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ABSTRACT: A clear understanding of the origin of magnetism in metal—organic frameworks (MOFs) would provide useful
insight for tuning the electromagnetic properties of MOFs and finding new applications. In the present study, first-principles
calculations show that the open paramagnetic metal sites in three-dimensional porous magnets M-MOF-74 (M = Nj, Co, Fe,
Mn) favor high-spin electronic arrangement. Fe- and Co-MOF-74 exhibit ferromagnetic (FM) features and significantly distinct
energy gaps between spin-up and spin-down channels in metastable states. After replacement of the Co center with a Ni ion, the
FM feature was exhibited for the stable state since the “extra” valence electron was filled in the spin-down 3d bands to shift the
Fermi level to higher energy. In contrast, after removal of one valence electron (i.e., replacement of the Fe center with Mn
atoms), the energy gap was significantly enlarged and an antiferromagnetic (AFM) feature will be discerned.

B INTRODUCTION FM half-metallicity in a dimethylmethylene-bridged triphenyl-
amine PS.*

Metal—organic frameworks (MOFs) are one of the most
important families of porous materials and have been
extensively exploited in the application of gas storage,
separation, and catalysis because of their extremely large
surface area and porosity.” Beyond these applications, some
MOFs also exhibit some unique magnetic properties;’ e.g., one
of the isomeric Fe'-MOFs derived from isomeric ligands
experiences a diamond-like 3D network spin-crossover to form

The development of porous magnetic materials has attracted a
great deal of interest in the past decade." It is anticipated that
coupling the intrinsic magnetism and porosity within the same
material will offer an ideal medium for applications in magnetic
separation, magnetic sensing, or low-density magnets. Indeed,
some recent reviews have already summarized the excellent
advances that have been achieved to develop microporous
magnetic solids. Among the most beautiful examples is the
three-dimensional (3D) inorganic isostructural porous formates “ |
M,(HCOO),, with M = Fe, Co, Ni, Mn. It is found that the a rare 2D .hard ferromagnet. . An.othernexan.qplle is tbat Cu-
magnetic ordering significantly relies on the paramagnetic metal MOFs den_ved from AF M dimeric Cu building units and
centers in porous materials. Hence, iron, manganese, and nickel nonmagnetic molecular ‘llnkers exhibit FM behav10r,‘ ar:{)c&
formates are ferromagnets, whereas the cobalt compound is a copper vacancy would 1nduFe long-range EM orderlng..

spin-canted antiferromagnet.'® Another example is that an Fe- Indeéd, the huge structural variety of MOF_S with paramagnetic
doped Si nanotube has ferromagnetic (FM) coupling, while a TM ions offers a great opportunity to design desirable porous
Mn-doped Si nanotube prefers antiferromagnetic (AFM) magnetic materials, such as low-density magnetic bioér}llaedicine,
coupling with a zero net moment In addition, some two- molecular magnets, and magnetic molecular sensors,”” beyond
dimensional (2D) porous sheets (PSs) have also been the traditional gas storage and separation. Particularly, under-
predicted to exhibit magnetic behaviors by first-principles
studies, e.g, the long-range ferromagnetism in a transition- Received: April 15, 2013
metal phythalocyanine (TMP¢; TM = Cr, Zn) single PS,*> and Published: August 6, 2013
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Figure 1. (a) Unit cell of M-MOF-74 repeated eight times, viewed from the [110] direction, showing the porous arrangement. (b) Coordination of
the MOj fragment. (c) Square-pyramidal symmetry of the ligand field at the M site after removal of coordinated H,0. (d) M—O—M connection to
display the bonding angle. (e) One unit cell viewed along the [110] direction.

