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Covalent organic frameworks (COFs), an emerging class of porous crystalline materials, have potential
applications ranging from separation to catalysis. However, the harsh conditions required by the classical
amorphous transformation route limit the scalability of COF synthesis, especially for three-dimensional
covalent organic frameworks (3D COFs). Here, we propose a novel crystalline intermediate (CIM)
transformation method that circumvents the stage of amorphous phase generation, enabling the facile
and scalable synthesis of imine-linked 3D COFs. In contrast with the classical route of 3D COF synthesis,
the CIM transformation process requires no deoxygenation or high-temperature treatment and offers
gram-scalable production with efficient and controllable structure interpenetration. The transformation
mechanism from a CIM to a 3D COF was investigated in detail, showing a direct crystal-to-crystal
pathway. The structure of a CIM nanocrystal, determined by scanning three-dimensional electron
diffraction (3DED), reveals a tightly packed diamond-like structure. Furthermore, this strategy was also
successfully applied to the synthesis of other three imine-linked 3D COFs that leads to the discovery of
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Introduction

Covalent organic frameworks (COFs) have been widely used in
the fields of gas separation and storage,"” catalysis,>* environ-
mental remediation,” drug release,%” and optoelectronic
devices®® due to the two-dimensional (2D), three-dimensional
(3D) regularly ordered array of basic building blocks and
inherent porosity. Compared with 2D COFs, 3D COFs have
larger specific surface area, interconnected channels, more
stable physicochemical properties (less susceptible to damage
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two new COFs, demonstrating its broad applicability.

by ultrasound, mechanical milling, etc.), and abundant avail-
able active sites.'** However, most reports so far have focused
on the synthesis and application of 2D COFs,>*>'* and 3D COFs
are less explored due to their complex structures.'”'®

Early boron-linked 3D COFs were synthesized under similar
conditions to 2D COFs.** However, unlike boron linkages,
imine-linked COFs are currently limited to the sealed-tube
protocol (Scheme 1a) for the synthesis of 3D imine COFs due
to poorer bond reversibility and greater sensitivity to oxygen at
high temperatures.”* While 2D imine COFs can be synthesized
using mechanochemical iso-flux methods,*** these methods
are generally not applicable to 3D imine COFs. The system in
the sealed-tube protocol is sensitive and requires an oxygen-free
environment, usually achieved by several freeze-thaw cycles of
degassing. Freeze-thaw cycling operations and torch sealing are
inherently more hazardous operations. In addition, the need for
an oxygen-free environment is extremely unsuitable for macro-
preparation and places higher demands on the production
equipment.>*?® After balancing the reaction rate and crystal-
linity, the conversion of the initially amorphous polymer to
crystalline 3D COFs still takes 2-9 days.***** The harsh condi-
tions and low space-time yield of this protocol make it difficult
to achieve scale-up production of 3D COFs. Many efficient,
green and scalable methods have been realised for the synthesis
of 2D COFs,* but they are hardly applicable to the synthesis of
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3D COFs, except for reversible, weakly stable boroxine-linked
COFs.** For example, the in situ monitoring of the formation
of mechanochemically imine-linked 2D COFs via template
effects by Lotsch et al. has aroused our interest,* but unfortu-
nately the process is not applicable to imine-linked 3D COFs.
Due to the lack of a layered stacking structure, amorphous
polymer intermediate transformation is considered to be the
most plausible mechanism for the synthesis of dynamic cova-
lently linked 3D COFs.** Unfortunately, this transformation is
difficult to control, prone to multiphase issues, and sensitive to
high temperatures, particularly in the case of covalent bonds
like imine oxidation during the synthesis of imine-linked
COFs.***¢ Many efforts have been made to inhibit the forma-
tion of the initial amorphous substance,** but the 3D COFs
obtained nowadays have a high degree of interpenetration and
show obvious hydration, which is not conducive to the pursuit
of high pore properties.***>** Therefore, a facile and scalable
synthesis protocol with controllable interpenetration for 3D
COFs is urgently desired.

