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Synthesis of covalent organic frameworks (COFs) is well-advanced but understanding their nanoscale
DOL:00.0000000000000¢ structure and interaction with other materials remains a significant challenge. Here we have developed
a methodology for the detailed imaging and analysis of COF crystallites using carbon nanotubes
substrates for COF characterisation. Detailed investigation using powder X-ray diffraction, infrared
spectroscopy, mass-spectrometry and scanning electron microscopy in conjunction with a local probe
method, transmission electron microscopy (TEM), revealed details of COF growth and nucleation at
the nanoscale. A boronate ester COF undergoes preferential growth in the a-b crystallographic plane
under solvothermal conditions. Carbon nanotubes were found to not impact the mode of COF growth,
but the crystallites on nanotubes were smaller than COF crystallites not on supports. COF crystalline
regions with sizes of tens of nanometres exhibited preferred orientation on nanotube surfaces where
the c-axis is oriented between 50-90 ° relative to the carbon surface. The COF/nanotube hybrid
structure was found to be more complex than the previously suggested concentric core-shell model,

and can be better described as a nanocrystalline scaly COF/nanotube hybrid.

Introduction

Covalent organic frameworks (COFs) are polymeric ordered
solids made by joining organic molecules with strong, covalent
bonds using the principles of dynamic covalent chemistry (DCC).
The first COFs were made of sub-units linked with boroxine and
boronate ester bonds respectively.X COF chemistry has since ex-
panded to include a range of heteroatomic building blocks, for
example; (i) nitrogen-containing bonds such as imines, imides,B]
phenazines,? beta-ketoenamines, triazines,® hydrazones” and
amides; (ii) alternative boron bonds such as spiroborates@ and
borosilicates; and (iii) a range of other covalent linkers such
as olefins™ and dioxins.12 COFs are remarkable for their low-
density (due to light elements C, B, O H and N), high-surface area
and porosity, and can have a 3D or 2D topology with regard to the
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covalent lattice.13 These properties enable COF to be utilised in
an array of applications; such as heterogeneous catalysis, ™ en-
ergy storage, 1% gas sorption and storage, and biomedical ap-
plications. 7718 COFs may be synthesised by a variety of meth-
ods, typically using solvothermal synthesis,2? but ionothermal,®
sonochemical,@] microwave2ll and mechanochemical22 synthe-
ses have also been used to deliver high-quality COF materials.

Building COF synthesis around reversibly formed bonds al-
lows crystalline COFs to form using the error-checking process,
were lattice defects are “corrected” via dynamic bond breaking
and reforming.23 Despite this, COFs are often synthesised as
paracrystalline powders (having a short-range but lacking a long-
range crystal structure) materials with macroscopic single-crystal
COFs only recently achieved.24 Two significant approaches have
been employed to improve the crystallinity of COFs; firstly, the
inclusion of modulators that reversibly compete with the COF
monomers to promote the formation of the thermodynamically
favoured crystalline lattice rather than the kinetically favoured
acrystalline lattice;2% and secondly, the inclusion of reagents,
such as pyridine for boron-containing COFs, that facilitate the re-
verse reaction in the error-checking process.

The reversible nature of COF bonds poses major challenges of
chemical stability (compared to materials made by irreversible
polymerisation) and lack of processability. In particular, boron-
based COFs tend to hydrolyse in the presence of water, leading to
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a loss of crystallinity or a complete loss of the COF lattice.%” Fur-
thermore, most COFs are formed as powders which are difficult
to incorporate into real-world devices.

To overcome these issues, COFs can be combined with a sup-
port material. This approach makes them more applicable by
mitigating their instability, as well as improving their manipu-
lation and processability properties.28 Synthesis of hybrids can
be achieved by a top-down approach, such as delamination of
COF sheets and subsequent stacking onto a support,22 or by a
bottom-up approach where the COF forms directly on the sup-
port substrate. A variety of supports have been employed, such as
graphene, 3% hexagonal boron-nitride,*!' metal nanowires2 and
carbon nanotubes. 23

Carbon nanotubes (CNTs) are a particularly effective support
for COFs because they are easy to manipulate and can be suc-
cessfully incorporated into devices.# CNTs may be single-walled
(SWNTs), double-walled (DWNTSs) or multiwalled (MWNTs). The
largest MWNTs are known as graphitised nanofibers (GNFs), and
are CNTs that have an external MWNT enveloping corrugated
graphitic sheets that form an internal step-edge structure.3>30
The quasi-1D topology of nanotubes, combined with high ther-
mal and electrical conductivity, a broad spectrum of light absorp-
tion, and outstanding chemical, mechanical and thermal stability
can in principle be passed on to the COF materials by creating a
functional and exploitable COF/nanotube hybrid material.

