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Abstract: 

Dynamical diffraction effects are usually considered a nuisance for structure analysis from 

continuous-rotation 3D electron diffraction (3D ED) data like cRED and MicroED. Here we 

demonstrate that by accounting for these effects during the structure refinement, significantly 

improved models can be obtained in terms of accuracy and reliability with up to four-fold 

reduction of the noise level in difference Fourier maps in comparison to the standard structure 

determination routines that ignore dynamical diffraction. As dynamical diffraction effects break 

the inversion symmetry of the diffraction, they allow a quick, easy, and reliable determination of 

the absolute structure of chiral crystals. 
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Introduction 

 

The knowledge of the atomic structure of a material is the basis for understanding and 

optimizing its properties. It is therefore no surprise that the most cited paper of the 21st century 

describes a tool to solve and refine crystal structures from X-ray, neutron, and electron 

diffraction experiments (1). In the last decade, three-dimensional electron diffraction (3D ED) 

made huge technological and methodological steps forward (2–4) and is a rapidly growing 

method to determine the crystal structure of submicrometric crystals by means of transmission 

electron microscopy (TEM). 3D ED has proven its utility for all classes of crystalline materials, 

including metal-organic frameworks, zeolites, minerals, pharmaceutical compounds and proteins 

(5). Since 2019, continuous-rotation 3D ED is the predominant data acquisition mode (Fig. S1) 

which allows fast data collection at very low electron dose levels and has a simple experimental 

setup (Fig. S2) analogous to the standard rotation method (6) commonly used in X-ray 

diffraction (XRD) and neutron diffraction (ND). 

Commonly applied structure refinement routines apply the kinematical approximation, which 

assumes that electrons are scattered by the crystal at most once and that the diffracted intensity of 

reflection h is proportional to the square of the structure-factor amplitude (Ih ~ |Fh|²). However, 

inelastic scattering, defects and especially multiple elastic scattering cause deviations from this 

proportionality, leading to high figures of merit and limited quality of the structure models (4). 

The dynamical theory of electron diffraction describing multiple scattering was established 

almost a century ago (7) and nowadays is implemented in many tools applying either multislice 

or the Bloch-wave approach to calculate, e.g., high-resolution (scanning) TEM images, 

convergent-beam electron diffraction patterns, and precession-assisted 3D ED (stepwise 

acquisition) intensities (8, 9). Basically, the theory describes how simultaneously excited beams 

interfere as they propagate through the crystal and predicts non-linear deviations from intensities 



3 

 

expected by the kinematical approximation including non-zero intensities for systematically 

absent reflections, which is commonly observed in 3D ED experiments (10) (Fig. S3). These 

deviations depend on the crystal thickness, its orientation, and the structure factors of all 

interfering beams. A valuable side effect is the intrinsic sensitivity of the dynamical intensities to 

the absolute structure of non-centrosymmetric crystals (11). This geometric property is of highest 

relevance for, e.g., catalysis and pharmacology, because it is directly related to the absolute 

configuration of chiral molecules forming the crystal.  

Despite several successful demonstrations (12–14), the analysis of dynamical effects in electron 

diffraction patterns is not yet considered a routine approach for the reliable determination of the 

absolute structure. Furthermore, the computation of integrated dynamical diffraction intensities 

has never been reported for continuous-rotation 3D ED data and therefore structure refinements 

on these data were limited by the kinematical theory of diffraction, which removes any 

information on the absolute structure. 

In this work, we present a data reduction and dynamical refinement routine for the analysis of all 

commonly applied 3D ED measurement protocols (see Fig. S2 for their systematic overview). 

No modification of established experimental procedures is needed, and the method can be thus 

applied also to already existing experimental data. Based on both new and previously published 

3D ED data sets of 12 organic and 6 inorganic compounds, we demonstrate the power of this 

method for routine structure analysis. We show the straightforward determination of the absolute 

structure based on experimental data from 49 crystals of 8 different chiral compounds. 

Furthermore, the method provides improved fits to the data, significantly improved accuracy of 

refined atomic positions, and large reduction of noise in the difference electrostatic potential 

maps allowing better distinction of fine structural features, such as hydrogen atoms.  
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Data reduction and refinement with virtual frames 

Experimental intensities in a single static electron diffraction pattern are very difficult to model 

due to their extreme sensitivity to effects like crystal thickness, mosaicity, bending, defects etc. 

