuration of single-molecule magnets (SMMs), circle
in Figure 1. The magnetic ordering in 3-D structure and
spin configurations in Co clusters of CPO-27 are depicted
in Figure 2. As shown in literature,21 22 3-D CPO-27-Co
can have three possible magnetic configurations (one ferromagnetic (FM) and two of anti-ferromagnetic (AFM)
states). One of anti-ferromagnetic configurations is antiparallel coupling of interchain’s ferromagnetic 1-D chains
(Fig. 2(b)). The other is intrachain coupling between
cobalt2+ ions with opposite spin direction, exhibiting antiferromagnetic interaction (Fig. 2(c)). These magnetic configurations change can be induced by either spin crossover
along polyhedron structure or oxygen separation due to
critical ordering temperature (TC .
Usually, the spin states of cobalt ions are cross over
between high spin and low spin by the variation of temperature or pressure. Although cobalt ions can be possessed both high-spin (S = 3/2) and low-spin (S = 1/2)
states,23 however, the ground state of cobalt ions in CPO27 structure exhibits a high spin states (larger than 1).24
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Figure 2. The magnetic orderings of inter/intra interactions and Spin configurations. Colors of blue and red mean magnetic orientation. (a) Ferromagnetic interchain interaction and ferromagnetic intra molecule interaction. (b) Each 1-D chains antiferro interaction. In 1-D chain, the intra molecules
interact by ferromagnetic interaction. (c) Both of inter and intra are antiferromagnetic interaction. (d) Ferromagnetic and (e) antiferromagnetic intra
interaction spin configurations.
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Figure 3. The dc susceptibility and its inverse measured at 3 T. The
solid line is a linear Curie-Weiss fitting of  in a temperature range
130 K–300 K.

And this cobalt ion with the high spin state in CPO-27
structure can have a large spin-orbit coupling (SOC).5 This
SOC increase a spin-reversal barrier energy defined as U =
D(S 2 –1/4), where D is the axial parameter of zero-field
splitting (ZFS) parameter.24 The helical 1-D chain construction in CPO-27 causes more distortion to Co ions,
and its distortion influences to direction of easy axis magnetic anisotropy and value of Landé g-factor.25 In order
to analyze the magnetic spin interaction for one dimensional structure, specific quantum
Heisenberg
spin model,
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which is included a biquadratic term
for dimerized spins,
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are applied.26
Figure 4. (a) Magnetic susceptibility, mol of CPO-27-Co as a function
To understand the magnetic properties of CPO-27-Co,
of temperature measured at 3 T. (The solid line corresponds to the weak
the temperature dependence of magnetic susceptibility (
ferromagnetic fit at low temperature 1.8 K to 5 K), the dashed line corresponds to the antiferromagnetic fit above blocking temperature TB (5 K)
in the temperature range from 1.8 K to 300 K are mea(Inset: temperature dependence of mol T ), (b) Isothermal magnetization
sured in 3 T applied magnetic field. The inverse magnetic
curves at 1.8 K (weak ferromagnetic) and 20 K (antiferromagnetic) for
susceptibility above 100 K can be fitted by the Curie-Weiss
CPO-27-Co. The solid line and the dashed line correspond to each maglaw 1/ = (T − /C and obtained the Curie constant C =
netic configuration fit.
6.161 cm3 mol−1 K and Weiss constant  = −1299(5) K
interaction between cobalt2+ ions and its spin configura(Fig. 3). The negative value of  (Weiss constants) implies
2+
tions. It implies that the square-pyramid cobalt2+ ion staan antiferromagnetic interaction between cobalt ions and
2+
bilizes the high-spin state of S = 3/2. And thus the spin
spin-orbit coupling of cobalt ion. From Curie constant
state of cobalt center at low temperature is able to describe
C in Curie-Weiss law, the Lande g-factor can be estimated
as an effective spin, S  = 1/2.24
by 2.09(2) with spin S = 3/2. In addition, the field depenTo estimate magnetic configurations in a metal cluster,
dent magnetization curves (M–H curves) were measured
the spin Hamiltonian on magnetic data is applied in order
at various temperatures, at 1.8 K from 2500 to 70000 Oe.
to obtain the magnetic exchange constants (spin-spin interThe value of magnetization with bohr magneton unit at
action), Zeeman interaction and zero field interaction. The
70000 Oe is 3.21 B , which is smaller than the expected
effective spin Hamiltonian of Eq. (1) is given by
value for the saturated magnetization of three independent
Co2+ ions with g = 2.00. This implies that the CPO-27Ĥ = J1 S1 · S2  + J2 S1 · S3  + J3 S2 · S3  + 1 S1 · S2 2
Co is not saturated even at 70000 Oe, and the small value

3 

Si Si + 1
2
2
of mol T and magnetization in the field are due to spin+ 2 S1 · S3  + D
Ŝiz −
3
canting phenomena in the SCM behavior as weak ferroi=1
23
3
3
and antiferro coupling.


