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ABSTRACT: We report the direct synthesis of mixed-metal NiFe-MOF-74 solids that display combination of porosity with ferrimagnetic or-
dering. Compared to the undoped Ni phase, controlled doping with Fe enables to modify intra and interchain magnetic interactions for the 
onset of spontaneous magnetization at temperatures fixed by the doping level. Synthesis of porous magnets remains somewhat elusive due to 
the difficulties in isolating foreseeable metal-organic architectures that combine small bridging linkers, for strong magnetic coupling, with pol-
yaromatic connectors responsible for porosity. In turn, we demonstrate that metal doping is better fitted to modify the magnetism of Metal-
Organic Frameworks already available simply by suitable choice of their nature and relative ratio in isostructural solid solutions.

One of the most fruitful approaches for the development of ad-
vanced functional materials relies on the combination of two or 
more functions in a single solid. This can result in mere coexistence 
or in interaction between simple functions, for synergetic or cooper-
ative effects. Among other families of multifunctional materials, 1-3 
Metal-Organic Frameworks (MOFs) featuring combination of mag-
netism and micro/nano-porosity have attracted important attention 
based on the interplay of the magnetic properties intrinsic to the or-
ganic/inorganic framework with the potential guests that can be ac-
commodated in the empty space available. This can result in sophis-
ticated materials of interest in sensing, magnetic sequestration or as 
stimuli-responsive solids. 4-7 Engineering of long-range magnetism in 
MOFs is somewhat challenging though, as the organic polyaromatic 
linkers generally used for directing the assembly of metal-oxo clus-
ters into porous architectures mediates weak magnetic exchange be-
tween spin carriers. This is why the vast majority of magnetic MOFs 
reported features combination of an inorganic sub-network of varia-
ble dimensionality (1, 2 or 3D), built by bridging metal centers with 
small inorganic molecules like O2

-, OH-, PO4
3- or CN- to mediate 

strong enough magnetic coupling, and an organic one that is respon-
sible for controlling overall porosity.6  

Discovery of new porous frameworks with foreseeable magnetic 
properties is thus a difficult task, as the latter will be dictated by how 
the inorganic (magnetic) and organic (porous) networks are inter-
connected in the final structure, which is often difficult to predict. In 
turn, overall magnetism can be more easily manipulated by an ade-
quate choice of the metal centers in the inorganic network for a given 
structure, as this will modify the nature and extent of the magnetic 
exchange according to the Goodenough-Kanamori rules. This ap-
proach has been nicely illustrated for the isostructural family of po-
rous 3D magnets M3(HCOO)6 (M= Mn, Fe, Co), in which mag-
netic ordering can be shifted between 2-16 K depending on the 
metal of choice.8-10 In turn, the spin-canted antiferromagnetic (AF) 
ordering of Ni18[(HPO4)14(OH)3F9(H3O/NH4)4] (also known as 

VSB-1) at TC = 10.5 can be transformed into ferrimagnetic ordering 
at 20 K simply by doping with 10% of Fe(III).11 This magnetic ver-
satility coupled to the recent advances in post-synthetic metal ex-
change12 offer an appealing alternative to the synthesis of new mag-
netic MOFs.  

The MOF-74 family (also known as CPO-27) with formula 
M2(dhtp)(H2O)2 (M=Mg, Mn, Fe, Co, Ni, Zn; dhtp=2,5-dihydrox-
yterephthalate) 13,14 is ideal to prove the effects of metal doping over 
the magnetic properties of the solid. These 3D solids are built from 
the interconnection of M(µ2-O)4(O)2 chains with dhtp to produce a 
honeycomb lattice with one-dimensional channels that are filled 
with solvent molecules (Figure 1a). According to previous studies, 
pure Co, Fe and Ni MOF-74 phases display weak ferromagnetic 
(FM) intrachain interactions that coexist with AF interactions be-
tween neighboring chains at lower temperatures.15,16 This results in 
no spontaneous magnetization above 2 K due to the formation of an 
antiferromag-
netic ground 
state. We re-
port the one-
pot synthesis of 
mixed-metal 
NiFe-MOF-74 
solids that dis-
play combina-
tion of porosity 
with ferrimag-
netic ordering. 
Doping with 
Fe(III) at vari-
able atomic % 
permits modu-
lating the onset 
of spontaneous 

Figure 1. a) Structure of MOF-74 along the c axis. 
Accessible porosity is represented by 1D Connolly 
surfaces in blue. b) Doping of M(µ2-O)4(O)2 chains 
with Fe(III) for introduction of antiferromagnetic 
interactions. Nickel (green), iron (orange). 



