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Metal–organic frameworks (MOFs) are crystalline nanoporous ma-
terials with great potential for a wide range of industrial applica-
tions. Understanding the nucleation and early growth stages of
these materials from a solution is critical for their design and syn-
thesis. Despite their importance, the pathways throughwhichMOFs
nucleate are largely unknown. Using a combination of in situ liquid-
phase and cryogenic transmission electron microscopy, we show
that zeolitic imidazolate framework-8 MOF nanocrystals nucleate
from precursor solution via three distinct steps: 1) liquid–liquid
phase separation into solute-rich and solute-poor regions, followed
by 2) direct condensation of the solute-rich region into an amor-
phous aggregate and 3) crystallization of the aggregate into a
MOF. The three-step pathway for MOF nucleation shown here can-
not be accounted for by conventional nucleation models and pro-
vides direct evidence for the nonclassical nucleation pathways in
open-framework materials, suggesting that a solute-rich phase is
a common precursor for crystallization from a solution.
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Metal–organic frameworks (MOFs) with highly porous crys-
talline structures are an important class of multifunctional

materials for applications in catalysis (1), gas storage (2), and
separation (3) because of their tunable pore structures (4). Gen-
erally, these MOF crystals form from a solution containing metal
ions and organic linkers, where the linkers react with the ions to
connect them into the final porous structure (5). The crystalliza-
tion of MOFs and the states leading up to the crystallization in-
fluence their nucleation rates (6), porous network structure, and
polymorphism (7). Hence, detailed insight into the nucleation of
MOFs is critical for their synthesis and tailoring their properties
for specific applications. However, the details of the nucleation
and early growth stages of MOFs are unknown because they are
extremely challenging to probe (8, 9).
Broadly speaking, the accurate description of a nucleation

process in a solution is a challenge that is common to biology,
chemistry, geology, and materials science (10). The conventional
description of the nucleation is based on the classical nucleation
theory (CNT), which assumes that crystals grow directly from
stable crystalline nuclei that form in a solution in a spontaneous
manner (11–14). However, in many cases, CNT cannot ade-
quately describe the nucleation processes (10, 15); the nucleation
rates from the experiments are often many orders of magnitudes
faster than those predicted from the CNT. In order to account
for this and other differences, alternative, nonclassical nucle-
ation models with an additional step(s) preceding the crystalli-
zation have been proposed (11, 16–20). These models are often
used to describe the nucleation of metals (21, 22), lysozymes (12,
23), and carbonates (24–26). For example, in the latter case,
amorphous calcium carbonate (ACC) serves as a precursor for
crystalline CaCO3, and ACC itself either forms in a solution
through the aggregation of small prenucleation clusters or emerges
from a dense liquid phase rich in solutes or grows from an amor-
phous nucleus (27). Even for this extensively studied system, the

abundance of possible crystallization pathways makes identifying
the parameters that govern the intermediate prenucleation steps
extremely challenging.
In the case of MOFs, despite their importance in many ap-

plications, the detailed stages of crystallization are even less clear
(8). Among several competing models that have been proposed
to explain their nucleation and growth, two are the most prev-
alent. The first one follows the classical pathway, which stipulates
that MOF crystals grow by the addition of monomers to spon-
taneously formed stable crystalline nuclei (28, 29). The second
pathway proposes that MOFs nucleate through a nonclassical
route comprising multiple steps. Here, monomers in solution
first form small clusters containing metal ions and linkers, and
then these clusters aggregate into amorphous nanoparticles,
followed by the crystallization that starts deep within these
nanoparticles (28, 30–32). The difficulty in capturing the differ-
ent stages of the MOF nucleation, which is necessary for re-
solving the debate around the different nucleation mechanisms,
stems from the lack of suitable experimental approaches that can
directly track the evolution of individual crystals (8). While
in situ TEM had been used to study the postnucleation growth of
MOFs, these nucleation pathways still remain elusive due to the
experimental challenges associated with the electron-beam-sensi-
tive nature of MOFs (33). Here, using direct time-resolved in situ
transmission electron microscopy (TEM) imaging at very low
electron fluxes, we show that MOFs form by a liquid–liquid phase
separation of the reaction solution into solute-rich and solute-poor
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regions, followed by condensation of the solute-rich phases into
dense aggregates, which then crystallize into MOF nanocrystals.

