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ABSTRACT: Metal−organic framework (MOF)-74 is known for its effectiveness
in selectively capturing carbon dioxide (CO2). Especially the Zn and Cu versions of
MOF-74 show high efficiency of this material for CO2. However, the activation of
this MOF, which is a crucial step for its utilization, is so far not well understood.
Here, we are closing the knowledge gap by examining the activation using, for the
first time in the MOF, three-dimensional electron diffraction (3DED) during in situ
heating. The use of state-of-the-art direct electron detectors enables rapid
acquisition and minimal exposure times, therefore minimizing beam damage to
the very electron beam-sensitive MOF material. The activation process of Zn-MOF-
74 and Cu-MOF-74 is systematically studied in situ, proving the creation of open
metal sites. Differences in thermal stability between Zn-MOF-74 and Cu-MOF-74
are attributed to the strength of the metal−oxygen bonds and Jahn−Teller
distortions. In the case of Zn-MOF-74, we observe previously unknown remaining
electrostatic potentials inside the MOF pores, which indicate the presence of remaining atoms that might impede gas flow
throughout the structure when using the MOF for absorption purposes. We believe our study exemplifies the significance of
employing advanced characterization techniques to enhance our material understanding, which is a crucial step for unlocking the full
potential of MOFs in various applications.

■ INTRODUCTION
Metal−organic frameworks (MOFs) represent a category of
microporous materials characterized by large internal surface
areas, structural control over the framework, and customizable
framework functionalities.1,2 Among the many applications of
MOFs, an important one lies in their capacity to selectively
absorb various gases, with particular significance attributed to
carbon dioxide (CO2) due to its pivotal role in global
warming.3−6 Many MOFs are capable of CO2 absorption/
desorption, but MOF-74 is an excellent candidate in this
regard.7−13 Here, the versatility that MOF-74 has to welcome
plenty of divalent ions in its structure play an important role to
tune its CO2 adsorption capacity within the low-pressure
regime.14 Modulating the composition of metals such as Zn or
Cu into MOF structures does not only alter the efficiency of
MOF-74 for absorbing but also opens the room to trans-
forming the CO2 to CO, considering the significance of CO as
a raw material for diverse hydrocarbon-based products.15

The potential impact and potential applications of MOF-74,
however, go much further than only gas absorption and
catalysis. This MOF can also be used for gas separation, gas
storage, drug delivery, sensing, detection, and water
purification, just to mention some of the most relevant
application fields explored up to date.16−19

However, before any MOF can effectively absorb gases or
can be used for any other application based on MOF-guest
interactions, it must undergo an activation.20,21 During MOF
synthesis, solvents like N,N-dimethylformamide (DMF), water
(H2O), ethanol (EtOH), and unbound linkers tend to bind to
the metal nodes, obstructing the MOF pores and rendering
them inaccessible to gas molecules. Activation is a crucial
procedure wherein these pores are emptied, and open metal
sites are generated, enabling gas molecules to bind effectively.
The activation procedure of some MOFs can be a challenging
and multistage process including the exposure of the material
to solvent exchange, vacuum, and/or heating to elevated
temperatures. This is specially the case of MOF materials as
MOF-74, containing open metal sites in their crystal structures.
All in all, the full activation of MOF-74 needs to be performed
without altering the crystallinity or the porosity of the
framework.
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So far, MOF-74 activation has been exclusively investigated
through ex situ analysis by powder X-ray diffraction
(PXRD).22−24 However, PXRD gives a limited view of
MOFs when the materials are obtained with particle sizes
within the nanoregime, or the long-range ordering of the
samples is limited due to the high degree or disorder or defects
in their structure.25 The difficulties caused by small coherence
lengths go beyond just widening PXRD peaks�they also
involve complex data interpretation because of overlapping
peaks. In the case of micron- and submicron-sized particles, the
adoption of three-dimensional electron diffraction (3DED)
emerges as an indispensable tool for a meticulous under-
standing of the activation process.

