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ABSTRACT: Most well-known metal—organic frame-
works (MOFs) possessing the magnetic Ni,0,(CO,),
chains, called Ni-MOF-74, have been investigated with
regard to magnetic properties at open-metal sites. We
present the modulation of their magnetic phase and
metamagnetism via imidazole molecule coordination.

M olecule-based magnetic materials have recently attracted
increasing interest for use in novel applications (e.g,
magnetic switchers, magnetic sensors, and multifunction
magnetic devices in molecular spintronics) because of their
ability to display ferromagnetism and other more complex
magnetic phenomena.' > In particular, these materials are
advantageous because their magnetic properties can be
controlled by changing their spin center, the length of their
interactive organic ligands, or both. These advantages permit
the study of important magnetic features such as magnetic
dynamics and magnetic hysteresis with high spontaneous
magnetization. Various magnetic systems with designed novel
structures in single-molecule magnets (SMMs) and single-
chain magnets (SCMs) have been reported.6_9

Among the various types of molecular-based magnets,
metal—organic frameworks (MOFs) could represent a
potential model system because of their numerous metal
clusters within a microporous crystalline structure, their varied
functionality (via ligand and metal cluster exchange), and/or
their controllable cluster—cluster interactions through tunable
pore size and structure.'”" Moreover, open-metal sites
(OMSs; unpaired electrons in the metal cluster) in MOFs
are very useful for understanding the influence of unpaired
electrons on magnetic metal ions, by the design of interior
structures in the frameworks.'”"* For example, the antiferro-
and ferromagnetic (AFM and FM, respectively) coupling
effects on metal spin centers in OMSs can therefore be
elucidated via the gradual occupation of unpaired electrons at
OMSs."*™"* Moreover, the spin canting and metamagnetism
are particular types of AFM coupling effects in some low-
dimensional [layers, two-dimensional (2D); chains, one-
dimensional (1D)] systems. Because the metamagnetism
disrupts the AFM ordering and turns into the FM state
when a certain external field is applied, FM and canted AFM
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couplings should be coexist in interchain interactions with
intrachain interactions.'”*’

In this study, the feasibility of modulating magnetic phases
between AFM and FM orderings is therefore explored, as
suggested by the literature, by adjusting the coordination of the
metal ions, solvents, or organic ligands.w_23 Furthermore, the
critical temperatures—N¢éel temperature (Ty) for AFM
ordering and Curie temperature (T¢) for FM ordering—and
the critical field (H,,) for the metamagnetism transition can be
designed as the FM/AFM ratio in the system.

A hexagonal 1D-channel MOF possessing numerous OMSs
(Ni**), called Ni-MOF-74, was chosen as the low-dimensional
magnet for this study. The structure of Ni-MOF-74 exhibits
helical building units of FM Ni"Og S-fold coordination
polyhedral chains with 2,5-dioxide-1,4-benzenedicarboxylate
organic linkers (denoted as Ni-MOF-74-ac). Then, three
different amounts of imidazole molecules (IMs) were
introduced into the OMSs in the channel of Ni-MOF-74,
herein referred to as Ni-MOF-74-IM, in order to observe the
gradual occupation of the unpaired electron at its OMS
(Figure 1). The Fourier transform infrared (FT-IR) spectra of
Ni-MOF-74-ac and three Ni-MOF-74-IMs indicate the
successful incorporation of IMs in the Ni-MOEF-74 systems,
and powder X-ray diffraction (PXRD) patterns clearly indicate
that the framework structures of the samples were maintained
after the introduction of IMs (Figures S1 and S2). On the basis
of the elemental analysis results, 10%, 38%, and 70% of all Ni**
(the OMS) in MOF-74-ac are gradually occupied by IM,
respectively, denoted as Ni-MOF-74-IM-10, Ni-MOF-74-IM-
38, and Ni-MOF-74-IM-70.

As IMs are introduced into the 1D channel, the square-
pyramidal 5-fold-coordinated Ni" ion with two unpaired
electrons is converted into the octahedral 6-fold-coordinated
Ni" species with an IM. The UV—vis—near-IR (NIR) spectra
clearly show that the ratio of 6-fold-coordinated Ni" is
increased when the amount of IM introduced is increased
(Figure S3).*° This conversion ratio (from 5-fold to 6-fold at
the Ni' site) results in a dramatic change in the magnetic
characteristics. Through this phenomenon, the magnetic
properties of MOFs can be investigated as a function of their
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Figure 1. Crystal structures of Ni-MOF-74-ac, Ni-MOF-74-IM-10,
Ni-MOF-74-IM-38, and Ni-MOF-74-IM-70. (top) Primary assem-
bling unit.

temperatures and applied fields. In addition, magnetic phase
transition diagrams can also be obtained via M—T and M—H
curves.

