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Metal Organic Frameworks as Tunable Linear Magnets

Kwanghyo Son, Rae Kyung Kim, Suhwan Kim, Gisela Schiitz, Kyung Min Choi,*

and Hyunchul Oh*

Due to the tunable magnetic exchange interactions between nearest neighbor
moment carriers by exchange linker length or metal ions, metal-organic frame-
works (MOFs) in general, and MOF-74 in particular, have promising magnetic
properties for novel industrial applications such as magnetic switchers, sen-
sors, and multifunction devices in molecular spintronics. Hence, MOF-74-M
[M2(CgH,0¢)] (M = Fe, Co, Ni) possessing a 1D channel is prepared and
experimentally examined to describe its diverse magnetic properties, depending
on the metal cluster used. By exchanging the metal ion (Fe, Co, and Ni) in the
metal cluster, the magnetic state of MOF-74 is changed from ferromagnetic
or antiferromagnetic to superparamagnetic. This phenomenon can be also
confirmed by alternating current (AC)/direct current (DC) magnetic suscep-
tibility and field-dependent magnetization. Therefore, the intrinsic magnetic
properties of MOF-74-M such as blocking temperature, Néel temperature,
and interaction energy between metals in magnetic susceptibility tests can be
elucidated. Moreover, the superparamagnetic behavior in this system is also
observed in M-H curves and magnetic dynamics as single-chain magnets. It is
believed that MOF-74-M can be utilized for applications in which supercon-
ducting materials are required (e.g., memory-storage devices).

Moreover, their physical and chemical
properties can be tuned by exchanging
coordination polymers and metal centers,
which can also lead to provide a fundamen-
tal understanding of their magnetic proper-
ties.”! Over the past decade, MOFs have
been magnetically investigated in experi-
mental and theoretical studies due to their
exotic magnetic properties such as single-
molecule magnets (SMMs) and single-ion
magnets (SIMs)." Due to these magnetic
features, it is considered that MOFs can
be future materials to solve finite-size
effects with 1D magnetism within the field
of nonvolatile memories and spintronic
devices.”! The combination of an organic
linker with magnetic metals forms periodic
polymers, 1D-3D magnets with a high
anisotropy.’***)  Among them, MOF-74
was chosen as it exhibits 1D channels with
numerous open metal sites (presenting

1. Introduction

Highly porous metal-organic frameworks (MOFs) have been
investigated extensively for potential applications in gas adsorp-
tion and separation, ion exchange, catalysis, energy storage, and
sensors."! Because of their periodic void volume and large surface
area in crystallinity, tailorability of a structure may be relevant
for the production of materials for magnetic applications.”
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unpaired free electrons) and because its
metal ion (e.g., Mn, Fe, Co, Ni, Cu, and
Zn) in the metal cluster can be exchanged
easily.”! Figure 1a shows the crystal struc-
ture of MOF-74-M. This material exhibits a 3D, honeycomb-like
structure with the regular helical chain of transition metals along
the basis plane. The structure of MOF-74-M makes it an
outstanding candidate for studying linear magnetism. In fact,
1D ferromagnetic intrachain interactions and antiferromagnetic
interchain interactions in MOF-74-Co and Ni have been already
observed at an experimental level. Metamagnetism and super-
paramagnetic have been also observed in these materials.”!
Moreover, the control of interchain coupling in MOF-74-Co by
tuning the organic liker and coordinated molecular modulation
in MOF-74-Ni has been achieved.**” In contrast, the magnetic
properties of MOF-74-Fe were reported mostly in theoretical
studies® and in studies using computational theory such as
density functional theory (DFT) or first-principles study.”

In this work, therefore, the magnetic properties of MOF-74-Fe
(structured 1D chains of metals) were experimentally studied
and compared with previous results obtained for identically
structured Co- and Ni-MOF-74. Regarding magnetic properties,
various metals have similar magnetic structure while different
magnetic moments and interaction strengths; MOF-74-M
presents basically ferromagnetic intrachain interactions along
the chain direction with switchability of ferro- and antiferro-
magnetic interchain interactions. Magnetic properties like
interaction strength, magnetic state, critical temperature, and
fields can be tailored by metal exchange in MOFs. In particular,
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Figure 1. a) Perspective view of the MOF-74, b) XRD patterns of MOF-74-Fe, Co, Ni, and simulation. Reproduced with permission.”? Copyright 2019,

American Chemical Society.

Fe is more attractive than other elements with a higher magnetic
moment and coupling strength as it can improve the magnetic
moment per unit in some devices.”® Therefore, this diversity of
magnetic properties of various metals with an identical structure
will be verified and compared experimentally. Nanosized mag-
netic molecular devices can be aptly optimized in applications
with various magnetic configurations.

