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Radial growth of twist-stacked covalent
organic framework nanofibers

Xiao-Rui Ren 1,4, Baichuan Kou 1,4, Qing Hao 1, Francesco Bertocchi2,
Ying Xu1, Lu Wang1, Zhen-Lian Zhao1,3, Ting Chen 1, Li-Jun Wan 1,3 &
Dong Wang 1,3

Engineering symmetry breaking is a fertile ground to develop innovative
materials with fascinating properties. Herein, we introduce crystal-
lographically incompatible rotation element into two-dimensional polymers
and construct twist-stacked covalent organic framework nanofibers (abbre-
viated as t-COFs). These t-COFs are derived from polymerization between
2,4,6-triformylphloroglucinol and diamines modulated by monodentate
alkylamine. Comprehensive electron microscopy analysis reveals their well-
defined fibrous morphology and twist-stacking details. The time-dependent
growth process study discloses a new radial growth pattern, which enables t-
COFs to inherit twist-stacking from hexagonal macrocycle nanotube inter-
mediate. Intriguingly, the twist-stacking mode is found to be intrinsic when
using aminemodulator, and enantiomeric bias towards one stacking direction
can be achieved using chiral amine. Disrupting the inversion symmetry, the
consecutive regular rotation of COF layers endows COF nanofibers with
structural chirality and large chiroptical response.

Structural modulation is vitally important for manipulating the prop-
erties and functions of condensed materials. While traditional crystals
are characterized by well-defined lattice structures, breaking sym-
metry confers great potential to explore new phases of matter. For
example, the disruption of three-dimensional translational symmetry
brings about the new branch of aperiodic crystals, which involves
incommensurate crystals and quasicrystals1. The twisted and helical
arrangements are relevant to reduced symmetries in assembled sys-
tems, such as natural biomaterials, supramolecular gels, and liquid
crystals, dictating intriguing structural chirality and nonlinear optical
properties2–4. Notably, the recent emergence of twisted two-
dimensional (2D) materials introduces a new paradigm to engineer
symmetry breaking, although twist operation is generally considered
incompatible with traditional crystals. By virtue of weak interlayer van
derWaals interactions, atomic layers can be stackedwith a tailor-made
interlayer twist angle. These precise twisted heterostructures,

including bilayer/few-layer superlattices5,6 and multilayer nanowires/
spirals7–9, have sparked the exploration of exotic physical behaviors.
Discovery and on-demand synthesis of new matter with reduced
symmetries is actively pursued to develop innovative materials with
fascinating electrical and optical properties, and to facilitate cutting-
edge applications in nonlinear optics, quantum information science,
and biochemistry.

Covalent organic frameworks (COFs) are a distinctive class of
organic crystalline materials created by linking molecular building
units through covalent bonds10. Because of their predictable and well-
ordered architectures, COFs have emerged as an ideal platform for
targeted synthesis and structure–property study11–15. At the molecular
level, performance-related functional groups can be readily installed
on the backbone16,17 or side chains18 with atomic precision. COFs also
possess abundant geometrical structures: polygonal lattices of differ-
ent topologies can extend in the one-, two-, or three-dimensional
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space19,20. Various stacking21 and interpenetration22 manners further
enrich the design freedom. On a larger scale, crystal sizes23 and
morphologies24 are of great importance to tailor their physicochemical
properties. So far, the above-mentioned perspectives are mostly lim-
ited to the realm of periodic structures following basic principles of
reticular chemistry. Along with the continuous efforts to pursue COF
materials with high crystallinity25–37, introducing aperiodic structural
elements to break high symmetry, such as twisted structural
motifs38–40, to further unfold novel structures and properties unac-
hievable in traditional crystalline structures, becomes possible but is
rarely explored.

Here, we report the general synthesis and chiral control of
twist-stacked COFs (t-COFs), which are built from entirely achiral
monomers. The key step is in-situ formation of hexagonal macro-
cycle self-assembly at the initial reaction stage, by using

monofunctional alkylamine as amodulator to precisely control over
the preferential growth direction (in-plane covalently extending vs.
out-of-plane stacking). With twisted macrocycle nanotubes serving
as crystal seed, t-COF nanofibers with tunable diameters were cre-
ated through a radial growth process (Fig. 1). Comprehensive elec-
tron microscopy analysis was conducted to decipher their twisted
architecture: the covalently bonded 2D nanosheets progressively
rotate with a fixed small angle along the c-axis. The consecutive
rotation breaks the inversion and translational symmetry, which is
essentially distinct from typical eclipsed, staggered, serrated, or
inclined stacking modes in 2D COFs. Notably, twist-stacking results
in a highly ordered chiral skeleton that exhibits a large chiroptical
response. The highest absolute dissymmetric factor of t-COFs is
about 0.05 for absorption and 0.04 for luminescence, standing out
among organic materials.

