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structure be developed. However, high-resolution transmission
electron microscopy (HR-TEM) imaging of such beam-sensitive
materials is an outstanding characterization challenge. Here, we
overcome this challenge by leveraging low electron flux imaging '
conditions and high-speed direct electron counting detectors to
acquire high-resolution images of 2D COF films. We developed a
Fourier mapping technique to rapidly extract nanoscale structural
information from these TEM images. This postprocessing script
analyzes the evolution of 2D Fourier transforms across a TEM image,
which yields information about polycrystalline domain orientations
and enables quantification of average domain sizes. Moreover, this approach provides information about several types of defects
present in a film, such as overlapping grains and various types of grain boundaries. We also find that the pre-eminent origin of defects
in COF-5 films, a prototypical boronate ester-linked COF, arises as a consequence of broken B—O bonds formed during
polymerization. These results suggest that the nanoscale features observed are a direct consequence of chemical phenomena. Taken
together, this mapping approach provides information about the fundamental microstructure and crystallographic underpinnings of
2D COF films, which will guide the development of future 2D polymerization strategies and help realize the goal of using 2D COFs
in a host of thin-film device architectures.

1
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ensemble measurements are insensitive to nanoscale inhomo-
geneities that arise as a consequence of defects or domain
edges. These uncharacterized domain boundaries and defects

B INTRODUCTION

Two-dimensional (2D) covalent organic frameworks (COFs)

are synthetically versatile 2D polymers that have a unique
confluence of covalent connectivity, permanent porosity, and
structural precision.'~* This combination of properties has
inspired interest in 2D COFs as catalysts,”~’ membranes,®~""
and active layers in organic electronic devices."*”"* However, a
major hurdle is that COFs are commonly prepared as
aggregated powders, but they must be integrated into thin-
film device architectures to harness many of their desirable
properties.">'® Many 2D COF film fabrication approaches
have been investigated including interfacial polymerization,'”"”
exfoliation followed by solution casting,'®"” and solvothermal
grow’th.zo_22 Of these methods, solvothermal growth, where
films are grown directly on a solid support, has proven to be an
operationally simple method for growing highly crystalline and
vertically oriented films.”' However, these films are often
contaminated by insoluble powder aggregates formed during
synthesis, which further complicates direct imaging.”'
Although conventionally prepared films have been studied
extensively by bulk characterization methods, such as grazing-
incidence wide-angle X-ray scattering (GIWAXS), these
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are likely to impact the performance of 2D COF thin films in
electronic devices. Here, we leverage newly developed
synthetic conditions for synthesizing 2D boronate ester-linked
COFs as stable colloidal suspensions,23 which now also enable
the preparation of 2D COF films that are not contaminated by
precipitated bulk powders. These synthetic developments
enable a new frontier in nanoscale characterization of 2D
polymers because high-quality samples are a prerequisite for
direct imaging of grain boundaries and defects in thin films.
Nanoscale features are routinely studied in beam-stable 2D
materials, such as transition-metal dichalcogenides (TMDs)
and graphene, and are known to produce exotic physical
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Figure 1. Preparation of 2D COF films using colloidal conditions. (A) Schematic of the synthesis of boronate ester-linked COF films on graphene-
coated TEM grids. (B—E) TEM images of oriented COF films: [(B), COF-5] dose rate of 13.81 e~ A s™" and cumulative dose of 13.75 e” A™%;

[(C), COF-10] dose rate of 17.35 e~ A2 57!
dose of 6.40 e~ A7%; [(E), TP-COF] dose rate of 2.12 e~ A™2

and cumulative dose of 17.28 e~ A™%; [(D), DPB-COF] dose rate of 16.45 e~ A™2 s

and cumulative

s7! and cumulative dose of 0.41 e~ A2 Insets: magnified image of the small boxed

region in each micrograph after band pass filtering. (F—I) GIWAXS of COF films on graphene-coated SiO, grown concurrently with the TEM

grids: (F) COF-S, (G) COF-10, (H) DPB-COF, and (I) TP-COF.