Table 1. Exchange Energy (E,, = Epy — Eapy) between the FM and AFM States of M-MOF-74

Miocal
M-MOF-74 E,, (eV) M1 M2 M3 M4 M5 M6 My (1)
M = Ni (FM) —-0.013 1.26 1.28 1.25 1.24 1.27 1.24 12.00
M = Co (EM) 2.62 2.62 2.62 2.62 2.62 262 18.00
M = Co (AFM,) 0.033 2.61 ~2.60 2.61 —261 2.62 ~2.58 0.00
M = Co (AFMZ) 0.027 2.62 2.62 2.62 —2.62 —2.62 —2.62 0.00
M = Fe (FM) 3.74 3.74 3.74 3.74 3.74 3.74 24.00
M = Fe (AFM,) 0015 374 —372 372 —3.76 372 -373 0.00
M = Fe (AFM,) 0.006 374 3.74 375 -375 —374 —374 0.00
M = Mn (AEM,) 0.130 462 —4.62 462 —462 462 —4.62 0.00
M = Mn (AFMZ) 0.040 4.62 4.62 4.62 —4.62 —4.62 —4.62 0.00

“The M,y and M,,, values for each ground state are listed to show their magnetic couplings. One exception is that M,y and M, of metastable
FM Co-MOF-74 are also presented because of its easily field-induced transition from the AFM state.

standing the magnetism of MOFs with open metal sites is
important for tuning the magnetic properties of MOFs by
host—guest interactions.

Motivated by the manipulation of magnetic ordering with
aforementioned TM-doping methods, we chose MOF-74 as the
model system to study the electromagnetic behavior in MOFs
by means of a density functional theory (DFT+U) method
because isostructural MOF-74 containing various paramagnetic
metal centers have been successfully synthesized.® In general,
the DFT+U method could obtain qualitative improvement for
the band gap and magnetic properties in the systems with
strong electronic correlation between partially filled d shells.
However, one limitation is that no value of U for M-MOF-74
based on firm experimental data could be obtained yet. Hence,
we refer to U = 4 eV on the basis of a previous theoretical study
of TMPc (TM = Cr, Mn, Fe, Co, Ni, Cu, Zn). For comparison
and further evaluation of the U value, broader values of U = 2—
8 eV have also been tested and a detailed description is
presented in the next section.

B COMPUTATIONAL METHOD

First-principles DFT calculations were performed to explore the
magnetism in dehydrated M-MOF-74 (M = Ni, Co, Fe, Mn) using the
Perdew—Burke—Ernzerhof generalized gradient approximation (PBE-
GGA),” as implemented in the Vienna Ab-initio Simulation Package
(VASP).' Because of the strong electronic correlation between
partially filled d shells, standard GGA cannot present an accurate
description for the electronic structure of M-MOF-74. In this regard,
we employed the GGA+U method to obtain qualitative improvement
for the band gap and magnetic properties.'’ On the basis of the
previous study for TMPc (TM = Cr, Mn, Fe, Co, Ni, Cu, Zn) by Zhou

and Sun,’ the correlation energy (U) and exchange energy (J) were
chosen to be 4 and 1 eV, respectively, for M-MOF-74 (M = Mn, Fe,
Co, Ni) in this work. In addition, we have also tested U = 2—8 eV and
found generally consistent magnetic and electronic properties for M =
Mn, Fe, Co. One exception is that the electronic behavior of Ni-MOF-
74 is dependent on the selection of U. No band gap is exhibited for U
= 2S5 eV, while a significant band gap appears when U > 6 eV.

A plane-wave basis set was used to expand the Kohn—Sham orbitals
with a kinetic energy cutoff of 400 eV within the PAW potential
method.'> A set of y-centered k points (2 X 2 X 2) were used to
sample the Brillouin zone in optimization,"> while more accurate
calculations within a 4 X 4 X 4 k mesh were performed to calculate the
density of states (DOS). To model the dehydrated M-MOF-74, we
applied one periodic unit cell containing 54 atoms, as shown in Figure
1. All lattice parameters and atomic positions were fully relaxed using
the conjugated-gradient algorithm until the Hellmann—Feynman force
on each atom was less than 0.03 eV/A. The optimized lattice
parameters are listed in Table S1 in the Supporting Information (SI).

