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ABSTRACT: Three thermally and chemically stable
isoreticular covalent organic frameworks (COFs) were
synthesized via room-temperature solvent-free mechano-
chemical grinding. These COFs were successfully
compared with their solvothermally synthesized counter-
parts in all aspects. These solvent-free mechanochemically
synthesized COFs have moderate crystallinity with
remarkable stability in boiling water, acid (9 N HCI),
and base [TpBD (MC) in 3 N NaOH and TpPa-2 (MC)
in 9 N NaOH]. Exfoliation of COF layers was
simultaneously observed with COF formation during
mechanochemical synthesis. The structures thus obtained
seemed to have a graphene-like layered morphology
(exfoliated layers), unlike the parent COFs synthesized

solvothermally.
C onstruction of bonds through the simple, economical, and

environmentally friendly mechanochemical (MC) route is
of considerable interest in modern synthetic chemistry.'
Recently mechanochemistry has been efficiently employed to
carry out various organic and inorganic transformations,
nanostructure formation, construction of metal—organic frame-
works and thus has become a good alternative to classical
solution-based synthesis.”> A modified MC method was
employed for the rapid synthesis of MOFs by using liquid-
assisted grinding (LAG)*® to enhance the topological selectivity
and was also used to construct zero-dimensional (0D) porous
organic cages.2f Although mechanochemistry is well-known as
one of the most suitable synthetic tools for the formation of
covalent bonds, especially imine (Schiff base) condensation,'"®
not even a single attempt to synthesize 2D or 3D covalent
organic frameworks (COFs) by an MC synthetic strategy has
previously been made. COFs are lightweight, crystalline, porous
materials constructed exclusively via strong covalent bonds
between selected light elements such as C, Si, B, N, and 0.
The fundamental requirement for COF crystallization is
reversibility in covalent bond formation; therefore, achieving
the same via MC synthesis is a daunting challenge.* In general,
harsh experimental conditions (e.g, reaction in a sealed pyrex
tube, inert atmosphere, suitable solvents, longer time for
crystallization, etc.) are required during COF synthesis to form
well-ordered crystalline frameworks. Moreover, once formed,
COFs require special care in regard to storage because of their
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moisture instability.”* Hence, an advanced synthetic method
such as MC grinding and proper optimization of the reaction
conditions must be explored to overcome these issues. We very
recently reported two highly stable COFs (TpPa-1 and TpPa-
2) that were synthesized by using modified Schiff base
reactions, where the proton tautomerism gave the framework
exceptional stability toward water, acid, and base.> The
outstanding chemical stability of TpPa-1 and TpPa-2 led us
to attempt an alternative simple, solvent-free, rapid, and
scalable room-temperature construction of COFs through
mechanochemistry.

Here we demonstrate for the first time the rapid, solvent-free,
room-temperature MC synthesis of these COFs [denoted as
TpPa-1 (MC) and TpPa-2 (MC)] by manual grinding in a
mortar and pestle. These products were initially identified by
visual color change, FT-IR spectra, and comparison of the
powder X-ray diffraction (PXRD) profiles with those of their
counterparts obtained by a solvothermal (ST) approach. In
addition, following the same solvent-free MC route, we
synthesized a new crystalline isoreticular COF, TpBD (MC).
For comparison, we also crystallized TpBD by the ST method
along with TpPa-1 and TpPa-2. TpBD was found to be porous
and highly crystalline with remarkable stability in boiling water,
acid (9 N HCI), and base (3 N NaOH). Although TpPa-1
(MC), TpPa-2 (MC), and TpBD (MC) have moderate
crystallinity compared with their ST counterparts TpPa-1,
TpPa-2, and TpBD, their thermal and chemical stabilities are
almost identical under similar experimental conditions (see the
detailed discussion below). Interestingly, the mechanochemi-
cally synthesized COFs have a graphene-like layered morphol-
ogy (exfoliated layers), in contrast to the COFs synthesized
solvothermally.

