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Abstract: Metal-organic frameworks (MOFs) capable of
mobility and manipulation are attractive materials for potential
applications in targeted drug delivery, catalysis, and small-scale
machines. One way of rendering MOFs navigable is incorpo-
rating magnetically responsive nanostructures, which usually
involve at least two preparation steps: the growth of the
magnetic nanomaterial and its incorporation during the syn-
thesis of the MOF crystals. Now, by using optimal combina-
tions of salts and ligands, zeolitic imidazolate framework
composite structures with ferrimagnetic behavior can be
readily obtained via a one-step synthetic procedure, that is,
without the incorporation of extrinsic magnetic components.
The ferrimagnetism of the composite originates from binary
oxides of iron and transition metals such as cobalt. This
approach exhibits similarities to the natural mineralization of
iron oxide species, as is observed in ores and in biomineral-
ization.

Introduction
The mineralization of magnetic iron compounds is

ubiquitous in nature. Aside from their occurrence in geo-
logical materials, iron-based magnetic minerals can be found

in a wide variety of organisms, ranging from bacteria to
vertebrates.!'! Biogenic magnets serve as receptors of the
Earth’s magnetic field, allowing organisms to navigate.
Mineralization of magnetic mass occurs in a dynamic environ-
ment where several chemical reactions take place simulta-
neously. Inspired by these naturally occurring processes, we
have designed a direct approach in which the mineralization
of magnetic material is concomitant to the growth of a MOF
(Figure 1).

There are many reports of methods showing the fabrica-
tion of magnetically active MOF composites.’”) These meth-
ods can be basically divided into two categories: 1) in situ
encapsulation of magnetic nanostructures within the frame-
works during their growth; and 2) decoration of magnetic
architectures with MOF shells (or coatings). A relevant
example of the first approach is the MOF nanocomposite
reported by Huo and co-workers, in which superparamagnetic
magnetite nanoparticles are encapsulated within ZIF-8 crys-
tals during their growth.’! A recent example of the second
strategy is the MOFBOTs reported by Puigmarti-Luis, Pané,
and co-workers.! The authors reported on magnetically
driven helical microrobots, whose surface was decorated with
ZIF-8. Note that all these approaches require the extrinsic use
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Figure 1. lllustration showing the synthesis of a) ZIF-67 and b) Fe@-
ZIF-67. While (a) renders paramagnetic MOF crystals, (b) results in
a ferrimagnetic composite.

of magnetic components, which differ from the approach
hereby presented.

Results and Discussion

We used a well-established procedure for the synthesis of
cobalt-based ZIF-67,1 only modified by the addition of
ferrous salts in the MOF reaction medium. The addition of
iron(II) sulfate to the MOF precursor solution leads to the
formation of a magnetically active material we term Fe@ZIF-
67. Unlike ZIF-67, Fe@ZIF-67 structures can be readily
collected by a magnet on short timescales (Figure2a;
Supporting Information, Video S1).

To assess whether Fe@ZIF-67 preserves MOF-like char-
acteristics, we first conducted scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Brunauer—
Emmett-Teller (BET) surface area analysis, and X-ray
diffraction (XRD) measurements of both ZIF-67 and Fe@-
ZIF-67. Figure 2b shows an SEM image of a Fe@ZIF-67
particle of rhombic dodecahedral shape, which is also typical
for ZIF-67 (Figure 2¢). However, Fe@ZIF-67 exhibits distinct
morphological features with respect to ZIF-67, such as
a rougher surface and smaller average particle size (Support-
ing Information, Figure S1). High-angle annular dark-field
(HAADF) TEM images indicate the formation of fiber-like
structures within Fe@ZIF-67 (observed as dark contrast
regions in Figure 2d) that are not observed in pristine ZIF-
67 (Figure 2e).