Results and Discussion
Capturing the nucleation of MOFs with TEM is challenging
because these crystals are extremely beam sensitive and damage
easily during imaging (34). Here, we extend the in situ liquid-
phase TEM approach to imaging the nucleation of zeolitic imi-
dazolate framework-8 (ZIF-8) nanocrystals from a solution by
using an ultralow electron flux of <0.05 e− Å−2 s−1. We chose
ZIF-8 MOFs because they are the most prevalently used model
structure (the crystal is made up of Zn-coordinated imidazole
rings) that can be easily synthesized from an aqueous solution at
room temperature (35–38), At ultralow electron fluxes, high
spatial resolutions (<1 nm) needed to track the crystallization
steps in nucleation events are practically impossible for dynamic
TEM imaging. Therefore, to unambiguously observe and validate
the crystallization process, we chose to study nucleation of cu-
boidal MOF nanocrystals (Fig. 1A) that are readily obtained by
adding 0.5 mM cetyltrimethylammonium bromide (CTAB) sur-
factant into an aqueous precursor solution for ZIF-8, which con-
tains 13 mM Zn(NO3)2·6H2O and 740 mM 2-methylimidazole
(39) (Materials and Methods and SI Appendix, Fig. S1). First, using
cryo-TEM imaging, we established that almost all cuboidal MOFs

that form from the solution are crystalline (≈99% of MOF
nanocubes show clear diffraction spots consistent with ZIF-8
crystal structure) (Fig. 1B). Hence, we can use the cuboidal shape
of MOFs as an unambiguous indicator of their crystallinity.
The evolution dynamics of ZIF-8 nanocubes from a solution

captured by in situ liquid-phase TEM is shown in the post-
processed time-resolved image in Fig. 1C. The image series re-
veals three distinct stages through which these MOF nanocrystals
form (Movies S1 and S2 are processed and raw [unprocessed]
ultralow electron flux movies, respectively). These sequential nu-
cleation steps are 1) phase separation of the reaction solution into
solute-rich and solute-poor regions (Fig. 1C: t = 15 s) and 2)
gradual condensation of the solute-rich regions (i.e., dense liquid
phase) (Fig. 1C: t = 31 s) into denser aggregates, which then 3)
transform into cuboidal nanoparticles (Fig. 1C: t = 62 s). As we
show in Fig. 1 A and B, these nanocubes are the MOF crystals.
Despite revealing the evolution dynamics of individual cuboidal
MOF nanocrystals, these observations still lack the spatial reso-
lution necessary for identifying the phases of the intermediate
structures before the nanocubes form. Moreover, it is important to
establish that the nucleation pathway observed in situ is generally
applicable to MOFs produced under typical synthesis conditions.
To establish the exact characteristics of the intermediate

