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ABSTRACT: Here, we demonstrate atomic-resolution scanning transmission electron
microscopy (STEM) imaging of light elements in small organic molecules on graphene.
We use low-dose, room-temperature, aberration-corrected STEM to image 2D
monolayer and bilayer molecular crystals, followed by advanced image processing
methods to create high-quality composite images from ~10°—10* individual molecules.
In metalated porphyrin and phthalocyanine derivatives, these images contain an
elementally sensitive contrast with up to 1.3 A resolution—sufficient to distinguish
individual carbon and nitrogen atoms. Importantly, our methods can be applied to
molecules with low masses (~0.6 kDa) and nanocrystalline domains containing just a few hundred molecules, making it possible to
study systems for which large crystals cannot easily be grown. Our approach is enabled by low-background graphene substrates,
which we show increase the molecules’ critical dose by 2—7X. These results indicate a new route for low-dose, atomic-resolution

electron microscopy imaging to solve the structures of small organic molecules.

KEYWORDS: structure determination, small organic molecules, scanning transmission electron microscopy, atomic resolution,

graphene support

benchmark in small-molecule structure characterization

is the ability to image the arrangements of carbon and
other light elements in a monolayer or submonolayer of
molecules. In this limit, the structure of a molecule can be
directly “read” off of one or more real-space images,
sidestepping the potential for structural misassignments that
can occur with less direct methods. Indeed, atom connectivities
in individual small molecules have been imaged using
noncontact atomic force microscopy and scanning tunneling
microscopy, but these techniques cannot easily elucidate
nonplanar structures or provide a direct elemental identi-
fication of atoms."”” On the other hand, single-particle cryo-
electron microscopy (cryo-EM) has become a gold standard
for the high-resolution structure determination of biological
macromolecules® but is limited to large molecules of ~40 kDa
or more™ because of their higher image contrast. Obtaining
similar capabilities for small organic molecules has enormous
potential. A real-space route to small-molecule structures can
be highly complementary to diffraction methods such as X-ray
crystallography® and microcrystal electron diffraction (mic-
roED)”® because it does not require input models and avoids
the challenges associated with inverting real-space structures
from diffraction data. Indeed, thick crystals of small molecules
have been imaged in (S)TEM since the 1970s,” 7' in part to
acquire more accurate phase information for electron
crystallography. Meanwhile, real-space imaging is intrinsically
well suited to analyzing extremely small volumes of materials,
including nanocrystalline or even amorphous samples—as well
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as understanding the arrangement of molecules on surfaces,
including the structure of organic/inorganic 2D heterostruc-
tures.'” Driven by such merits, imaging methods have
advanced considerably for 2D'® or 3D polymers'® and
MOFs,”™** but new approaches are needed for small
molecules, which require tailored strategies for sample
preparation and analysis.

The key challenge for imaging small organic molecules with
electron microscopy is that small molecules combine weak
electron scattering with high sensitivity to radiation dam-
age,zs_27 making it difficult to extract a molecule’s atomic
structure without modifying it. For example, while several
studies have shown that single molecules can be imaged using
graphene or carbon nanotube substrates when high electron
doses are applied (~10*—10° e7/A?),>*7*" the rapid structural
transformations induced by this approach makes it better
suited toward investigating atomic rearrangements and
chemical reactions than for a structural determination of
unknown analytes. An alternate approach is to acquire low-
dose images and then combine signals from many individual
molecules to recover a high-quality image. When it is applied
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Figure 1. Atomic-scale and atomic-resolution imaging of organic molecules using ADF-STEM. (a) Schematic of the experiment: one to two layers
of molecules are evaporated onto suspended graphene and imaged using aberration-corrected ADF-STEM. (b—d) 2D structural representations
(top) and experimental averaged images (middle and bottom) of (b) CoTMPP, (c) ZnPc, and (d) CuPcCl. The middle row of images shows the
arrangement of molecules in each 2D crystal, and the bottom row shows a magnified, low-pass filtered image of one molecule. Data for CoTMPP
were acquired from a bilayer, while ZnPc and CuPcCl data were from a monolayer of molecules. Image processing methods are detailed in the

Supporting Information. Scale bars are 1 nm (middle) and S A (bottom).

