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Abstract: We report a rapid, room-temperature mecha-
nochemical synthesis of 2- and 3-dimensional boroxine
covalent organic frameworks (COFs), enabled by using
trimethylboroxine as a dehydrating additive to over-
come the hydrolytic sensitivity of boroxine-based COFs.
The resulting COFs display high porosity and crystal-
linity, with COF-102 being the first example of a
mechanochemically prepared 3D COF, exhibiting a
surface area of ca. 2,500 m*g~'. Mechanochemistry
enabled a>20-fold reduction in solvent use and ~100-
fold reduction in reaction time compared with solvother-
mal methods, providing target COFs quantitatively with
no additional work-up besides vacuum drying. Real-time
Raman spectroscopy permitted the first quantitative
kinetic analysis of COF mechanosynthesis, while trans-
ferring the reaction design to Resonant Acoustic Mixing
(RAM) enabled synthesis of multi-gram amounts of the
target COFs (tested up to 10 g).
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Since the pioneering report in 2005,!" crystalline two- and
three-dimensional® (2D and 3D, respectively) porous cova-
lent organic frameworks (COFs) have emerged as a distinct
class of organic materials with enticing properties and
applications.”! Boroxine is the first and among the simplest
synthons used in COF design, providing materials widely
studied for applications in gas sorption, hydrogen isotope
separation, semiconductors, and, recently, room-temper-
ature phosphorescent sensors.!) Boroxine linkers are formed
by condensation of three boronic acid groups (one per
monomer) in a highly dynamic process that enables error
correction during polymerization. This reversible condensa-
tion thus promotes the formation of highly ordered
materials,*! but is also the cause of their poor hydrolytic
stability.!

Boroxine-linked COFs are typically obtained by solvo-
thermal synthesis, which involves heating pressurized sol-
utions of multifunctional boronic acids at temperatures
>100°C for extended periods of time.?*”! To date, only a
few modifications to the original solvothermal synthetic
approach have been reported: sonochemical synthesis,®
Lewis-base-catalyzed room-temperature synthesis,”) and,
recently, transesterification-condensation of arylboronic es-
ters using methylboronic acid (MBA) auxiliary under
solvothermal conditions.

Mechanochemistry,™ which employs mechanical force
such as grinding, milling and extrusion!'” for chemical
transformations, has emerged as a versatile, “green” method
for the synthesis of organic,™ biomolecular,™ and
inorganic materials."” It can dramatically reduce the amount
of chemical waste generated during the industrial production
of chemicals and materials,"”! 90 % of which is from using
solvents.'”? Mechanochemistry can also achieve higher
yields, reaction rates, and different reactivity patterns than
those seen in solution." In particular, Resonant Acoustic
Mixing (RAM) has recently emerged as a particularly
attractive method for mechanochemical synthesis due to its
high potential for scalability. RAM enables a direct input of
mechanical energy to the sample, which eliminates the need
for milling media, such as balls or screws, that are otherwise
ubiquitous in conventional mechanochemical methods. This
allows scalable mechanochemical transformations and mini-
mizes the risk of sample contamination due to leaching or
abrasion of milling media./"®!
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While mechanosynthesis of metal-organic frameworks
(MOFs) has been extensively studied for almost two
decades,'***1%4] applications of mechanochemistry to COFs
have remained much less developed. In 2013, Banerjee
group pioneered the mechanosynthesis of imine/ketoen-
amine-linked COFs by grinding the corresponding mono-
mers in a mortar. The crystallinity and porosity of
mechanochemically synthesized COFs are, however, gener-
ally lower than for solvothermally synthesized analogues.?”!
While the use of liquid additives (liquid-assisted grinding,
LAG) can improve the crystallinity of mechanochemically
synthesized COFs, the accessible porosity is, in most cases,
lower than in solvothermally synthesized COFs.”"! Recently,
Borchardt and co-workers reported the first mechanosyn-
thesis of triazine-linked COFs using triflic acid-catalyzed
cyclotrimerization of nitriles.”*! All other mechanochemical
syntheses of COFs involve  imine/keto-enamine
condensations,”™? wherein the high hydrolytic stability of
imine bonds allows the framework assembly in the presence
of water, the reaction by-product. In contrast, the low
hydrolytic stability of boroxine links and a near-unity
equilibrium constant™ make the mechanochemical syn-
thesis of boroxine COFs challenging.

