Open Access Article. Published on 16 November 2021. Downloaded on 10/29/2025 12:52:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

EDGE ARTICLE

i '.) Check for updates ‘

Cite this: Chem. Sci, 2021, 12, 16014

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 21st July 2021
Accepted 11th November 2021

DOI: 10.1039/d1sc03963f

rsc.li/chemical-science

Introduction

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue

Solvothermal depolymerization and
recrystallization of imine-linked two-dimensional
covalent organic frameworks+

Woojung Ji, ©2 Leslie S. Hamachi, © 3¢ Anusree Natraj, @2 Nathan C. Flanders, ©?
Rebecca L. Li, 2 Lin X. Chen @ 2" and William R. Dichtel © *

Mechanistic understanding into the formation and growth of imine-linked two-dimensional (2D) covalent
organic frameworks (COFs) is needed to improve their materials quality and access larger crystallite sizes,
both of which limit the promise of 2D COFs and 2D polymerization techniques. Here we report
a previously unknown temperature-dependent depolymerization of colloidal 2D imine-linked COFs,
which offers a new means to improve their crystallinity. 2D COF colloids form at room temperature but
then depolymerize when their reaction mixtures are heated to 90 °C. As the solutions are cooled back
to room temperature, the 2D COFs repolymerize and crystallize with improved crystallinity and porosity,
as characterized by X-ray diffraction, infrared spectroscopy and N, porosimetry. The evolution of COF
crystallinity during the solvothermal depolymerization and repolymerization processes was characterized
by in situ wide angle X-ray scattering, and the concentrations of free COF monomers as a function of
temperature were quantified by variable temperature *H NMR spectroscopy. The ability of a 2D COF to
depolymerize under these conditions depends on both the identity of the COF and its initial materials
quality. For one network formed at room temperature (TAPB-PDA COF), a first depolymerization process
is nearly complete, and the repolymerization yields materials with dramatically enhanced crystallinity and
surface area. Already recrystallized materials partially depolymerize upon heating their reaction mixtures
a second time. A related 2D COF (TAPB-DMTA COF) forms initially with improved crystallinity compared
to TAPB-PDA COF and then partially depolymerizes upon heating. These results suggest that both high
materials quality and network-dependent properties, such as interlayer interaction strength, influence the
extent to which 2D COFs resist depolymerization. These findings offer a new means to recrystallize or
solvent anneal 2D COFs and may ultimately inform crystallization conditions for obtaining large-area
imine-linked two-dimensional polymers from solution.

applications for COFs remain limited by the quality of
synthetically accessible crystals.”” To date, the isolation of large,

Two-dimensional (2D) covalent organic frameworks (COFs) are
crystalline and permanently porous polymer networks that
polymerize and crystallize into layered structures.** COFs offer
designed topology, pore sizes, composition and functionality,>®
which produce materials with properties of interest for gas

storage and  separation,”® catalysis,'***  sensing,"*"’
membranes,'**" adsorbents®*** and organic electronic
devices.*** Despite their promise, many of these potential

“Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston,
IL, 60208, USA. E-mail: wdichtel@northwestern.edu

*Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne,
1L 60439, USA

‘Department of Chemistry and Biochemistry, California Polytechnic State University,
San Luis Obispo, California, 93407, USA

t Electronic supplementary information (ESI) available: Experimental procedures
and additional characterization. See DOI: 10.1039/d1sc03963f

16014 | Chem. Sci., 2021, 12, 16014-16022

single-crystalline COF crystallites remains rare, with reports of
boron-linked 2D COFs,*® imine-linked 3D COFs,* and a pio-
neering report by Wuest and coworkers of 3D COF single crys-
tals based on the dimerization of polyfunctional nitroso
compounds.*® Improving the quality of 2D imine-linked COFs
remains one of the most important frontiers in 2D polymeri-
zation. Conventionally, imine-linked COFs are synthesized sol-
vothermally at elevated temperatures (90-120 °C) in sealed
reaction vials.*** During synthesis, heterogeneous COF
mixtures are produced, which precipitate as polycrystalline
particles whose average crystallite sizes are typically on the
order of tens of nanometers. To address this shortcoming and
access COF materials of higher quality, a deeper mechanistic
understanding of 2D polymerization is needed.