solute-rich phase and validate that the crystallization of MOFs
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Fig. 1. Nucleation pathway of cuboidal ZIF-8 nanocrystals. (A) TEM image (Left) and the corresponding Fourier transform (Right) of a ZIF-8 nanocube. (B) Cryo-TEM
image (Left) and the corresponding electron diffraction pattern (Center) of a typical ZIF-8 nanocube. Out of 95 nanocubes, 94 (≈99%) display clear diffraction patterns
consistent with crystalline ZIF-8 (Right). (C) Time series of in situ TEM images showing the formation of ZIF-8 nanocubes from a reaction solution (see Movies S1 and S2
for processed and raw image series, respectively). Here, the solution (t = 1 s) phase separates into solute-rich (dark gray contrast) and solute-poor (lighter gray contrast)
regions (t = 15 s). Next, these solute-rich regions condense into aggregates (t = 31 s), which then crystallize into ZIF-8 nanocubes (t = 62 s) similar to that shown in B. (D)
Schematic illustration of the nucleation process. See SI Appendix, Fig. S2 and Movie S3 for additional experimental results taken under the same conditions.
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during a bench top synthesis follows the same pathway as the one
observed in in situ liquid-phase TEM experiments (Fig. 1 C and
D), we studied the reaction solutions plunge frozen at different
reaction time points using cryo-TEM and electron diffraction
imaging (Fig. 2). The cryo-TEM images offer a snapshot of the
intermediate and final reaction products (Fig. 2A), free of any
possible electron-beam-induced artifacts, whereas their corre-
sponding diffraction patterns as shown in Fig. 2B reveal the
crystallinity of the products (25). At t = 10 s, the initial reaction
solution, for the most part, is homogeneously mixed (Fig. 2A).
Seldom, we find very small (K5 nm) clusters (SI Appendix, Fig.
S3), which are most likely small complexes of Zn2+ ions and
2-methylimidazole linkers that may spontaneously form before
the obvious phase separation of the reactants in a solution (40).
In the cryo-TEM images taken at t = 60 s (Fig. 2A), we observe
an intermediate solute-rich phase consistent with the in situ ex-
periments (Fig. 1C: t = 15 s). Furthermore, the solution frozen at
t = 120 s (Fig. 2A) displays amorphous aggregates (Fig. 2B) that
are denser (darker contrast) and smaller in size than the solute-
rich liquid phase at t = 60 s (Fig. 2A). This trend showing the
condensation of the solute-rich phase into an amorphous aggre-
gate is again consistent with the in situ condensation process
(Fig. 1C: t = 15 to 31 s). In fact, in our cryo-TEM images acquired
at later reaction stages (SI Appendix, Fig. S5), we occasionally
capture amorphous nanoparticles that just started to resemble
nanocubes (similar to our in situ results, Figs. 1C and 3A: t = 31 s)
but still lack clear cuboidal morphology, implying that the crys-
tallization has not occurred yet. Finally, the reaction solution
frozen at t = 300 s (Fig. 2A) displays crystalline MOFs with a well-
defined cuboidal shape similar to the in situ end products (Fig. 1C:
t = 62 s) and diffraction spots consistent with the crystal structure
of ZIF-8 (Fig. 2B) (35). To underscore the importance of com-
bining direct time-resolved imaging with cryo-TEM imaging when
describing dynamic processes, we highlight here that our conclu-
sions from these results differ from a recent study based on cryo-
TEM imaging, which found that amorphous aggregates form first
and then dissolve and crystallize into MOFs (41). The crystalli-
zation steps from our in situ liquid-phase TEM studies and our
cryo-TEM imaging and diffraction studies show that an amor-
phous aggregate, which serves as a direct precursor for MOF

crystallization, forms from the condensation of the solute-rich
phase. Thus, the liquid–liquid phase separation is the first criti-
cal prenucleation step for MOF formation, which was overlooked
by earlier models for MOF nucleation (30, 31, 41).
To better understand how solute-rich phases transform into

ZIF-8 nanocubes, we tracked their evolution dynamics in detail
(Fig. 3). The solute-rich regions display a viscous fluidlike be-
havior (Fig. 3 A–C) prior to their condensation (into amorphous
aggregates) and crystallization as seen from the gradual increase
in their TEM image contrasts (21). However, not all of the
solute-rich regions transform into aggregates. Fig. 3 D and E
shows how solute-rich phases emerge from the solution only to
redissolve and disappear back into the solution without forming
any dense aggregates. The likelihood of condensation and dis-
solution of the metastable solute-rich phase has implications for
the nucleation rates and overall synthesis of MOFs because the
crystallization is possible only when the solute-rich phase con-
denses into an amorphous aggregate.
To identify the origin of the interactions that drive the ob-