3DED is an emerging characterization technique conducted
using a transmission electron microscope.26−29 It utilizes
electron diffraction patterns obtained at various sample tilt
angles to reconstruct the three-dimensional reciprocal space, as
depicted in Figure 1. The reconstructed space enables the
determination and refinement of the crystal structure of the
investigated material. Due to the electron-based nature of
3DED, which exhibits stronger sample interaction compared to
traditional X-rays, the method allows the acquisition of single-
crystal type data from submicron-sized samples. This is
particularly beneficial for materials that cannot be synthesized
as the large single crystals (on the order of >0.1 mm330)
required for neutron or single-crystal X-ray coherent scattering
(SCXRD). Additionally, 3DED minimizes dynamical contri-
butions, reducing the impact of electron beam multiple
scattering, a common hindrance to structural refinement
from electron diffraction data. 3DED has already been proven
to be successful in detecting guest molecules in MOF and SOF
channels.31,32 Several experimental methods for 3DED exist,
including stepwise acquisition, involving a gradual tilt of the
sample with a diffraction pattern acquired at each step,33 and
continuous rotation electron diffraction (cRED),34 where the
sample undergoes a continuous tilt while diffraction patterns
are continuously recorded (Figure 1). cRED, chosen for this
study, facilitates rapid data acquisition, making it suitable for
beam-sensitive materials like MOFs. Presently, 3DED can be
used for all kinds of materials ranging from inorganics to
proteins, and it can go as far as the determination of hydrogen
positions in structures,35,36 refinement of correlated disorder,37

and quantification of phase percentages in multiphase
materials.38 Since 3DED is performed in a TEM, it can be
seamlessly integrated with other microscopy techniques, such
as scanning transmission electron microscopy (STEM) for
imaging of the sample and energy-dispersive X-ray spectros-
copy (EDX) for elemental analysis. The synergistic application
of these techniques provides a comprehensive understanding
of the investigated material.

In this work, we study the activation process of MOF-74, as
an important proof-of-concept MOF example with impactful
application potential, using for the first time in situ heating
TEM on a MOF, a.o. with in situ 3DED. The application of
TEM on MOFs generally suffers due to the materials
sensitivity to the electron beam, causing structural damage.
In addressing this beam damage, we reduced the total electron
dose and increased the speed of the 3DED acquisition. To
achieve this, we applied 3DED in continuous acquisition
(cRED). using the CheeTah Direct Electron Detector (DED).
The effectiveness of this mitigation strategy could be proven by
consecutively taking unchanged structure analysis data sets.
Our approach of examining the MOF activation process in-
depth with 3DED, instead of the general applied PXRD
analysis, allowed us to prove some of the activation steps while
also revealing previously unknown features for this important
stage in the application of this material.

■ EXPERIMENTAL SECTION
Synthesis of M-MOF-74 (M = CU, Zn). The synthesis protocol

for Zn-MOF-74 was conducted following the methodology outlined
by Liao et al.39 In a screw cap vial, 1.021 g of zinc nitrate hexahydrate
(3.43 mmol) was combined with 250 mg of 2,5-dihydroxybenzene-
1,4-dicarboxylic acid (1.30 mmol), 50 mL of DMF, and 3 mL of
water. The resulting mixture was stirred until complete dissolution of
the starting materials, after which the tightly sealed solution was
placed in a 100 °C oven for 24 h. Trigonal block crystals were
obtained, and upon reaching room temperature, the mother solvent
was decanted, and the remaining material underwent a triple wash
with 30 mL of DMF.

The synthesis of Cu-MOF-74 was carried out following an adapted
procedure as described by Flores et al.59 Initially, 10 mmol (1.981 g)
of 2,5-dihydroxyterephthalic acid was dissolved in 1370 mmol (100 g)
of DMF under stirring at 60 °C. Separately, 20 mmol of copper
acetate dihydrate was dissolved in another 1370 mmol (100 g) of
DMF. The metal solution was then added dropwise to the organic
linker solution under vigorous stirring at room temperature, resulting
in the formation of a dark brown precipitate. The reaction mixture
was stirred for 24 h at room temperature, followed by centrifugation,
triple washing with DMF, triple washing with methanol, and finally
drying at 120 °C overnight.
PXRD Structure Determination/Analysis. The structure of Zn-