Fig. 1 | Schematic diagram of modulator-assisted synthesis of t-COFs. In a
general synthetic procedure, the aldehyde linker Tp first reacts with the amine
modulator to form theprotected precursor. Then the diamine linker is added to the
reacting system and undergoes an imine-exchange process with the modulator.

The slow exchange process yields a hexagonal macrocycle intermediate, which is
prone to stack into the twisted nanotubes. Further radial growth produces the
twist-stacked COF fibers with increasing width.
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Results
Modulator-assisted synthesis of t-COFs
Introducing monodentate amine modulator in COF polymerization,
like aniline25, has proven to be a powerful method to improve the
material crystallinity. Intriguingly, we found the formation of twist-
stacking mode in highly crystalline 2D COFs in a modulator-assisted
synthetic process. The synthesis and structure characterization of t-
COFs were first demonstrated on a β-ketoenamine-linked COF, TpAzo
(Tp and Azo stand for 2,4,6-triformyl-phloroglucinol and 4,4′-azodia-
niline, respectively). Direct solvothermal condensation of Tp and Azo
in 1,4-dioxane afforded irregular nanoparticles (Supplementary
Fig. 1a). The morphology gradually transited to nanofibers upon add-
ing (R)-(−)-2-amino-3-methylbutane (R-AMB) (molar ratio of R-AMB to
Tp at 1.5:1 and beyond), as evidenced by scanning electronmicroscopy
(SEM) images (Supplementary Fig. 1b–h). Thewidthof thefibers can be
tuned in the range of 30–120 nm, depending on the molar ratio of
modulator tomonomer. Under the optimized condition, powder X-ray
diffraction (PXRD) patterns of the well-defined fibers showed sig-
nificantly narrowed peaks (full width at half-maximum value of (100)
facet was decreased from 0.47° to 0.21°), along with 10-fold intensity
enhancement compared to the directly polymerized analog (Supple-
mentary Fig. 2). In addition, Brunauer−Emmett−Teller (BET) surface
areas and chemical stability were significantly improved (Supplemen-
tary Figs. 3–5). The dramatically boosted crystallinity allows for com-
prehensively deciphering their crystalline structures via high-
resolution transmission electron microscopy (HRTEM).

Identification of twist-stacking mode
COF nanofibers with a diameter of ~85 nm produced viamodulation of
R-AMB were selected as a representative to study the underlying
nanostructures. SEM imaging reveals that micrometer-long COF fibers
entangle intodensemeshes (Fig. 2a). Figure2b shows anHRTEM image
of the cross-section of COF fibers with overlaid blue hexagons repre-
senting theCOFbackbone. Thebright dots in Fig. 2b, corresponding to
honeycomb pores, are orderly arranged into a six-fold-symmetric
structure. The separation between two centers of bright dots is mea-
sured to be (3.23 ± 0.08) nm, consistent with the ab-plane cell para-
meters determined from the PXRD pattern (a = b = 32.6Å). According
to the hexagon-overlaid HRTEM image, we depicted the schematic
drawing of the cross-section, which manifests the spacings of (100)
and (110) planes, as shown in Fig. 2c.

If 2D COF nanosheets are stacked in an eclipsed AA manner, long
continuous pore channels should be observed along the c-axis27. To
our surprise, only short intermittent fringes are visible (Fig. 2d). There
are two types of lattice fringes indicated by green and orange arrows,
respectively. The fringes marked by the green arrow exhibit a spacing
of 2.80 nm, and the orange fringes with a spacing of 1.63 nm con-
sistently appear in the middle between two sets of green fringes
(Fig. 2e). Considering the spacing and spatial position, the green and
orange fringes are assigned to (100) and (110) planes, respectively. The
regular intermittence periods plus well-ordered arrangement in ab-
plane represent the signature charactersof axial twisted channels38,41,42.