Crystalline seed-mediated strategies are well-known in the
synthesis of framework materials, such as metal-organic
frameworks.*>** Previous studies attempted to regulate the
synthesis process of 2D COFs using eutectic or hydrogen-
bonded organic frameworks as intermediates.**** Further-
more, the efficient synthesis of 2D imine COFs by mechano-
chemical methods has been achieved without the addition of
auxiliary components.”>*** However, the successful synthesis
of 3D COFs using these methods has yet to be reported. Herein,
we propose a novel crystalline intermediate (CIM) trans-
formation protocol that enables the facile synthesis of a series
of imine-linked 3D COFs (Scheme 1b). While this method
involves a two-step synthesis, the synthetic process of the CIM
route is more robust and controllable, improving the potential
of industrial scale-up. The molecular and crystal structures of
the crystalline intermediates were directly analysed by scanning
3DED, which is an emerging method for analysing beam-
sensitive nanocrystals.**** The structure of the intermediates
can help us to optimise the synthesis of the final product. The
crystal-to-crystal transformation pathway for the synthesis of 3D
COFs from the CIM was unveiled, avoiding the formation of the
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Scheme 1 Comparison of (a) the classical sealed-tube protocol with
(b) the crystalline intermediate (CIM) transformation protocol for the
synthesis of 3D COFs.
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initial amorphous polymer. Compared to the classical sealed-
tube protocol, this novel CIM transformation protocol offers
several clear advantages such as no need for deoxygenation
operations, lower reaction temperature (90 °C), more efficient
crystallisation (0.5 d), and easier scale-up (gram scale). More-
over, this novel protocol has been successfully extended to
synthesize other three diamond (dia) net 3D COFs including
two new COFs, demonstrating broad applicability. At last, the
CIM strategy may provide ideas for developing new pathways for
the multi-component construction and functionalisation of 3D
COFs.

Results and discussion

Facile COF synthesis

COF-300, the first imine-linked 3D COF, was reported by Yaghi
et al. in 2009.”° The synthetic route involves the acid-catalysed
imine condensation of the tetrahedral ligand tetrakis(4-
aminophenyl)methane (TAM) and the linear ligand 1,4-phtha-
laldehyde (TPA) within a sealed Pyrex tube using 1,4-dioxane as
the solvent. After deoxidation, the reaction was carried out at
120 °C for 3 days to obtain the 5-fold interpenetrated dia-net
COF-300-c5.> Obtaining the thermodynamically stable 7-fold
interpenetrated isomer, COF-300-c7, requires another 6 day
aging process prior to the synthetic procedure.*® In contrast, our
proposed CIM transformation protocol for the synthesis of 3D
COFs operates under milder conditions, including lower
temperatures, shorter heating times, and no need for deoxy-
genation. The crystalline product (COF-300) is obtained by
adding equimolar amounts of the crystalline intermediate
(CIM-1) and the tetrahedral ligand (TAM) in a relatively small
amount of mixed solvent, followed by crystallisation at 90 °C for
12 hours. Furthermore, it is worth noting that the tetrahedral
monomers are required for the transformation from CIM into
COFs to make it more efficient and complete (Fig. S421). The
amount of CIM seeds will impact the kinetics of the trans-
formation process, and the more CIM seeds added, the higher
the crystallinity of the COF product will be (Fig. S431). Besides,
it was found that the synthesized COF product without the
mechano-thermochemical treatment displays low crystalinity
with poor porosity (Fig. S45 and S467). The degree of inter-
penetration of COF-300 can be effectively controlled simply by
whether or not stirring is performed during the CIM trans-
formation process, with COF-300-c5 being obtained in the
unstirred system and COF-300-c7 in the stirred system (Fig. 1a).
Powder X-ray diffraction (PXRD) patterns show that the two
interpenetrated heterostructures of COF-300 obtained by this
approach have good crystallinity, which is consistent with
literature reports (Fig. 1b and e).**** Scanning electron
microscopy (SEM) images showed that the two products had
a uniform rod-like morphology, with the length of cof-300-c5
centred at around 300 nm (Fig. 1c), and the length of cof-300-
c7 was 1-3 pm (Fig. 1f). N, adsorption-desorption isotherms
at 77 K show that both interpenetrated frameworks exhibit
evident adsorption hysteresis, consistent with the flexible
nature of the framework (Fig. 1d and g). Similar observations
were also reported previously, attributed to the deformation in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Facile synthesis of 3D COFs and their structural, morphological and pore characterisation. (a) Synthesis route of two interpenetrated
isomers of COF-300 via the CIM transformation approach. (b) PXRD pattern of COF-300-c5. (c) SEM image of COF-300-c5. (d) N, adsorption—
desorption isotherms of COF-300-c5. (e) PXRD pattern of COF-300-c7. (f) SEM image of COF-300-c7. (g) N, adsorption—desorption isotherms

of COF-300-c7.