. ) 24,25
phenomena and impact macroscale device performance.”**

These materials have been previously studied using techniques
such as electron backscatter diffraction (EBSD) in scanning
electron microscopy (SEM), dark-field transmission electron
microscopy (DF-TEM), and color-coded Fourier filtering to
map domains of beam-stable crystallites, as well as high-
resolution TEM (HR-TEM) to determine the atomic structure
of grain boundaries.””*~*” The Fourier filtering method takes a
fast Fourier transform (FFT) of the entire image and then
applies Fourier masks on a certain ring with the symmetry of
the crystals being considered.” For example, in a hexagonal
lattice, sets of six masks that are 60° apart would be applied
with the angular precision determined by the user. Using this
method, grain size, shape, and distribution can be mapped.
However, using predefined symmetry becomes less accurate
when the domains are tilted and only two, rather than six, spots
are present in the FFT pattern. In this case, a given domain
would be assigned to the same color as other domains with the
same rotation but without tilt and those with tilt about a
different crystallographic axis. Therefore, if two such domains
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were next to each other, which we would expect to occur in
inherently soft 2D materials, the Fourier filtering method
would not be able to distinguish them. However, the use of
local FFTs, which is used in our newly developed mapping
technique, would allow for these two types of domains to be
distinguished. Another method for mapping the grains of
materials is DF-TEM, which has a large field-of-view, making it
a particularly useful technique for materials with large domain
sizes, such as inorganic 2D materials. However, DF-TEM is
impractical for beam-sensitive materials with large lattice
parameters, such as COFs, because of the limited angular
precision imparted by the physical size of the objective
aperture and the requirement of a high electron flux because
only one reflected beam is blocked. It is also possible to use
HR-TEM imaging over smaller fields-of-view, stitch the images
together, and then perform Fourier filtering to map grain
boundaries. However, apart from being time-consuming, the
cross-correlation during image stitching may fail if neighboring
frames do not contain easily recognizable features.

https://dx.doi.org/10.1021/acs.chemmater.0c04382
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In addition to these techniques, electron diffraction is
particularly useful for identifying crystallite orientations and
generating spatially resolved maps of those orientations by
tracking the evolution of the electron diffraction pat-
terns.”**>*® Despite the versatility of this technique, electron
diffraction requires a focused electron beam and a long
acquisition time for generating adequate signal-to-noise ratios,
both of which result in high electron fluxes.””** Although
diffraction focuses the electron beam onto only a few spots of
the material, the high flux at those spots results in significant
beam damage. Electron beam damage, which affects many
materials to varying extents,”' > has impeded the application
of diffraction techniques for soft materials, including COFs,
which are particularly sensitive to electron beam damage.
Despite the well-known beam sensitivity of COFs, few TEM
studies mention the use of low-flux imaging conditions or
report the cumulative electron flux used to acquire an
image.Bm7 In most cases, TEM characterization of COFs has
been limited to analysis of the morphology and arrangement of
the COF mesopores or pore channels of small sample
areas.' ”?***~* Beyond traditional real space imaging, there
are some reports of using electron diffraction**” or FFT***
patterns to identify crystallite orientations. Furthermore, there
is only a single example of using Fourier filtering of TEM
images to identify grain boundaries, grain orientations, and
edge dislocations of a particularly robust triphenyl triazine
thiazole-linked COF.* Beyond these limited examples, nano-
scale structural characterization of COFs remains extremely
challenging and is limited to frameworks composed of highly
beam-stable linkages.

Here, we develop an automated postprocessing mapping
technique for extracting nanoscale information directly from
HR-TEM images of four beam-sensitive boronate ester-linked
COF thin films. While traditional methods used to study
defects and grain boundaries of graphene and TMDs rely on
tracking changes in the positions of diffraction spots, our script
analyzes the change in 2D Fourier transforms across an image
to identify the locations, orientations, and shapes of the grains
and grain boundaries of beam-sensitive materials. 2D Fourier
transforms are mathematical transformations that extract the
periodicity of an image. Because FFTs can be produced after
imaging, we are able to study changes in crystallinity without
the need for large electron fluxes or long acquisition times,
which are typically required when collecting electron
diffraction patterns. By combining recent TEM hardware
developments, such as high-resolution direct electron counting
detectors,******~>! ‘and our postprocessing approach, this
technique provides a high-throughput method for evaluating
the synthesis of beam-sensitive polycrystalline materials at the
nanoscale. This approach reveals that COF-S films have small,
irregularly shaped domains with domain edges that are most
commonly offset by a 12° relative rotation, which we attribute
to the formation of a hemiboronate ester. By providing
researchers with previously unavailable information about
fundamental chemical and structural aspects of 2D polymer-
izations, this mapping approach will enable improved polymer-
ization strategies for producing high-performance COFs in
thin-film device architectures.