served phase separation of the solution into solute-rich and
solute-poor regions (Fig. 1C), we performed molecular dynamics
(MD) simulations. In these simulations, we tracked the trajectory
of interacting complexes that form when 2-methylimidazole
linkers react with Zn2+ ions (SI Appendix, Molecular Dynamics
Simulations). These complexes can come in many different sizes,
but for simplicity, we only considered complexes of three dif-
ferent sizes (SI Appendix, Fig. S8), which are sufficient to qual-
itatively describe how the liquid–liquid phase separation occurs.
Furthermore, CTAB that stabilizes the side facets of a cuboidal
MOF in our experiments was also omitted from these simula-
tions because the simulations focus only on the phase separation
of reactants and their subsequent aggregation. We tested three
types of complexes. The first type is nonpolar complexes with
zero net charge, which did not phase separate to form aggregates
and remained dispersed within the solution (SI Appendix, Figs.
S8 A–C and S9). Charged complexes, which are the second type,
assemble into very rigid amorphous structures that will not tran-
sition into crystalline MOFs (SI Appendix, Fig. S11). As a final third
case, we tested the interaction of neutral, but polar, complexes
(Fig. 4A). These polar complexes were neutralized by removing the

100 nm

1 nm-1

10 s 60 s 120 s 300 sA

B

Fig. 2. Cryo-TEM and electron diffraction images showing different stages of MOF nucleation. (A) Cryo-TEM images of the room-temperature reaction
solutions plunge frozen after 10, 60, 120, and 300 s. These reaction stages compare well with the different stages identified from the in situ observations
shown in Fig. 1C. (B) Selected area diffraction patterns corresponding to the cryo-TEM images in A show that only final nanocubes possess the crystalline
phase associated with ZIF-8 structure, while all the reaction products prior to this step are amorphous. Also, see SI Appendix, Fig. S4 for more cryo-TEM
images. The red and orange arrows highlight the (044) diffraction spots from the two different nanocubes in A at t = 300 s.
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appropriate number of protons from 2-methylimidazole (Fig. 4A).
The simulations tracking the trajectory of these complexes reveal
that attractive dipolar interactions between the complexes drive
their gradual condensation into gel-like aggregates (Fig. 4B and SI
Appendix, Fig. S12), and the strength of the dipolar interactions
increases with the size of the complexes (SI Appendix, Fig. S13).
The condensation of the solute-rich phase into amorphous aggre-
gates is best described by plotting the time-dependent evolution of
the cluster size distribution represented in the form of the Zn
atoms within the cluster. This plot in Fig. 4C reveals the emergence
of larger aggregates as the number of smaller complexes decreases.
While MD simulations cannot describe the crystallization of the
aggregates, the flexible nature of the aggregates hints that the

nucleation most likely occurs by a sequential recrystallization
process involving the formation and breaking of the relevant bonds
within the aggregates as redundant molecules are expelled (42, 43).
To comment on the observed redissolution of the metastable

solute-rich phase (Fig. 3 D and E), we speculate that the redis-
solution may occur due to the low concentration of metal ions
(Zn2+). To test this hypothesis, we imaged the solutions con-
taining only 2-methylimidazole using cryo-TEM (SI Appendix,
Fig. S6), and consistent with our hypothesis, we did not find any
crystalline MOFs or traces of dense liquid phase (i.e., solid-rich
regions) and amorphous aggregates, indicating that the solution
did not phase separate at low solute concentrations. These ob-
servations are consistent with our MD simulations, which predict
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Fig. 3. Evolution dynamics of the fluidlike solute-rich phases. (A–C) Time series of in situ TEM images showing the gradual condensation of the solute-rich
liquid regions into dense aggregates (fourth panel) and then into ZIF-8 nanocubes (Movies S4–S6). The aggregates are direct precursors for cuboidal ZIF-8
nanocrystals. (D and E) Time series of in situ TEM images showing the dissolution of the solute-rich regions back into the solution (Movies S7 and S8). In both
cases, solute-rich regions are highly dynamic and display fluidlike behavior. (F) Schematic illustration showing the crystallization of MOFs from a solution. Red
and blue shapes represent Zn2+ ions and 2-methylimidazole (2-MeIm), respectively.
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that linkers with low Zn2+ content interact weakly and do not
readily phase separate into solute-rich regions within the simu-
lation timescales (SI Appendix, Molecular Dynamics Simulations).
Comparing the observed crystallization to the existing nucle-