To find the final stable state and spin alignments, different initial
guesses were used for the local magnetic moments of the FM and
AFM states (alternate up—down spins on TM atoms) for the four M-
MOE-74 systems. To evaluate the possible effect of magnetic
anisotropy and zero-field splitting (zfs) on the magnetic properties,
the noncollinear calculations of the initial local magnetic moment
along the x, y, and z directions and spin—orbital (SO) couplings are
performed in Fe-MOF-74 as an example.

B RESULTS AND DISCUSSION
AFM Coupling of M-MOF-74 (M = Co, Fe, Mn). The

porous structures and their corresponding structural parameters
of dehydrated M-MOF-74 are presented in Figure 1 and Table
S1 in the SI, respectively. Each M atom is surrounded by five O
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Figure 2. 3D spin density (p1—pl) with the isosurface at 0.5 X 107> e/A> for the two AFM and one FM states of Fe-MOF-74: (a and a’) spin
densities for the unit cell and periodic pores for the AFM, model; (b and b’) spin densities for the unit cell and periodic pores for the AFM, model;
(cand c’) spin density distributions on the unit cell and periodic pores for the metastable FM states. Yellow and blue contours illustrate the positive

and negative spin densities.

atoms, ie., one apical and four planar atoms, indicating a
transformation from octahedral coordination to square-
pyramidal coordination after removal of coordinated water
molecules (Figure 1c). Such a transformation was also observed
in the experimental study of Ni-MOF-74"* and Co-MOF-74.%
The apical O atom forms a slightly longer M—O (e.g., Co—0)
bond of 2.10 A, compared to the four planar O atoms with
Co—O0 bond lengths of 1.99—2.04 A, which indicates that the
fragment MOj is in distorted square-pyramidal coordination.
The similar structural parameters of dehydrated Co-MOEF-74
have also been obtained by Dietzel et al. upon performing an in
situ high-temperature single-crystal experiment, where the Co—
O distance at the apex of the pyramid (2.07 A) is slightly longer
than the other four Co—O distances in the range between 2.03
and 2.06 A.* The exchange energy E., (Eex = Epy — Eapn) per
unit cell in Table 1 can be used to identify the preferred
magnetic coupling for each M-MOF-74 framework. It is found
that FM coupling is only favorable in Ni-MOF-74 with E,, =
—0.013 eV/unit cell, while Fe-, Co-, and Mn-MOEF-74 favor a
weak AFM coupling with positive E,, ranging from 0.006 to
0.130 eV/unit cell. Here we should emphasize that only two
widely used AFM models were taken into account, yielding
similar E,., values. The model AFM, refers to the weak
interchain AFM coupling and weak intrachain FM coupling,
while the model AFM, refers to the alternative AFM coupling
between adjacent metal centers. Actually, the model AFM, for
both Co-MOF-74*and Fe-MOF-74 has been experimentally
observed by Dietzel et al. and Bloch et al, respectively. The
magnetic susceptibility measurements indicated a rather weak
exchange energy J = 4.1 cm™" (S X 107* eV) for Fe-MOF-74,
which is much smaller than our calculated E,,. Such a difference
is possibly attributed to the systematic error of the DFT
method in the range of 0.01 eV, and therefore a quality
evaluation is presented for calculation.

Because the electronic structures and particularly the
magnetic properties are complicated by the presence of
magnetic anisotropy, Fe-MOF-74 is taken as an example to
evaluate the magnetic anisotropy by utilizing noncollinear
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calculations. Here, the initial local magnetic moments for each
ion are given in the %, y, and z directions, respectively. As listed
in Table S2 in the SI, IE,| < 0.009 eV/unit cell is not large for
different magnetic directions. However, the local magnetic
moments (M) of Fe atoms mainly distribute along the z
direction and give rise to small projected IM;,|(Fe) < 0.099 i
in the x or y direction. Considering its Fe—O—Fe structure
along the z direction, the magnetic anisotropy induced by the
structure should be in existence in Fe-MOEF-74. In addition, SO
coupling is also calculated to estimate its effect on the magnetic
properties because SO coupling often causes zfs. My, of each
Fe ion is found to be about +3.68 up by considering SO
coupling, which is only 0.06 y smaller than the values of M,
(Fe) = 3.74 uy obtained in the isotropic case. As expected, the
zfs effect is weak in Fe-MOF-74 because SO coupling is not
serious in 3d TMs.