Next, we assessed the compositional distribution of
elements in Fe@ZIF-67 by means of EDX analysis in high-
resolution TEM (HRTEM). The presence of C, N, Co, Fe, and
O were confirmed, with Fe and O primarily localized in the
fiber-like structures (Figure 2 f; Supporting Information, Fig-
ure S2). The ratio of Fe and Co is close to one, as determined
by Rutherford backscattering spectroscopy (RBS; Supporting
Information, Figure S3). Interestingly, the formation of cav-
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Figure 2. Comparison of ZIF-67 and magnetic Fe@ZIF-67 in terms of
their magnetotacticity, morphology, and crystalline structures. a) Time-
lapse images showing that Fe@ZIF-67 (brown sample on the right)
can be collected by a magnet within 60 s, while pristine ZIF-67 cannot
(violet sample on the left). b),c) SEM images of the magnetic Fe@ZIF-
67 (b) and the pristine ZIF-67 (c). d),e) TEM images of the magnetic
Fe@ZIF-67 (d) and the pristine ZIF-67 (e). f) The magnified image of
the region marked by the red box in (d), and the corresponding
elemental distribution of the same region obtained with EDX mapping.
g) XRD patterns of the magnetic Fe@ZIF-67 and the pristine ZIF-67.
The reference patterns of Fe;O, and CoFe,O, are indicated by the violet
and orange bars.

ities was observed in a significant number of Fe@ZIF-67
particles (Supporting Information, Video S2, HRTEM to-
mography). To date, cavity formation in MOFs has been
mostly achieved via multi-step processes,® with a few ex-
ceptions that include solvothermal treatments.”!

BET measurements revealed the porous nature of Fe@-
ZIF-67. As expected, the specific surface area of the Fe@ZIF-
67 composite (ca. 900 m’g") is lower than that of pristine
ZIF-67 (1600 m*g~'; Supporting Information, Figure S4).
Furthermore, the isotherm of Fe@ZIF-67 shows a small
hysteresis loop, which is characteristic of imperfections in the
microporous network; as evidenced by SEM and TEM
images. Calculations of the pore-width distribution revealed
a bimodal distribution with two average pore sizes of 1 nm
and 1.45nm for both ZIF-67 and Fe@ZIF-67 (Supporting
Information, Figure S5). XRD analysis confirms that Fe@-
ZIF-67 incorporates the crystalline structure of ZIF-67 (Fig-
ure 2g). However, additional peaks are found at 35.6°, 43.2°,
53.7°, 57.2°, and 62.7°, which are characteristic of magnetic
spinel oxides such as Fe;O, (JCPDS:88-0315) and CoFe,O,
(JCPDS:02-1045). Therefore, our approach is the first
reported example of organomineralization in MOF chemistry.
Note that organomineralization is a term proposed by Perry
etal.®l which refers to a process where minerals are
precipitated in a non-biological organic milieu (for example,
synthetic organic compounds, organopolymers) and without
an obvious biological control. In contrast to our approach,
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current methods employed for the synthesis of magnetically
active MOF composites involve: multiple steps, longer
reaction times, use of toxic solvents, inert atmosphere
conditions, or high-temperature treatments.”*>’!

The magnetic behavior of the Fe@ZIF-67 composite was
investigated by several magnetic methods. As shown in
Figure 3 a, the magnetization curve of ZIF-67 indicate para-
magnetic behavior, that is, a linear relationship between the
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Figure 3. Magnetic properties of pristine ZIF-67 and magnetic Fe@-
ZIF-67. a),b) Magnetization curves of pristine ZIF-67 (a) and magnetic
Fe@ZIF-67 (b) measured at different temperatures (100 K, 200 K,

300 K), respectively. ) FORC measurement at room temperature of
the magnetic Fe@ZIF-67, in which B, shows the coercivity spectrum,
and B, indicates the range of interaction fields. d) temperature
dependent remnant magnetization of the magnetic Fe@ZIF-67.