To verify the twisted channel structure, an individual COF fiber
with c-axis parallel to the rotation axis of sample holder was incre-
mentally tilted within the range from −30° to +30° (Fig. 2f and Sup-
plementary Fig. 6). We observed that the position of fringes is
continuously moving during rotation and the position after tilting to
−30° is identical to that after tilting to +30°. These results suggest the
presence of chiral channels of six-fold rotational symmetry. The chiral
channels are the result of twisted stacking, that is, COF nanosheets in
these fibers progressively rotate around the central axis with a fixed
angle. The orthographic projection images based on such a structural
model match well with the experimental results (Supplementary
Fig. 6d), further confirming the generation of the twist-stackingmode.
According to the transmission electronmicroscopy (TEM) images, the

chiral pitch, six times the distance between two sets of (100) fringes, is
measured to be 700–800nm. The corresponding twisted angle is
0.16–0.18° per layer.

Notably, themoving direction of fringes in Fig. 2f is relevant to the
twisted direction, i.e., left-handed t-COFs exhibit upward movement
while right-handed samples show a downward trend. The twisted
direction can be further inferred by the curvature direction of fringes
when the fiber is not precisely perpendicular to the electron beam
(Supplementary Fig. 7). Taking a horizontal fiber with c-axis normal to
the rotation axis of sample holder as an example, if the fringes curve
downwards as the TEM holder is tilted anticlockwise, this fiber is
determined to be left-handed (Supplementary Fig. 8). On the contrary,
right-handed fibers exhibit upward-curving (100) fringes when they
are tilted to the same direction. Six horizontal fibers modulated by
R-AMB (t-TpAzo-R-AMB) were measured, and five out of them were
left-handed (Supplementary Fig. 9). The introduction of (S)-(+)-2-
amino-3-methylbutane (S-AMB), the enantiomer of R-AMB, also yiel-
ded twisted COF fibers (t-TpAzo-S-AMB), and the majority were right-
handed (Supplementary Fig. 10).

Generality of modulator-assisted synthesis and chiroptical
properties of t-COFs
We next demonstrated the generality of this synthetic strategy for
another two diamines, benzidine (BD) and p-phenylenediamine (Pa).
Twist-stacked COF nanofibers (t-TpBD-R/S-AMB and t-TpPa-R/S-AMB)
were created under similar solvothermal conditions, as proven by
regularly spaced fringes in TEM images (Supplementary
Figs. 11 and 16). Based on the intermittence period of (100) fringes, the
chiral pitches of t-TpBD-R/S-AMB and t-TpPa-R/S-AMB are calculated
to be ~600 nm and ~400nm, respectively. Accordingly, the twisted
angles are ~0.21° and ~0.30°, respectively. These chiral COF fibers
exhibited superior crystallinity relative to their analogs prepared in the
absence of a modulator (Supplementary Figs. 12 and 17). There was no
apparent difference in the PXRD pattern shape and peak positions
between twisted fiber and achiral COFs, which can be rationalized by
the little twisted angle. Also, these t-COFs exhibit high BET surface
areas along with excellent chemical and thermal stability (Supple-
mentary Figs. 13–15 and 18–20).

The stacking geometry is of great importance to layered 2D
polymeric materials. It not only defines the pore shape and size but
also has a profound impact on multiple properties, such as guest
inclusion43, catalytic capability21, charge transport44, and
fluorescence45. Most of the 2D COF nanosheets are stacked in an
eclipsed, staggered, serrated, or inclined manner. Twist-stacking is
distinguished from these modes by the resulting structural chirality.
Hence, we studied chiroptical properties of prepared t-COFs.