To evaluate whether the magnetic ordering is long-range or
not in the whole framework, we calculated and plotted the spin
densities of the two AFM models of Fe- and Co-MOF-74,
respectively. The obvious intrachain FM coupling and
interchain AFM coupling can be discerned in the AFM,
model in Figure 2a (a’) for the same blue or yellow spin
densities distributed along each M—O—M chain direction. In
contrast, alternative AFM coupling, which is represented by
adjacent blue and yellow spin densities distributed in the same
M—O-—M chain [see Figure 2b (b’)], is noticed in the AFM,
model. Most of the magnetic moments in Fe-MOF-74 are
carried out by the central FeOg fragment, in line with our
calculated larger M, of +3.74 up on Fe cations. The
neighboring C atoms on the hexagonal ring of the linker form
much weaker M, of no more than 0.16 uy. Thus, the overall
spin-polarized electrons are connected through C—O-—Fe
fragments, which endows the whole framework with collective
magnetic ordering. A similar spin-density distribution is also
found in AFM Co-MOF-74 (Figure S1 in the SI), with My, =
+ 2.60 py and zero total magnetic moment (M, ). The largest
E,, caused by Mn ions is well consistent with the previous study
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Figure 3. Spin-resolved TDOS, electronic band structures, and LDOS for FM Fe- and Co-MOF-74. The upper panels (a and b) are the calculated
TDOS and the corresponding band structures to present the large different band gaps between the spin-up and spin-down components. The lower
panels (c and d) are LDOS of C 2p, O 2p, and M 3d (M = Fe, Co), showing the main contributions of the VBM and CBM at the Fermi level.

that Mn-doped Pc has much higher E,, (=0.124 eV) than Cr-,
Fe-, Co-, and Cu-doped P}

Metamagnetic States of FM Fe-MOF-74 and Co-MOF-
74. We paid particular attention to the magnetic metastable (or
“metamagnetic”) states of FM Co- and Fe-MOF-74 because the
transformation from AFM to FM has been experimentally
induced by a weak magnetic field at above 8 K for Co-MOF-
74.% Such a transformation is in line with our calculated small
E,, values of 0.033 and 0.027 eV/unit cell for Co-MOF-74 and
0.0015 and 0.006 eV /unit cell for Fe-MOEF-74 in the two AFM
models. The total density of states (TDOS) and band
structures showed that all spin symmetries were broken to
yield large-spin splitting energies for FM Co- and Fe-MOF-74,
as presented in Figure 3. Moreover, a very interesting
phenomenon is discerned that the band gaps between the
majority (spin-up) and minority (spin-down) components are
significantly different. The spin-down DOS of Fe-MOEFE-74
(Figure 3a) and Co-MOF-74 (Figure 3b) exhibit narrow band
gaps (E,) of 0.30 and 0.49 eV, in sharp contrast to the much
broader E, values of around 1.75 and 2.00 eV for spin-up DOS.

In semiconductors, cavity electrons and itinerant electrons
are the charge carriers, obtained by intrinsic excitation and
closely related with E,. Apparently, the smaller gap in the spin-
down channel implies the probability to induce electron
excitation from the valence band maximum (VBM) to the
conduction band minimum (CBM) to filter a single spin-
electron current. In the meantime, the spin-up channel is
blocked because of the broader band gap. Such selective
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intrinsic excitation can possibly be induced by photoelectron
irradiation with appropriate wavelength (4). This property is
analogous to half-metallicity observed in perovskite materials
and TM-doped BN or Si nanotubes,'® in which one spin
component is metallic and the other one is semiconducting or
insulating. Hence, if the narrow spin-down band gap is closed
up by the semiconductive-metallic transition, the single spin-
electron current in Fe- and Co-MOF-74 could also be filtered.
We envisage that the readily induced single spin current may
enable a potential application in spintronics.

