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Abstract

We report new advancements in the determination and high-resolution structural
analysis of beam-sensitive metal organic frameworks (MOFs) using microcrystal electron
diffraction (MicroED) coupled with focused ion beam milling at cryogenic temperatures
(cryo-FIB). A microcrystal of the beam-sensitive MOF, ZIF-8, was ion-beam milled in a
thin lamella approximately 150 nm thick. MicroED data were collected from this thin
lamella using an energy filter and a direct electron detector operating in counting mode.
Using this approach, we achieved a greatly improved resolution of 0.59 A with a minimal
total exposure of only 0.64 e/A2. These innovations not only improve model statistics but
also further demonstrate that ion-beam milling is compatible with beam-sensitive
materials, augmenting the capabilities of electron diffraction in MOF research.
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1. Introduction

Metal-organic frameworks (MOFs) continue to attract attention in material science due
to their diverse applications, from gas storage to catalysis [1]. These porous materials
have a three-dimensional structure, often consisting of metal ions or clusters coordinated
to organic ligands, and they are particularly renowned for their large surface areas. Within
this family, Zeolitic Imidazolate Frameworks (ZIFs) offer unique benefits, including
chemical robustness, scalable synthesis, and varied topologies. ZIF-8, characterized by
its sodalite (SOD) topology, serves as a model system, given its particular relevance for
storage and separation tasks [2]. ZIF-8 is frequently utilized due to its stability and
flexibility in various applications. The use of X-ray crystallography has been the key tool
for high-resolution structure determination of MOFs [3], however this is dependent on the

growth of large crystals that can be difficult for many samples.

As an alternative, transmission electron microscopy (TEM) has thus proven invaluable
for studying MOFs as TEM accommodates micro and nanocrystals, sidestepping the
need for the larger crystals typically demanded by X-ray methods. While high-resolution
TEM imaging and electron diffraction methods have been successfully used on MOFs [4-
8], the beam-sensitive nature of many MOFs, such as ZIF-8, poses challenges. To help
overcome this hurdle, TEM's low-dose imaging and cryogenic settings can be used to
mitigate radiation damage. Microcrystal electron diffraction (MicroED), a specialized
cryoEM technique within the TEM umbrella [9, 10], brings additional advantages. This
methodology has been applied to a wide variety of samples, from biological
macromolecules to small molecules and materials. MicroED employs ultra-low electron
doses and cryogenic conditions to preserve the native state of beam-sensitive samples
and reduce the effects of radiation damage [11]. Coupled with rapid data collection and
electron counting cameras, these features facilitate high-resolution structure
determination while minimizing radiation-induced alterations. MicroED was previously
applied to ZIF-8, resulting in a 0.87A structure from a single nanocrystal, thereby
demonstrating the applicability of the technique to the study of beam sensitive MOFs [12].
While imaging and diffraction-based TEM methods are powerful tools for MOF structure

determination, a key limitation is the requirement for very thin samples. For example, the
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previous MicroED study on ZIF-8 made use of a crystal that was approximately 200 nm
in diameter to produce the high-resolution structure, where ZIF-8 crystals that were larger
(400 — 800 nm) produced lower quality data [12]. This constraint on crystal thickness can
be particularly problematic for the cases where crystals are too thick for electron
diffraction data collection, yet still too small for X-ray crystallography.

To advance the use of electron diffraction methodologies on the study of MOF
structure further, we sought to incorporate the use of focused ion beam milling (FIB) under
cryogenic temperatures (cryo-FIB) into the MicroED structure determination workflow to
control crystal thickness. FIB milling has generally been used in semiconductor
manufacturing and materials science for site-specific analysis, deposition, and ablation of
materials. The use of FIB milling for sensitive samples is often thought to be too damaging
for high-resolution studies. However, recently it has been shown that the use of cryo-FIB
milling can facilitate high-resolution imaging of MOF samples up to 1.2 A [13, 14]. For
macromolecular crystallography, coupling cryo-FIB milling of crystals with MicroED
analysis for high-resolution structure determination has become a powerful approach,
with several recent studies using these methods [15-19]. However, this approach has not

yet been demonstrated for electron diffraction of organic frameworks.