to small molecules, this method has so far only been successful
for recoverin§ relatively large signals—either for imaging thick
crystals'®~"*" or for detecting heavy elements. For example, at
the monolayer limit, signal averaging has been used to locate
copper and chlorine in chlorinated copper phthalocyanine,
but not the light elements that are key to understanding the
structure of organic molecules. Driven by the intense interest
in single-particle analysis in the cryo-EM community, data
processing techniques for extracting molecular structure from
large, noisy data sets have advanced rapidly.**** Recently, data
methods borrowed or adapted from cryo-EM have begun to
spill over to other fields."”*> These advances point to new
opportunities to apply atomic-resolution, low-dose imaging to
determine the structures of small organic molecules directly
from atomically thin samples. Here, we adapt data processing
techniques from 2D electron crystallography®®*” and single-
particle analysis to recover atomic-scale information acquired
from monolayer and bilayer small-molecule crystals on
graphene. Using these methods, we obtain 2D elementally
sensitive images of planar molecules with up to atomic
resolution (1.3 A), rivaling the 3D resolution of state of the art
cryo-EM,*** but for molecules 2 orders of magnitude lower in
mass.

Figure 1 shows averaged annular dark-field (ADF) STEM
images acquired at room temperature from 2D crystals of three
metal complexes: cobalt(II) meso-tetrakis(4-methoxyphenyl)-
porphyrin (CoTMPP; Figure 1b), zinc phthalocyanine (ZnPc,
Figure 1c), and chlorinated copper phthalocyanine (CuPcCl,
Figure 1d). Porphyrins and phthalocyanines represent two
broadly important classes of molecules that include natural
products, such as heme and chlorophyll, as well as molecules
used for catalysis, dyes, and organic electronics.**"** These
molecules are also ideal test systems for high-resolution
imaging. First, they are quasi-planar and are arranged flat on
the graphene substrate,”> making it possible to determine their
structure from 2D images acquired at a single orientation.
Second, while highly conjugated aromatic molecules are

relatively robust to radiation damage,”’ these three molecules
also represent a range of beam sensitivities spanning 2 orders
of magnitude, from ~10" to 10°> e”/A* (see Table S2). Finally,
the molecules contain metal atoms which facilitate automated
molecular detection (see the Supporting Information). To
prepare these samples for imaging, we thermally evaporated
each molecule onto homemade suspended graphene TEM
grids,** producing nanocrystals ranging from 50 to hundreds of
nanometers across (see Figure 3a-c) and 1—2 molecules thick,
as measured using quantitative ADF-STEM (see the
Supporting Information).

As illustrated by Figure 1a, we imaged the molecular crystals
using low-angle ADF-STEM at 300 kV (see the Supporting
Information for acquisition details). In STEM, an angstrom-
scale electron beam (approximately 0.8 A for our experimental
setup) is scanned along the sample, and scattered electrons are
collected as a function of the probe position. ADF-STEM
produces elementally sensitive Z-contrast images in which the
contrast for an individual atom scales with the atomic number
Z", where y ranges from 1.2 to 2 depending on the inner
collection angle of the ADF detector.”>* Our simulations
show that, at the single-atom limits, low-angle ADF-STEM
offers a signal to noise ratio for light element imaging
comparable to or better than that for annular bright-field
STEM with the additional advantage of being directly
interpretable (see Figure S2). These data are consistent with
previous simulation results,”> which indicated that low-angle
ADF-STEM is an ideal method for imaging single molecules
despite a commonly held belief that ADF-STEM is less dose
efficient than bright-field STEM or TEM. When it is applied to
2D crystals of small organic molecules, ADF-STEM thus offers,
in principle, the ability to solve molecular structures directly
from one or more 2D images.

As shown in Figure 1b—d, our methods produce high-
resolution, averaged images of 2D aromatic molecules that
reveal remarkable detail. For example, images of bilayer
CoTMPP reveal the orientation of methoxyphenyl groups,
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Figure 2. Effect of graphene substrates on the critical dose (d.) of COTMPP. (a—c) Normalized electron diffraction spot amplitude as a function of
the accumulated electron dose of bulk crystals on a-C and bilayer crystals on graphene. The data (points) and exponential fit (line) are plotted for
both the a-C (light color) and graphene (dark color) crystals, with the 1/e d, cutoff is indicated by a gray dashed line. Because the crystal structures
and zone axes differ between the two samples, we compare the most similar d spacings. We obtain d, values of 11—70 e~/A?* for bulk crystals on a-C
and 74—156 e~ /A? for thin crystals on graphene. (d) Critical dose as a function of scattering vector. We compared d. measured for 2D crystals on
graphene substrates at room temperature (purple), bulk crystals on a-C at room temperature (red), and bulk crystals on a-C at 96 K (blue). Each
point represents the average d. value measured from multiple crystals for each k vector, and the error bars represent the standard deviation. (e) The
protection factor versus scattering vector k, obtained by taking a ratio of best-fit curves from the data in (d). Solid lines indicate data obtained from
the measured range of k vectors, while dashed lines are an extrapolation. For all k vectors measured, graphene offers a greater protection than

cryogenic cooling.