B RESULTS AND DISCUSSION

To prepare COF thin films suitable for TEM analysis, we
polymerized 2D boronate ester-linked COFs directly onto
graphene-coated TEM grids (Figure 1). The four boronate
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ester-linked 2D COFs studied are COF-5, COF-10, DPB-
COF, and TP-COF which are synthesized by the condensation
of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) with 1,4-
phenylenebis(boronic acid), 4,4’-biphenzlbis(boronic acid),
4,4'-diphenylbutadiynebis(boronic acid),” and 2,7-pyrenebis-
(boronic acid),”® respectively. For all systems, monomer
solutions of HHTP (1 mM) and the corresponding boronic
acid (1.5 mM) in CH;CN/1,4-dioxane/mesitylene (80/16/4
v/v/v) were prepared. This solution was then transferred to a
vial containing both a graphene-coated silicon dioxide (SiO,)
substrate, which was used for bulk characterization techniques,
and a graphene-coated TEM grid. There, films were grown on
two substrates under the same conditions to enable their direct
comparison. The sealed vial was then heated to 70 °C for 24 h
to produce a colloidal solution and a templated COF thin film
on the graphene surfaces (Figure 1A). Using colloidal synthetic
conditions, no precipitates were formed, which facilitated the
direct imaging of these 2D COF thin films.

Bulk characterization of the COF films indicated that the
colloidal growth conditions produced highly crystalline,
oriented thin films on graphene/SiO, substrates. GIWAXS
revealed that the COF films were highly crystalline and
oriented on the graphene-coated SiO, substrates (Figure 1F—
I). In all cases, the scattered intensities of the Bragg peaks were
concentrated near Q, = 0, which is indicative of an oriented 2D
layered material. Extrapolated 1D diffraction patterns (Q, = 0)
displayed sharp in-line Bragg diffraction peaks that are
consistent with simulated patterns for each COF with (100)
peaks at 0.24, 0.20, 0.16, and 0.19 A~ for COF-5 (Figure 1F),
COF-10 (Figure 1G), DPB-COF (Figure 1H), and TP-COF
(Figure 1I), respectively. To provide an estimate of the
orientational order, or mosaicity, of the film we analyzed the
radial width of the (001) peaks, which appear as diffuse arcs
centered around Q, = 1.85 A™". This analysis indicates that in
the COF-$S film, most grains are oriented within 11° of the
surface normal (Figure $29), which is improved compared to
previous COF-5 films grown under other conditions.”" We also
subjected the other boronate ester-linked 2D COF films to this
analysis and found they are also highly oriented with most
grains oriented within 10° for COF-10, 14° for DPB-COF, and
11° for TP-COF (Figures S30—S32). Additionally, Scherrer
analysis of the GIWAXS patterns suggested an average
crystalline domain size of 50 nm for COF-S. However, this
analysis only gives an average value rather than a distribution
of sizes, is limited to nanoscale crystallites (<200 nm), and fails
to account for other peak-broadening factors such as
dislocations, stacking faults, and grain boundaries. Therefore,
while GIWAXS measurements suggest that these films are
highly crystalline and oriented, this data fails to provide
nanoscale information regarding how the COF crystalline
domains are stitched together at the atomic level to form grains
and grain boundaries.

Next, we used TEM to elucidate the nanoscale structure of
the four COF thin films. To accommodate the beam sensitivity
of COF materials, we used low-flux imaging conditions on a
transmission electron microscope equipped with a direct
electron counting detector, which enabled the acquisition of
high-resolution images using short acquisition times and low
electron fluxes. In all cases, the films spanned the holes of the
TEM grid, as confirmed by low-resolution TEM, and were
polycrystalline with domains of varying size, shape, and
crystallite orientation (Figures 1B—E and S5-S9). In
particular, the COF-$ film displayed excellent surface coverage
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Figure 2. Schematic of automated domain mapping procedure. (A) COF-5 HR-TEM image taken with a cumulative dose of 14 ¢~ A™2 Inset:
magnified image of boxed region in (A) displaying polycrystalline COF-S lattice fringes. (B) FFTs are generated by sweeping a ROI across the
image. (C) A band pass filter is then applied to each FFT and a radial phi (¢) integration is applied to identify the locations of the highest intensity.
(D) FFT patterns are then analyzed to locate the maximum intensity spot and the corresponding phi angle, which corresponds to a different color.
The colors corresponding to the phi angles measured for each FFT are shown in the colored bar below the FFT patterns. (E) Image is then
mapped using the colors corresponding to the different phi angles and overlaid on the initial TEM image.

and maintained its crystallinity over large portions (>10 ym) of
the grid, as evidenced by TEM (Figures S2—S4). While COF
films can be imaged with standard CCD-based cameras, the
high sensitivity of electron counting camera enables more
reliable imaging of these thin, beam-sensitive materials. These
qualitative observations led us to realize that the quality of
these materials could enable the extraction of reliable
quantitative information, which would require the develop-
ment of new image analysis tools.

