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Here we report a method that combines the spray-drying technique
with a dynamic covalent chemistry process to synthesize zero-
dimensional, spherical and microscale superstructures made from
the assembly of imine-based COF nanocrystals. This methodology
also enables the integration of other functional materials into these
superstructures forming COF-based composites.

Covalent Organic Frameworks (COFs) are an emerging class of
crystalline porous materials, where two-dimensional (2D) or
three-dimensional (3D) architectures are formed from organic
building blocks linked by dynamic covalent bonds (e.g. imine,
boroxine, B-keto-enamine and azine).l3 These materials are
characterized by their high porosity, high thermal stability and
low mass density, which confer them potential for myriad
applications, such as gas sorption and storage,*’ catalysis,10
sensors!13 and optoelectronics.1* 1> Seeking to exploit these
possibilities, researchers have developed several fabrication
methods for COFs,
solvothermal synthesis but also microwave,'® microfluidic,”
ionothermal,’® and

including not only the traditional

mechanochemical,18 continuous-flow

synthesis.20- 21

While many efforts have been devoted to the synthesis of
new COFs and to their production methods, there is a growing
interest in structuring these COFs at the micro/macroscopic
scale forming more complex, high-order super- or
mesostructures from the assembly of COF nanoparticles. As
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their Metal-Organic Framework (MOF) counterparts,?2: 23 these
type of structures made from COF nanocrystals are especially
attractive due to the possibility of (i) controlling the shaping and
sizing of COFs at the micro/macroscale, two parameters that are
very important to control for many applications; (ii) enhancing
the initial performance via design of their morphology; and (iii)
combining COFs with other materials to create functional
composites, which can further expand the scope for
applications.24-27

To date, there are a few studies based on the creation of
COF superstructures. For example, Banerjee et al. synthesized a
highly crystalline and porous COF in the form of hollow spheres
that were used for immobilizing the enzyme trypsin.28 In a more
recent study, core-shell microspheres containing Fes04
nanoclusters were synthesized using a template assisted route.
The resulting hybrid microspheres showed photothermal
conversion ability after exposing them to near infrared light.2>

Despite these advances, synthesis of higher-order COF
superstructures is still challenging mainly due to the harsh
conditions usually needed to synthesize highly crystalline COF
nanoparticles. In these sense, we have recently reported that
the spray drying method can be used to synthesize MOFs in the
form of spherical hollow or compact superstructures made from
the assembly of MOF nanoparticles.2>-32 Additionally, we have
recently reported that spray drying is also an effective
methodology to perform Schiff-base condensation reactions,
either between discrete organic molecules or on the pore
surfaces of MOFs.33 Herein, we combine both achievements and
extend the applicability of spray drying to synthesize imine-
based COF nanocrystals while structuring them into spherical
hollow superstructures. This strategy consists in a two-step
process. In a first step, the spray drying allows the formation
and shaping of amorphous imine-based polymer spheres. Then,
in a second step, these spheres are subjected to a dynamic
covalent chemistry to crystallize them under similar conditions
to those reported by Dichtel et al.3* Remarkably, after the
crystallization step, the resulting superstructures preserve the
initial size and morphology of the amorphous spheres. Further,
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Figure 1. a) Schematic representation of the spray drying synthesis of COF-TAPB-BTCA. b) Representative FESEM images of amorphous COF-TAPB-BTCA spheres. c)
Representative FESEM images of microspherical COF-TAPB-BTCA superstructures d) FESEM and HRTEM images of a mechanically broken superstructure, revealing the hollow
cavity and that they are formed by COF nanocrystals. e) XRPD diffractogram of COF-TAPB-BTCA (orange), compared with the simulated powder pattern (blue). f) N, adsorption

isotherm of COF-TAPB-BTCA.

we show that this strategy enables integrating guest functional
materials, either molecules or other nanomaterials, in these
COF superstructures.

