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ABSTRACT: The applications of covalent crystalline materials
face a chronic challenge of the efficient and precise construction of
a highly or single-crystalline product by polymerization, especially
for three-dimensional covalent organic frameworks (3D COFs)
featuring highly complex crystalline porous structures. Here, we
demonstrate the first example of minutes growth of 3D COF single
crystals, in which supercritical CO, as the solvent extremely
accelerates the precise construction of 3D covalent networks. The
crystal growth rate of 3D COFs reaches 35 ym min~’, and single
crystals with sizes up to 110 ym are polymerized within 1—5 min,

which have unique optical properties such as polarized photo- 1’ % ’:_::’o'::'u
luminescence, polarized second-harmonic generation, and so on. ik M reaction 0.2-1 ym
Considering this, as well as environmental friendliness and

industrial compatibility, the supercritically solvothermal polymerization holds great promise in future applications.

3~7 days

pely

B INTRODUCTION fundamental dilemma in the rapid synthesis of highly
crystalline frameworks, especially when the whole frameworks,
for example, 3D COFs, are assembled by covalent bonds. In
addition, 3D COFs, unlike their 2D analogues, lack additional
driving forces, such as interlayer 7—7x stacking, for crystal-

Efficient and precise construction of a complex periodic
network is of great importance for not only fundamental
research but also advanced application of crystalline porous
materials.'~* Covalent organic frameworks (COFs), as a type

of crystalline porous polymers, are constructed by the lization and generally feature interlaced and interpenetrated
atomically precise integration of organic building blocks via 3D structures, which results in less empty space in the network
stable, usually reversible, covalent bonds in a two-dimensional for building blocks to reach the right place and hinders the
(2D) or three-dimensional (3D) periodic manner.”~" Owing mass transfer necessary for the polymerization and crystal-
to the high structural predictability and designability, COFs lization,'”"® hence slower reaction rate and poorer crystallinity.
have been developed for various applications such as photo- Till now, polycrystalline 3D COFs with crystallites from tens
catalysis, proton conduction, sensing, drug delivery, and so to hundreds of nanometers have been prepared by
forth.*"'> However, the practical utilization of COFs faces a solvothermal or microwave-assisted solvothermal synthe-
great challenge of the efficient and precise construction of such sis,">"?™** and the growth normally lasts 1—3 days. To obtain
a complex covalent network, especially 3D COF single tens of micrometer-sized single crystals of 3D COFs, it is
crystals.”> The growth of single crystals is significant for required to add inhibitors that decelerate the crystal growth
understanding the structure—function correlation as well as rate to 0.4—2 nm min~", and the crystallization is prolonged to

achieving state-of-the-art performance in the applications.

In principle, the formation of strong covalent bonds tends to
produce amorphous or poorly crystalline materials.'* To
obtain a crystalline framework, a time-consuming reversible
covalent reaction is required for error checking and proof
reading,''® which is restricted by the slow diffusion of
reactants and byproducts in a liquid medium. Thus, there is
usually a trade-off between the crystallinity of the polymer-
ization product and the reaction time. In other words, higher
crystallinity requires longer reaction time. It gives rise to a

15—80 days.”> The low efficiency, along with disadvantages
such as large-scale use of environment-unfriendly organic
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Figure 1. Ultra-fast crystallization of 3D COFs in sc-CO,. (a) Schematic illustration of supercritically solvothermal synthesis of 3D COFs
compared with the solvothermal method. (b,c) FESEM images of the sc-COF;y, grown for 1 min (b) and the 0s-COFs, grown for 3 days (c),
showing distinct morphologies and sizes of 3D COFs synthesized under different conditions.
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Figure 2. Crystallinity of 3D COFs. (a—c) Chemical structures of COF;yy, COFsy, and COFpg. (d—f) PXRD and simulated patterns of COF;,
COF;,, and COFpg, in which sc-COFs are grown for 1 min and 0s-COFs for 3 days or 30 min, respectively, showing the fast growth of 3D COFs

under sc-CO, conditions.

solvents, leads to existing synthetic technologies of 3D COFs
far away from the requirement of future practical applications.