ation models for MOFs and other classes of materials with

topologically similar structures can highlight how the difference
in intermediate structures might affect the overall crystallization
process. For example, in the case of zeolites, microporous alu-
minosilicates, whose nucleation and growth have been explored
in great detail because of their importance for catalysis (44),
nucleation occurs through a two-step process (45). These steps
are the formation of intermediate stable gel-like precursors via
monomer aggregation and crystallization of zeolites deep within
these gels (46, 47). The current models for MOF crystallization
bear a resemblance somewhat similar to the crystallization path-
way of zeolites and propose that linkers and metal ion complexes
form small solid clusters via coagulation, which then grow into
amorphous nanoparticles by monomer addition, followed by
crystallization of these stable nanoparticles (30, 31). Again, these
indirect models contrast our direct observations, which identify
phase separation and condensation of the metastable fluidlike
solute-rich phase to be the key steps that produce local regions
with high reactant concentrations needed for crystals to form.
Although our observations show a metastable amorphous ag-

gregate to be a direct precursor for MOF crystallization, they still
lack the spatial resolution needed to identify the details of mo-
lecular mechanisms involved in the nucleation process. The next
big challenge is to determine how individual ions and linkers
react in a solute-rich liquid phase and also rearrange within the
amorphous aggregates to form MOF crystals. At present, it is not
entirely clear whether the crystallization occurs directly during
the reaction of monomers or via self-assembly of individual nu-
cleation (40, 48) or a secondary building unit (49, 50) comprising
reacted metal ion and linker complexes (51, 52) and when and
how these building units form. Moreover, we note that MOFs are
also often synthesized through different solvents and at elevated
temperatures, all of which affect the reaction outcome (38, 53).
At present, imaging beam-sensitive materials is challenging be-
cause, at elevated temperatures, the electron beam can signifi-
cantly alter reaction chemistry (54, 55). We envision that with the
further improvement in liquid cell reactors, detectors, and im-
aging methods and analysis, we will be able to explore the crys-
tallization processes in such systems with great detail.
Finally, we comment on why ultralow electron flux needs to be

maintained during the imaging. First, we had established that the
observed formation of the ZIF-8 nanocubes in the liquid cell is
not caused by the electron beam by flowing the precursor solution
into the cell while keeping the electron beam blanked. After
roughly 10 min, we unblanked the beam (≈0.05 e− Å−2 s−1) and
acquired the TEM images and found ZIF-8 nanocubes in the field
of view. These nanocubes start to dissolve only after approximately
100 s of imaging, indicating the onset of beam-induced effects at a
very low cumulative dose of 5 e− Å−2 (SI Appendix, Fig. S7).

Conclusions
Our observations clearly show that, in an aqueous solution, ze-
olitic imidazolate framework nanocrystals nucleate through a
sequence of three distinct steps that are not accounted for by
current nucleation models for MOFs and other porous crystal-
line structures. These stages are phase separation of the reaction
solution into solute-rich and solute-poor phases, followed by
direct condensation of the metastable solute-rich phases into
amorphous aggregates, which then crystallize to form MOF nano-
particles. We expect the observed sequence of nucleation steps to
be general for the crystallization process and amorphous aggregates
to be a prenucleation precursor directly responsible for the for-
mation of a crystalline phase. The broader significance of our ap-
proach is that it enables direct imaging of elusive pathways through
which many beam-sensitive materials may form and transform.
Extending these kinds of studies to biological and other organic
molecules will be essential for developing a better and broadly
applicable framework that can describe how different classes of
materials form from a solution.
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Materials and Methods
Chemical Reagents. The reagents used in this study are zinc nitrate hexa-
hydrate [Zn(NO3)2·6H2O; catalog number 520918-5G, Sigma-Aldrich Co.],
2-methylimidazole (catalog number M50850-100G, Sigma-Aldrich Co.), and
CTAB (catalog number 52370-500G, Sigma-Aldrich Co.). These reagents were
used as received without further purification. Solutions were prepared using
deionized water with a resistivity of 18.2 MΩ cm.

