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FOCAL SERIES RECONSTRUCTION FOR LOW-DOSE TEM IMAGES OF ORGANIC CRYSTALS
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The study of crystals, crystallization, is a well-established topic. It covers many of the life science fields,
and its importance varies from understanding nanoparticles arrays!*! to protein formations,? and even
drug engineering through molecular design.®! One of the most popular methods for direct imaging of
crystal formation, defects, ext., is transmission electron microscopy (TEM). It is most abundant in
inorganic materials, since the electron dose is not as limiting as in organic materials. While challenging,
high resolution electron microscopy of organic material is possible. “° Earlier studies on several
phthalocyanine derivatives'®*® addressed the need to reveal organic crystal defects, polymorphs and
grain boundaries, but with outdated equipment and technology, if compared to our days. The recent
resolution revolution*>?® has brought high, less than two angstrom resolutions in single particle
reconstruction of identical protein structures. It is mainly due to the stability of the new electron
microscopes and novel direct electron detectors.!???! Real-space images of organic crystals and their
aperiodic features obtained by a modern cryo-electron microscope potentially show the detailed
structure, but high resolution details still remain hidden because strong defocus conditions need to be
applied to produce contrast at low dose. Aberration correctors that are successful in materials science
target at sub-Angstrom resolution while effectively diminishing the contrast at lower frequencies,
therefore are not dose efficient when it comes to materials that damage fast and require cryo-microscopy.

We used phase retrieval by focal series reconstruction (FSR) developed originally for inorganic
samples!?®>?4 and adapted the method for fast series recording of hundreds of frames within few seconds
on a direct-electron detector, all at low dose conditions in cryogenic temperatures. Practically, the
objective lens focus ramps fast while the direct electron detector acquires a stack of images at a high duty
cycle. For the reconstruction of the exit-plane wavefunction we implemented relevant parts of a Python
code, eventually allowing to retrieve aberration-fixed in-focus phase images of small organic crystals with
a resolution up to the information limit of the microscope. This code, to our best knowledge, is the first
one operating on sparse low dose images with less than 1 e/pixel and later frames, aligns with sub-pixel
accuracy, and successfully reconstructs the wavefunction.

The application examples in the talk will show that our work enabled high-resolution real-space
crystallography on individual organic nanocrystals, and imaging of crystal defects, grain boundaries and



sub-molecular features such as aromatic rings with 1.6 A resolution. The impact is evident for devices
based on thin layers of organic crystals, for example membranes'?! and field-effect transistors?®.. In those
devices the organic crystals can be only few nanometers in size, and therefore with different properties
than if they were in a larger bulk.[?”!

FSR for organics represents a general direct method for structural analysis of organic matter with near-
atomic resolution, enabling to elucidate unknown structures at the nanoscale.
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