Supercritical fluid, as a specific medium distinct from gases
and liquids, has been widely used in advanced material
synthesis and food, coating, and chemical industries.”®*” With
gas-like diffusivity, viscosity, and surface tension as well as
liquid-like density and solvating properties, it greatly enhances
the mass transfer and enables a green, scalable, and efficient
preparation of nanoparticles, nanowires, films, or foams that
cannot be obtained in normal mediums.”®** Here, we find that
supercritical CO, (termed sc-CO,) extremely accelerates the
reversible reactions for the polymerization of single-crystalline
3D COFs. Based on this finding, we realize supercritically
solvothermal synthesis of 3D COF single crystals (termed sc-
COFs) with sizes up to 0.11 mm within 1—$ min, around 2—5
orders of magnitude faster than that required for solvothermal
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or ionothermal growth of 3D COF single crystals. To the best
of our knowledge, it is among the fastest single-crystalline
polymerization till now. Although powder X-ray diffraction
(PXRD) pattern indicates the coexistence of unreacted
monomers and intermediate oligomers with sc-COFs in the
product due to the extremely short reaction time, it clearly
shows that crystalline 3D COFs have already been synthesized
within 1 min, and the single-crystalline nature can be
confirmed by transmission electron microscopy (TEM) and
selected area electron diffraction (SAED). Besides, we observe
polarized photoluminescence (PL) and polarized second-
harmonic generation (SHG) from 3D COFs, in agreement
with the single crystallinity, showing potential applications of
the high-quality 3D COF single crystals in polarized photonics
and nonlinear optics.

https://doi.org/10.1021/acs.chemmater.1c02382
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Figure 3. OM images and cross-polarized OM images of sc-COFs. (a) OM image of sc-COFs, crystals on a Si/SiO, wafer. (b—d) Cross-polarized
OM images of sc-COF;y, when the wafer is rotated by an angle of 0°, 45°, and 90°. () OM image of sc-COFs,, crystals on a Si/SiO, wafer. (f—h)
Cross-polarized OM images of sc-COFs,, when the wafer is rotated by an angle of 0°, 45°, and 90°. (i) OM image of sc-COF g crystals on a Si/
SiO, wafer. (j—1) Cross-polarized OM images of sc-COFpy when the wafer is rotated by an angle of 0°, 45°, and 90°. Uniform polarized light
extinction is observed over the entire length of the rods, indicating the single-crystalline nature of the samples. The scale bars are 10 ym.

Top view

Figure 4. Crystalline structure of 3D COFs. (a) Top and side view of COF;y,. (b,c) TEM images of sc-COFsy, and 0s-COF;q. (d,e) HRTEM
images of the middle and the end of sc-COF;, single crystals. (fg) HRTEM images of sc-COFj,,. (h) TEM image of sc-COFpg. The insets of
(d,f=h) are the corresponding SAED patterns. The images verify the single crystallinity of the sc-COFj.

B RESULTS AND DISCUSSIONS

Supercritically Solvothermal Polymerization. As
shown in Figure la, three 3D COFs (termed sc-COF;y, sc-
COF;y, and sc-COFrpg) were synthesized in sc-CO, (8 MPa,
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80 °C) by using tetrakis(4-aminophenyl)methane (TAM) as
the tetrahedral nodes, which reacted with three aldehyde
monomers as linkers, namely, benzene-1,4-dicarboxaldehyde

(BDA), 4,4”-biphenyldicarboxaldehyde (BPA), and

https://doi.org/10.1021/acs.chemmater.1c02382
Chem. Mater. 2022, 34, 2886—2895
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Table 1. Synthesis Time, Crystal Size, and Growth Rate of 3D COFs

synthesis method type of 3D COFs

solvothermal synthesis imine-based COFs
imine-based COFs
imine-based COFs

imine-based COFs
boroxine-linked COFs

boronate ester-linked COFs

inhibitor-assisted solvothermal synthesis imine-based COFs

imine-based COFs
boroxine-linked COFs
anionic COFs
imine-based COFs
imine-based COFs

