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Self-Assembly of Helical Nanofibrous Chiral Covalent Organic

Frameworks

Xihao Tang, Xiangji Liao, Xinting Cai, Jialin Wu, Xueying Wu, Qianni Zhang, Yilun Yan, Shengrun
Zheng, Huawei Jiang, Jun Fan, Songliang Cai,” Weiguang Zhang" and Yi Liu’

Abstract: Despite significant progress on the design and synthesis of
covalent organic frameworks (COFs), precise control over microstruc-
tures of such materials remains challenging. Herein, two chiral COFs
with well-defined one-handed double-helical nanofibrous morpholo-
gies were constructed via an unprecedented template-free method,
capitalizing on the diastereoselective formation of aminal linkages.
Detailed time-dependent experiments reveal the spontaneous trans-
formation of initial rod-like aggregates into the double-helical micro-
structures. We further demonstrated that the helical chirality and cir-
cular dichroism signal can be facilely inversed by simply adjusting the
amount of acetic acid during synthesis. Moreover, by transferring chi-
rality to achiral fluorescent molecular adsorbents, the helical COF
nanostructures can effectively induce circularly polarized lumines-
cence with the highest luminescent asymmetric factor (gium) up to ~
0.01.

Introduction

Helicity is not only one of the most important structural properties
of biological macromolecules, but also a universal feature that ex-
ists in nature across the molecular scale to macroscopic scale.
Inspired by nature, great efforts have been devoted to construct-
ing helical materials at different scales, such as microscopically
visible oligomers!'l and polymers with helical molecular confor-
mations, mesoscopic helical nanostructures based on metals,?!
inorganic molecules®! and supramolecular gels,™ and macro-
scopically discernible biomimetic helical materials.®®! The highly
ordered helical topologies endow these materials with unique
physical and chemical properties.["
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As a new member of crystalline porous materials, covalent or-
ganic frameworks (COFs) have shown broad applications such as
gas adsorption,® chemical sensing,®! asymmetric catalysis,!"%
and chromatographic separation,''! owing to their outstanding
features such as tunable pore structures, high surface areas and
excellent chemical stability. To explore the structure-property re-
lationship for practical applications, COFs with various fundamen-
tal morphologies such as nanofibers,['? nanotubes,'® nano-
spheres,'¥l core-shell,['® and nanosheets!'®! have been explored.
However, COFs with single-handedness double helices remain
unexplored despite their potential applications in the fields of chi-
ral recognition, chiral catalysis, and chiral optical devices.[’® On
the other hand, several attempts towards helical framework ma-
terials have been reported involving the related metal organic
frameworks (MOFs). For instance, MOFs with helical superstruc-
tures were obtained using a template-assisted approach.['"] How-
ever, the initial introduction and final removal of the templates de-
manded additional efforts to retain the helical MOF crystalline
phase without disruption. Recently, the fabrication of layered hel-
ical tubular MOFs by a self-template method has also been re-
ported.l"l Due to the lack of chiral induction, racemization oc-
curred with both left-handed and right-handed twisted tubes in the
crystalline product. As such, development of a facile and tem-
plate-free strategy for the assembly of COFs with helical morphol-
ogies and chiroptical properties is highly desirable.

Herein, we report the design and synthesis of an enantiomeric
pair of chiral helical COFs, namely L-PDC-TZ COF and D-PDC-
TZ COF, by utilizing (S)- and (R)-3-amino-4-oxo-2-(pyrrolidin-2-
yl)-3,4-dihydroquinazoline-7-carbohydrazide (L-PDC and D-
PDC) and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde (TZ)
as the building blocks (Scheme 1). The chiral framework for-
mation involves both an unprecedented aminal linkage and a hy-
drazone linkage, formed between the polyfunctional L/D-PDC
with benzaldehyde (BA), as supported by the formation of dia-
stereomeric L/D-PDC-BA from the corresponding model reac-
tions (Scheme 1). Under same synthetic conditions, the two chiral
COFs displayed opposite Cotton effects and unique left-handed
and right-handed double-helical morphologies, indicating the en-
antiomeric nature of each other. Detailed mechanistic studies re-
veal the time-dependent self-assembly process of the COF-based
double-helical nanofibers. Interestingly, by adjusting the amount
of acetic acid employed in the synthesis, the COF nanostructures
can be switched between the two opposite helicities, thereby en-
abling the control over framework chirality and helicity. This work
presents an unprecedented example of template-free self-assem-
bly of chiral nanofibrous COF double-helices. We have further
demonstrated modulated chiroptical properties of the nanofibrous
chiral COF helices. When achiral chromophores are impregnated
into the framework, induced
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Scheme 1. Syntheses of the model compounds L-PDC-BA and D-PDC-BA at room temperature, as well as L-PDC-TZ COF and D-PDC-TZ COF from reactions in
0-DCB/n-BuOH/6 M AcOH (1:1:0.2, v/v/v) at 110 °C for 72 h. The asterisks (*) indicate the newly formed chiral centers.