MOF-74 was determined by single-crystal X-ray diffraction by Yaghi
et al.40 The structure of the Zn-MOF-74 samples prepared in this
study was verified through powder X-ray diffraction (PXRD), see
Figure S3. The powder pattern of the as-synthesized structure showed
a close correspondence with the simulated powder pattern derived
from the single-crystal structure data, confirming its structure and
high crystallinity. Notably, the PXRD patterns of Zn-MOF-74
revealed distinct diffraction maxima, with prominent ones observed
at approximately 6.7 and 11.7° (2θ) with the remaining small but
clear peaks at approximately 13.7, 18.1, 19.3, 21.5, 23.6, 24.7, 25.3,
and 31.5°.

Figure 1. Schematic representation of the workflow of a three-dimensional electron diffraction experiment.
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PXRD measurements for Cu-MOF-74 were performed at RT using
a Panalytical X́pert Cu Kα diffractometer with a 2θ range of 5−70°, a
step size of 0.05°, and an exposure time of 10 s per step. This is a
polycrystalline sample diffractometer with theta−theta geometry, a
programmable slit, secondary graphite monochromator adjusted to
copper radiation and fast solid-state PixCel detector adjusted to a
3.347° active length in 2θ (deg). Initially, the PXRD data were
compared with the simulated patterns obtained from the crystallo-
graphic information files found at the Cambridge structural database.
In addition, full-profile matching of the data was performed in order
to discard the presence of secondary phases in the samples (Figure
S4).
Thermogravimetric Analyses. MOF-74 samples were analyzed

under synthetic air (25 mL/min) using a NETZSCH STA 449F3
DSC−TGA instrument for thermogravimetric analysis (TGA). The
samples were placed in an alumina crucible (∼25 mg of the sample)
and then heated at 5 °C min−1 in the temperature range of 30−700
°C, see Figures S5 and S6.
Thermo-Diffraction Experiments. Temperature-dependent X-

ray diffraction experiments were performed in a Bruker D8 Advance
Bantec diffractometer (Cu Kα radiation), equipped with a variable-
temperature stage HTK2000. The patterns were acquired in the 30 to
500 °C temperature range. Patterns were registered each 10 °C (2θ
range = 5−40°, step size = 0.01°, exposure time = 0.5 s per step;
Figures S5 and S6). Each pattern was fitted by a full-profile analysis
without a structural model to extract the thermal evolution of the cell
parameters during the compounds heating in an air atmosphere.
3DED Acquisition and Data Processing. All 3DED experi-

ments have been performed on a Tecnai transmission electron
microscope (Thermo Fisher, Eindhoven, the Netherlands) operated
at 200 kV. The microscope was equipped with a CheeTah direct
electron detector based on a Timepix chip (Amsterdam Scientific
Instruments, Amsterdam, the Netherlands). Stage rotation speed was
set at 3°/s while taking diffraction patterns at a rate of 12 fps, resulting
in a step size of 0.261° between frames. A dose rate of approximately
28 e−/nm2 s was used during the tilt series (see Section S10 of the
Supporting Information for the dose rate calculation). Every series
took about 19 s, which results in a total dose of approximately 532 e−/
nm2 for one series. Every acquisition was taken in less than 90 s,
including the time required to center the crystal to the eucentric
height. Consequently, the total illumination time of a particle
throughout the entire experiment was less than 6 min. In order to
avoid lens distortions as much as possible, we avoided high lens
currents and used the same lens values during the entire experiment.
This allows us to compare relative cell parameters of the same particle
throughout the experiment.

This application of a fast acquisition and a significantly reduced
electron dose served to minimize beam damage effectively. Heating of
the sample was performed using a DENSsolutions (Delft, the
Netherlands) Wildfire holder. A 5 nm amorphous carbon coating
was applied to the back of the chip, using a Leica carbon coater, to
avoid any charging of the chip.

