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ABSTRACT: The application of microcrystal electron diffraction (microED) to a variety of pharmaceutical compounds is reported. 

The examples and work detailed showcase the utility of microED as a routine technique for the rapid collection, analysis, and gener-

ation of structural data on a number of pharmaceutically relevant compounds, requiring minimal sample preparation and often without 

the need for time-consuming vitrification and cryo transfer processes. The development of a scripted data processing workflow al-

lowed for simultaneous collection and processing of electron diffraction data, further expediting structural analysis of fifteen com-

pounds. 

Introduction. 

From process to medicinal chemistry, structural determina-

tion of key intermediates and final drug compounds are critical 

to establishing process understanding and protecting intellec-

tual property.1 As the chemical complexity of the pipeline of 

compounds in the pharmaceutical industry increases (Figure 1), 

routine spectroscopic techniques such as NMR become more 

time consuming and may fail to provide unambiguous structural 

determination.2 The development of novel analytical techniques 

capable of rapidly obtaining unambiguous structural infor-

mation from these complex species is crucial for the future of 

drug development. 

 

Single crystal crystallography provides the most detailed 

structural information from the solid state, but traditionally em-

ployed X-ray crystallography is limited in practice by stringent 

crystal quality and size requirements.3 For samples that fail to 

produce crystals of sufficient quality for single crystal X-ray 

analysis, X-ray powder diffraction and NMR crystallography 

have been developed as alternative analytical techniques. These 

techniques may remain ineffective at providing unambiguous 

assignments in the case of highly complex compounds and also 

may fail to detect minor impurities.4–9 Information not only on 

structural elucidation, but also on variation in crystal forms is 

also key for reproducible and scalable processes.1  
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Figure 1. Molecular complexity score ranking the pipeline of Amgen’s small molecule pharmaceutical programs. 

Microcrystal electron diffraction (microED) has recently in-

creased in popularity as a crystallographic technique capable of 

structural determination utilizing microcrystals that may be pre-

sent in even seemingly amorphous powders. A number of re-

ports have compared structural solutions of identical species ob-

tained by both single crystal X-ray crystallography and mi-

croED, demonstrating the ability for microED to provide data 

equivalent in accuracy to the current gold standard in solid state 

structural assignment.10 Electron diffraction has been used to 

elucidate structures spanning a wide range of chemical space, 

from proteins, materials, and MOFs, to small organic mole-

cules, complex natural products, and organometallic species.11–

17 Furthermore, recent work determining the absolute configu-

ration of a nanocrystalline pharmaceutical compound suggests 

a promising future in which microED can be utilized to deter-

mine absolute stereochemistry.18 In addition to its promise as a 

novel, routine crystallographic technique, microED is capable 

of detecting polymorphology and crystalline impurities on the 

nanomolar scale.19 This sensitivity is particularly attractive for 

industrial applications, where detection of minor impurities and 

crystal polymorphology could offer commercial value. 

The purpose of this study was to evaluate the practicality of 

using microED as a tool to routinely determine chemical struc-

tures of pharmaceutically relevant compounds. Thirty pharma-

ceutical samples were selected for evaluation by microED, 

spanning a range of chemical complexity from both medicinal 

and process sectors. A subset of samples were isolated directly 

following routine chromatographic purification with no at-

tempts to promote crystallinity, while another subset were iso-

lated through purification by recrystallization.   

 

Materials and Methods. 

Materials and Initial Screening on the TEM. Initial ef-

forts began by rapidly screening all thirty samples to evaluate 

crystallinity and collect diffraction datasets during the initial 

screening if possible. Samples were prepared by transferring 

milligram quantities of dry powder as received into a dram vial 

and manually grinding with a glass pipette. A pure carbon 200 

mesh Cu grid was dropped into the vial and shaken together 

with the sample. The grid was removed and gently tapped while 

held with tweezers to remove excess powder. The sample was 

placed onto a single tilt holder and inserted into a Thermo Fisher 

Scientific Talos F200C transmission electron microscope 

equipped with a Ceta-D detector operating at an accelerating 

voltage of 200 keV. 

During this initial screening period, active microscope time 

was limited to one hour or less per sample. To screen for crys-

tallinity, particles were located on the grid in imaging mode at 

2600x magnification (see Supporting Information Section 2 

for images of this process). After identifying a particle of inter-

est, a diffraction pattern was recorded by isolating a region of 

the particle using a selected area aperture and entering parallel-

illuminated diffraction mode utilizing the low dose software on 

the Thermo Fisher microscope user interface. 