node geometry, displacements between frameworks and
conformational changes in the organic linkers.*”** The pore
volume of COF-300-c5 was measured to be V,, = 0.85 cm® g~ for
P/P, = 0.98, which is comparable to that synthesised by the
classical protocol,*** and the pore volume of COF-300-c7 was V,,
= 0.59 cm® ¢! for P/P, = 0.98. The Brunauer-Emmett-Teller
(BET) surface areas of dia-c5 and dia-c7 COF-300 were deter-
mined to be 938 m® g " and 520 m> g~ ", respectively. These
values are clearly superior to those obtained by other prepara-
tion methods such as the ventilation-vial synthesis method and
amino acid assisted method detailed in Table S4.1 The large
surface area of COF-300 synthesized by our proposed CIM
method is presumably due to the high crystallinity contributed
by the slow release of crystalline intermediates. The typical
dynamic pore characteristics of COF-300 from the CIM, ie.,
changing the pore size as the guest is absorbed or removed, are
promising for applications in gas storage and separation.**

Crystalline intermediate (CIM)

The crystalline intermediate was pre-synthesised by a solvent-
free mechano-thermochemical method, ie., combining
mechanical milling with thermal treatment, following our
previous work on solvent-free coordinated MOFs.>> The process
contains a mechanochemical stage to achieve rapid conversion

© 2025 The Author(s). Published by the Royal Society of Chemistry

of feedstock to covalent polymers and a heat treatment stage to
achieve crystallisation of amorphous polymers to crystalline
intermediates. This process clearly differs from the observation
of crystalline intermediates in the mechanochemical synthesis
of 2D COFs.** Notably, we did not observe the formation of
crystalline 3D COFs/crystalline intermediates after sufficient
mechanical milling, but amorphous polymers were observed,
indicating the use of mechanochemical limitations alone. In
this way, the crystalline intermediate CIM-1 for the synthesis of
COF-300 was efficiently prepared by using an excess of linear
units via a Schiff base condensation reaction. Specifically, the
tetrahedral ligand TAM and an excess of linear monomer TPA
were mixed and ground for 30 min and then transferred to
a reactor for crystallisation at 120 °C for 24 h. The yellowish
powder of highly crystalline CIM-1 was obtained after washing
and drying. The synthetic crystallization route of CIM-1 involves
the initial formation of amorphous polymers and then trans-
formation into crystalline products, as disclosed from the
changes in crystallinity, functional groups and morphology at
each stage (Fig. S13-5187). In the mechanical milling stage, the
amorphous phase with no regular morphology was obtained
(Fig. S18%). The FT-IR spectrum (Fig. S17}) shows the charac-
teristic imine bonding peaks at around 1620 cm ™", indicating
the formation of amorphous polymers linked by imine bonds.

Chem. Sci., 2025, 16, 15037-15044 | 15039
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Fig. 2 Structural and morphological characterisation of CIM-1. (a) The 3D reciprocal lattice of CIM-1 reconstructed from the RED data. (hk0),
(hk1), (hk2), (hhl), (hOl) and (Okl) slices cut from the reconstructed reciprocal lattice. (b) The crystal structure model of CIM-1 based on the RED
data at 89 K. (c) Indexed PXRD pattern of CIM-1 and the Pawley fitting from the modeled structure. (d) Solid-state 1*C CP-MAS NMR spectrum
(the asterisks denote the spinning sidebands) and (e) SEM image of CIM-1.
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Fig. 3 Gram-scale synthesis of CIM-1 and COF-300. (a) Laboratory
gram-scale synthesis of CIM-1. (b) Laboratory step-by-step gram-
scale synthesis of COF-300. (c) N, sorption isotherms of gram-scale-
synthesized COF-300 at 77 K.

The later heat treatment process results in the gradual trans-
formation of the amorphous phase into the crystalline CIM-1
(Fig. S14 and S18%).

CIM-1 displays rod-like morphology with a length-size
distribution of 0.5-3 pm (Fig. 2e). High resolution trans-
mission electron microscopy (HR-TEM) images showed clear
lattice fringes, confirming the long-range ordered structure of
CIM-1 (Fig. S11%). Scanning 3DED was performed under low
temperature conditions (89 K), and the 3D reciprocal lattice was
reconstructed and visualised (Fig. 2a).>® From the 3D reciprocal
lattice, the unit cell was identified as a body-centred tetragonal
cell with @ = b = 24.80 A, and ¢ = 7.86 A. The CIM-1 crystal
diffracted to a very high resolution (0.8 A), and its structure was
solved ab initio from the 3D ED data in space group I4,/a (Table
S1f). In CIM-1 crystals, each Schiff base molecule consists of
a tetrahedral ligand (TAM) linked to four linear ligands (TPA)
via imine bonds, which are stacked in the interpenetrated form
of dia-like COFs, forming a non-porous network structure
through non-covalent interactions (Fig. 2b). The N, adsorption—