COF/nanotube hybrids have been synthesised using solvother-
mal conditions in the presence of nanotubes. This approach has
been proven to be amenable to a variety of COFs, both 2D and
3D, and the suitability of these hybrids has been tested for a range
of applications including electrochemical sensing=238 and energy
storage. 2339 However, understanding the structural relationship
between COFs and nanotubes at the nano scale has remains a
challenge. While bulk-scale techniques, such as powder X-ray
diffraction (PXRD) and infrared (IR) spectroscopy, are excellent
tools for investigating the structure and properties of COFs, they
cannot probe the COF-nanotube interface within the hybrid ma-
terial. Transmission electron microscopy (TEM) is an excellent
local-probe technique for nanoscale analysis as it can give rich
structural information;4% COF/nanocarbon composite formation
mechanisms and structure can be interrogated and the interfaces
between the support and the COF can be investigated. However,
TEM is mainly used to infer the presence of COF on a nanoscale
substrate, without deeper structural analysis and investigation of
the COF lattice with regards to the support lattice. The current
“core-shell” model proposed for COF/nanotube hybrids#12! is a
useful initial step towards understanding the interface between
the two materials, which in future can help to establish molecular
mechanisms of COF formation on supports and uncover syner-
gistic interactions between their structures at the single-molecule
level.

Here we present a nanoscale structural investigation of a hy-
brid material consisting of a boronate ester COF on the surface
of GNFs. We established an experimental methodology, combin-
ing bulk- and local-probe techniques that allow us to determine
important structural characteristics of the COF/nanotube hybrid
material that have implications for future advancement of this
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class of materials.

Results and Discussion

A novel COF isostructural to Marta-COF-14€ and Marta-COF-
247 was synthesised from cata-hexamethoxyhexabenzocoronene
(cHBC) and benzene-1,2-diboronic acid (BDA), with the inclusion
of phenylboronic acid (PBA) as a modulator (Figure 1a). The
cHBC-BDA(98)-PDA(2)-COF (referred to hereafter as COF) was
synthesised using a solvent system that has been used to success-
fully synthesise crystalline boronate ester COF nanoparticles.4®
The reaction conditions were chosen after iterative syntheses to
improve crystalinity and provide COF thin enough for TEM imag-
ing. Without inclusion of a modulator, the COF was found to have
fewer nanocrystallites in TEM. The COF product was analysed by
attenuated total reflectance infrared (ATR-IR) spectroscopy (Fig-
ure 2a), which shows the formation of boronate ester rings due
to the presence of characteristic vibrations as well as boronic acid
stretches (1393, 1333, 1235, 1079, 660, 601 and 541 cm™l),
whilst boroxine and ¢cHBC OH vibrational modes are absent (SI,
Table S1). The spectrum is fully consistent with that of Marta-
COF-2.4% This suggests that the COF is composed of a lattice
joined by boronate ester bonds and terminated by boronate esters
of BDA and PBA. Matrix-assisted laser desorption-ionisation time-
of-flight mass spectrometry (MALDI-ToF MS) was carried out on
the COF (Figure 2b) and showed the presence of ions that cor-
responded to cHBC nodes joined by BDA linkers and fragments
thereof, in agreement with simulated isotope patterns and con-
firmed the molecule composition of the new COF (SI, Table S2).
Below the cHBC molecular ion peak (696 m/z), the MALDI spec-
trum of COF is dominated by cHBC and its fragmentation prod-
ucts.

