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ABSTRACT: Metal−organic frameworks (MOFs) are hybrid materials composed of metal ions and organic linkers featuring high
porosity, crystallinity, and chemical tunability at multiple length scales. A recent advancement in transmission electron microscopy
(TEM) and its direct application to MOF structure−property relationships have changed how we consider rational MOF design and
development. Herein, we provide a perspective on TEM studies of MOFs and highlight the utilization of state-of-the-art TEM
technologies to explore dynamic MOF processes and host−guest interactions. Additionally, we provide thoughts on what the future
holds for TEM in the study of MOFs.

1. INTRODUCTION

Metal−organic frameworks (MOFs) are hybrid materials
comprised of metal ions or clusters and multitopic organic
linkers.1−4 These distinct components self-assemble to form
highly porous, crystalline, and tunable frameworks that have
shown potential for a variety of applications, including gas
storage,5−9 separation,10−12 catalysis,13−16 water capture,17−20

and drug delivery.21−23 Postsynthetic metal-cation exchange
and ligand functionalization allow for further modification of
MOF microstructures at multiple length scales, expanding their
scope and functionality.24,25 A deep mechanistic understanding
of MOF formation, phase transition, guest molecule inter-
actions, and other dynamic processes are important to further
develop the rational design and exploitation of MOFs.
MOF and MOF-like materials are commonly characterized

by scanning electron microscopy (SEM), powder X-ray
diffraction (PXRD), single-crystal X-ray diffraction (SXRD),
gas sorption (e.g., surface area, pore size), thermal gravimetric
analysis (TGA), and transmission electron microscopy (TEM).
In comparison to many of the more conventional character-
ization techniques that can only be applied to bulk samples,
TEM is unique in that it permits direct structural and dynamic
information on individual MOF crystallites. However, TEM of
MOF materials remains challenging due to the sensitivity of
MOFs to high energy electrons, which limits electron dose
conditions, accessible image resolution, and signal-to-noise
ratio for reasonable structural and dynamic characterization.
In the transmission electron microscope, the accelerated

high energy electrons emitted from an electron source interact
with a thin MOF specimen (Figure 1). The basic beam path of
the two main TEM modes, bright-field (BF) TEM and annular
dark-field (ADF) scanning TEM (STEM), are shown in Figure
1a. In both modes, some electrons are deflected by the
electrostatic field of the atomic nuclei, valence electrons of the
specimen atoms, or nearly collide with the atomic nuclei of the

specimen atoms resulting high-angle deflections and back-
scattering (Figure 1b). A direct interaction between the
incident electrons and the nucleus of the specimen atom
introduces knock-on atomic displacement. Knock-on displace-
ment depends on the sample-specific threshold energy; hence,
reducing the TEM accelerating voltage below some threshold
value will largely eliminate the damage.26−28 Energy transfer
from the inelastic scattering events can ionize the specimen
atoms leading to radiolytic processes such as chemical bond
cleavage, formation of free radicals, X-ray emission, and
phonon scattering. Radiolysis is often a temperature dependent
mechanism. Hence, cooling the sample holder with liquid
nitrogen can reduce the damage by typically a factor of 3−
10.29,30 In addition, damage to the structure is also introduced
by the heating and electrostatic charging of the insulating
materials. Reduction of beam current mitigates damage caused
by heating and charging.31 All these radiation effects are
heavily electron dose dependent, and multiple mechanisms
contribute to the structural damage.
To reduce radiation damage, special “low dose” methods

commonly used in cryogenic TEM (cryo-TEM) can be applied
to MOF materials.32,33 There is no single critical value for the
dose threshold (Dc) for MOFs. It varies over a range
depending on the MOF structure, type of imaging, and dose
rate. Notably, the presence of guest molecules, such as water or
pyridine coordinated to the inorganic nodes of MOFs, can
further affect MOF beam sensitivities.34 Figure 1c summarizes
several examples of MOFs stable enough to be studied by
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TEM at reasonable electron fluence, and each is discussed in
this Perspective. The electron doses used in the acquisition of
TEM data for these MOFs are commonly very low (Table 1).
Recent developments in camera and detector technology,

such as direct-detection electron-counting (DDEC) cameras
with extremely high detective quantum efficiency (DQE),
permit the capture of electron density maps with extremely low
doses,42,43 which has made the use of TEM more suitable for
the study of MOFs. Automated tools mitigating manual
intervention also enable recording high quality data with
minimal electron doses.44,45 During the past several years, the
utilization of DDEC cameras has enabled several breakthrough
developments in high resolution TEM (HRTEM) of MOFs,
revealing the structures of MOFs at a scale and resolution not
observable by other characterization techniques.38,39,46 Sim-