With this in mind, we developed a method to extract
quantifiable nanoscale information such as domain size, shape,
and grain boundary prevalence from TEM images using an
automated postprocessing Fourier-mapping approach (Figure
2). First, we import a lattice-resolution TEM image of a
polycrystalline film (Figure 2A). Next, the TEM image is
subjected to a 2D fast Fourier transform (FFT) that is radially
integrated in Q,, space to find the predominant repeat spacing
in the image>* (Figure 2B). The program then uses this full-
image FFT and partial-image FFT as training data to optimize
radial sensitivity, mapping script accuracy, and signal-to-noise
as a function of a region of interest (ROI) size, which
determines the size of the box that will be scanned across the
entire image to yield the most informative map (Figures S10—
S13, see Supporting Information for a detailed description of
selecting these parameters). After analysis, we determined that
a ROI square with side lengths of around 20 crystallographic
cells is optimal for mapping. For example, for COFE-S films, we
used a ROI of 500 pixels (55 nm), which is small enough to
capture a single domain in a frame but large enough to provide
adequate signal for mapping. Next, we determine how much
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the ROIs will overlap as they are rastered across the image,
which effectively determines the accuracy of the resultant
maps. After testing several different values, we determined that
a mapping accuracy value slightly greater than the expected
(100) spacing of the COF provides a well-resolved domain
map without adding unnecessary computational burden
(Figures S14—S17). For example, for COF-S films, which
have a (100) spacing of 2.8 nm, we selected a mapping
accuracy of 3 nm.

FFT patterns obtained at appropriate spacing over large-area
micrographs differentiate the orientations of adjacent crystal-
line domains. A Fourier transform mathematically decomposes
a function into a continuous spectrum of its frequency
components. Therefore, periodic structures, or lattice fringes,
in a real-space TEM image can be transformed into an inverse-
space FFT pattern with sharp, symmetric spots, where the
direction of the spots reflects the orientation of the crystallite.
The FFT of a perfectly oriented boronate ester-linked COF
film with hexagonal pores lying head-on would have six spots
of equal intensity that are 60° apart (Figure 2A,B). In practice,
however, crystallites can lie on the substrate in random
orientations. Therefore, a slightly tilted hexagonal net results in
a FFT pattern with projected symmetries that depict the
preferential grain tilt and rotation directions (e.g., two-spots,
rather than six) (Figures 2D and S19). The symmetry and
intensity of these spots are highly sensitive to slight changes in
the film, including thickness variations of the COF or minor
height differences from the substrate. Given that FFT patterns
are produced via a mathematical transformation of the image,
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Chem. Mater. 2021, 33, 1341-1352


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c04382/suppl_file/cm0c04382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c04382/suppl_file/cm0c04382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c04382/suppl_file/cm0c04382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c04382/suppl_file/cm0c04382_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c04382/suppl_file/cm0c04382_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c04382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c04382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c04382?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c04382?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c04382?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Artlcle

(A)

160
140
120
100

80

60

Domain Orientation Angle (¢)

40

20

Cl

(=] o
BN —_
(=] (3]

Normalized Probability
[=]
[=]
(3]

0.20 T
0 |

5000 10000 15000
Domain Area (nm?)

1 T 1 T
20.8- -
("2}
&
3 0.6 -
> —— -
= . Average Domain Area
a 0.4 | 2
E , ~3350 nm
goz2-/ | =
0 L I I I
0 5000 10000 15000 20000 25000

Domain Area (nm2)

Figure 3. (A) Four COF-S film TEM images taken from the same TEM grid with the same magnification and a cumulative dose per image of ~14
e~ A7 for each image. (B) Histogram of domain areas compiled from the images in (A). (C) Probability density plot showing the likelihood of a
film having a domain of a certain area with the dotted lines highlighting the average domain area expected.

they represent a convenient and powerful tool for studying the
crystallinity of beam sensitive materials.