circularly polarized luminescence (CPL) activities of the external
chromophore have been achieved.

Results and Discussion

The chiral monomers L-PDC and D-PDC were synthesized by the
amidation of dimethyl 2-aminoterephthalate with proline and a fur-
ther acylation step (Scheme S1). Due to an unexpected ring-clo-
sure process,!'® dissymmetric hydrazide linkers bearing a
quinazoline unit and a chiral pyrrolidinyl side chain were obtained.
Single crystal X-ray diffraction (SC-XRD) analysis confirmed the
absolute configuration of L-PDC as reflected by a reasonable
Flack parameter (Figure S1 and Table S1),?° while CD spectra
demonstrated the enantiomeric nature of L-PDC and D-PDC (Fig-
ure S2a). The corresponding racemate compound (Rac-PDC)
was prepared by recrystallization of equal amounts of L-PDC and
D-PDC in methanol. The model compounds L-PDC-BA or D-
PDC-BA were synthesized from the condensation reaction be-
tween L-PDC or D-PDC and BA, respectively (Schemes 1 and
S2). The two hydrazide groups within L/ID-PDC displayed different
reactivities towards BA, with one transforming to a conventional

hydrazone, and the other undergoing diastereoselective cy-
clocondensation together with the appended pyrrolidine group to
give a saturated triazine ring structure that is annulated to the di-
hydroquinazoline core. Similar to those of the L-PDC and D-PDC
monomers, the CD spectra of the model compounds L-PDC-BA
and D-PDC-BA displayed mirror images of each other (Figure
S2b), implying that they were also a pair of enantiomers. The ring-
closing reaction mechanism of the model compound L-PDC-BA
was proposed (Scheme S3). The reaction of L-PDC with BA could
firstly produce the dihydrazone intermediate. In the presence of
acetic acid, the imine bonds of the dihydrazone intermediate can
be activated through protonation of the nitrogen atoms. The nu-
cleophilic attack of the lone pair electrons on the nitrogen atom of
pyrrolidine towards the nearby C=N bond furnishes a triazine ring
and a newly generated chiral center, leading to the formation of
the ring-closed L-PDC-BA product containing aminal linkage. The
diastereoselectivity between the two isomers, as well as the ab-
solute configuration of the major isomer of L-PDC-BA from the
reaction between L-PDC and BA, was verified by proton and car-
bon nuclear magnetic resonance ('"H NMR and "*C NMR) spec-
troscopies and SC-XRD analysis (Figure S3 and Table S1).2% By
adjusting the AcOH loading during syntheses, the ratio of the two



diastereomers could be altered significantly from 1:6.4 to 1:0.9
(Figure S4, also see discussions in later section). In addition,
when the two diastereomers of L-PDC-BA in different ratios were
treated with trifluoroacetic acid, identical ring-opened dihydrazone
products were obtained, confirming the dynamic nature of the di-
astereomeric triazine unit in L-PDC-BA (Scheme S4 and Figure
S5). Following a similar ring-closing protocol, the reaction be-
tween L-/D-PDC and TZ could give rise to L-/D-PDC-TZ COF with
novel chiral aminal linkages (Scheme 1). In a typical procedure
for COF synthesis, L-PDC-TZ COF was synthesized by condens-
ing L-PDC with TZ in 0-DCB/n-BuOH/6 M AcOH (1:1:0.2, v/v/v) at
110 °C for 72 h (Scheme 1). D-PDC-TZ COF and Rac-PDC-TZ
COF were prepared by following the exact same procedure ex-
cept that the D-PDC and Rac-PDC were used, respectively. It is
worth noting that development of COFs with new linkages can en-
gender fascinating structures and interesting properties,!'s: 21!
however the synthesis scope still remains significantly limited, es-
pecially for those constructed based on cascade reactions.??