ilarly, low dose imaging facilitates in situ TEM elucidation of
dynamic processes of MOFs, providing mechanistic under-
standing of these materials. In situ hot stage TEM,47 liquid cell
TEM (LCTEM),41,48−50 and environmental TEM (ETEM)36

offer routes to directly observe MOF dynamics under a
vacuum, in liquids, and in gas phase, respectively. These tools
utilize hot stage or liquid cell holders that can be inserted into
a microscope, or manifold systems to introduce gas, to create
different environments around the specimen. These in situ
investigations remain in a nascent stage in the MOF field and
offer great potential in further exploring mechanisms of a wide
range of phenomena.
In this Perspective, we discuss some of the groundbreaking

discoveries of the structure and dynamics of MOFs that
utilized advanced TEM techniques in recent years. We
illustrate how TEM techniques have changed the conventional
wisdom concerning MOF characterization, with the methods
emerging as indispensable to the field.

2. DISCUSSION

2.1. Structural Analysis of MOFs. 2.1.1. Nanocrystal
Structures. One of the prevalent uses of TEM to study MOFs
is to provide direct proof of the crystalline structure.
Conventionally, SXRD is used to determine the structure of
crystalline materials that produce sufficiently large crystals to
be studied, generally between 10 and 250 μm in size. However,

Figure 1. (a) Schematic illustration of electron beam path in TEM and STEM modes. (b) Electron-specimen interaction and beam damages. EELS,
EDS, CL, SE, and BSE refer to electron energy loss spectroscopy, energy dispersive X-ray spectroscopy, cathodoluminescence, secondary electron,
and back scattering electron, respectively. (c) MOF crystal structures discussed in this perspective. Atom color scheme: Zr, green; Cr, purple; Zn,
turquoise; Mg, blue gray; C, gray; O, red; N, blue; Br, yellow, Pt, plum. H atoms are omitted for clarity.

Table 1. Examples of Electron Doses in TEM of MOFs

MOF Electron Dose (e−Å−2) MOF Electron Dose (e−Å−2)

MIL-101 ∼835 MIL-53 ∼536

MOF-5 0.629 MOF-74 ∼2.537

ZIF-8 4.138 UiO-66 ∼1239

MOF-525
∼540

NU-906
∼541

PCN-224 NU-1008

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://dx.doi.org/10.1021/jacs.0c08773
J. Am. Chem. Soc. 2020, 142, 17224−17235

17225

https://pubs.acs.org/doi/10.1021/jacs.0c08773?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08773?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08773?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08773?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08773?ref=pdf


the growing of large single crystals of MOFs often poses
significant challenges. 3-Dimensional electron diffraction (3D-
ED) techniques enabled ab initio structure determination of
nanosized MOF crystals, a size domain too small to be solved
by SXRD. With 3D-ED, the 3D reciprocal space reconstruction
can resolve unit cell parameters and space groups.51−56 For
example, continuous rotation electron diffraction (cRED)
determined and refined the isoreticular MOF structures, PCN-
415 ([Ti8Zr2O12(CH3COO)16(bdc)6], bdc2− = 1,4-benzene
dicarboxylate; fcu net) and PCN-416 ([Ti8Zr2O12-
(CH3COO)16(ndc)6], ndc

2− = 2,6-naphthalene dicarboxylate;
fcu net), which showed excellent agreement with Rietveld
refinement against PXRD data (Figure 2).55 Notably, the
atomic structure obtained by cRED has been shown as reliable
and accurate as that obtained by SXRD.57

In addition to 3D-ED studies, the direct visualization of
MOF structures with HRTEM under low dose conditions is an
emerging field that provides direct imaging of the MOF
structure. One early notable HRTEM study on MIL-101
([Cr3(O)F(bdc)3(H2O)2]; mtn net) provided the nanocrystal
structures from different projected orientations.58 HRTEM
imaged pore configurations of MIL-101 and directly observed
pristine hexagonal packing of tunnels for the first time. In a
separate study, to image the pore structures of an intact MOF-
5 ([Zn4O(bdc)3]; pcu net) particle, HRTEM was conducted
with cooling of the sample using liquid nitrogen and at low
accelerating voltage (80 kV) to reduce beam induced
damage.29