The solvent-free MC syntheses of TpPa-1 (MC), TpPa-2
(MC), and TpBD (MC) were carried out using Schiff base
aldehyde—amine condensation reactions. In a typical synthesis
1,3,5-triformylphloroglucinol (Tp) (0.30 mmol) and either p-
phenylenediamine (Pa-1) (for TpPa-1), 2,5-dimethyl-p-phenyl-
enediamine (Pa-2) (for TpPa-2), or benzidine (BD) (for
TpBD) (0.45 mmol) were placed in a mortar and ground using
a pestle at room temperature; after S min, a light-yellow powder
(a mixture of oligomers and starting materials) was obtained
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[Figure 1; also see section S-2 in the Supporting Information
(SI)]. Over the next 15 min, the color changed from yellow to
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Figure 1. Schematic representation of the MC synthesis of TpPa-1
(MC), TpPa-2 (MC), and TpBD (MC) through simple Schiff base
reactions performed via MC grinding using a mortar and pestle.

orange, perhaps as a result of an increase in the amount of
conjugated units. Finally, after 40 min of grinding, a powdered
material with a dark-red color (similar to that of the ST COFs)
was obtained, indicating the complete COF formation. TpBD
was also synthesized solvothermally by placing Tp (63 mg, 0.30
mmol), BD (82.9 mg, 0.45 mmol), 1:1 mesitylene/dioxane (3
mL), and 3 M aqueous acetic acid (0.5 mL) in a Pyrex tube for
72 h at 120 °C (section S-2).

PXRD was performed on TpPa-1 (MC), TpPa-2 (MC), and
TpBD (MC) to ensure their crystallinity; they showed
moderate crystallinity, exhibiting the first 20 peak at low angles
of 4.7, 4.7, and 3.3°, respectively, corresponding to the (100)
reflection plane (Figure 2). The shift in 20 from 4.7° to the
lower value of 3.3° for TpBD (MC) could be due to
isoreticulation, resulting in large pore apertures. In comparison
with the solvothermally synthesized COFs, the first peak is
relatively less intense for the mechanochemically synthesized
COFs. This could be due to random displacement of the 2D
layers (i.e., exfoliation), which may hinder the pore accessibility
and hence affect the distributions of eclipsed pores. As a result,
the reflection corresponding to the (100) plane becomes weak.
The broad peak at higher 20 (~27°) is mainly due to the 7—x
stacking between the COF layers and corresponds to the (001)
plane. The d spacings for these three COFs were found to be

~3.4, ~3.6, and ~3.5 A respectively. Proposed 2D models and
detailed structural descriptions of TpPa-1 and -2 were
presented in our previous publication.” However, for TpBD,
two possible 2D models (eclipsed and staggered) were built
using the self-consistent charge—density functional tight-
binding (SCC—DFTB) method, from which the unit cell
parameters were calculated.® All of the observed PXRD patterns
for MC COFs matched well those of the ST COFs as well as
the simulated patterns obtained using the eclipsed stacking
model (Figure 2). For TpBD, the proposed model crystallizes
in the hexagonal P6/m space group with unit cell parameters a
= b =29.287 A and ¢ = 3250 A as derived from the Pawley
refinements (section S-3).

To gain better insight to the bond formation and local mode
of binding in the COFs synthesized mechanochemically, we
investigated the progress of the reaction using FT-IR
spectroscopy and compared the results with those for the
COFs synthesized solvothermally (Figure 3a and section S-4).
The three COFs synthesized mechanochemically showed FT-
IR spectra similar to those of their solvothermally synthesized
counterparts. The spectra obtained for all of these COFs clearly
show the complete disappearance of the characteristic N—H
stretching band of the free diamine (3100—3300 cm™),
indicating complete consumption of the diamine. Simulta-
neously, the carbonyl (C=0) peak (at 1609 cm™', compared
with 1639 cm™ for Tp) broadens, shifts, and merges with the
peak for the newly formed C=C bond (1582 cm™'), which
occurs because of the existence of strong hydrogen bonding in
the keto form of the honeycomb 2D framework and confirms
the s-cis structure. The absence of hydroxyl (O—H) and C=N
stretching peaks and the appearance of the new C=C peak at
1582 cm™' during formation of the 2D extended framework
provide convincing evidence for the existence of the keto form,
although the enol form was expected. Tautomerism drives the
reaction toward the keto form instead of enol form, as further
supported by comparison with the IR spectra of the reference
compound 2,4,6-tris[ (phenylamino)methylene]cyclohexane-
1,3,5-trione (section S-4 and Figure S4 in the SI).”* Two
peaks, the [C=C(Ar)] peak at 1445 cm™" and the C—N peak
at 1256 cm™, are due to the aromatic C=C and newly formed
C—N bonds in the keto form of the COF structure. The extra
peak observed at 2885 cm™' (C—H) for TpPa-2 (MC)
confirms the existence of the methyl group. In Figure 3a, the
FT-IR profile of TpPa-1 (MC) shows how the peak position
changes with time during grinding, indicating the new bond
formation and subsequently the construction of the COF
network. We used "*C cross-polarization magic-angle-spinning
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Figure 2. Comparison of the PXRD patterns for (a) TpPa-1, (b) TpPa-2, and (c) TpBD: (green) synthesized via MC grinding; (red) synthesized
via the ST method; (black) simulated. The insets show the pore openings and 7— stacking distances between consecutive 2D layers.
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Figure 3. (a) Stepwise comparison of the FT-IR spectra showing the
progress of the reaction with time for TpPa-1 (MC). Blue, brown, and
black represent Pa-1, Tp, and the physical mixture of Tp and Pa-1,
respectively, while green, golden yellow, and red represent the mixture
after S, 25, and 45 min of grinding, respectively. Cyan represents
TpPa-1 synthesized by the ST method. The inset images at the right
show the changes in color observed during grinding. (b) Comparison
of the *C CP-MAS solid-state NMR spectra of TpPa-1 (MC) (black),
TpBD (MC) (green), TpPa-1 (red), TpBD (blue), and the reference
compound 2,4,6-tris[ (phenylamino)methylene]cyclohexane-1,3,5-tri-
one (golden yellow). (c—f) High-resolution TEM images of TpPa-1,
TpPa-1 (MC), TpBD, and TpBD (MC), respectively.