which appear as propeller-like features around the bright cobalt
center (Figure 1b). For monolayer ZnPc (Figure 1c), we can
locate the metal center, visualize the 4-fold symmetry of the
molecule, and even distinguish the carbon rings in the
macrocycle, such as the benzene rings at the edge of the
molecule. Our images of monolayer CuPcCl reveal the light
elements in the connecting macrocycle as well as the structure
of the four isoindole rings between the metal atom at the
center and the chlorine atoms at the edge (Figure 1d). Each of
these images represents data collected from between 100 and
12000 individual molecules, comparable to those typically used
for each projection in cryo-EM.*****® Importantly, these
molecules can be obtained from extremely small regions; for
instance, Figure 1b is generated from 2000 molecules, each
located in a single crystal domain only 50 nm across. By fitting
the apparent size of the metal atoms and comparing the
averaged images to simulations, we find that the effective
resolution of the class averages is 2.0 A for COTMPP and 1.9 A
for ZnPc (see the Supporting Information). As we discuss
later, we obtain the highest effective spatial resolution of 1.3 A
in CuPcCL

To obtain these images, a key first step is to detect individual
small molecules in electron microscopy images while
minimizing structural changes induced by electron beam
damage. Unlike 2D polymers and MOFs, which are relatively
mechanically robust and can often be grown in large, self-
supporting crystals,"®**** monolayer small molecules require a

TEM support substrate. For our imaging studies, we utilize
graphene substrates, a one-atom-thick layer of carbon atoms,
which is the lowest-possible background support membrane
for (S)TEM.*>*’~>' Graphene is also thought to increase a
material’s resistance to electron irradiation because of its high
electrical conductivity, high thermal conductivity, and
impermeability,”* though this effect has never been directly
quantified for small molecules. To evaluate the potential of
graphene grids for enabling atomic-scale small molecule
imaging, we studied the effect of graphene substrates on the
radiation sensitivity of CoTMPP. We fabricated two types of
CoTMPP samples: conventional samples prepared through dry
deposition of bulk crystals, measured by atomic force
microscopy to be 40—200 nm thick, on amorphous carbon
(a-C) grids and bilayer crystals evaporated onto graphene
grids. We then measured the critical dose, a measure of the
beam sensitivity of a material, using selected area electron
diffraction at 300 kV (see the Supporting Information). Figure
2a—d compares the critical doses of bulk crystals on
conventional grids to 2D crystals on graphene. We find that
graphene increases the dose resistance of CoTMPP at all
scattering vectors. For example, in Figure 2a, we obtained a
room-temperature d. = 11 e”/A* for the 3.2 A diffraction spot
of bulk CoOTMPP on a-C but d. = 74 e /A? for the 3.4 A
diffraction spot of bilayer CoOTMPP on graphene.

By taking the ratio of the critical doses of the 2D sample on
graphene with respect to the bulk sample, we calculate the
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protection factor that graphene provides to the molecules.
Figure 2e plots the protection factor versus scattering vector k.
We obtain protection factors of between 2 and 7 for the k
vectors we measured, comparable to the 9X protection factor
graphene provides to inorganic materials.””>® The highest
protection factors are observed for larger scattering vectors,
indicating that graphene is most effective at preserving the
high-frequency information needed for atomic-scale imaging.
Notably, Figure 2e shows that, for the highest k vector
measured, graphene’s protection factor is approximately more
than 2 times larger than that obtained by cryogenic cooling of
bulk samples to 96 K. Together, these results show that
graphene substrates can play a significant role in enabling
atomic-scale imaging of small molecules.