TEM was used to acquire direct-space images of the COF (Fig-
ure 3a, b). To prevent degradation of the COF lattice, the TEM
samples were prepared without solvent by rolling the TEM grid
in the dry COF powder, and imaging was performed at 80 kV to
mitigate electron beam damage via direct-knock-on effects? and
at low electron dose-rate, thus extending the lifetime of the COFs
under the electron-beam. The micrographs reveal that the COF
consists of nanoscale crystalline regions with lattice-fringes cor-
responding to projection of columns of cHBC nodes. Stacked pol-
yaromatic moieties in columns of cHBC are the region of greatest
density in the COF lattice thus providing the most mass-thickness
contrast in TEM images, and clearly demarcating the direction of
COF pore channels in each nano-crystallite. Hexagonal projec-
tions down the c-axis, where each vertex is a column of cHBC
nodes, provided a face-on view of the COF pore; the measured
pore diameter of 3.0 - 3.7 nm is consistent with the predicted di-
ameter of 2.8 - 4.0 nm in proposed model simulations (Figure 1b).
Changes in COF crystallite orientation so the c-axis in not per-
pendicular to the e-beam exhibit different distances between the
columns of cHBC nodes in projection (Figure 4). Analysis of the
inter-column spacing (Figure 4a) reveals a bimodal distribution,
showing two groups of distances between 2.4 - 3.8 nm and 1.5 -
2.1 nm. Correlation of TEM images with 3D structural models of
the COF indicates that the first larger group corresponds to COF
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Fig. 1 (a) COF synthetic scheme showing the boronate ester linkage formed. Structural diagram of COF sheets in the armchair (b) and zigzag (¢)
orientations and the same structures rotated by 50° in the a/b plane. The a (red) and b (green) axes are indicated parallel to the page, with the c axis
(blue) perpendicular to the page. Columns of stacked cHBC nodes are highlighted by red boxes, and the projection distance between the mid-points
of columns is shown by blue arrows; 3.0 nm for the armchair direction and 1.9 nm for the zigzag direction. The simulated structures contain 8 COF
layers. The modelled unit cell assumes a P1 space group where a = 3.48 nm, b= 3.49 nm, c = 0.81 nm, o« = 88.6 °, § =87.1 ® and v = 118°. The
pore diameter, indicated by blue arrows, is 4.0 nm when measured from the centre of a cHBC node to the centre of the opposite node and is 2.8 nm
when measured from the edge of a cHBC node to the edge of the opposite node.
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Fig. 2 (a) Top: ATR-IR spectra of cHBC (blue), neat COF (black) and COF/GNF hybrid (red). COF and COF/GNF show characteristic boronate
ester stretches indicated with black arrows at 1393, 1333, 1235, 1079, 660, 601 and 541 cm™. (b) Positive-ion MALDI mass spectra of COF (black),
COF/GNF hybrid (red) and cHBC (blue) all without matrix. The peak at 696 m/z indicated by a black arrow was due to a singly charged cHBC ion;
below 700 m/z, the spectra were dominated by fragments arising from cHBC; above 700 m/z, the COF and COF/GNF spectra contains singly charged
ions that correspond to cHBC nodes joined by BDA linkers, and fragments thereof. For COF/GNF, above 1000 m/z the spectrum was dominated by
carbonaceous peaks separated by 24 m/z caused by laser induced fragmentation of the GNF, which serve to mask peaks arising from the COF lattice.
(c) SEM image of COF. (d) SEM image COF/GNF hybrid.
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Fig. 3 TEM micrograph of COF material, demonstrating irregular morphology and random orientation of nano-crystalline regions and (b) illustrating
the face on projection, and the parallel (orange) and perpendicular (blue) directions of the COF crystallites. (c) TEM micrograph of COF/GNF,
showing irregular morphology of COF nanocrystallites grown on graphitic surfaces and illustrating the GNF pore and graphitic side wall. (d) Diagram
illustrating the structure of COF/GNF hybrid, including the location of the GNF pore, the GNF graphitic side walls and the COF crystallites. The
crystallites are shown in an armchair, zigzag and face-on projection.
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particles projected along the armchair direction with the zigzag
direction perpendicular to the e-beam (Figure 1c); the second
smaller group to COF projected along the zigzag direction with
the armchair direction perpendicular to the electron beam (Figure
1b). Plainly, the spacing observed changes depending on whether
the armchair or zigzag edge of the COF is aligned with the opti-
cal axis of the TEM. This is because the image-forming process in
TEM creates a parallel projection on a 2D plane of a 3D structure.
The observed spread in the distribution of intercolumnar spacings
is due to the deviation of crystallite orientation from the principal
armchair or zigzag orientations. Consistent with Marta-COF-1, in-
terlayer spacing along the c-axis corresponding to the separation
between the 2D COF sheets cannot be observed by direct-space
imaging due to the non-planar, wavy nature of the stacked COF
sheets in this type of material.4® Of note is that TEM analysis of
Marta-COF-2, prepared under non-optimised conditions and with-
out inclusion of PBA modulator, was unable to resolve the same
level of detail and yield less structural information than in this
work.

Measurements of the COF crystallite size (Figures 4b, c) were
taken parallel and perpendicular to the COF pore channels, which
revealed that the crystallites tended to extend further perpendic-
ular to the pore channels. The modal crystallite size for parallel
growth (determined from histogram in Figure 4c) was 14-16 nm
with the greatest being 52.5 nm. The modal crystallite size for
perpendicular growth was 20-24 nm with the greatest being 59.9
nm. This suggests that the COF structure grows more rapidly by
addition to an existing COF sheet, rather than by formation of a
new COF layer by n-m stacking of COF monomers on top of an
existing sheet (i.e. faster in the a-b crystal plane). The nanocrys-
tallites are observed alongside non-crystalline regions in the COF
structure (Figure 3a), indicating it is a paracrystalline material,
having short but lacking long-range order.

