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Amorphous-to-crystalline transformation is of profound importance in the crystallization of covalent
organic frameworks (COFs), yet its potential through solid-state mechanochemistry remains largely
unexplored. Here, we introduce a mechanochemical amorphous-to-crystalline pathway to synthesize
imine-linked COFs under ambient conditions. By ball milling their amorphous progenitors, nine imine-
linked COFs with distinct core structures, topologies (hcb, sql, kgm, and dia), and dimensions are
constructed in as little as one hour. Notably, the unique advantage of this method is highlighted by the
successful synthesis of a highly crystalline, porous pyrene-based COF inaccessible by de novo
mechanosynthesis. A mechanochemical “scrambling” reaction of imine-based model compounds
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Accepted 28th January 2026 confirms the high reversibility of the imine bonds in the solid state, which is crucial for facilitating error
correction during COF reconstruction. This study underscores mechanochemistry as an effective means
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Introduction

Covalent organic frameworks (COFs) are frontier reticular
materials constructed by precisely integrating discrete organic
monomers into crystalline one-, two-, and three-dimensional
(1D, 2D, and 3D) extended networks.! Characterized by their
exceptional structural merits, such as low density, high
porosity, ordered skeletons, diverse topologies, and modular
functionalities, COFs have been in the limelight of porous
materials research with widespread applications, including gas
separation,” sensing,’ energy storage,* biomedicine,® environ-
mental remediation,® water harvesting,” and catalysis.® The
formation of COFs is typically governed by the principles of
dynamic covalent chemistry (DCC),® wherein reversible covalent
bonds dynamically break and reform to repair the amorphous
networks, ultimately yielding the most thermodynamically
stable crystalline materials.'® Consequently, this amorphous-to-
crystalline transformation plays a pivotal role in COF crystalli-
zation and provides unambiguous evidence for DCC in this
process.™ In recent years, this unique feature has been strate-
gically leveraged for the synthesis of COFs, enriching the
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linked COFs, including those unattainable via conventional de novo mechanosynthesis.

synthetic toolbox for COFs."*™** For instance, in 2016, Tan et al.
exploited the disorder-to-order reformation to synthesize Fe;-
0,@COF microspheres, which displayed a unique near-infrared
photothermal conversion ability.'® Similarly, in 2022, Xiong
et al. employed the amorphous-to-crystalline transformation to
fabricate a library of hollow COFs."” Beyond powdered COFs, in
2021, Fan et al. extended this strategy to the synthesis of COF
membranes from amorphous precursors via monomer
exchange, resolving hurdles associated with powder process-
ability and membrane scalability.’® Most recently, in 2025,
Cusin et al. developed free-standing micrometer-thick 2D COF
films by converting the pre-aligned amorphous 3D covalent
adaptable network into crystalline products.” Despite signifi-
cant progress, the amorphous-to-crystalline transformation is
predominantly performed under solvothermal conditions,
which are fraught with major limitations, including high energy
consumption, multi-day reaction time, usage of environmen-
tally harmful solvents, and cumbersome degassing protocols.*
Therefore, there remains a pressing need to develop facile,
rapid, and environmentally benign synthetic protocols for
amorphous-to-crystalline transformation in COFs.
Mechanochemistry, a new branch of chemistry that induces
chemical reactions through sustained mechanical force, has
emerged as an appealing alternative to traditional solution-
based methods.”* Capitalizing on its unique advantages,
including low carbon footprint, high efficiency, operation
simplicity, and exceptional scalability, mechanochemistry has
found broad applications across diverse material classes, such
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as organic molecules,” nanomaterials,” organometallic
compounds,* polymers,” porous materials,* and metal-
organic frameworks (MOFs).”” The first mechanosynthesis of
COFs was demonstrated by Banerjee's group in 2013, when they
made three B-ketoenamine-linked COFs via manual grinding.”®
Since then, the field of COF mechanochemistry has garnered
increasing attention, with remarkable advances in the solid-
state synthesis of various COFs and hybrid composites.>*>*
Beyond sustainability and environmental benignity in
comparison to solution-based approaches, mechanochemistry
offers the potential to produce COFs with exceptional material
properties, such as enhanced surface area compared to their
solvothermal counterparts.®**” More intriguingly, mechano-
chemistry can even enable the synthesis of COFs that are
challenging to obtain in solution.?® Despite considerable strides
in the de novo mechanosynthesis of COFs, harnessing mecha-
nochemistry for the synthesis of COFs from their amorphous
counterparts remains largely unexplored.*® Keeping these in
mind, we envision that mechanochemistry can induce solid-

state amorphous-to-crystalline transformation in COFs,
thereby expanding the synthetic toolkit of COF
mechanochemistry.