A single image of the diffraction pattern was taken on a 

Thermo Fisher Scientific Ceta-D camera. If user inspection of 

the diffraction pattern suggested that the particle was monocrys-

talline and provided <1.2 Å resolution diffraction, the eucentric 

height of the sample was finely adjusted in imaging mode to 

ensure the crystal would remain within the selected area aper-

ture throughout a tilt series with a maximum tilt range of ± 65°. 

After making these adjustments and returning to diffraction 

mode, a continuously rotating electron diffraction movie was 

collected by rotating the stage at a rate of 0.3° s-1. The Ceta-D 

CMOS 4k x 4k camera was operated using rolling shutter mode 

and continuously integrated at a rate of 3 seconds per frame with 

binning by 2 to produce 2k x 2k images. Diffraction movies 

were saved as SER files.



 

 

Figure 2. Structures in which a preliminary microED solution was obtained in under one hour each. Structures 1 and 3 have two molecules 

within their asymmetric unit (See Supporting Information). Hydrogens omitted for clarity. Structure 5 resolves the spirocyclic compound 

but fails to assign stereochemistry at the CSA due to disorder.

Streamlined Data Processing. Given the ability to collect 

multiple movies in a matter of minutes, to further expedite 

structural analysis, we wanted the ability for a single user to 

simultaneously collect and process data. To facilitate this, our 

laboratory has developed a Python script that interacts with ex-

isting programs utilized for processing microED data to allow 

for automated conversion and indexing, inspired by similar au-

tomation developed for serial rotation electron diffraction.20 

Every movie collected for this study was successfully indexed 

and scaled using this strategy, taking approximately 1-2 

minutes to process each dataset. 

Movie files are saved with sample name, detector distance, 

stage rotation speed, and camera integration time separated by 

underscores, allowing for automated importing of these values 

into the processing software (See Supporting Information 

Sections 11–12). After executing the Python script, an open 

source movie conversion program is called to convert each SER 

movie to individual SMV frames.21 After conversion, the Py-

thon script writes a custom XDS.INP file with the appropriate 

settings based on our TEM settings and attempts to index and 

integrate frames using XDS.22 The script is capable of detecting 

errors commonly encountered from our previous processing ef-

forts and automatically corrects and re-subjects the data to XDS 

processing as needed until the dataset is either successfully in-

tegrated, or an upper limit is reached and the data is determined 

to be unindexable by the automated program. Furthermore, the 

script generates and executes the scaling program XSCALE and 

converts the data to SHELX format using XDSCONV.23,24 

Once one or more processed movies are obtained, a user can 

either directly solve the data by using the SHELX software 

suite, or quickly merge multiple pre-processed datasets using 

XSCALE before submitting to SHELX. By following this 

screening method, six of the thirty compounds produced ab in-

itio preliminary solutions in an hour or less per sample (Figure 

2). The number of movies collected on each of these samples 

spanned from a single dataset to six datasets. After obtaining 

these preliminary solutions from SHELXT or SHELXD, the 

data was refined using SHELXL within ShelXle.24–27 

A subset of samples subjected to the initial screening at 

room temperature provided high resolution incident diffraction, 

but rapid truncation of diffraction resolution was observed over 

the duration of the continuous rotation movie, presumably due 

to radiation damage.28 (Supporting Information Section 9). 

Depending on the severity of the beam sensitivity, high quality 

diffraction data could often still be obtained, but may require 

extensive data collection and trial-and-error merging of datasets 

until an optimal combination is achieved. This can be a time- 

and labor-intensive process. As an alternative strategy, samples 

can be cooled to cryogenic temperatures to reduce beam sensi-

tivity. Cryogenic screening was avoided except in the case of



 

  

Figure 3. Small molecule structures solved by microED at cryogenic temperatures in under three hours each, with hydrogens omitted for 

clarity. Crystals of species 7 had two molecules in their asymmetric unit. 

these highly beam sensitive samples due to the time required to 

cool and subsequently warm the cryogenic specimen holder be-

tween samples. 

Screening at Cryogenic Temperatures. To prepare the 

next batch of samples, new dry powder grids were prepared as 

described previously. These grids were placed onto a 626 Gatan 

cryo holder and inserted into a Talos F200C TEM at room tem-

perature. After insertion but before opening the column valves, 

the cryo holder was cooled with liquid nitrogen to -177 °C. The 

temperature was monitored using a Gatan 1905 Temperature 

Controller. After stabilizing at cryogenic temperatures, particles 

were again screened using selected area diffraction. An addi-

tional four compounds (7–10, Figure 3) were solved by this 

method, with a maximum time of three hours from powder to 

preliminary structure per sample. 