2. Results and Discussion

To understand the magnetic properties of MOF-74-M (M = Fe,
Co, Ni), temperature-dependent magnetic susceptibilities were
collected from 2 to 300 K, at 1000 Oe. Figure 2 shows a plot of
magnetic susceptibility (yn,) versus temperature (T) (Figure 2
inset) and a plot of y,,,T versus T (inset: 1/y,, data for the fitting
to the Curie-Weiss law). From the magnetic susceptibility data,
the magnetic state of MOF-74-M can be characterized by the
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susceptibility sharply declining below (peak at) 3.6 K for Fe, 49K
for Co, and 18.4K for Ni. These peaks could be linked to the
blocking temperature (Tp) observed in superparamagnetic mate-
rials or the transition temperature of antiferromagnetic ordering,
known as Néel temperature (Ty). To confirm magnetic ordering
and superparamagnetic-like behavior, magnetic susceptibility was
collected using zero-field-cooled (ZFC) and field-cooled (FC) meas-
urements (Figure 2a, inset). The measurements for MOF-74-Fe
and Co presented a bifurcation between the ZFC and the FC data.
Therefore, the peaks of Fe and Co implied a blocking temper-
ature (Tp), indicating superparamagnetic behavior. In contrast,
MOF-74-Ni presented antiferromagnetic ordering at the transition
temperature. The magnetic ordering depends on exchange inter-
action in intrachains and interchains. Moreover, higher tempera-
ture and broader peaks are related to larger exchange coupling
strength.®*" The exchange interaction strengths between metals
in the intrachain of MOF-74-M were obtained by fitting the data
from 50 to 300 K using Fisher’s model (Equation (1))
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Figure 2. Temperature-dependent a) magnetic susceptibility (inset: ZFC [open] and FC [closed] at low temperatures) and b) y,,,T of MOF-74-Fe, Co, and
Ni in the temperature range of 2-300 K at an applied field of 1 k Oe. Solid lines are the fitting by the Fisher model and the Curie-Weiss law. Reproduced

with permission.”¥ Copyright 2019, American Chemical Society.

Phys. Status Solidi A 2020, 217, 1901000

1901000 (2 of 6)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[+))

www.advancedsciencenews.com

_ N1 +u(fw) _ Jan 2kg T
= T a0 =0 5,r) ~ (T ) @

where N is the number of atoms, g is the spin-only g-factor (the
electron spin, g=2), kg is the Boltzmann constant, and T is the
temperature. The best-fitting results of next-nearest coupling (/nn)
were 25.809 cm ™" for Fe, 33.521 cm™" for Co, and 92.753 cm ™! for
Ni. These fitting results are in good agreement with the reported
theoretical values.®*" The best-fitting results shown in Figure 2a
(solid lines) indicate that the higher the atom number, the higher
the interaction.

The y,, T values of the three metals at room temperature (1.66,
1.48, and 1.41 cm’ Kmol ') were smaller than their theoretical
values (9, 5.6, and 3 cm’mol ' K, with g=2 and S=2 for Fe,
3/2 for Co, and 1 for Ni, respectively; Figure 2b). The lower
values are inferred with strong intrachain interactions of each
metal site and weak interchain interactions between linear
magnets. The effective magnetic moment was also calculated
to be 3.642 up for Fe, 3.439 up for Co, and 3.356 up for Ni using
Equation (2)

Heff = 2~827\/me (2)

As the temperature decreased, the y,T curves of MOF-
74-Fe and Co declined and reached a minimum value of
~0.1cm’mol ™K at 2 K. However, the y,, T curve for MOF-74-
Ni showed a cusp with the value of 1.97 cm® mol ™" K at around
25 K, reaching ~0.1 cm® mol ' K at 2 K. These behaviors appear
to indicate that MOF-74-Fe and MOF-74-Co present ferro-
magnetic interaction, whereas MOF-74-Ni presents an anti-
ferromagnetic exchange interchain interaction. The analysis
in the paramagnetic region above 150K followed the Curie—
Weiss law, confirming the presence of ferromagnetic inter
actions with C=1.95cm’mol™ 'K and §=—48.8K for Fe,

Www.pss-a.com

C=173cm*mol 'K and 0= —48.6K for Co, and antiferro-
magnetic interactions with C=1.34cm>mol ' ¥ and 6 =14.3K
for Ni (Figure 2b, inset).