To investigate the crystallinity of the obtained COFs, powder X-
ray diffraction (PXRD) studies and theoretical simulations were
conducted. The experimental PXRD profile showed that the three
COFs were crystalline and exhibited the same diffraction peaks
appeared at around 2.36°, 4.78° and 26.0° (Figure 1a), corre-
sponding to the 100, 110 and 001 plane reflections, respectively.
Representatively, the simulated diffraction pattern indicated that
the AA stacking mode (Figure 1b) provided a better description of
L-PDC-TZ COF than that of the AB stacking mode (Figure S6).
The unit cell parameters given by the Pawley refinement were a
=p=4312A,¢=4117 A, a==90° and y = 120°, with R, =
8.47%, and Rwp = 6.40%. The Fourier transform infrared (FT-IR)
spectra showed the nearly complete disappearance of the alde-
hyde (1703 cm') and amino vibrations
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Figure 1. (a) Experimental PXRD patterns of L-PDC-TZ COF (black), D-PDC-
TZ COF (red), Rac-PDC-TZ COF (blue) and simulated pattern (pink). (b) Simu-
lated structure of L-PDC-TZ COF with AA stacking. (c) *C CP/MAS NMR spec-
trum of L-PDC-TZ COF. (d) Nitrogen adsorption (filled symbols) and desorption
(empty symbols) isotherms of L-PDC-TZ COF.

(3200- 3400 cm") along with the emergence of C=N characteristic
of L-PDC with TZ to form L-PDC-TZ COF (Figure S7). Similar
spectral feature changes were observed for the model compound
L-PDC-BA. More chemical information was obtained from the
solid-state 3C cross-polarization magic-angle spinning (CP/MAS)
NMR analysis (Figure 1c). The resonances at 21, 29, 47, and 57
ppm were assigned to the pyrrolidine moieties, and the resonance
at 66 ppm was attributed to the aminal carbon. Moreover, the res-
onances at 156 and 161 ppm confirmed the presence of the
quinazolinone units. The detailed assignment of 3C NMR chemi-
cal shifts for L-PDC-TZ COF was depicted in Figure 1c. The po-
rosity and surface area of L-PDC-TZ COF were evaluated by
measuring the nitrogen adsorption-desorption isotherms at 77 K.
Prior to the porosity test, L-PDC-TZ COF was treated by exchang-
ing the guest solvents with MeOH, and activated by supercritical
CO; (see Supporting Information). The Brunauer—-Emmett-Teller
(BET) surface area of the resulting COF was determined to be
692 m?/g (Figure 1d), which is on par with some of the recently
reported COFs bearing novel linkages!'® 2"l The presence of hys-
teresis loops and the pore size distribution estimated by the
quenched solid density functional theory (QSDFT) model show-
cased the abundant mesopores of ~2.8 nm within L-PDC-TZ COF,
which was in good agreement with the predicted value (2.9 nm,
Figure S8). Thermal gravimetric analysis (TGA) under a nitrogen
atmosphere revealed that L-PDC-TZ COF was thermally stable
up to 330 °C (Figure S9).
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Figure 2. SEM images of (a) L-PDC-TZ COF, (b) D-PDC-TZ COF and (c) Rac-
PDC-TZ COF synthesized in 0-DCB/n-BuOH/6 M AcOH (1:1:0.2, v/v/v) at
110 °C for 72 h. Insets are cartoon representations of the fibrous structures. (d)
CD spectra of L-PDC-TZ COF (black), D-PDC-TZ COF (red) and Rac-PDC-TZ
COF (blue).