(Fig. 1A). Therefore, refinements need to be based on integrated intensities determined by 

integration of the intensity profile as a function of the scattering angle, also referred to as rocking 

curve. In our method we need to preserve the information about simultaneously excited 

reflections. Therefore, the integration is achieved by summing experimental diffraction patterns 

into a set of so-called overlapping virtual frames (OVF). Each OVF is characterized by its 

average goniometer angle αv and the angular range Δαv covered by the virtual frame (Fig. 1B). 

Dynamical calculations based on the structure model are then performed for dozens of crystal 

orientations covering the angular range of the OVF, resulting in idealized rocking curves for all 

reflections assigned to the OVF. Numerical integration of these rocking curves then yields the 

model integrated intensities Icalc for each OVF. However, for reflections that are in exact 

diffraction condition close to one of the limiting Ewald spheres only incomplete rocking curves 

are calculated. Such partial intensities should not be used in the refinement and geometric filters 

are used to exclude them (15). Only integrated intensities of reflections with a minimum distance 

DSg from the limiting Ewald spheres and with a small ratio RSg = |Sg|/(DSg + |Sg|) are considered 

in the refinement, where Sg is the excitation error of a reflection relative to the average 

goniometer position of the respective OVF (Fig. 1B). To include in the refinement as many 

measured reflections as possible, the α offset between two consecutive OVFs must be smaller 

than Δαv so that there is an overlap Δαo corresponding to at least one experimental frame 

between them (Fig. 1C, Tables S1 and S2). Typical values for Δαv used in this study are 1.5° to 

3°, achieved by combining between 2 and 50 experimental frames to one virtual frame, with an 

overlap Δαo between 0.5° and 1°. Optimal values of RSg
max are typically between 0.5 and 0.8, and 



5 

 

appropriate values of DSg
min are between 0.0015 and 0.0030 Å-1 (Fig. S4). The concept of virtual 

frames ensures that both experimental and calculated intensities are properly integrated (Fig. S5). 

The least-squares refinement of a structural model is then performed in the usual way by 

minimising the weighted difference between Icalc and Iobs (15, 16). 
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Fig. 1. Virtual frames in reciprocal space for continuous-rotation 3D ED. (A) Experimental 

(blue) and calculated (red) rocking curve of a reflection. Though experimental and calculated 

rocking curves differ substantially due to the crystal mosaicity, integrated intensities are in very 

good agreement. (B) Effect of DSg (red areas) and RSg (yellow areas) filters on selection of 

reflections (black disks) assigned to a virtual frame that are used in the dynamical refinement. 

Excitation error Sg and related DSg are drawn for two selected reflections (encircled). (C) 

Combination of experimental frames into overlapping virtual frames. In this illustration, seven 

frames contribute to one virtual frame, which overlap by two experimental frames. Reflections 

are marked by a dot with the colour of the corresponding virtual frame to which the reflection is 

assigned. 
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Improved models with dynamical refinement 

To evaluate the performance of the method, we analysed in detail the crystal structures of α-

quartz, albite, the zeolite structures mordenite, natrolite and STW_HPM-1, the framework 

compound cobalt aluminophosphate (CAP), the metal-organic framework CAU-36, in situ 

crystallised α-glycine, the pharmaceutical compounds carbamazepine, (+)-limaspermidine and in 

situ crystallised abiraterone acetate as well as the methylene blue derivative MBBF4 (Table 1). 

We compare the results with the kinematical refinements performed on the same data. To ensure 

a fair comparison, we benchmarked our kinematical results against refinements obtained with 

other established software packages (Table S3).  

We also compared the present method with dynamical refinements against precession-assisted 

3D ED data of α-quartz and natrolite. The comparison shows that obtained structural models are 

of similar quality. However, detailed analysis indicates that continuous-rotation 3D ED is more 

suitable for beam-sensitive materials and requires shorter computing times than precession-

assisted 3D ED (see SI, Fig. S7, Tab. S4). 