Previous mechanistic studies on the synthesis and activation
of imine-linked 2D COFs produced notable advances in COF
materials quality.*** Feriante et al. demonstrated that imine-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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linked COFs form more rapidly than previously described, and
that the previously common practice of isolating and desolvat-
ing the COF product via vacuum activation often negatively
impacts its bulk crystallinity and porosity.**** Improved imine-
linked 2D COF polymerizations remain an important frontier,
as nucleation and growth processes remain difficult to control
and are poorly understood. Under typical solvothermal reaction
conditions, imine-linked COFs precipitate rapidly,** and this
fast rate of formation presumably yields COFs with numerous
defects. Indeed, in situ mechanistic studies on imine-linked
COF formation showed that the imine-linked COFs first
proceed through an amorphous polymer intermediate instead
of a direct crystallization process noted for boron-based 2D
COFs.*"* It remains an open question whether as-yet undis-
covered reaction conditions might produce high quality imine-
linked COFs via nucleation-elongation processes that have
been characterized for their boron-linked counterparts.”® Other
strategies that rely on slowing COF polymerization rates or
improving defect correction have improved COF synthesis, such
as the slow addition of monomers,*® the use of nitrile
solvents,*¢ and the inclusion of monofunctional modulators,
such as aniline for imine-linked COFs.?>*”*® Upon exploring the
role of modulators and nitrile solvents in the synthesis of 2D
COF colloids, we unexpectedly found that weakly-crystalline
COFs underwent temperature-dependent depolymerization
upon heating. We hypothesized that amorphous polymer
regions, defects, and small crystalline domains would be pref-
erentially depolymerized over large area crystallites with perfect
sheet  stacking. = Thus, repeated depolymerization/
repolymerization cycles would preferentially eliminate defects,
resulting in higher quality materials. This temperature-
dependent equilibrium of imines under the reaction condi-
tions enables this recrystallization/annealing process of COF
colloids. The hydrolysis of isolated COF powders and polymer-
ization onto a graphene-coated substrate was reported by Wei
and coworkers as a means to convert COF powders into COF
films.* These results led us to explore solvothermal depoly-
merization and repolymerization of COFs as a potential means
to better control COF formation and improve materials quality.

Here we report a process in which defective 2D imine COFs
solvothermally depolymerize and recrystallize into COF mate-
rials of higher crystallinity and porosity. We employed colloidal
COF conditions, which are typically about 5 or 6 times more
dilute than conventional solvothermal conditions, to separate
the dissolution and reformation processes of COFs during the
synthesis. Analogous to the temperature-dependent hydrolysis
of an imine model compound (1) under similar conditions,
colloidal TAPB-PDA COF prepared at room temperature depo-
lymerizes when heated to 90 °C. Upon cooling the solution,
soluble monomers and oligomers repolymerize to provide the
COF material with improved crystallinity and increased surface
area, both benchmarks of COF quality. These solvothermal
depolymerization and recrystallization processes result in the
formation of larger and highly ordered COF crystallites,
a process that is reminiscent of molecular recrystallization. The
COF depolymerization and repolymerization/recrystallization
processes are characterized by in situ wide-angle X-ray
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scattering (WAXS) and variable temperature (VT) NMR experi-
ments, and the COF identity and materials quality were
assessed by Fourier-transform infrared spectroscopy (FTIR),
powder X-ray diffraction (PXRD), and N, porosimetry. These
findings give insight into imine-linked 2D COF formation, error
correction, and kinetic stability, and offer a fundamentally new
means to improve COF crystallinity that is analogous to
molecular recrystallization.