As depicted in Fig. 3a, t-TpAzo-R/S-AMB exhibits strong electronic
circular dichroism (ECD) signals in the range of 500–600nm, which
arenearlymirror images of eachother. This indicates that theproducts
modulated by R- and S-AMB are a pair of enantiomers. Based on the
TEM analysis, the correlation between the twisted direction of t-COF
fibers and ECD signals can be established. The maximum absolute
dissymmetric factor (|gabs|) value is about 0.05 (Supplementary
Fig. 21a), which is much larger than most organic small-molecule or
supramolecular systems and the reported pure COF materials (Sup-
plementary Table 1)3,46. The strong chiroptical response originates
from chiral aggregation of achiral COF building blocks. Chiral impurity
contributes little since the non-aromatic modulator has no absorption
in the visible range. Light scattering is a key element that should be
taken into consideration when it comes to nanoscale, submicrometer-
scale, or micrometer-scale chirality47. We observed that the scattering
effect can be ignored for t-COFs with a width smaller than 100nm
(Supplementary Fig. 22). Additionally, the chiroptical properties at the
excited states were studied by circularly polarized luminescence (CPL)
spectra. Both t-TpAzo-R-AMB and t-TpAzo-S-AMB display intense CPL
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emission at about 620 nm with positive and negative signals, respec-
tively (Fig. 3b). The absolute dissymmetric factor (|glum|) value is as
high as 0.04 (Supplementary Fig. 21b), also standing out among
organic materials (Supplementary Table 1)48.

Likewise, t-TpBD and t-TpPa exhibited obvious ECD and CPL sig-
nals (Fig. 3c–f and Supplementary Figs. 23 and 24). The ECD spectra of
these t-COFs showed analogous profiles with different absorption
maxima. This suggests chiral spectroscopic signatures correlate with
the long-range twisted order (shape and strength), twisted direction
dependent on modulator (positive or negative sign), and chromo-
phores in theCOF skeleton (maximumposition and strength). To date,
chiral COFs highly rely on intrinsic49,50 or induced51–53 chiral centers,
with a few examples demonstrating the chirality manifestation at the

unit cell level to chiral topology54–56 and at the macroscopic level to
helical morphology57–61. The twist stacking is an independent chiral
element at the aggregation level, which, inmost cases, naturally breaks
the translational symmetry (with few exceptions in chiral space
groups), and makes t-COFs an ordered but aperiodic material. We
emphasize that twist stacking and the t-COFs could form from achiral
monomers (vide infra). The general synthesis of t-COFs adds to the
diversity of chiral COFs and opens a new perspective on precise con-
trol of crystallinity, chirality, and functionality.

Spontaneous self-resolution process
Herein, a question arises whether a chiral modulator is necessary for
the generation of the twist-stacking mode. We selected TpAzo as a

Fig. 2 | Electron microscopy characterization of t-COF nanofibers prepared in
the presence of R-AMB. a SEM image of the dense COF fibers of ~85 nm diameter
and micrometer-scale lengths. b HRTEM image of the cross-section where bright
dots correspond to the COF pores. Inset: magnified view of the hexagon-overlaid
area. c A schematic drawing of the cross-section, which manifests an ab-plane cell
together with the spacings of (100) and (110) planes. d A low-magnification TEM

image of the COF fibers. The short and intermittent lattice fringes were observed
along the axial direction. e The magnified view of the selected square area in (d).
The green and orange arrows indicate (100) and (110) fringes, respectively. f The
evolution of TEM images when a vertical fiber is tilted around its central c-axis,
ranging from −30° to +30°. The position of lattice fringes moves during rotation,
and the position after tilting to −30° is identical to that after tilting to +30°.
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model system and conducted the reaction using isobutylamine (i-BA)
as an achiral modulator. Twisted fiber (t-TpAzo-i-BA) of high quality
was still generated (Supplementary Fig. 25). However, both left and
right-handed fibers were observed without an enantiomeric excess
(Supplementary Figs. 26–28). Intriguingly, we observed the co-
existence of two chiral directions in one twisted fiber, as shown in
Fig. 4. The orange frame presents the transition from left-handedness
to right-handedness. As expected, t-TpAzo-i-BA exhibits no ECD signal
(Supplementary Fig. 29), confirming that a bulk racemate of two chiral
directions formed.

The above analyses regarding HRTEM and ECD characterization
indicate that the formation of twist-stacking is intrinsic to Tp COFs in
the presence of an amine modulator. A spontaneous self-resolution
process, where achiral components arrange in a chiral form to gen-
erate separate enantiomer aggregates62,63, occurred during the poly-
merization (Supplementary Fig. 30). Both achiral and chiral
modulators can induce self-sorting, which produces t-COF fibers with
two twist directions. The former yields left- and right-handed pieces in
an equal number, whereas the latter can bias the synthesis in favor of
one mirror image to achieve chiral control.