microwave-assisted solvothermal synthesis

ventilation vial synthesis

ionothermal synthesis

supercritically solvothermal synthesis

synthesis time crystal size growth rate refs
72 h JUC-518: 500 nm 0.12 nm min~" 19
72 h JUC-519: 600 nm 0.14 nm min™!
72 h COF-506-Cu: 3 um 0.7 nm min~" 20
s5d BF-COF-1: 540 nm 0.08 nm min™~" 21
5d BE-COF-2: 750 nm 0.1 nm min™*
72 h COF-320: 1 yum 0.2 nm min~! 22
4d COF-102: <2 um 0.3 nm min~" 13
4d COF-103: <2 um 0.3 nm min~!
9d COF-10S: <5 um 0.4 nm min~" 13
80 d LZU-111: 55 ym 0.4 nm min™" 25
50d LZU-79: 100 ym 1.3 nm min™"
15d COF-303: 15 um 0.7 nm min~"
10d COEF-300: 30 ym 2 nm min™!
25d LZU-306: 50 ym 1.3 nm min™" 42
20 min COF-102: 30—40 nm 1.5—2 nm min™" 23
4h CD-COF-Li: 0.6—3 ym 2.5—12.5 nm min™" 24
72 h COF-300: 1.1 ym 0.25 nm min™" 43
3 min IL-COF-1: 0.6 um 0.2 pm min~’ 41
12h IL-COF-2: 0.2 ym 0.3 nm min~!
12h IL-COF-3: 0.7 ym 1 nm min~!
1-5 min sc-COF;p: up to 85 ym 25 pm min™! this work
1-S min sc-COFs,0: up to 66 ym 26 pm min~!
1-5 min sc-COFrpg: up to 111 ym 35 ym min™!

4/,4”,4"” 4" (ethene-1,1,2,2-tetrayl)tetrakis(biphenyl-4-carbal-
dehyde) (TPE-Ph-CHO), respectively. Sc-CO, contained 0.5
vol % n-butyl alcohol (n-BuOH) as a cosolvent to increase the
solubility of monomers. As a comparison, these 3D COFs were
solvothermally synthesized in organic solvents, named os-
COFs. Optical microscopy (OM) (Figure S1) and field-
emission scanning electron microscopy (FESEM) images
(Figures 1b,c and S2) show that sc-COFs (grown for 1 min)
have rod-like morphologies with a length of several tens of
micrometers. The yields of the powder products (grown for 1
min), which are mostly rod-like samples, are 67, 74, and 69%
for sc-COF;g, sc-COFjy, and sc-COFpg, respectively. On the
contrary, the 0s-COFs (grown for 3 days) have a yield of 62—
75% with rice-shaped or disordered nanoclusters in sub-
micrometer dimensions, although the growth time is much
longer. If the growth time decreases to 30 min, no or small-
yield powder samples are obtained in organic solvents. These
results showcase the potential of supercritically solvothermal
polymerization in rapid synthesis of high-quality 3D COFs
compared with the traditional solvothermal method.

To investigate the chemical structure of the as-prepared
samples via the two methods, Fourier transform infrared
(FTIR) spectroscopy was carried out, and the spectra of sc-
COFs and 0s-COFs show a C=N typical vibration band at
1620 cm™!, revealing the formation of imine linkages (Figure
§3).*>*! The 3C solid-state nuclear magnetic resonance (**C
NMR) spectrum of sc-COF,y, matches that of 0s-COFs,
(Figure S4), indicating the same local structure of the
materials.”>*> PXRD patterns (Figure 2) of sc-COFs (1
min) exhibit characteristic 26 peaks at low angles of 6.6°, 5.8°,
and 8.5°, in agreement with those of 0s-COFs synthesized for
3 days and the simulation, which correspond to COF;, (200),
COF;y (020), and COFqpg (202), respectively, verifying the
fivefold, ninefold, and sevenfold interpenetration topologies of
COF;qp, COFyy, and COFqypp, respectively.””***° Although
we optimize the experimental conditions, the patterns do not
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match well with the simulation patterns in the large angle
region (Figure SS). It means that the product still contains
some unreacted monomers, intermediate oligomers, or poorly
crystallized samples due to the rapid growth rate and extremely
short reaction time. Nevertheless, it is clear that some
crystalline 3D COFs have been successfully synthesized within
1 min in sc-CO,. In contrast, 0s-COFs synthesized for 30 min
exhibit no or weak diffraction peaks, which suggests much
slower crystallization in organic solvents.