In this work we have applied cryo-FIB milling to reduce ZIF-8 microcrystals,
approximately 15 ym in size, to lamellae roughly 150 nm thick. This preparation step
optimizes the crystals for MicroED data collection. Additionally, we incorporate an energy
filter with a 5 eV width and employ a Falcon 4i direct electron detector in counting mode
to improve data quality. Together these enhancements led to a resolution of 0.59 A, an
improvement from our previous 0.87 A ZIF-8 structure and was achieved with an ultra-
low exposure of only 0.64 e/A2. Importantly, this study verifies that cryo-FIB milling,
previously instrumental in improving MicroED data quality for macromolecular crystals,
can be applied effectively to MicroED analysis of non-biological, beam-sensitive materials
without inducing significant damage. These advancements extend the applicability of
these methods to a wider range of materials science challenges. We present
methodological advancements in this work that further establish electron diffraction as a
primary choice for high-resolution structure determination of beam-sensitive MOFs and
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ZIFs. This paves the way for broader applicability and sets a new benchmark for data
collection protocols that open new avenues for materials otherwise limited by traditional
methods.

2. Methods

2.1 ZIF-8 synthesis

The ZIF-8 crystals were synthesized with modifications to the previously reported
method [20]. The synthesis started with the preparation of two solutions, one by dissolving
0.505 g of zinc chloride (ZnCl2, Sigma-Aldrich, 98.0%)) in 25 mL of methanol, and another
containing 0.608g of 2-methylimidazole (2-Melm) and 0.505 g of NaHCO: (Sigma-Aldrich,
99.0%) in the same amount of methanol. The solutions were mixed separately and then
the 2-Melm solution was poured into the ZnCl2 solution under stirring. The solution with a
molar ratio of 1 Zn: 2 2-Melm: 2 NaHCO2: 333 MeOH was transferred to a Teflon-lined
stainless-steel autoclave in a preheated convection oven at 130°C for 4 h under
homogeneous heating. The resultant crystals were then separated from the colloidal
solution by three cycles of centrifugation (6000 rpm, 15 min) and washed with methanol
under ultrasound. The morphology and crystallographic properties of ZIF-8 crystals were
examined using scanning electron microscopy (SEM, Amray 1910) and X-ray powder
diffraction (XRD, Malvern PANalytical Aeris) with a scan step of 0.015°.

2.2 ZIF-8 sample preparation and ion beam milling

ZIF-8 crystals suspended in methanol were deposited on 200 mesh holey carbon grids
by pipetting 3 yL of the crystalline suspension onto the carbon surface of the grid. The
grids carrying ZIF-8 crystals we allowed to dry to remove excess methanol and then were
placed under vacuum in a cryogenically cooled ThermoFisher Aquilos dual beam focused
ion-beam and scanning electron microscope (FIB/SEM) for milling into thin lamellae. We
followed protocols detailed previously [21]. Initially, the grids were sputter-coated under
fine and coarse settings for a minute each, thus adding a layer of conducting platinum to

aid SEM imaging and protect the crystals from the gallium ion beam. Subsequently, a
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protective layer of approximately 500 nm of organic platinum volatile was applied to the
grids using a gas injection system. Crystals meeting specific criteria (not located on a grid
bar, within two grid squares of the grid edge) were identified via SEM and FIB imaging.

Prior to milling, these identified crystals were moved to the eucentric position.

The milling process consisted of four steps: trenching, rough milling, fine milling, and
polishing. Trenching was performed with a 1nA beam current over an area of about 10
pum, extending approximately 10 ym above and below the desired lamellae position. The
trenching stage concluded when a lamella of around 5 pym thickness was obtained. Rough
milling followed, using a 300pA current, to reduce the lamella to a thickness of 1 ym and
its width to around 9 ym. During the fine milling stage, a 100pA current was employed to
bring the lamella down to a final thickness of 400-500 nm and a width of approximately 8
um. Lastly, polishing was done at a 30pA milling current until the lamella was between
150-200 nm thick and 5-7 ym wide. This procedure was implemented on five selected
sites on the grid using a 30kV accelerating voltage and gallium ions as the liquid metal
source. The milled crystalline lamellae were subsequently stored in liquid nitrogen until
the MicroED experiments in the cryo-TEM.