Initially, we began with the synthesis of superstructures of
COF-TAPB-BTCA, a two-dimensional COF assembled from two
trigonal building blocks, 1,3,5-benzenetricalbaldehyde (BTCA)
and 1,3,5-tris-(4-aminophenyl)benzene (TAPB).3> In a typical
first step, a 0.03 mol-L! solution of BTCA in a mixture of DMSO
and acetic acid (9:1 v/v) and a 0.03 mol-L? solution of TAPB in
DMSO were independently atomized using a three-fluid nozzle
at a feed rate of 3.0 mL-min!, a flow rate of 336 mL-min! and
an inlet temperature of 200 °C, using a B-290 Mini Spray Dryer
(BUCHI Labortechnique). This atomization immediately
afforded a yellow powder (Figure 1a). Note here that the use of
three-fluid nozzle ensured that the two reactants only come in
contact inside the drying chamber avoiding the clogging of the
nozzle.

Field-emission scanning electron microscopy (FESEM)
images and X-ray powder diffraction (XRPD) performed on the
intermediate collected solid revealed the homogeneous
formation of amorphous spheres with an average size of 2.2 +
1.1 pum (Figure 1b and S1 ESIt). Since the spray-drying is based
on the fast evaporation of the solvent, we reasoned that the
kinetic product was obtained instead of thermodynamic one.
The formation of the imine-based polymer was confirmed by
FT-IR spectroscopy and solid-state 3C magic angle spinning
nuclear magnetic resonance (MAS NMR). The FT-IR spectrum
showed the presence of the typical imine (C=N) band at 1633
cm! and the absence of the band corresponding to free -NH;
between 3300-3500 cm™?, indicating the absence of unreacted
TAPB. The imine formation was further corroborated by the
appearance of a signal at 158 ppm in the 3C MAS NMR
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spectrum, which was attributed to the carbon atom of the C=N
imine group (Figure S2, ESIT). These results are in agreement
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Figure 2. a,b) Representation of the building blocks used to synthesize (a)
COF-LZU1 and (b) COF-TAPB-PDA. c) XRPD diffractogram of the obtained
COF-LZU1 (green) compared with simulated powder pattern (blue). d) XRPD
diffractogram of the obtained COF-TAPB-PDA (pink) compared with
simulated powder pattern (blue). e,f) FESEM images showing the general
view of the microspherical (e) COF-LZU1 and (f) COF-TAPB-PDA
superstructures.
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Figure 3. a) Confocal fluorescence image of Rose-bengal@COF-TAPB-BTCA
superstructures and their fluorescence intensity profile. Inset: chemical structure
of rose Bengal. b) Elemental mapping with EDX performed on a single spherical
superstructure of Rose-bengal@COF-TAPB-BTCA, showing the homogeneous
distribution Na (cyan), Cl (green) and I (pink).

with those previously reported for COF-TAPB-BTCA.3> |n a
second step, this imine-based polymer was subjected to a
dynamic covalent chemistry process. Thus, the amorphous
spheres were dispersed in a mixture of 1,4-
dioxane/mesitylene/water/acetic acid and heated at 80 °C for
192 h. The isolated material did not show significant
spectroscopic changes in both FT-IR and 13C MAS NMR spectra
(Figure S3, ESIt). However, FESEM and High-resolution
transmission electron microscopy (HR-TEM) images displayed
the formation of hollow superstructures in which their walls are
created by the close packing of COF nanoparticles (Figure 1c-d
and Figure S4, ESIT). Remarkably, these superstructures
retained both shape and size of the amorphous spheres (Figure
S5, ESIT). The XRPD pattern of these superstructures showed
the most intense peak at 5.5°, which properly match with the
simulated COF-TAPB-BTCA structure (Figure 1e and Figure S6,
ESIt). The microporosity of the  COF-TAPB-BTCA
superstructures was confirmed by N, adsorption
measurements, which gave a BET surface area of 911 m2gL. This
value is consistent with that previously reported for COF-TAPB-
BTCA (Figure 1f).30 Finally, thermogravimetric analysis (TGA)
revealed the high thermal stability of COF-TAPB-BTCA
superstructures (up to 500 °C), following by a loss weight due to
the decomposition of the framework (Figure S7, ESIT).