With these resultant FFT patterns from a variety of grain
configurations and the appropriate selection of mapping
parameters, we can then proceed to map the TEM images
by rastering the ROI across the image, generating 2D FFTs at
each location, and azimuthally integrating the FFT intensity to
determine the phi (®) position of the most intense spot
(Figure 2B). Using the repeat spacing determined from the full
image, each FFT is band pass-filtered to focus our analysis to
the spacing associated with the predominant crystallographic
axis (Figure 2C). For each ROJ, the script locates the FFT spot
with the maximum intensity and measures the corresponding
phi degree (Figure 2D) in order to identify the size, location,
and orientation of each domain. If the phi degree of the
maximum intensity spot in a given FFT differs by a value
greater than the phi degree binning value compared to the
surrounding FFTs, that corresponds to a new domain in the
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image (Figure S18). We selected a phi binning value, or
tolerance level, of 5° because of the inherent flexibility of 2D
polymers, which results in slight bending of the lattice fringes
within a single crystalline domain. Different colors are then
assigned to each crystalline domain orientation, as defined by
the phi angle measured in each FFT, resulting in a color-coded
crystal-orientation domain map (Figures 2D,E and S19). In
this work, we focus our attention on four beam-sensitive
boronate ester-linked COF films (Figures $25—527); however,
this strategy can be used to map TEM images of any
polycrystalline material (Figure S28).

By analyzing the statistical distribution of grain sizes in a
given COEF-S film across four TEM images, we observed
irregularly shaped domains with small average crystallite sizes
(Figure 3). First, we took lattice-resolution TEM images of
several different regions in a single COF-S film (Figure 3A).
We then subjected those images to the automated domain
orientation mapping script using the parameters previously
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magenta) in the cropped images shown in (B,C): (D) overlapping sheets are apparent based on the coexistence of the two sets of FFT spots in the
patterns; (E) A tilt grain boundary is observed based on the simultaneous disappearance of the 117° domain (yellow) and appearance of the 155°
domain (red). (F,G) Plots displaying the relative phi intensities moving from left to right (cyan to magenta) in the cropped images, which show the

changes in the grain orientations.

described (Figure 2). Once the images were mapped, we used
the script to extract the size of the individual domains (Figure
3A). The histogram in Figure 3B displays the grain sizes
observed in the four COF-S film images, showing that most
domains are relatively small. This distribution is best evaluated
by plotting the probability density, which represents the
likelihood of finding a domain of a given size in a film (Figure
3C). The average domain area in a COF-S film is 3350 nm?,
which corresponds to a square grain with sides that are
approximately 58 nm in length. In addition to gathering
statistical grain size information, this analysis also provides a
method for generally evaluating the shapes of the crystalline
domains. All of the COF-5 film images displayed irregularly
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shaped domains and relatively small crystallites lying on the
graphene substrate in several different orientations (Figure
3A). This same observation was made when studying the
mapped images of other boronate ester-linked films, suggesting
that whatever impedes the growth of domains in our model
COF-5 system is also operative in other boronate ester-linked
COPFs (Figures S25—527). We hypothesize that the irregular
shapes observed are likely due to uncontrolled nucleation and
growth mechanisms and therefore expect that higher quality
materials can be generated if these parameters can be better
controlled.

In addition to identifying grain size and orientation, this
automated mapping strategy also reveals nanoscale features of
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Figure S. Statistical analysis of grain orientation. (A) Grain boundary maps of four COF-$ film TEM images taken from the same TEM grid with
the same magnification and a cumulative dose per image of ~14 e~ A™* for each image. (B) Scatter plot showing the relative change in grain
orientation angle measured for every grain boundary shown in (A), where the color of the dot corresponds to a particular image as shown in the top
right corner of the images in (A). (C) Geometry optimized structured generated using a universal force field displaying a ~12° change in grain
orientation between two domains. (D) Magnified image of the boxed region in (C). (E) Schematic of boxed region in (D) showing the broken

B—O bond that causes the formation of a grain boundary.

crystalline films such as overlapping sheets and tilt grain
boundaries by analyzing the change in phi angle and intensity
of the FFT spots across the mapped image (Figure 4). In the
map shown in Figure 4A, each color represents a distinct
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domain orientation, meaning that at the interface of one color
with another, a domain boundary is present. When analyzing
the changes in FFTs across boundaries, we observed two
primary features: overlapping sheets and tilt grain boundaries
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(Figure 4A). We identified these features by selecting regions
in the mapped image that showed a visible transition from one
color, or domain orientation, to another (Figure 4B,C). We
then took those cropped regions and scanned a ROI box across
the area, generating band pass-filtered FFTs as the ROI box
moved from left to right (cyan to magenta) and radially
integrating the intensities (Figure 4D,E). To identify the type
of transition, we looked at the intensity variation of the FFT
spots as we moved across the cropped region, which has been
previously used to analyze defects in other 2D materials
(Figure 4F,G).** In Figure 4F, we observe that the intensity of
the FFT spots at 155° remains constant throughout the
cropped region, as shown by the spots marked in red in the
FFTs (Figure 4D). However, the FFT spots at 55° which are
marked in blue (Figure 4D) consistently decrease in intensity
as we move the ROI from left to right (cyan to magenta). This
suggests that on the left side of the cropped region, we have
both domains present but as we move across the image, only
the 155° domain orientation remains. Because the integrated
intensity is not constant over the transition, it indicates that the
transition observed is due to a local overlapping of two
misoriented COF domains. This is in contrast to what we
observe in Figure 4G, where the intensity sum remains
constant as we move from the domain with a lattice orientation
of 117°, marked in yellow in the FFTs, to a domain with a
lattice orientation of 155°, marked in red in the FFTs (Figure
4E), which is indicative of a tilt grain boundary without any
overlapping regions. In addition to the FFT spots at 117° and
155° in the cropped region, we also observe a third set of spots
at 57° that has a constant intensity throughout the image,
suggesting that there is a crystalline domain with a different
orientation lying outside of the focal plane. In addition to
observing overlapping sheets and tilt grain boundaries, we can
also use this method to analyze domains that have folds or
bends as well as defect-free regions (Figures $20—S23). While
other types of defects and edge dislocations are possible in
COF films, such as the presence of aperiodic lines of heptagons
and pentagons at interfaces,” these other topological defects
were not detected during our analysis of the COF grain
boundaries.