Here, we show how this challenge can be overcome by
using trimethylboroxine (TMB) as both a water-scavenging
agent and a modulator, enabling the first mechanochemical
synthesis of boroxine-linked COFs (Scheme 1). We first
used COF-1 as a model for the in-depth study of this
polymerization reaction by ball-milling or RAM. In each
case, a series of experiments was performed to find the best
ratio of reactants and liquid additives to optimize reaction
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mechanochemical reaction adopted from Rightmire & Hanusa.””
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time and COF crystallinity. In the ball-milling method under
herein optimized conditions (Entry S1, Table S2), a 10 mL
zirconia milling jar was equipped with a zirconia ball
(10 mm diameter, 3.7 g), loaded with 50 mg of 1,4-phenyl-
enediboronic acid (PBA), TMB (2.0 equiv.) and a small
amount of a 1:1 (v/v) mixture of mesitylene (Mes) and
dioxane (or Mes and THF) (expressed by the ratio of liquid
additive to reaction mixture weight,? =0.8 uLmg™"), and
milled at 25 Hz for 30 minutes. Under optimized RAM
conditions (Entries S50-S62, Table S5-6), commercial glass
vials (volume of 4 mL, 20 mL, or 100 mL, depending on the
reaction scale) were charged with the same reagents and
liquid additives, and reactions performed for 3h at an
acceleration of 90 g (where g=9.81 ms™?), yielding from
50mg up to 10g of crystalline COF-1 (Figure S23). The
obtained COF powder from each method was then dried
under reduced pressure (1h, 50°C, ~50 Torr) to afford
samples designated as COF-1gy and COF-1y,y without any
further purification.!

The role of each component in the COF-1gy synthesis
was studied in a series of control experiments (Tables S2-4)
wherein the degree of polymerization and COF crystallinity
were assessed by infrared (IR) spectroscopy (following the
characteristic boroxine band) and powder X-ray diffraction
(PXRD), respectively. Neat grinding (Entry S2) or LAG
(Mes/THF mixture as a liquid additive, Entry S3) of PBA in
the absence of TMB did not lead to any boroxine formation,
likely due to the reversibility of boroxine linkage formation
in the presence of water.”! Using other dehydrating agents,
such as MgSO, (Entry S5) or triphenylboroxine (TPB,
Entry S6), led to boroxine formation, but no PXRD signals
from COF-1 were observed (Figure S7). No condensation
occurred when MBA was used instead of TMB (Entry S4).
These results suggest that TMB not only shifts the equili-
brium as a dehydrating agent but also facilitates the growth
of a crystalline COF material. We speculate that TMB
regulates the formation of an ordered polymer through the
controlled release of intermediates (mixed aryl/methyl
boroxines), akin to a similar modulating effect of aniline on
the growth of imine COFs from diaminoarene monomers.*!
Varying the stoichiometry of TMB from 0.5-3.0 equivalents
(Entry S7-S10) shows that two equivalents (1 molecule of
TMB per boronic acid unit) is required for the complete
conversion of the PBA monomer to the COF.

In the absence of liquid additives (Entry S11), only a
partial conversion of boronic acid to COF-1 was achieved,
even with three equivalents of TMB and longer milling
times (Entry S12). The presence of both polar (THF or
dioxane) and aromatic (Mes) liquid additives seems essen-
tial. When only one of these is used, the reaction is either
too slow (Mes as a LAG additive, Entry S13) or yields a
COF with poor crystallinity (THF as a LAG additive,
Entry S14). These observations suggest that the polar liquid
likely promotes the mobility of the PBA monomer, while
mesitylene might exhibit a framework-templating effect as
proposed earlier.[*?!

The IR and PXRD data for COF-15,; and COF-1y,,, are
very similar to those of the solvothermally synthesized COF-
1gqy (Figure 1a-b)."! The disappearance of the OH-stretch
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Figure 1. (a) IR spectra for COF-1g,,, COF-1gay, COF-1g,, and PBA (precursor). (b) PXRD patterns of COF-1g,,, COF-1gay, and COF-Tg,. () N,
adsorption isotherms (left axis) for COF-1gy, COF-Tgay, and COF-1s,, and pore size distribution (right axis) for COF-Tgy and COF-1gay, (d)
Photographs of the COF-1g,, reaction mixture before and after ball-milling. (e) IR spectra for COF-1024y, COF-102¢,y, COF-102,,, and TPBA
(precursor). (f) PXRD patterns for COF-102g,,, COF-102g,y,, COF-102s,,. (g) N, adsorption isotherm (left axis) and pore size distribution (right
axis) analysis of COF-1025, and COF-102g,y. (h) Photographs of the large scale (10 g) reaction mixture of COF-Tgay before and after RAM. IR and
PXRD data for the solvothermally-synthesized COF-102g,, in (e and f) are re-plotted from ref [2a]. The dashed lines in (a) and (e) show the position
of the OH stretch of the -B(OH), group and the out-of-plane bending of the B;O; ring.