Radial growth pattern of t-COFs
To gain insight into the origin of twist-stacking, we probed the growth
process of t-TpAzo-R-AMB by carrying out ex-situ characterization of
products collected at different reaction time intervals by TEM, atomic
force microscopy (AFM), absorption, as well as ECD spectroscopy.
TEM and AFM imaging revealed that nanotubes with a diameter of
(4.0 ± 0.7) nm and length of submicron gradually form at the initial
stage (1 h, depicted in Fig. 5a–c). These relatively short nanotubes are
ascribed to the self-assembly of hexagonal molecular macrocycles
containing 12 β-ketoenamine linkages because of the well-matched
size. In the case of 3 h, fine nanofibers of (9.7 ± 1.2) nm diameter are
observed, accompanied by short nanotubes of 4.0nm diameter
(Fig. 5e). As the reaction proceeds to 5 h, 10 h, and 15 h, the widths of
fine fibers increase to (15.7 ± 1.8) nm, (28.5 ± 3.5) nm, and
(35.6 ± 3.9) nm, respectively (Fig. 5f, g and Supplementary Fig. 31a).
Meanwhile, these fibers showanelongation up to severalmicrometers.
Further extension of the reaction time to 72 h leads to a progressive
increase in width, which finally reaches (85.6 ± 9.1) nm (Fig. 5h, i and

Supplementary Fig. 31b). Furthermore, the HRTEM images of fine
fibers with width of ~35 nm (the fragile nature of organic nanofiber
precludes HRTEM imaging of thinner fibers) showed clear separated
(100) fringes as well (Supplementary Fig. 32). The chiral pitch is esti-
mated to be 600–800nm, indicating that the degree of twist exhibits
inconspicuous change during growth process.

Along with the increase in width of samples, the absorption band
undergoes a bathochromic shift (Fig. 5j). The strongest band varies
from 460nm to 500 nm in the first 10 h, and then the absorption at
550nm slowly climbs. On the other hand, ECD spectra show two
intense Cotton effects with two crossovers. When t-COF fiber gets
thicker, the signal at longer wavelength rises more rapidly than the
shorter-wavelength one (Fig. 5k). It can also be observed that a positive
correlation exists between maximum gabs and the diameter of t-COF
nanofiber (Fig. 5l). As depicted in Fig. 5d, the area of the conjugated
system is increasing, and the misalignment between adjacent layers
becomes larger with the growth of t-COF fibers. These variations may
greatly affect the coupling between chromophores and the electronic
transition process64, accounting for the dramatically boosted ECD
signals for thick t-COF nanofibers.

Based on the above experimental results, a new radial growth
mechanism, as illustrated in Fig. 1, is proposed. In principle, crystal-
lizationof 2DCOFs includes in-plane growth (covalent bond formation
and breakage) and out-of-plane stacking (mainly driven by π–π inter-
actions) process. For typical bulk synthesis, 2D COFs are considered to
simultaneously extend in two directions65 since no clear anisotropic
evolution has been observed. In stark contrast, we achieved the
separation of two growing processes in modulator-assisted synthesis
of t-COFs. Compared to out-of-plane stacking, the in-plane growth rate
is significantly limited by slow amine exchange based on a less rever-
sible β-ketoenamine linkage. This makes macrocycles a stable inter-
mediate with a long lifetime enough for the formation of self-
assembled nanotubes, which were observed at the initial reaction
stage. The later stage witnessed a well-defined transition from nano-
tubes to fine fibers to thick fibers, unequivocally indicative of a
dominant radial growth pattern. Due to π–π repulsion and/or steric
hindrance, the modulator-terminated macrocycles prefer to assemble
into a twisted form rather than an eclipsed stack, as evidenced by the
emergence of a new ECD signal at longer wavelengths compared with

Fig. 3 | Chiroptical properties of t-COFs. ECD spectra of t-TpAzo-R/S-AMB (a), t-TpBD-R/S-AMB (c), t-TpPa-R/S-AMB (e) dispersed in EtOH. CPL spectra of t-TpAzo-R/S-
AMB (b), t-TpBD-R/S-AMB (d), t-TpPa-R/S-AMB (f) dispersed in EtOH (excitation at 400nm).
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the precursor (Supplementary Fig. 33). In fact, the formation of non-
eclipse stacked imine-linked macrocycles66 and Tp-based liquid
crystals67 has been reported. With twisted macrocycle assembly ser-
ving as a crystal seed, subsequent radial growth enables the generation
of t-COFswith a remaining degree of twist. Thesefindings broaden our
understanding of molecular aggregation behavior under combined
covalent/non-covalent interactions, paving the way for controlled
synthesis of complex systems.