Statistical analysis of the COF-5 grain boundaries and
defects over several TEM images reveals that the most
common change in grain orientation between two adjacent
domains is approximately 12° (Figure S). To study the grain
boundaries of the films, we measure the change in domain
orientation as the ROI moves from one domain, or color, on
the map to the next (Figure SA). Because each 2D FFT pattern
is by definition bilaterally symmetric, we measure domain
orientations from 0 to 180°. By the same logic, the absolute
difference between two domain orientations is constrained
from 0 to 90° (Figure S24). Through statistical analysis of
COF-S$ film HR-TEM images (Figure 3A), we observe that the
most common change in grain orientation between adjacent
domains is 12°, which is shown as a deep purple color on the
grain boundary maps (Figure SB). Considering fundamental
organic bonding angles, we suspected that this 12° offset
between adjacent domains could be attributed to the difference
between an sp® (109.5°) and sp® (120°) site. Chemically, we
understood that this bonding difference could result as a
consequence of a hemiboronate-ester defect, where only half of
the functionality of a catechol condenses with a boronic acid
(Figure SE) because this would result in adjacent sp* and sp”
sites. To evaluate this hypothesis more quantitatively, we
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constructed a monolayer supercell of a COF-S crystallite with
an embedded broken B—O bond point defect. We then
performed a geometry optimization routine to reduce stresses
that originate as a function of that defect. We find that a
broken B—O bond results in a 12° rotational difference
between the orientation of the two simulated crystalline
domains (Figure SD,E), consistent with our experimental
imaging analysis. At this stage, our assignment of this bond
defect is a hypothesis that is consistent with the predominant
12° rotational offset between grains and the known chemistry
of boronate esters. While this type of bonding defect is a
plausible explanation, further analysis is required to unambig-
uously characterize the defects present at boronate ester-linked
2D COF grain boundaries. Furthermore, we find that as the
simulated structure relaxes, random nonfaceted domain edges
are produced. Experimentally, we also find that domain edges
between COF crystallites are highly random. This is in contrast
to materials such as graphene that are known to have distorted
pentagons and heptagons at domain interfaces.””*> This
observation suggests that as COF layers are polymerized on
the surface, molecular bonding defects are introduced into the
layers that lead to mesoscale domain boundaries. Presumably,
if these defects could be more efliciently annealed out of the
final structure, larger crystalline domain sizes could be
obtained.

B CONCLUSIONS

The combination of an improved method for preparing
uncontaminated 2D COF films and HR-TEM images taken
using low electron flux conditions and high-speed direct
electron counting detectors revealed the overall polycrystalline
structure of these emerging materials and provided insights
into their grain boundaries and defects. An automated
postprocessing Fourier mapping technique applied to the
TEM images rapidly extracted these nanoscale features, which
are otherwise difficult to obtain for beam-sensitive 2D
boronate ester-linked COF thin films. Using this method, we
identified the locations, orientations, and shapes of crystalline
domains by relying on the information provided by FFT
patterns across a TEM image. We also extracted quantitative
information such as distributions of domain size and studied
nanoscale features such as point defects and grain boundaries.
By applying this method to a COF-5 film, we observed
irregularly shaped domains with small average crystallite sizes
of approximately 3350 nm’. Additionally, analysis of domain
interfaces revealed regions with overlapping sheets and tilt
grain boundaries, where the most common difference in grain
orientation between two adjacent domains was 12°. We
attribute this 12° difference to a hemiboronate ester bonding
defect that occurs during the polymerization and leads to
mesoscale domain boundaries, highlighting that the observa-
tions enabled by this approach have real chemical con-
sequences and provide previously unavailable information
about fundamental aspects of 2D polymerizations. We
anticipate that the nanoscale information provided by this
method will guide the development of 2D COF thin film
polymerization strategies to produce higher-quality materials,
which is a necessary step toward their use in a host of thin-film
device architectures.