In addition to graphene substrates, a second key step to
minimize changes to the molecular structure is to limit their
electron exposure. We use a low-dose, low-magnification
imaging procedure, as detailed in the Supporting Information,
to locate the 2D molecular crystals of interest. Figure 3a—c
shows the resulting images: for example, Figure 3a shows the
highly faceted crystals of bilayer CoTMPP, highlighted in gold
in the bottom half of the image. Next (Figure 3d—f), we
acquire low-dose, high-magnification images within a single
crystal. We tailored the electron dose to the beam sensitivity of
each molecule on graphene, ranging from S0 to 660 e~ /A for

CoTMPP ZnPc

» CuPcCl

©)

+

0.9 nm

Figure 3. ADF-STEM image acquisition procedure for 2D molecular
crystals. (a—c) Low-magnification images showing the morphology of
as-deposited crystals on graphene. Gold indicates regions with thin
crystals of (a) bilayer CoTMPP, (b) monolayer ZnPc, and (c)
monolayer CuPcCl. While the bilayer CoTMPP crystals are highly
faceted, ZnPc and CuPcCl form sheets, sometimes dotted with small
crystals of thicker material (white regions in (b)). (d—f) Low-dose
images acquired using 48, 118, and 661 ™ /A Faint lattice fringes are
visible in each image, but the molecular structure is obscured by noise.
(g—i) Fast Fourier transforms (FFT) of the regions in (d—f) show
periodic peaks from the molecular crystals and demonstrate
information transfer up to 2.65 A for CuPcCl (i). The innermost
reflections are marked for each molecular crystal for scale. The 6-fold
graphene reflections at 2.1 A are also visible, marked by squares in (i).

the molecules we studied (see the Supporting Information and
Table S1). In these low-dose images, the crystal lattice is visible
as a series of weak fringes, but the structure of individual
molecules is obscured by noise. Despite the low signal to noise,
the fast Fourier transforms (FFTs) (Figure 3g—i) show that
these images contain atomic-scale information; peaks in the
FFT are visible up to 2.65 A for CuPcCl and 2.1 A for
graphene. These values do not represent a limit on the
information present in the image and can improve beyond 2
times the initial limit with averaging because real- or Fourier-
space alignment methods effectively sharpen peaks in the FFT
so that they become visible above the noise background.54_56
Once we acquire low-dose images of each molecular crystal, we
extract the atomic-scale structure using the class averaging
approach illustrated in Figure 4 for CoTMPP. First, we applied

Image Pre-processing
Fourier Masking Fourier Filterd Image
b s R

Particle Picking

v
Classification

Registration

Figure 4. Schematic of our class averaging process. (a) We apply a
mask to the fast Fourier transform of the image, producing (b) a
Fourier-filtered image where the (c) metal centers of the molecules
are readily identified. Next, we optionally refine the particles using
image classification to remove “bad” classes of particles. (d) Images
from two representative classes. The images in the bottom class
(yellow) have higher contrast than images in the “bad” class (gray).
(e) Images from the “good” class (2000 frames) are registered and
averaged to generate (f) the final average.

a Fourier filter (Figure 4a,b) to isolate the periodic signal from
the 2D lattice (see the Supporting Information), a technique
commonly used in electron crystallography to reduce back-
ground noise.”®"” We then segment each image into small
regions centered around each molecule (Figure 4c). An
optional next step is image classification and refinement
(Figure 4d). The segmented images are registered (Figure 4e)
and averaged to obtain the final image (Figure 4f).

As we show below, advanced data averaging methods are key
to producing directly interpretable, atomic-resolution images
of small molecules from low-dose STEM images. We explored
three averaging approaches with increasing levels of sophisti-
cation: (1) threshold-based averaging, (2) reference-based
averaging, and (3) iterative classification. We applied each
method to an image of monolayer CuPcCl. To compare
improvements in image quality among the different image
averaging methods, we consider the effective resolution of the
final averaged image. We note that this resolution is distinct
from the intrinsic microscope resolution (~0.8 A for our
experimental setup) in that it contains contributions from the

https://doi.org/10.1021/acs.nanolett.2c00213
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probe size as well as blurring from imperfect image registration
and averaging of nonidentical objects, similar to the resolution
of the 3D reconstruction in single-particle analysis.*® For data
processing details and comparisons of these methods, see the
Supporting Information and Table S3.