Single-Crystalline Structure. Polarized optical micros-
copy (POM) images of sc-COFs show polarized light
extinction and rebrightening over the crystals after rotation
by 45° and 90°, indicating the single-crystalline nature of the
samples (Figure 3). To clarify the detailed structure, TEM
characterization is performed, and the images (Figures 4 and
S6) show a high-yield micrometre-sized rod-like morphology
of sc-COFs (1 min), while 0s-COFs (3 days) are sub-
micrometer nanoclusters, in consistency with the FESEM
results. In high-resolution TEM (HRTEM) images (Figures
4d—g and S7-S10), continuous nanochannels are clearly
observed along the whole rod length of sc-COFs, (1 min) and
sc-COFyy (1 min) and the channels are open at the end
(Figure 4e). No grain boundaries or dislocations exist,
indicating the high quality and single crystallinity of the
samples. The lattice fringe spacing is 1.3 nm and 1.53 nm,
corresponding to d,gy for sc-COF;yy and d,yy for sc-COF;,,,
respectively. Owing to 0.5—2 um thickness of sc-COFpg
(Figure 4g), the electron beam cannot penetrate the samples,
precluding to image their lattice structure by HRTEM. SAED
is usually used to verify the single crystallinity of various
nanomaterials.’~*’ Here, the sc-COFs are analyzed by SAED,
and the SAED patterns are consistent with those in the
literature. The diffraction spots vertical to the rod length are
indexed to sc-COF;y, (200), sc-COF;,, (200), sc-COF;,,
(040), and sc-COFrpg (310) (Figure 4), respectively,
indicating highly crystalline structures with the rod length via

https://doi.org/10.1021/acs.chemmater.1c02382
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https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

reaction
& monomer ",
@ byproduct

S 0s-COF g sc-
b g . m
—_ | 3 days
g Ll 2 B
©
E I A 11(’23: W
g " W
S A 8h |} 90 min
Sl —TY '
2h
1h L__M.A_J‘\_,m_
10 20 30 10 20 30
26 (degree) 26 (degree)

X in organic
® DL # 9
' 4 ‘i_,:'-Y.,_ " solvent
e
AW

_ PXRD
5 044 no Bgak
@ 0
{=2]
g %
- Q
S 031 o S
8 %

(o]
% o 0 © o 5
= o o
To2{ ScCor, o° ©
; 300
[T

2 32 512 8192

Growth time (min)

Figure S. Crystallization mechanism and properties. (a) Schematic illustration of the crystal growth of 3D COFs in sc-CO, or organic solvent. (b)
PXRD patterns of 0s-COF;, and sc-COF;y, grown for different times, showing the fast growth of highly crystalline sc-COF;,, compared to os-
COF;. (c) FWHM of sc-COF;q (200) and 0s-COF;, (200) peaks as a function of the growth time, verifying the high crystallinity of sc-COFjq,

in a short growth time.

[001] direction. When we collect SAED from different
locations of one sample, the same set of patterns are obtained
(Figure S11), indicating the single-crystalline nature of the sc-
COFs.

The growth rate of sc-COFs is up to 35 gm min~', and the
crystal lengths grown for S min (Figure S12) reach up to 85,
66, and 111 pum for sc-COF;y), sc-COF;,, and sc-COFpy,
respectively. To demonstrate the rapid synthesis of large-sized
3D COF single crystals, we summarize the growth rates of
different approaches in Table 1. Till now, the best result of
growing 3D COF single crystals is only 0.2 gm min™.*' To
address the problem of slow growth, several fast polymer-
ization methods, such as ionothermal or microwave-assisted
solvothermal synthesis, have been developed to produce 3D
COFs within 3 min to 12 h. However, the domain sizes are
only tens to hundreds of nanometers and the growth rates are
slower than those obtained in this work,>™>° indicating the
high potentiality of supercritically solvothermal polymerization
in the rapid synthesis of large-sized 3D COF single crystals.