2.4 MicroED data collection

For data collection, the grids with milled lamellae were carefully rotated by 90° and
transferred into a Titan Krios 3Gi, operating under cryogenic conditions at a 300 kV
accelerating voltage. An all-grid atlas was obtained initially to locate the lamellae sites,
which are characterized by the appearance of stripes of missing material with a small,
semi-transparent substance in the middle. Each site was moved to the eucentric position
before MicroED data collection. Data was collected from each site in a 63° wedge over
420 seconds using a Falcon 4i direct electron detector, without employing a beamstop.
The smallest C2 aperture of 50 ym was selected, along with a spot size of 11, and a beam
diameter of 30 ym to reduce crystal exposure and enable data collection without a
beamstop. The diffraction data were gathered from a small region of the crystal (= 2 ym
in diameter) using a selected area aperture. Any inelastic signal was removed using a
Selectris energy filter with a 5 eV slit width. The data was recorded in MRC format,
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generating 840 4k x 4k frames in total, where each frame represented approximately
0.075° of data.

2.5 Data processing and structure determination

The collected MicroED data was first transformed from MRC to SMV format utilizing
the microed-tools software, which is available at cryoem.ucla.edu. This data was then
subjected to indexing, integration, and scaling using XDS and XSCALE [22]. Data from a
single crystal was ultimately used and transformed into the SHELX format for further
processing. To determine the structure, we employed SHELXT, and subsequent
refinement of the derived structure was performed utilizing SHELXL [23, 24].

3. Results and Discussion

In our previous study, we synthesized ZIF-8 particles to be in the size range of a few
hundred nanometers to be directly suitable for MicroED analysis [12]. In this work we
focused on synthesizing larger crystals to test the application of cryo-FIB milling on ZIF-
8. Following ZIF-8 synthesis, SEM confirmed that the obtained ZIF-8 particles are
composed of dispersed crystals of rhombic dodecahedral shape with particle size in the
range of 10-30 um (Fig. 1A). Powder XRD was employed to verify the synthesis of ZIF-8
(Fig 1B), and characteristic diffraction peaks can be seen at 20 of 7.4°, 10.4°, 12.7°, 14.7°,
16.4°, 18.0°, 22.1°, 24.5°, 26.7° and 29.6°, which can be assigned to the (011), (002),
(112), (022), (013), (222), (114), (233), (134) and (044) planes respectively. These
prominent reflections agree well with the sodalite structure of ZIF-8 in XRD patterns
reported in literature [25, 26].

The ZIF-8 crystals were applied to the surface of a holey carbon grid from the
methanol suspension essentially as described in our previous work with the ZIF-8
nanocrystals [12]. One key difference here is that we made use of 200 mesh holey carbon
grids rather than 300 mesh grids to reduce the number of copper grid bars and increase
the usable area of the grid for cryo-FIB milling. Following the evaporation of the methanol,

the ZIF-8 grids were loaded into the cryo-FIB/SEM for milling. When the sample was
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visualized within the FIB/SEM, many ZIF-8 crystals could be seen on the surface (Fig.
2A). There were several features of the crystals on the grid that were assessed to
determine if a crystal was suitable for milling. These included, crystal morphology (single
crystal, well-defined shape), located near the center of the grid square away from grid
bars, and no other crystals in the path of the ion beam. Crystals that fit these criteria were
selected for FIB milling and thin lamella (= 150nm thick) were created from these crystals
(Fig. 2B).

The milled crystals were next analyzed in the cryo-TEM by MicroED. Initial electron
diffraction patterns collected from the thinned lamella produced very high-resolution
diffraction, with diffraction spots extending to beyond 0.6A (Fig. 2C), indicating that the
lamella did not experience significant FIB damage. Because of the beam sensitivity of
these crystals, ultra-low doses were used, with the final exposure of only 0.64 e/A? per
data set. This represents a reduction of approximately 36% relative to the previous ZIF-8
study. The ability to both reduce dose and still obtain higher resolution data was largely
due to the use of a more sensitive direct electron detector in this study. MicroED data
sets were collected from the crystalline lamella, and ultimately data from a single crystal
was used to determine the structure of ZIF-8 from a FIB-milled crystal to 0.59 A (Fig. 3,
Table 1).

The data collected from the single lamella yielded a processed dataset that was 98.9%
complete and direct methods were used to solve the structure of the FIB milled ZIF-8
sample. After several rounds of structure refinement, the final structure closely resembles
previous ZIF-8 structures determined by X-ray crystallography and electron diffraction
[12, 27-29]. The crystal was in space group [-43m with each MelM molecule interacting
with two zinc atoms through the ligand’s nitrogen atoms. Each zinc is coordinated by a
total of 4 different MelM ligands to form the zeolite structure (Fig 3). In the structure,
volume of the solvent accessible voids is 2,323 A3 (48.7% of unit cell volume). This high-
resolution MicroED structure of ZIF-8 further demonstrates that cryo-FIB milling can
preserve high resolution features even when working with sensitive samples. Previous
cryo-FIB milling work on MOFs using high-resolution TEM showed that images in the
range of 1.2 to 2.0 A could still be obtained [13, 14]. This study demonstrates that quality
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structural information to at least 0.59 A is still preserved after cryo-FIB milling of beam-
sensitive MOF crystals.