magnetic moment and the applied field, even at low temper-
atures. The increase in the gradient of the magnetic moment
(that is, susceptibility) as a function of inverse temperature
also confirms that the magnetization is pure paramagnetism
in origin. In contrast, Fe@ZIF-67 exhibits ferrimagnetism at
room temperature (Figure 3b) with a coercive field of 0.024 T
and remnant magnetization of 1.34 Am?kg '. A decrease in
temperature results in an increase in the remnant magnetic
moment and coercivity. A linear background is superimposed
to the ferrimagnetic contribution at all temperatures. This
feature is most likely caused by the paramagnetic contribu-
tion of the ZIF-67 structure. It should be noted that
uncompensated spins inside or at the surface of the magnetic
particles, such as iron oxyhydroxides, may also contribute to
this phenomenon.!'”) Importantly, the hysteresis loops of
Fe@ZIF-67 reveal information about their composition.
Indeed, we have observed that the obtained average value
of the saturation magnetization (M,) from replicas of
Fe@ZIF-67 from 5 different batches at room temperature
was 5.0+0.5 Am*kg'. This value indicates that the varia-
bility of the magnetic material in the MOF composite is low
(see the Supporting Information for a detailed calculation of
the magnetic composition).
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To shed more light on the distinct magnetic properties
observed in Fe@ZIF-67, we performed first-order reversal
curve (FORC) analysis and temperature dependent (10—
300 K) field-cooled (FC) and zero-field-cooled (ZFC) mag-
netization experiments. FORC measurements provide infor-
mation about the distribution of coercive and interaction
fields of magnetic components, and therefore they can be
used to identify different magnetic behaviors within a mag-
netic sample.'! A FORC diagram is based on multiple partial
hysteresis curves. Briefly, the sample is initially brought to
saturation under a large positive magnetic field. Next, the
field is decreased to a reversal field B,, which is the starting
point of a partial hysteresis. Then, the magnetic field is being
swept from B, to the positive saturation field. The magnetic
moment recorded at a certain field By > B, for the specific
partial hysteresis is denoted as M(B,,Bg). The FORC
distribution p(B,,Bg) is determined as follows [Eq. (1)]:

_ OZM(BA:BB)
o(Ba,Bg) = —W (1)

Accordingly, the FORC distribution can be plotted in the
field space as a function of B, and By or by changing
coordinates B,=(B,+Bg)/2 and B.=(Bz—B,)/2. This
change of the coordinates introduces an axis rotation, and
since By > B,, the FORC diagram is then confined to the B, >
0 plane. In this case, B, shows the coercivity spectrum, and B,
indicates the range of interaction fields. The simplest case of
an isolated single domain particle would contribute to this
diagram at the position B, =0 and B, equal to the switching
field. For an assemble of single domain particles interacting
with each other, a vertical spread over B, would be observed.
In our case, as shown in Figure 3c, the FORC diagram of
Fe@ZIF-67 measured at room temperature indicates the
presence of components with two different magnetic respons-
es. A peak close to the origin and shifted slightly upwards
along the interaction axis indicates the existence of compo-
nents exhibiting superparamagnetic (SP) behavior with a very
low coercivity (B.)."'* A second family of components is
characterized by an elongated distribution between 20 to
60 mT (with a limited vertical spread), suggesting the
presence of single-domain particles with minimal interaction
between them. The broad distribution can be attributed to the
presence of different sizes or compositions of magnetic
components present in Fe@ZIF-67. Additionally, a ridge can
be observed along the 135° direction, which is indicative of an
exchange interaction between two types of magnetic matter
(superparamagnetic and ferrimagnetic) with distinct coerciv-
ities.™