To further investigate the crystal structure of the COF, selected-
area electron diffraction (SAED) and powder X-ray diffraction
(PXRD) were employed (SI, Figures S1 and S2). The SAED pat-
tern contains some diffuse rings, which do not correspond to any
d-spacing observed in the direct-space TEM micrographs (SI, Ta-
ble S3). However, they match well with the rings observed in
the SAED pattern of GNFs and also with literature values for
graphitic carbon,L' suggesting they originate from graphitic-type
carbon present in the sample such as the carbon film of the TEM
grid. This implies that the COF crystallites are not strongly Bragg
diffracting the electron beam and the diffraction is caused by
trace graphitic carbon in the sample, or that under SAED con-
ditions the structure degrades rapidly into a graphitic material.
Interestingly, while increasing the electron dose to yield a sharper
diffraction pattern, no sharp diffraction pattern was observed for
the free COF. This implies that the COF is not strongly diffract-
ing, rather than being unstable under the electron-beam. It can
be assumed that bright-field imaging and SAED impart a similar
electron-dose as long as brightness is not adjusted; the COF struc-
ture is stable for some minutes at the dose-rate used for bright
field imaging, but a useful diffraction pattern is not recorded un-
der these conditions. Increasing brightness in SAED must increase
the electron dose, so it becomes more likely that the COF struc-
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ture will be degraded by the e-beam due to an increased electron
dose, but a transient diffraction pattern that fades quickly over
time would be expected if the COF was strongly diffracting and
degrading under the beam.

The PXRD pattern (SI, Figure S2) suggests that the COF mate-
rial is paracrystalline with broad peaks seen at 20 = 17.9 ©, 23.8
©,26.5° and 28.4 ° in the experimental diffractogram, and diffuse
background characteristic of amorphous material. The Scherrer
equation (SI, Equation S1) was applied to the measured crystal-
lite sizes (1) and calculated Bragg angles () (using Cu(Koy) ra-
diation = 1.5046 A (1) and a shape factor (K) of 1 to predict
line broadening (B) in the PXRD. For the largest and smallest
measured crystallites (59.9 nm and 12.9 nm), the predicted line
broadening is 6.8 © and 1.8 © respectively. Applying the Scher-
rer equation to the observed peak at 5.1 © with a value of =
7.26x107 rad gives a predicted crystallite size of 21.2 nm. This
value is within the range of crystallite sizes measured in TEM. For
the peak at 23.8 °, B = 3.14x10°3 rad and 7 = 50.1 nm which
is also consistent with the size of crystallites observed in TEM,
thus supporting that the broad PXRD peaks at 260 = 5 © and 7
° may correspond to the spacings along the zigzag and armchair
channels of COF nanocrystallites. These results differ from the
PXRD obtained for Marta-COF-1, which gave a diffraction pattern
containing clear sharp peaks that readily matched the simulated
powder pattern. Assuming Marta-COF-1 and COF are isostruc-
tural, this further demonstrates the lack of observable long-range
crystallinity in COF.