Discussion
In summary, we have demonstrated the construction of unexpected t-
COFs via a facile modulation approach. These t-COFs follow a radial
growth pattern and show readily tunable structural parameters. The
effects of chemical composition, fiber diameter, and twisted direction
on their chiroptical properties were studied. t-COFs provide a novel
molecular aggregate model for fundamental studies. The disk-shaped
aromatic knots in t-COFs arrange into a nonperiodic twisted bundle,
unlike a periodic 2D array in columnar phases of discotic liquid
crystals68. The discrete helical channels of t-COFs resemble the fila-
ments in biological or synthetic twisted yarns, such as fibrin fibers69

and coiled polymer muscles70. Moreover, the growth process results
and structural analysis of t-COFs indicate that the twist-stacking mode
in t-COFs is distinctly different from the Eshelby twist observed in
some inorganic materials7,8, which is based on the progression of the
spiral defects. It is anticipated that this synthetic strategy for t-COFs
canbeapplied to a rich library of buildingunits, not confined to theTp-
based category with hcb topology. There is also plenty of room to
fabricate fascinating hierarchical or hybrid systems using t-COFs as a
structural motif. By virtue of a unique aperiodic-order feature and
great engineering potential, t-COFs would advance the rational
synthesis and functionalization of novel architectures, as well as their
applications in asymmetric synthesis, nonlinear optics, multiferroics,
spintronics, and so on.

Methods
Materials
General solvents and regents were obtained from Acros Organics and
Concord Technology (Tianjin) Co., Ltd. The monomer of 2,4,6-tri-
formylphloroglucinol (Tp, purity ≥98%), 4,4-azodianiline (Azo, purity
≥97%) and benzidine (BD, purity ≥98%) were purchased from Jilin
Chinese Academy of Sciences - Yanshen Technology Co., Ltd.

p-Phenylenediamine (Pa, purity ≥98%) and acetic acid (CH3COOH,
purity ≥99.5%) were purchased from TCI chemicals. The modulator of
(R)-(−)-2-amino-3-methylbutane (R-AMB, purity ≥98%, ee 97%), (S)-
(+)-2-amino-3-methylbutane (S-AMB, purity ≥98%, ee 97%), and iso-
butylamine (i-BA, purity ≥99.5%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. All chemicals were used
without further purification.

Typical solvothermal synthesis of TpAzo
Tp (15.8mg, 0.08mmol) and Azo (23.9mg, 0.12mmol) were weighed
into a 10mL Schlenk tube. Afterwards, 1,4-dioxane (1.5mL) was added
and themixture was sonicated for 10min. After the addition of 0.3mL
of 6M aqueous acetic acid, the tube was degassed by the three freeze
−pump−thaw cycles. Uponwarming to room temperature, the Schlenk
tube was heated at 120 °C for 3 days. The formed precipitate was
collected by filtration, washedwith tetrahydrofuran (THF), and further
activated by Soxhlet extraction using THF for 24 h. Finally, the solid
was collected and dried at 80 °C for 12 h to give TpAzo as a red powder
(45.9mg, 87% yield).

Modulator-assisted synthesis of t-TpAzo-R/S-AMB
A 10mL Schlenk tube was charged with Tp (15.8mg, 0.08mmol), R-
AMB/S-AMB (8.75–26.25μL, 1–3 equiv.), and 1,4-dioxane (1.5mL). The
mixture was sonicated for 10min followed by the addition of Azo
(23.9mg, 0.12mmol) and 6M aqueous acetic acid (0.3mL). After
sonicated for more 10min, the tube was degassed by the three freeze
−pump−thaw cycles. Uponwarming to room temperature, the Schlenk
tube was heated at 120 °C for 3 days. The formed precipitate was
collected by filtration, washed with THF, and further activated by
Soxhlet extraction using THF for 24 h. Finally, the solid was collected
and dried at 80 °C for 12 h to give t-TpAzo-R/S-AMB as a red powder
(see COF yield in Supplementary Fig. 2d).