The temperature-dependent (10-300 K) zero-field-cooled
(ZFC) and field-cooled (FC) remnant magnetization curves
of Fe@ZIF-67 are shown in Figure 3d. In ZFC mode, the
sample was first cooled from 300 K to 10 K without an applied
magnetic field. A magnetic field of 2 T was then applied at
10 K to magnetize the sample, and the change in remnant
magnetic moment (m,.,) monitored upon heating to room
temperature. For the FC measurement, the sample was cooled
to 10 K at a constant magnetic field of 2 T and subsequently
heated to room temperature with no applied magnetic field.
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The slight difference between FC and ZFC curves can be
explained by the fact that certain magnetic components in
Fe@ZIF-67 composites acquire a remnant magnetization,
while the system experiences partial magnetic blocking
during FC. Below 30 K, ZFC thermal demagnetization curves
show a steep decrease with increasing temperature, indicating
arapid unblocking of magnetization upon heating. Such rapid
unblocking behavior in this temperature range has been
observed in ferric oxyhydroxides, such as ferrihydrite, with
very small crystal sizes.'™"*! Demagnetization reduces upon
further heating, indicating that there exists a magnetic
component whose magnetization is gradually unblocked over
the entire measured temperature range. ZFC and FC curves
merge at 205 K, after which the magnetization continues to
drop with increasing temperature. The non-zero remnant
magnetization at room temperature is in line with the results
presented in Figure 3b, indicating there is a fraction of
material which is still blocked at room temperature. This is
corroborated by the FC and ZFC curves under low magnetic
field (10 mT; Supporting Information, Figure S6), where it
can be clearly seen that both curves do not merge completely
at temperatures below room temperature. The occurrence of
two magnetic counterparts with distinct blocking temperature
is in line with the FORC results.

XRD measurements implied the presence of ferrimag-
netic materials such as magnetite and cobalt ferrite within the
ZIF network. However, the diffraction patterns of these two
species are too similar (Figure 2 g) to determine whether Co is
incorporated into the spinel metal oxides to form Co,Fe;_,O,.
Regardless, the formation of ferrihydrites is highly possible, as
inferred from the ZFC and FC curves. Additionally, XRD
patterns of ferrihydrites display two weak reflections at 35.8°
and 62.9°, which coincide with peaks corresponding to cobalt
ferrite and magnetite. To further investigate the magnetic
material formed in Fe@ZIF-67 composites, we performed X-
ray absorption near-edge structure (XANES) analysis on
ZIF-67 and Fe@ZIF-67 at the Co and Fe K-edges, and
compared the results with XANES spectra of reference
species (for example, CoFe,0,, Fe;0,, or ferrihydrite). The
Co K-edge absorption spectrum of ZIF-67 crystals displays
a pre-edge peak at approximately 7709 eV (Figure 4a). This
peak can be ascribed to the dipole forbidden transition from
the 1s to 3d states in Co" ions, and is due to p-d mixing in the
non-centrosymmetric tetrahedral ligand-field geometry. Fe@-
ZIF-67 composite structures exhibit a peak at the same
position, indicating that cobalt remains in the +2 oxidation
state of Co'!, as it is also found in ZIF-67.1' Since the pre-edge
peak is a measure of the ligand-field strength of Co" ions with
a tetrahedral ligand-field geometry, the decrease in peak
intensity can be attributed to the loss of Co™ with this
coordination symmetry. In line with this assumption, we
observed differences in the intensity of the peaks located at
7727.7 eV and 7732 eV when comparing ZIF-67 and Fe@ZIF-
67. These two peaks correspond to the 1s-4p white-line
transition and are indicative of the coordination number of
Co"ions. In Fe@ZIF-67, the intensity of the peak at 7727.7 eV
increases, whereas the peak at 7732 eV decreases, suggesting
that Co" ions increase their coordination number to 6. Both,
pre-edge and the white line transition peaks confirm the
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Figure 4. Structural origin of ferrimagnetism in the Fe@ZIF-67.