Computational modelling of cHBC and COF on graphene sur-
faces was undertaken to give insight into the formation of
COF/GNF hybrids (Figure 5a, SI Table S5). Graphene is a suit-
able model for the surface of a GNF because from the point of
view of a cHBC molecule, the curvature of a GNF (taken as the
reciprocal of the radius) is negligible over short distances. A GNF
of radius 75 nm would have a curvature of 0.013 nm™!, while
curvature of cHBC is 0.86 nm'! (Figure 5b). It was found that
cHBC has a large binding energy to graphene (-2.139 eV) that
is very close to the modelled binding energy of cHBC to cHBC
(-2.074 eV). The binding energy to graphene of a COF fragment
consisting of two cHBC units joined by a BDA linker (cHBC-BDA-
cHBC) (-2.109 eV) was very close to the binding energy of cHBC.
This was due to the corrugated geometry of the COF sheet that
allowed only one cHBC unit to sit on the graphene surface (Fig-
ure 5). For the COF unit cell, graphene is a suitable model for
the GNF surface as over the length of the unit cell, the curvature
of a GNF is negligible. Modelling the extended COF structure on
graphene found the binding energy of one COF layer on graphene
(-2.202 eV) was lower than the binding energy between two AA
stacked COF sheets (-5.221 eV), indicating a single COF layer on
a graphitic support surface is unlikely. Furthermore, it was found
that by modelling COF as a planar structure, binding energy in-
creased to a value comparable to AA stacking (-5.142 eV) due to
increased contact area between the molecule and the graphene
surface. These results suggest that cHBC and COF moieties will
readily attach to the surface of graphitic carbon supports (such
as GNFs), facilitating the growth of COF on the support surface.
However, the large binding energy suggests that desorption of
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Fig. 4 (a) d-Spacing distribution histogram for free COF (blue, 87 measurements taken from 15 micrographs) and COF/GNF hybrid (orange, 23
measurements taken from 9 micrographs). For both materials, the bimodal distribution contains a group of distances between 1.4 and 2.1 nm
corresponding to projections of COF nanocrystals along the armchair direction and a group between 2.4 and 3.8 nm corresponding to projections along
the zigzag direction. The mean and sample standard deviation (20) for free COF is 2.8 £1.1 nm and for COF/GNF is 2.9+ 1.1 nm. (b) Scatter plot
showing crystallite size perpendicular and parallel to the COF pore channels for COF (blue) and COF/GNF (red). The black fit line is for y = x, such
that any point which falls on the line indicates a crystallite of equal dimensions. For both COF and COF/GNF more points fall below the line than
above, indicating that the crystallites measured are larger perpendicular to the COF pore channels than parallel. (¢) COF crystallite size distribution
and (d) COF/GNF hybrid crystallite size distributions. Crystallite sizes were measured as the largest dimension perpendicular to the pore channel
(blue) and the largest measurement parallel to the pore channel (orange) (COF: 85 measurements from 15 micrographs; COF/GNF: 22 measurements
from 9 micrographs). The mean and sample standard deviations (206) were: COF; 28 +20 nm (perpendicular), 18 +16 nm (parallel); COF/GNF;
22+ 16 nm (perpendicular), 13+8.0 nm (parallel). For both materials, crystallites tended to have their largest dimension perpendicular to the COF
pore channels.

Journal Name, [year], [vol], 1 |7



9
-

=T ~20° )

// ]

-~ Graphene

PN
Graphene

Fig. 5 (a)COF unit cell modelled on graphene, viewed from above and the sides. (b) Diagram of intersecting chords theorem, used to calculated the
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opposite hydroxyl groups, H is the height of the chord and r the radius of the sphere. (c) lllustration of angle between graphene surface (blue line)
and hydroxy groups of cHBC (20°) and of the angle between graphene surface and COF pore channel (44°).

cHBC and COF from the graphitic surface is unlikely, impeding
the correction of defects in the growing COF lattice when it ad-
sorbed on a carbon surface. Modelling the orientation of cHBC
nodes in COF relative to the graphene surface found that pore
channels would be 44° relative to the graphene surface.

COF/GNF hybrids were made under the same conditions as
COF, by including GNF in the reaction mixture during the COF
growth step to yield a black powder. The difference in colour
to pure COF, a green powder, is due to the GNFs being opaque
across the visible spectrum. Despite GNFs also absorbing strongly
across the IR spectrum, ATR-FTIR of COF/GNF (Figure 2a) clearly
shows the presence of the same characteristic boronate ester vi-
brations seen in free COF (Figure 2a). The presence of COF in the
hybrid material was further confirmed by MALDI-ToF MS (Figure
2b), which showed the same ion fragments as pure COF as well
as extra peaks due to the GNF acting as a matrix and assisting in
the desorption-ionisation of the COF lattice.5?

Scanning electron microscopy (SEM) imaging revealed the mi-
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croscale structure of COF/GNF hybrid (Figure 2c, d). The mi-
crographs showed that COF formed approximately spherical mi-
croparticles which conglomerate to form the thick structures with
thin edges seen in TEM. Common crystal morphologies such as
needles or plates were not observed, confirming that COF lacks
long-range order. The COF/GNF hybrid sample contained both
COF microparticles and GNFs covered within an irregular layer of
COF, as was expected from the TEM. These observations suggest
that COF forms readily on nanocarbon structures, but does not do
so exclusively or preferentially.