Results and discussion

Model compound studies demonstrate the temperature-
dependent equilibrium that interconverts the diimine 1 and
H,0 with terephthaldehyde (PDA) and two equivalents of
aniline. A pure sample of 1 was dissolved in a mixture of
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Fig. 1 (a) Concentration of free aldehydes (green diamonds) and
combined concentrations of imines 1 and 2 (orange triangles) present
in solution when 1 was subjected to a heating and cooling cycle under
similar conditions used for COF formation (12 mM in [benzonitrile-
ds : D;O; 16 : 1 v/v]; 76 equiv. benzoic acid-ds; 1 equiv. aniline-ds). (b)
Representative VT-NMR spectra and the equilibrium between the
monomers (PDA and aniline) and 1. The concentration of each species
was calculated by integrating relevant signals against those of the
internal standard, 1,4-dinitrobenzene.
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deuterated solvents (benzonitrile-ds : D,0; 16 : 1 v/v) along with
aniline-ds (1 equiv. with respect to 1) and benzoic acid-ds (76
equiv. with respect to 1) and heated to 90 °C in an NMR spec-
trometer for 17 h and then cooled to room temperature, with
spectra obtained at various reaction times and temperatures
(Fig. 1). In the NMR spectra, aldehyde functional groups appear
as singlets around 9.8 ppm and imines as an apparent singlet at
8.25 ppm (Fig. 1b). The overall concentrations of aldehydes
(from PDA and its single condensation with aniline 2) and
imines (from 1 and 2) were quantified as a function of
temperature and reaction time (Fig. 1a). Prior to heating, 42% of
the imines of 1 dissociated to provide a 1 : 1.2 ratio of aldehydes
(10 uM) and imines (12 pM). Upon heating to 90 °C, the alde-
hyde concentration increased to 16.5 pM and the imine
concentration decreased to 7.5 pM, a 2.2 : 1 ratio (Fig. 1a). This
new equilibrium was established rapidly relative to the rate of
thermal equilibration in the spectrometer, and the concentra-
tions of imine and aldehydes did not change significantly when
held at 90 °C for 17 hours. Subsequently, upon cooling back to
25 °C, the equilibrium shifts towards imine formation, as the
aldehyde concentration decreased to 14 pM and the imine
concentration increased to 10 puM, which are close to those
established at the beginning of the experiment. These findings
demonstrate that the equilibrium of imine condensation and
hydrolysis is temperature dependent under conditions similar
to those used for 2D COF formation (see below). It is also
important to note that equilibration is rapid at all temperatures
studied, as evidenced by the rapid partial hydrolysis of 1 prior to
heating. These studies on PDA, a monomer used often in 2D
COFs, suggest that the driving force for COF formation might be
similarly temperature dependent.

To investigate how the temperature-dependent nature of
imine formation under these conditions might influence the 2D
polymerization process, it was first necessary to polymerize
TAPB-PDA COF at room temperature, where the driving force for
imine-formation is relatively high. TAPB-PDA COF was synthe-
sized at room temperature by condensing 1,3,5-tris(4-
aminophenyl)benzene (TAPB) and PDA in the presence of
aniline and benzoic acid in a mixture of solvents
(benzonitrile : H,O; 16 :1 v/v) (Fig. 2 and S8; see ESIt for
detailed procedures). Within 3 hours, a yellow colloidal

