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Analysis of metal-organic framework (MOF) structure by electron microscopy and electron diffraction offers an
alternative to growing large single crystals for high-resolution X-ray diffraction. However, many MOFs are
electron beam-sensitive, which can make structural analysis using high-resolution electron microscopy difficult.
In this work we use the microcrystal electron diffraction (MicroED) method to collect high-resolution electron
diffraction data from a model beam-sensitive MOF, ZIF-8. The diffraction data could be used to determine the
structure of ZIF-8 to 0.87 A from a single ZIF-8 nanocrystal, and this refined structure compares well with

previously published structures of ZIF-8 determined by X-ray crystallography. This demonstrates that MicroED
can be a valuable tool for the analysis of beam-sensitive MOF structures directly from nano and microcrystalline

material.

1. Introduction

Metal-organic frameworks represent a new class of microporous
materials. Zeolitic imidazolate frameworks (ZIFs) are a subcategory of
highly crystalline MOF materials bearing zeolitic topologies finding
wide variety of applications in adsorption, separation, gas storage, and
heterogeneous catalysis. ZIF-8 with sodalite (SOD) topology has been
among the most extensively studied ZIF materials [1, 2]. Many MOF
structures are determined by single crystal X-ray diffraction [3], how-
ever this requires the growth of large crystals to withstand the effects of
radiation damage and allow the collection of sufficient diffraction data.
In some cases, powder diffraction data alone can be used for structure
determination; however, this can be a more difficult approach. Because
MOFs are often synthesized as micro and nanocrystals, the use of
transmission electron microscopy offers a way to study the MOF
structure directly from the synthesized material. Collecting data at
cryogenic temperatures improves data collection from beam-sensitivity
MOFs, and this can be further improved by using low dose imaging
conditions (in the range of 4 — 12 e~ /A2 total exposure) and direct
electron detection [4-7]. Imaging thin sections of MOF fragments pro-
vides an excellent approach for directly visualizing interfacial, surface,
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and local structure of these beam sensitive materials.

As an alternative to imaging based TEM structure determination
methods for overall structure determination, electron diffraction can
also be employed for high-resolution structure determination from
crystalline materials, including MOFs [8-11]. In recent years, electron
microscopy methods, such as microcrystal electron diffraction (Mi-
croED) [12, 13], have been employed to determine the structures of a
variety of samples from various fields including materials science, or-
ganic chemistry, and structural biology [12-18]. A key benefit of elec-
tron diffraction is that crystals several orders of magnitude smaller than
those used for single crystal X-ray methods can be used for high-re-
solution structure determination, which bypasses the often times diffi-
cult and time-consuming steps of growing large single crystals for
structural analysis.

As is the case with imaging, very low electron dose must be used
when beam-sensitive materials are being analyzed by electron diffrac-
tion. MicroED is a technique that uses ultra-low dose to collect electron
diffraction data at cryogenic temperature from very small microcrystals
as the stage continually rotates [12, 13, 19]. By using sufficiently low
dose and continuous rotation of the sample, large volumes of reciprocal
space can be sampled before the crystal is overcome by radiation
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damage [20, 21], which allows for the indexing and integration of the
diffraction data set. MicroED has been successfully applied to many
samples including proteins, peptides, small molecules, and natural
products [22-32].

In this work, we make use of ZIF-8 as a model beam-sensitive MOF
[5] and demonstrate that MicroED data collection procedures are sui-
table for rapid structure determination of these materials at very high-
resolution. The ZIF-8 MicroED data were collected and processed using
a cryo-TEM equipped with a high-speed camera for diffraction data
collection, and did not require any other specialized hardware. The ZIF-
8 data from a single crystal were processed to 0.87 A and an ab initio
structure was determined, which compares well to previously solved
structures of ZIF-8 determined by single crystal X-ray crystallography.

2. Methods
2.1. ZIF-8 synthesis

ZIF-8 crystals were synthesized by modifying the procedure re-
ported by Tanaka and co-workers [33]. All chemicals were purchased
from Sigma-Aldrich (U.S.A) unless otherwise stated. Zinc nitrate hex-
ahydrate [Zn(NO3).6H,0] (98%, 0.297 g) was dissolved in 20 ml of
deionized water and 3.28 g of 2-methylimidazole (MeIM) was dissolved
separately in 20 ml of deionized water. The separate dissolved solutions
were stirred for 10 min. The imidazole solution was poured into the
zinc solution and stirred for 1 h. The solution quickly became cloudy
and a suspension was obtained. The final molar composition of the
synthesis solution was Zn*: MeIM: Water = 1: 40: 2227. After mixing,
the resultant white solution was centrifuged at 5000 g for 10 min and
washed with methanol (VWR, 99.8%) 3 times. The Products were then
dried overnight in vacuum oven at room temperature. The morphology
and crystallographic properties of ZIF-8 crystals was examined using
scanning electron microscope (SEM, Amray 1910) and X-ray powder
diffraction (XRD, AXS-D8, Bruker) with a scan step of 0.015° using Cu
Ka radiation (A = 1.543 A), respectively.

