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ABSTRACT:

Many framework materials such as metal-organic frameworks (MOF) or porous coordination polymers
(PCPs) are synthesized as polycrystalline powders, which are too small for structure determination by
single crystal X-ray diffraction (SCXRD). Here, we show that a three-dimensional (3D) electron
diffraction method, namely continuous rotation electron diffraction (cCRED), can be used for ab initio
structure determination of such materials. As an example, we present a complete structural analysis of a
biocomposite, denoted BSA@ZIF-C, where Bovin Serum Albumin (BSA) was encapsulated in a zeolitic
imidazolate framework (ZIF). Low electron dose was combined with ultrafast cRED data collection to
minimize electron beam damage of the sample. We demonstrate that the atomic structure obtained by
cRED is as reliable and accurate as that obtained by single crystal X-ray diffraction. The high accuracy
and fast data collection open new opportunities for investigation of cooperative phenomena in framework
structures at atomic level.

INTRODUCTION

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) offer large surface areas,
tuneable pore structures, adjustable chemical functionality and structural flexibility.!* Because of these
unique structural properties, they have tremendous potential in a wide range of applications such as
catalysis, gas storage and separation, ion exchange, bio-medical and bio-technological applications.>’
Notably, under different synthesis conditions, various MOF structures with different topologies and pore
sizes can be obtained using the same metal ions and organic linkers. In many cases, MOFs undergo several
stages of structural transformations during the synthesis. For example, a combination of 2-
methylimidazole (HmIM) and Zn(II) cations could produce zeolitic imidazolate framework (ZIFs) with
different topologies, such as sodalite (sod), diamondoid (dia), katsenite (kaf), and a layered ZIF-L'%!3 In
addition, many MOFs are flexible and undergo structural changes when interact with other species, known
by the breathing and swelling phenomena associated with the host—guest interactions.!*!® The structural
changes can also be triggered by other external stimuli, such as photochemical, thermal, and mechanical
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changes.!®?? One the other hand, many MOF frameworks are rigid, and incorporation of guest species or
defects in MOF structures does not necessarily involve crystallographic structural changes.?*® In all
cases, it is essential to know the exact arrangements of atoms in the material in order to understand the
properties and functionalities of the material as well as the host-guest interactions. Therefore ab initio

structure determination of the material is crucial.

Single crystal X-ray diffraction (SCXRD) has been the most powerful method for structure determination
of crystalline materials, including MOFs**3!. However, structure determination by SCXRD requires large
(> 5 um) and well-ordered crystals, which is sometimes difficult to synthesize. Furthermore, experiments
for studying cooperative phenomena may also destroy the crystallinity of the MOFs. As a consequence,
many nano- and micron-sized MOFs have generally been discarded because of the difficulties in their
structure determination. Thus, methods that can facilitate structure determination from polycrystalline
powders would be of great importance for the development new MOF materials and studies of the
cooperative phenomena. Although powder X-ray diffraction (PXRD) can be an alternative method for
studying polycrystalline MOFs, ab initio structure determination by PXRD is still very challenging,
especially when diffraction peaks overlap and samples contain multiple phases. The peak overlapping
becomes more severe for structures with large unit cell parameters and crystals with small sizes and

containing defects.

Single crystal electron diffraction can be obtained from crystals that are too small to be studied by
SCXRD. Although ab initio structure analysis by using electron diffraction was demonstrated earlier’>~
34 the major revolution was made during the past decade by the development of new 3D electron
diffraction methods*=®. Several groups independently developed 3D single-crystal electron diffraction
methods and software for semi-automatic data collection on standard TEMs. These include rotation

3637 electron

electron diffraction (RED) by combining step-wise fine beam tilt and coarse crystal rotation
diffraction tomography by step-wise crystal rotation without or with electron precession (automated
diffraction tomography (ADT)*+8, or precession-assisted electron diffraction tomography (PEDT)?%), and
microcrystal electron diffraction (MicroED) by step-wise crystal rotation*’. Continuous rotation electron
diffraction (cCRED) was later developed independently by several groups*'~#*, also known as IEDT*? and

MicroED*.