NH,
benzoic acid / aniline / H,0

TAPB
O ‘ O benzonitrile / 25 ‘C/ 3 hrs
HoN NH,
+

H. _O

PDA

o7 'H

Fig. 2 Schematic of TAPB-PDA COF recrystallization.
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suspension formed, which was comprised of 2 uM-sized
spheres, as determined by extraction using methanol, and
activated by supercritical CO, drying. The resulting powder
product was characterized as a crystalline sample of the imine-
linked TAPB-PDA COF, as confirmed by PXRD, N, porosimetry
and FT-IR spectroscopy of the isolated colloids (Fig. 2 and 5).
The PXRD pattern of the COF exhibited sharp (100), (110), (200),
and (210) Bragg diffraction peaks, consistent with an eclipsed
model of the COF and reported powder patterns.*® FT-IR spec-
troscopy showed the characteristic imine stretch at 1624 cm ™,
along with the absence of both the PDA aldehyde stretch at
1687 cm™ ' and the TAPB amine stretches at the range of 3300~
3500 cm ™! (Fig. S17). Analysis of the N, adsorption isotherm
provided a Brunauer-Emmett-Teller (BET) surface area of
1740 m” g, from which nonlocal density functional theory
analysis provided a narrow pore width distribution centered at
3.4 nm (Fig. 5b and S21). In considering the BET surface area as
a metric of the TAPB-PDA COF materials quality, this value is
sufficiently high to describe the material as a successfully acti-
vated 2D COF, yet lower than the theoretical value and other
literature reports.*****® These bulk characterization techniques
collectively indicate that polymerization of TAPB-PDA COF
under these conditions at room temperature provides the target
material in good but not superior materials quality.

Similar to the model compound study described above,
imine-linked 2D COFs show a temperature-dependent equilib-
rium that enables their depolymerization and repolymerization
in a manner reminiscent of molecular recrystallization. The
depolymerization of TAPB-PDA COF colloids prepared at room
temperature was characterized by variable-temperature NMR
spectroscopy, in situ wide-angle X-ray scattering, as well as
product analysis following repolymerization. For the VI-NMR
spectroscopy experiments,’® TAPB-PDA COF was prepared as
described above in the presence of deuterated solvents and
reagents. The monomers were combined with aniline-ds and
benzoic acid-ds; in a mixture of deuterated solvents (benzoni-
trile-ds : D,0; 16 : 1 v/v) and heated to 90 °C in an NMR spec-
trometer as the temperature was varied. The overall
concentrations of aldehyde functional groups (from PDA and its
single condensation with aniline (2), TAPB (4), and other olig-
omers), as well as imine functional groups (from 1, 2, 3, 4, 5 and

Monomers

Recrystallized COFs

Repolymerization &
Depolymerization Recrystallization
—p —-
90 "C/ 3hrs 25°C/18 hrs
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Fig. 3 (a) Representative VT-NMR spectra during the solvothermal
depolymerization of TAPB-PDA COF. (b) Equilibrium between the
TAPB-PDA COF, imines 1, 2, 3, 4 and 5, and monomers (TAPB and
PDA) during the solvothermal depolymerization and recrystallization
processes.

other oligomers, Fig. 3b) were quantified as a function of
temperature and reaction time (Fig. 4a). Imines 1, 2, and 5 from
the condensation between PDA and aniline appear as a single
peak centered at 8.25 ppm, and imines 3, 4 and 5 from
a condensation between PDA and TAPB show up as an apparent
singlet at 8.4 ppm (Fig. 3a). Prior to heating, the COF reaction
mixture contained approximately 61% of the free COF mono-
mers of aldehydes (4.5 uM), TAPB (3.9 uM), and imines (2.8 pM).
The other 39% was consumed in preparing the COF colloids,
a form in which peaks for their protons are not observed.
Within a few minutes of heating to 90 °C, the initial milky
suspension turned into a clear yellow solution and remained
homogeneous (Fig. 2 and S8t). Dynamic light scattering (DLS)
experiments indicated the decrease in the average particle size
of TAPB-PDA COF from 2.5 puM to unmeasurably small as the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature was raised to 90 °C (Fig. S71). At this temperature,
the equilibrium shifted rapidly towards the monomers, as the
aldehyde and TAPB concentrations quickly increased to 7.2 uM
and 5.9 pM, respectively, and the concentrations of imine
functional groups decreased to 1.5 pM. When held at 90 °C for
14.5 hours, there was an absence of a Tyndall effect associated
with the presence of colloids in solution and the concentrations
of both aldehydes and imines, and TAPB further increased to
12 uM and 8 pM, respectively, corresponding to depolymeriza-
tion of COFs into monomers and oligomers (Fig. 4a). Upon
cooling back to 25 °C, the equilibrium shifted back towards
imine and COF formation, as the aldehyde and TAPB concen-
trations rapidly decreased to 6.4 pM and 6.2 uM, respectively,
and the total imine concentrations increased to 4.4 pM. After 18
hours at room temperature, the concentrations of aldehyde,
TAPB and imines all decreased to 1.5 uM, 0.9 uM, and 0.9 uM,
respectively, which suggest further repolymerization overnight
(Fig. 4d). Overall, TAPB-PDA COF colloids were observed to
quantitatively depolymerize at 90 °C and slowly repolymerize at
25 °C. Taken together, these findings demonstrate that the
driving force for COF formation is highly temperature depen-
dent, similar to the established equilibrium between diamine 1
and PDA.