HRTEM studies also examined the structures of members of
an isoreticular series of MOF-74 ([M2(DOT)], M = Zn or Mg,
DOT = 2,5-dioxidoterephthalate; msf net) from the original
DOT link of one phenylene ring to two (II), three (III), four
(IV), five (V), six (VI), seven (VII), nine (IX), and eleven (XI)
(Figure 3a) that display systematically expanded pore
apertures.37 The arrangement and the size of pores were
observed along the c axis for MOF-74-VII and IX, and the
lattice spacings derived from fast Fourier transform (FFT) of
HRTEM images matched well with those from PXRD,
confirming the nanostructures of the isoreticular series of
MOF-74 (Figure 3b,c). Subsequently, high-voltage (300 kV)
Cs-corrected STEM techniques provided near-atomic reso-
lution information on MOF-74 (Zn).59,60 Zn(II) clusters could
be identified in both high-angle annular dark field (HAADF)
and annular bright field (ABF) images, and in ABF, signals of

Zn(II) atomic columns for some certain clusters were
observed.
While HRTEM can readily discern pore size and image

metal nodes, the electron dense metal nodes often dominate
the contrast in TEM such that structural organic linkers remain
invisible. For some MOF polymorphs, linker orientation is a
defining feature, which necessitates imaging of the organic
ligand as well. For example, MOF-525 ([Zr6O4(OH)4(TCPP-
H2)3], TCPP-H2 = tetrakis(4-carboxyphenyl)porphyrin; ftw
net), and PCN-224 ([Zr6O4(OH)4(TCPP‑H2)1.5(H2O)6-
(OH)6]; she net) are a pair of MOFs with exactly the same
arrangement of Zr6 nodes, yet they differ in the arrangement of
their porphyrinic linkers.40 Despite their alternate phase, they
display similar sorption behavior and PXRD patterns,
precluding the ability for traditional MOF characterization
techniques to distinguish between them. While the two MOFs

Figure 2. Reconstructed 3D reciprocal lattice of (a) PCN-415 and
(b) PCN-416 with insets showing the corresponding crystals.
Reproduced with permission from ref 55 (https://pubs.acs.org/doi/
10.1021/acscentsci.7b00497). Copyright 2017 American Chemical
Society.

Figure 3. (a) Structures of DOT linkers. HRTEM of (b) IRMOF-74-
VII and (c) IRMOF-74-IX, with insets of FFT patterns of the dashed
square area in the original images. Reproduced with permission from
ref 37. Copyright 2012 American Association for the Advancement of
Science.

Figure 4. HRTEM of (a) MOF-525(Pt) and (b) PCN-224(Pt), with
insets of FFT patterns of the red square areas, cropped at the
predominant lattice fringes. Reproduced with permission from ref 40.
Copyright 2019 American Chemical Society.
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with free base linkers (TCPP-H2) appeared structurally
equivalent via regular HRTEM, modification of their
porphyrinic linkers with Pt (TCPP-Pt) to generate enough
image contrast enabled unambiguous identification of the two
structures via the difference in the lattice spacings (Figure 4).
An interesting subset of recently developed MOF-based

materials are MOFs where the organic component is a polymer
ligand, rather than a molecular organic ligand (Figure 5a).61,62

These so-called polyMOFs offer the potential to combine the
material properties of MOFs and polymers. Moreover, as

compared to their molecular-derived counterpart MOFs,
polyMOFs displayed highly unusual bulk crystal morphologies
(Figure 5b).63 While several studies examined the effect of
polymer architecture and framework identity on the resulting
crystal morphology, only recently has the interior structure of
these materials been investigated. Following ultramicrotome
slicing on polyMOFs, TEM imaging observed alternating
layers of metal-rich and metal-deficient domains within the
interior structure of UiO-66-based polyMOFs constructed
from block polymers (Figure 5c). Further analysis by EDS
mapping confirmed the layers alternate between high and low
concentrations of Zr(IV), indicating distinct layers of MOF
and amorphous, metal-free layers.

2.1.2. Surface and Interfacial Structures. The surface
structures of MOF particles offer insights into the mechanism
of molecular assembly, which often affects particle shapes and
sizes.64,65 Imparting control over the surface and interfacial
structures of MOFs can subsequently alter mass transport
properties for targeted guest molecules.66,67 With the advent of
the DDEC camera, HRTEM on MOFs achieved atomic level
resolution, allowing for the investigation of these local
structures of MOFs. TEM images acquired with a DDEC
camera identified individual Zn(II) atomic columns and
organic linkers in ZIF-8 ([Zn(2-methylimidazole)2]; sod net)
with a resolution of 2.1 Å (Figure 6a).38 The surface of ZIF-8
particles terminated in the armchair motif (Figure 6b).
Furthermore, the 110 surfaces of two attached particles
exhibited an arm-to-notch configuration through an additional
interfacial layer of ligands. However, these zone-axis images of
ZIF-8 were obtained by the inefficient sampling of randomly
oriented particles.
To overcome the time-intensive sampling of particles to