The spin-resolved local density of states (LDOS) of C 2p, O
2p, and M 3d bands are plotted in Figure 3c,d to understand
the origin of vastly different spin gaps in FM Fe- and Co-MOEF-
74. The spin-down VBM and CBM are clearly dominated by Fe
3d or Co 3d states at the Fermi level, indicating that the narrow
gap is created by the split spin-down 3d states. In contrast, the
spin-up VBM and CBM are mainly contributed by C 2p and O
2p orbitals located on the organic linkers. This broader gap is
actually caused by the hybridization of C 2p and O 2p to form
covalent C—O bonds because the hybridization would push the
antibonding bands to higher-energy states and the bonding
bands to lower-energy states. The overall positive spin densities
obviously exhibited a FM coupling of intra- and interchains of
FM Fe-MOF-74 [Figure 2c (c')] and Co-MOF-74 (Figure S2
in the SI).

In nature, the magnetic moment originates from the unpaired
electrons on each M ion, which is highly dependent on the
high-spin (HS) or low-spin (LS) electronic configurations. It is

dx.doi.org/10.1021/ic400927m | Inorg. Chem. 2013, 52, 9356—9362
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documented that the metal cations in MOF-74 are divalent
ions, indicating that only 3d electrons participate in the
magnetic ordering after the M ions (M = Mn, Ni, Fe, Co) lose
all 4s electrons. Now we estimate the energy difference between
the crystal-field splitting (A) and pairing energy to evaluate the
overall stabilization energy for the HS and LS states. For an
ideal square-pyramidal complex, the 5-fold degenerate 3d bands
are split into four sub-bands: d,, and d dxy, dp and d 2 The
split Fe and Co 3d LDOS in Flgure 4 lndlcate that the crystal-
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Figure 4. Spin-resolved LDOS of spin splitting for MY 3d bands in FM
states of Fe-MOF-74 (a) and Co-MOF-74 (b). The inset on each
figure is the schematic illustration of electron configurations arranged
in HS of Fe' 3d° and Co" 3d".

field splitting for both metal centers is not significant with a
moderate A & 1.5 eV. In contrast, the spin-down components
shift to much higher energy than spin-up components, so that
strong spin splitting energies (§) of 5.3 and 3.6 €V are induced
for the Fe"" 3d® and Co" 3d” bands, respectively. The larger &
would force the electrons not to pair up but spin parallel to
each other, yielding a small pairing energy. According to
Hund’s rule and the Pauli exclusion principle, Fe" 3d° favors
the HS state and nominally adopts the electronic configuration
of [(dT)S(d,}l)l], yielding four unpaired electrons (ie., N, =
4). Similarly, Co" 3d’ also prefers HS with the electronic
configurations of [(d1)*(d.2})"(d,_1)")] and N, = 3. Such a
HS arrangement (see the insets of Figure 4) and N, well
rationalize the calculated M, (2.60 and 3.74 p3) on each Co
and Fe ion.

Transition from FM Ni-MOF-74 to AFM Mn-MOF-74.

The electronic and magnetic properties are remarkably changed
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when a Mn" or Ni! ion is exchanged into the metal center,
resulting in the transition from FM Ni-MOEF-74 to AFM Mn-
MOF-74. Indeed, the Ni" jon has one more valence electron
than the Co" ion, which can be virtually regarded as the effect
of “adding an electron”. In contrast to the other three MOFs,
Ni-MOF-74 exhibits the dependency of the band structures on
the U values. The spin-resolved TDOS indicates that part of
spin-down bands in Ni-MOF-74 cross the Fermi level and lead
to zero band gap for U = 2—5 eV. For U > 6 eV, the band gap
is enlarged to a significant value because the spin-up
component near the Fermi level shifts to VBM. The magnetic
ordering is still FM with M, of 1.26 & 0.02 pp and M, of 12
Hg. The spin-down VBM and CBM are dominated by Ni 3d
bands, while the spin-up components are mainly composed of
C 2p and O 2p bands. We should emphasize that the
conductivity of Ni-MOF-74 is possibly very low because of the
low concentration of charge carrier intrinsic to the localized 3d
electrons, although the band gap is zero at U = 2—5 eV.
However, a recently synthesized dimanganese (2,5-disulthy-
drylbenzene-1,4-dicarboxylate) with infinite (—Mn—S—),
chains, also denoted as Mn,(DSBDC), exhibits high intrinsic
charge moblhty As shown in the inset of Figure S4c in the SI,
the larger Ni"" 3d splitting energy (5 = 2.8 V) than the crystal-
field-splitting energy (A ~ 0.8 €V) indicates that Ni" 3d also
favors the HS state with five occupied spin-up 3d bands and
three occupied spin-down 3d bands. The other two unoccupied
spin-down bands contribute to the spin-down CBM.