3D electron diffraction (ED) methods have shown to be powerful for ab initio structure determination of
MOFs from nano- and micron-sized crystals**>!. Because of the strong interactions of electrons with
matter, 3D single crystal electron diffraction can be obtained from nanocrystals that are 10® times smaller
in volumes than those needed for single crystal X-ray diffraction. On the other hand, the strong interaction
also leads to multiple scattering of electrons in the crystal, which makes the intensities of reflections
dynamical and deviating from the kinematical intensities. Although it is possible to solve and refine the
structures using 3D ED data, the discrepancy between the kinematical intensities calculated from the
structure model and the dynamical intensities obtained experimentally results in relatively high R-values
after the structure refinement (> 0.15). It is thus important to compare the structural models obtained by
3D ED with those obtained by SCXRD to know what accuracy a structure determination by 3D ED can
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achieve. Although this has been studied on stable crystals such as zeolites and metal oxides >, it has not

yet been applied to MOFs.

Here, we report an ab initio structure determination of a ZIF biocomposite by continuous rotation electron
diffraction (cCRED). The ZIF biocomposite was synthesized from Zn(OAc)-:2H20, HmIM, Bovine Serum
Albumin (BSA) in water**, denoted BSA@ZIF-C. It was considered as a new ZIF phase. The structure
was solved and refined using cRED data, which turns to be the same as that of ZIF-COs-1 previously
determined by SCXRD using synchrotron data®>. The results of structure determination by cRED were
compared to those by SCXRD.

EXPERIMENTAL SECTION

Synthesis. The BSA@ZIF-C was discovered during the study of phase dependent encapsulation and
release of ZIF-based biocomposites.’* In detail, 300 uL of a 440 mM aqueous solution of 2-
methylimidazole, HmIM (TCI Chemicals), 60 pL of a 36 mg/ml aqueous solution of BSA (lyophilized
powder, Sigma-Aldrich) and 1140 pL of deionized water were mixed in a 2 ml plastic centrifuge tube for
I minute. Then, this solution was added to 500 puL of a 80 mM aqueous solution of Zn(OAc)2-2(H20)
(EMSURE, Merck). The reaction mixture was left under static conditions (no shaking and no stirring) at
RT for 24 h. After this reaction time, the biocomposite was isolated via centrifugation (13000 rpm for 5
min; centrifuge used: Eppendorf 5425) and the supernatant was discarded. The obtained powder pellet
was then re-suspended in deionized water (1.5 mL) using a vortex mixer (3000 rpm, 1 minute, VELP
Scientifica ZX3) and the centrifugation step (13000 rpm, 5 min) was repeated. This washing procedure
was repeated 6 times using deionized (DI) water. Finally, the recovered powders were air-dried for 48 h
at RT. The PXRD pattern is shown in Figure 1, which does not match any of the known ZIFs built of Zn
(IT) and 2-methylimidazate. The material was therefore considered to be a new ZIF, and ab initio structure
determination by cRED was performed.
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Figure 1. The PXRD pattern (A= 1.5418 A) of BSA@ZIF-C.
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TEM and cRED data collection. Samples for TEM investigations were dispersed in water. A droplet of
the suspension was transferred onto a carbon-coated copper grid. TEM images and cRED data were
collected on a JEOL JEM2100 microscope operated at 200 kV (Cs 1.0 mm, point resolution 0.23 nm).
TEM images were recorded with a Gatan Orius 833 CCD camera (resolution 2048 x 2048 pixels, pixel
size 7.4 um). cRED data collection was controlled by using the data acquisition software Instamatic, *'
and the electron diffraction (ED) frames were recorded with a Timepix hybrid detector QTPX-262k (512
x 512 pixels, pixel size 55 um, max 120 frames/second, Amsterdam Sci. Ins.) A single-tilt tomography
holder was used for the data collection, which could tilt from —70° to +70° in the TEM. The area used for
cRED data collection was about 1.0 um in diameter, as defined by a selected area aperture. To minimize
electron beam damage of the crystal and maximize the data quality, a low electron dose and high rotation
speed were applied. The goniometer rotation speed was 0.45° per second and the exposure time was 0.5
s per frame. A typical cRED dataset covered a crystal rotation angle of 103.3° and took 3.8 min to collect.
cRED datasets were collected from several crystals.