The direct-current (dc) magnetic susceptibilities (y,,) of the
samples were collected under an applied field of 1 kOe in the
range of 2—300 K. The y,,T versus T and y,, versus T (inset)
curves of the samples are shown in Figure 2. The values of y,, T
at 300 K are 4.50, 3.71, 3.57, and 3.92 cm® K mol™" per Ni'!;
unit in a 1D metal cluster chain (Figure 1, circle inset) for Ni-
MOF-74-ac, Ni-MOF-74-IM-10, Ni-MOF-74-IM-38, and Ni-
MOF-74-IM-70, respectively. These values are higher than the
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Figure 2. Temperature dependence of y,, T measured in an applied
field of 1 kOe on powder samples of Ni-MOF-74-ac, Ni-MOF-74-IM-
10, Ni-MOEF-74-IM-38, and Ni-MOF-74-IM-70. Inset: Temperature
dependence of the magnetic susceptibility, y, (ZFCFC), of all
samples between 2 and 40 K under 1 kOe.

expected spin-only value of 3.00 cm® K mol™ for three Ni"
ions (S = 1; g = 2) because of the orbital contribution from the
octahedral Ni" ions. The value of y,, T(T) is increased slowly
until 25 K and then rapidly decreased to below 20 K, reaching
~0.3 cm® K mol™" for Ni-MOF-74-ac, Ni-MOF-74-IM-10, and
Ni-MOF-74-IM-38, and 1.06 cm® K mol™! for MOF-74-IM-70.
The linear fitting of the inverse magnetic susceptibility, 1/y,,
versus T from 150 to 300 K (linear part) to the Curie—Weiss
law [y,.(T) = C/(T + 8)], where C is the Curie constant and 6
is the Weiss constant, indicates the existence of AFM
configurations with C = 4.36, 3.89, and 3.48 cm® mol™ K
(Figure SS). Weiss temperatures of 6 = 4.96, 4.11, and 3.28 K
can be obtained for Ni-MOF-74-ac, Ni-MOF-74-IM-10, and
Ni-MOF-74-IM-38, respectively. Ni-MOF-74-IM-70, however,
exhibits FM ordering at C = 3.69 cm® mol™' K, 6 = —8.92, and
a Curie temperature, Tc, of 8.83 K. The y,,(T) data show
cusps at Néel temperatures (Ty) of ~18.5 K for MOF-74-ac,
17 K for MOF-74-IM-10, and 15 K for MOF-74-IM-38; Ty is
obtained at the x-axis intersection of dy,/dT to improve
accuracy (Figure S6). Note that Ni-MOF-74-IM-70 does not
have a cross section. The abrupt decreases below Ty occur
because of interchain AFM interactions.

The combination of the Meyer model for AFM coupling (J;
< 0) and the Monford model for FM coupling (J, > 0) was
used as a fitting model (H = —]YS:S;,;)*** (Figure S7). The
fitting equation (1) is

(g#y)° 2 + 0.0194x, + 0.777x,>
I =N
ksT 3 + 4.346x, + 3.232x,° + 5.834x,°
2 (&)
3 kT

1 — 0.3127x, + 0.124x,” + 0.541x,"
1 — 0.887x, + 0.586x," )

where x,, = J1,/kgT, ], is the coupling strength, g;, is the
Landé g factor, and kg is the Boltzmann constant. The best-fit
analysis is summarized in Table SI.

This confirms that there were changing interactions between
the Ni'' centers. The AFM interaction appears to be reduced
and the FM interaction increased by the addition of more IMs.
The values of the Landé g factors support the theory of a
change from S-fold-coordinated to 6-fold-coordinated Ni ions
due to increasing amounts of IMs in the MOF. The magnetic
configuration change is also verified by these fitting results.
The magnetic ground state of Ni-MOF-74-ac was initially
AFM for the interchain and FM for the intrachain.
Interestingly, the magnetic ground state then changed to the
FM state for both interchain and intrachain Ni atoms in the
presence of IMs. Density functional theory (DFT)-calculated
results also support the idea that the magnetic phase transition
was enabled by IMs (Table S2).

The field-dependent magnetizations of Ni-MOF-74-IMs,
measured at the various temperatures, confirm the appearance
of the AFM ground state and spin-canting behavior. The M—H
curves at 2 K (Figure 3) display obvious sigmoidal shapes,
typical of the metamagnetism phase transition from AFM to
spin canting or of the FM-ordered phase as spontaneous
magne:'cization.26’27 As shown in Figures 3 (bottom right inset)
and S8, significant hysteresis loops are observed in the field
range of 30—55 kOe in Ni-MOF-74-ac, Ni-MOF-74-IM-10,
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Figure 3. Field dependence of the magnetic moment at 2K of all
samples. Left-top inset: dM/dH from the M—H measurement. Right-
bottom inset: Metamagnetism in Ni-MOF-74-IM-10 and Ni-MOF-
74-IM-38. The Ni-MOF-74-ac sample also shows metamagnetism at
lower field.