 

magnetization between 10 and 16 K, due to controlled introduction 
of AF interactions across the metal-oxo chains (Figure 1b) for varia-
ble interchain coupling, while retaining the original porosity for low 
doping levels. We also explore the effects of guest sorption over the 
magnetism of these solids.  

NiFe-MOF-74 solids were prepared under anaerobic conditions 
by reaction of variable amounts Ni(NO3)2 and anhydrous FeCl2 
with H4dhtp in a mixture of DMF and MeOH in a glove box by fol-
lowing a reported procedure with slight modifications (synthetic de-
tails in SI2)17. Solids were isolated as green, microcrystalline pow-
ders. Exposure to open air results in gradual color change to dark 
green as result of iron oxidation in the presence of atmospheric O2. 
Air sensitivity of FeII-MOF74 has been previously documented. 17 
Note that direct incorporation of Fe(III) to the structure of MOF-
74 is not recommendable as it might lead to a different phase based 
on charge balance considerations and hard Lewis character of this 
cation. We opted for the gradual oxidation of metal centers already 
incorporated to the framework instead, as it is more likely to be re-
spectful with the structure originally formed. Morphology and crys-
tal habit were studied by Scanning Electron Microscopy (SEM) and 
compared to undoped Ni-MOF-74 synthesized under equivalent 
conditions. All three solids are composed of micrometric crystals, 
but the increase in iron content produces crystals with a smaller par-
ticle size and a rounder shape (Figure SI1). There is no obvious ef-
fect of iron doping levels over particle size. Total metal content was 
analyzed by Inductively Coupled Plasma Optical Emission Spectros-
copy (ICP-OES) after digestion of as-made solids in HNO3 (Table 
SI1). Analysis is consistent with the nominal ratio of metals in the 
synthetic gel thus confirming quantitative loading of iron from solu-
tion for the formation of Ni1.96Fe0.04 (1) and Ni1.6Fe0.4-MOF-74 (2). 
Metal distribution was analyzed by mapping different regions of the 
solids with X-ray Energy Dispersive Spectroscopy (EDS). Data con-
firms the incorporation of Ni and Fe to the structure with a small sta-
tistic deviation in the Ni:Fe ratio of 54.0±5.4 (1) and 3.4±0.3 (2). 
This is indicative of a homogeneous distribution of metals for differ-
ent crystals of the sample and rules out metal clustering at a micro-
metric level or the formation of segregated phases (Figure SI2). Pre-
vious studies for more complex multi-metallic MOF-74 samples 
have shown more heterogeneous distributions. 18 We ascribe this dif-
ference to the use of Ni and Fe(II) cations that are chemically more 
alike. Structure and phase purity of the solids was confirmed with a 
Pawley refinement of the powder X-ray diffraction (PXRD) data col-
lected at room temperature by  using the single-crystal data available 
for the Ni-MOF-74 phase as initial guess. 19 Full-profile fits yield ac-
ceptable agreement factors and profile differences for 1 and 2 (Fig-
ure 2). In comparison with the 100% Ni phase, refined unit cell pa-
rameters follow a slight contraction with increasing iron loading, 
consistent with the partial replacement of Ni(II), ionic radius of 0.69 
Å,20 with smaller Fe (II) (cf. 0.61). Besides cell contraction, thermo-
gravimetric analysis suggests that iron doping has a negative effect 
over thermal stability. 1 and 2 decompose at lower temperatures that 
the undoped material (Figure SI7). 

Solids were activated under dynamic vacuum (10-3 mbar) at 200 
ºC for 24 hours. Porosity was studied by N2 adsorption-desorption 
measurements at 77 K (Figure 3). 1 displays type-I reversible N2 up-
take with no hysteresis, characteristic of a microporous material. 
Calculated multi-point BET of 1111 m2·g-1 and total pore volume of 
0.53 cm3·g-1 are slightly below the value reported for Ni-MOF-7419 
likely due to differences in the activation protocol. In turn, 2 features 
a type-I isotherm in the low-P region with a small hysteresis loop at 