The field dependency of magnetization was measured at
2K from 0 to 70kOe and is shown in Figure 3a. The values
of magnetization at 70 kOe were 3.13 up for Fe, 2.92 up for Co,
and 3.45 up for Ni. These values were much smaller than the
value expected for the saturated magnetization of the three
independent metal ions with g=2.00. MOF-74-Fe and Co
showed typical ferromagnetic behavior with the potential to be
superparamagnetic. The M-H curve of superparamagnetic
materials behaves in a similar shape of the Langevin function.
The M-H curves of MOF-74-Fe and Co were verified by
fitting the data with a modified Langevin function
(Equation (3))[7"’11]

i oo 43 (T)] o

where mqg(T) is the saturation magnetization, pr(T) is the
temperature-dependent effective magnetic moment of the
cluster, kg is Boltzmann constant, H is external field, T is
the temperature of the sample, and yH is the additional field-
dependent susceptibility. The quality of fitting was quite good
with the coefficient of determination (R%) of 0.99997, as shown
with solid lines in Figure 3a. The effective magnetic moments
(err) were higher for Fe (3.72 ug) and lower for Co (2.62 yug) than
the theoretical values and the effective moments from suscepti-
bility at a high temperature. The effective magnetic moment is
related with interaction in intramolecules (intrachains). At low
temperatures, the exchange interaction of Fe was stronger than
that of Co. However, the saturation magnetization (m,) of Co was
bigger than that of Fe. This meant that the antiferromagnetic
interchain interaction of Fe was masked by superparamag-
netism. Especially, MOF-74-Ni displayed a marked sigmoidal
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Figure 3. Field-dependent magnetization of MOF-74-Fe, Co, and Ni a) at 2K and b) at various temperatures below the critical temperature.
Reproduced with permission.’? Copyright 2019, American Chemical Society.
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Figure 4. Temperature-dependent in-phase (y') and out-of-phase (y”) parts of the AC susceptibility for a) MOF-74-Fe and b) Ni. Reproduced with

permission.”? Copyright 2019, American Chemical Society.

shape which could have been due to spin-canting or
field-induced metamagnetic behavior with the critical field of
H ~ 40kOe. Metamagnetism is the magnetic transition from
an antiferromagnetic to a ferromagnetic arrangement.[lz]
To confirm the presence of metamagnetism, the canting angle
(a) was estimated as sin @ = Mr/Mg (Mg: remanent magnetiza-
tion and Mg: saturation magnetization). The remanent spon-
taneous magnetization (Mg) was calculated by the extrapolation
of the M—H curve in the high magnetic field range, down to the
zero field."*! The determined canting angle of MOF-74-Ni was
2.2°-2.5°, which was relatively small to indicate metamagnetism
in the intrachain. In consequence, the origin of the metamag-
netic behavior is clearly related to interchain ordering.
Metamagnetism theory establishes that the long-range antiferro-
magnetic ordering between ferromagnetic 1D chains can be
broken up to ferromagnetic ordering by the applied external field.
Figure 3b shows M versus H plots at various temperatures from
2 K up to the critical temperature. Below the critical temperature,
M-H curves showed magnetic ordering.

Figure 4 shows alternating current (AC) susceptibility
measurements for MOF-74-Fe and Ni for 10-1kHz at 1kOe
and 65 kOe direct current (DC) fields and 1 Oe and 2 Oe AC
fields. Iron and Ni were chosen to compare the magnetic
dynamics between nanosized ferromagnetic clusters and satu-
rated metamagnetism in the antiferromagnetic state. The applied
DC field was used for the ferromagnetic state of MOF-74-Ni.
MOF-74-Ni was also examined in the 1kOe field and showed
no peaks in both phases. A frequency-dependent peak movement
is shown in phase (y') and out of phase (y”). The peak tempera-
ture (Tp) shifts were calculated using the Mydosh parameter (¢)
defined in Equation (4)

¢ = ATp/(TpAlog f) “)

The values obtained were 0.13 and 0.19 for MOF-74-Fe and Ni,
respectively.'” A parameter value in the range of 0.1 < ¢ < 0.3
was expected for superparamagnetic behavior as ferromagnetic
clusters. The energy barrier (AE) and relaxation time (z) were
obtained by the Arrhenius equation (Equation (5))

T =1exp (AE/kgT) (5)
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with the characteristic time 7, which is a temperature-
independent parameter. The Arrhenius law is used for ther-
mally activated processes and typically for superparamagnets
(the results of the linear fitting are shown in Figure 5). The
obtained 7, values were ~10 °s, because the MOF was a
nonmetallic system. The difference of the spin-reversal energy
barrier (AE) was due to the applied external field.**! The higher
value for Ni was due to the higher external magnetic field
of 65 kOe.

