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Abstract: MOF-74 are an archetypal magnetic metal-organic
framework (MOF) family, with metal nodes bridged by 2,5-
dioxido-1,4-benzenedicarboxylic acid (H4dobdc), and arranged
into one of the simplest representations of 1D Ising magnetic
model. Recently, a novel mechano-synthetic approach opened a
pathway towards a series of bimetallic multivariate (1:1) M1M2-
MOF-74 materials, with the uniform distribution of metal
cations in the oxometallic chains, offering a unique opportunity
to investigate low-dimensional magnetism in these heterometal-
lic MOFs. We explore here how different mechanochemical pro-
cedures affect the interaction between the metal nodes of the
model system of three multivariate copper(II)/zinc(II)-MOF-
74 materials, two of which were obtained through a template-
controlled procedure, and the third one was obtained by re-
cently developed mechanical MOF-alloying combined with sub-
sequent accelerated aging. While the three Cu/Zn-MOF-74
products have almost identical PXRD diffractograms and FTIR
spectra, they differ significantly in their magnetic properties,
as revealed through detailed magnetization, and X-band and
multifrequency high-field ESR measurements. The magnetic
results of the three multivariate Cu/Zn-MOF-74s were com-
pared to the properties of monometallic Cu-MOF-74, which
shows antiferromagnetic intra-chain and weaker ferromagnetic
inter-chain interaction. EDAX/SEM and solid-state NMR spec-
troscopy helped rationalize the observed differences in magneti-
zation, and in-situ synchrotron PXRD monitoring of templated
MOF formation revealed different reaction pathways when us-
ing the zinc or copper intermediates, involving even the fleeting
occurrence of a rare MOF-74 polymorph.

INTRODUCTION

Thirty years after their discovery, metal-organic frame-
works (MOFs), porous coordination polymers comprised of
metal nodes bridged by organic molecules, are still widely
considered “novel” materials as this field remains one of the
fastest developing and studied fields in materials chemistry,
taking many new directions concerning the composition of
MOFs and their applicability.1–5 One of the sub-fields that

†ESI contains Materials and methods, and supporting PXRD,
TGA, FTIR, AAS, EDAX/SEM, magnetization and ESR results.

attract significant attention are multivariate MOF materi-
als containing diverse metal nodes in the MOF structure,
but these materials are still scarce.6–8 Such disparity in the
multivariate-MOF classes stems from the difficulty of con-
trolling the uniformity of distribution and the relative ratio
of the respective metal-node constituents in the two main
conventional solvothermal approaches, post-synthetic metal
exchange, and direct synthesis.9 Post-synthetic exchange re-
lies on the soaking of monometallic MOF in a solution con-
taining the salt of the other metal(s), usually for a period
of days to weeks.10,11 The literature on thermodynamic and
kinetic factors governing the process is still limited, and the
process is hard to control.12,13 In the direct synthesis ap-
proach, MM-MOFs are built from solutions containing link-
ers and multiple metal salts. While there are several stud-
ies where a significant degree of control of metal content in
MM-MOFs was obtained through careful choice of the metal
source and synthetic/crystallite growth conditions, the in-
clusion of a respective metal is most often serendipitous.14–16

This is mostly expected; many factors in the nature of the
metal cation (such as the acidity, charge, softness, and ra-
dius), solvent effects (solubility, pH, and solvation), and the
thermodynamics of the process must be taken into account
to introduce a higher degree of control into processing.7

A particularly important target for multivariate MM-
MOFs is the MOF-74 family, also known as CPO-27.19 From
the first reports, these chemically stable MOFs, character-
ized by large channels (12 Å diameter) and open metal sites,
stood out on account of their outstanding properties.2,20

In MOF-74, the metal cations are ordered in 1D metal-
oxo chain secondary building units (SBUs), bridged by 2,5-
dioxido-1,4-benzenedicarboxylate anions (dobdc4−) to form
M2(dobdc) MOF with hexagonal channels in a honeycomb
arrangement (Figure 1a). They are highly modular and sev-
eral monometallic M-MOF-74 are known (M = Mg, Zn, Cd,
Co, Mn, Fe, Ni, and Cu)21–23 providing an ideal platform
for preparation of mixed metal phases. It is expected that
these materials may have unique properties stemming from
the synergistic effect between the two metals coupled closely
in the 1D oxometallic chain. However, initial attempts
at making mixed metal MOF-74 (MM-MOF-74) materials
through post-synthetic metal exchange showed that the re-
placement of the metal cation is not straightforward, and the
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Figure 1. a) Representation of the idealised crystal structure of MM-MOF-74, and its constituents. H4dobdc linker bridges metal-oxo
chains to form the MOF-74 structure with hexagonal channels along the c-axis. H atoms of SBU and MOF are omitted for clarity. b)
Schematic representation of the mechanochemical synthesis of binary multivariate Cu/Zn MOF-74 materials examined in this study. c)
Structure of [Cu(H2dobdc)(H2O)2]n (Cu-INT) prepared in this study. d) Structure of [Zn(H2dobdc)(H2O)2]n (Zn-INT) CCDC code:
ODIPOH.17,18 Color code: copper blue, zinc yellow, carbon grey, oxygen red, hydrogen light grey.

reported transmetallation efficiency was low.24 Nevertheless,
even with a low inclusion of the second metal, the obtained
materials expressed large advances in their catalytic proper-
ties and chemical stability.7

Conversely, the direct solvothermal synthesis approach
yielded MM-MOF-74 materials with up to 10 different met-
als incorporated in the framework,25 but with significant in-
homogeneity both in the ratio and distribution of the metal
nodes, yielding crystallites with different composition in the
same product. The same group reported recently a series
of binary MM-MOF-74 materials incorporating Co, Cd, Pb,
and Mn, where the atom probe tomography was used to
tackle the issue of local distribution of metals in MM-MOFs.
It was shown that the occurrence and distribution of metal
nodes largely depended on the type of the metal incorpo-
rated, and the temperature of the synthesis.26 It follows
that, while the metal-oxo chains in MOF-74 can accom-
modate different metals in close vicinity - making them a
prime target for MM-MOF synthesis - current synthetic ap-
proaches lack the needed control and tunability to truly re-
alize the potential of these materials. Therefore, overcoming
the limitations of conventional synthetic procedures and the
dependence of MM-MOF-74 assembly on judicious choice
of metals may have a transformative impact on the field of
multivariate MOFs.