0.5 < P/P0 < 0.8 more characteristic of a type-IV mesoporous mate-
rial for a drastic reduction in BET of 537 m2·g-1 and pore volume of 
0.52 cm3·g-1. Analysis of the pore size distribution (PSD) by using 
non-linear solid density functional theory (NLDFT) indicates that 
microporosity is dominated by a mean pore diameter of 11.7 Å in 
both solids, in good agreement with the value of 11.85 Å calculated 
from the structure. However, 2 also displays a broad dispersion of 
mesopores between 3 and 8 nm (Figure 3b). We ascribe these fea-
tures in the pore size distribution to intergrain mesoporosity caused 
by the smaller and more irregular particles due to the increasing iron 
content in 2. Note that isotherms were collected for solids after ex-
posure to open air. This can result in gradual oxidation of Fe(II) cen-
ters in the MOF structure which shall trigger in incorporation of an-
ions like chloride, present originally in the reaction medium, for 
overall charge balance. This was confirmed by ICP-OES analysis of 
the solids after gas sorption experiments, which reveals a concomi-
tant increase on the amount of chloride with iron doping of ≤0.4 and 
4.9 % for 1 and 2, respectively (Table SI1). Next, we used high-reso-
lution X-Ray Photoelectron Spectroscopy (XPS) to confirm the 
chemical states of metals and chloride (SI4). Ni 2p spectra can be 
fitted to four components by using only the 2p3/2 portion of the spec-
trum and agrees well with the presence of Ni(II) with the most in-

Figure 2. Pawley refinement of PXRD of 1 and 2 showing the experi-
mental (red points), calculated (blue), difference patterns (black) and 
Bragg positions (green). Inset is a zoom-in of the high-angle region. See 
Table SI2 for refined unit cell parameters and agreement factors. 

Figure 3. a) N2 isotherms and BET surface areas for 1 (red) and 2 (blue). 
b) Pore size distribution. See SI3 for more details. 



 

tense emission line centered around 856 eV. 21 Fe 2p signal can over-
lap strongly with the Ni LMM Auger peaks which hinders quantifi-
cation of the Ni:Fe ratio. The poor amount of iron in sample coupled 
to the small value of the Scofield’s relative sensitivity factor in very 
poor signal to noise ratio for the XPS spectrum of 1 which renders 
very difficult analysis. In turn, for 2 a broad Fe 2p3/2 appears above 
712 eV that suggests Fe(III) is the dominant specie. 21 Cl 2p spectra 
features only 2p3/2 and 2p1/2 lines with a spin-orbit coupling close to 
1.6 eV that confirms the presence of chloride anions in the solid. We 
also used far-IR spectroscopy to confirm the role played by chloride 
anions in the structure of NiFe-MOFs. As shown in Figure SI6, com-
parison of the 100% Ni phase with 2 confirms the appearance of a 
new vibration mode at 389 cm-1 that agrees well with the expected 
stretching frequency for Fe(III)-Cl.22  

Mössbauer spectroscopy is more adequate to probe the electronic 
structure of iron centers. The small doping in 1 prevented analysis of 
this sample. In turn, spectra of 2 were collected between 30 and 295 
K. As shown in Figure 4, there is two quadrupole doublets that can 
be assigned to the co-existence of Fe(III) and Fe(II) metal sites 
(SI5). The sub-spectrum with higher intensity has an isomer shift 
(IS) relative to metallic α-Fe at room temperature typical of high-
spin Fe(III) octahedrally coordinated by oxygen atoms.23 However, 
none of the absorption peaks of this doublet can be adequately fitted 
by single lorentzian lines. This is likely due to the different environ-
ments of the Fe(III) cations that arise from the statistical distribu-
tion of Fe(III), Fe(II) and Ni(II) cations in the lattice. Different en-
vironments imply slightly different hyperfine interactions. The slight 
differences in IS and quadrupole splitting (QS) values are not large 
enough to give rise to resolved peaks. Accordingly, absorption peaks 
were better fitted by using a distribution of lorentzians. The sub-
spectrum with lower intensity has an IS typical of high-spin Fe(II). 
The high IS value is also consistent with octahedral coordination by 
oxygen atoms. The lower, temperature independent QS of Fe(III) 
and the higher QS of Fe(II), that increases with decreasing temper-
ature, confirm the assignments of the Mössbauer sub-spectra to 
these Fe oxidation states. The increase of IS values with decreasing 
temperature is linked to the second order Doppler shift. According 
to our analysis, 10±2% of the Fe atoms are in the 2+ oxidation state 
whilst the remaining Fe is in the 3+ oxidation state. It is also worth 
noting that the spectra at 4 K (SI5) shows a significant broadening 
of the absorption peaks and an additional broad absorption band in 
the velocity range -4.5, 5 mm/s suggesting a significant slowdown of 
the thermally induced fluctuations of the Fe magnetic moment di-
rections when compared to the frequencies typical for paramagnetic 
states as those observed at 30 K and above. This is consistent with 

the occurrence of 
long-range magnetic 
correlations below 9 
K, typical of an or-
dered magnetic state.  