Morphological studies by subsequent scanning electron mi-
croscopy (SEM) revealed that the as-synthesized chiral COFs
predominantly assembled into well-defined double-helical nano-
fibrous structures. Synthesized by the typical procedure, L-PDC-
TZ COF displayed left-handed double helicity (Figures 2a and
S10a), whereas D-PDC-TZ COF showed right-handed double he-
licity (Figures 2b and S10b). The pitches and the diameters of
both helices were around 500 and 270 nm, respectively, whereas
the diameter of each individual strand was about 110 nm. In con-
trast, Rac-PDC-TZ COF was obtained as single fibers with a



Figure 3. Proposed mechanism for double helices formation of L-PDC-TZ COF: (i) Formation of rod-like aggregates. (ii) Transformation of rods into fibers. (iii)
Directional entanglement and twist of two adjacent fibers. The blue arrows indicate the preliminary signs of entanglement. (iv) Materialization of the double helices.

diameter of 60 nm, showing no helicity (Figures 2c and S10c).
Transmission electron microscopy (TEM) images clearly demon-
strated the non-hollow nature and the helicity of the obtained hel-
ices (Figure S11). To shed light on batch-to-batch reproducibility
and consistency, low-magnification SEM images of three different
batches of L-PDC-TZ COF were acquired (Figure S12). It is ap-
parent that double helices were persistently the major product,
and the formation of such structures was repeatable and not con-
tingent. In addition, SEM images of three different batches of D-
PDC-TZ COF (Figure S13) revealed the formation of double heli-
ces with right-handed helicity, opposite to that of L-PDC-TZ COF.
The dominant presence of left- and right-handed helical structures
from the respective L- and D-PDC-TZ COFs provides strong sup-
port for the general and chiral selective formation of double heli-
ces. Solid-state circular dichroism (CD) spectral measurements
were performed to evaluate the chirality of the three COFs. L-
PDC-TZ COF exhibits a positive Cotton effect at 401 nm (Figure
2d, black line), suggesting that the chirality of the localized chiral
center is transferred to the framework. The CD spectrum of D-
PDC-TZ COF shows a mirror image to that of L-PDC-TZ COF,
indicating the enantiomeric nature of each other. As expected,
Rac-PDC-TZ COF displays no Cotton effect. Although COFs with
diverse morphologies have been reported,'?'6 23 to the best of
our knowledge, L-PDC-TZ COF and D-PDC-TZ COF present the
first examples of chiral COFs with a helical nanofibrous morphol-
ogy.

To shed light onto the formation mechanism of the double heli-
ces, time-dependent morphological studies were performed by
quenching COF reaction mixtures at different time intervals. Tak-
ing L-PDC-TZ COF as an example, SEM images of the product
taken after 0.5 h indicated the formation of small fusiform crystal-
lites (Figure S14a). The minor diffraction peaks at ~4.8° in PXRD
pattern proved the crystalline nature of the crystallites (Figure
S15). The peak appeared at around 400 nm in the CD spectrum
was designated as the characteristic peak of L-PDC-TZ COF (Fig-
ure S16). After 6 h (process | in Figure 3), short rods with rough
and irregular surfaces were observed (Figure S14b). When the

reaction time was prolonged to 12 to 24 h (processes Il and Il in
Figure 3), uniform elongated fibers were observed along with
some preliminary signs of entanglement (Figures S14c and S14d).
In 72 h (process IV in Figure 3), double helices were isolated as
the major product with some remaining unentangled fibers (Figure
S14e). Further increase of the reaction time up to 168 h led to no
obvious changes in SEM (Figure S13f) images, PXRD (Figure
S15) and CD (Figure S16) spectra, indicating the thermodynamic
stability of the helices. Based on above results, the following self-
assembly mechanism for the double-helice formation was pro-
posed (Figure 3). Initially, the fast-forming crystallites agglomer-
ate into rod-like aggregates, as evident by the rough surfaces and
irregular shapes. Subsequently, the condensation of reactive
amines and aldehydes at the interfaces with unreacted precursors
leads to grain boundary fusion, resulting in anisotropic morpho-
logical changes such as the desirable diameter reduction and
length increase.l'¥ The observed enhanced crystallinity supports
this transformation (Figure S15). When the flexible and regular
fibers are long enough, two adjacent fibers begin to twist and en-
tangle to form the helical structures with preferential handedness
that is presumably dictated by the periodically distributed chiral
moieties.?!l Recent study has related similar entanglement to sol-
vophobic effects and inter-fiber interactions.?! This assumption is
also supported by the similarity of diameters for the uniform fibers
and the strands of the helices. Well-defined double helices are
materialized at the final growth stage. It is worth mentioning that
due to the extended length and flexibility of the fibers, the self-
assembled helices inevitably became entangled with each other
and could not be dispersed well (Figure S12). The fibers with high
aspect ratio and flexibility were more favorable in the self-assem-
bly of COF helices than the originating short and thick rods, which
was consistent with the recently reported helical MOF superstruc-
tures.l"®! In the case of Rac-PDC-TZ COF, fiber growth is free of
chiral twist due to the mesomeric effect of the framework, thus no
helical fibers and double helices are formed.