15040 | Chem. Sci,, 2025, 16, 15037-15044

desorption isotherm of CIM-1 demonstrates close packing
properties (Fig. S91). The structure of CIM-1 was further sub-
jected to full profile pattern matching (Pawley) refinement with
PXRD data measured at room temperature, yielding a = b =
24.705 A and ¢ = 7.984 A refined cell parameters with Ryp =
4.65% and R, = 2.99% (Fig. 2c). Intramolecular imine linkages
and unlinked aldehyde groups from linear monomers in the
Schiff base CIM-1 were confirmed by using the solid-state *C
CP-MAS NMR spectrum and FT-IR spectroscopy (Fig. 2d and
S107). The extra peaks (asterisks) which appeared in the solid-
state '*C CP-MAS NMR spectrum were due to the spinning
sidebands, manifested as very similar patterns (Fig. 2d).* In situ
PXRD studies show no attenuation of the diffraction peaks from
CIM-1 in air below 300 °C (Fig. S12t). Thermogravimetric
analysis experiments under a nitrogen atmosphere show that
the weight loss started at 320 °C and the first maximum weight
loss rate was at 350 °C (Fig. S1371). This gives CIM-1, with its
good thermal stability, an advantage over virgin materials that
are susceptible to oxidation.

Transformation process from the CIM to COFs

To investigate the details of the transformation of CIM-1 into
COF-300, the products were taken at different times and ana-
lysed for the structure, morphology and yield. Without stirring,
CIM-1 was completely converted to highly crystalline COF-300-
c5 within 12 h (Fig. S19-S221). In particular, when the trans-
formation was carried out for 1 h, the PXRD patterns and SEM
images showed a weakening of the characteristic peaks of CIM-1
accompanied by the appearance of a small amount of the crys-
talline phase COF-300-c5 (Fig. S19 and S207). The presence of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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two phases, i.e., CIM-1 and COF-300-c5, was clearly shown in the
reaction system at 3 h and 6 h, and no amorphous intermediate
phase appeared. The conversion from CIM-1 to COF-300-c5 was
completed after 12 h (Fig. S19 and S207). Throughout the trans-
formation process, the characteristic -CHO absorption peak rep-
resenting the intermediate CIM-1 in the FT-IR spectrum weakened
and the characteristic -CH=N- peak gradually strengthened
(Fig. S211).>* Satisfactorily, the yield gradually increased to 93%
(Fig. S227). The transformation of CIM into crystalline COFs is
attributed to the low solubility of the intermediates, which effec-
tively controls the reaction rate of polymerisation and avoids the
rapid formation of an amorphous phase in the new system with
a high concentration of reactants (Table S2}). Correspondingly,
with stirring, CIM-1 first synthesised the dynamically dominant
COF-300-c5, which later transforms into COF-300-c7 (Fig. S23-
S267). The stirring process promotes the formation of the ther-
modynamically stable phase COF-300-c7. In classical synthetic
methods, the ageing process (typically a few days) was employed to
achieve phase transformation from the metastable c5 form to the
thermodynamically stable ¢7 form.* In this study, a similar but
more rapid transformation process from c5 to the c¢7 form was
observed under stirring conditions, which is presumably associ-
ated with the acceleration of mass and momentum transfers,
favoring the transition of low-interpenetrating crystalline forms
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across the phase transition energy barrier to thermodynamically
stable high-interpenetrating crystalline forms. Here, the success in
effectively controlling the degree of interpenetration of COFs by
balancing the dynamically and thermodynamically dominant
synthesis pathways has important implications for the tailoring of
specific functional porous frameworks.