Magnetic proper-
ties were studied by 
using ground poly-
crystalline solids. We 
also measured the un-
doped Ni-MOF-74 
phase to highlight 
more clearly the 
changes associated to 
iron doping. As shown 
in Figure 5a, thermal 
variation of χT follows 
a different trend 
linked to variable iron 
doping. Ni-MOF-74 
displays a slight in-
crease in χT upon 
cooling, down to low-
T where it becomes 
more abrupt and de-
fines a maximum at 20 
K followed by a steep 
fall that may be associ-
ated to AF ordering. 
This suggests combination of weak intrachain FM interactions be-
tween Ni(II) sites alongside weaker AF interactions between neigh-
bouring chains operating at lower temperatures. 1 behaves similarly 
at high temperatures but displays a minimum at 17 K, characteristic 
of additional intrachain AF interactions. The effect of iron doping 
can be more clearly seen in 2, which displays a continuous decrease 
in χT with cooling, down to a minimum at 7 K. Below these minima, 
χT of both, 1 and 2, reaches a maximum that corresponds to an ab-
rupt jump in the magnetic susceptibility (SI6) suggesting the onset 
of long-range magnetic ordering. Fit of the susceptibility data in the 
paramagnetic regime to the Curie-Weiss law yields Curie constant 
values (C) of 1.99(1) emu·K·mol-1 for 1 and 2.97(5) emu·K·mol-1 for 
2 that agree well with the expected spin-only values for the sum of 
non-interacting Ni2+ (S=1) and high-spin Fe3+ (S=5/2) according to 
the formula Ni2-xFex(dhtp) (x=0.04, 0.4). Weiss constants (Q) 
change from 5 for 1 to -82 K for 2. This is due to the introduction of 

Figure 5. Static magnetic data of undoped Ni-MOF-74 (black), 1 (red) and 2 (blue). a) Variation of χT product with the temperature. b) Hysteresis loops 
collected at 2 K. c) FC/ZFC measurements at 10 G showing magnetic irreversibility below Tirr upon Fe doping. See SI6 for more details. 

Figure 4. Mössbauer spectra of 2 collected at 
different temperatures showing Fe(II) (yel-
low) and Fe(III) (green) doublets. Low Fe 
content in 1 prevented a similar analysis. 



 

a variable amount of iron centres that results in a statistical distribu-
tion of FM Ni-O-Ni and AF Ni-O-Fe pairs. For low doping the num-
ber of FM pairs is much higher than AF ones and susceptibility of 1 
is overall dominated by the former. In turn, higher doping increases 
the ratio of AF pairs that results in dominant AF interactions accord-
ing to the high, negative Q value of 2. Field dependence of the mag-
netization displays a linear increase up to small magnetization values 
far from saturation at 5 T, typical of ferrimagnets (SI6). As shown in 
Figure 5b, unlike Ni-MOF-74, both solids display hysteresis loops at 
2 K characteristics of magnetic ordering at low-T. Coercive fields are 
smaller than 0.1 T, which qualifies NiFe-MOF-74 as soft magnets. 
Divergence in the field-cooled (FC)/zero-field-cooled (ZFC) meas-
urements (Figure 5c) confirms magnetic irreversibility below Tirr = 
16.4 and 9 K for 2 and 1, respectively. Magnetic ordering was also 
confirmed by ac dynamic susceptibility measurements in the pres-
ence of an external field of 3.95 G, oscillating between 1 and 100 Hz 
(Figure 6). Both solids display sharp maxima for the in-phase (χ’) 
and out-of-phase (χ’’) signals. Critical temperatures (TC), defined as 
the temperature where χ’’ becomes nonzero, are consistent with 
static FC/ZFC measurements and decrease from 16.7 for 1 to 9.5 in 
2. As depicted in Figure 7, changes in the magnetism upon iron dop-
ing can be rationalized qualitatively by considering its effect over the 
magnetic ground state of the 1D metal-oxo chains. For very low dop-
ing, chains in 1 can be described by random-sized FM Ni-O-Ni frag-
ments separated by isolated iron centers for a low density of localized 
AF Ni-O-Fe pairs. This results in chains with high-spin ground states 
similar to the undoped solid, which agrees well with the similar max-
ima in the χT of 1 and Ni-MOF-74 at low-T (Figure 5a). In turn, 
increasing levels of doping will induce the formation of AF Fe-O-Fe 
chain segments across the chain in 2. Whereas for odd number of 
iron centers the setting will be similar to low doping levels, even 
numbers will promote AF coupling between the Ni-O-Ni fragments. 
In general, this will lead to lower spin ground states for a continuous 
decrease in the magnetic susceptibility as observed for 2. Compared 
to the effective cancelling of spins for no net magnetic signal in the 
AF ground state of the undoped phase, Fe doping enables coexist-
ence of intrachain F and AF interactions across the magnetic chains. 
This precludes total cancelling and originate non-compensated 
magnetic moments responsible for the spontaneous magnetization 
at low-T observed for 1 and 2. We argue the higher spin ground state 