TEM characterization
The evolution of morphology in the growing process was monitored
by TEM using JEOL JEM-2100F operating at 200 kV. Samples obtained
in the reaction interval of 1–5 h were diluted with EtOH and
then directly dropped onto ultra-thin holey carbon film supported
copper grids (300 mesh). Samples obtained after 5 h were slightly
washed with EtOH, followed by sonication in EtOH suspension for
characterization. For the statistical analysis of nanofibers’ diameter,

Fig. 4 | Co-existence of two chiral directions in one twisted fiber. The evolution of HRTEM images of t-TpAzo-i-BA when a horizontal fiber is tilted by a degree ranging
from −20° to +20°. The orange frame presents the transition from left-handedness to right-handedness.
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five parallel experiments were performed at each monitored time
point. Among them, three samples with relatively consistent diameter
distributions were selected, and 30–40 nanofibers from each sample
were measured. In total, 100 nanofibers were analyzed at each time
point to determine the average diameter and the corresponding
error range.

The nanostructure of t-COFs was characterized by cryo trans-
mission electron microscopy using ThermoFisher Scientific Themis
300 at a working voltage of 300 kV. The micrographs were captured
with a Falcon III direct electron detector (ThermoFisher Scientific) at

77 K using a low-dose technique with the dose rate of ~5 electrons per
Å2 per second.

Measurement of chiroptical properties of t-COFs
The ECD spectra and UV–vis absorption spectra were simultaneously
collected on a JASCO J-1700 CD spectrometer. EtOH dispersions of
samples were loaded in a quartz cuvette of 2mm to record the ECD
curves at a scanning rate of 500nmmin−1 in the range of 200–800nm.
The gabs spectra were directly transferred from ECD spectra using the
Spectra Manager software of JASCO. The CPL spectra were collected
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Fig. 5 | Monitoring the growth process of t-TpAzo-R-AMB. a Schematic illustra-
tion, b TEM image, and c AFM height image of the product obtained at 1 h.
d Schematic illustration of the product obtained at 72 h. TEM images of samples
obtained at reaction time intervals of 3 h (e), 5 h (f), 15 h (g), 24 h (h), and 48h (i).

j Absorption and k ECD spectra of products prepared at different time intervals.
l The correlation chart between the diameter of nanofibers and |gabs|max. The scale
bars are 200nm in (b, e–i) and 300 nm in (c).
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on a JASCOCPL-300 spectrophotometer. EtOH dispersions of samples
were loaded in a quartz cuvette of 2mm to record the CPL curves at a
scanning rate of 100nmmin−1 in the range of 500–900nm. The slits
for both the excitation and emission sides were 3000μm, and the
excitationwavelength for all the sampleswas 400nm. The glum spectra
were directly transferred from CPL spectra using the Spectra Manager
software of JASCO.

General characterization
PXRD patterns were collected on a PANalytical Empyrean Dif-
fractometer using Cu Kα X-ray radiation (λ = 1.5406Å) with 40 kV
voltage and 40mAcurrent. 13C cross polarizationmagic angle spinning
nuclearmagnetic resonance (13C CP/MAS NMR) spectra were recorded
on a Bruker AVANCE III 600 NMR spectrometer using a 4-mm double-
resonance MAS probe under a spinning frequency of 12 kHz. Fourier
transform infrared spectra were obtained from a Bruker VERTEX 70v
spectrometer using KBr pellets. N2 sorption isotherms were measured
at 77 K using an Autosorb-IQ instrument after samples were degassed
at 100 °C for 8 hunder vacuum. Pore size distributions of sampleswere
determined by the quenched solid density functional theory model.
The thermogravimetric analysis (TGA) was conducted with Hitachi
STA7200RVover the temperature range from25 °C to800 °CunderN2

atmosphere at a heating rate of 10 °Cmin−1. SEM images were taken on
aHitachi Regulus 8100 field-emission scanning electronmicroscope at
an accelerating voltage of 10 kV. AFM height images were collected
using a Bruker Multimode 8 AFM in tapping mode. The sample
obtained at 1 hwas dilutedwith EtOH and then directly dropped onto a
silicon substrate for AFM characterization.

Data availability
The data that support the findings of this study are available within the
article and Supplementary Information files. All data are available from
the corresponding authorupon request. Sourcedata areprovidedwith
this paper.
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