Two interesting synthetic alternatives to MM-MOFs rely
on mechanochemical processing. The first one is mechani-
cal alloying.27 Here, the authors dry-milled a mixture con-
taining a pair of monometallic MOFs until no Bragg peaks
were detectable by powder X-ray diffraction (PXRD). The
amorphous matrix was then exposed to water vapors in an
accelerated aging process28 to obtain crystalline Al/Gd (1,4-
naphthalenedicarboxylate). The alloying method was tested
for several other archetypal MOFs, including MOF-74, ZIF-
8, and HKUST-1. The results showed that the success of
alloying largely depends on several parameters involving the
ionic radii, coordination preferences, charge and electroneg-
ativity of the metal nodes, as well as the MOF topology.

The other mechanochemical method is a two-step process
involving monometallic coordination intermediates and di-
topic ligands. To the best of our knowledge, it presents the
only chemically-controlled approach towards MM-MOFs re-
ported to date, where the different reactivity of the func-
tional groups on the ligand led to controllable coordina-
tion and positioning of the two metals in the framework.
This two-step mechanochemical strategy circumvented the
issues related to solution synthesis, yielding a series of twelve
porous, stable, and well-defined 1:1 binary MM-MOF-74 ma-
terials with pairs of main and transition metals.29 In the
first step, the first metal and H4dobdc formed a precursor
[M(H2dobdc)(solvent)]n through coordination of the reac-
tive carboxylate groups, while the second metal activated
the remaining phenolic groups to form highly porous and
stable binary MM-MOF-74 products upon further milling,
where the position of a particular metal is defined by the
order of coordination. From this series, only one MOF
was tested for the real-world application so far. While the
monometallic zinc or copper MOF-74 materials were inac-
tive, the mixed metal ZnCu-MOF-74 showed dramatically
increased catalytic activity towards the selective catalytic
formation of methanol from carbon dioxide based on a syn-
ergistic action among the zinc and copper nodes.30

As one of unique potential applications, the MM-MOF-74
allows for the systematic studying of low-dimensional mag-
netism in multimetallic systems. These porous magnets have
an advantage compared to inorganic materials, such as ox-
ides and polymers, as the targeted synthesis leads to better
control of the spatial arrangement and separation of mag-
netic centers and chains which is much sought for advanced
applications. Metal nodes are organized in infinite and effi-
ciently separated 1D chains, making MOF-74 probably the
simplest realization of the 1D Ising model.31 Until now,
the magnetic properties of Fe-, Co- and Ni-MOF-74 were
studied, revealing a plethora of interesting phenomena such
as solvent-exchange induced switching from ferromagnetic
(FM) to antiferromagnetic (AFM) state, metamagnetism,
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spin-crossover, etc.20,32–38 To the best of our knowledge,
only three heterometallic MOF-74 were studied, none with
a defined metal distribution. Rubio-Giménez and collabora-
tors studied the spontaneous magnetization of Ni-MOF-74
upon iron doping (Ni1−xFex-MOF-74, x = 4 or 6%),35 the
Zhao group investigated CoxFe1−x-MOF-74 for its catalytic
activity with only ESR spectra presented,39 and recently,
CoxNi1−x-MOF-74, where x = 0.752, 0.458, and 0.233, were
reported.40

Here, we present the magnetic properties of three dif-
ferent binary multivariate MM-MOF-74 materials com-
prised of zinc(II) and copper(II) nodes in a 1:1 ratio (Fig-
ure 1b) prepared by different mechanochemical approaches
and from different polymeric precursors. As the magnetic
properties of monometallic Cu-MOF-74 are unknown, we
first thoroughly characterised Cu-MOF-74, followed by
the preparation of two bimetallic Cu/Zn materials by a
template-controlled approach. Two different coordination
M(H2dobdc) polymers, [Cu(H2dobdc)(H2O)2]n (Cu-INT)
(Figure 1c) and [Zn(H2dobdc)(H2O)2]n (Zn-INT) (Fig-
ure 1d), were used as precursors in the preparation of
CuZn-MOF-74 and ZnCu-MOF-74, respectively. A third
mixed metal MOF, Zn-Cu-MOF-74-alloyed was prepared
by mechanical amorphization and then aging of the 1:1
mixture of monometallic Zn-MOF-74 and Cu-MOF-74 in
methanol vapors. All products are highly crystalline, with
similar PXRD diffractograms (Figures S2-S5), Fourier trans-
form infrared (FTIR) spectra (Figures S10-S13), and the
molar ratio of two metals in bulk sample observed using
flame atomic absorption spectroscopy (AAS). However,
they show significant differences in their electron spin res-
onance (ESR) spectra and static magnetization proper-
ties. 13C magic angle spinning nuclear magnetic resonance
(13C MAS NMR) spectra, together with the scanning elec-
tron microscopy with energy-dispersive X-ray spectroscopy
(EDAX/SEM) and in-situ synchrotron PXRD monitor-
ing41,42 of the mechanochemical formation of MOFs were
used for estimating the local ordering of the metal nodes in
the chains and the rationalization of differences in magnetic
properties of the three materials.