image a zone axis, a program was developed to automatically
align the zone axis for crystals with initial orientations that
were close to a zone axis within 5°.39 The study of UiO-66(Zr)
([Zr6O4(OH)4(bdc)6]; fcu net) resolved the Zr(IV) atomic
columns within the Zr6 nodes and benzene rings with face-on
configurations (Figure 6c). Moreover, the imaging revealed the
presence of both ligand-free and ligand-capped surfaces
(Figure 6d) in which the major exposed 111 surface
terminated with linkers (Figure 6e), while the kink positions
between 100 and 111 facets exposed Zr(IV) clusters (Figure
6f).
With the same methods, the surface structures of MIL-101

were examined.35 Even though the low contrast and structural
complexity of the MOF prevented identification of the linkers,

Figure 5. HAADF-STEM analysis of polyUiO-66 derived from a
random block polymer with PEG. (a) Structure of polymer ligands
used for polyMOFs, showing both homopolymer (left) and a random
block polymer with PEG (right). (b) SEM image of UiO-66 from
PEG-containing block polymer ligand. (c) TEM image of ultra-
microtomed slice of polyMOF from part b. (d) EDS mapping of
subsection outlined in part c showing alternating Zr-rich and Zr-
deficient layers. Reproduced with permission from ref 63. Copyright
2020 Royal Society of Chemistry.

Figure 6. HRTEM of ZIF-8: (a) left, contrast transfer function (CTF)-corrected and denoised image; middle, symmetry-imposed and lattice-
averaged image; right, simulated projected potential map. (b) HRTEM image and structural model of the ZIF-8 (110) surface. Reproduced with
permission from ref 38. Copyright 2017 Springer Nature. HRTEM of UiO-66(Zr): (c) CTF-corrected denoised image. (d) A truncation surface,
showing crystal growth steps involving small 100 facets and 111 facets. (e) Ligand-terminated 111 surface. (f) Metal-terminated 100/111 kink.
Reproduced with permission from ref 39. Copyright 2018 American Association for the Advancement of Science.
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the arrangements of Cr(III) clusters revealed different degrees
of opening in the surface mesoporous cages when the samples
were synthesized with different additives. Moreover, vacuum
heating treatment of the samples at specific temperatures
altered these the opening degrees as observed via HRTEM.
2.1.3. Defects. Defects in MOFs directly affect their pore

structures and open metal sites. Judicious control over defects
provides novel opportunities in sorption, catalysis, as well as
magnetic and electrical properties.68 An understanding of the
density, distribution, and types of defects is essential to control
crystal quality and to manipulate targeted functionalities.
Attempts on utilizing HRTEM to image MOF defects first
started with the characterization of defective UiO-66(Hf)
([Hf6O4(OH)4(bdc)6]; fcu net).69 ED generated both parent
and superlattice reflections, and TEM imaging of the crystallite
indicated a complex microstructure with domain boundaries
resulting from mass contrast. However, beam sensitivity of the
sample prevented further investigation through HRTEM.
Recently, the direct imaging of defects in UiO-66(Zr) was

achieved at subunit-cell resolution, and HRTEM showed the
coexistence of both missing-linker and missing-node defects.46

When defective structures were compared with perfect
structures, the absence of contrast for organic linkers was
indicative of missing-linker defects (Figure 7a,b). Defective

UiO-66(Zr) crystals predominantly contained missing-linker
domains with the 3-periodic bcu topology, while perfect
regions without defects were rare. Throughout the sample, it
was always observed that only a few unit cells possessed
missing node-domains correlating with the superlattice
reflections. HRTEM identified two types of missing-node

defects classified by the presence or absence of the face-on
linkers, which surrounded, but did not connect to, the missing
node. These defects respectively correspond to reo and scu
nets (Figure 7c,d).

2.1.4. Host−guest Interactions. Host−guest interactions
govern the chemistry of storage, separation, and catalysis
applications of MOF materials. Gaining insights into the
interactions between host MOFs and guest molecules
enhances the loading process for guest molecules inside
MOFs and enables the study of interactions between the
frameworks and the guests. One technique for studying such
interactions includes electron tomography (ET).70 This
approach provides three-dimensional information needed to
confirm the embedding of metal nanoparticles,71−74 drugs,75

enzymes,76 and other guest molecules inside MOFs. Beyond
merely probing guest encapsulation, the technique elucidates
the filling degree and distribution of guests relative to the bulk
of MOFs. For example, ET showed 3D homogeneously
distributed mesopores filled by doxorubicin molecules in ZIF-8
particles (Figure 8).75 Altering the concentration of guest
molecules tuned the size of these mesopores, as detected by
ET.