RESULTS AND DISCUSSION

Continuous rotation electron diffraction data collection. Different from the step-wise data collection
in ADT/PEDT and RED where no crystal rotation is applied during the exposure, the crystal is rotated
continuously with a constant speed during the cRED data collection (Figure 2).>* The time needed to
collect a dataset is determined by the total rotation range and the rotation speed of the crystal. By using
the Timepix hybrid detector, a complete cRED dataset could be collected in less than one minute, with an
electron dose rate of < 0.1 e A2 s!. This development is crucial for studies of electron beam-sensitive
materials, e.g. MOFs, COFs, ZIFs, etc. In order to track the crystal movement and keep it in the beam

1*! and automated®’ crystal tracking by defocusing

during the continuous rotation, we developed manua
ED frames at given intervals during crystal rotation, which are implemented in the software Instamatic™.
In this way, re-centering of crystals can be achieved without stopping the crystal rotation. By taking
advantage of the cRED method, the quality of datasets and the accuracy of structure determination are

improved, and thereby more detailed structural information can be revealed.

3D electron diffraction data are collected at arbitrary orientations of a crystal, most of the ED frames are
off the zone axes which largely minimizes the chance for multiple scattering in the crystal’*. The RED
data processing program can process 3D electron diffraction data collected by both step-wise and
continuous rotation methods, and reconstruct the 3D reciprocal lattice (Figure 3) from which the unit cell
parameters and space group can be determined’’. Because cRED data collection resembles SCXRD data
collection, existing software for data processing developed for SCXRD can be directly used. Many X-ray
crystallographic software, such as XDS>*%° DIALS®!2, and MOSFLM® have been adapted to integrate
and extract intensity information from cRED data. The intensities are subsequently treated as kinematical

input for ab initio structure solution via direct methods, charge flipping, etc.



Figure 2. [llustration of stepwise and continuous rotation methods. (a) The stepwise rotation methods collect each
ED frame at a certain angle. The advantage is that it is possible to track the crystal and perform re-centering and
height adjustment. (b) The continuous rotation methods collect ED frames continuously. The advantages are
integrated diffraction intensities can be obtained and data collection is much faster than that for step-wise rotation.
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Figure 3. The graphical user interface of the RED data processing program. It shows the reconstructed 3D
reciprocal lattice for a zeolite, obtained from 1472 individual ED frames. The 440, Akl and hk-1 layers are marked

in green, red and blue, respectively’’. Copyright, International Union of Crystallography.

cRED data processing and structure determination of BSA@ZIF-C. We applied cRED to determine
the structure of BSA@ZIF-C. The first step was to determinate the unit cell parameters and space group.
3D reciprocal lattice was reconstructed from the cRED data by the RED data processing program®’ and
is shown in Figure 4. All diffraction spots can be indexed by a single primitive lattice, confirming the
single crystal nature of the BSA@ZIF-C biocomposite. The unit cell parameters were determined to be a
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=1031A,6=12.51A,c=4.65A, a=88.8°, p=89.5°, v =89.6°. The intensity distribution of reflections
in the 3D reciprocal lattice indicates that the crystal is orthorhombic with the Laue class mmm (Figure 4).
The unit cell angles a, B, and y are near 90°, which also confirms the orthorhombic crystal system. The
reflection conditions can be deduced from the two-dimensional (2D) slices cut at k0, 0kZ, and 40! planes;
Okl: k = 2n; hOl: h = 2n; h00, h = 2n; 0kO: k = 2n, which correspond to two possible space groups: Pba2
(No. 32), and Pbam (No. 55). A broad sphere is observed in addition to the sharp diffraction spots,
presumably due to contribution of the BSA molecules. This indicates that BSA molecules are

encapsulated in the ZIF crystal.

Figure 4. (a-c) 2D slices cut from the reconstructed 3D reciprocal lattice of BSA@ZIF-C showing the (a) /40, (b)
0%, and (c) A0/ planes. The reflection conditions can be deduced to be 0kl: k = 2n; hOl: h = 2n; h00, h = 2n; 0kO: k
= 2n. (d) 3D reciprocal lattice of BSA@ZIF-C. All diffraction spots can be indexed by a single lattice, indicating
the single crystal nature. A broad ring is observed in all ED patterns, which is probably coming from the encapsu-
lated BSA molecules.