Screening Polycrystalline Samples and Recrystalliza-

tion. The remaining eighteen samples (11–15 Figure 4 and Fig-

ure 5a–b) were either too polycrystalline to easily obtain a struc-

ture, had poor diffraction resolution, or provided no diffraction 

at room temperature. In the case of polycrystalline compound 

12 (Figure 4), additional hours spent carefully locating mono-

crystalline domains within a largely polycrystalline sample ul-

timately provided the structure at room temperature. Other low 

resolution and polycrystalline samples were subjected to addi-

tional screening, but ultimately crystallization attempts were re-

quired to provide their solutions. 

To crystallize, ~1 mg of powder was placed into 6 x 50 mm 

borosilicate culture tubes. Samples were dissolved in approxi-

mately 500 uL of solvent and allowed to slowly evaporate at 

room temperature. Higher boiling solvents were evaporated 

from open containers, while low boiling solvents required plac-

ing the culture tube inside an empty dram vial with a slightly 

loosened cap. If the initial solvent failed to produce crystals af-

ter fully evaporating, the amorphous samples were re-dissolved 

in the same culture tube with a new solvent mixture. Evapora-

tion occurred until precipitation was observed. Sample crystal-

lization time spanned from overnight to 3 days. Compound 14 

was crystallized from diethyl ether. The crystals were placed 

onto a grid as a dry powder, plunge frozen in liquid nitrogen, 

and transferred into the TEM while the holder was maintained 

at cryogenic temperatures due to the presumed volatility of the 

sample. Microcrystals of enantiomeric pair 11 and 13 were ob-

tained from slow evaporation from a 50/50 mixture of MeCN 

and H2O and dried under reduced pressure. Microcrystals of 

sample 15 were generated by slow evaporation from a mixture 

of H2O and DMSO (10% v/v). The crystals were blotted with a 

kimwipe and dried under reduced pressure to remove excess 

solvent before being inserted into the TEM. 

Results and Discussion. 

Nine datasets were recorded for enantiomeric pair 1 and 3 

(Figure 2), and for each compound two to three of these datasets 

were merged to provide the structural solutions. Both isomers 

crystallized in the monoclinic space group P21 with similar unit 

cell parameters. The asymmetric unit of each enantiomer con-

tained two molecules, and overlaying these molecules using 

PyMol software demonstrated rotational differences that break 

their crystallographic equivalency.29 Enantiomeric pair 2 and 4 

were also obtained during the rapid screening stage, crystalliz-

ing in orthorhombic space group P21212 with nearly identical 

unit cell parameters. Three to four datasets were collected for 

each enantiomer, but the structure of each enantiomer was re-

solved using a single dataset. Co-crystallized species 5 was ob-

tained in space group P21 after collecting five datasets and 

merging four for the final solution. This structure assigns con-

nectivity of the spirocyclic compound, but significant rotational 

disorder in the camphor sulfonic acid (CSA) moiety prevents 

unambiguous assignment of stereochemistry. Interestingly 

compound 8, which is the enantiomer of compound 5, was also 

studied and required cryogenic data collection due to its beam 

sensitivity. Compound 6 was analyzed after crystallization 

while its enantiomer, 12, was studied as a powder isolated with-

out crystallization attempts (Figure 4). Only one dataset was 

collected to generate a single movie solution of crystallized en-

antiomer 6 (Figure 2) in P212121. In contrast, non-crystallized 

enantiomer 12 (Figure 4) required multiple hours of screening 

to locate monocrystalline domains. From eight datasets col-

lected, two were merged to provide a solution in space group 

C2. 

Samples that initially looked promising by incident diffrac-

tion, but were unable to provide sufficient data at room temper-

ature, had a marked improvement in diffraction 



 

 

Figure 4. Structures obtained via microED with extensive screening and recrystallization. 12 Obtained by locating monocrystalline species 

on a largely polycrystalline grid. 11, 13–15 Samples recrystallized to obtain structure. 11 and 13 contain four molecules within their asym-

metric unit. 15 partial view of asymmetric unit. Hydrogens omitted for clarity.

resolution at cryogenic temperatures. Minor variations in 

the unit cell axes could be observed between room temperature 

data and cryogenic data, but no phase transitions were observed. 

Remarkably, the structure of compound 7 (Figure 3) containing 

a 16-membered ring, was able to be solved by SHELXD in P1 

after generation of four datasets and merging three. While salt 

species 8 did not provide a solution at room temperature, col-

lection of four datasets (and merging of three) at cryogenic tem-

peratures provided a solution in P21 with significantly less rota-

tional disorder at the camphor sulfonic acid molecule than its 

enantiomeric counterpart, 5 (Figure 2). Diene 9 (Figure 3) 

yielded a preliminary solution in P212121 after generating and 

merging of three datasets. Amine salt 10 required collection of 

seven and merging of three movies to generate a solution in 

space group P212121. Each of these samples produced a prelim-

inary structure in three hours or less. 