In this study, we report a mechanochemical strategy for
synthesizing various imine-linked COFs from their amorphous
progenitors via solid-state amorphous-to-crystalline trans-
formation (Scheme 1). Employing ball milling under ambient
conditions, we successfully obtained a broad range of imine
COFs featuring diverse pore surfaces, skeleton flexibility,
topologies (heb, sql, kgm), and dimensions (2D and 3D) within
an hour. The successful amorphous-to-crystalline trans-
formation in one representative 2D COF was unambiguously
confirmed by PXRD analysis, N, sorption measurement, and
TEM imaging. Remarkably, this strategy enabled the synthesis
of a pyrene-based rhombic COF that was inaccessible by de novo
mechanosynthesis, highlighting the unique advantage of this
approach. To gain mechanistic insight into mechanochemical
transformation, a scrambling model reaction was conducted
under ball-milling conditions, unequivocally confirming the
high reversibility of the imine bonds in the solid state.

Mechanochemical COP-to-COF Transformation *
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Scheme 1 Mechanochemistry enables efficient amorphous-to-crys-
talline transformation, yielding imine-linked COFs with diverse topol-
ogies (hcb, sql, kgm, and dia) from their amorphous progenitors under
ambient conditions within an hour.
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Results and discussion

We commenced our study by synthesizing a 2D imine-linked
COF, DBrTP-TPB,*” which consisted of 2,5-dibromobenzene-
1,4-dicarboxaldehyde (DBrTP) and 1,3,5-tris(4-aminophenyl)
benzene (TPB), through the mechanochemical transformation
of its amorphous progenitor (Fig. 1A). This route involves two
steps: (1) the room temperature synthesis of amorphous cova-
lent organic polymer (COP) via Schiff-base reaction of DBrTP
and TPB, and (2) the subsequent ball milling of COP with
a catalytic amount of Brensted acid and liquid additive in
a Retsch MM400 mill under ambient conditions. Amorphous
COP was readily obtained with a nearly quantitative yield, and
its disordered nature was verified by the featureless powder X-
ray diffraction (PXRD) pattern (Fig. S1). Strikingly, crystalline
COF was obtained within one hour of milling, as evidenced by
the emergence of strong peaks in its PXRD pattern (Fig. 1). This
finding validates the feasibility of using mechanochemistry to
induce amorphous-to-crystalline transformation in COFs.

To further enhance the crystallinity of the obtained DBrTP-
TPB COF, we systematically optimized key synthetic parame-
ters influencing the mechanochemical COP-to-COF trans-
formation, including catalyst, liquid additives, ball size, milling
frequency, and milling time. We first investigated the effect of
Bronsted acid catalysts. Among the tested acids, 6 M tri-
fluoroacetic acid (TFA) proved optimal, yielding the highest
crystallinity compared to pure TFA and glacial acetic acid
(Fig. 1B). In addition, the presence of liquid additives signifi-

cantly enhanced the crystallinity of COFs. N,N-di-
methylacetamide (DMAc) was found to be optimal,
outperforming acetonitrile, mesitylene, 1,4-dioxane, 1,2-

dichlorobenzene (DCB), N,N-dimethylformamide (DMF), and n-
butanol, which all resulted in amorphous products (Fig. 1C).
Both liquid additives and catalysts were indispensable for the
amorphous-to-crystalline transformation, as milling COPs
without them did not yield any crystalline COFs (Fig. S1).
Interestingly, the steel ball size also influenced the crystallinity,