The cRED dataset of BSA@ZIF-C was further processed by using the XDS package®®®°, from which the
unit cell parameters were refined and intensities of reflections were integrated. The cRED data reached a
resolution of 1.00 A and a completeness is 79.7%, which is sufficiently enough for ab initio structure
solution by direct methods. The framework structure of BSA@ZIF-C was solved by direct methods using
the program SHELXT-2014%% and atomic scattering factors of electrons. Both space groups Pha2 and
Pbam were tested. While many atoms were too close to each other in the structure solution using Pbam,
the structure determined using Pba2 was reasonable. The positions of all non-H atoms, including Zn, C,
N and O, could be found directly. The assignment of the atom types was done according to the chemical
knowledge.

A good structure refinement requires high data completeness (> 90%). In order to increase the data com-
pleteness, two cRED datasets from crystals with different initial orientations were merged. The merged
data reached a completeness of 94.5%. During the merging step, it is important to ensure that the intensi-
ties of common reflections between the datasets have a high similarity. This is assessed via correlation
coefficients CC)/ of the common reflections between the datasets®. Due to the increased number of re-
flections after data merging, the R;,; value increased from 0.174 to 0.280. The final refinement was done
by using SHELXL-2014, which converged to R; = 0.156. The details of data collection and structure

refinement were summarized in Table 1.

Table 1. Comparison of crystallographic data and refinement details of BSA@ZIF-C by cRED and ZIF-COs-1 by
SCXRD>.

cRED data Synchrotron SCXRD data®
No. dataset merged 2 1
Wavelength (A) 0.02508 A 0.68890 A
Crystal size (um?®) 0.5%x0.5x0.3 40 x 13 x 7
Resolution (A) 1.00 0.79
Crystal system Orthorhombic Orthorhombic

Space group Pba2 (No. 21) Pba2 (No. 21)
Unit cell a, b, ¢ (A) 10.510(2), 12.234(2), 4.6660(9) 10.536(9), 12.314(10), 4.659(4)
Volume (A%) 600.0(2) 604.5(8)
Completeness (%) 94.5 98.3
No. reflections in cRED 1638 4239
No. unique reflections 575 1169
No. observed reflections (I >
) 320 1040
2 sigma(I))
Ri (I > 2 sigma(I)) 0.156 0.043
R (all reflections) 0.225 0.049
Goof 1.272 1.022

The structure of ZIF-C is shown in Figure 5. Surprisingly, in addition to Zn(II) cation and mIM ions,
carbonate ions COs> are also found in the structure. The structure is the same as that of ZIF-COs-1
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previously determined by SCXRD™. ZIF-COs-1 was previously synthesized from Zn(NO3)2:6H>0O and
HmIM in the presence of CO,, which was either introduced in the synthesis or in situ generated via
hydrolysis of N,N-dimethylformamide (DMF). The CO: was incorporated in the framework as a
carbonate COs>". The captured CO> can be selectively released by acidifying the ZIF material. The ZIF-
COs-1 framework can be regenerated in water followed by exposure to CO2>. In our synthesis, neither
CO gas nor DMF was used. The incorporated carbonate was presumably derived from the CO; dissolved
in the deionized water.

The asymmetric unit consists of one Zn(Il) cation, one mIM, and half of a carbonate ion. Each Zn(II)
cation binds to two mIM ions to form a chain along the b-axis (Figures 5b). The chains are further
connected by the carbonates to form a 3D framework (Figures 5). The three oxygen from each carbonate
bind to four Zn(Il) cations from four different chains (Figures 5a). They play a crucial role for the
formation of the 3D ZIF framework. As expected, the encapsulation of BSA molecules are not ordered
and cannot be located by cRED. However, it is interesting to compare the structural model with that of
ZIF-COs3-1 determined by SCXRD, and see whether the encapsulation of proteins affects the atomic
structures.

d

Figure 5. The structural model of BSA@ZIF-C viewed along (a) c-axis, and (b) a-axis. Blue spheres: N; red
spheres: O; gray spheres: C; cyan spheres: Zn atoms.



Comparison of refinement results and structural models obtained by cRED and SCXRD. Electron
diffraction suffers from multiple scattering which makes the intensities of reflections dynamical.
However, in structure determination by cRED using software developed for SCXRD, the intensities are
treated as kinematical. As a result, structure refinements against cRED data often lead to relatively high
R; values compared with those refined against SCXRD data. In addition, electron optics of the TEM,
errors in goniometer rotation as well as the sample height may introduce geometrical distortions on the
cRED data, which affects the unit cell determination. It is therefore important to compare the unit cell
parameters, results of crystallographic structure refinement and finally the structural models obtained by
cRED and SCXRD?°. Those comparisons are given in Figure 6 and Tables 1-3.