Synthesis of Cuboidal ZIF-8 Nanoparticles. To synthesize the ZIF-8 nanocubes,
we followed the protocol developed by Chou et al. (39), where we opti-
mized the reactant concentrations and reaction times of their protocol to
make it more suitable for our in situ studies. For a typical synthesis, the re-
action solution for synthesizing ZIF-8 nanocubes was prepared by mixing
0.1 mL of 195 mM Zn(NO3)2, 0.7 mL of 1.58 M 2-methylimidazole, and 0.7 mL
of 1.1 mM CTAB solutions at room temperature for up to 10 to 180 min. The
final concentrations of Zn(NO3)2, 2-methylimidazole, and CTAB in the solu-
tion were 13 mM, 0.74 M, and 0.51 mM, respectively. Our protocol enabled
us to drastically reduce the reaction times needed to obtain the nanocubes.
Extending the reaction time causes the nanocubes to grow further (i.e., the
size of the nanocubes increases). For example, the nanocubes from 10 and
180 min reactions have side lengths in the range of 30 to 80 and 30 to 100
nm, respectively (SI Appendix, Fig. S1 A and B).

The crystallinity of the samples was confirmed by measuring their X-ray
diffraction (XRD) spectra (SI Appendix, Fig. S1C). Here, the reaction products
were washed with deionized water twice by centrifugation at 10,000 rpm
for 5 min and resuspension, after which they were dried at 60 °C for 180 min.
The XRD measurements were done using a Bruker D8 Advance X-ray dif-
fractometer with a generator power voltage and current of 40 kV and
40 mA, respectively (Bruker Singapore Pte. Ltd.).

In Situ TEM Imaging Experiments. Each liquid cell was assembled from two
custom microfabricated 2.6 × 2.6 mm2 Si chips. A chip had a 25-nm-thick SiNx

window with dimensions of 200 × 25 μm2 in the center (56). Before in situ
experiments, the chips were washed and dried with acetone (catalog number
650501-1L, Sigma-Aldrich Co.), isopropyl alcohol (catalog number 650501-1L,
Sigma-Aldrich Co.), and deionized water. Before assembling in the TEM flow
holder (Hummingbird Scientific), the chips were treated with oxygen plasma
using an Emitech K100X glow discharge unit (Quorum Technologies) to render
their surfaces hydrophilic. The treatment was done by setting the plasma current
to 15 mA with negative discharge polarity for a duration of 45 s. Next, the liquid
cells were assembled inside the TEM flow holder while ensuring that the mem-
branes from the bottom and top chips were aligned, and then the holder was
inserted in a TEM for in situ imaging. After quickly checking that the TEM was
aligned and the membrane windows were visible under the electron beam, we
prepared a fresh precursor solution for MOF synthesis, loaded it into a syringe,
and flowed it into the liquid cell at a flow rate of 5 μL min−1 until the solution
reached the window area of the liquid cell. It takes about 1 to 2 min for the
freshly prepared precursor solution to reach the SiNx membrane windows. Once
the solution reaches the membrane windows, we imaged the solution with an
electron beam at a flux of ≤0.05 e− Å−2 s−1. The typical thickness of the solution
sandwiched between the two SiNx membrane windows in these liquid cells
ranges from 100 to 300 nm (57). To underscore the importance of rapid loading
of fresh precursor solution in capturing the crystallization events, we mention
that when there is a significant delay between the loading of precursor solution
into the cells and imaging, we would occasionally miss the crystallization process
and find MOF nanocubes to be already present in the solution upon imaging.

Cryo-TEM Imaging Experiments. To prepare samples for cryo-TEM imaging, we
applied 3.5 μL of the reaction solution onto freshly plasma cleaned Quantifoil
TEM grids (200 mesh Cu TEM grid Quantifoil holey carbon films with 2 μm holes,
R 2/2; Quantifoil Micro Tools GmbH). The reaction solutions were applied to the
TEM grids immediately after the solutions were prepared and then plunge
frozen in cooled liquid ethane using the automated vitrification robot (FEI
Vitrobot Mark IV; Thermo Fisher Scientific Ltd.) after 10, 60, 120, 180, and 300 s
of their preparation. Note that for each reaction time, we prepared at least three
different solutions and imaged multiple areas of the grids. For example, as

mentioned in Fig. 1C, 95 nanocubes were imaged to unequivocally establish the
relationship between the cuboidal shape and the crystallinity of ZIF-8 nanocubes.