In situ WAXS of TAPB-PDA COF obtained during the sol-
vothermal depolymerization and repolymerization processes
were consistent with depolymerization at an elevated tempera-
ture, followed by the formation of a more crystalline material
upon repolymerization (Fig. 4b). A colloidal suspension of
TAPB-PDA COF formed at room temperature was heated to
90 °C in a capillary for 3 hours and cooled to room temperature
for 7 hours, with WAXS spectra obtained at various reaction
times. The average crystalline domain size of the COF was
determined by applying the Scherrer equation to the full width
at half max (FWHM) of the (100) Bragg diffraction peak at ¢ =
0.20 A~' (Fig. 4c).*® Prior to heating, the COF has an initial
domain size of 44 nm. As the sample was held at 90 °C for 3
hours, the (100) diffraction peak decreases in intensity and
eventually disappears completely, consistent with depolymer-
ization. Upon cooling to room temperature over 7 h, the domain
size increases to 64 nm, approximately 20 nm higher than the
initial COF domain size. After sitting overnight at room
temperature, the COF domain size increased to 85 nm, indi-
cating further crystallization at room temperature (Fig. 4e).
Overall, the changes in the crystallinity and domain sizes of
TAPB-PDA COF suggest that the COFs initially formed at room
temperature depolymerize at 90 °C and repolymerize/
recrystallize into higher quality COFs upon cooling (Fig. 5).

Recrystallized TAPB-PDA COF exhibited enhanced crystal-
linity and porosity compared to the COF colloids prepared at
room temperature, as characterized by PXRD and N, adsorption
isotherms (Fig. 6a and b). Recrystallized TAPB-PDA COF after
isolation exhibited much sharper and more well-defined (100),
(110), (200), (210) Bragg diffraction peaks than the initial COF
colloids, accompanied by the appearance of higher order
diffraction peaks corresponding to the (220), (320) and (001)
crystalline planes. These recrystallized materials also exhibited
improved porosity, as BET surface area increased from

Chem. Sci., 2021, 12, 16014-16022 | 16017
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Fig. 4 Concentration of TAPB (blue squares) and free aldehyde (green diamonds), and combined concentrations of imines 1, 2 and 5 (orange
triangles), 3, 4 and 5 (purple triangles), and aldehyde and imines (black circles) present in solution during the (a) first and (d) second cycle of TAPB-
PDA COF recrystallization. Change in average domain sizes of TAPB-PDA COF during the (b) first and (e) second cycle of COF recrystallization.
Domain sizes are determined from the Scherrer analysis of the (100) Bragg diffraction peak. Representative WAXS patterns of TAPB-PDA COF,
centered at its (100) diffraction peak, upon heating (red) and cooling (blue) during the (c) first and (f) second cycle of recrystallization.

1740 m® g~" to 2790 m* g~ " (Fig. 6b). The IR spectrum of the
recrystallized COF was identical to that of the initial COF
colloids, with the presence of imine stretch at 1624 cm™*, and
the absence of both the aldehyde stretch at 1687 cm ™" and the
amine stretches at the range of 3300-3500 cm ' (Fig. S17).
Similar observations and materials quality were obtained by
cooling the solution more slowly (~4 °C hour *). In addition,
when separate solutions of the two monomers were heated to
90 °C, combined, and cooled, the resulting COF products were
of similar crystallinity and porosity as those obtained by
recrystallizing the COFs themselves (Fig. S91). Overall, the
crystallinity and porosity of TAPB-PDA COF were improved after
recrystallization, consistent with the increased domain sizes
observed from in situ WAXS analysis (Fig. 4b and e).