Ultra-Fast Polymerization Mechanism. The ultra-fast
crystal growth is closely related to the reaction medium
(Figure Sa). In normal cases, the polymerization and
crystallization of 3D COFs happen in organic sol-
vents.'”***** Considering the limited reversibility of the
covalent bond formation, the error correction for crystal-
lization is time-consuming. The reversibility can be further
restricted by the small diffusion coefficient of reactants and
byproducts in organic solvents. In addition, 3D COFs have
complex interlaced and interpenetrated structures.**** Owing
to the bulkiness and rigidity of the monomers and oligomers,
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they are inclined to be kinetically trapped by the 3D
frameworks with limited empty spaces, preventing the
proximity of reaction groups and further rearrangement into
the desired crystalline networks.” These problems result in a
fundamental contradiction between the growth rate and the
crystalline quality. Thus, large-sized single crystals of 3D COFs
can be synthesized only under much slower growth rate by
decreasing monomer concentration; however, the crystalliza-
tion process is prolonged to 15—90 days.”’

As a unique reaction medium, supercritical fluid provides a
solution to these problems from another perspective, which
enormously improves the efficiency and circumvents the
kinetic trapping. Specifically, different from organic solvents,
sc-CO, combines gas-like viscosity and surface tension with
liquid-like density and solvating properties.””>' The lower
viscosity (about 0.02 cp at 80 °C, 8 MPa, while about 0.3—4 cp
of organic solvent) and near-zero surface tension (20—50 dyn
cm™") allow for both much higher penetrating ability and faster
diffusion of monomers and oligomers in the medium and the
pores of 3D COFs. To prove the capability of sc-CO, in
promoting the diffusion rate of molecules (Figure S13), we
dispersed S mg sc-COF;y, and S mg Cg in sc-CO, (40 mL),
and maintained at 8 MPa, 80 °C for 10 min to 8 h. The
samples were washed by dichloromethane three times to
remove the surface-adsorbed Cg, and were then characterized
by Raman spectroscopy. A strong characteristic peak of Cq at
1470 cm™ appears for the 10 min sample (Figure S14),
indicating that a large amount of C4y molecules are embedded
in micro-pores of sc-COF;y, even after dichloromethane
washing. In the control experiments, we dispersed 5 mg sc-

https://doi.org/10.1021/acs.chemmater.1c02382
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COF;y and S mg Cg in anhydrous dioxane (40 mL) and
maintained at 120 °C. After washing by dichloromethane,
negligible peaks of Cg, are observed even when the diffusion
time lasts 8 h (Figure S15). This result indicates that sc-CO,
greatly promotes molecular penetration and diffusion in micro-
pores of 3D COFs compared with the traditional organic
medium, facilitating the collision between reactants, hence
higher growth rate of 3D COFs.

Besides high penetrating ability and fast diffusion, the local
density augmentation of solvent molecules around solute
molecules proves to be universal in supercritical fluids, and it is
expected to increase the translational diffusion of reactants.”*>’
These features benefit the fast polymerization along with
crystallization because of the following aspects. First, the fast
diffusion ensures relatively high concentration of monomers
and oligomers as well as relatively low concentration of
byproducts near the reaction sites, which increases the
polymerization rate compared with that in the organic solvent.
Second, the formation and breaking of the covalent bonds are
kinetically accelerated, which lead to improved reversibility of
the error-checking and proof-reading processes and enable
ultra-fast crystallization to form thermodynamically stable
single crystals in supercritical fluids. The crystallization route
is different from that in the organic solvent. In the organic
solvent, the monomers normally tend to form amorphous
imine polymers and then transform to crystalline 3D COFs via
a long-time reversible reaction. Therefore, owing to the special
reaction kinetics in supercritical fluids, 3D COF single crystals
can be produced within several minutes.

To clarify the crystallization process, we measured PXRD of
sc-COPFjqy and 0s-COF; after different growth times (Figure
Sb). Sc-COF;, exhibits high crystallinity within 1 min, and no
obvious change in the diffraction peaks occurs even when we
extend the reaction time to 8 h, indicating that sc-COF single
crystals have already been synthesized even within 1 min. In
contrast, it takes 4 h for diffraction peaks of 0s-COF;y, to
appear, which are rather weak in comparison to 1 min sc-COFs
and are significantly enhanced as the synthesis prolongs. Full
width at half maximum (FWHM) (Figure Sc), which is related
to the crystallinity of the sample, is 0.25° for the (020) peak of
sc-COF;, (1 min) and slightly decreases to 0.21° after 8 h. By
comparison, it decreases from 0.4° (4 h) to 0.22° (3 days) for
0s-COF;y, indicating that the products grown in minutes
under sc-CO, conditions have comparable or higher crystal
quality than those grown for hours to days by the solvothermal
method.

