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Figure 2 (Color online) Strategies for assembling crystals of imine-linked COFs. (a) Imine condensation strategy; (b) imine exchange strategy””’; (c)

fast imine exchange strategy™”!
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53: (b) morphology modulation™; (c) expansion of covalent linkages*; (d) synthesis of single-crystal isomers
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Figure 4 (Color online) Seeded growth of single-crystal COFs!®”)
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Table 1 Synthetic strategies and structural elucidation methods for large-sized (= 15 um) single-crystal covalent organic frameworks
COFsHLi (R ) M SikLfENT B R Sk
L2070 (100 by LZU-A 11 80 o) 4 SXRD ([F4RYDE) CREE [37]
LZU-306 (50 pm) 1 SXRD ([RIA4E 5 GIH) cRED ERRH S [41]
COF-300, COF-300-H,0 (50~60 um)
LZU-79, COF-303, COF-303-p/a/BnOH (100 um)
LZU-111 (50 pm) 16 SXRD (52502 6TR) A ) S [42]
LZU-307/308/309/311 (60~80 um)
LZU-306, LZU-310, LZU-310-H,0/BnOH (150 um)
USTB-5 (200~450 pm) 1 SXRD (82526 PTG [43]
3D-TFB-COF-R (5~15 pm) 2 ¢cRED PETFFE [44]
TAM-TFPB-COF, TAPB-TFS-COF (50~100 pum) 2 SXRD ([RIA4ESEIR) PR A [45]
USTB-25-3D (100 pm) 1 3D ED PTG [46]
COF-308 (100 pm) 1 SXRD (555 % Gk PHTTR AE [47]
TAPB-DMPDA (20 pm) 1 cRED RERAIR [49]
Py-1P, Py-CN, Py-Ox (20~45 pm) 3 SXRD (S50 % AR A fmSTHEIR) PR AR e [53]
COF-400, COF-400-DMF/dry (40~55 um) 3 SXRD (SL50Z FA AR5 EIR) P F SFEm [54]
TK-COF-4, TK-COF-5 (100 pm) 2 SXRD(SL 52 i) UEREL b [55]
TPB-DMTP-COF (20 pm) 1 3D ED PHTTR HE [56]
JUC-663-X (5~40 um) 1 cRED PHTIR HEmE [59]
COF-300 spindle (120 um)
COF-300 dipyramid-prism (80 um) 3 SXRD (L= IEIR) VEReR A S [60]
COF-300 dipyramid (100 pm)
X@COE-300apftn (60 s LS 16 SXRD (IFE44HEH) T e [61]
COF-304, COF-305 (40~50 pm) 2 SXRD ([rlE4mE1EIR) PR S [62]
USTB-20-dia (100~200 pm) 1 3D ED P mE [63]
TK-COF-3 (50 pm) 1 SXRD (525 % GIR) PR [64]
COF-300 (200 pm, 9Fp%:14) 9 SXRD (SEHrZGIR) PTG [65]
CCOPs (R130-5811 (66 1omy 2 SXRD (S 3k ) 15 [66]
COF-303 (24 pm) 1 cRED AT SR [90]
COF-300 (80 pm) 1 SXRD (SEHZEGIR) T S e [91]
scFZU-908 (150 pm) 1 SXRD ([l 4R 5HEIE) T 7 S s [99]
o e (85 b 4 AR H1 4 AR [71-73)
COF-301-S (25 um)
SYSU-9-§ (20 pm) 3 SXRD ([l 4R 5HEIE) BUHEIA [83]
SYSU-8 (15 pm)
USTB-51/50 (200 pm) 2 SXRD (S5 % G e LN [43]
COF-400-Ox/Re (40~55 pm) 2 3D ED RN EI RN b2 e [54]
T-2DP (20~40 pm) 1 SXRD (SEHZEHIR) EER N 2 (89]
sc-sp*c-COF-1/2 (24 pm) 2 cRED PRGBS  AE [90]
COF-300-AR/CHO (80 pum) 2 SXRD (S5 zGI) ERER N i 2 [91]
HcOF-102/103/104/105 (500 pm) 4 SXRD (SEREMFEL A BB [92]
3D-TMTAPB-COF (15 pm) 1 cRED TE R RRIA R [93]
CLCP-1/2 (20~40 pm) 2 3D ED TE PRI SR [94]
MOCOF-1/2 (80~100 pm) 2 SXRD ([rl4E4EI) [ ITRPN [96]
MOCOF-100/101/102/103/104 (50~180 pm)
MOCOF-105/106/107/108 (100~500 pm)
MOCOF-109-R/S-MBA (200~220 pm) 14 SXRD (5353 615 B LA AR [97]