4. Conclusion

This work presents the first-ever structure of an ion-beam milled MOF determined by
MicroED. It demonstrates that ion beam milling can be effectively used together with
MicroED on small molecules and MOFs. By employing thin lamellae extracted from
microcrystals that are conventionally challenging to study—either too small for X-ray
diffraction or too thick for traditional electron diffraction—this approach promises to
overcome existing methodological constraints when using electron diffraction for structure
determination in the field of chemical crystallography and facilitate structure determination

across a wider range of materials and sizes.

When compared to our previous report on ZIF-8 from unmilled nanocrystals [12], data
quality enhancements in this study are primarily attributable to a synergistic
amalgamation of technologies: the transition from CetaD to Falcon 4i direct electron
detectors, the integration of ion beam milling, and the incorporation of a 5 eV energy filter.
These collective improvements have sharpened both crystallographic statistics and
resolution, establishing a new benchmark for MOF data collection. Looking ahead, further
advances in MicroED technology promise to extend its capabilities. The use of Cold FEG
(Field Emission Gun) could enhance electron beam coherency [30, 31]. The advent of
faster or more sensitive electron detectors would refine data acquisition [32]. Innovations
like plasma focused ion beam milling and lower milling energies could yield samples with
even less surface damage, thereby opening the door for improved data quality and new
structures [33]. Additionally, the potential to selectively analyze different regions of the
milled MOF lamella opens exciting avenues. This could allow for the study of the
population and spatial distribution of guest molecules within MOFs, yielding invaluable
insights into their function and efficacy.

Together, this work demonstrates the power of coupling cryo-FIB milling and MicroED
methodologies for the study of MOF structure. Future work and optimization promise
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enhance structure quality and throughput, leading to new understanding and discoveries

in small molecule crystallography and the study of organic frameworks.

Data availability

Coordinates for ZIF-8 have been deposited in the Cambridge Structural Database (CCDC
2284295)
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Figure 1. SEM micrograph (A) and XRD pattern (B) of synthesized ZIF-8 microcrystals.

Scale bar in A represents 10 ym.
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Figure 2. Cryo-FIB miling and MicroED data collection of ZIF-8 crystals. (A) An ion
beam image in the cryo-FIB/SEM shows ZIF-8 crystals dispersed on the surface of the
holey carbon grid. (B) Following FIB milling of the crystals, the thin lamella could be
identified in the cryo-TEM and used for MicroED data collection. The exposed area of
the crystals is indicated by the yellow circle (approximately 2 um in diameter). Scale
bars in A and B represent 50 and 4 um, respectively. (C) Representative frames from
the MicroED data set of the milled ZIF-8 crystal used for structure determination.
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Figure 3. MicroED structure of FIB-milled ZIF-8. (A-D) The crystal structure determined
from the crystalline lamella viewed along the (100) (A, C) and the (111) (B, D)
directions, with the void volumes displayed in panels C and D. Hydrogen atoms are
omitted for clarity in panels A-D. (E,F) The potential maps show clear features,
demonstrating the quality of the MicroED collected from the FIB-milled crystal. The Fobs
maps in E are contoured at 30 (Blue) and 10 (gray). When hydrogens are omitted, the
Fobs — Fcac map (F) shows positive density (green, 30) for the imidazole hydrogen. The
density is less visible for the methyl hydrogens as there is disorder at this position,
which is modeled, but not shown in the figure for clarity.
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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 [-43m
Unit cell length a = b = ¢ (A) 16.830
Anglesa=8=y(°) 90.00
Resolution (A) 11.90 - 0.59
Number of reflections 8,275 (887)
Unique reflections 1,200 (127)
Robs (%) 10.7 (64.0)
Rmeas (%) 11.7 (69.1)
l/o 8.47 (1.40)
CCi2 (%) 99.6 (45.2)
Completeness (%) 98.9 (90.7)
Structure Refinement
R1 (%) 11.09
wR2 (%) 36.97
GooF 1.200

Values in parentheses represent numbers in the highest resolution shell (0.62 — 0.59 A)
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