One of the obvious advantages of cRED is that only very small crystals are required. As shown in Table
1, the crystals of BSA@ZIF-C examined by cRED were 0.5 x 0.5 x 0.3 um? in size, which is ca. 50 000
times smaller than the crystal of ZIF-COs-1 (40 x 13 x 7 pm?® in size) studied by SCXRD using a
synchrotron source’>. The resolution of the cRED data is 1.00 A, lower than that of the SCXRD data (0.79
A). The lower resolution of the cRED data was not caused by beam damage, but the lower crystallinity
of BSA@ZIF-C, as also shown in its PXRD pattern (Figure 1). The lower crystallinity is probably caused
by the encapsulation of the BSA molecules.

The combined cRED dataset has a data completeness of 94.5% with 575 unique reflections, while the
SCXRD dataset has a completeness of 98.3% with 1169 unique reflections. The unit cell parameters
obtained by cRED are very close to those determined by SCXRD, and only differ by 0.03(1) (0.3%),
0.08(1) (0.6%) and 0.007(5) (0.2%) A for a, b and c, respectively. This shows that the unit cell parameters
obtained by cRED can be as accurate as those obtained by SCXRD, and the encapsulation of BSA did not
change the unit cell parameters.

Even though the R; value for the structure refinement of BSA@ZIF-C against the cRED data (0.227) is
much higher compared to that of ZIF-COs-1 against SCXRD data (0.049), the two structural models are
very similar, as shown in Figure 6 and Table 2. The position of the heavy Zn atom deviates by 0.06(1) A,
while positions of the light N, C, and O atoms deviate by 0.07(3) A on average. The C7, O1 and O2
positions belonging to the carbonate differ on average by 0.03(2) A for the two models. The largest
deviation of 0.13(5) A occurs on the methyl group (C6). The deviations are comparable to those more
stable materials such as zeolite ZSM-5 (0.07(3) A with 0.87 A resolution) and FeSeOsF (0.03(1) A with
0.78 A resolution).>® The bond lengths and angles of the two models also show good agreements (Table
3). The average deviation is 0.04(3) A for the bond lengths and 4(3)° for the bond angles. The anisotropic
atomic displacement parameters are also reasonable. This shows that despite the lower crystallinity of the
BSA@ZIF-C and high R;-values, the structural model obtained from cRED data is consistent with that of
ZIF-CO:s-1 obtained by SCXRD. This suggests that the high R;-values are mainly caused by dynamical
effects. The encapsulation of BSA did not alter the framework structure of ZIF-COs-1.



Figure 6. Comparison between the structural model of BSA@ZIF-C refined from cRED data and that of ZIF-COs-
1 from SCXRD data. (a) The structures are stacked together, viewed along c-axis. (b) An enlarged figure showing

the mIM linker and Zn(Il) cations, illustrating the accuracy of the model obtained from the cRED data. Blue

spheres: N; red spheres: O; gray spheres: C; cyan spheres: Zn atoms.

Table 2. Comparison of the atomic positions of BSA@ZIF-C refined against cRED data with those of ZIF-CO;-1
refined against synchrotron SCXRD data.

Atom X, ¥, z coordinates from cRED X, ¥, Z coordinates from SCXRD Difference (A)
Znl 0.0453(10) 0.1357(9) 0.947(4) 0.05069(5) 0.13664(4) 0.94752(16) 0.06(1)
N2 -0.089(3) 0.246(2) 1.000(7) -0.0818(5) 0.2476(4) 1.0047(10) 0.08(3)
N3 0.2293)  0.172(2) 1.039(7) 0.2299(5) 0.1726(4) 1.0227(9) 0.08(3)
Cl 0.289(3)  0.259(2) 0.918(6) 0.2964(4) 0.2548(4) 0.9157(15) 0.09(3)
C4 0.309(3)  0.112(3) 1.206(9) 0.3136(7) 0.1154(5) 1.1915(16) 0.09(4)
C5 -0.078(3) 0.335(2) 1.169(8) -0.0715(6) 0.3372(7) 1.1814(18) 0.09(3)
C6 0.231(5) 0.341(3) 0.715(15) 0.2428(7) 0.3383(6) 0.7192(15) 0.13(5)
C7 0.0000 0.0000  1.410(12) 0.0000 0.0000 1.4283(17) 0.09(6)
01 0.041(3) 0.087(3) 1.531(8) 0.0396(4) 0.0847(3) 1.5444(8) 0.07(4)
02* 0.0000 0.0000  1.140(10) 0.0000 0.0000 1.1411(11) 0.00

* The origin of the structural model obtained from cRED data was placed to be the same as that of the model from

SCXRD data, using the bridging O2 as a reference.
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Table 3. Comparison of the bond lengths and angles of BSA@ZIF-C refined against cRED data with those of ZIF-
COs-1 refined against synchrotron SCXRD data.