Applications in Polarized Optics. To explore the
potential applications, we studied the PL emission from the
sc-COF g single crystal. A wide emission peak (Figure S16)
appears at 598 nm upon excitation at 488 nm. Angle-
dependent PL emission from the single crystal (Figure 6a) is
observed when the polarization angle (6p) changes from 0° to
180°, where the long-axis direction of the crystal is defined as
0°. The intensity of PL emission becomes stronger when 6p;,
increases from 0° to 90° and then weaker when ) increases
from 90° to 180°. The polarized-PL phenomenon is attributed
to an anisotropic arrangement of chromophoric groups in the
crystal, verifying high crystallinity of sc-COFs.

Second harmonic generation (SHG) is one of the most
investigated nonlinear optical processes since the 1960s.>*
SHG occurs when two incident photons with the same energy
at frequency @ interact with the nonlinear medium.”> The
photons combine to generate a new photon with twice the
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Figure 6. Polarized PL and polarized SHG results of sc-COFp. (a)
Angle-dependent PL intensity of a sc-COFrppg single crystal at
different 6y from 0° to 180°. (b) Schematic illustration of the
nonlinear optical microscopy system for the SHG measurement. (c)
SHG images showing the angle-dependent SHG effect of a sc-COF-pg
single crystal. (d) SHG polarization polar map of a sc-COF g, single
crystal. The polarized optical properties of the sc-COFrppg single
crystal verify its high crystallinity.

energy and a frequency of 2w. The SHG effect of materials has
higher susceptibility than that of other-order nonlinear optical
responses by several orders of magnitude, with widespread
applications in photonics such as photon generation, bio-
imaging, and optical signal transmission and processing.”® The
SHG signal originates from different types of polarization,
which mainly include electric dipole, quadrupole, and so forth,
encoding the underlying information of the crystallographic
structure with non-centrosymmetry and nonzero nonlinear
susceptibility tensors.””

SHG images of sc-COFpg single crystals were acquired by
using a nonlinear optical microscopy system with a 150 fs laser
centered at 801 nm (Figure 6b). The crystals have strong
emission at 400 nm over the whole length of the sample,
indicating that the emission originated from intrinsic SHG
properties instead of surface effects.”® To clarify the crystal
symmetry and orientation, we measured the polarization
dependence of the SHG signal by rotating the achromatic
half-wave plate. The angle-dependent SHG effect of sc-
COFpg is observed (Figure 6¢,d). The polarization angle
(Bsug) is defined as the angle between the long-axis direction
of the crystal and the polarized direction of the incident laser.
The SHG signal gradually decreases when gy increases from
0° to 90°and from 180° to 270°% the SHG signal increases
when g increases from 90° to 180° and from 270° to 360°.

3D COFpg has no chiral linkers; thus, the SHG effect is not
from the chiral topology of dipole orientations.”® The SHG
signal is related to non-centrosymmetry of the crystal structure.
The pts topology of 3D COFrppp is centrosymmetric.
Interpenetration is a common phenomenon of 3D COFs
that may endow the crystal with non-centrosymmetric space
g1'oups.13’58 Thus, sc-COFpp with sevenfold interpenetration
topology is non-centrosymmetric, which results in a strong
SHG effect from the crystal. Moreover, the polarized SHG
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emission shown in Figure 6¢,d indicates the high-quality single-
crystalline feature of the samples.

B CONCLUSIONS

In summary, we realize the supercritically solvothermal
synthesis of large-sized 3D COF single crystals as fast as 1
min for the first time. This methodology has advantages such
as high efficiency, environmental friendliness without using
large amounts of organic solvents, and compatibility with the
chemical industry and overcomes existing dilemma in rapid
synthesis of highly crystalline or even single-crystalline 3D
COFs. Due to the ym?>-scale sectional area, the rod-like sc-
COF single crystals are not suitable for single-crystal X-ray
diffraction. Their single-crystalline nature is asserted by TEM
and SAED. We observe polarized PL and polarized SHG
effects of 3D COFs for the first time, which is characteristic of
single crystals, further verifying the single crystallinity of sc-
COFs and indicating their special applications in photonics
and nonlinear optics. Besides 3D COFs, the supercritically
solvothermal method also has great potential in efficient and
precise synthesis of other crystalline polymers or porous
materials with 3D covalent frameworks. This work provides a
new understanding of polymerization in supercritical liquids
for rapid crystallization and holds great promise for producing
single-crystalline 3D COFs or other materials with state-of-the-
art properties in future applications.