and Ni-MOF-74-IM-38 (Ni-MOF-74-IM-70 does not show
metamagnetism in the M—H curve). The M values of Ni-
MOF-74-ac, Ni-MOF-74-IM-10, and Ni-MOF-74-IM-38 in-
creased to a value of ~3.39 puy at 70 kOe, while the
magnetization of Ni-MOF-74-IM-70 was 4.67 pg at 70 kOe;
this did not reach the saturation value of 6 yp for Ni'" with S =
3 (gs = 6 NJ3). Although the spin centers interact, showing FM
interaction in a high field, they are not fully saturated because
of an orbital contribution. As the remnant spontaneous
magnetization, extrapolation of the M—H curve in the high
magnetic field range down to the zero field is taken to be an
estimate of the canting angle @, following the relationship sin a
= My/Ms. The canting angle of Ni-MOF-74-ac was determined
to be 2.2—2.5°, whereas the canting angles of Ni-MOF-74-IM-
10 and Ni-MOF-74-IM-38 were negligibly small because of
AFM interaction. The canting angle of MOEF-74-IM-70
increased to 24° with FM interaction.”**” By increasing the
number of coordinated IMs in the channel, the hysteresis loop
and critical field are shifted to higher field. As a result, the
values of the critical field (H,) at 2 K were estimated as the
maximum field of dM/dH to be 42 kOe (Ni-MOF-74-ac), 52
kOe (Ni-MOF-74-IM-10), and 54 kOe (Ni-MOF-74-IM-38)
(inset top left in Figure 3). These hysteresis loops of the
metamagnetism and spin canting vanished above 12 K.
Moreover, the temperature dependence of y,, was measured
to be higher than the critical field (Hc,), namely, 45, SS, 60,
and 70 kOe for Ni-MOF-74-ac, Ni-MOF-74-IM-10, Ni-MOF-
74-IM-38, and Ni-MOF-74-IM-70, respectively (Figure S9).
Such results demonstrate that Ni-MOF-74-ac and Ni-MOF-74-
IM-10 seem to exhibit the AFM effect with cusps, but the final
fitting results of the Curie—Weiss law indicate weak FM
behavior with positive T values. This FM configuration of the
samples in the M—T curve above H,, verifies the existence of
metamagnetism with M—H curves. Hence, the AFM coupling
was overcome, and the metamagnetism transition finally
occurred because of an external field.

Phase diagrams of the metamagnetic transitions were
obtained from a series of field-dependent magnetization
M(H) curves at various temperatures and temperature-
dependent susceptibility y(T) at different dc fields (Figures
S8—S10). The H—T phase diagram shown in Figure 4 reveals
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Figure 4. Magnetic phase diagram of the Ni-MOF-74-IM series. The
dashed/open and line/solid points are from the M—H curves at
various temperatures. Open scattering is the critical temperature (Ty)
from the M—T curves.

that Ni-MOF-74-IMs possess an AFM ordering at the ground
state, below the phase boundary. An anomaly standing field
read for spin canting occurred at ~30 kOe (dashed/open
points in Figure 4). The hysteresis loops in the M(H) curves
exist only at low temperatures, up to ~10 K. The observed
irreversibility implies that the field-induced FM phase has a
tiny area of hysteresis and is metastable under high fields. The
hysteresis ranges were also changed by the amount of
coordinated IM on the OMS. Above the magnetic saturated
field at ~65 kOe (line/solid points in Figure 4) and the Néel
temperature, paramagnetic phase states were present.

The spin dynamics of Ni-MOF-74-ac and Ni-MOF-74-IMs
were further studied with alternating-current (ac) susceptibility
measurement under 1 and 65 kOe below 22 K (Figures S12—
S14). Ni-MOF-74-ac, Ni-MOF-74-IM-10, and Ni-MOF-74-
IM-38 exhibited AFM ordering, which was verified by the
frequency-independent peaks of the in-phase (y’) at ~18 K.
The frequency-dependent out-of-phase (") behavior in the ac
susceptibility under 1 kOe is shown. The peak temperature
(Tp) shift is inferred to be superparamagnetic with the Mydosh
parameter ¢ = AT,/(T,A log f) (see Figure S14 for details).
Even though MOF-74 is a 1D chain structure, it does not
actually show the slow relaxation of the SCM. Nevertheless,
the ac susceptibility results confirm that its magnetic phase is
strongly influenced by the external field and/or coordinated
imidazole.

In conclusion, this study details a novel three-dimensional
MOF, consisting of FM Ni"" 1D chains with coordinated IMs.
Detailed magnetic measurements revealed the rare coexistence
of AFM and FM ordering, spin canting, field-induced
metamagnetism, and spin dynamics. Significantly, Ni-MOF-
74 exhibits phase transition and metamagnetism with IMs,
accompanied by a shift in H,, the Néel temperature, and the
Weiss temperature for AFM ordering. Indeed, the coordinated
IM influences the Ni" coordination from the square-pyramidal
S-fold structure to an octahedral 6-fold structure. The 5-fold-
coordinated Ni" has two unpaired electrons, which forces it to
transfer its magnetic phase from the AFM to FM phase with
lower energy. Interpretations made using DFT calculations and
fitting data indicate that the material studied here could be
fine-tuned for interchain magnetic interaction, and its physical
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properties can be controlled by varying the amount of IM; this
is of great relevance to applications involving magnetic devices.
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