Catalyst Liquid additives

[
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Milling frequency Milling time
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20(",Cu2;u)25 30 Zﬁl("yCuzlga)Zs 30
Fig. 1 (A) Schematic of mechanochemical transformaiton of amor-
phous COP into DBrTP-TPB COF. PXRD patterns of DBrTP-TPB ob-
tained from ball milling its COP precursor with variations in (B) acid
catalyst, (C) liquid additives, (D) milling frequencies, and (E) milling
time.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with a 5 mm ball yielding the highest crystallinity compared to
7 mm and 10 mm balls (Fig. S2). Moreover, the effect of milling
frequency on the crystallinity of COF was also examined.
Increasing the milling frequency from 15 to 30 Hz enhanced the
crystallinity of the resultant COF (Fig. 1D). To gain further
insight into the transformation process, a time-resolved ex situ
PXRD study was conducted. Crystalline features of DBrTP-TPB
emerged after milling of COP for 10 minutes, and the crystal-
linity progressively increased with extended milling, reaching
the maximum at 1 h. However, prolonged milling for 2 h
decreased the crystallinity of COF (Fig. 1E). Ultimately, highly
crystalline DBrTP-TPB was obtained with a yield of 70% by ball
milling its COP precursor (40 mg) using DMAc (20 pL) as the
liquid additive, 6 M TFA (15 uL) as the catalyst (n = 0.88 uL
mg !, where 7 is the ratio of the liquid volume to the reactant
mass), and one 5 mm steel ball at a milling frequency of 30 Hz
for 1 h. The moderate yield is presumably due to material loss
and partial decomposition of amorphous networks into oligo-
mers that are subsequently removed during the workup
process. Scalability, a crucial factor for the potential industri-
alization of COFs,*" was assessed by scaling up the reaction to
a gram scale using a 25 mL milling jar. Gratifyingly, the
amorphous-to-crystalline transformation proceeded smoothly
in the large state, affording ca. 0.5 g of highly crystalline DBrTP-
TPB, with crystallinity comparable to the small-scale synthesis
(Fig. S3). This finding highlights the practical applicability and
scalability of the mechanochemical COP-to-COF
transformation.

The chemical structures, crystallinity, porosity, morphology,
and thermal stability of the resulting DBrTP-TPB were thor-
oughly characterized. Fourier transform infrared (FTIR) spectra
of COP and DBrTP-TPB are similar, both showing characteristic
C=N stretch at 1620 cm ™', accompanied by the attenuation of
the CHO stretch (1682 cm™') of DBrTP and N-H stretch
(3354 cm™ ") of TPB (Fig. S4 and S5), suggesting the retention of
chemical integrity after the mechanochemical transformation.
The crystallinity of both materials was assessed by PXRD anal-
ysis. COP revealed a featureless PXRD pattern, substantiating its
amorphous nature (Fig. 2A, black curve). In stark contrast,
DBrTP-TPB exhibited high crystallinity with a sharp diffraction
peak at 26 = 2.8° and several minor peaks at 5.2°, 5.7°, 7.6°, and
25.4° (Fig. 2A, red curve), corresponding to the (100), (110),
(200), (210), and (001) facets, respectively. In addition, this
experimental PXRD pattern is in line with the simulated one
based on the eclipse stacking mode in previously reported
literature.”” The permanent porosity of both COF and COP
samples was investigated by nitrogen sorption analysis at 77 K
(Fig. 2B and S6). DBrTP-TPB displayed a type-IV sorption
isotherm, characteristic of mesoporous materials. The Bru-
nauer-Emmett-Teller (BET) surface area of DBrTP-TPB was
calculated to be 848 m” g, representing a more than 10-fold
increase compared to the COP (65 m? g ). Furthermore, its
pore size distribution simulated by nonlocal density functional
theory (NLDFT) revealed a narrow pore width centered around
3.2 nm (Fig. 2B, inset), in good agreement with the theoretical
value.” Thermogravimetric analysis (TGA) indicated that
DBITP-TPB possessed high thermal stability up to ~400 °C

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) PXRD patterns of DBrTP-TPB COF and its amorphous COP
precursor; (B) nitrogen adsorption—desorption isotherms. Inset is the
pore size distribution of DBrTP-TPB COF; TEM images of (C) COP
precursor and (D) DBrTP-TPB COF. The inset image shows the
hexagonal pore structure.

under nitrogen (Fig. S7). Noteworthy, the successful
amorphous-to-crystalline transformation was corroborated by
transmission electron microscopy (TEM) images. The amor-
phous COP exhibited a ~50 nm size without noticeable ordered
fringes (Fig. 2C). Upon mechanochemical transformation, the
resulting DBrTP-TPB showed ordered hexagonal pores of ~3 nm
across many regions (Fig. 2D, inset and S8). The significant
visual difference in the TEM images, coupled with the
pronounced enhancement in crystallinity and porosity, collec-
tively confirms that mechanochemistry effectively drives the
transformation of amorphous polyimines into well-ordered,
highly crystalline COFs.