Crystalline COFs

acid catalyst
modulator
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acid catalyst
modulator

Disordered COF Sheets

After one depolymerization/repolymerization cycle, TAPB-
PDA COF samples will partially depolymerize again upon
reheating to 90 °C, but a smaller percentage of the imine bonds
are hydrolyzed (Fig. 4d-f and 5). After repolymerization, the
reaction solution contains 22% of molecular species in the
forms of aldehydes (1.7 puM), TAPB (1.0 uM), and imines
(1.0 uM). Upon reheating to 90 °C, the aldehyde and TAPB
concentrations increase to 3.1 pM and 2.2 pM, respectively, and
the imine concentrations decrease to 0.8 uM, all of which are
approximately 13% lower than those observed during the first
cycle of COF recrystallization. When held at 90 °C for 10.6
hours, the concentrations of both aldehydes and imines, and
TAPB increased to 8.6 uM and 5.4 pM, respectively, corre-
sponding to 72% of the available monomers being present in
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Fig. 5 Schematic representations of proposed COF recrystallization mechanisms.
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solution rather than incorporated into the COF (Fig. 4d).
Simultaneously, in situ WAXS analysis of this solution indicated
that the average domain size of the COF network that remained
had increased from 82 nm to 104 nm when held at 90 °C (Fig. 4e
and f). These observations suggest that the 2D COF's initial
crystallinity make it more or less susceptible to this sol-
vothermal depolymerization process. Defect-rich COFs, such as
the initially synthesized TAPB-PDA COF colloids, are more
susceptible to depolymerization; whereas more crystalline
samples of the same material, including the recrystallized
TAPB-PDA COF, are less susceptible (Fig. 5). These observations
may form the basis of procedures to solvent-anneal or otherwise
upgrade the materials quality of COFs. However, it is important
to note that further explorations of these conditions are needed,
as the bulk crystallinity and porosity of the twice-recrystallized
TAPB-PDA COF were similar to those of the samples isolated
after one recrystallization cycle. These observations suggest that
the repolymerization process may proceed through the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nucleation of new COFs instead of the monomers adding
exclusively to the residual COF crystallites. Together, these
results suggest that lower quality or smaller COF crystallites are
more susceptible to depolymerization than larger, more well
ordered 2D COF domains.