Additionally, investigating guest location and distribution in
the individual MOF pores can extract more detailed
information about host−guest interactions and related proper-
ties of these materials. For example, ADF-STEM directly
imaged Pt nanoclusters deposited via atomic layer deposition
(ALD) inside MIL-101.73 This technique demonstrated
confined growth of Pt nanoparticles inside the pores of MIL-
101 as determined by the resulting nanoparticle size tailored to
the pore size of MIL-101. The nanoparticles were observed at
the positions of both small and large pores of MIL-101 in 2D
projection (Figure 9). Moreover, ET confirmed the Pt species
were inside the bulk of MIL-101. The combination of ADF-
STEM and ET indicated the presence of Pt nanoparticles in
both large and small pores of MIL-101.
Beyond the extraction of guest position information, direct

imaging of encapsulated species within MOF pores has been
achieved using HRTEM. For example, HRTEM directly
imaged encapsulated Mn12Ac single-molecule magnets
(SMMs) within the pores of NU-1000 ([Zr6O4(OH)4-
(TBAPy)2(OH)4(H2O)4], TBAPy = 1,3,6,8-tetrakis(p-
benzoate)pyrene; csq net).77 Ultramicrotome sliced
Mn12Ac@NU-1000 particle thin sections facilitated imaging
along the [001] zone axis of NU-1000, which also proved the
actual embedding of Mn12Ac inside instead of on the surface of
MOF particles. The image contrast in HRTEM clearly
identified individual particles with a diameter of around 2

Figure 7. HRTEM analysis of missing-linker defects: p1-averaged
image (top), symmetry-imposed image (middle), simulated projected
potential (bottom), and projected structural model of (a) perfect
region and (b) missing-linker region along the [001] zone axis.
HRTEM analysis of missing-node defects: projected structural model
(left), simulated projected potential map (middle), and experimental
image (right) of (c) reo structure and (d) scu structure. Reproduced
with permission from ref 46. Copyright 2019 Springer Nature.

Figure 8. Distribution of mesopores in a doxorubicin@ZIF-8 particle
by ET. (a) TEM image. (b) Cross-section of the RT with the
mesopores indicated by blue lines. (c) 3D distribution of the
mesopores. Reproduced with permission from ref 75. Copyright 2015
American Chemical Society.
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nm located in the hexagonal channels of NU-1000 (Figure
10a).
Promising MOF-based applications include the storage and

separation of small guest molecules, namely gases, which
presents significant challenges for direct imaging. Recently,
cryo-TEM was utilized to stabilize adsorbed CO2 in ZIF-8,
which achieved the direct imaging of subnanometer guest
molecules inside MOF pores.78 The cryogenic conditions
helped to preserve the ZIF-8 structure and inhibit CO2
desorption from ZIF-8 for HRTEM. Bright contrast was
observed in the center of hexagonal window in CO2 filled ZIF-
8 (Figure 10b) whereas the density was absent for the empty
ZIF-8. Moreover, a 3% lattice expansion occurred upon CO2
adsorption, implying a strong interaction between CO2 and
ZIF-8. Investigation along other zone axes revealed the
existence of more than one binding site.
2.2. Dynamic Analysis of MOFs. 2.2.1. MOF Formation.

An understanding of MOF formation in solution is important
in developing new synthetic MOF chemistry as well as
optimizing MOF structures for targeted performance. LCTEM
provides spatiotemporal resolution to study this phenomenon,
allowing for the direct observation of particle nucleation,
growth, and self-assembly. The first application of in situ
LCTEM on MOFs observed the real-time growth processes of
ZIF-8 (Figure 11).48 Indeed, this was one of the first such
studies investigating self-assembled materials more generally.
Here, beam damage studies showed damage and dissolution of
MOF particles at 200 kV above a cumulative electron dose (or
total fluence) of 400 e−Å−2 with the electron dose rate (or
electron flux) of 3.25 e−Å−2s−1. However, when the electron

doses were around 20× below that measured damage
threshold, minimal beam effect on particle assembly or growth
occurred, as the kinetics and structural data matched those
seen under bulk solution conditions. The formation of smaller
subunits in solution demonstrated the formation of ZIF-8
particles. Growth kinetics of individual particles showed a
reaction-limited process, and variation of metal:ligand ratio
caused increased growth rate, with the formation of larger
particles. However, LCTEM provides a unique window into
such processes only if certain conditions are met, such as
verifying the structure after the LCTEM experiment. Thus,
beyond the adequate dose range of the investigated ZIF-8
particles, electron diffraction of the particles following the
LCTEM experiment confirmed the observed ZIF-8 structure.
This type of post-mortem structure verification is not possible
for amorphous materials, which presents new challenges to the
field and for mechanisms where phase transitions from
amorphous seeds in early growth stages confound exact
structure determination. A combination of LCTEM with cryo-
TEM, which provides HRTEM of early time synthetic
solutions,79 and small-angle X-ray scattering (SAXS), which
enables bulk measurements identifying heterogeneity,80 may
provide more comprehensive and detailed mechanistic
information on MOF seeding and growth.
Similarly, LCTEM studies revealed the growth mechanisms