(CP-MAS) solid-state NMR spectroscopy to analyze the
structural compositions of the COFs synthesized via MC
grinding. The spectra obtained for the MC COFs were
compared with those of the solvothermally synthesized COFs
and the reference compound 2,4,6-tris[(phenylamino)-
methylene]cyclohexane-1,3,5-trione (Figure 3b). The exact
match of the solid-state NMR profiles indicates that the
COFs obtained by the two methods have the same local
structure. All of the COFs show a signal at ~180 ppm that
corresponds to the carbonyl carbon of the keto form. The
absence of a peak at ~190 ppm gives clear evidence for the
unavailability of the Tp starting material (section S-5). A peak
appears at 124 ppm for the two identical carbons present at the
biphenyl junction of TpBD (MC); this peak is absent for
TpPa-1 (MC) and TpPa-2 (MC). For TpPa-2 (MC) there is a
peak at 14 ppm due to the presence of extra methyl group,
which is absent in TpPa-1 (MC) and TpBD (MC) (section S-
S).

Scanning electron microscopy images indicated that small
layers agglomerate to construct spherical-shaped particles with
relative sizes of 5—7 pm for TpPa-1 (MC) and TpPa-2 (MC)
(section S-8). However, for TpBD (MC), a flowerlike
morphology was observed, as found previously for TpPa-1
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and -2.°> Moreover, for TpBD (MC), these flower petals are
exfoliated and well-dispersed with a graphene-sheet-like
morphology. We observed this graphene-sheet-like layered
morphology throughout the transmission electron microscopy
(TEM) grid for TpPa-1 (MC), TpPa-2 (MC), and TpBD
(MC) (Figure 3d,f and section S-9). These observations clearly
show that the strong MC force applied to the already formed
MC COFs causes exfoliation of the 2D layers, resulting in
sheet-like structures. This kind of MC exfoliation is already
known for graphene and other 2D materials, but the
phenomenon presented here is the first to be observed for
COF materials.”™

Thermogravimetric analysis (TGA) profiles indicated that all
of the COFs (MC and ST) have guest-free pores and thus have
almost identical thermal stabilities up to ~350 °C (section S-7).
However, framework decomposition occurs above 350 °C with
a gradual weight loss of 45—60% for all of the COFs except
TpBD (MC), where only 28% weight loss occurs up to 800 °C.
Nitrogen adsorption—desorption experiments were performed
to examine the architectural rigidity and permanent porosity of
the MC and ST COPFs at 77 K (Figure 4a). All of the COFs
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Figure 4. (a) Comparison of N, adsorption isotherms of TpPa-1
(MC), TpPa-2 (MC), and TpBD (MC) with those of TpPa-1, TpPa-
2, and TpBD: black, blue, and red for TpPa-1, TpPa-2, and TpBD,
respectively; solid and open symbols for adsorption and desorption,
respectively; circles and triangles for ST and MC COFs, respectively.
(b) Water adsorption isotherms for ST COFs at P/P, = 0.9 and 293 K.
(c) Acid and (d) base stability tests for TpBD and TpBD (MC).