a),b) Normalized XANES spectra at Co K-edge for the Fe@ZIF-67 and
reference samples (cobalt ferrite and ZIF-67) (a) and at Fe K-edge for
the Fe@ZIF-67 and reference samples (cobalt ferrite, ferrihydrite and
magnetite) (b). Insets show the magnified plots of the pre-edge peak
regions. c)—e) High-resolution XPS spectra of Co 2p of the ZIF-67 (c),
Co 2p of the Fe@ZIF-67 (d), and Fe 2p of the Fe@ZIF-67 (e). Dashed
lines correspond to shake-up satellite peaks.

change in the coordination number and indicate that Co" can
be incorporated into spinel oxides, such as cobalt ferrite,
where Co" tends to occupy the octahedral sites. This
hypothesis is supported by comparing the linear combination
of the XANES spectra of ZIF-67 and the cobalt ferrite control
sample with the XANES spectrum of the Fe@ZIF-67
(Supporting Information, Figure S7).

Figure 4b shows XANES spectra of Fe@ZIF-67, Co-
Fe,0,, Fe;0,, and ferrihydrite at the Fe K-edge. From the
position of the rising edge, we are able to conclude that Fe in
Fe@ZIF-67 is predominantly in a + 3 oxidation state. The pre-
edge peak of Fe@ZIF-67 is located between the pre-edge
peaks of ferrihydrite and CoFe,O,, and it appears flatter and
broader than the other two. The pre-edge absorption peak
position and intensity of Fe™ ion is highly related to its
coordination geometry.™ In general, the pre-edge absorption
peak of Fe™ in 4-coordinated geometry (square planar and
tetrahedral coordination geometries) is expected at slightly
lower energy position than that of octahedral coordination.
Besides, 4-coordinated Fe ions show higher intensities than 6-
coordinated ones. In CoFe,O, and ferrihydrite, the Fe™ ions
can be either tetrahedrally or octahedrally coordinated, and
in ferrihydrite it is believed that the tetrahedrally coordinated
ones are much less common than the octahedrally coordi-
nated ones."” The position, intensity, and broader shape of
the Fe@ZIF-67 pre-edge peak indicates a convolution of
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more than one contribution, suggesting a mixed tetrahedral
and octahedral environment. The XANES spectrum of
Fe@ZIF-67 tallies with a linear combination of the XANES
spectra of ferrihydrite and CoFe,O, (Supporting Information,
Figure S8). It should be noted that the composite has
a complex structure with a wide range of composition
distribution, as indicated by the magnetic characterization.
We assume that the crystalline structures exhibit local defects,
and, as a consequence, the crystal lattices experience dis-
tortion. Therefore, the spectrum of the sample cannot be
fitted perfectly by linear combination of the spectra of the
commercial reference samples.

X-ray photoelectron spectroscopy (XPS) also confirms
the coordination between Co and O. The Co 2p peaks of the
pristine ZIF-67 can be deconvoluted into several components,
that is, the 2p;, peak (781.1 eV), 2p,,, peak (796.3 eV), and
their satellite peaks (Figure 4¢).l1**l For Fe@ZIF-67, the
Co2p peaks show a broadening and shift towards lower
binding energies, which is related to the formation of Co—O
coordination (Figure 4d). The Co 2ps, peak in the Fe@ZIF-
67 could be further deconvoluted into two peaks at 781.3 eV
and 779.3 eV, respectively. The peak at 781.3 eV may not only
result from the contribution of Co—N coordination but also
from the Co—O with a tetrahedral configuration (as these two
peaks are very close). The peak at 779.3 eV can be assigned to
Co" ions occupying octahedral sites in cobalt ferrite. Similar
results are also observed for the Co 2p,,, peak and the satellite
peaks. The high resolution spectrum of Fe 2p (Figure 4¢)
reveals the two spin-orbit doublets Fe 2p;, (709.4 eV, octahe-
drally coordinated Fe™ and 711.6 eV, tetrahedrally coordi-
nated Fe™), Fe 2p,,, (723.0 eV octahedrally coordinated Fe'™
and 725.2 eV tetrahedrally coordinated Fe'") and the shake-
up satellites (714.3 eV and 718.6 V). However, it is not
possible to distinguish between contributions from cobalt
ferrite and ferrihydrite to these peaks, since both compounds
include octahedrally and tetrahedrally coordinated Fe'".[16%17]