To demonstrate the generality of our approach, we used
similar synthetic conditions to synthesize other imine-based
COF superstructures. To this end, we selected the recently
discovered COF-LZU18 and COF-TAPB-PDA.3* COF-LZU1l was
synthesized by the condensation of BTCA and p-
phenylenediamine (PPD), whereas COF-TAPB-PDA was
synthesized from TAPB and terephthalaldehyde (PDA). In both
cases, after the two-step process, FESEM and HR-TEM images
and XRPD of the resulting solids revealed the formation of
crystalline microspherical superstructures of the desired COFs
(Figure 2 and Figure S8 and S9, ESIt). FT-IR spectra of COF-LZU1
and COF-TAPB-PDA showed the presence of the characteristic
C=N stretching band at 1618 and 1628 cm™1, respectively.
Moreover, the formation of imine was further corroborated by
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Figure 4. a) HAADF-STEM image of single Fe30,@COF-TAPB-BTCA superstructure.
b) Photographs of the dispersion of Fe;0,@COF-TAPB-BTCA superstructures
before and after exposed to a magnet. c) Elemental mapping with EDX performed

on a single spherical superstructure of Fe3;0,@COF-TAPB-BTCA, showing the
homogeneous distribution of N (blue), Fe (yellow) and O (red).

the peaks observed in the 13C MAS NMR spectra at 157 ppm for
COF-LZU1 and 158 ppm for COF-TAPB-PDA (Figure S10 and S11,
ESIt). Additionally, the microporosity of the COFs was
confirmed by N, adsorption analysis, from which BET surface
areas of 319 m2 g for COF-LZU1 and 1162 m? g1 for COF-TAPB-
PDA were calculated (Figure S12, ESIt). These values are
consistent with those previously reported.8 34

Having demonstrated that our spray-drying methodology
enables the formation of hollow COF superstructures, we
envisioned to use it as a simple method for integrating other
functional substances to these superstructures and thus, create
COF-based composites.3¢38 To explore this possibility, we
synthesized Rose-bengal@COF-TAPB-BTCA superstructures by
reproducing the formation of COF-TAPB-BTCA superstructures
but dissolving Rose bengal in the initial precursor solution.
FESEM images and XRPD patterns revealed the formation of
crystalline microspherical superstructures of COF-TAPB-BTCA,
confirming that their synthesis was not affected by the presence
of the dye (Figure S13, ESIT). The presence of Rose bengal was
confirmed by elemental mapping with energy dispersive X-ray
spectrometry (EDX) performed on a single superstructure,
which revealed a highly uniform distribution of Cl, I, and Na
atoms (Figure 3b). Additionally, the successful encapsulation of
this dye was visualized by confocal images, where the intensity
profile and the confocal image performed on a single sphere
revealed the homogeneous distribution of Rose bengal (Figure
3a). Finally, to evaluate the possibility to release encapsulated
molecules from these COF superstructures, Rose-bengal @COF-
TAPB-BTCA composite was incubated in ethanol for different
periods of time, and the dye released was quantified by
Fluorescence spectroscopy (Figure S14, ESIT). Notably, a dye
release of 32 % was observed for the first day, achieving a
release of 56 % after 8 days. This slow release suggests that the
dyeisinfactlocated on the pores of the COF nanocrystals rather
than on their crystal surface .

To further explore the formation of COF-based composites
using this strategy, we incorporated magnetic Fes3Oq4
nanoparticles dispersed in the precursor solution. Under the
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same conditions, FesO4 nanoparticles (8 nm diameter) were
encapsulated into the COF-TAPB-BTCA superstructures, as
confirmed by HAADF-STEM and HR-TEM images and XRPD
(Figure 4a and S15 and S16, ESIt). The content of Fe in the
composite was estimated by Inductively Coupled Plasma-Mass
spectrometry (ICP-MS), from which a Fe304 content of 2.8 %
w/w in the composite was determined. EDX mapping
performed on a single superstructure showed the distribution
of N, Fe and O atoms, confirming the presence of Fez04into the
superstructures (Figure 4c). Also, as indication of the
encapsulation, a colloidal suspension of the composite was
exposed to a magnet and rapidly attracted to it (Figure 4b).
Similarly, magnetic measurements performed on the composite
confirmed its magnetic character, exhibiting a characteristic
hysteresis loop with a coercive field of 240 Oe at 10 K (Figure
S17, ESIT).

In summary, we have reported a highly versatile and
effective methodology to simultaneously synthesize and
shaping microspherical hollow imine-based COF
superstructures. This method also enables making COF-based
composites by simple adding the selected functional materials
during the spray-drying synthesis.
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