The reconstruction of the reciprocal space sections and the
extraction of the intensities of the reflections were done using Pets
(version 2.0).41 Frame scaling and distortion corrections based on the
symmetry of the material were applied. Furthermore, trigonal
symmetry was applied in all reconstructions. The intensities were
integrated using the fit profile option. The structure was solved using
SHELXL in Olex2,42 along with a first kinematical refinement (with
and without solvent masks). Further kinematical and dynamical
refinements were performed using JANA2020 (version 04/10/
2023).43

Only reflections where the intensity was higher than 3 × Sigma(I)
were used during the refinements. Crystal structures and isosurface
maps have been visualized using VESTA.44 STEM−EDX maps were
acquired using a probe-corrected Titan transmission electron
microscope (Thermo Fisher, Eindhoven, the Netherlands) operated
at 300 kV and equipped with a Super-X detector. The acquired EDX
maps have been processed using Esprit by Bruker.

■ RESULTS AND DISCUSSION
MOF-74 has a well-known structure that consists of organic
H4dhtp (2,5-dihydroxyterephthalic acid) linkers and divalent
transition metal centers (nodes). Combining these two
building blocks adhering to a 5-c bnn net topology (see
Figure S1) gives rise to one-dimensional edge shared transition
metal-based octahedra further connected through the organic
linkers to form a three-dimensional framework with large one-
dimensional channels aligned along the [001] crystallographic
direction, see Figures 2 and S2.

MOFs in general are very sensitive to the electron beam.45,46

Customarily, the beam damage, caused by heating effects and
radiolysis, to these materials is mitigated by using cryogenic
conditions. However, since the activation process of MOFs
occurs at raised temperatures, this is not an option for the
current study. Therefore, beam damage was mitigated by
reducing the total electron dose and increasing the speed of the
acquisition. For this, we applied 3DED in continuous
acquisition (cRED) using the CheeTah DED. The effective-
ness of this mitigation is proven further on in the paper, where
the structures solved from consecutively taken data sets are
demonstrated to be unchanged. The activation procedure for
Co-MOF-74, as used in literature,47 involves discrete steps as
illustrated in Figure S9. We applied a very similar process to
activate the M-MOF-74 (M = Cu, Zn) samples. This involved
heating the samples through discrete steps and concurrently
capturing 3DED series after each step of the same particle to
examine the activation process in-depth, see Figure S10.

Following a four-day solvent exchange in EtOH, the solution
was drop-casted onto a heating chip. The chip’s open design
exposes the sample to an ultrahigh vacuum within the
microscope, which is below 1.18 × 10−5 Pa. This value has
high vacuum compared to the vacuum normally used for the
activation of MOFs in standard conditions (from room
pressure to 10−4 Pa) but below the vacuum conditions usually
employed for activation in some micropore analysis (10−8

Pa).23,47 Still, the vacuum applied in the sample holder is high
enough to facilitate the removal of the EtOH within the pores.

The heating cycle used for both Zn-MOF-74 and Cu-MOF-
74 is depicted in Figure S10. Both materials underwent an
overnight heating process at 120 °C. We chose this
temperature as it proved to be an activation temperature,48

preserving the structural integrity without causing damage. A
cRED data collection was performed at intervals marked as
“post”, resulting in a total of four data series acquired of each

Figure 2. Building blocks of the MOF-74 structure. Red atoms
represent O, brown ones C, and gray ones divalent transition metal
atoms.
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particle (20 particles in total for Zn-MOF-74 and 25 for Cu-
MOF-74). After the data acquisition, it was processed using
the software Pets, for which the results are summarized in
Table 1. Atomic coordinates, as well as ADPs (derived from
structural solutions using Jana and Olex2, and refined with
Jana, based on our own data), for all data sets can be found in
the Supporting Information (Tables S2−S6). Distortion
refinements and frame scaling with Laue class 3̅ were
performed using the hexagonal lattice system. Outlier
reflections were rejected following the procedure implemented
in Pets and described in ref 49 using the threshold of k = 1.5.
The “fit profile” option was employed for integrating the
intensities of identified reflections.