As the data processing is different for dynamical and kinematical refinement, we also made sure 

that the observed improvements are indeed due to the inclusion of the dynamical refinement and 

not because of the differences in data processing. We developed a method, named frame-based 

kinematical refinement (see SI for details), for performing the dynamical and kinematical 

refinements on exactly the same data. The comparison of the results shows that the observed 

improvement can indeed be predominantly attributed to the better description of dynamical 

effects (see SI, Fig. S8, Tab. S5). 

In the following sections we illustrate the superiority of the dynamical refinement approach over 

the kinematical approach by comparing agreement factors (R-factors), the overall accuracy of 

bond lengths in the refined models and the noise level in Fourier maps (Fig. 2, Tables S6–S17). 
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Furthermore, we demonstrate that the dynamical refinement allows a straightforward 

determination of the absolute structure, which is absolutely impossible with kinematical 

refinement. 

The most apparent improvement of applying dynamical refinement is the reduction of the R-

factors (typically by a factor around two). Within the kinematical approximation, these residual 

factors are commonly calculated against symmetry-averaged reflection intensities, which are 

determined before the refinement. As the dynamical refinement does not include any prior 

averaging or merging of reflections, the refinement proceeds against non-averaged data. Since 

averaging of symmetry-equivalent reflections removes part of the noise in the data, the R-factors 

calculated on averaged data are lower than on non-averaged data. To allow for an unbiased 

comparison between the dynamical and kinematical refinement, we perform symmetry-averaging 

of experimental and calculated intensities and calculate the R-factors on these averaged values. 

We refer to these values as MR-factors. These R-factors are useful for presenting the quality of 

the fit, because they correspond best to the values crystallographers are used to. 

We evaluated the model accuracy using the root-mean-square deviation (RMSD) of refined 

covalent bond lengths from the respective reference values for all non-hydrogen atoms. The 

RMSD was in all cases lower for the dynamical refinement, on average by a factor of 1.5 (Fig. 

2).  

The correctness and completeness of a model is commonly inspected using difference Fourier 

maps of the electrostatic potential ΔV(r). In comparison to kinematical refinements, the 

dynamical refinement based on the same experimental data reduced the noise level of ΔV(r) by a 

factor of 1.5 to 4 (Fig. 2, Fig. 3, Tables S6-S17). Hence, weak structural features are more easily 

observed in difference maps obtained by dynamical refinement. This implies an easier detection 

of hydrogen atoms (see below). Furthermore, it allows a more reliable and precise location of 
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guest molecules in zeolites and metal-organic frameworks (MOFs). We illustrate the 

improvement with two examples, a cobalt MOF CAU-36 (17) and a chiral zeolite STW_HPM-1 

(18), which is a pure silica zeolite with STW topology, first discovered as germanosilicate SU-32 

(19). In both cases, the dynamical refinement provided significantly improved difference 

electrostatic potential (DESP) maps (Fig. 3, Fig. S9). In STW_HPM-1 the dynamical refinement 

allowed an unambiguous detection of all individual atoms of the guest molecule, while the 

molecule was much less well defined in the kinematical result, with one half-occupied atomic 

position difficult to detect (Fig. 3B,C). In CAU-36, the dynamical DESP map allowed the 

location of a second orientation of the guest molecule, with the occupancy subsequently refined 

to 6,4% (SI, Fig. S9). 

Another interesting case is the mineral albite. In a previous study using kinematical refinement, 

16 data sets were combined to identify one correct out of 16 possible Al/Si distribution patterns 

exclusively from the R-factors (20). Using dynamical refinement, the reinvestigation of only 3 of 

the 16 data sets achieves a clearer identification of the correct element assignment from a more 

pronounced difference in R-factors between the candidate structures and from the analysis of the 

displacement parameters (Fig. S10 and S11).  
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Fig. 2. Comparison of kinematical and dynamical refinements. Radar charts of key results of 

kinematical (dark blue, outer polygon) and dynamical (pale green, inner polygon) refinements. 