2.2. MicroED ZIF-8 sample preparation

Dried, lightly ground ZIF-8 crystals (0.004 g) were placed in a glass
vial containing 100 ml of methanol to form 0.005 wt.% colloidal ZIF-8
solution. 2 pL of prepared solution were applied onto the surface of
glow-discharged Quantifoil 300-mesh 2/2 grids, and dried by eva-
poration for a few minutes. Grids were subsequently placed into auto-
loader cartridges under liquid nitrogen and loaded into a Titan Krios
cryo-TEM (Thermo Fisher Scientific) operated at 300 kV and equipped
with a CETA D detector (Thermo Fisher Scientific), which was used for
diffraction data collection.

2.3. MicroED data collection

MicroED data were collected using similar protocols described
previously [19, 34]. Low-dose settings for the Titan Krios cryo-TEM
were employed throughout screening and data collection steps. Crystals
that were well-separated from other crystals on the grid were identified
using low magnification search mode. Upon the identification of single
microcrystals suitable for data collection, initial diffraction patterns
were collected by switching the microscope into diffraction mode using
the pre-calibrated and aligned “exposure mode” within the low dose
settings. If a high quality diffraction pattern was obtained, the micro-
scope was put back into search mode and the maximal tilt range of for
data collection (i.e. the range where crystal remained centered and no
other crystals or grid bars moved into the path of the beam) was de-
termined. The stage was tilted to the maximum angle and the selected
area aperture and beam stop were inserted. The selected area aperture
size was selected such that the entire crystal was within the aperture
while also minimizing the area surrounding the crystal. MicroED data
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Fig. 1. (A) SEM micrograph of synthesized ZIF-8 and (B) XRD powder dif-

fraction data of standard [41] and synthesized ZIF-8 crystals. Scale bar in A
represents 1 pym.

sets were collected by continuously rotating the crystal (0.7° per
second) in the beam as the CETA D camera was continuously acquiring
diffraction frames at a rate of 2 s per frame. The exposure rate was
approximately 0.02 e~ /A? per frame.

2.4. Data processing and structure determination

Diffraction data sets were converted to SMV format [35] and in-
dexed, integrated and scaled using XDS [36]. The structure of ZIF-8 was
ultimately determined with data from a single crystal by direct methods
using SHELXT [37] followed by refinement using the ShelXle interface
[38].

3. Results and discussion

The morphology of the synthesized ZIF-8 crystals were observed by
SEM as shown in Fig. 1A. ZIF-8 crystals shows an approximate isotropic
hexagon envelope with particle size range of 200 to 800 nm. The XRD
powder diffraction pattern from prepared ZIF-8, is consistent with that
of standard ZIF-8 samples reported in literature [39-41] (Fig. 1B), thus
revealing the successful synthesis of ZIF-8. The as-synthesized ZIF-8
particles were suspended in methanol, and this solution was directly
deposited on a holey carbon coated EM grid. Following the evaporation
of the methanol from the surface of the grid, the EM grid was loaded
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Fig. 2. ZIF-8 crystals yield high resolution diffraction patterns. (A) A low
magnification search of the EM grid shows well-dispersed ZIF-8 crystals on the
surface of the holey-carbon. (B) Electron diffraction pattern collected from a
high-quality ZIF-8 nanocrystal shows sharp and well-separated spots extending
to high-resolution. This diffraction pattern represents what was typically seen
for crystals which were used for MicroED data collection. Scale bar in A re-
presents 3 pm.

into the Titan Krios cryo-TEM and the ZIF-8 particle distribution was
assessed. The distribution of particles is important for MicroED because
individual crystals need to be isolated for data collection to ensure that
data from multiple crystals is not collected. When viewed at lower
magnification, it can be seen that while many of the ZIF-8 nanoparticles
preferred to clump together, there were a significant fraction of parti-
cles that were well-dispersed and amenable to data collection (Fig. 2A).