B MATERIALS AND METHODS
Materials. 2,7-Pyrenebis(boronic acid)®? and 4,4'-
diphenylbutadiynebis(boronic acid)>> were prepared according to
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literature conditions. NMR data is consistent with those previously
reported. Reagents were purchased in reagent grade from commercial
suppliers and used without further purification, unless otherwise
described. Solvents were obtained from commercial sources and used
without further purification. PELCO Single Layer Graphene TEM
Support Films on Lacey Carbon, 300 Mesh Copper Grids (Ted Pella,
Redding, CA) were used for all TEM experiments. The thickness for a
single layer of graphene is approximately 0.35 nm with a transparency
on the order of 96.4%. Monolayer graphene SiO,/Si (10 mm X 10
mm) substrates (University Wafer) were used for all GI-WAXS and
AFM experiments.

Instrumentations and Characterizations. Optical images of
the TEM grids were obtained using a trinocular biological compound
microscope (T490B-PL, AmScope) equipped with an 18 MP camera.
Grazing-incidence wide-angle X-ray scattering (GI-WAXS) measure-
ments were performed at Sector 8-ID-E (beam energy = 10.92 keV)
of the Advanced Photon Source at Argonne National Laboratory.
Samples were placed under vacuum and aligned to provide an
incident angle of ~0.14°. Frames were collected for an amount of
time such that the maximum pixel intensity did not exceed 80%.
Diffraction patterns were collected using a Pilatus 2D detector. All
radially integrated patterns were found to agree with previously
reported diffraction patterns. Atomic force microscopy (AFM) images
were collected using a Bruker Dimension Fastscan AFM in tapping
mode. TEM was performed using a JEOL (JEOL USA, Inc., Peabody,
MA) ARM300F GrandARM TEM operating at 300 keV equipped
with a Gatan (Gatan, Inc., Pleasanton, CA) K3-IS “direct electron”
detector (FEG emission: 15 pA, spot size S, 150 um CL aperture).
The ARM300F was aligned for low-dose imaging, measuring the dose
rate on the K3 detector through vacuum (no grid inserted). The dose
rate was measured to be 2.1—19.6 e~ A= s7! (5760 X 4092 pixels)
with image exposure times of 0.2—1 s (0.4—19.5 e~ A™* cumulative
dose per image). A JEOL (JEOL USA, Inc, Peabody, MA)
ARM200CF Aberration-Corrected STEM/TEM operated at 200
keV equipped with a Gatan (Gatan, Inc., Pleasanton, CA) K2 “direct
electron” detector (FEG Emission: S pA, spot size 3, 150 ym CL
aperture) was used for Figures S2 and S3. The ARM200CF was
aligned for low-dose imaging, measuring the dose rate on the K2
detector through vacuum (no grid inserted). The dose rate was
measured to be 3.0—3.7 e~ A7 57! (3710 X 3838 pixels) with image
exposure times of 1 s (3.0-3.6 ¢~ A™> cumulative dose per image). All
image acquisition was done using the Gatan Microscopy Suite
(GMS), Digital Micrograph (Gatan, Inc., Pleasanton, CA).

Synthesis of Colloidal COF Films and TEM Sample
Preparation. 2,3,6,7,10,11-Hexahydroxytriphenylene (HHTP, 1
mM) and the appropriate corresponding boronic acid (BA, 1.5
mM) were dissolved in a mixture of CH;CN/1,4-dioxane/mesitylene
(80/16/4 v/v/v; 20 mL) and sonicated for 5 min. The solution was
passed through Fisherbrand qualitative-grade plain filter paper
(diameter: 5.5 cm, P4 grade) via vacuum filtration to remove
insoluble particulates.

All COF films (COE-S, TP-COF, DPB-COF, and COF-10) were
prepared via solvothermal growth. For each system, 20 mL of
monomer solution was placed in a 20 mL scintillation vial. A PELCO
single-layer graphene (lacey-carbon, Cu, 300 mesh) TEM grid (Ted
Pella, Redding, CA) and a 10 mm X 10 mm monolayer graphene
Si0,/Si substrate (University Wafer) was placed in each vial. The
vials were sealed and heated on a hot plate at 70 °C without stirring
for 24 h, which resulted in stable, colloidal suspensions.