Smaller values close to the central white hexagon are better. σ[ΔV(r)] is the standard uncertainty 

of the difference Fourier map (purple, range: 0 to 0.372 e/Å), Robs (light blue, range: 0 to 0.294) 

and wRall (dark blue, range: 0 to 0.333) are the respective R-factors, RMSD is the root-mean-

square deviation of the bond lengths (green, range: 0 to 0.603 Å), wRall/wRall(H0) is the ratio of 

wRall of the refinement with and without hydrogen atoms (red, range: 0 to 0.997), "undet. H 

sites" refers to the fraction of hydrogen atoms that could not be confirmed from difference 

Fourier maps (orange, range: 0 to 0.891). The latter two parameters are not applicable to quartz, 

albite, mordenite and STW_HPM-1. 
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Fig. 3. Difference electrostatic potential maps. (A) Histogram of difference electrostatic 

potential maps ΔV(r) of selected kinematical (grey) and dynamical (pink) refinements. The bins 

(from left to right) that contain the values ΔV(r) = 0 e/Å (black), 3σ[ΔV(r)] of the dynamical 

refinement (pink) and 3σ[ΔV(r)] of the kinematical refinement (blue) are marked on the 

horizontal axis. Each bin has a width of 0.0033 e/Å. (B), (C) DESP map from dynamical (left) 

and kinematical (right) refinement of STW_HPM-1 showing the guest molecule. (B): top view of 

the molecule with the DESP map obtained from the refinement without the guest molecule; (C): 

side view of the molecule with the DESP map obtained from the refinement with the guest 

molecule, but without the half-occupied terminal atom of the ethyl group. Isosurface levels are 

shown at 2.5σ[ΔV(r)] (yellow) and 4σ[ΔV(r)] (red). 
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Data source Compound Empirical formula Space group V (Å³) T (K) Detector Ndata 

this work α-quartz SiO2 P3221 113.3 293 CCD 1 

(20) albite NaAlSi3O8 P-1 324 293 HPD 3 

(21) mordenite SiO2 Cmcm 2850.4 293 HPD 1 

this work natrolite Na2Al2Si3O10(H2O)2 Fdd2 2251.7 293 CCD 1 

this work STW_HPM-1 (C8N2H15)F|[Si10O20] P6122 3642.6 100 CMOS 1* 

this work CAP Co1.14Al2P4O20H10.72 P21/n 712.0 100 CCD 3 

(17) CAU-36 C56H48Co2N8NiO18P4 P-42c 4214.8 100 HPD 4 

(22) α-glycine C2H5NO2 P21/n 304.7 100 HPD 1 

(23) carbamazepine C15H12N2O P21/n 1144.8 100 CMOS 2 

(23) (+)-limaspermidine C19H26N2O P212121 1594.4 100 CMOS 2 

this work abiraterone acetate C26H33NO2 P212121 2186.0 100 CCD 5 

(24) MBBF4 C90H91B4F16N21S3 C2/c 8973.0 293 HPD 8 

Table 1. Sample overview. V is the unit cell volume, Ndata is the number of measured data sets. 

Used abbreviations for detector types stand for charge-coupled device (CCD), hybrid pixel 

detector (HPD, also known as "direct electron detector") and complementary metal-oxide-

semiconductor (CMOS). CAP samples were measured with static 3D ED, all other compounds 

with continuous-rotation 3D ED. *Another sample of STW_HPM-1 was measured and analysed 

independently at T = 293 K (HPD detector) as a blind test for the absolute structure 

determination.  
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Hydrogen atoms 

The low noise level is also a prerequisite for the successful detection of the weakest scatterers 

(Fig. 4). Although the observation of hydrogen atoms in difference Fourier maps has been 

reported from kinematical refinements, it is by no means routine (Fig. S12 to S15). An 

illustrative example is the disordered framework structure CAP with partially occupied Co and H 

sites. Still the difference ESP map from dynamical refinement revealed all seven hydrogen 

positions with occupancies ranging from 0.5 to 1.0 as maxima larger than 4σ[ΔV(r)]. Another 

hydrogen site with an expected occupancy of about 0.28 is detected close to the 3σ-level (See Si 

for details). Likewise, hydrogen atoms were easily detected in the organic compounds. All the 5, 

12 and 26 hydrogen sites were clearly detected above 3σ[ΔV(r)] in the dynamical refinements of 

α-glycine, carbamazepine and (+)-limaspermidine, respectively (Fig. 4d-f). In the cases of the 

more complex structures of abiraterone acetate and methylene blue derivative (MBBF4), still 

most H atoms were found (Fig. 2). 