MOCOF-109-R-NEA (160 pm)
MOCOF-109-D-PGly (300 pm)
MOCOF-109-L-Pro (210 pm)
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Synthetic organic chemistry has achieved the efficient construction of complex molecular structures through precise
control over covalent bond formation and cleavage, with its synthetic targets progressively expanding from zero-
dimensional molecules to multiscale and multidimensional systems. Single-crystal covalent organic frameworks (COFs),
an emerging class of synthetic crystals assembled via covalent bonds, have long faced formidable synthetic challenges: (1)
the complexity of crystallization, influenced by multiple factors such as temperature, solvent, concentration, catalyst, and
pressure; (2) the difficulty of controlling the cross-scale assembly, due to competing phases, states, and assembly pathways;
(3) the high bond energy of covalent bonds, which results in sluggish reaction kinetics and limited error-correction
capability. These barriers severely hinder the atomic-precision structural elucidation and the functional applications of
COFs. Achieving precise covalent assembly—from molecular building blocks to nanocrystalline nuclei, and finally to
large-sized single crystals—thus remains a critical bottleneck in the field.

This review comprehensively summarizes the strategies developed for synthesizing of large-sized single-crystal COFs,
including the modulator strategy, seeded growth, interfacial synthesis, and supercritical CO, synthesis. Since 2018, when
our group first reported the synthesis of hundred-micrometer-sized single-crystal COFs via the modulator strategy, the field
has developed rapidly, inspiring worldwide research interest in assembling organic covalent crystals. The modulator
strategy employs competitive reagents, such as aniline, to suppress rapid nucleation. It enhances the dynamic reversibility
of imine bonds through exchange reactions, improves error-correction, and guides the growth of high-quality crystals. This
approach demonstrates broad applicability to COFs with diverse linkages, topologies, dimensionalities, and morphologies.
The resulting high-quality single crystals have enabled the discovery of novel structural phenomena, including dynamic
behavior at the aggregate level, helical channels, unusual stacking modes, and crystal defects. Besides, other strategies have
also been developed. The seeded growth utilizes pre-deposited seeds as templates to guide the ordered alignment of
reactant molecules on their surfaces, suppressing secondary nucleation and enlarging crystal size. Interfacial synthesis
exploits the confinement effect of surfactants to control the pre-assembly behavior of molecules at interfaces, while the
micellar microenvironment delays disordered aggregation and promotes directional crystal growth. Supercritical CO,
synthesis leverages its exceptional diffusivity and solvent properties to accelerate bond formation and cleavage, driving the
polymerization forward and enabling rapid single-crystal growth.

This review also covers recent advances in the structural elucidation and cutting-edge applications of large-sized single-
crystal COFs. Future research may focus on the following four key directions: (1) developing new dynamic covalent
chemistries and synergistic assembly strategies to expand synthetic methodologies; (2) establishing multidimensional,
complementary, and mutually validating characterization techniques for structural analysis; (3) utilizing in situ techniques
to unveil the dynamic assembly processes; (4) pushing size limits further while elucidating structure-property relationships
to explore unique functional applications.

This review demonstrates a breakthrough in the development of single-crystal COFs, transforming the synthesis of those
from “impossible” to “possible”, and from “challenging” to “practical”. This series of advances provides the new paradigm
for the integration of synthetic organic chemistry and crystal engineering, while also opening up new pathways for “atomic
manufacturing” and the creation of next-generation synthetic crystals.

covalent organic frameworks, large-sized single crystals, precise covalent assembly, multiscale systems
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