The efficient mechanochemical COP-to-COF transformation
in the solid state prompted us to elucidate the underlying
mechanism. We hypothesized that the reversibility of imine
bonds under mechanical force dictates this structural reorga-
nization. To verify this, we conducted a mechanochemical
“scrambling” reaction using a molecular model compound,
a strategy that has long been used to probe the dynamic nature
of covalent bonds.*® Specifically, an imine molecular analog, Br-
TFPB-imine, was ball-milled with p-anisidine in the presence of
a catalytic amount of acetic acid and ethanol as the liquid
additive (Fig. 3A). Solution "H NMR analysis revealed that the
mechanochemical “scrambling” reaction proceeded efficiently
under ambient conditions, yielding the exchanged product
(OMe-TFPB-imine, red curve in Fig. 3B) in a nearly quantitative
yield after just 10 minutes of milling at 20 Hz. These findings
unambiguously confirm the highly dynamic nature of imine
bonds in the solid state under mechanical force, which is
pivotal for the error correction during the mechanochemical
COP-to-COF transformation. By combining insights from the
scrambling experiment with ex situ PXRD analysis, we postulate

RSC Mechanochem.
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Fig. 3 (A) Scrambling reaction of molecular model compound, Br-
TFPB-imine, and p-anisidine to yield OMe-TFPB-imine under ball
milling; (B) *H NMR spectra (CDCls, 298 K) of Br-TFPB-imine (black), p-
anisidine (blue), and OMe-TFPB-imine (red).

a plausible mechanochemical pathway for the amorphous-to-
crystalline transformation. During automated ball milling,
sustained contact between the COP and the milling media
enables the efficient dynamic breaking and reforming of imine
bonds under catalytic conditions and in the presence of a liquid
additive. This continuous bond reformation effectively “heals”
the amorphous material, rapidly driving the disordered network
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toward the most thermodynamically most stable crystalline
product.

The mechanochemical COP-to-COF transformation strategy
is broadly applicable to a wide range of literature-known COFs
encompassing various pore surfaces, shapes, and dimension-
alities (Fig. 4). The detailed synthetic protocols and extensive
optimization conditions are summarized in the SI (Tables S1-S6
and Fig. S9-S15). In total, nine highly crystalline imine-linked
COFs were obtained from their COP precursors within as little
as one hour under ambient conditions. PXRD verified their
crystalline structures, and the resulting diffraction patterns
closely matched previously reported data. This method proved
effective for COFs with varied pore sizes (micro-to-meso pores)
and core functionalities, including halogens (DBrTP-TPB,* and
TFTP-TPB,** Fig. 4A and B), triazines (DMTP-TTA,* Fig. 4C),
methyl (TFB-BD-Me,* Fig. 4D), and tertiary amines (TFPT-
TAPT,* Fig. 4E). In addition to COFs typically constructed from
rigid monomers, this strategy was also applicable to a flexible
triazine-cored 2D COF, TPT-CHO-BD-OMe,*® comprising 4,6-
tris(4-formylphenoxy)-1,3,5-triazine  (TPT-CHO) and o-di-
anisidine (BD-OMe) (Fig. 4F). Furthermore, the strategy
accommodates different topologies (heb, sql, and kgm) arising
from [C; + C,], [C5 + C3], and [C, + C,] combinations, yielding
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Fig. 4 Applicability of the mechanochemical COP-to-COF transformation within an hour under ambient conditions. PXRD patterns of (A)
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hexagonal (Fig. 4A-F), rhombic (TFPPy-PDA,* Fig. 4G), and
dual-pore Kagome 2D COFs (ETTA-TP,* Fig. 4H). It is note-
worthy that hexagonal COFs are most commonly studied in COF
mechanochemistry, whereas alternative topologies remain
minimally explored.” This strategy thus expands the topolog-
ical diversity of COFs obtained through mechanochemistry. In
addition to the dominant 2D architecture, this strategy also
enabled the synthesis of an iconic 3D COF, COF-300 (Fig. 41),>
further highlighting its versatility. Taken together, this mech-
anochemical COP-to-COF transformation strategy exhibits
excellent generality and efficiency for the rapid synthesis of
imine-linked COFs from their amorphous counterparts under
ambient conditions. Given the vast structural diversity of COPs
with reversible linkages, we anticipate that this method holds
considerable promise for expanding the structural diversity of
COFs. Furthermore, it can regenerate COFs that become struc-
turally flawed during use, consequently restoring their function
and extending their effective lifespan in niche applications such
as catalysis, energy storage, and remediation.