The accuracy and sensitivity of the dynamical refinement provides the means to investigate the 

refined lengths of covalent bonds involving hydrogen atoms in a quantitative way. In the young 

history of 3D ED, the constraints on hydrogen atoms in the refinement were mostly based on 

bond length statistics derived either from XRD or ND (Fig. S17). Even though the electrostatic 

potential is dominated by the positively charged nuclei, chemical bonds, which on average shift 

the negative potential of an electron, cause a shift of the observed overall potential away from 

that electron. Thus, the hydrogen atom position refined using the model of an independent 

neutral hydrogen atom is expected to be different from both the XRD-based distance, which is 

governed solely by the electron density, and the ND-based distance given by the position of the 

proton. Recently, this was briefly indicated in a cryo-EM single-particle study (25), but a 

quantitative evaluation of this effect has not yet been done. We performed a series of dynamical 
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refinements varying the constrained C−H, N−H and O−H distances and compared the 

corresponding wRall (Fig. 4g). At T = 100 K, the C−H and N−H distances in α-glycine, 

carbamazepine and (+)-limaspermidine are less than 0.03 Å longer than the respective 

internuclear distances. This difference is in excellent agreement with a theoretical analysis of the 

observed bond lengths within the independent atom model (cf. Fig. 13 in reference (26)). At 

room temperature, the C−H distances in MBBF4 are longer by 0.05 Å. The O−H distances in 

CAP (T = 100 K) are longer by about 0.09 Å and in natrolite (T = 293 K) by 0.15 Å. The 

refinements thus reveal a clear trend towards longer refined bond lengths with a deviation that 

increases with the polarity of the covalent bond and the temperature. This observation calls for 

an extended study on a larger number of structures to achieve better understanding of this effect. 

The accuracy and sensitivity of the dynamical refinement are necessary prerequisites for the 

success of such study. 
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Fig. 4. Visibility and position of hydrogen atoms in electrostatic potential maps. Difference 

potential maps of natrolite (A), α-glycine (B), CAP (C, D), (+)-limaspermidine (E), and 

carbamazepine (F) based on the final models with hydrogen atoms removed. Yellow isosurfaces 

correspond to the 3σ[ΔV(r)], red isosurfaces to the 5σ[ΔV(r)] level. The maps are superimposed 

with structure models with expected location of hydrogen sites indicated by lines from the 

respectively bonded C, N or O atom. Anisotropic displacement ellipsoids shown at the 50% 

probability level. (G) Dependence of wRall on the C-H, N-H and O-H distances. Δl is the 

difference between the constrained distances lED and the internuclear distance lND (27). Disks on 

the horizontal axis indicate the optimized difference of the apparent bond length that minimizes 

wRall. Horizontal error bars (3σ) are plotted at the optimal Δl for each compound. 
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Determination of absolute structure 

Dynamical diffraction theory predicts a strong sensitivity of diffracted intensities to the absolute 

structure because of the interference of multiple excited beams. For example, the calculated 

intensities of (+)-limaspermidine and (−)-limaspermidine differ by 11.7% (1st quartile) to 61.1% 

(3rd quartile) (Fig. S18). Even though inelastic scattering and crystal imperfections tend to 

diminish these differences, they still remain strong. As a blind test of the presented method, the 

chiral zeolite STW_HPM-1 was chosen as a suitable case study because during the synthesis 

relatively large single crystals grow as racemic conglomerate. The space group may be, 

depending on the chirality, either P6122 or P6522. A random sample was chosen for single 

crystal XRD measurement. Subsequently, the same crystal was crushed and prepared for 

continuous-rotation 3D ED (Fig. S19G). Dynamical refinements were performed of the two 

possible enantiomorphs converging to wRall of 0.306 for model in P6122 and 0.234 for P6522. 

The model in space group P6522 with the significantly lower R-factors was then confirmed as the 

correct enantiomorph by the determination of the Flack parameter of 0.06(2) from single-crystal 

XRD data (Tables S18 and S19).  