(3200-3400 cm™") and the emergence of a B;O, out-of-plane
ring bending (680 cm™') indicate the transformation of the
boronic acid into boroxine links. Analysis of COF-1g, and
COF-1xoq by PXRD shows the same Bragg reflections at
26=6.8° (100), 11.7° (110), and 27.1° (002) as COF-1g,,
(Figure 1b). The larger full width at half maximum
(FWHM) value for the (110) reflection and the fewer
diffraction signals in COF-1yy and COF-1y,y, suggest small-
er crystalline domains as compared to COF-1g,,. Upon
longer milling the ratio of intensities of (100) and (110)
reflections increases, which can be ascribed to a previously
studied phase transition in COF-1 (Figure $9)."*]

The Brunauer-Emmett-Teller (BET) analysis of the
nitrogen sorption isotherm at 77 K (Figure 1c) of activated
COFs obtained by vacuum drying (10~ Torr, 160°C, 12 h),
reveals that COF-1g,y and COF-1g,, exhibit SAggr of
680m*g~' and 445m’g!, respectively. Although these
values are 8 % and 40 % lower than the 740 m*g~' for COF-
1gqy (Figure S2, Table S1), they still compare favorably to
the reported surface areas of most mechanochemically-
synthesized COFs.”) The reduction in surface area may be
caused by entrapment of TMB and/or random slippage of
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the layers in COF-1py and COF-1y,y, consistent with the
increase of the interlayer distance based on the position of
the (002) reflection in the PXRD pattern (d-spacing 3.38 A
in COF-1gy and 337 A in COF-1gzay vs. 329 A in COF-
1sov)- Nevertheless, the pore size distribution obtained from
the quenched-solid density functional theory (QS-DFT) of
the N, isotherm data for both COF-1g,, and COF-1xsy
correspond closely to the micropore dimensions expected
for COF-1M with minor contributions of mesopores at ~30—
60 A in the COF-1gy,.

Scanning electron microscopy (SEM, Figures2a, S3)
images reveal large (tens of microns), sponge-like particles
of COF-13y;, as opposed to the sub-micron particles of COF-
1sy (Figure 2b). This unusual morphology is likely the result
of a combination of particle aggregation due to mechanical
impact during ball milling and the evaporation of liquid
additives and MBA from the compacted particles. In
contrast, COF-1y,\ particles show a nanopowder morphol-
ogy similar to the COF-1g,, (Figure 2c).

Solid-state Cross-Polarization Magic Angle Spinning
(CP-MAS) C NMR spectra of COF-1g4y and COF-1,, are
very similar to that of COF-1g,, (FigureS4) and are

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. SEM images of the (a) COF-Tgy, obtained via ball-milling
(Entry ST, Table S2), (b) COF-1g,, and (c) COF-1gsy, obtained via RAM
(Entry 15, Table S2).

dominated by the aromatic C(H) carbon at 134 ppm. Differ-
ent from COF-1g,,, they also show a minor additional signal
at —1 ppm attributed to a methyl group of methylboroxine.
FSLG-HETCOR experiment (Figure S5) shows that this
group is in close contact with the benzene ring carbons and
we assign it to the -CH; end-groups at the edges of the
polymer sheets of the COF.

We then applied mechanochemical ball-milling and
RAM methods to the condensation of methanetetrayl-
tetrakis(benzeneboronic acid) (Entry S63-65, Table S7), re-
sulting in the formation of products designated as COF-
1025y, and COF-102g,y, respectively. While mechanosyn-
thesis of 3D-MOFs is well-established,'**>!3¢] this repre-
sents, to the best of our knowledge, the first mechanosyn-
thesis of a 3D-COF. The COF-102z,; and COF-102z.y
products show consistent and similar IR signals, PXRD data
(Figures le-f) and surface area (Figurelg; SAggr
2475m*-g' and 2640m’-g' for COF-1023, and COF-
102gan, respectively) as for the reported COF-102g,,
(~2600-3470 m?-g~").** It suggests that, unlike the 2D-
COFs in which mechanical impact can block the pores via
slippage of 2D sheets, the rigid 3D-COF scaffold is less
disrupted during mechanosynthesis.