Atoms 1,2 d 1,2(A) from cRED d 1,2(A) from SCXRD Difference d 1,2(A)
Znl - N2 1.973) 1.972(5) 0.0003)
Znl —N3 2.02(3) 1.970(5) 0.05(3)
Znl — 02 1.95(2) 1.982(3) 0.03(2)
Znl — 01 2.03(4) 1.988(4) 0.05(4)
Cl-N3 1.36(2) 1.328(7) 0.03(2)
Cl-N2° 1.34(2) 1.349(6) 0.01(2)
C4-N3 1.36(3) 1.376(9) 0.02(3)
C5-N2 1352) 1.381(8) 0.03(2)
C4—C5h 1.36(3) 1.344(10) 0.02(3)
Cl-C6 1.51(5) 1.487(8) 0.02(5)
01-C7 1.28(4) 1.247(5) 0.03(4)
02-C7 1.26(6) 1.338(9) 0.08(6)

Average difference d 1,2(A) 0.04(3)

Atoms 1,2,3 Angle 1,2,3(°) from cRED Angle 1,2,3(°) from SCXRD Difference Angle 1,2,3(°)
N2 —Znl — N3 120.5(12) 119.9(2) 1(1)
N2 —-Znl -02 110.4(12) 109.63(16) 0(1)
N2 -Znl -01? 107.8(15) 108.00(18) 0(2)
N3 -Znl -02 108.8(10) 111.60(15) 3(1)
N3 -Znl -01? 106.8(15) 107.26(18) 0(2)
02 —Znl -01* 100.6(15) 98.11(18) 3(2)
N2*—C1 —-N3 107(3) 111.7(5) 5(3)
CI°*-N2-C5 107(3) 106.0(5) 1(3)
Cl-N3-C4 112(3) 105.4(5) 7(3)
N3 -C4-C5° 103(3) 109.6(6) 7(3)
N2 -C5-C4° 112(3) 107.3(6) 5(3)
N3-C1-C6 126(3) 123.9(5) 2(3)
N2* - C1-C6 127(3) 124.4(5) 3(3)
01 -C7-01¢ 128(6) 128.6(7) 1(6)
01-C7-02 116(3) 115.7(4) 0(3)

Average difference angle 1,2,3(°) 4(3)
Symmetry transformations used to generate equivalent atoms: &, y, -1+z; 0.5+x, 0.5-y, z; ¢-0.5+x, 0.5-y, z; 9-x, -
y, Z.

CONCLUSIONS

Here, we demonstrate ab initio structure determination of a biocomposite ZIF, BSA@ZIF-C by applying
continuous rotation electron diffraction (cRED). We also show that the unit cell parameters can be
accurately determined using cRED data. This is important for phase analysis and detection of possible
structural changes in MOFs. The presence of BSA molecules in the crystal is indicated by a broad sphere
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in the 3D reciprocal space reconstructed from the cRED data, showing that the molecules are disordered.
While it is not possible to locate the BSA molecules, the structure of ZIF-C could be solved and refined
using the cRED data. We found that the structural model of ZIF-C obtained from the biocomposite
BSA@ZIF-C is the same as that of ZIF-COs-1 obtained by SCXRD. The encapsulation of the BSA in the
ZIF does not make significant changes on the framework structure. We show that despite the high R values
originated from multiple scattering, accurate atomic structures can be obtained by cRED. The average
deviation between the two models is 0.06 (4) A for Zn(II) and 0.08(4) A for the light atoms. The
combination of fast data collection and accurate structure determination by 3D ED opens new
opportunities for studying the dynamical and cooperative structural changes in MOFs and other
framework materials.
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Structure determination by continuous rotation electron diffraction can be as feasible and accurate as
single crystal X-ray diffraction without the need of large crystals.
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