As a demonstration of the robustness of the method and applicability to high-throughput routine 

determination of absolute structure, we investigated – in addition to (+)-limaspermidine and 

abiraterone acetate – all continuous-rotation 3D ED measurements of chiral non-protein 

structures publicly available in the 3DED/MicroED community on raw-data repository Zenodo 

(www.zenodo.org). Dynamical refinements of both enantiomorphs were carried out against 

individual data sets of (+)-limaspermidine (1 crystal), abiraterone acetate (5 crystals), (+)-biotin 

(20 crystals), progesterone (4 crystals), epicorazine B (4 crystals) and α,β-dyhydrocurvularin (3 

crystals), each with a completeness ranging from about 40% to 90% and a resolution in the range 

between 0.77 to 1.43 Å. Refinements against a combination of 6 data sets were performed for 



17 

 

teniposide and an amyloid peptide. In all 49 cases, without exception, a simple comparison of the 

R-factors indicated the correct enantiomorph as the wRall of the model with wrong handedness is 

on average by a factor of 1.13 higher than the wRall of the correct model. In the cases of 

epicorazine B and α,β-dyhydrocurvularin, the absolute configuration of the crystallised 

enantiomers derived from the dynamical refinements was again confirmed by X-ray diffraction 

by Novartis, who provided the samples. For other samples, their absolute structure was known in 

advance as they correspond to well characterized natural products. To quantitatively assess the 

reliability of the assignment of the enantiomorph, we adopted an approach inspired by le Page et 

al.  (28) (see SI for details). The analysis provides both the confidence level in terms of σ of the 

normal distribution (z-score) as well as the probability that the estimation of the absolute 

structure is correct. The absolute structure assignments typically achieved a confidence level of 

4.5σ (median). Low-resolution data sets and split reflections in several cases reduced the 

confidence level, but in the worst case the probability for a correct enantiomorph assignment was 

80.6% for one data set of teniposide, in all other cases it was above 95%. More importantly, the 

dynamical refinement never favoured the wrong enantiomorph (Fig. 5, Tables S20 to S22).  

Recently, the potential of 3D ED for polymorph screening of in situ grown molecular crystals 

was investigated (22). With a similar approach, crystals of abiraterone acetate were grown 

directly on a TEM grid from an aqueous solution of abiraterone acetate citrate. Crystals 

diffracted up to a resolution of about 1 Å at a temperature of T = 100 K. Continuous-rotation 3D 

ED experiments were performed at different spots of selected crystals, which all showed signs of 

strong mosaicity (Fig. S19F). The identification of the correct enantiomorph was investigated at 

different stages of the structure determination for one of the data sets. The unrefined initial 

model based solely on the structure solution already identified the correct enantiomorph at the 

3.5σ confidence level. The subsequent refinement first without and then with constrained H 
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atoms further increased the confidence level to 17.0σ and 18.9σ (Fig. 5B). Likewise, the absolute 

structure of (+)-limaspermidine was determined based on the unrefined model from the structure 

solution at 12.1σ level (Fig. 5C). Note that the strongest scatterer of abiraterone acetate and (+)-

limaspermidine are O atoms. As the computational cost of the dynamical calculations scales with 

the number of refined parameters, the calculations for the initial absolute structure determination 

without refinement of structure model take only a few minutes with a standard personal 

computer (Table S4), making the determination of absolute structure in these cases very quick.  

In a further test, the robustness of the absolute structure determination of (+)-limaspermidine was 

investigated by gradually decreasing the number of OVFs used in the refinement, thus decreasing 

the data completeness.  In the completeness range 100% to 25% the observed R-factor difference 

is almost constant around 0.05, while the confidence level for the enantiomorph identification 

gradually decreases from 18.2σ to 11.4σ. Even with a completeness of only 13%, corresponding 

to an effective goniometer rotation of 9.2°, the refinement with constrained displacement 

parameters is stable and correctly identifies the enantiomorph at the 7.3σ level (Fig. 5C, Tab. 

S23). 

This analysis illustrates that 3D ED combined with dynamical refinement is a very reliable 

method for absolute structure determination. Furthermore, among the available methods to 

determine the handedness or chirality of single nanocrystals in a TEM (12, 13, 29), the presented 

approach has to the best of our knowledge the least requirements in terms of TEM hardware, 

sample preparation and crystallite orientation as, e.g., no alignment of zone-axis patterns is 

needed and modern 3D ED setups measure full data sets in less only a few minutes (24, 30). 