B EXPERIMENTAL SECTION

Chemicals. BDA (purity >98%) was purchased from Alfa Aesar
Chemicals Co. (China). Tetra-(p-aminophenyl)-methane (purity
>99%), BPA (purity >98%), and 1,1,2,2-tetrakis(4-formyl-(1,1-
biphenyl) )ethene (purity >98%) were purchased from Jilin Chinese
Academy of Sciences-Yanshen Technology Co. N-butyl alcohol (AR,
>99.5%), acetic acid (AR, >99.5%), dioxane (AR, >99.5%),
mesitylene (AR, >99.5%), and tetrahydrofuran (AR, >99.5%) were
purchased from Sinopharm Chemical Reagent Co. Acetone (AR,
>99.5%) was purchased from Shanghai Dahe Chemical Co. 1,2-
Dichlorobenzene (AR, >99%) was purchased from J&K Scientific Co.
Carbon dioxide (purity >99.99%) was purchased from Shanghai
Tomoe Gases Co.

Synthesis of 3D COFs. sc-COF;3. A mixture of BDA (5.4 mg,
0.04 mmol) and tetra-(p-aminophenyl)-methane (7.6 mg, 0.02 mmol)
was dissolved in 200 uL n-butyl alcohol (0.5% vol, as a cosolvent) (n-
BuOH) and S0 pL acetic acid, then transferred to a 40 mL stainless
steel reactor. The system was charged with 8 MPa CO, with a
charging rate of about 1.6 MPa per minute, heated to 80 °C, and
reacted for 1 min. After the reaction, the reactor was slowly
depressurized at a rate of 1—2 MPa min~". The precipitate was
collected by filtration, washed by acetone and tetrahydrofuran, and
dried in a vacuum oven at 100 °C (Scheme S1).

05-COF349. A mixture of BDA (5.4 mg, 0.04 mmol) and TAM (7.6
mg, 0.02 mmol) was dissolved in 1 mL of anhydrous dioxane and
transferred to a reaction tube. After sonication for S min at room
temperature, the mixture was added to 0.2 mL of 3 M aqueous acetic
acid. Then, the tube was degassed through three freeze—pump—thaw
cycles, sealed under vacuum, and heated at 120 °C for 3 days. After
the reaction, the precipitate was collected by filtration, washed by
acetone and tetrahydrofuran, and dried in a vacuum oven at 100 °C.>*

5¢-COF35. A mixture of BPA (8.4 mg, 0.04 mmol) and tetra-(p-
aminophenyl)-methane (7.6 mg, 0.02 mmol) was dissolved in 200 xL
n-BuOH (0.5% vol, as a cosolvent) and 50 uL acetic acid, then
transferred to a 40 mL stainless steel reactor. The system was charged
with 8 MPa CO, with a charging rate of about 1.6 MPa per min,
heated to 80 °C, and reacted for 1 min. After the reaction, the reactor
was slowly depressurized at a rate of 1—2 MPa min™". The precipitate
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was collected by filtration, washed by acetone and tetrahydrofuran,
and dried in a vacuum oven at 100 °C (Scheme S2).

05-COF 359. A mixture of BPA (8.4 mg, 0.04 mmol) and TAM (7.6
mg, 0.02 mmol) was dissolved in 1 mL of anhydrous dioxane and
transferred to a reaction tube. After sonication for S min at room
temperature, the mixture was added to 0.2 mL of 3 M aqueous acetic
acid. Then, the tube was degassed through three freeze—pump—thaw
cycles, sealed under vacuum, and heated at 120 °C for 3 days. After
the reaction, the precipitate was collected by filtration, washed by
acetone and tetrahydrofuran, and dried in a vacuum oven at 100 °C.*

