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When imaging specimens in liquids using liquid cell TEM, there is a trade-off between spatial resolution
and liquid layer thickness [1]. In TEM mode, the imaging resolution in a liquid cell with 1 micron thick
liquid degrades to about 12 nm for objects near the top SiN window, due to scattering of electrons by the
liquid [1]. While higher resolution can be obtained with thin liquid films (less than 100 nm thick), the
desire for sharper images has to be balanced against keeping the liquid layer thick enough such that
processes observed are representative of bulk systems. For example, nanoparticle diffusion observed in
thin liquid layers with liquid cell TEM had been found to deviate from the Stokes-Einstein relation [2].
Maintaining a thick liquid layer is also crucial for imaging biological specimens, where, so far, in situ
imaging is mainly accomplished using STEM [3]. However, STEM imaging cannot match the temporal
resolution of TEM imaging for capturing the motion of dynamic objects where state-of-the-art direct
detection cameras are capable of recording whole frames in milliseconds.

Here, we used the motion of Au nanoparticles as a model system to probe the achievable spatial and
temporal resolution in TEM imaging of thicker liquid layers. Au nanoparticles (~20 nm in size) are
dispersed in water and sandwiched between 30 nm thick SiN windows in a Hummingbird Scientific
liquid flow holder. The holder is loaded into a JEOL 2200FS TEM with an Omega filter, where zero loss
imaging (with 20 eV to 40 eV energy slits) was used to mitigate the resolution loss from imaging
through the liquid layer (see Figure 1 for a comparison of filtered and unfiltered images). We estimate a
typical liquid layer thickness of ~200 nm at the window edge and ~800 nm at the window center from
electron energy loss spectroscopy (using inelastic mean free paths reported in [4]) for our experiments.
Live movies were recorded on a Direct Electron DE-12 camera system at 100 frames per second. Figure
2 shows the trajectory of a single particle near the window edge exhibiting Lévy flight where the motion
blur indicates that the nanoparticle made at least two jumps in the 40 ms time frame. The motion of a
pair of connected nanoparticles is described in Figure 3 where it can be seen that during rotation, one of
particles moves significantly more than the other. It also shows that our ability to resolve the shape of
the nanoparticles is mainly limited by motion blurring.

Particle tracking analysis of the motion of the nanoparticles will be presented. The study of dynamics at
millisecond time resolution requires finding an optimal balance between having sufficient signal to noise
and minimizing beam induced effects. The nanoparticle dynamics presented here were captured with a
dose rate of more than 125 e/(A? -s) (a lower bound calculated from the beam current post-specimen),
which can cause significant beam damage (higher dose rates led to dissolution of the nanoparticles).
This dose rate will be untenable for imaging soft materials and biological specimens. Strategies for
imaging at minimal doses and to retrieve structural information from noisy images will be discussed.
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Figure 1. Bright field TEM images of Au nanoparticles in water imaged (left) without energy filtering
and (rlght) W|th a 20 eV energy fllter mserted
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Figure 2. 40 ms sequence of a nanoparticle near the window edge in Lévy flight (40 eV energy slit).
The motion blur indicates that the nanoparticle made at least two jumps. Scale bar represents 20 nm.
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Figure 3. 90 ms sequence of a two nanoparticle pair rotating (20 eV energy slit). The images show that
one nanoparticles moves significantly more than the other. Scale bar represents 20 nm.
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