The colloidal solutions were then decanted from the vials and the
TEM grid and substrate were retrieved using tweezers. The TEM
grids were immediately rinsed with fresh CH;CN/1,4-dioxane/
mesitylene (80/16/4 v/v/v; 20 mL) solvent and allowed to dry
open to air. The TEM grids were then stored in a standard grid box
inside of a desiccator prior to imaging.

Mapping Script Information. Scripts were written using
MATLAB version 2019b. Image and Metadata importing was done
using a modified version of a file publicly available on MATLAB’s
Central File Exchange.’
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The user first selects a region of interest (ROI) size in pixels,
known as the pixel frame. This number is the side of a square in pixels.
A smaller ROI has advantages in terms of accuracy and amount of
data, while a larger ROI has improved signal to noise. For this work,
we selected a ROI size that houses at least 20 repeat units. Next, a
spatial accuracy is selected, corresponding to the size of the square in
the final mapped image. The accuracy determines how much the
ROIs overlap as they raster across the image. The entire image is then
subjected to a two-dimensional (2D) Fourier-transform, which is then
integrated in Q,, space to find the location of the primary repeat
spacing in the image. This is then transformed to a real space number,
which is used to determine appropriate band pass filtering in later
steps. Alternatively, the user can specify the repeat unit spacing in real
space, if that spacing is known a priori. Next, the ROI is scanned
across the entire image, generating FFTs at each ROI and radially
integrating the intensities (phi integration). The location of the
maximum intensity spot in each FFT and corresponding phi degree
are then extracted. If the phi degree of the maximum intensity spot in
the FFT differs by greater than the phi degree binning number
(imposed by the user in the script), that corresponds to a new domain
in the image. Each color in the domain orientation map corresponds
to a specific lattice orientation as defined by the phi angle measured
from the FFTs.

The identification of the brightest spot of a region of interest’s
(ROI) FFT was accomplished by the following workflow. (1) First,
the FFT was masked (five pixel circle mask) to block intensities of the
center spot (i.e., these intensities were reduced to zero). (2) The
masked FFT was band pass-filtered to select for the FFT intensity
related to the 100 feature (i.e., spacings related to the 100 spacing +$
A). (3) Because of the two-fold symmetry of FFT patterns, we then
summed each half of the radial intensities (i.e., 0—180° and 180—
360°, taking into account the rotational offset). (4) This intensity was
then radially integrated to produce a 1D plot of intensity vs the phi
angle from 0 to 180°. (5) The maximum intensity was then identified
from this plot.

Unless otherwise noted, the mapping script accuracy, pixel frame,
and phi degree binning used to map the images in this manuscript
were 3 nm, 500 pixel frames, and 5°, respectively. All scripts are
available on GitHub.

Geometry Optimization. Simulations of molecular defects in 2D
COF monolayers were carried out in Materials Studio (ver.5.0).%
First, the unit cell was constructed piecewise in a highly symmetric
P6/mmm unit cell with the a = b lattice parameter approximately set
to be the distance between two COF vertices. The ¢ parameter was set
to be 3.5 A, which is the interlayer spacing of graphene. We then used
a Forcite geometry optimization routine with a universal force field to
optimize the unit cell size with convergence tolerances of energy =
1073 kcal mol™ and force = 0.5 kcal mol™" A™'. This routine
produced the COF-5 unit cell we have observed in previous reports.*
We then created a supercell monolayer of this structure (Figure SC).
Next, we removed all crystallographic constraints to produce a large-
area COF-5 sheet. Then, we selected an unreacted boronic acid at the
edge of a COF crystal and installed a hemiboronate ester at that
position. From that position, we constructed a second pristine COF
sheet from that defect site of approximately the same size as the first.
Once a crude version of the defective COF sheet was produced, we
then conducted a geometry optimization routine using Forcite with
the convergence tolerances of 10~ kcal mol™* and 107> kcal mol™
A™! and displacement of 107 A. This produced the structure
observed in Figure SC,D that showed a 12-degree offset between
domains. Importantly, each individual COF domain, outside of the
defective boundary, relaxed nicely to the expected COF structure.

B ASSOCIATED CONTENT
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Optical images of the graphene-coated TEM grids,
additional TEM images of the COF films, information
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regarding selection of a ROI/pixel frame, mapping script
accuracy, phi degree binning, and other domain mapping
parameters when using the MATLAB script, analysis of
COF-S grain boundaries, additional domain maps of
other boronate ester-linked COFs, domain mapping of
other materials, and GIWAXS spectra of the COF films
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