RESULTS
In order to determine the magnetic properties of the
monometallic Cu-MOF-74, and to see how copper dilution
with zinc and distribution within the framework affect mag-
netic properties of multivariate MOF-74 materials, initially
we prepared Cu-MOF-74 by an adapted, recently described
procedure.30 Next, we prepared three multivariate MOF-74
materials that differ in synthetic pathways. ZnCu-MOF-
74 material was prepared in a step-wise manner following
a previously described procedure.29 In the first step ZnO
and H4dobdc were milled together to form Zn-intermediate
(Zn-INT, CCDC code: ODIPOH)17,18 followed by introduc-
ing copper hydroxide in the second step, where the MOF-74
framework assembles upon further milling. Mechanochemi-
cal synthesis of CuZn-MOF-74 material was designed in an
analogous way, preparing the Cu-INT in the first step and
adding ZnO in the second step, resulting in crystalline CuZn-
MOF-74 material. For the preparation of Zn-Cu-MOF-74-
alloyed, a 1:1 mixture of crystalline Zn-MOF-74 and Cu-
MOF-74 was milled, then dried and amorphized according
to a recently described procedure.30 The crystalline Zn-Cu-
MOF-74-alloyed phase was obtained by aging of the amor-
phous mixture in methanol vapors. The details of the syn-

thesis can be found in Section 1.1 in ESI. The different pre-
pared phases of three MM-MOF-74 are indistinguishable by
PXRD (Figure 2a) and their FTIR spectra closely resem-
ble (Figure 2b). In the spectra of MOF-74 materials free
carboxyl group stretching band of H4dobdc ligand around
1640 cm−1 disappeared, and was replaced by bands around
1550 cm−1 and 1366 cm−1, which correspond to the asym-
metric and symmetric stretching of the coordinated carboxyl
group, while the phenolic group stretching band shifted to
1246 cm−1.43 Certain amount of methanol remaining in the
pores is manifested by a band at about 1025 cm−1.44 Mo-
lar ratio of the two metals in MM-MOF-74 materials is ap-
proximately 1:1, established on the basis of flame AAS and
EDAX/SEM (Table S2).

Figure 2. a) PXRD patterns of mechanochemically synthesized
bimetallic copper/zinc MOF-74 materials (CuKα radiation) com-
pared to the simulated pattern of MOF-74 (CCDC code: COK-
MOG);18,21 b) FTIR spectra of mechanochemically synthesized
bimetallic copper/zinc MOF-74 materials compared to ligand
H4dobdc. Additional bands in the spectra are from residual
MeOH (dashed line).

While the Zn-INT used in the preparation of ZnCu-
MOF-74 was previously reported,17,18 the Cu-INT detected
in the first step of the two-step synthesis of CuZn-MOF-74
did not correspond to any known copper-H4dobdc com-
plex.18 All attempts of solution synthesis and single crystal
preparation of Cu-INT were unsuccessful due to its partial
transformation into Cu-MOF-74 (Figure S1). The crys-
tal structure of Cu-INT was therefore determined from
room temperature PXRD data (Table S1), with the com-
position Cu(dobdc)(H2O)2 obtained through TGA analysis
(Figures S7 and S8). The Cu-INT structure consists of
square-pyramidally coordinated copper atoms, with two wa-
ter molecules and two different dobdc molecules occupying
the equatorial positions in a trans conformation, and a third
dobdc molecule coordinated in the axial position (Figures 1c
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and S9a). Importantly, each dobdc molecule bridges three
different copper centers, two through each carboxylic group
(non-chelating, equatorial binding of Cu), and one through
one of the hydroxyl groups (axial position of Cu). This is
markedly distinct from both the other previously reported
Cu(dobdc)(H2O)2 compound (CCDC code: KUSNAQ),18

and Zn-INT, where the hydroxyl groups of dobdc are un-
coordinated, and the ligand is bound in a quasi-tetrahedral
coordination (Figures 1d and S9b). For the full description
of the Cu-INT crystal structure and the details of structure
solution see Section 2.2 in ESI.

MAGNETIC CHARACTERIZATION
Monometallic Cu-MOF-74 sample
ESR study The temperature dependence of the X-band

ESR and HF-ESR spectra of Cu-MOF-74 are shown in Fig-
ures 3a and 3b, respectively. The frequency vs. resonance
field dependence obtained in the HF-ESR measurements at
T = 4 K is presented in the inset to Figure 3b together with
characteristic HF-ESR spectra. The analysis of the spec-
tral shape reveals that it is composed of two contributions,
one corresponding to non-interacting, purely paramagnetic,
and other magnetically coupled spin species. With this as-
sumption, the X-band spectrum at 10 K was successfully
simulated by using the EasySpin software,45 assuming spin-
Hamiltonian with Zeeman and hyperfine terms:

H = µBB · g · S+ S ·A · I. (1)

Here, B is the applied magnetic field, g is the g-tensor, S
is the electron spin operator for copper spin (S = 1/2), µB

is Bohr magneton, A is the hyperfine tensor and I is the
nuclear spin operator for copper (I = 3/2). Both copper
species in Cu-MOF-74 can be simulated with the same spin-
Hamiltonian parameters: g=[2.07 2.36] and A=[0 400] MHz
but with different line-widths of assumed Lorentzian lines,
one broader and one narrower, for coupled and paramagnetic
species, respectively. The used parameters of the simulation
are given in Table S3 while the simulated spectrum at 10 K
is presented in Figure 3a.