In Table 1, we observe changes in the cell parameters upon
heating, which are attributed to the pliability of the MOF to
accommodate changes in the content of the pores. These
variations are correlated with the thermal evolution of the cell
parameters obtained from thermo-diffraction X-ray experi-
ments, with an initial contraction of the framework due to the
solvent release, followed by a slight structural thermal
expansion, and ending in a fast contraction due to the
structural collapse of Zn-MOF-74. Importantly, we observe
that the resolution remains the same and there is only minimal
change in Rint(obs), indicating that the beam damage, if any, is
minimal. However, this does not preclude that the beam
exposure could generate local defects within the MOF lattice
without leading to its structural collapse.

Table 1 displays R-factors, indicators of the accuracy in
structure solution and refinement. These factors, obtained
through kinematical refinement using Olex2, are compared
with and without incorporating a solvent mask. The solvent
mask, when utilized, enables Olex2 to compute potential
solvent-accessible voids while disregarding electron densities or
electrostatic potentials within these voids. Notably, Table 1
reveals a substantial increase in the R-factor when the solvent
mask is not applied. This difference suggests the persistence of
electrostatic potentials within the pores even after completing
the entire activation cycle, providing an initial indication of
incomplete removal.

Next, we subjected the solved structures to dynamical
refinements using JANA2020, therefore further reducing the
dynamical effects in the structure refinement. While the
kinematical refinements in Olex2 indicated the persistence of

electrostatic potentials within the pores, JANA2020 lacks an
option for utilizing a solvent mask. Consequently, all
components within the pores undergo refinement, elevating
the R-factors. Table 1 presents the parameters derived from
dynamical refinement, alongside the R-factors for the refined
structures. The dynamical refinement led to a reduction in the
R-factor (R1 = 26.03, post 350 °C), down to 12.34 (R(obs),
Post 350 °C), in comparison to the kinematically refined
structures in Olex2 without the use of a solvent mask. Even
with residual electrostatic potentials within the pores, R-factors
<15 were achieved through dynamical refinement. These are
similar to those obtained for other MOFs from 3DED data in
literature.50

Figure 3 illustrates a comparison between the as-synthesized
MOF structure, resolved through SCXRD under cryogenic

Table 1. Structural Parameters, Olex2 Results, and Dynamical Refinement Jana Parameters and Results for Zn-MOF-74 and
Cu-MOF-74a

Zn-MOF-74 Cu-MOF-74

no SE* post SE post 120 °C post 300 °C post 350 °C post SE post 120 °C
max resolution (Å) 0.68 0.75 0.73 0.72 0.75 0.63 0.57
Rint(obs) 9.99 17.06 18.44 18.92 19.84 14.19 14.45
a (Å) 26.331 (1) 25.4215 (3) 26.7959 (2) 26.805 (8) 25.887 (7) 26.15 (8) 26.248 (7)
c (Å) 6.411 (2) 6.734 (3) 6.630 (7) 6.645 (3) 6.801 (3) 6.32 (3) 6.334 (2)
R1(all) without a solvent mask (Olex2) n.a 24.74 26.03 26.30 26.03 n.a n.a
R1(all) with a solvent mask (Olex2) n.a 12.72 14.96 15.48 14.62 n.a n.a
number of used reflections (Jana) 1668 1154 1276 1038 1057 454 417
R(obs) without a solvent mask (Jana) 12.64 13.11 14.65 13.59 12.34 13.93 14.49
wR(obs) without a solvent mask (Jana) 14.31 15.24 15.58 14.57 13.48 14.76 15.82
R(all) without a solvent mask (Jana) 14.95 13.92 16.73 14.68 14.07 15.18 15.26
wR(all) without a solvent mask (Jana) 14.44 15.28 15.72 14.61 13.77 14.82 15.84

aThe space group R3̅ was found for every dataset. The data for the nonsolvent exchanged (No SE) MOF was taken on a different particle, and this
structure was solved and kinematically and dynamically refined in Jana. Other structures were solved and kinematically refined in Olex2 and
subsequently dynamically refined in Jana.