configuration of the chain in 1, as result of very low doping, might be 
responsible for its higher Tc compared to 2.  

A recent work by Long and co-workers reveals that the magnetism 

of Fe-MOF-74 is sensitive to the guest.15 Loading of adsorbates with 
variable polarizability and affinity to interact with the framework en-
ables modulation of the nature and extent of magnetic superex-
change across the chains without modifying the electronic configu-
ration of the metals. This is probably promoted by local perturbation 
of the electron density at the Fe(II) centers linked to guest interac-
tion.24 Hypothetically, this same phenomenon might be exploited to 
induce a shift in the Tc of ferrimagnetic 1 or 2 upon gas loading. Sam-
ples were transferred to a glass tube, cooled with liquid N2, loaded 
with 22 cm3 of C2H4 (approx. 14 bar) and sealed with flame. See SI7 
for experimental details. Comparison of FC/ZFC magnetization 
curves for guest-free and guest-loaded samples suggests that varia-
tion of the magnetism remains almost negligible, with only minor 
changes to the Tirr of both solids (Figure SI7). We ascribe this behav-
ior to the oxidation of close to 90% of the iron centers and concom-
itant chloride coordination for charge balance. Fe(II) vacant sites in 
Fe-MOF-74 are free and prone to interact with gas molecules.15 In 
turn, choride anions in 1 and 2 might be blocking the coordination 
sphere of the metal, as suggested by far-IR spectroscopy, thus ne-
glecting interaction with the guest for minimum influence on the 
magnetic properties.  

In summary, one-pot synthesis of Ni-MOF-74 in the presence of 
iron enables controlled doping of isostructural, mixed-metal solid 
solutions. Compared to the undoped phase, NiFe-MOF-74 solids 
display combination of porosity and ferrimagnetic ordering as result 
of the modulation of the chain spin state for variable intra and inter-
chain magnetic interactions. This induces the occurrence of sponta-
neous magnetization at variable temperatures that are controlled by 
the quantity of iron incorporated. Direct synthesis of porous mag-
nets remains somewhat elusive due to the difficulties in isolating 
foreseeable metal-organic architectures that combine small bridging 
linkers, for strong magnetic coupling, with polyaromatic connectors 
responsible for porosity. In turn, metal doping of available MOF ar-
chitecture is well fitted to engineering their magnetic behavior by 
chemical means, simply by rational combination of metals at variable 
ratios. We are confident the versatility of this approach will also ben-
efit from the recent advances in post-synthetic metathesis of 
MOFs,12,25-27 that provides the synthetic tools necessary to design 

Figure 6. Ac dynamic susceptibility of 1 (left) and 2 (right) In-phase 
(top, filled symbols) and out-of-phase signals (bottom, empty sym-
bols) at 1 (circle), 10 (square), and 100 Hz (triangle). 

Figure 7. Proposed changes in the spin configuration of the mag-
netic chains in MOF-74 upon iron doping. Nickel (green), iron 
(orange). 



 

new magnetic materials not accessible by conventional synthesis, 
but by milder cation exchange reactions instead. 
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