Intriguingly, we found that both the chirality and the helicity of
the chiral COFs could be inversed by adjusting the amount of



AcOH used during the synthesis. When the volume ratio of AcOH
in the solvent mixture of 0-DCB/n-BuOH/6 M AcOH was de-
creased from 1:1:0.2 to 1:1:0.1, the CD spectrum of L-PDC-TZ
COF exhibited a negative Cotton effect (Figure 4a), while the SEM
images showed a right-handed helical fibrous morphology (Figure
S17). Both chirality and helicity were the mirror counterparts of L-
PDC-TZ COF prepared using higher loading of AcOH, indicating
the occurrence of helix inversion. Such an inversion was likewise
confirmed in the case of D-PDC-TZ COF, which also indicates
that while the chirality of the linker doesn’t dictate the helicity, the
CD chirality and the helical morphology of the frameworks are per-
sistently correlated, that is, negative Cotton effect correlates with
right handedness and positive Cotton effect correlates with left
handedness. To further elucidate the phenomenon, time-depend-
ent experiments were conducted. With further extension of reac-
tion time up to 168 h, the CD spectra and morphologies of L-PDC-
TZ COF prepared using 1:1:0.05 o-DCB/n-BuOH/AcOH were
nearly identical to those obtained in 72 h (Figures S17 and S18).
These results supported the thermodynamic stability of both left-
handed and right-handed L-PDC-TZ COF. No evidence of

interconversion between the two, as was often reported in supra-
molecular assemblies.?s! Moreover, diffraction peak positions in
PXRD patterns showed negligible difference for those synthe-
sized at different loading of AcOH (Figure S19), suggesting that
there is no difference in framework periodicity or inter-layer stack-
ing mode.?l We postulate that the AcOH-dependent chirality in-
version is due to the acid-biased diastereoselectivity expressed in
the highly dynamic triazine ring systems. Such acid susceptibility
was verified by following the diastereoselectivity changes during
the formation of L-PDC-BA at different AcOH loadings using 'H
NMR spectroscopy (Scheme S2 and Figure S4). When the vol-
ume ratio of AcOH in DMSO/H20 solution was increased from 0%
to 33%, the ratio of the resultant two diastereomers, determined
by 'H NMR spectroscopy, changed significantly from 1:6.4 to
1:0.9 (Figure S4), indicating inverted chirality of the aminal carbon
under the influence of AcOH. Such acid-dependent chiral selec-
tivity changes may have occurred and amplified throughout the
COF frameworks, and is consistent with the observed helix inver-
sion, as illustrated in Figure 4c.
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Figure 4. (a) CD spectra of L-PDC-TZ COF (solid line) and D-PDC-TZ COF (dashed line) prepared at different volume ratios of AcOH in the solvent mixture of o-
DCB/n-BuOH/6 M AcOH for 72 h: 1:1:0.05 (black), 1:1:0.1 (red), 1:1:0.2 (blue), 1:1:0.3 (green). (b) CPL spectra of L-PDC-TZ COF@CBS (black), D-PDC-TZ
COF@CBS (red), L-PDC-TZ COF (blue) and D-PDC-TZ COF (green) dispersed in water, where COFs were prepared using o-DCB/n-BuOH/6 M AcOH (1:1:0.2),
together with CPL spectra of L-PDC-TZ COF@CBS (black dash), D-PDC-TZ COF@CBS (red dash) dispersed in water, where COFs were prepared using o-DCB/n-
BuOH/6 M AcOH (1:1:0.1). The DC value in the bottom spectrum represents the corresponding fluorescence intensity. (c) Schematics summarizing the tunable

chirality, helicity, and CPL activity of L- and D-PDC-TZ COF@CBS materials.



The intrinsic chirality and unique mesoscopic helical morphol-
ogy of those COFs inspired their use for engineering chiroptical

properties, especially the circularly polarized luminescence (CPL).