The temperature-dependent magnetic susceptibility data
describe the magnetic configurations of MOF-74-M. However,
it is normally difficult to discriminate between the Néel temper-
ature linked to antiferromagnetism and the blocking tempera-
ture linked to superparamagnetism by only observing the
peaks shown in the susceptibility plot. Therefore, the magnetic
states of Fe and Co were reconfirmed by fitting the data with
a Langevin function, and the antiferromagnetic ordering
with metamagnetism of Ni was confirmed by field-dependent
magnetization.

In<
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Figure 5. Energy barrier result of MOF-74-Fe and Ni.
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3. Conclusions

In summary, this article presents experimental findings regard-
ing the linear magnetic phenomena in a novel 3D MOF material,
MOEF-74-M (M = Fe, Co, Ni). Moreover, the results explain the
linear magnetic state through the unsaturated open metal
(Fe, Co, and Ni) in MOF-74. The DC magnetic data of 1kOe
and the magnetization at 2 K in the range of 0-7 T showed that
Fe and Ni present ferromagnetic intrachain and antiferro-
magnetic interchain interactions, whereas Co presented ferro-
magnetic coupling. In contrast to theoretical expectations, Ni
presented a higher interaction strength than Fe and Co due to
strong antiferromagnetic interactions. Moreover, superparamag-
netic behavior was observed with single-magnetic domain chains
in all MOF-74-M. The magnetic ordering and magnetic state of
these materials were reconfirmed by fitting the M—H curves with
the modified Langevin function and by AC magnetic susceptibil-
ity measurements. The reverse spin energy barrier and relaxation
time were obtained by the Arrhenius law. The findings indeed
support the theoretical studies for MOF as SMMs, SIMs, and
single-chain magnets. Furthermore, the results indicate that
the magnetic state is systematically controllable by metal replace-
ment (e.g., transition metals from Mn to Cu or lanthanide ions)
in MOFs. In addition, MOF compounds with switchable mag-
netic properties are very suitable systems for future information
technology."®!

4. Experimental Section

Synthesis of MOF-74-Fe [Fe,(dobdc)] (Fe;CsH,O4): Anhydrous
ferrous chloride (0.11 g, Acros) 0.11 g and 2,5-dihydroxyterephthalic acid
(0.071 g, Sigma Aldrich) were prepared in a flask connected with a Schlenk
line. The flask was filled with nitrogen by repeating vacuum and a nitrogen
purge process more than 10 times using the Schlenk line. After that, 30 mL
of nitrogen-purged anhydrous dimethylformamide (DMF) and 3.6 mL of
nitrogen-purged anhydrous methanol were injected into the flask. The pre-
pared solution was heated to 120 °C in a silicon oil bath and reacted for
18 h. After completion of the reaction, the resultant was washed with DMF
(3 times) and methanol (3 times), followed by being precipitated using a
centrifuge. Finally, the resulting black powder was dried in a vacuum
chamber heated at 80°C and stored in the argon-filled container.

Synthesis of MOF-74-Co: [Coy(dobdc)] (Co,CsH,06) sample was
commercially provided by BASF SE. Detail of synthesis is in the study
by Czaja et al.l'’!

Synthesis of MOF-74-Ni: A mixture of a suspension (15 mL) of H,dobdc
(0.404 g, 2.04 mmol) heated to 100 °C and Ni(CH;COO),-4H,0 (1.00 g,
4 mmol) in hot deionized water (5 mL) was refluxed for 1h and cooled
down to room temperature. The yellow powder was collected via centrifu-
gation at 7500 rpm and washed three times with deionized water and
ethanol. The dried product was placed in vacuum at 250 °C for 5 h to give
[Niz(dobdc)] (Ni,CgH,0g).'

X-Ray Crystallography: The crystal structures of MOF-74-M samples
were verified via powder X-ray diffraction (PXRD) using Cu Ko radiation
in the 20 range between 5° and 60°. According to the PXRD patterns,
the structure of all the obtained samples was in good agreement with
the simulation and the literature.’*'8

Physical Measurements: Polycrystalline powder samples were loaded
into a gelatin capsule in a glovebox. DC and AC magnetic properties
of MOF-74-M samples were determined by means of a vibration
sample magnetometer (VSM, MPMS3, Quantum design). Temperature-
dependent susceptibility was measured in the temperature range of
2-300K in the applied field of 1 kOe. The field-dependent magnetization
measurement was carried out in the external field range from 7to —7 T at
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various temperatures. The diamagnetism of the gelatin capsule and the
sample ligands were corrected by subtraction of background measure-
ment and Pascal’s table.'"¥ AC magnetic dynamics data measurements
were carried out in the range of 2-25 K with a 2 Oe switching field at
10-1000 Hz.
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