of 1D MOFs, known as metal−organic nanotubes (MONTs)
with a formula of [(L1)Cu2Br2] (L1 = 1,4-bis((4H-1,2,4-
triazol-4-yl)methyl)naphthalene).49 These processes were
observed by mixing ligands and metals with temperature
variation (VT-LCTEM),81 providing a glimpse into the future
of these methods that allows true chemical reactivity to be
studied and varied. The onset of beam damage was from 10
e−Å−2 when acquired with an electron dose rate of 0.05
e−Å−2s−1. Prolonged irradiation led to dissolution of MONT
particles and formation of secondary aggregates. Large fibril-

Figure 9. (a) ADF-STEM image and (b) FFT of MIL-101 crystal
with Pt nanoparticles. From projection, white arrows point to
nanoparticles at small cage positions, the red arrow points to
nanoparticles at large cage positions. Reproduced with permission
from ref 73. Copyright 2016 Wiley.

Figure 10. (a) HRTEM image of Mn12Ac@NU-1000 along the [001]
zone axis of NU-1000. Reproduced with permission from ref 77.
Copyright 2019 American Chemical Society. (b) Cryo-TEM image of
CO2@ZIF-8 along [111] axis of ZIF-8. Reproduced with permission
from ref 78. Copyright 2019 Elsevier.

Figure 11. (a, b) Snapshots from the LCTEM movie showing growth
of ZIF-8 particles within the liquid cell. (c) TEM image of an area
after the cell dried. (d) ED of particles grown in the cell during post-
mortem analysis. Reproduced with permission from ref 48. Copyright
2015 American Chemical Society.
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like MONT bundles formed within the liquid cell (Figure
12a−c). Growth evolution over time (Figure 12d) showed a
continuous transformation of monomer to crystalline aniso-
tropic structure driven by a thermodynamic process where the
precursor ions seek the lowest energy face of the growing
crystal that leads to anisotropic MONT crystals. This process
was almost three times faster at 85 °C than at room
temperature.
Further LCTEM studies on the seed and growth of similar

MONTs formed by ditriazole ligand and silver nitrate with a
formula of [(L2)Ag2(NO3)2(NMP)] (L2 = 4,4′-(1,4-(xylene)-
diyl)bis(1,2,4-triazole), NMP = N-methyl-2-pyrrolidone)
revealed that not all MONT nanocrystals grow by classical
monomer attachment mechanism, instead variation in the
metal:ligand ratio deviates from the classical pathway to allow
for multiple indirect pathways that simultaneously exist within
the same reaction.50 Depending on the local availability and
depletion of reactants, precursor ions, and amorphous clusters,
MONT crystals grow by the continuous transformation of the
supersaturated solution into crystalline MONTs (Figure 13a),
by heterogeneous nucleation of MONT crystals on the surface
of primary particles (Figure 13b), and by coalescence of
primary particles that are not commonly observed in MOF
chemistry (Figure 13c).
2.2.2. Phase Transitions. In addition to MOF particle

formation, LCTEM has been employed in the development of
mechanistic insights into polymorph transformations. LCTEM
monitored a phase transition driven by formic acid from a
microporous MOF, NU-906 ([Zr6O4(OH)4(TCPB‑Br2)2-
(OH)4(H2O)4], TCPB-Br2 = 1,4-dibromo-2,3,5,6-tetrakis(4-
carboxyphenyl)benzene; scu net; Figure 14a), to a mesoporous
MOF, NU-1008 ([Zr6O4(OH)4(TCPB-Br2)2(OH)3(HCOO)-
(H2O)3]; csq net; Figure 14b) indicated that the phase
transition followed a dissolution-reprecipitation pathway.41

The dissolution of NU-906 occurred with a low concentration
of formic acid (DMF/formic acid = 7:1). Separately, a higher
concentration of formic acid (DMF/formic acid = 3:1)
promoted the reprecipitation of NU-1008 (Figure 14c−h).
Interestingly, an intermediate concentration of formic acid
(DMF/formic acid = 5:1) resulted in the two processes
occurring concurrently. Formic acid facilitated the dissolution
of NU-906, which resulted in an intermediate solution with the

same building units as the starting synthetic solution of NU-
1008. Therefore, the dissolution of NU-906 concurrently
generated NU-1008. These LCTEM results were consistent
with the in situ PXRD measurements which showed a
decreased amount of NU-906 with the formation of NU-
1008. The combination of the two techniques here provides an

Figure 12. (a) LCTEM snapshots of formation of MONTs with a
formula of [(L1)Cu2Br2]. (b) Fully grown MONT during post-
mortem analysis. (c) ED of MONT grown in the cell. (d) Size of
MONT plotted as a function of time. Reproduced with permission
from ref 49. Copyright 2019 American Chemical Society.