Beyond its synthetic ease, efficiency, scalability, generality,
and sustainability, the mechanochemical transformation
strategy offers an additional advantage by enabling the
synthesis of COFs inaccessible via de novo mechanosynthesis.
As a proof-of-concept, a rhombic pyrene-based imine-linked
COF, TFPPy-PDA (Fig. 5), was selected for its unique proper-
ties and uncharted mechanosynthesis. The de novo mechano-
synthesis of TFPPy-PDA was conducted by ball milling 1,3,6,8-
tetrakis(4-formylphenyl)pyrene ~ (TFPPy) and  p-phenyl-
enediamine (PDA) in the presence of liquid additives and an
acid catalyst under ambient conditions. Despite exhaustive
screening of reaction parameters, including liquid additives (up
to eight), acid catalysts (AcOH, 6 M TFA, 9 M TFA, and TFA),
milling frequency (20 Hz and 30 Hz), and milling materials
(stainless steel and ZrO,) (Table S7), crystalline frameworks
were not obtained with low-to-moderate yields. Moreover, the
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Fig. 5 Comparison of the synthesis of TFPPy-PDA through the de
novo mechanosynthesis (left) and mechanochemical COP-to-COF
transformation strategy (right). (A) PXRD patterns, and (B) nitrogen
sorption isotherms.
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unreacted TFPPy monomer still existed after mechanosynthesis
(Fig. S16). In stark contrast, highly crystalline TFPPy-PDA was
successfully obtained using the mechanochemical trans-
formation strategy, wherein the COP was milled in the presence
of 1,4-dioxane and 6 M TFA at 30 Hz for one hour. The PXRD
pattern of the resulting TFPPy-PDA displayed an intense
diffraction peak at 26 = 3.7°, along with minor peaks at 6.7°,
7.5°, and 11.3° (Fig. 5A, red curve), corresponding to the (110),
(210), (220), and (240) facets, respectively, consistent with the
previous literature.*® Furthermore, nitrogen sorption analysis
revealed that mechanochemically transformed TFPPy-PDA
exhibited a high BET surface area of 850 m” g, significantly
exceeding that (150 m® g™ ) of its counterpart made using de
novo mechanosynthesis (Fig. 5B). By enabling access to COFs
that are otherwise hard to obtain through conventional de novo
mechanosynthesis, this mechanochemical transformation
strategy complements and expands the existing synthetic tool-
kit of COF mechanochemistry. We attribute this difference to
the distinct reaction pathways: in the de novo synthesis, the COF
formation likely proceeds through the initial polymerization,
resulting in an amorphous COP intermediate that subsequently
undergoes a slow disorder-to-order reformation.'* For the
TFPPy-PDA system, the initial polymerization under ball milling
is inefficient, thereby hindering subsequent crystallization. In
contrast, mechanochemical transformation bypasses the initial
amorphization stage and directly reconstructs the pre-formed
COP into a crystalline framework by capitalizing on the high
reversibility of imine bonds in the solid state, leading to the
rapid formation of high-quality COFs.

Conclusions

In conclusion, we have developed, for the first time, a mecha-
nochemical amorphous-to-crystalline transformation strategy
that empowers the ambient synthesis of nine imine-linked
COFs with diverse functionalities, topologies, and dimension-
alities. This solid-state strategy is facile, fast, eco-friendly,
scalable, and universal, offering significant advantages over
the traditional solvothermal route. Most notably, this strategy
enables the synthesis of a crystalline pyrene-based COF that is
otherwise inaccessible through de novo mechanosynthesis,
underscoring the unique advantage of this approach. To shed
light on the structural transformation, a mechanochemical
“scrambling” experiment of the model compound reveals the
high reversibility of the imine bonds in the solid state, which is
pivotal for the error correction during COF recrystallization.
Harnessing the efficient amorphous-to-crystalline trans-
formation under mechanochemical conditions, this work
establishes a potent post-transformation route to imine COFs,
representing a valuable new addition to the synthetic toolkit in
COF mechanochemistry. Extending this strategy to COFs
beyond imine linkages is currently underway in our laboratory.
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