Scalable CIM and COF synthesis

Based on the facile synthetic conditions of the method, the
transformation route from CIM to COFs has potential for large-
scale production. First, CIMs with high crystallinity can be
easily prepared gram for gram by the mechano-thermochemical
method in the absence of reaction solvents (Fig. 3a and S271),
producing a theoretical yield of up to 96% for CIM-1. The
synthesis of COF-300-c5 from CIM-1 easily achieved stepwise
scale-up (Fig. 3b and S287%). The average yield was maintained
above 92%, much higher than that of the classical amorphous
route, typically 63%.>*3° The average space-time yield was 322 kg
m* day ', which was more than 100 times higher than that of
the classical route.*** N, adsorption-desorption isotherms
showed that the pore volume of the gram-scale synthesised
COF-300 remained above 92% (Fig. 3c). It is noteworthy that in
the design of porous materials, low interpenetrated frameworks
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with larger pore space are preferred. Here, we successfully
positioned the kinetically advantageous low interpenetration
phase through our CIM transformation strategy and achieved
the first scale-up preparation of COF-300-c5 (Table S47).

Universality of the CIM transformation protocol

The broad applicability of the proposed CIM transformation
strategy was successfully demonstrated for the synthesis of
other three imine-linked 3D COFs. First, another crystalline
intermediate CIM-2 was synthesised by the mechano-
thermochemical method using 4,4’-biphenyldicarboxaldehyde
(L-1) and TAM, and the crystal structure was fully determined.
Using the CIM transformation pathway, COF-320 was then
further synthesised from CIM-2. Next, TJU-300 (TJU is an
abbreviation for Tianjin University) and TJU-301 were syn-
thesised in the same way (Fig. 4a, c and e).

To further clarify the structure of the crystalline intermedi-
ates, CIM-2 microcrystals were directly analysed by scanning
3DED (Fig. S29 and Table S57), and the molecular structure and
stacking pattern is similar to that of CIM-1 (Fig. S30t). The
experimental PXRD pattern is in rigorous agreement with the
calculated results (Fig. S311). It is worth noting that during the
conversion from CIM-2 to COF-320, the PXRD patterns show
that the characteristic peaks of COF-320 have appeared before
the disappearance of the CIM-2 diffraction peaks, and the
characteristic broad peaks of amorphous polymers are not
obvious (Fig. S347). This again suggests that the transformation
from CIM-2 into COF-320 follows the crystal-to-crystal pathway
with high crystallinity. The crystal structures of TJU-300 and
TJU-301 were simulated according to PXRD patterns. Geometric
energy minimisation calculations were performed, using 5-fold
and 11-fold interpenetrated nets, respectively, and verified with
the generic formula for dia networks (Fig. $36, S37, S39, S40 and
Tables S6, S7t).* N, adsorption-desorption isotherms showed
that COF-320 and TJU-300 presented similar flexible pore
characteristics to COF-300, with pore volumes of V,, = 0.41 cm®
g ' for P/P, = 0.98 and V,, = 0.38 cm® g~ for P/P, = 0.99 (Fig. 4b
and d). TJU-301 exhibits a sharp increase in gas adsorption at
low pressure 0.1P/P,, corresponding to its 2.0 nm pore size, and
0.8-1.0P/P, exhibits mesoporous properties, which is the result
of crystal agglomeration, with a pore volume of V,, = 0.49 cm®
g " for P/P, = 0.98 (Fig. 4f and S417). Moreover, the BET surface
areas of COF-320, TJU-300 and TJU-301 were determined to be
768 m* g ', 575 m> g ' and 291 m® g, respectively. This
demonstrates the generalizability of the proposed method in
synthesizing porous framework materials. Compared to other
scale-up methods,**** 3D COFs synthesised by the CIM trans-
formation pathway, such as COF-300-c5 and TJU-300, prefer to
generate networks without hydration, which offers advantages
in reducing activation time and designing high porosity COFs.

Conclusions

In summary, we report a novel crystalline intermediate (CIM)
transformation method for the facile and scalable production of
imine-linked 3D COFs. While crystalline intermediates have

15042 | Chem. Sci., 2025, 16, 15037-15044
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previously been observed in the mechanochemical synthesis of
2D COFs, the direct synthesis of high-quality 3D imine-linked
COFs has been demonstrated to be impossible by this
method. Instead, we utilize the mechano-thermochemical
method to obtain crystalline intermediates, and then make
full use of the facile crystal-to-crystal transformation pathway,
thus avoiding using deoxygenation and high temperature while
producing 3D COFs with much more efficiency and produc-
tivity, in contrast to the classical sealed-tube protocol of 3D
COFs. We successfully achieved the gram-scale production of
highly crystalline COF-300 with controllable structure inter-
penetration. The choice between producing COF-300-c5 or COF-
300-c7 structures can be easily controlled by simply stirring or
not during the transformation process from CIM into COFs.
Furthermore, the broad applicability of the proposed novel
method was demonstrated for the synthesis of other three
imine-linked 3D COFs, i.e., COF-320, TJU-300 and TJU-301.
Overall, our CIM transformation approach unlocks new possi-
bilities for the large-scale, efficient production of COFs under
mild conditions that were previously unattainable. Using the
CIM as an intermediary paves the way for future design and
development of multi-component 3D COFs with high crystal-
linity, accelerating the discovery and large-scale production of
3D COF materials.