Figure Sab shows that threshold- and reference-based
averaging—methods that simply locate, align, and average
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Figure S. Data processing methods for atomic resolution imaging of
monolayer CuPcCl. (a—d) Experimental ADF-STEM data after
processing using (a) threshold-based averaging (1372 frames), (b)
reference-based averaging (3924 frames), (c) a single round of
classification (320 frames), and (d) iterative classification (140
frames). All images are low-pass filtered. (e) Multislice ADF-STEM
simulations of monolayer CuPcCl with probe sizes (fwhm) from 1.3
to 1.6 A. The upper right corner of the 1.3 A simulation is overlaid
with a quadrant of the experimental image in (d). (f) Line profiles
across a C—N bond, indicated by the green rectangle in (a). Data are
shown as points, displayed with a smoothed (Savitsky—Golay filtered)
line as a guide to the eye. In the iterative class average, intensity peaks
corresponding to individual C and N atoms are visible, and N atoms
appear brighter than C atoms. We estimate that the resolution
obtained using the iterative classification method is 1.3 A. Scale bars
are 5 A.

individual frames and have been previously used to increase
the signal-to-noise ratio SNR of molecules on graphene®—
produce comparable averages. Here, we see that these methods
are sufficient to reveal the positions of the heavier Cu and ClI
atoms as well as weaker contrast from the inner macrocycle of
the phthalocyanine. In comparison to multislice image
simulations®® with varying probe sizes (Figure Se), the
experimental data in Figure Sab are consistent with an
effective probe fwhm of ~1.6 A (see the Supporting
Information for image simulation details). While probe size
is often used as a proxy for resolution in inorganic specimens,

Fourier ring correlation (FRC) is a commonly used metric to
quantify resolution in 2D projections of cryo-EM data.”” Using
FRC on Figure Sa, we measured 1.0 A resolution (see Figure
S6). Both of these metrics indicate that the averaged images
contain angstrom-scale information. Despite the high meas-
ured spatial resolution of our averages, clear distortions are
present in the experimental averages: for example, the four
inner pyrrole rings are asymmetric across the metal center and
their ring structure is poorly defined, making it difficult to
extract the position of light atoms from the averaged image.
These distortions likely result from errors in the alignment
between frames or the inclusion of misidentified or damaged
molecules. Images in Figure Sc,d are generated from the same
raw data but are processed using either a single (Figure Sc) or
multiple iterative classification cycles (Figure Sd) implemented
via EMAN2, an open-source image processing software for
single-particle analysis.”” In each cycle, particles are classified
using the software’s built-in principal component analysis and
k-means classification tools.”' Particles in the class(es) that
produce the highest resolution averaged image are retained
(see the Supporting Information). We believe this process
removes relatively damaged, poorly centered, and misidentified
regions from the final class average.

We obtain the best average image (Figure 5d) from multiple
cycles of iterative classification. Here, the porphyrazine ring
around the metal center as well as the five- and six-membered
rings of the isoindole groups are clearly visible. By taking line
profiles of the image intensity across the azomethine C—N
bond for each averaging method and comparing them to
simulated data (Figure 5f), we demonstrate that we can resolve
individual carbon and nitrogen atoms in the iterative class
average and achieve an effective resolution of ~1.3 A. In Figure
Sf (green), we measure a C—N bond length of 1.4 + 0.1 A,
consistent with the 1.35 A bond length reported for bulk
crystals of S-copper phthalocyanine.”” In the 2D image and
line profile, we are also able to distinguish nitrogen and carbon
atoms on the basis of their intensities, which is higher for
nitrogen because of its larger atomic number.

Together, this work demonstrates a new method to image
and understand the structures of small molecules, atom by
atom, with up to 1.3 A resolution in nanoscale molecular
crystals. Our methods produce direct, real-space, elementally
sensitive images of the molecular structure and require crystals
just a few hundred molecules across, representing a potentially
powerful new tool for ab initio small-molecule structure
determination. While our work demonstrates new methods
to create high-resolution 2D projection images of planar or
quasi-planar molecules, our approach may be extended to
determine the full 3D structure of molecules by capturing
images from multiple projections to produce 3D reconstruc-
tions. In addition, because our techniques can access both the
structure and arrangements of molecules on surfaces, we
believe our methods should be useful for studying soft—hard
interfaces such as mixed organic/inorganic van der Waals
heterostructures. Finally, our data analysis approach and
insights into the protection factor of graphene can advance
imaging of beam-sensitive materials, such as 2D polymers and
MOFs. Overall, this study represents a powerful new pathway
to visualize and understand beam-sensitive organic systems at
the atomic and molecular limits using electron microscopy.
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