were solvent-exchanged (acetone/dichloromethane) and acti-
vated at 170 °C for 12 h under high-vacuum conditions prior to
analysis to make the pores guest-free. They showed typical
type-1 reversible isotherms. The Brunauer—Emmett—Teller
(BET) surface area for the newly introduced COF TpBD
synthesized solvothermally was found to be 537 m?*/g (values
of 535 m?/g for TpPa-1 and 339 m?®/g for TpPa-2 were
reported previously). The COFs synthesized mechanochemi-
cally had lower BET surface areas of 61 m?/g for TpPa-1
(MC), 56 m*/g for TpPa-2 (MC), and 35 m?*/g for TpBD
(MC) (Figure 4a). The smaller surface area of TpBD (MC)
compared with TpPa-1 (MC) could be due to its mesoporous
nature, as the pore size distribution for TpBD was found to be
1.0—1.7 nm, calculated on the basis of nonlocal density
functional theory (NLDFT) (section S-6 and Figure S10d in
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the SI). The exact reason for the low surface areas for the MC
COFs is not fully clear to us. However, we speculate that
because of the MC exfoliation, which results in thin layered
structures (Figure 3d,f), long-range pore formation in the MC
COFs is hindered, and only less deep pores are accessible for
N, sorption. Another possible reason could be the entrapment
of oligomeric impurities inside the pores during the COF
formation via MC grinding, although from the TGA profile we
could not find any such contents. The H, uptake capacity of
solvothermally synthesized TpBD was checked and found to be
0.7 wt % at 77 K, which is lower than those of TpPa-1 (1.1 wt
%) and TpPa-2 (0.89 wt %).” The CO, uptake of TpBD was
43 cm®/g at 273 K, compared with 78 cm*/g for TpPa-1 and
64 cm®/g for TpPa-2 at 273 K. We collected water vapor
adsorption isotherms for all of the COFs (MC and ST) and
found that TpBD has highest water vapor uptake [268 cm®/g at
P/P, = 0.9 and 293 K], followed by TpPa-1 (249 cm®/g) and
TpPa-2 (223 cm®/g) (Figure 4b and section S-6).

To investigate the stability of the MC- and ST-synthesized
COFs in boiling water, we submerged 50 mg of COF in 10 mL
of boiling deionized water (100 °C) for 7 days. After the
mentioned period, PXRD data confirmed the crystallinity, as all
of the PXRD peak positions and intensities remained intact
(see section S-10 for all of the stability tests). Hence, we
conclude that all of these COFs are highly stable in water. As
explained in our recent paper, the water stability arises from the
irreversible nature of the enol-to-keto tautomerism. The high
stability of the MC COFs in water motivated us to check their
stabilities toward acid and base. We previously observed the
acid (9 N HCI) stability of TpPa-1 and TpPa-2 for 7 days time;
hence, we also monitored the acid stability of all three MC
COFs and the newly made TpBD in 9 N HCI for 7 days
(Figure 4c). These COFs are highly stable in acid as well, as
confirmed by the retention of the peak positions in the PXRD
profiles collected after 7 days of treatment in 9 N HClL. We
believe that the same phenomenon of tautomerism (forming
only C—N bonds) plays a very crucial role in the exceptional
acid stability of these COFs as well. TpBD and TpBD (MC)
were stable in 3 N NaOH for ~3 days (Figure 4d), compared
with TpPa-1, which is not stable in base for even 1 day, and
TpPa-2 (MC), which is stable for 7 days.

In summary, we for the first time have introduced a simple,
solvent-free, room-temperature mechanochemical synthetic
route for the construction of three chemically stable covalent
organic frameworks [TpPa-1 (MC), TpPa-2 (MC), and TpBD
(MC)]. Simple Schiff base mechanochemistry has been
employed to synthesize these stable MC COFs efficiently at a
higher rate and in high yield at room temperature. We have
synthesized the new isoreticular COF TpBD (MC) using
mechanochemistry and also crystallized the same COF via a
solvothermal method. All of the MC COFs were found to be
remarkably stable in boiling water, acid (9 N HCl), and base (3
N NaOH). MC exfoliation of 2D COF layers was observed
during the grinding process, which has not been reported
previously for COF materials. Although the crystallinity and
porosity of these mechanochemically synthesized COFs are
moderate, we believe that our strategy will provide better
insight toward the synthetic development of stable COF
materials and will eventually become a mainstream synthetic
tool for large-scale COF production in the near future.
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