Figure 3. Left: Solved structure of as-synthesized Zn-MOF-74 based
on XRD data taken at cryogenic temperatures. Right: Dynamically
refined structure of the solvent-exchanged MOF, with the remaining
electrostatic potentials (applied lower limit 0.095 eV/Å3 (2.3σ))
highlighted in yellow based on the difference Fourier calculation. The
positions of the electrostatic potentials in the black oval agree with
those of a DMF molecule. The atoms of the refined structure are
displayed as their displacement ellipsoids. The green circles around
some of the electrostatic potentials indicate unidentified atoms. Red
atoms represent O, brown ones C, gray ones Zn, blue ones N, and
pink ones H.
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conditions, and the solvent-exchanged MOF structure
obtained through our 3DED experiment before the heating
cycle. The figure highlights residual electrostatic potentials, for
which the positions match relatively close to DMF within the
MOF pores. This comparison with the DMF molecule is only
based on the positions of the residual electrostatic potentials
since we were not able to refine the elemental compositions at
these positions for reasons, explained below. This observation
aligns with expectations from the literature that there is still
DMF present after the solvent exchange step.47 Moreover, the
figure indicates the presence of additional unidentified
electrostatic potentials, shown by the green circles.

The effectiveness of 3DED in discerning nuanced structural
variations is underscored by this result. While there appears to
be a distinction between the two structures, particularly
evident in the octahedral arrangement, this discrepancy arises
from the absence of the DMF O atom. As the weakest
coordination bond in the octahedral coordination sphere
around the metal, the DMF is predisposed to partial removal
due to the ultrahigh-vacuum environment of the microscope
and the solvent exchange process. Consequently, in Figure 3, it
is represented solely as a lingering electrostatic potential,
depicted as a red sphere overlapping on the magnified
fragment.

The dynamically refined structures at all stages of the
heating cycle are depicted in Figure 4. After heating the sample
to 300 °C, open metal sites are visible, since there are no

electrostatic potentials left inside the pores on reasonable bond
distances from the Zn-atom of the metal node. This indicates
the successful activation of the MOF. The MOF retains its
crystalline framework even after elevating the temperature to
350 °C. Importantly, even though it is assumed in the literature
that the pores are completely empty after heating in vacuum up
to 300 °C, the 3DED data shows the presence of residual
electrostatic potentials within the pores. Adding the ten largest
remaining electrostatic potentials from Jana (see Section S9 in
the Supporting Information) shows a clear decrease at each
heating step. This confirms that atoms remain inside the pores
after each step, although their quantity diminishes progres-
sively.

This difference with literature can be due to the fact that
3DED is more sensitive than XRD to small molecules with low
occupancies due to the stronger interaction between electrons
and atoms or to the need for a higher coherence length in
XRD. As the DMF molecules are only attached through a
single coordination bond, they still have the freedom to rotate
inside the pore, therefore reducing the coherence length of the
atomic positions of the DMF atoms. Furthermore, the
combination of the ultrahigh vacuum of the microscope and
the solvent exchange cause a low occupancy at these
crystallographic positions. The combination of these effects
made it impossible for us to refine the elemental composition
of the residual electrostatic potentials inside the pores.
Unbound linkers, residual ethanol, and general atomic residue
are alternative factors, aside from DMF, that can contribute to
the presence of these lingering electrostatic potentials. The
residual atoms within the pores will likely decrease the
efficiency of the gas flow throughout the MOF.

Whereas the SCXRD data for MOFs is normally acquired at
cryogenic temperatures, our measurements were conducted at
room temperature and elevated temperatures where DMF
should be in a “quasi” liquid form; however, the molecules that
can be detected are those that are bonded to the MOF, giving
them a more fixed position.