As noted, mobile magnetic MOF network composites
offer unique features for a wide range of applications such as
targeted drug delivery, small-scale robotics, microfluidics and
catalysis.”™!8] Over the past years, MOFs have been used for
drug delivery applications, since they are able to accommo-
date therapeutic agents in their structure. However, their
potential as gene carriers has been rarely investigated.!
Besides, the delivery of their cargo payloads usually rely on
the passive accumulation to a target site."” To this end, we
have demonstrated the feasibility of gene delivery using
magnetically responsive Fe@ZIF-67-based microtransporters.
Our results indicate that the use of magnetic fields when
incubating cells with Fe@ZIF-67 microcarriers loaded with
plasmid DNA enhance gene transfection. DNA plasmids
encoding for green fluorescence protein (GFP) can be loaded
on the magnetic Fe@ZIF-67 and conveyed to human embry-
onic kidney (HEK) cells (Supporting Information, Figure S9).
Bare plasmid exhibits a transfection efficiency of only 0.4 %.
Applying Fe@ZIF-67 loaded with 100 ppm plasmid to HEK
cells showed an increase in transfection efficiency of 4.3 %.
The elevated transfection performance in this case can be
attributed to the sedimentation of the structure with subse-
quent cellular uptake (for example, phagocytosis). Strikingly,
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under magnetic manipulation 13.6 % of the cells were trans-
fected with the same concentration of Fe@ZIF-67 and
plasmid. These results clearly demonstrate that magnetically
responsive MOFs are potential candidates for biomedical
applications.

Conclusion

Our in-depth characterization of Fe@ZIF-67 revealed that
the observed magnetic response originates from an organo-
mineralization process leading to a single-domain ferrimag-
netic component, which is still blocked at room temperature,
and a superparamagnetic ferrite within the MOF network,
which only undergoes blocking below 205 K. The broad
coercivity distribution displayed in the FORC diagrams and
the gradual unblocking behavior over a wide range of
temperatures provide clear evidence of the rich nature of
the current system in terms of both composition and size
distribution. The formation of complex heterogeneous sys-
tems, especially in Fe-containing minerals, has been widely
observed in natural geological and artificial mineralization
processes. In this respect, ferrihydrite (Fe,O;yH,0), while
not contributing to room-temperature ferrimagnetism, can
play a key role in the formation of other iron-containing
oxides.” The addition of transition-metal ions can change the
reaction kinetics of the transformation of ferrihydrite to other
iron oxides and facilitate the crystallization of the spinel
phase.”!! Accordingly, it is highly plausible that the ferrihy-
drite formed in the MOF reaction media constitutes a chemo-
genic source for the subsequent formation of spinel magnetic
mass within the ZIF network. However, the possibility cannot
be excluded that the spinel phase may also nucleate near the
surface of intermediate species such as Fe(OH), or Co(OH),,
as observed in previous investigations.”'™?

In summary, our approach is a one-pot synthetic mild
process conducted in water and at ambient temperature and
pressure. Importantly, the basic pH conditions of the as-
prepared solution facilitates the concomitant formation of
iron- and cobalt-based oxides. Consequently, this approach
can be considered the first reported example of organo-
mineralization exploited for the production of magnetic MOF
composites, which has the potential to be adapted to other
MOF systems. Finally, additional preliminary investigations
indicate that by employing the strategy presented herein,
magnetic framework composites can also be obtained for
ZIF-8 (Zn(mIM),, zeolite net: SOD) and ZIF-14 (Zn(eIM),,
zeolite net: ANA)®! (Supporting Information, Figures S10,
S11, Videos S3, S4). This facile approach will create new
opportunities for producing ferrimagnetic MOF-based com-
posites for a wealth of applications.
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