5C-COFpe. A mixture of 1,1,2,2-tetrakis(4-formyl-(1,1’-biphenyl))-
ethene (TPE, 15 mg, 0.02 mmol) and tetra-(p-aminophenyl)-methane
(TAM, 7.6 mg, 0.02 mmol) was dissolved in 200 uL n-BuOH (0.5%
vol, as a cosolvent) and 50 uL acetic acid, then transferred to a 40 mL
stainless steel reactor. The system was charged with 8 MPa CO, with
a charging rate of about 1.6 MPa per min, heated to 80 °C, and
reacted for S min. After the reaction, the reactor was slowly
depressurized at a rate of 1—2 MPa min~'. The precipitate was
collected by filtration, washed by acetone and tetrahydrofuran, and
dried in a vacuum oven at 100 °C (Scheme S3).

05-COFpe. A mixture of TPE (15 mg, 0.02 mmol) and TAM (7.6
mg, 0.02 mmol) was dissolved in 1 mL of anhydrous dioxane and
transferred to a reaction tube. After sonication for S min at room
temperature, the mixture was added to 0.2 mL of 3 M aqueous acetic
acid. Then, the tube was degassed through three freeze—pump—thaw
cycles, sealed under vacuum, and heated at 120 °C for 3 days. After
the reaction, the precipitate was collected by filtration, washed by
acetone and tetrahydrofuran, and dried in a vacuum oven at 100 °C.*

Characterization. FESEM images were collected using Zeiss
Gemini SEM500; the SEM samples were prepared by dropping COF
powder on a clean Si/SiO, wafer. OM and cross-polarized OM images
were collected using a polarized optical microscope (Leica
DM2500P). FTIR spectra were collected using a thermofisher Nicolet
6700 spectrometer. NMR spectra were carried out on a Bruker
Advance 400 MHz spectrometer using a standard 4 mm double
resonance probe under a spinning speed of 10 kHz. HRTEM images
were collected using FEI Tecnai G2 F20 S-Twin (acceleration
voltage: 200 kV). PXRD data was collected on a Bruker D8 Advance
diffractometer employing Ni filtered Cu Kal (1 = 1.54059 A)
radiation over the range of 20 = 5—35° with a step size of 0.02° and
0.15 s per step. Raman spectra were collected by using XploRA
(Horiba Jobin Yvon, 785 nm laser).

Angle-Dependent Photoluminescence Measurement.
Angle-dependent photoluminescence (PL) spectra were measured
by a Horiba iHRSS0 spectrometer equipped with a silicon CCD
detector array. The excitation source was a 488 nm laser (spot size ~1
um, laser power of 70 §W). The incident laser was focused by a
Nikon Eclipse Ti microscope with a SOX (NA = 0.7) objective. In our
experience, the polarization direction of the incident laser light was
parallel to the long axis of COF crystals in the measurements. A linear
polarizer was placed in the collecting optical path to detect the angle
dependence of the PL emission. The polarized PL images were
collected using an Olympus BX-51-P fluorescence microscope at
different polarization angles (by rotating the stage). A filter set that
provided a narrow wavelength range (450—490 nm) was used for
excitation and allowed the emitted light at wavelengths above 490 nm
to pass to the detector. All optical experiments were performed at
room temperature and in ambient environment.

Second Harmonic Measurement. We constructed a nonlinear
optical microscopy system to measure the SHG signals of sc-COFppg
samples. The linearly polarized laser beam (~150 fs, 80 MHz) of 801
nm was generated from a femtosecond optical parametric oscillator
(InSight DS+, Newport), chirped into picoseconds (~3.8 ps) through
highly dispersive glass rods (SFS7), sent into a laser-scanning
microscope (FV1200, Olympus), and focused onto the samples.
The emission photons were collected in an epi mode through the
same microscope objective, filtered by a narrow band-pass filter
(FF01-405/10-25, Semrock), and detected by a photomultiplier tube
(PMT). SHG images were generated by the signals from the PMT. In
order to investigate the polarization dependence, a motorized

https://doi.org/10.1021/acs.chemmater.1c02382
Chem. Mater. 2022, 34, 2886—2895


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02382/suppl_file/cm1c02382_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

achromatic half-wave plate (AHWPOSM-980, Thorlabs) was inserted
and rotated before the microscope, and the signal was recorded after
every 4°.

B ASSOCIATED CONTENT
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