Figure 3. Temperature dependence of a) the X-band ESR spec-
tra of the Cu-MOF-74 complex together with the simulated spec-
trum at 10 K, and b) the HF-ESR spectra of this complex. The
frequency vs. resonance field diagram at 4 K for prominent points
labeled by red arrows is shown in the inset to b) together with
exemplary HF-ESR spectra. Asterisks in panel a) mark parasitic
signals from the ESR cavity.

Magnetization study The field dependence of the mag-
netization M(H) of Cu-MOF-74 at the lowest measured

temperature of 1.8 K is shown in Figure 4a. Even at the
highest applied field of 7 T, M(H) is far from the expected
saturation value Msat = ngµBS (n is the number of mag-
netic moments per mole)46 indicating a significant AFM in-
teraction between the Cu spins in Cu-MOF-74. Namely, for
one Cu(II) ion in a formula unit with g = 2.171 taken as
the powder averaged g-factor < g >=

√
1/3(g2∥ + 2g2⊥) from

ESR results, Msat should amount to 1.086 µB while a much
smaller value of 0.12 µB is observed.

Figure 4. a) Field dependence of the magnetization M(H) of
Cu-MOF-74 at T = 1.8 K. The inset shows the temperature de-
pendence of the product χ(T )T in units of erg K/(G2 mol). Red
solid line represents the fit to the extended Bonner-Fisher model
for S = 1/2 according to Eqs. S1 and S2. b) Temperature depen-
dence of the magnetic susceptibility χ(T ) of Cu-MOF-74 and of
its inverse χ−1(T ) measured in a field of 0.1 T. The black solid
line is the fit to the Curie-Weiss law given by Eq. 2. The fitting
results are presented in Table 1.

This conclusion is corroborated on the quantitative level
by the analysis of the temperature dependence of the mag-
netic susceptibility χ(T ) presented in Figure 4b. Fitting of
the χ(T ) curve (in the range 100–300 K) with the Curie-
Weiss law47

χ = C/(T −Θ), (2)

yields the Weiss temperature Θ ≈ −55 K and the Curie con-
stant C ≈ 0.57 erg K/(G2 mol) (Table 1). This value of C
is somewhat larger than the expected Curie constant of the
non-interacting Cu spins C = (nµ2

Bg
2S(S + 1))/(3kB) =

0.442 erg K/(G2 mol), where kB is the Boltzmann con-
stant.46 Such an overestimate may be related to a large value
of Θ comparable to the temperatures of the fitting range
while, strictly speaking, Eq. 2 is applicable at T ≫ Θ, only.
Indeed, the product χ(T )T plotted in the inset to Figure 4a
is very small at low temperatures as expected for the strong
AFM coupling and gradually increases to its temperature in-
dependent limit χ(T )T ≈ C by approaching room tempera-
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ture where it gives a more realistic estimate of C ≈ 0.433 erg
K/(G2 mol).

Considering the chain structure of Cu-MOF-74 and the
AFM type of the M(H) and χ(T ) dependences, the χT (T )
curve was fitted in the entire temperature range to the AFM
spin-chain Bonner-Fisher model, including also the inter-
chain mean field correction Eqs. S1, S2 and S3.48,49

The fit result plotted as the red solid line in Figure 4a-
inset yielded the nearest neighbor intra-chain AFM exchange
constant J ≈ −57 K and the residual inter-chain coupling
j ≈ 7.5 K. Also, the fit requires adding a Curie term C/T
to account for paramagnetic Cu ions around 9%. Such a
significant amount of the ’paramagnetic’ Cu sites may origi-
nate from the boundaries of the nanometer-sized crystallites
usual for mechanochemical synthesis, and is in agreement
with the value of 10% obtained from ESR simulations (Ta-
ble S3).

Bimetallic Cu/Zn-MOF-74 samples
ESR study Experimental X-band ESR spectra of CuZn-

MOF-74, ZnCu-MOF-74 and Zn-Cu-MOF-74-alloyed at dif-
ferent temperatures are shown in Figure 5a together with
their simulations at T = 10 K made on the basis of the
spin-Hamiltonian (Eq. 1) and under the assumption of the
presence of a two-component spin system in these materials,
similar to the analysis in the previous section. The spin-
Hamiltonian parameters g =[2.07 2.36] and A=[0 400] MHz
appeared to be the same as those used for the simulation of
the Cu-MOF-74 ESR spectra, but with the different weights
of the spectral components, linewidths and g-strain values
(Table S3).

Figure 5. Temperature dependence of the ESR spectra of CuZn-
MOF-74, ZnCu-MOF-74 and Zn-Cu-MOF-74-alloyed complexes.
a) The X-band spectra together with the simulated spectra at
10 K. b) The HF-ESR spectra. Asterisks in panel a) mark para-
sitic signals from the ESR cavity.