To resolve ambiguity of the disordered CSA, 5 was sub-

jected to additional cryogenic screening. Collection of four and 

merging of two datasets provided a solution with reduced dis-

order, as is evidenced by the reduction in size of the thermal 

ellipsoids in the refined structures (See Supporting Infor-

mation 5.1). It is critical to note that the cryogenic structure of 

5 led to unambiguous assignment of the stereochemistry at the 

CSA, producing the expected enantiomeric structure to 8; in 

contrast, the room temperature solution indicated that chiral 

salts 5 and 8 were diastereomeric structures. Deducing the ab-

solute stereochemistry of the spirocycle from known absolute 

stereochemistry of the commercial CSA in the room tempera-

ture case would have led to misassignment of stereochemistry. 

Interestingly, the error values for these two structures are simi-

lar, with R =0.1198, GooF = 1.239 for the room temperature 

structure, and R = 0.1127, GooF = 1.143 for the cryogenic struc-

ture. 

The primary differences between the two structures of 5, 

other than reduction in size of the thermal ellipsoids, is seen in 

the preliminary solution obtained with no human input other 

than molecular formula (See Supporting Information). In the 

preliminary structures, the cryogenic structure is missing two 

atoms in the CSA; the room temperature preliminary solution is 

missing five. Importantly, the missing atoms in the room tem-

perature structure include those relevant to assigning stereo-

chemistry.  

While the spirocycle connectivity is well-resolved in both 

structures, we believe this serves as an excellent example as to 

why it is critical for microED reports to not only include stand-

ard crystallographic statistics, but preliminary structural solu-

tions and refined structure files as well.  

While eleven structures were obtained directly from the 

samples as received, structural elucidation of four additional 

compounds was achieved through crystallization screening. For 

example, sulfonamide pair 11 and 13 (Figure 4) were recrystal-

lized from MeCN/H2O and provided solutions in P21212. While 

screening recrystallized 13, multiple similar unit cells were en-

countered, suggesting polymorphism. The structure of the pre-

sumed polymorph was not able to be determined. This polymor-

phism was not detected in the original sample. Structure 15 is 

another example of a process sample that provided structural 

information but was not representative 



 

 

Figure 5. Samples that failed to generate structures. a Enantiomeric pairs (only one enantiomer drawn) b PROTAC, n = 0–4. 

of the original sample. While the presence of piperazine is 

maintained at levels lower than 5000 ppm, this impurity was 

found in significant amounts in the structure obtained from re-

crystallization. This highlights a limitation in gaining infor-

mation about the bulk sample from recrystallized samples ana-

lyzed by microED. 

The remaining fifteen compounds failed to produce structures 

in our hands in a timely manner. These samples are comprised 

of three small molecule enantiomeric pairs (Figure 5a) and nine 

PROTAC compounds (Figure 5b). While most medicinal and 

process small molecule samples can be evaluated as dry pow-

ders, complex species like PROTACs are assumed to benefit 

from evaluation in the frozen hydrated state. Extensive crystal-

lization and vitrification screening is a potential avenue for pro-

ducing microcrystals from these highly complex species, but 

was beyond the scope of this rapid-timeline study where fifteen 

of thirty compounds were solved using approximately forty 

hours of TEM time and seventy hours of automated and user-

driven data processing.   

Conclusions. 

This study highlighted the utility of using microED as a tool 

for rapid structural analysis and elucidation of pharmaceutical 

compounds representing a range of chemical complexity. While 

study of biological samples via microED often requires time-

consuming vitrification and cryo transfer processes, many in-

dustrial compounds explored in this study provided diffraction 

data sufficient for obtaining preliminary solutions within 

minutes to a few hours. Interestingly, all samples procured from 

process development provided solutions, albeit two of them re-

quiring additional crystallization. From thirty samples ana-

lyzed, the structures of fifteen were determined in this study. Of 

the small molecule subset, this translated to a success rate of 

approximately 70%. The majority of the structures were ob-

tained from microcrystalline powders either not subjected to 

any crystallization, or from compounds crystallized for the pur-

pose of purification. The speed and minimal sample preparation 

required for this process demonstrates that microED has 

significant promise as a routine analytical tool for unambiguous 

structural elucidation in the pharmaceutical pipeline. 
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