Experimental section
Materials

All starting materials were commercially purchased and used
without further purification. 1,4-phthalaldehyde (TPA, >98%),
4,4'-biphenyldicarboxaldehyde (L-1, >97%), 2,3,5,6-tetra-
fluoroterephthalaldehyde (L-2, >98%), tetrakis(4-
aminophenyl)methane (TAM, >95%), and 4',4"”,4"" 4"""-
methanetetrayltetrakis(([1,1’-biphenyl]-4-amine)) (T-1, >98%)
were purchased from Bide Pharmatech Ltd. Tetrahydrofuran
and 1,4-dioxane were purchased from Sigma Aldrich.

Synthesis of CIM-1

First, 38 mg of TAM (0.1 mmol) and 134 mg of TPA (1 mmol)
were mixed and ground in a mortar for 30 minutes. This
mixture was then transferred to a 25 mL PTFE reactor and
heated at 120 °C for 24 hours. After cooling to room tempera-
ture, the product was collected, washed with tetrahydrofuran,
and dried under vacuum at 120 °C overnight to give a light-
yellow powder, CIM-1.

Synthesis of COF-300 from CIM-1

First, 38 mg of TAM (0.1 mmol) and 84.4 mg of CIM-1 (0.1
mmol) were dispersed in 1 ml of the solvent mixture (V; 4.
Dioxane : Vwater ¢ Vacetic acid = 7-5:5:1) in a 10 ml pressure resis-
tant glass vial. The reaction system was directly heated at 90 °C
for 12 hours without stirring. After cooling to room tempera-
ture, the solid product was collected, washed with tetrahydro-
furan, and dried under vacuum at 120 °C overnight to produce
the yellow powder COF-300-c5. Following the same procedure,
the heating process with stirring produced COF-300-c7.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Characterization of the CIM and COFs

Powder X-ray diffraction (PXRD) data of all samples in this work
were collected on a Rigaku D/MAX 2500 X-ray diffractometer
using Cu-Ko radiation (A = 1.54178 A). The voltage and current
were 40 kV and 200 mA, respectively. Powder samples used for
refinement of structures were scanned in the 26 range of 3-60°
at a scan rate of 5° min~'. In situ PXRD test results were
collected by varying the temperature in air from 50 °C to 375 °C
with a 5 °C min~" ramp-up. The FT-IR spectra of the samples
were collected on a Bruker alpha ATR-FTIR instrument (Ger-
many) over the wavenumber range from 400 to 4000 cm ™" at
a resolution of 4 cm™' using 64 scans. The *C MAS NMR
spectra of the samples were collected on a 500 MHz Bruker
spectrometer equipped with the standard cavity CP MAS and
probe-BL4. The morphologies of the samples were character-
ized using a scanning electron microscope (SEM, Hitachi SU-
8010). The characterization studies of lattice diffraction and
the internal mesoporous structure of the samples were carried
out on a JEM-F200 field emission transmission electron
microscope (TEM). Thermogravimetric (TG) analysis was
carried out on a model TGA 1/SF thermogravimetric analysis
system (Mettler Toledo, Switzerland).

Nitrogen adsorption—-desorption isotherm measurements

The N, adsorption-desorption isotherms of the samples were
evaluated on an Autosorb IQ2 surface area and pore size ana-
lyser at 77 K after vacuum degassing at 120 °C for 12 hours. The
pore size distribution of the materials was analyzed using the
Non-Local Density Functional Theory (NLDFT) method.

Scanning three dimensional electron diffraction

Scanning three dimensional electron diffraction (3DED) was
conducted in a Thermal Fisher Themis-Z TEM operated at 300
kV. The microscope was switched to STEM mode and the elec-
tron beam is defocused to a nearly parallel state. A video stream
from the HAADF detector was displayed during data collection
for crystal tracking, and electron diffraction patterns were
acquired on a Gatan OneView IS detector (4096 x 4096, 15 um
in pixel size) when the stage was rotated continuously from
—50° to +50°. The scanning 3DED datasets were processed by
XDS, and the structures were solved ab initio from the output
HKL files using SHELXT and refined by SHELXL.

Data availability
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