Kinetic analysis of COF formation is important to
understand the growth mechanism and optimize reaction
parameters.['*?*3!1 The kinetics of COF-1g, formation by
ball milling was studied by ex situ IR spectroscopy
(Figures 3a, S9-10 and S19, Table S3), revealing that the
reaction reaches completion within ~45min at a milling
frequency of 25Hz, with an initial reaction rate R,
~6.7x107s™" (i.e., 0.67 % conversion per second, Figure 3a).
PXRD analysis of the COF product at different time
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Communication

An dte

Chemie

intervals also shows a decrease in the intensity of reflections
corresponding to PBA during milling (Table S3, Entri-
es S23-32). The crystallinity of COF-1gy remains largely
constant (FWHMy, 0.2-0.3°) for up to 45 min milling time
but starts to decrease upon longer milling (FWHM(, 0.61°
at 90 min), which suggests mechanical damage to the COF
by the milling process and highlights the importance of
optimizing reaction conditions and time.

We also examined the influence of ball milling frequency
(5-30 Hz) on the formation of COF-1 after 10 and 45 min of
milling (Table S4). Increasing the milling frequency accel-
erates the reaction (Figure 3b), consistent with higher
energy input and more rapid mixing, but does not signifi-
cantly affect COF crystallinity (Figures S11-12, Table S4).

Raman spectroscopy was used for in situ monitoring of
the RAM synthesis of COF-1 (Figure S19-21).F?1 The
resulting data provided the first real-time spectroscopic
insight into mechanochemical COF formation, revealing the
formation of the boroxine ring (evidenced by a band at
673 cm™") and depletion of the boronic acid (evidenced by a
band at 1100 cm™") over the course of 3 h (Figures 3c,d).
Both the formation of COF-1g,y; and consumption of PBA
were found to follow first-order kinetics with a rate constant
of ca. (3.440.2)x10* s under the optimized RAM reaction
(Figures 3d, S22). The initial rate for COF-1y,y formation
under these conditions is 3.1x107*s”!, illustrating the
~20 times slower initial reaction kinetics under the softer
RAM conditions compared with ball-milling. Under softer
RAM conditions, the crystallinity remained almost un-
changed with only 0.06° increase in FWHMy¢, after 2 h of
agitation.

In summary, this study introduces the first mechano-
chemistry-based, scalable synthetic method for boroxine-
linked 2D and 3D COFs. Mechanosynthesis in the presence
of TMB as a dehydrating agent provided model frameworks
COF-1 and COF-102 as materials with similar spectroscopic
characteristics and comparable surface areas to their
solvothermally synthesized counterparts. Isolation of the
materials by our method requires no work-up besides
vacuum-evaporating the volatiles (liquid additives and
TMB). The herein-reported optimized synthesis of COF-102
represents the first example of a mechanochemically
obtained 3D COF featuring a remarkably high surface area
of >2600 m*g~". By using RAM, the solvent-free synthesis
of COF-1 was readily scaled from hundreds of milligrams up
to 10 grams."® The real-time Raman spectroscopy monitor-
ing permitted in situ study of the reaction kinetics, and
showed ca. 20-fold difference in reaction rates between the
RAM and the ball-milling processes. The bespoken traits of
mechanosynthesis and the observed properties of the
produced COFs from this method, present potential sol-
utions to the current challenges in making COFs, such as
synthetic inefficiency (large solvent and energy waste) or the
reliance on the solubility of precursors.?*!"!
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Figure 3. (a) The kinetic plot of COF-1, formation at 25 Hz and correlated particle size, obtained from the Scherrer analysis for the (110) Bragg
reflection of COF-1 at 20=11.9°, indicating a decrease of particle size upon ball-milling and reaction progress. (b) Reaction progress vs. milling
frequency after 10 and 45 min. The conversion percentages are calculated using quantitative IR analysis, with the error bars obtained from different
calibration curves for the same sample. For reaction conditions, see Entries S15-36 in the Sl. (c) In-situ Raman spectroscopy monitoring of the
synthesis of COF-1gay (see Figure S20 for Raman spectra of individual components). Selected bands for the formation of COF-1g,, and
consumption of PBA are highlighted in the green and red boxes respectively. (d) Changes in the intensity of Raman bands corresponding to a
decrease of PBA (red plot, monitored at 1100 cm™') and formation of COF-1 (blue plot, monitored at 673 cm ™). The scattered data in (d) results
from changes in the intensity of Raman scattering during RAM agitation of the vial. For the corresponding first-order kinetics fit, see Figure S21.
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