Direct-space TEM imaging was employed to investigate the
nanoscale structure of COF/GNF hybrid (Figure 3c, d). This re-
vealed that the sample contained both free COF, and COF ab-
sorbed on GNF (COF/GNF hybrid). As for the pure COF sam-
ple, the COF/GNF hybrid had an irregular, angular morphology
with visible lattice-fringes. When crystallite sizes for COF on the
GNF surface were measured, the crystalline domains tended to
be larger perpendicular to the COF pore channels. The measured
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lattice spacings of the COF/GNF hybrid match well with those
of pure COF (Figures 4b-d). As with the COF, a series of dis-
tances corresponding to the COF pore channels were observed in
conjunction with hexagonal COF pores. While generally smaller
than pure COF, the COF/GNF crystallites were also on the order
of tens of nanometres (Figure 4d). The modal crystallite size by
parallel growth was 10-12 nm with the greatest being 20.7 nm.
The modal crystallite size by perpendicular growth was 18-20 nm
with the greatest being 33.1 nm. Measurements where taken of
the angle between the COF pore channels and the surface of the
GNF (Figure 6). It was found that the COF pore channels varied
between 52 © and 90 °, but were never observed to be parallel to
the GNF surface (crystallographic c-axis) (Figure 6). These obser-
vations imply that the COF monomers adhere to the GNF surface
via n-7 stacking, rather than associating with the GNF through
hydrogen bonding to the GNF z-system. From the shape of the
COF crystallites, it can be concluded that the COF sheets grow
along the surface of the GNF faster than they grow out from it (in
the direction of the pore channels), similar to what is seen in free

COF. This is consistent with the computational results, which sug-
gested that competition would occur between COF growth across
and GNF surface and as stacked COF sheets would be competitive
as there was no signicant difference between the binding energy
for cHBC to a graphene surface and to a cHBC molcule. There-
fore, there is no clear thermodynamic advantage to either grow
process, leading to the observed small, disordered crystallites.

Being a low-throughput local-probe method, statistical analy-
sis of TEM images must be done methodically to ensure that the
analysis is meaningful and representative of the bulk material.
Comparison between the datasets for free COF and COF/GNF
(Figures 4, SI Table S4) show that both have a comparable mean
lattice spacing and standard distribution of 2.8 + 1.1 nm (COF)
and 2.9+ 1.1 nm (COF/GNF), indicating the observed distances
fall within a well-defined range despite differences in sample size
between the two sets which indicating that the presence of GNF
does not cause alterations to the COF unit cell. The distributions
show that COF nanocrystallites in COF/GNF tend to be oriented
along the armchair lattice projection (i.e. with the zigzag lat-
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tice projection parallel to the curvature of the GNF). This is may
be an effect of sample size, as COF particles and GNF are dis-
tributed randomly on the TEM grid, and the amount of armchair
and zigzag COF observed would be expected to converge as the
number of measurements made increases. Similar to free COF,
the largest measured crystallite size in COF/GNF is perpendicular
to the pore channel. For both sets, the most frequently measured
size range corresponded to a larger crystallite size for the perpen-
dicular measurement, seen by the mode being higher in value for
the perpendicular measurements in COF and COF/GNF (Figure
5). The crystallite size distributions are all unimodal and skewed
towards the lower sizes, as is expected for a step-growth poly-
mer.”3 In this case, crystallite domain size distribution is a proxy
for the molecular weight distribution and qualitatively shows that
the COF polymer can be considered quite polydisperse. This data
indicates similar growth behaviour for free COF and COF/GNF
hybrid; formation of crystallites on the order of tens of nanome-
tres, that grow larger perpendicular to the pore channels than
parallel. Smaller crystallites were more common than larger ones,
indicating that the COF begins growth at many points simultane-
ously to form many crystallites of which few achieve larger sizes.
Free COF crystallites sizes cover a larger range than COF/GNF
crystallites but have a comparable smallest crystallite size for both
sets of measurements, which supports the previous conclusion
that COF crystallites grow from many points at once in both sam-
ples, and shows that crystallites in COF/GNF hybrids do not reach
as large a size as free COF crystallites.

It has been previously suggested that COF/nanotube hybrids
have a “core-shell” structure, where a continuous COF sheet
wraps around the GNF in a uniform coaxial arrangement.41"42
Our detailed structural analysis of COF/GNF hybrid demonstrates
that the “core-shell” concentric model is an oversimplification.
The surface of the nanotube is rather scattered with discrete parti-
cles of COF where their channels adopt a range of angles between
50-90 ° indicating a complex structural relationship, but with the
prevalent crystalline orientation corresponding to face-on attach-
ment of the COF lattice to the carbon lattice. Being structurally
uniform and extending for some micrometres, GNF surfaces pro-
vide a number of identical nucleation sites to initiate COF growth
such that COF is expected to begin growth at many points of the
GNF at once. Thus, lack of long-range crystallinity in COF on GNF
surfaces can be better explained by the COF growing at several
points simultaneously on the surface of the GNF to form short-
range ordered crystallites due to strong and irreversible adsorp-
tion of cHBC monomers on GNF surface nucleating the crystal-
lites. These crystallites will then merge and overlap as they grow
towards one another, giving multiple crystalline domains with re-
gions of acrystallinity between them.”#* The COF in this scenario
can be visualised as overlapping scales on an ancient Roman lor-
ica squamata,®® and it is proposed these hybrids be known as
“scaly COF”. As the pores of the COF scales remain open and
oriented approximately perpendicular to the GNF surface, ensur-
ing access of molecules and ions to the carbon surface as well
as good contact with the polyaromatic columns of stacked cHBC,
the COF/GNF hybrid is expected to possess useful functional elec-
tronic and electrochemical properties that could be exploited in
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electrocatalysis and battery materials.

