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Crystallization-driven template autocatalysis
induces mirror symmetry breaking and
amplification

Huimin Wu1,2,3, Qingxuan Chen1,2,3, Duan Gao1,2 & Zhen Chen 1

A plausible hypothesis for the origin of biological homochirality invokes chiral
symmetry breaking, transfer, and amplification driven by autocatalysis. Here
we experimentally demonstrate that crystallization-driven template auto-
catalysis (CDTA) induces mirror symmetry breaking and amplification in
helices. CDTA enables the reductive cyclotetramerization of hydrogen-
bondednaphthalonitrile precursors into crystalline fibers of naphthalocyanine
derivatives. In achiral or racemic systems, a kinetically controlled right-handed
helical bias emerges during secondary nucleation and develops into P-helical
dominance as the fibers elongate, achieving mirror symmetry breaking. CDTA
also transfers the single handedness of chiral seeds formed from enantiopure
analogs to achiral naphthalocyanines through template-assisted replication,
resulting in chiral amplification. A key mechanistic step involves the pre-
organization of naphthalonitrile molecules in a counterclockwise direction at
the termini of P-helical fibers via J-type π–π stacking and hydrogen-bonding
interactions for autocatalytic transformation. Thus, once mirror symmetry is
broken, the resulting chiral imbalance is amplified in a self-replicatingmanner.

The emergence of biological homochirality represents one of themost
perplexing mysteries in science, captivating generations of
researchers1,2. In 1953, Frank proposed a model of asymmetric auto-
catalysis, wherein an enantiomeric product acts as a chiral catalyst for
its own asymmetric synthesis3. This conceptual model postulated that
an initialminute enantiomeric excessbreaks chiral symmetry, followed
by enantioenrichment towards homochirality driven by asymmetric
autocatalysis4,5. The first experimental validation of this principle came
in 1995 with the Soai reaction, which demonstrated the stochastic
generation of enantiomerically enriched compounds from achiral
reactants6. This autocatalytic reaction constitutes a spontaneously
symmetry-breaking and chirality-amplifying process capable of
achieving molecular homochirality7–10. Over the past decades, diverse
strategies, including other autocatalytic reactions11–14, templated
polymerization15,16, conglomerate deracemization17–19, and kinetic
control20,21 have been extensively studied to achieve symmetry
breaking and chiral amplification at the molecular level.

Besides, supramolecular homochirality exists in nature as well.
For instance, the double-helix architecture of DNA molecules is
predominantly right-handed22. Molecular self-assembly has seren-
dipitously revealed that some achiral building blocks form chiral
supramolecular structures with enantiomeric imbalance23,24. Early
reports of such anomalous symmetry breaking focused primarily on
liquid crystalline systems25–27. Recent research interest has shifted
toward solution-phase processes for generating supramolecular
chirality from achiral molecules, particularly within asymmetric
environments such as mechanical vortices28–30, external polarized
fields31,32, spiral confinements33, and chiral matrices34,35. However, the
most intriguing scenario involves spontaneous symmetry breaking
without discernible asymmetric influences, where asymmetry origi-
nates solely from statistical fluctuations36–38. In parallel, two key
chemical principles of the majority rule39–41 and sergeants-and-
soldiers (S&S) effect42,43 have been established for amplifying
supramolecular chirality. Both symmetry breaking and chiral
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amplification have thus been rationalized at the supramole-
cular level.

The question of how homochirality emerged within primordial
self-replication events remains profoundly elusive. This is partly
because the chirality of artificial self-replicators induced by the inter-
play of autocatalysis and self-organization has received little
attention44. Otto and coworkers developed enantioselective self-
replicators capable of chirality-amplified growth exclusively from
enantiopure precursors matching their own handedness45. However,
their system did not address the first step of the mirror symmetry
breaking. Recently, Aida and coworkers reported solvent-free auto-
catalytic supramolecular polymerization, enabling high-yielded
synthesis of single-crystalline phthalocyanine derivatives46. Our fur-
ther study identified the trans-amide conformation as playing a key
role in this crystallization-driven template autocatalysis47 (CDTA).