With further automation, the presented approach is suitable for routine and high-throughput 

applications for all kinds of compounds without the need for a time-consuming and potentially 

expensive growth of larger single crystals. We argue that 3D ED may also be considered a 
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valuable alternative to the established XRD-based approach even if single crystals of appropriate 

size are available, because the requirements for a successful determination in terms of crystal 

quality, measurement conditions, resolution, completeness, and elemental composition are 

strikingly reduced. This is especially relevant for pharmaceuticals, if the absolute structure 

determination by XRD is inconclusive or challenging (31, 32). However, if multiple limiting 

factors are combined, i.e., low completeness together with low-resolution and inferior crystal 

quality, the absolute structure determination by 3D ED may also yield a null result.
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Fig. 5: Confidence and robustness of absolute structure determinations. (A) wRall of the 

dynamical refinement of the correct enantiomorph (green diamonds) and wrong enantiomorph 

(pink squares) of individual data sets. Non-hydrogen atoms were freely refined with isotropic 

displacement parameters. Hydrogen atoms were constrained with riding displacement parameter. 

(B) z-score expressing the confidence of the absolute structure assignment for each data set. For 

the weakest score in each set the corresponding probability for the correct assignment is given. 

The dotted line indicates the 3σ-limit, indicating a 99.7% probability. (C, D) wRall as a function 

of structure determination step for the enantiomorph pairs of abiraterone acetate and 

limaspermidine. The “initial models” are unrefined models based on the coordinates of the 

structure solution. The “initial refinement” refines coordinates and isotropic displacement 

parameters. "with H" includes constrained hydrogen atoms. The z-score is represented by 

labelled vertical bars. (E) wRall as a function of the completeness of the set of reflections used in 

the refinements of the two enantiomorphs of limaspermidine. The z-score is represented by 

labelled vertical bars. 
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Conclusion and outlook 

A new data reduction and structure refinement procedure based on the concept of virtual frames 

was developed for static and continuous-rotation 3D ED data collection methods like ADT, 

RED, cRED and MicroED. Various structural features of a broad range of in total 18 

compounds, including minerals, zeolites, molecular crystals, a MOF, several pharmaceutical 

compounds and an amyloid peptide, were studied applying the dynamical theory of electron 

diffraction. A comparison with the commonly applied kinematical refinement revealed that in all 

cases the dynamical refinement gives significantly improved results. Alongside better agreement 

factors, the benefits include an overall enhanced accuracy of atomic positions, decreased level of 

noise in the difference electrostatic potential maps and clearer detection of hydrogen atoms as 

well as guest molecules. The improved sensitivity of the analysis of H atoms showed that, within 

the independent atom model, the commonly applied constraint schemes in electron 

crystallography do not fit to the electron diffraction data. This observation must be considered 

for accurate modelling of H atoms.  

In the case of non-centrosymmetric structures, the dynamical refinement easily identifies the 

correct enantiomorph by a simple comparison of corresponding R-factors, which is decidedly 

lower when refining the correct absolute structure. A thorough analysis of 49 data sets of 

molecular crystals with the correct identification of the known absolute structure establishes 

dynamical refinement and 3D ED as a reliable and generally applicable tool for the investigation 

of the absolute configuration of molecules forming submicrometric and nanosized crystals. 

The presented procedure for structure determination is compatible with all available 3D ED data 

collection methods. In total, 79 data sets from 10 different microscopes and from various 

laboratories were investigated. This work thus makes an accurate and deeper structure analysis 

accessible to a broad range of electron crystallography laboratories. As such this work allows to 
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further close the gap in the quality and accessibility between 3D ED-based and XRD-based 

structure determinations. Nevertheless, this gap is evidently not fully closed yet, as can be seen 

from the still relatively high R-factors and related lower accuracy with respect to XRD results. 

However, we are certain that it is possible to narrow this gap even more by taking into account 

yet unmodelled aspects like inelastic scattering (33) or crystal imperfections. The dynamical 

refinement method presented in this work forms a basis for further investigation of these effects 

and for further improvement of the quality of structure analysis from 3D ED data. 
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