ZIF-8 crystals ranging in diameter from approximately 200 nm to
800 nm could be seen on the grids. While screening crystal quality by
taking initial diffraction patterns from each crystal, it was found that
the diffraction data became qualitatively worse (i.e. lower resolution
and more background noise from the increased diffuse scattering) as the
size of the ZIF-8 nanoparticles approached the larger end of the size
range (approximately 400 nm to 800 nm in diameter). The crystals
which were on the smaller end of the size range (approximately 200 nm
to 400 nm in diameter), generally produced better diffraction, and
crystals that produced the data with the highest resolution and sharpest
diffraction spots were used for data collection (Fig. 2B). Ultimately, the
crystal that produced the data used for structure determination was
approximately 200 nm across and 200 nm thick. This is significantly
smaller than the size of crystals used for single crystal X-ray methods
which have dimensions on the order of tens to hundreds of micro-
meters.

In a previous study, it was demonstrated that ZIF-8 samples rapidly
lose their crystallinity in the electron beam [5]. Therefore, the total
exposure for each crystal during the course of MicroED data collection
was kept to ~1 e~ /A2, which is much lower than the what was used the
recent high-resolution imaging studies of ZIF-8 particles [4, 5, 7]. The
time to collect a MicroED data set is relatively short (in the range of 1 to
2 min for the ZIF-8 samples), and because many of the ZIF-8 nano-
crystals in the 200 to 400 nm size range diffracted to beyond 1 A, we
could specifically focus on crystals of this size. This allowed the col-
lection of many high-resolution data sets in a short amount of time.
With sample loading, microscope setup, crystal screening for only the
best crystals, and data collection are all taken into account, we collected
12 high-quality data sets in approximately 2 h. The ability to rapidly
collect a large number of data sets is a great advantage for the use of
MicroED in the study of MOFs and other organic, biological, or beam-
sensitive crystalline samples.

While data from many crystals were collected, because of the high
symmetry of the ZIF-8 nanocrystals, data from a single crystal could
ultimately be used for structure determination to 0.87 A (Table 1).
When processed, data from one single crystal resulted in a data set that
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Table 1
Data collection and refinement statistics.

ZIF-8
Data collection
Excitation Voltage 300 kv
Wavelength (A) 0.019687
Number of crystals 1
Data Processing
Space group 1-43m
Unit cell length a = b = ¢ (&) 16.880
Anglesa =B =y (") 90.00
Resolution (A) 8.45 - 0.87
Number of reflections 7466
Unique reflections 407
Rops (%) 34.3 (159.0)
Rineas (%) 35.8 (163.3)
I/0y 4.37 (1.11)
CCy,» (%) 97.2 (57.0)
Completeness (%) 99.8 (100.0)
Structure Refinement
R1 0.1779
wR2 0.3411
GooF 1.011

Values in parentheses represent numbers in the highest resolution
shell (1.02 - 0.87 A).

was 99.8% complete. It should be noted that many other crystals in the
data sets collected could also be used for structure determination as
well. The direct methods solution found was in space group I-43 m and
5 atoms were placed within the asymmetric unit, which is what would
be expected for ZIF-8. Following structure refinement (R1 = 0.1779,
wR2 = 0.3411, and GooF = 1.011) and expanding the asymmetric
unit, the structure of ZIF-8 can be seen, with each zinc being co-
ordinated by 4 MeIM ligands and each ligand bridges 2 zinc atoms
(Fig. 3). This produces the typical SOD zeolite type structure with
hex-zinc-atomic open ring channels of 3.4 A in diameter. Both the unit
cell parameters and atom positions of the MicroED structure compare
well with previous ZIF-8 structures determined by single crystal X-ray
diffraction [39, 42, 43], with differences in bond lengths between the
MicroED structures and the X-ray structures being in the range of 0.03
to 0.07 A.

Conclusion

The accurate determination MOF structure is critical to under-
standing and engineering the properties of these materials, and it is
important to make use of methods capable of facilitating the rapid
determination of beam-sensitive MOFs. The cryo-EM method of
MicroED is a fast and reliable method for structure determination from
micro and nanocrystals, and we have shown here that this procedure
can be easily extended to the ab initio structure determination and
analysis of beam sensitive MOFs. A benefit of the MicroED method is
that it can be performed on many of the same cryo-TEM instruments
used for high-resolution imaging. Future combinations of MicroED
structure determination with low-dose high-resolution imaging could
allow multi-leveled analysis of beam-sensitive materials from a single
sample, where diffraction is used for high-resolution structure de-
termination and the images can analyze surface and interfacial struc-
ture. This would further establish low-dose cryo-TEM as an invaluable
tool for understanding MOF structure and function.

Data availability

Coordinates for ZIF-8 have been deposited in the Cambridge
Structural Database (CCDC 1997958)
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Fig. 3. MicroED structure and unit cell of ZIF-8 viewed in different orientations (A) and the surrounding density (B). The maps in panel B are contoured at 0.80 (gray)
and 2.40 (blue). Hydrogens are omitted from the figures for clarity.
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