TEM Imaging and Image Processing. All TEM images and movies were acquired
using a JEOL2200FS TEMwith an accelerating voltageof 200 kV (JEOL Ltd.). Cryo-
TEM images and images from drop casted and dried specimens were recorded
using an Orius SC200 CCD TEM camera (Gatan, Inc.). The in situ liquid phase TEM
movies were recorded at a frame rate of 20 frames per second and at a mag-
nification ranging from 8,000× to 20,000× using a DE-16 direct detector (Direct
Electron, LP). For the in situ imaging, we maintained the electron flux
at ≤0.05 e− Å−2 s−1. High-resolution TEM images, similar to those shown in
Fig. 1A, were taken with an FEI Titan TEM (Thermo Fisher Scientific Ltd.) oper-
ated at 300 kV, and the images were recorded with a K2 IS camera (Gatan, Inc.).

To prevent beam-induced artifacts during the in situ TEM imaging of MOF
nucleation, we had to use an ultralow electron flux of ≤0.05 e− Å−2 s−1.
Because of this low-flux imaging condition, the raw in situ TEM image series
were extremely noisy and very difficult to interpret (Movie S2). To improve the
image contrast, first, we averaged five consecutive raw frames in an image se-
quence file and performed drift correction across the averaged frames using the
template matching and slice alignment plugin (58, 59) in ImageJ (60). Second,
the drift correction parameters obtained from ImageJ were further smoothened
by fitting them to a sixth-degree polynomial using the NumPy (61) and OpenCV
(62) library in Python version 2.7 (63). Third, we applied the drift correction
parameters from the polynomial fit to all the raw frames. Fourth, we then
reaveraged five consecutive drift-corrected frames to improve the signal-to-noise
ratio of the images. Fifth, we applied a three-dimensional Gaussian filter with
σx = σy = 0 pixels and σz = 5 pixels to remove high-frequency features. Here, z is
the time axis of the image stack. This processing produced images with a much
better contrast (Movie S1). Also, note that the images in Fig. 3 were false colored
using the “UnionJack” color scheme in ImageJ; the processed movies corre-
sponding to Fig. 3 are provided as Movies S4–S8.

Molecular Dynamics Simulations. MD simulations were performed with the
NAMD (Nanoscale Molecular Dynamics) software package (64) in an NPT
ensemble at T = 300 K, using the Langevin dynamics with a damping constant
of γLang = 0.1 ps−1 and a time step of 2 fs. The CHARMM (Chemistry at Harvard

Macromolecular Mechanics) general force field (65, 66) was implemented for
the bond, angle, and dihedral parameters of the water molecules and dif-
ferent complexes comprising linkers and Zn ions. Nonbonding interactions
between these molecules, such as a van der Waals (vdW) attraction and a steric
repulsion, were described by the Lennard-Jones (LJ) potential,

ULJ(r) = «[(rmin

r
)12 − 2(rmin

r
)6],

where « is the minimum (negative) energy of the coupling and rmin is a
distance whereULJ(rmin) has a local minimum, both of which are provided by
the CHARMM force field. Here, the r−12 and r−6 terms represent an atomic
repulsion due to overlapping electron orbitals and the vdW attractive coupling,
respectively. The LJ potential implemented in NAMD has a typical cutoff dis-
tance of 1 nm. The electrostatic coupling between ions and partially charged
atoms, which also belongs to nonbonding interactions, has a cutoff similar to
that of the LJ potential, but its long-range part is calculated by the particle mesh
Ewald (PME) method (67) in the presence of periodic boundary conditions.

To obtain the initial force field parameters of the simulated molecules, we
prepared all the structures by replacing Zn atoms with tetrahedral C atoms.
Once the different types of complexes were tested in our simulations and
their corresponding charges were obtained from the CHARMM force field,
we used the VMD force field toolkit plugin to find appropriate parameters for
all the structures after subsequent replacement of C and Zn atoms.

Data Availability.All study data are included in the article and/or SI Appendix.
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