The temperature dependence of the HF-ESR spectra of
the investigated MOF samples is presented in Figure 5b.
Lowering the temperature results in an increase of the spec-
tral intensity, as expected, while the shape of the lines, their
widths and the position do not change. The HF-ESR spec-

trum of ZnCu-MOF-74 exhibits a typical powder pattern
with a peak and a shoulder corresponding to g⊥ and g∥, re-
spectively. In contrast, the spectra of CuZn-MOF-74 and
Zn-Cu-MOF-74-alloyed are single Lorentzian-shaped lines
pointing at the presence of significant AFM interactions in
these compounds resulting in a well-known exchange nar-
rowing effect.50,51 These observations are in agreement with
the magnetic susceptibility data (see below) and obtained
Weiss parameters given in Table 1. The more narrow line
of Zn-Cu-MOF-74-alloyed indicates a stronger AFM inter-
action as compared to CuZn-MOF-74. The frequency de-
pendence of the HF-ESR spectra of the mixed-metals MOFs
was recorded at T = 4 K at several chosen frequencies from
142 to 317 GHz. The frequency vs. resonant magnetic field
diagram, together with the selected spectra, are shown in
Figure S17 of ESI. From this dependence the approximate
values of the g-factors were determined and their values are
presented in the insets of the respective graphs.52–54

Magnetization study The field dependence of the mag-
netization M(H) of CuZn-MOF-74, ZnCu-MOF-74 and Zn-
Cu-MOF-74-alloyed recorded at 1.8 K are shown in Fig-
ure 6a. The M(H) curve of Cu-MOF-74, discussed in the
previous section, is plotted in the same graph for compari-
son. One can notice that all three M(H)-curves of the mixed
compounds are mutually different and also are very differ-
ent from that of Cu-MOF-74. At the maximum magnetic
field of 7 T, the magnetization is far from the saturation for
all compounds pointing at the presence of significant AFM
interactions in these materials.

It is interesting to note that the magnetization is lowest
for the Cu-MOF-74 sample although it has two times more
copper ions per formula unit as compared to mixed samples.
This is, in fact, expected since in Cu-MOF-74 the majority
of the Cu ions are coupled into AFM spin-chains and only
a small fraction remains ’free’ giving rise to the paramag-
netic Curie contribution to the sample’s magnetization and
susceptibility at low temperatures. The nonmagnetic dilu-
tion in the mixed MOF-74 systems increases the amount of
paramagnetic spins as compared to the monometallic ver-
sion and yields larger magnetization. If the Cu and Zn ions
in a 1:1 proportion would randomly occupy the metal sites
in the structure, all three M(H) curves should overlap. It
is clear from Figure 6a that this is not the case. Obviously,
a random distribution is not achieved in the mixed samples
and, depending on the synthetic route, various types of spin
clustering may take place, which is also reflected in a distinct
behavior of the magnetic susceptibility χ(T ).

The temperature dependence of χ(T ) and of the product
χ(T )T for all three mixed samples are presented in Fig-
ures 6b and 6c, along with the respective curves for the
monometallic Cu-MOF-74 sample, scaled by a factor of 0.5
to account for the presence of two copper ions in the formula
unit. The high temperature part (50–300 K) of the χ(T ) de-
pendence can be fitted to the Curie-Weiss law (Eq. 2), as
shown in the inset to Figure 6c, with the parameters listed
in Table 1. The weakening of the average AFM interactions
due to nonmagnetic dilution is reflected in the reduction of
the Weiss temperature Θ. Still, the numbers obtained should
be considered only as an order of magnitude estimate due
to the complexity of the spin structures in the mixed com-
pounds, as discussed below.

At room temperature the product χT for the mixed ZnCu-
MOF-74 and Zn-Cu-MOF-74-alloyed complexes exceeds the
ideal value χ(T )T ≈ C = 0.442 erg K/(G2 mol) expected
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Table 1. Parameters of the fit to the Curie-Weiss law Eq. 2, to the extended Bonner-Fisher model Eqs. S1, S2 and S3, and to the Bleaney-
Bowers dimer model Eqs. S4 and S5. For details, see the main text and ESI.

Sample Temp. range C Θ J/kB j/kB Paramag.
Curie-Weiss (erg K/(G2mol)) (K) (K) (K) species %

Cu-MOF-74 100–300 K 0.5710(5) -54.5(1) -56.8(2) 7.5(3) 9.06(5)
CuZn-MOF-74 50–300 K 0.5150(3) -18.70(5) -36.0(3) 13.3(4) 33.5(1)
ZnCu-MOF-74 50–300 K 0.5050(2) -1.81(3) -11.19(1) 37.59(4)
Zn-Cu-MOF-74-alloyed 50–300 K 0.4660(1) -19.51(1)

Figure 6. a) Field dependence of the magnetization M(H) of the mixed CuZn-MOF-74, ZnCu-MOF-74 and Zn-Cu-MOF-74-alloyed
samples and of the monometallic Cu-MOF-74 at T = 1.8 K. b) Temperature dependence of the magnetic susceptibility χ(T ) multiplied
by T measured in a field of 0.1 T for the same samples. Black solid lines represent the fit to the extended Bonner-Fisher model for
Cu-MOF-74 and CuZn-MOF-74 samples, and the Bleaney-Bowers model for the ZnCu-MOF-74 sample. c) Temperature dependence of
χ(T ) (main panel) and of its inverse χ−1(T ) of the same samples in a field of 0.1 T. White solid lines in the inset are the fits to the
Curie-Weiss law according to Eq. 2.

for an equal amount of the Cu and Zn ions suggesting slight
excess of the magnetic Cu ions in these samples. As the
EDAX-SEM and AAS analyses (Table S2) both show al-
most identical metal composition in all samples, this dif-
ference likely stems from the unequal composition of the
guests in pores of these molecular sponges, where the water
and methanol may exchange thus slightly changing the mo-
lar mass of materials and influencing the absolute values of
magnetic susceptibility.

As discussed in the previous section, a strong reduction of
the product χ(T )T at low temperatures for the monometal-
lic Cu-MOF-74 sample is due to a significant AFM interac-
tion between the majority of the Cu ions arranged into the
spin-chains whereas noninteracting, paramagnetic Cu ions
are present in a relatively small amount of 9–10% only. An
appreciable increase of χ(T )T at low T for the mixed samples
indicates fragmentation of the AFM spin-chains into shorter
segments and a corresponding increase of the concentration
of uncompensated spins up to 30–40%, in agreement with the
values obtained from ESR simulations ∼ 30% (Table S3).