Conclusions

Features of covalent organic frameworks are complex and poly-
disperse but are often oversimplified in the current structural
considerations for these types of materials. Our boronate es-
ter COF revealed a paracrystalline structure with crystallite size
in the range of 20-60 nm, and preferential direction of particle
growth along the covalent COF layer (a-b crystal plane) including
slight anisotropy in the shape of nanocrystallites. Direct-space
TEM imaging in the direction perpendicular to the c-axis enabled
the analysis of orientations of nanocrystallites of COF, showing
a preferential alignment along the zigzag direction of the COF
sheet. The same COF material grown on the surface of graphi-
tised carbon nanofibers showed only subtle structural differences
to the free COF, but a strong correlation of COF nanocrystallite
orientations with respect to the underlying graphitic carbon lat-
tice. This indicated a preferential perpendicular arrangement of
COF channels to the surface driven by n-7 interactions between
polyaromatic building blocks of the COF and the graphitic sur-
face. Modelling using graphene as a simplified analogue of GNFs
found that the binding energies of cHBC to cHBC and graphene
were very close, leading to the observed competition between
COF growth laterally on the the surface of the GNF and outwards
from the GNF as stacked COF sheets. In contrast to the previous
suggestion, that COF layers wrap uniformly around the cylindri-
cal carbon surface of nanotubes, we demonstrated the formation
of discontinuous, scaly nanocrystalline morphology of COF/GNF
hybrid which has implications for exploitation of functional phys-
iochemical properties of this type of material. Both modelling and
experimental results suggest scaly COF crystallites may grow on
other 2D support structures.

Experimental

General

Synthesis was carried out using standard laboratory practice
with Pyrex glassware with reagents bought from Merck, Alfa-
Aesar, Fischer Scientific or Acros Organics and used without fur-
ther purification unless explicitly stated. cHBC was synthesised
as cata-hexamethoxyhexabenzocoronene via the literature proce-
dure and deprotected before COF syntheses. 2027

All 'H and 13C NMR spectroscopy was performed on a Bruker
Ascend 400HD. IR spectra were recorded on solids using a Bruker
Alpha FTIR Spectrometer using a Bruker Platinum ATR attach-
ment over the range 4000-600 cm™.

MALDI-ToF MS measurements were recorded using a Bruker
ultraFlexIII (Bruker Daltonik, Bremen, Germany). Samples were
dispersed in acetone or chloroform without a matrix unless oth-
erwise indicated then drop-cast onto a stainless steel target plate
(type MTP384; Bruker Daltonik, Bremen, Germany). The sam-
ple was ionised using a pulsed solid-state UV laser (355 nm, 500
wJ, 66.7 Hz). The instrument was operated in linear mode with
data being acquired using the on-board flexControl software (v3,
B185;Bruker Daltonik, Bremen, Germany) and processed using
Bruker’s flexAnalysis software (v3, B96; Bruker Daltonik, Bremen,



Germany).

Powder X-ray diffraction measurements were made with a PAN-
alytical Xpert Pro using Cu(Ke;) radiation (A=1.5432 A) from 2
©-40° 20 on a zero-background silicon holder in Bragg-Brentano
geometry.

Scanning electron microscopy (SEM) images were taken using
a JEOL 7100F field emission gun scanning electron microscope.
Samples were prepared on a 10 mm aluminium stub with an ad-
hesive carbon tab. Imaging was conducted at a working distance
of 10 mm and accelerating voltage of 15 kV.