Figure 13. LCTEM snapshots of MONT bundles growing via
different mechanisms. Red arrows point to the primary particles, and
green arrows point to the nanotubes. Reproduced with permission
from ref 50. Copyright 2020 American Chemical Society.

Figure 14. HRTEM of (a) NU-906 and (b) NU-1008, with insets of
FFT patterns of the red square areas. LCTEM images with DMF/
formic acid = 3:1 at 80 °C, showing the formation of NU-1008
particles: (c) dry cell and (d) wet cell right before heating to 80 °C
with NU-906 particles inside, (e) after 10 min and (f) after 20 min at
80 °C; (g) NU-1008 particles grown in the cell during post-mortem
analysis; (h) FFT of the area inside the red square of part g.
Reproduced with permission from ref 41. Copyright 2020 American
Chemical Society.
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example that different types of in situ techniques−examining
individual particles or bulk−could correlate with each other to
investigate dynamic processes of crystalline materials.
2.2.3. Carbonization. While in situ LCTEM specializes in

the examination of dynamics in liquid phase, in situ hot stage
TEM allows for the observation of dynamics in solid state. The
carbonization of MOFs could generate MOF derivations,
where MOFs serve as precursors and templates to synthesize
functional materials for energy and environmental applica-
tions.82 The carbonization of a Ni-MOF ([Ni2(PTCA)-
(H2O)2], PTCA = 3,4,9,10-perylenetetracarboxylate) was
investigated through in situ hot stage experiments from room
temperature to 700 °C.47 When the samples were heated up to
700 °C, TEM images and ED patterns indicated changes in the
Ni-MOF. With an increase in temperature, the Ni-MOF was
gradually degraded and Ni nanoparticles were formed in the
carbon matrix at 400 °C. The crystallinity of the Ni
nanoparticles and the stability of carbon matrix were gradually
enhanced with elevated temperature. Some Ni nanoparticles
escaped from the matrix and were aggregated into large faceted
Ni particles once the temperature reached 700 °C. In situ hot
stage TEM studies elucidate thermal stabilities and mecha-
nisms of thermal decomposition of MOFs,39 which could
indicate temperature-dependent behaviors of individual MOF
particles during the processes of TGA measurement.
2.2.4. Flexible “Breathing” MOFs. Flexible MOFs can

undergo reversible structural transitions, or pore “breathing”,
through guest molecule adsorption and desorption processes,
accompanied by changes of unit cell parameters. Investigation
to the underlying process of this phenomenon at the molecular
level can provide fundamental insights into host−guest
interactions. In situ ETEM was used to directly monitor the
breathing processes of MIL-53(Cr) ([Cr(OH)(bdc)], sra net)
nanocrystals during water molecule adsorption and desorp-
tion.36 The ETEM gas manifold system introduced water
vapor to the specimen, while a hot stage holder controlled the
temperature. First, the crystal pores were evacuated of residual
linker and solvent molecules upon treatment with ultrahigh
vacuum and beam irradiation. A dramatic transition happened
under water vapor upon heating the sample to 300 °C, and 1
water molecule was adsorbed per unit cell as determined by
ED with molecular dynamics simulations. After the system
returned to room temperature, future lattice change confirmed
the adsorption of 24 additional water molecules. Thus, the
initially adsorbed water molecules formed hydrogen bonds
with the bridging μ−OH groups of MIL-53(Cr), which
activated the breathing effect by providing more effective
hydrogen bonding sites for additional water molecules. This
ETEM study opens the door to in situ investigations toward
adsorption and desorption processes of flexible MOFs. Future
work can create various environments by introducing different
types of gases to the specimen,83,84 and the observed molecular
level behavior could correlate with the MOF isotherms, driving
us to engineer pore “breathing”.
2.2.5. Postsynthetic Exchange. Postsynthetic exchange