In contrast, Mn-MOF-74 remarkably favors an AFM
arrangement with a positive E,, of 0.130 eV. The centered
Mn" ion has one less valence electron than the Fe' jon, which
leads to the half-filled 3d° configuration. The spin-polarized
TDOS (Figure Sa) and band structures (Figure SS in the SI)
clearly display a nearly symmetric feature in the spin-up and
spin-down states, which produces an AFM semiconductor with
E, =~ 155 eV. To further elucidate the alternative AFM
coupling in Mn-MOF-74, we plotted spin-resolved LDOS of
Mn 3d bands for two adjacent Mn, and Mn, ions in Figure Sc.
It can be seen that the spin-down 3d states of Mn; shift to
higher energy above the Fermi level, whereas the situation is
opposite for Mn, (i.e., spin-up 3d states shift to higher energy).
Thus, the electronic configuration of Mn" 3d° has two half-
filled states: all of the five electrons are filled in spin-up states
(Mn,;) to produce positive M, or all in spin-down states
(Mn,) to produce negative M,,,, as depicted in Figure Sd. The
corresponding alternate spin density of Mn-MOF-74 can be
observed in Figure S6 in the SI. It is worth noting that the spin-
splitting energy (6 = 7.8 eV) is the highest among the four
MOF-74 frameworks, although adjacent Mn ions produce
opposite spin splitting.

Apparently, the number of valence electrons and electronic
configurations naturally determine the electronic and magnetic
behaviors in M-MOF-74. HS arrangements are all favorable
because of the much stronger spin splitting than crystal-field
splitting in M 3d. N, arranged in HS electronic states has a
well-defined linear relationship with M, and M., in M-
MOF-74, as presented in Figure S7 in the SI In FM Fe- and
Co-MOEF-74, the spin-down 3d bands are partially occupied.
The filled electrons can readily transit between the close-lying
occupied and unoccupied spin-down 3d bands, which yield
relatively narrow E,. For Ni-MOF-74, the more valence
electrons in the Ni" centers will slightly shift the Fermi level
to higher energy states in order to complement more electron-
filled 3d bands. Correspondingly, part of the spin-down bands

dx.doi.org/10.1021/ic400927m | Inorg. Chem. 2013, 52, 9356—9362
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happen to cross the Fermi level and result in zero Eg at U = 2—
S eV. On the other hand, the half-filled Mn" 3d with all spin-up
electrons in Mn-MOF-74 eliminates the possibility of electron
transition between spin-down bands. Furthermore, the large &
prohibits electron transition from spin-up to spin-down bands

and, hence, results in broad gaps in both spins.
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B CONCLUSION

In summary, on the basis of spin-polarized DFT+U
calculations, we have systematically investigated the electronic
and magnetic properties of MOF-74 with different 3d metal
centers. In the four MOF-74 frameworks, HS arrangements are
all favored owing to the stronger 3d spin splitting than crystal-
field splitting, which is the origin of their magnetism. The filling
degree of spin-down bands determines the electron mobility
and thus results in possible different electronic features for the
four MOF-74 frameworks. Our studies may enhance the
understanding of the origin of magnetism in MOFs and provide
useful insight for tuning the electromagnetic properties of
MOFs and designing low-magnetic materials.
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