Theoretical models In addition to the standard Curie-
Weiss model used, by comparing the shapes of the χ(T )T
curves it is possible to derive some qualitative conclusions
on the feasible spin arrangements in the mixed compounds.
The χ(T )T dependence for CuZn-MOF-74 is most similar
to that for Cu-MOF-74. This suggests that in the synthetic
route of CuZn-MOF-74 first the Cu ions form the AFM spin-
chains which then Zn ions break into the segments of dif-
ferent length. Conversely, it seems that in ZnCu-MOF-74
first the nonmagnetic Zn chains are formed and then Cu
ions break their continuity yielding spin monomers (param-
agnetic centers), spin dimers or some short spin-chain seg-
ments.

In view of the various types of the Cu/Zn site disor-
der present in the mixed CuZn-MOF-74 and ZnCu-MOF-74

complexes it is not feasible to define a unique microscopic
spin interaction model which would enable a unified fitting of
the measured susceptibility curves of these compounds. The
magnetic behavior of the CuZn-MOF-74 complex is quali-
tatively closest to its monometallic counterpart Cu-MOF-
74 suggesting applicability of the extended AFM spin-chain
Bonner-Fisher model to CuZn-MOF-74 (Eqs. S1, S2 and S3).
Indeed, its χ(T )T dependence can be reasonably well fit-
ted to this model yielding the intra-chain exchange constant
J ≈ −36 K and the positive inter-chain exchange constant
j ≈ 13 K (Figure 6b). This result shows that the AFM
interaction within the chain segments is weakened in com-
parison to Cu-MOF-74, and there is an appreciable effective
FM interaction between these segments.

The χT (T ) curve for ZnCu-MOF-74 is more reminiscent of
that for spin dimers and, in fact, the Bleaney-Bowers AFM
dimer model (Eqs. S4 and S5) nicely reproduces the experi-
mental dependence with the intra-dimer exchange constant
J ≈ −11 K (Figure 6b).49,55 Nevertheless, the presence of
more extended spin clusters, e.g., trimers and tetramers, in
this compound cannot be excluded.

The alloyed compound shows a completely different mag-
netic behavior as compared with both ZnCu- and CuZn-
MOF-74. Presumably, the Cu-based spin system of this
compound is composed of spin-chain fragments with a dis-
tribution of the superexchange interaction strengths and
therefore reasonable physical model here could not be per-
formed. An indication for that is a continuous increase of
the product χ(T )T even above the room temperature de-
spite a rather small value of Θ derived from the Curie-Weiss
fit (Table 1). This behaviour above 100 K is very similar to
the behaviour of Cu-MOF-74 curve, but disagreement be-
tween these two curves could be seen in the low-temperature
region, due to different magnetic compositions.
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SOLID-STATE NMR

Solid-state NMR spectroscopy can often provide addi-
tional insight into the local structure of solids, therefore
13C MAS NMR spectra of CuZn-MOF-74, ZnCuMOF-74
and Zn-Cu-MOF-74-alloyed were recorded and compared to
the spectra of pure crystalline Cu-MOF-74 and Zn-MOF-74
(Figure 7). The spectra of CuZn-MOF-74 and ZnCuMOF-
74 are very similar one to another. They both show a high,
sharp signal of methanol molecules at about 50 ppm, and
a large number of broad signals with isotropic shifts rang-
ing from about -100 ppm to 700 ppm. Large positive and
negative isotropic shifts are typical for carbon nuclei in close
proximity to paramagnetic centers. The fact that the signals
do not appear only at shifts characteristic for either Cu-
MOF-74 or Zn-MOF-74 suggests that carbon nuclei within
these two samples experience many different environments
– most probably because the dobdc linkers of the MOF-74
framework connect not only metal nodes of a single type but
also metal nodes of two different types (i.e. dobdc linkers can
be bound to various numbers of Cu and Zn centers). In other
words, the large number of signals and the spread of their
isotropic chemical shifts suggests that in CuZn-MOF-74 and
ZnCuMOF-74 copper and zinc atoms are mixed within the
frameworks on the (sub)nanometer scale.

Figure 7. 13C MAS NMR spectra of mixed-metal CuZn-MOF-
74, ZnCu-MOF-74, and Zn-Cu-MOF-74-alloyed compared to the
spectra of neat Cu-MOF-74 and Zn-MOF-74. Assignment of the
carbon NMR signals of Zn-MOF-74 is based on the solution spec-
trum of H2dobdc, whereas the assignment of the carbon NMR
signals of Cu-MOF-74 is based on 13C spin-lattice relaxation mea-
surements and DFT-based calculations of hyperfine coupling con-
stants.56 Asterisks denote spinning sidebands.

The 13C MAS NMR spectrum of Zn-Cu-MOF-74-alloyed
is different from the spectra of the above described mixed-
metal samples and strongly suggests that the alloyed sam-
ple is a physical mixture of Cu-MOF-74 and Zn-MOF-74
particles or is built of large copper-based and zinc-based
domains. In the spectrum of Zn-Cu-MOF-74-alloyed we
can see strong sharp signals at 174, 157, 128 and 126 ppm,
which are typical for neat Zn-MOF-74, and broad signals
at about 500 and -60 ppm, which very much resemble the
signals of neat Cu-MOF-74. The signal of the C3 carbon
nuclei, which can be found at 90 ppm in the spectrum of
neat Cu-MOF-74, is shifted in the spectrum of the alloyed
sample and overlaps with a sharp signal of the zinc-based
particles and the spinning sidebands of the signals of the
copper-based particles in the range between 170 ppm and
210 ppm. Taking into account that Zn-Cu-MOF-74-alloyed
contains a large amount of methanol molecules or methohxy
species, such a shift is not surprising - even subtle changes of
the local environment of copper centers can lead to notable
changes in the magnitude of the hyperfine coupling between
the unpaired electrons of Cu(II) and the 13C nuclei and thus
in the isotropic shift of these nuclei.