We sought to extend this observed depolymerization/
repolymerization method to a related imine-linked 2D COF,
derived from 2,5-dimethoxyterephthaldehyde (DMTA), and
observed different degrees of depolymerization but a similar
dependence on materials quality (Fig. 7). The initial formation
of TAPB-DMTA COF colloids provides more highly crystalline
samples that were isolated and activated, providing a higher
BET surface area (2250 m* g ') as compared to the initially
isolated TAPB-PDA COF colloids (1740 m> g~ ') prepared under
the same conditions. The TAPB-DMTA COF colloids also
exhibited superior crystallinity compared to the TAPB-PDA COF
colloids, as determined by their sharper Bragg diffraction peaks
and through Scherer analysis (Fig. 7e and f). The TAPB-DMTA
COF colloids underwent partial depolymerization upon heat-
ing to 90 °C in the presence of benzoic acid, aniline, and water.
Heating the TAPB-DMTA COF colloids in its reaction mixture to
90 °C for 3 hours and cooling to room temperature yielded
recrystallized TAPB-DMTA COF, which exhibited enhanced
crystallinity and porosity with a modest increase in BET surface
area from 2250 m* g ' to 2770 m> g~ * (Fig. 7e and f). Prior to
heating, the colloidal TAPB-DMTA COF reaction mixture con-
tained free COF monomers of DMTA (0.12 puM) and TAPB
(1.0 uM) (Fig. 7a). Upon heating to 90 °C, approximately 36% of
the COF depolymerized to aldehydes (2.9 uM), TAPB (1.9 uM)
and imines (1.5 uM), which is much lower compared to 94%
depolymerization for the room-temperature synthesized TAPB-
PDA COF colloids. When held at 90 °C for 16.5 hours,
however, the concentrations of both aldehydes and imines, and
TAPB slowly decreased to 2.3 pM and 1.6 pM, respectively,
indicating repolymerization of TAPB-DMTA COF even at this
elevated temperature. Simultaneously, in situ WAXS analysis of
this solution clearly showed TAPB-DMTA COF colloids are
highly crystalline at 90 °C with domain sizes exceeding 80 nm
(Fig. 7b and c). These results are in stark contrast to the
continuous solvothermal depolymerization of TAPB-PDA COF
observed during the first and second cycles of COF recrystalli-
zation (Fig. 4b and d). We hypothesize that the larger crystalline
domains and/or stronger interlayer interactions of TAPB-DMTA
COF'**"! compared to TAPB-PDA COF are responsible for this
material's increased ability to resist depolymerization. More-
over, for both networks, we speculate that less ordered regions
of the materials are more susceptible to hydrolysis under these
conditions, which explains why materials of improved crystal-
linity depolymerize to lesser extents. Going forward, we antici-
pate that this type of molecular approach to probe COF
formation and growth mechanisms will shed new insight on
developing better reaction conditions and improving the qual-
ities of COFs. Specifically, studying the temperature dependent
reversibility equilibria for various monomer pairs may be able
to provide better understanding as to why some COF structures
are better at crystallizing than others.
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(a) Concentration of TAPB (blue squares) and free aldehyde (green diamonds), and combined concentrations of imines 6, 7 and 10 (orange

triangles), 8, 9 and 10 (purple triangles), and aldehyde and imines (black circles) present in solution during the first cycle of TAPB-DMTA COF
recrystallization. (b) Change in average domain sizes of TAPB-DMTA COF during the first cycle of COF recrystallization. Average domain sizes are
determined from the Scherrer analysis of the (100) Bragg diffraction peak. (c) Representative WAXS patterns of TAPB-DMTA COF, centered at its
(100) diffraction peak, upon heating (red) and cooling (blue) during the first cycle of recrystallization. (d) Synthesis of TAPB-DMTA COF colloids (e)
PXRD patterns and (f) N, adsorption isotherms of TAPB-DMTA COF before (black) and after (blue) the first cycle of COF recrystallization.

Conclusions

We identified a previously unknown, temperature-based sol-
vothermal equilibrium of imine condensation and
repolymerization/recrystallization process for 2D imine-linked
COFs. Mirroring the temperature-dependent hydrolysis of the
soluble imine-containing model compound 1, the 2D COFs
depolymerize in their polymerization solutions and recrystallize
into higher quality COF materials upon cooling. In situ WAXS
and VI-NMR experiments reported on the crystallinity and
extent of depolymerization of the COFs in solution at various
temperatures. Both are powerful, quantitative techniques, used
here to probe COF formation mechanisms and improve the
materials quality. PXRD, FTIR and N, adsorption isotherms of
the isolated materials were used to assess their structure and
porosity before and after recrystallization. While TAPB-PDA
COF colloids first prepared at room temperature fully depoly-
merize to soluble monomers and oligomers at 90 °C, recrystal-
lized TAPB-PDA COF colloids with larger domain sizes (>80 nm)
only partially depolymerize under the same conditions. Like-
wise, TAPB-DMTA COF is initially formed as a more crystalline
network, and it also depolymerizes to a lesser extent. These
observations suggest that larger and more ordered COF crys-
tallites are more resistant to solvothermal depolymerization.

16020 | Chem. Sci, 2021, 12, 16014-16022

Taken together, this study reports a series of novel phenomena
in which 2D imine COFs undergo temperature-dependent
depolymerization and recrystallization. These findings provide
a new means to improve 2D COF materials quality from as-
synthesized materials, as well as intriguing insight into their
formation that may inform improved 2D polymerizations in the
future.
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