In Figure 5 (left), the metal octahedron of a dynamically
refined structure (see Table 1) from a nonsolvent-exchanged
Zn-MOF-74 is depicted, with the data acquired at room
temperature. The influence of the ultrahigh-vacuum environ-
ment of the microscope is visible, leading to the splitting of the
Zn position (from the original position to two symmetrically
independent positions: Zn1 and Zn2. When DMF is removed
due to the solvent exchange and the placement of the MOF
into the ultrahigh vacuum of the microscope, the coordination
of the Zn-atom will be reduced by 1. This will shorten all Zn−
O bond lengths, therefore creating a different Zn position
(Zn2). The octahedral coordination will then become a
pyramidal coordination as shown in Figure 6 (middle). This
interpretation is corroborated when calculating the bond
valence sums of both positions, as well as when refining the
occupancies at each position, revealing a close correlation
between the occupancies of Zn2 and ODMF.

Furthermore, we conducted an in situ study of the activation
procedure for Cu-MOF-74, adhering to the identical heating
cycle depicted in Figure S10. Our observations revealed that
the sample underwent a transformation to a polycrystalline
state after heating it to 300 °C, forming crystalline (as
concluded from the observation of Kikuchi lines during the
study) nanoparticles, as illustrated in Figure 6. This transition
to nanostructured carbon underscores the considerable metal
dependence on the thermal stability of the MOF. Such

Figure 4. Dynamically refined structures of Zn-MOF-74 at all the
heating steps in the heating cycle, showing the remaining electrostatic
potentials with values above 0.095 eV/Å3 (2.3σ). The atoms are
displayed as their displacement ellipsoids. C atoms are displayed in
brown, O atoms in red, and Zn-atoms in gray. The electrostatic
potentials are displayed in yellow.
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nanostructured carbons, often made through MOF-mediated
synthesis, have potential as electrocatalysts.51 The thermal
dependence of the metal subunits into the MOF-74 family is
further corroborated in the thermogravimetric and X-ray
thermo-diffraction analyses Figures S5 and S6. In fact, the
thermal evolution of the cell parameters for Cu-MOF-74
indicates a sudden collapse of the framework above 130 °C. To
obtain the composition of the particles formed during the
activation process (Cu vs CuO), we used non-negative matrix
factorization (NMF) and neural networks using the Python
package called Hyperspy, following the methodology outlined
in ref 52 and as detailed in the Supporting Information, see
Table S1. This indicates that the newly formed particles consist
exclusively of Cu, while the surrounding carbon matrix
incorporates all the C and O.

Given that the structure of Cu-MOF-74 retained crystallinity
only up to 120 °C, the 3DED analysis focused only on two
stages: the structure before heating at 20 °C (Post SE) and the
structure after heating to 120 °C (Post 120 °C). Post-
processing results for Cu-MOF-74 are given in Table 1.
Atomic coordinates and anisotropic ADP parameters can be
found in the Supporting Information Tables S7 and S8. For
Cu-MOF-74, the structure was solved using Superflip and
kinematically and dynamically refined in the software
Jana2020. The dynamical refinement parameters for Cu-
MOF-74 are also given in Table 1.

Figure 7 presents the dynamically refined structures for Post
SE and Post 120 °C, overlaid with the remaining electrostatic
potentials. The minimal presence of DMF and EtOH is
discernible at the initiation of the heating cycle. Moreover, the
heating cycle up to 120 °C appears to have almost no effect as
there is very little DMF and EtOH present to be removed by
this process. This suggests that the combination of solvent
exchange with the ultrahigh-vacuum environment of the
microscope is sufficient to generate open metal sites and

activate Cu-MOF-74. One potential factor contributing to this
phenomenon is the elevated Lewis acidity of Cu in comparison
to that of Zn. This heightened Lewis acidity implies that the
Cu−O coordination bond connecting the MOF structure and
DMF will exhibit greater susceptibility to breakage.

Because there is no real change in the MOF pore content,
we did not observe any big changes in the cell parameters of
the MOF since it is already in a stable state after exposing the
particle to the ultrahigh vacuum of the microscope. It is
established in the literature that certain MOFs can be activated
solely by exposure to vacuum, and the inclusion of a solvent
exchange step further facilitates this effect.53 The observed
differences from Zn-MOF-74 can be explained by considering
the Zn−O and Cu−O bonds. The Cu−O bond, characterized

Figure 5. Left: Dynamically refined octahedron of a nonsolvent-exchanged Zn-MOF-74 crystal at room temperature. The refined occupancies of
three atomic positions are indicated in the figure, abbreviated by “occ”. Middle and Right: Pyramidal structure after heating to 120 °C for Zn- and
Cu-MOF-74, respectively.