EDAX/SEM ANALYSIS
Elemental maps obtained by EDAX/SEM analysis in-

dicate homogenous distribution of Cu and Zn throughout
the selected areas of the CuZn-MOF-74 and ZnCu-MOF-74
samples, respectively (Figures S14 and S15) with Cu/Zn
molar ratios of approximately 0.95 in both cases (Table
S2). On the other hand, in spite of slightly lower Zn content
(Cu/Zn = 1.03), the agglomerates of Zn-Cu-MOF-74-alloyed
sample contain some Zn-rich domains/grains implying lower
homogeneity of the distributed metal cations (Figure S16).
These results are in line with the metal ratios determined
in bulk samples using flame AAS.

REAL-TIME IN-SITU MONITORED SYNTHE-
SES

To gain insight into the mechanism of mechanochemical
synthesis of copper/zinc MOF-74 materials and to ratio-
nalize the observed differences in the magnetic properties
of these materials, as well as the differences compared to
monometallic Cu-MOF-74, we designed several real-time in-
situ PXRD monitoring experiments and carried them out
at the Deutsches Elektronen-Synchroton (DESY), described
in ESI. For in-situ PXRD monitoring experiments, pre-
prepared intermediates Zn-INT and Cu-INT were used, to
both closely mimic the two-step synthetic route, but also
simplify the studied system.

ZnCu-MOF-74 In-situ PXRD monitoring of the synthe-
sis of ZnCu-MOF-74 was performed by milling Zn-INT and
Cu(OH)2 in a 1:1 stoichiometric ratio with the addition of a
small amount of MeOH. Intensities of the reflections of the
reactants decrease within the first few minutes of milling.
The reflections of MOF-74 appear 6 minutes from the onset
of milling, along with those of UTSA-74,57 a recently dis-
covered high-temperature MOF-74 polymorph. This phase
forms jointly with the MOF-74 phase and transforms to
pure ZnCu-MOF-74 after an additional 10 minutes of milling
(Figure 8a).

CuZn-MOF-74 Next, CuZn-MOF-74 was prepared by
milling Cu-INT and ZnO in a 1:1 stoichiometric ratio, with
the addition of a small amount of MeOH. Within 5 min
from the start of milling, the reflections of MOF-74 start to
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Figure 8. a) Time-resolved diffractograms from the in situ and real-time monitoring of the synthesis of ZnCu-MOF-74 from
[Zn(H2dobdc)(H2O)2] and Cu(OH)2 by LAG (MeOH). b) Time-resolved diffractograms for the synthesis of CuZn-MOF-74 from
[Cu(H2dobdc)(H2O)2] and ZnO by LAG (MeOH). c) Time-resolved diffractograms for the synthesis of Zn/Cu-MOF-74 from ZnO,
Cu(OH)2 and H4dobdc by LAG (H2O, MeOH). Diffraction patterns of observed crystalline phases are given on the top. X-ray beam:
E ≈ 60 keV, λ = 0.20735 Å.

appear, and after 10 minutes the peaks of Cu-INT disappear
completely (Figure 8b). Unlike Cu-INT, the consumption of
ZnO is gradual and slower, and the reflections of ZnO are
detectable for further 15 minutes milling (Figure S18).

Zn/Cu-MOF-74-one-step To establish the reactivity
and affinity of the two metal sources for the binding to
H4dobdc, we explored the mechanochemical formation of
zinc/copper MOF-74 by performing the milling of ZnO,
Cu(OH)2 and H4dobdc in a 1:1:1 stoichiometric ratio with
the addition of small amounts of H2O and MeOH. During
the first minute of the synthesis a new phase is detected.
MOF-74 reflections are observed after 8 minutes milling,
and after 25 minutes MOF-74 is the only observable crys-
talline phase (Figure 8c). We identified the unknown phase
to be a mixture of three copper H2dobdc complexes: cis-
[Cu(H2dobdc)(H2O)2] (CCDC code: KUSNAQ),18 trans-
[Cu(H2dobdc)(H2O)2] (Cu-INT, identified in this study) and
a copper complex with H2dobdc (of yet unknown structure)
that can be prepared by milling Cu(OH)2 and H4dobdc in
a 1:1 stoichiometric ratio using excess MeOH as a liquid
additive (Figure S19).

DISCUSSION

Mechanochemical procedures are now well known for their
high level of stoichiometric control and the ability to open
pathways towards unique products, as was also the case with
the bimetallic MOF-74 materials.29 In situ PXRD monitor-
ing shows that the Zn-INT to ZnCu-MOF-74 transforma-
tion occurs as multi-step process trough transient UTSA-74
phase57 (Figure 8a). The reaction goes without any observ-
able transformation of Zn-INT to Cu-INT phase, indicating
that the copper did not exchange the zinc from the carboxy-
late sites. Together with the results of solid-state NMR and
magnetic studies one can assume that this process includes
the incorporation of copper atoms at available free metal
sites, leading to a homogeneous distribution of copper nodes

in the oxo-chains of the MOF and the most paramagnetic-
like behavior in comparison with remaining two materials.