(PSE) of metal nodes or linkers is an important type of
processing method applied to MOFs to expand their
functionalities. Careful and thorough characterization remains
critical to monitor the dynamic changes and to confirm the
final structures. TEM techniques can determine the structure
and composition of individual MOF particles after these
manipulations. Even though the employed techniques here are
not in situ, they offer unparalleled information to the complete

analysis of these important dynamic changes. STEM with EDS
and EELS studied the metal-based PSE processes of UiO-
66(Zr) with Ti4+ and Hf4+.85 Surprisingly, these TEM
techniques revealed deposition of metal oxide coatings on
UiO-66(Zr), rather than the expected metal-based exchange
processes.86−89 Under TEM, the MOF particles displayed
features of exterior nanoscale coating on particles after PSE,
which was not observable by SEM. STEM-EDS and STEM-
EELS characterizations showed single crystalline Zr-MOF
cores with HfO2 shells (Figure 15). The same techniques

confirmed the successful ligand-based PSE processes of UiO-
66(Zr) with bromo- and iodo-functionalized bdc2− linkers with
a resulting uniform distribution of Br and I throughout the
particles. Clearly, elemental mapping by TEM techniques can
prove indispensable to elucidate structural changes for these
postsynthetic manipulations, especially in cases of possible
deposition or displacement of metals.

3. CONCLUSIONS AND PERSPECTIVES
The development and implementation of TEM methodologies
has transformed our fundamental understanding of MOF
structure and, most recently, dynamics. TEM techniques

Figure 15. STEM-EDS of UiO-66(Zr) + HfCl4: (a) STEM image,
(b) Hf:Zr atomic ratio map, and (c) EDS spectra from the surface
(red) and interior (blue) regions. STEM-EELS of UiO-66(Zr) +
HfCl4: (d) STEM image and EELS spectral maps of (e) Carbon-K
and (f) Oxygen-K for the region marked by the red box. Reproduced
with permission from ref 85. Copyright 2017 American Chemical
Society.
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resolve nanocrystal structures that cannot be determined by X-
ray diffraction methods. Moreover, TEM allows for the study
of the surface and interfacial structures of MOFs, defects, and
host−guest interactions. The nascent collection of in situ TEM
techniques provides direct spatiotemporal observation on
MOF dynamics, promoting a new phase of mechanistic
understanding of MOF formation, particle growth, phase
transitions, and pore breathing.
We envision that TEM will continue to provide critical

insights and will become an expected and essential character-
ization technique for MOFs. The method is complementary to
other conventional characterization techniques that remain the
cornerstones of the field. The development and wider
applications of 3D-ED and HRTEM with low dose conditions
have the potential to realize structure determination of most
nano- and micron-sized MOFs, which reduces the necessity of
laborious screening of reaction conditions for large single
crystal MOFs.
Cryo-TEM offers opportunities for the observation of a wide

range of guest molecules in MOFs, providing detailed
information about host−guest interactions. Molecular-scale
insights into locations and local behaviors of guest molecules
inside the pores of MOFs will elucidate fundamental structural
information, further guiding the design and synthesis of host−
guest MOF systems as functional composite materials with
diverse potential applications.
More advanced TEM techniques, driven by the development

of detector technologies and computational and image analysis
methods, will be applied to MOF characterization. The
application of 4-dimensional scanning transmission electron
microscopy (4D-STEM)90,91 can realize phase, orientation,
and grain boundary mapping of MOF films in high resolution
and over large areas. The use of ultrahigh readout speed
DDEC camera will achieve recording of ∼ms to ∼μs processes
involving molecular assemblies, nucleation and growth
mechanisms, and other dynamic processes, taking these in
situ investigations to the next level. High resolution
spectroscopic imaging at subunit-cell scale remains elusive
within MOFs due to their beam sensitivities. However, the
low-dose and cryogenic conditions that lessen beam damage as
well as the development of detectors hold the potential to
elucidate elemental distributions of mix-metal MOFs, inter-
layer structures of 2D-MOFs, and other complicated multi-
component systems.
Finally, a lack of fundamental insights into the mechanism of

beam damage on MOFs and the effect of various structural
parameters on the resulting beam sensitivities complicates the
study of MOF materials with TEM today. A systematic study
of MOF beam sensitivities over their metal nodes, linkers,
topologies, guest molecules, and other factors will allow
researchers to achieve a more fundamental and comprehensive
understanding of the correlation between MOF structural
parameters and their structures elucidated by TEM. Insights
into the solution and gas phase performance of these materials
via advanced TEM methods enabling this type of imaging have
begun opening up new opportunities for synthetic chemists.
Ultimately, our ability to observe phenomena and determine
structures makes possible new diversity of chemical reactivity
and function. Given the exciting trajectory of the field, the
coming years will see HRTEM methods increasingly paired
with solution phase and gas phase studies for next generation
materials.
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