Figure 6. Left: HAADF-STEM image of the newly formed nanostructured carbon. Middle: STEM−EDX map of the nanostructured carbon, given
in atomic percent. Right: Image showing the NMF components. Red denotes the first component (Cu nanoparticles) and blue the second
component (C + O matrix), labeled C1 and C2, respectively. The third component (SiN-window) is not shown.

Figure 7. Dynamically refined structures of Cu-MOF-74 at Post SE
(20 °C) and Post 120 °C, showing the remaining electrostatic
potentials above 0.095 eV/Å3 (2.3σ). The atoms are displayed as their
displacement ellipsoids. C atoms are displayed in brown, O atoms in
red, and Cu-atoms in blue. The electrostatic potentials are displayed
in yellow.
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by both a longer axial bond length (2.15−2.32 Å) and a lower
binding energy compared to the Zn−O bond (1.876 Å)54−56

(∼930 eV vs ∼1020 eV for Cu−O and Zn−O, respec-
tively57,58), contributes to the different behaviors.

The difference in thermal stability between Zn-MOF-74 and
Cu-MOF-74 arises from second-order Jahn−Teller distortions
within the metal nodes.59,60 For the activated structures refined
in here, the corresponding polyhedra are shown in Figure 6
(middle and right). The pyramidal coordination is created by
the removal of the oxygen that was part of the DMF due to the
combined effect of solvent exchange and the ultrahigh vacuum
in the microscope. The resultant second-order Jahn−Teller
distortions induce a collapse of the linkers at lower
temperatures than when these distortions are absent.

■ CONCLUSIONS
In this work, we were the first to study the activation process of
a MOF using in situ electron microscopy. We closely
monitored this process for M-MOF-74 (M = Cu, Zn) using
in situ 3DED.

For Zn-MOF-74, heating to 300 °C successfully generated
open metal sites on the metal nodes, indicative of successful
activation. Surprisingly, heating to 350 °C did not render the
MOF pores entirely empty, contrary to current literature
reports. Remaining electrostatic potentials, representing
residual atoms, were observed, which could potentially hinder
gas flow during CO2 absorption applications. Additionally,
considerable changes in cell parameters were noted during the
heating cycle, attributed to the inherent pliability of the MOF.
The nonstatic positions of DMF atoms, coupled with factors
like solvent exchange and ultrahigh vacuum, resulted in a low
occupancy at the positions of the remaining electron
potentials. Despite closely resembling DMF positions after
overnight heating to 120 °C, these conditions prevented the
refinement of the elemental composition of these potentials. In
the other activation steps at 300 and 350 °C, the presence of
the remaining potentials may be attributed to factors such as
unbound linkers, residual ethanol, or atomic residue.

In contrast, in the case of Cu-MOF-74, open metal sites
were already formed after solvent exchange and exposure to
the ultrahigh vacuum, rendering further heating to 120 °C
relatively ineffectual. This rapid activation is attributed to the
longer and weaker Cu−O bond compared to the Zn−O bond,
making the Cu−O bond between the MOF structure and the
DMF more easily breakable. Additionally, the enhanced ease of
activation can be ascribed to the greater Lewis acidity of Cu
when compared to Zn. Moreover, for Cu-MOF-74, the
material exhibited a special behavior, forming an amorphous
carbon matrix with small Cu nanoparticles inside after heating
to 300 °C. This difference in thermal stability is attributed to
the higher Lewis acidity, as well as second-order Jahn−Teller
distortions within the metal octahedra of Cu-MOF.

All in all, these findings shed light on the diverse activation
dynamics and behaviors exhibited by different metal-based
MOFs. We believe that these new insights into the activation
of MOF-74 can provide a better understanding that might
prove valuable for the MOF applications and design in general,
as well as illustrating the potential of in situ 3DED to study
these materials.
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the heating process, heating curve used during the in situ
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