Transmission electron microscopy (TEM) and selected-area
electron diffraction (SAED) were performed using a JEOL
2100PLUS transmission electron microscope with an accelerat-
ing voltage of 80 kV located at the University of Nottingham
Nanoscale and Microscale Research Centre. COF and COF@GNF
samples were prepared via bringing a copper TEM grid coated
with "lacey" carbon film (Agar Scientific UK) into contact with
the dry powdered sample and gently agitating the sample against
the grid for 1 minute. Analysis was performed using Gatan Mi-
croscopy Suite 3 and ImageJ FLJI software. 2822

Calculations

Tight Binding (TB) calculations were used to explore different
conformations and to preoptimise COF as well as to study in
detail COF/graphene interfaces. The Matsci parameter set with
attractive dispersion corrections from the OPLSAA force-field as
implemented on the DFTB+ software was used.®%®ll The COF
periodic structure was computed with DFT with the Fritz Haber
Institute ab initio molecular simulations (FHI-aims) package with
"light" numeric atomic orbitals, which approximately correspond
to TZVP Gaussian type orbitals.©2"64 The PBE functional aug-
mented with Many Body Dispersion (MBD) was used for geom-
etry optimisation and energies.©>¢% 3D images of the modelled
structures were prepared using CrystalMaker (ver 2.07).

COF synthesis

Cata-Hexahydroxyhexabenzocoronene (4.7 mg, 6.75x103
mmol), benzene-para-diboronic acid (1.76 mg, 1.06x1072
mmol,98.5 mol%) and phenylboronic acid (1.9 mg, 1x103
mmol,1.5 mol%) were combined with a mixture of acetoni-
trile/dioxane/mesitylene (8 mL/1.6 mL/0.4 mL). The solids were
dispersed by sonicating for 15 mins, then the mixture was syringe
filtered (PTFE, 2.5 um) and degassed via 3 freeze-pump-thaw cy-
cles. The green reaction mixture was heated at 90 °C overnight.
The solid green product was collected via filtering under reduced
pressure, then was washed with THF (10 mL), then acetone (10
ml) and then hexane (10 mL). The dry green product was stored
under reduced pressure in the presence of a desiccant (1.9 mg,
1x10® mmol, 16.8 %). MS (MALDI-ToF) m/z 1487 (0.7 %),
1149 (7.1), 1121 (7.1), 864.1 (0.3), 853.9 (0.4), 850.1 (0.55),
826.1 (3.7) 810.3 (2.8), 798.1 (1.2), 782.1 (1.9), 775.9 (1.0),
733.9 (0.75), 722.0 (2.5), 712.0 (1.1), 710 (0.89), 696.0 (M™,
100), 693.9 (3.0), 677.9 (5.1), 666.8 (6.4), 655.1(2.0), 648.9
(2.0), 637.9 (2.2). IR (ATR)Vmax / cm™': 3501br (OH), 1393w
(COyB), 1334s (BC), 1235s (CO), 1079vs (BO), 660.7vs (BO),

599.2w (CO2B), 539.7w (OH).

COF/GNF hybrid synthesis

GNFs (1.9 mg) were dried at 400 °C for 1 hour. cata-
Hexahydroxyhexabenzocoronene (9.8 mg,0.0147 mmol),
benzene-para-diboronic acid (3.4 mg,0.0205 mmol, 83.4 mol%)
and phenylboronic acid (0.5 mg, 0.0041 mmol, 16.6 mol%) were
combined with a mixture of acetonitrile/dioxane/mesitylene (8
mL/1.6 mL/0.4 mL). The solids were dissolved by sonicating for
15 mins, then the mixture was syringe filtered (PTFE, 2.5 um),
mixed with GNF, then degassed via 3 freeze-pump-thaw cycles.
The green reaction mixture was heated at 90 °C overnight. The
solid green product was collected via filtering under reduced
pressure, then was washed with THF (10 mL), then acetone (10
mL) and then hexane (10 mL). The dry black product was stored
under reduced pressure in the presence of a desiccant (10.9 mg).
MS (MALDI-ToF) m/z . IR (ATR)Vmax / cm’l: 3347br (OH),
1393w (CO4B), 1334s (BC), 1235s (CO), 1079vs (BO), 660.7vs
(BO), 601.2w (CO,B), 539.7w (OH). MS (MALDI-ToF) m/z 1180
(7.1 %), 1149 (9.5), 1132 (6.5), 1111 (7.0), 936.2 (5.5), 912.2
(5.3), 891.2 (5.7). 867.2 (5.6), 833.5 (5.7), 826.2 (2.0), 819.1
(5.9), 808.2 (13.1), 798.1 (7.8), 750.1 (7.8), 734.0 (10), 722.0
(18), 714.1 (11), 696 (M*, 100), 678 (18), 667 (23), 649 (17),
637.9 (26), 624.9 (18), 603 (17), 591 (20), 578.9 (20), 565.9
(23), 554.98 (53), 543.9 (67) 541.9 (67), 530.9 (82), 517.9
(60), 506.8 (42), 493.8 (25), 480.8 (14), 467.8 (7.4).
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