While numerous chiral materials have been exploited for CPL
properties, COF-based materials are just on the horizon, with both
of the known examples based on chiral COF nanosheets wherein
mechanical exfoliation may result in a decrease in crystallinity and
porosity.?® Herein, we presented a different strategy, that is, us-
ing helical nanofibrous COFs as the chiral source to induce CPL
activity of achiral, physiosorbed fluorescent molecules, thus obvi-
ating the need of exfoliation and covalent attachment of chromo-
phores (Figure 4c). As shown in Figure 4b and Figure S20, both
the left-handed helical L-PDC-TZ COF and right-handed helical
D-PDC-TZ COF were weakly fluorescent and almost CPL silent,
owing to fluorescence quenching caused by strong -t stacking
between the neighboring COF layers. Anticipating that the pres-
ence of abundant pore channels would allow the intake of chro-
mophores by noncovalent interactions and lead to induced CPL,
disodium 4,4’-bis(2-sulfonatostyry)biphenyl (CBS), a typical fluo-
rescent dye, was therefore used for loading into the chiral helical
COFs. Photoluminescent studies indicated that the addition of
CBS to the L- and D-PDC-TZ COF suspensions gave rise to en-
hanced fluorescent intensities, indicating the strong interactions
between helical COFs and CBS molecules (Figure S20). The
CBS loaded helical COF materials, namely L- and D-PDC-TZ
COF@CBS, were then prepared by immersing L- and D-PDC-TZ
COF into the CBS aqueous solution for 12 h at room temperature.
The obtained chiral helical COF@CBS materials exhibited in-
tense CPL signals (Figure 4b). The left-handed helical L-PDC-TZ
COF@CBS displayed a positive CPL peak at 450 nm, while the
right-handed helical D-PDC-TZ COF@CBS showed a negative
CPL peak at the same wavelength (Figure 4b). Besides, the
peaks at 450 nm in nonpolarized fluorescence spectra of L- and
D-PDC-TZ COF@CBS were consistent with the CPL emission
peaks. The corresponding |gum| luminescent asymmetric factors
were found to be 6.8x10-® and 9.5x103, respectively (Figure S21).
The variation in the CPL intensities and |gum| factors of L- and D-
PDC-TZ COF@CBS may be caused by the CD signal differences
of the two COFs (Figure 2d). These results indicated that the chi-
ral COF double helices could transfer and amplify their helicity to
the achiral fluorescent molecules, consequently emitting strong
CPL signals. Moreover, when the helicity was inverted by adjust-
ing the amount of AcOH used in the reaction, the CPL signals
could also be inverted, which was consistent with the CD and im-
aging results, albeit with reduced CPL intensity (Figure 4b) due to
the decreased crystallinity (Figure S19) and CD intensities (Figure
4a). The corresponding |gum| factors of the right-handed helical L-
PDC-TZ COF@CBS and the left-handed helical D-PDC-TZ
COF@CBS were found to be 1.5x10" and 2.5x1073, respectively
(Figure S21).

Conclusion

We have demonstrated an unprecedented example of double-hel-
ical nanofibrous chiral COFs, produced by a single-step, tem-
plate-free method involving a chiral cyclic aminal linkage. Time-
dependent studies supported the transformation of initial rod-like
COF aggregates into elongated fibers, followed by directional
self-assembly into double helices with single handedness.
Through simply tuning monomer chirality or the amount of acetic
acid during synthesis, the chirality and helicity of the resulting

COF double helices can be altered. Detailed studies on model
reactions have revealed the formation of chiral triazine ring sys-
tems from cyclocondensation and the associated acid-biased di-
astereoselectivity changes, correlating with the observed chirality
inversion in the COF helices. Those helical COF nanostructures
can transfer their mesoscopic helical sense to achiral fluorescent
molecules through physisorption, resulting in amplified circularly
polarized luminescence. This work not only provides new linking
chemistry and fresh insights into the self-assembly mechanism of
chiral helical COFs, but also opens a scalable strategy for the de-
velopment of novel COF-based CPL materials.
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Two chiral COFs with well-defined, one-handed double-helical nanofibrous morphologies are constructed for the first time involving a
chiral aminal linkage. By adjusting the amount of acetic acid during synthesis, the helicity of the resulting COF double helices can be
readily inversed. Circularly polarized luminescence of the COF double helices is achieved via transferring chirality to achiral fluoro-
phores.