Ŝix2 − Ŝiy2  + B H
gi S i
(1)
+E
The field dependent magnetization curve in Figure 4(b)
i=1
i=1
behaves like weak ferro- at 1.8 K and antiferro-magnetic
at 20 K.26 The fitting of the magnetization in a
where the exchange term is general bilinear-biquadratic
metal cluster of three cobalt2+ ions, indeed, indicates
Hamiltonian. S1-3 are spin of cobalt ions. Spin values are
7544
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1/2 for weak ferromagnetism at low temperature and 3/2 for
To describe randomly spread nanosized 1-D chain magnet
antiferromagnetism range. J1-3 are each Co ions interaction.
in powder sample, field dependent magnetization data at
For 1-D chain structure, arbitrary constant
of the
various temperature are fitted by Langevin function which
biquadratic term supports trial ground states whether
has been used for cluster of sub-nanometer size.28 29 M–H
valence-bond solid (VBS) state or dimerized state which
curves were analyzed by fitting with modified Langevin
appear spin coupling with nearest neighbor.26 The firstfunction which has an additional linear term in the field.
order phase transition is assumed as the value of . And
The modified Langevin function is give as,


D and E are axial ZFS parameter and a rhombic ZFS
eff T H
+ T 
M H T  = m0 T L
parameter of the single-ion with S = 3/2 and 0 < E <
kB T
(2)
D/3. Weak ferromagnetism range can not have spin-orbit
1
coupling. Figures 2(d) and (e) indicate spins location and
L x = coth x −
x
exchange interactions.
Figure 4(a) shows fitting results of temperature dependence of susceptibility ( as dashed lines for antiferromagnetic temperature range from 8 K to 300 K. Field
dependence of magnetization at 20 K is fitted as shown
Figure 4(b). The obtained best fit parameters for both 4a
and 4b with S = 3/2 and g = 2.092 are exchange values (J1 = −529(8) K, J2 = −387(2) K and J3 = 0.02(1)
K), D = 112.15(7) K, E/D = 0.02(3), 1 = −340 and
2 = 0.0 K). These fitting results show negative value of
exchange constant (J1∼3  which is the feature of antiferromagnetic intramolecular interactions in the metal cluster of
3 Co ions square pyramids and the large axial ZFS parameter with high spin state (S = 3/2). Thus, this high spin
state of ZFS parameters give an explanation of the distortion of tetrahedral. The negative value of means the
Delivered
by Ingenta
to: Max-Planck-Institute / Bibliothek
contraction of correlations by the
spins pairwise
(dimerized
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ions out of three in a metal cluster. Below the blocking temperature (∼8 K), the phase of CPO-27-Co turns to weak
ferromagnetism. The fitting of susceptibility ( as solid
line (Fig. 4(a)) and M–H curve at 1.8 K (Fig. 4(b)) shows
weak-ferromagnetic with small positive value of exchange
constant J . In general, at low temperature, Co2+ assume to
be the low spin state S  = 1/2 (effective spin). The effective spin S  = 1/2 is employed to spin Hamiltonian fitting
without ZFS parameter. The anisotorpic of S  = 1/2 can
be explained by the effective g  -values, instead of ZFS.24
The best fit of experimental data are achieved with J =
0.02(8) K and J  = 0.00(2) K, 1 and 2 = 2.833(3) K, and
geasy = 2.09, ghard = 2.0. The change of the J and values
from negative to positive indicates phase transition from
antiferro to weak ferro magnetic. And the same positive
values of 1 and 2 mean ground state along a valencebond solid (VBS) without spin pairing.25 From Hamiltonian fitting, magnetic configurations of metal cluster are
revealed as either weak ferro- or antiferro- interaction (see
Figs. 2(a and c) for weak ferro and antiferro interaction,
respectively).
Figure 5. Temperature dependence of the parameters deduced from
In literature,27 the interaction between the weak ferrofitting data with modified Langevin function. Blue region is weak ferromagnetic 1-D chains is theoretically proposed as either
magnetism range. Yellow region is antiferromagnetism range. (a) Satuferro (Fig. 2(a))- or antiferromagnetism (Fig. 2(b)). Howration magnetization m0 , Solid line from 6 to 30 K is fitting curve with
ever, the weak ferro magnetic 1-D chains considered as
m0 = m∗ 1 − T /TN . (b) Effective magnetic moment eff , (c) Linear sussingle domains due to the constant distance of singleceptibility  T , Solid line guide to the paramagnetic behavior at high
temperature.
chain magnets with ligands about 8 Å in CPO-27 structure.
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