The slower consumption of ZnO in the formation of CuZn-
MOF-74 from the Cu-INT, compared to the MOF-74 forma-
tion (Figures 8b and S18) is indicative of process where the
copper(II) nodes from the Cu-INT partially react into the
Cu-MOF-74, same as was already observed during the crys-
tallization of Cu-INT in methanol, unlike the zinc analogue.
The higher reactivity of the Cu(II) for the dobdc ligand
is corroborated by the monitoring of the formation of cop-
per/zinc MOF-74 from the mixture of ZnO and Cu(OH)2,
where different copper intermediate phases are formed (Fig-
ures 8c and S19). The different reactivity and affinity of two
metals for the dobdc ligand, and the unique structure of the
Cu-INT, where even the less reactive phenolic groups coor-
dinate the copper node, may explain also the differences be-
tween the different structures of the oxometallic chains and
magnetic properties of the three tested copper/zinc MOFs.
The higher reactivity of copper, even for phenolic groups,
will induce the formation of longer chains containing ex-
clusively the copper nodes for the CuZn-MOF-74. The effi-
cient dispersion of copper nodes in the ZnCu-MOF-74 results
in higher magnetization than Cu-MOF-74, despite ZnCu-
MOF-74 containing half the copper(II) nodes. It reveals
that the copper is not exchanging the zinc node coordinated
to carboxylate. It rather coordinates the remaining phenolic
groups, leading to the observed magnetic properties of the
ZnCu-MOF-74.

Another exciting observation is the short occurrence of
the fleeting UTSA-74 polymorph, which is most likely a
mixed-metal phase. UTSA-74 emerged only in a few in-
stances until now, showing new and exciting properties to
MOF-74. The possibility to form the mixed-metal UTSA-74
may expand the application potential for these two MOF
polymorphs.

CONCLUSION
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Here presented magnetic analysis shows that magnetically
active nodes can be efficiently dispersed in the bimetal-
lic copper/zinc-MOF-74 material, leading to the different
magnetic properties as compared to the monometallic Cu-
MOF-74. Cu-MOF-74 can be described, using the extended
Bonner-Fisher model, as antiferromagnetic copper chains
(J ≈ −57 K) with weaker inter-chain ferromagnetic inter-
action (j ≈ 7.5 K). This is an interesting result as all the
other known magnetic MOFs-74, Co-MOF-74, Fe-MOF-74
and Ni-MOF-74, containing nodes with spin higher than 1/2,
have ferromagnetically coupled metal ions inside the oxo-
chains while the inter-chain interactions are antiferromag-
netic.20,32,37,38 Small changes in spin states and magnetic
anisotropy, as well as subtle structural changes, led to sub-
stantially different magnetic behaviors. Combined with the
open coordination sites on the metal nodes present in the 1D
oxometallic chains, this makes MOF-74 family a particularly
interesting platform for the investigation of low-dimensional
magnetism in MOFs.

Although mixed-metal MOFs have almost indistinguish-
able PXRD and FTIR, different magnetic behaviors reveal
different interactivity of copper(II) and zinc(II) ions inside
MOF structures. CuZn-MOF-74, obtained via the new com-
plex Cu-INT, can be described as a combination of iso-
lated paramagnetic copper species and longer copper-copper
associations; CuZn-MOF-74 can be described similarly as
monometallic Cu-MOF-74 using extended Bonner-Fisher
model but with reduced strength of intra-chain coupling
(J ≈ −36 K) with FM inter-chain interaction (j ≈ 13 K).
On the other hand, ZnCu-MOF-74, obtained via Zn-INT
complex, can be described as a combination of well isolated
paramagnetic copper species and short copper dimers fitted
by the Bleaney-Bowers model (J ≈ −11 K). According to
magnetic, EDAX/SEM, and SS NMR results, the alloyed
sample seemed to be predominantly a physical mixture of
Cu-MOF-74 and Zn-MOF-74 domains, with mixed phases
on the grain interfaces. Our results also show that the ap-
plication of MOFs as real system magnets will be in part
complicated with the hard-to-control content of the pores.
The dynamic exchange of the solvent in pores with the at-
mosphere will influence the absolute magnetization values
due to the change of the molar mass of the compound.

Performing real-time in-situ synchrotron PXRD moni-
tored synthesis, the obtained difference is rationalized with
different copper vs. zinc reactivity and the affinity of the
copper or zinc towards the functional groups of the lig-
and. While the mechanochemical procedure offers yet the
unprecedented level of control in the synthesis of bimetallic
MOFs from monometallic coordination polymers, the syn-
thetic process still relies on the nature and affinity of the
chemical species at hand. The experimentalist must take
into account, in the future design and production of bimetal-
lic MOF-74 materials, parameters such as the structure of
the coordination polymer reactant and the reactivity of the
metal nodes for the particular binding group on the ligand,
but also the order in which the two metals are added into
the reaction. In the presented case, zinc is strongly bound
in Zn-INT, resulting in an efficient dispersion and isolation
of paramagnetic copper nodes added in the second synthetic
step. On the other hand, the high reactivity of Cu(II) for
H4dobdc leads to the formation of directly bound longer
copper chain-clusters in the formed material and different
magnetic properties.

We will now focus on determining magnetic properties for
new bimetallic MOF-74 materials containing pairs of para-
magnetic centers such as Co(II), Mn(II), Fe(II), Ni(II), and
Cu(II) to explore the magnetic properties in these materi-
als stemming from close contacts and interactions between
centers with different spin states. We also aim to tune the
synthetic parameters towards the stabilization of bimetal-
lic UTSA-74 polymorph, which would present a particularly
interesting class of magnetic compounds.
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