In this study, we extend CDTA to the efficient synthesis of naph-
thalocyanine (NC) analogs using fan-shaped, hydrogen-bonding (H-
bonding) naphthalonitrile (NN) derivatives as precursors (Fig. 1a).
Investigation of the chirality effects on CDTA revealed an unexpected
outcome that achiral or racemic NC products consistently organize
into columnar helices with predominance of right-handed (P-type)
over left-handed (M-type) helicity. However, CDTA using enantiopure
NN precursors exclusively yields single-handed helices formed by the
corresponding NC derivatives (Fig. 1b). A key step involves the NC
templates at the termini of P- or M-helical fibers, which likely pre-
organize incoming NN molecules in a counterclockwise (CCW) or
clockwise (CW) orientation, respectively. This preorganization, medi-
ated by J-type π–π stacking and H-bonding interactions, facilitates
their cyclotetramerization for autocatalytic transformation (Fig. 1b).
Owing to this template-assisted replication mechanism, any helical

bias emerging during nucleation is significantly amplified, ultimately
affording enrichment in defined helicity.

Results
CDTA reactions of NN precursors
Motivated by molecular engineering of CDTA (refs. 46–48), we
designed and synthesized a fan-shaped NNA featuring two amide
groups and peripheral achiral n-butyl ether chains (Fig. 1a). To study
chirality effects, two enantiopure NNR and NNS were prepared as
references by partial substitution with (R)- or (S)−2-methylbutyl ether
chains as chiral centers, respectively (Fig. 1a). All NN precursors were
thoroughly characterized by nuclear magnetic resonance spectro-
scopy (NMR; Supplementary Figs. 1–3) and high-resolution mass
spectrometry (HR-MS; Supplementary Figs. 4 and 5).

Following a well-established CDTA protocol (see Methods), we
subjected the reactionmixtures of NN precursors and 1-dodecanethiol
(DCTH, 25mol%), acting as both an essential proton/electron donor
and a solvent for NC synthesis, to heating at 185 °C for 15 h (Fig. 2a). In
situ opticalmicroscopy (OM) images (Fig. 2b) illustrated that after ~3 h
of heating, numerous yellow-green colored twisted fibers nucleated
abruptly and subsequently underwent rapid growth within 7 h (Sup-
plementary Movie 1). Polarized optical microscopy (POM; Fig. 2c)
confirmed the crystalline nature of the as-formed fibers with distinct
birefringence. Isolation of these crystalline fibers by simply washing
with methanol afforded analytically pure naphthalocyanine NCA

(Supplementary Fig. 6). Further spectroscopic analysis revealed that
the residual NNA precursors were completely dissolved in the wash
solvent, with only trace amounts of side products detectable (Sup-
plementary Fig. 7), demonstrating the high efficiency and selectivity of
the CDTA reaction. We likewise heated enantiopure NNR

Fig. 1 | Schematic of crystallization-driven template autocatalysis (CDTA)
reactions for mirror symmetry breaking and amplification. a CDTA reaction of
naphthalonitrile (NN) precursors into the corresponding naphthalocyanine (NC)
derivatives in the presence of a thiol compound (R’SH). b Schematic of the mirror
symmetry breaking and amplification in columnar helices induced by CDTA. The

target product, if any is formed, nucleates and elongates via noncovalent interac-
tions, affording crystalline helical fibers. The termini of P- or M-helical fibers may
certainly preorganize incoming precursors in a counterclockwise or clockwise
orientation, respectively, and efficiently promote their chemical transformation in
an autocatalytic manner.
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(Supplementary Movie 2) and NNS (Supplementary Movie 3) to yield
crystalline fibers identified spectroscopically as enantiopure NCR and
NCS, respectively (Fig. 2d, e, Supplementary Figs. 8 and 9). Time-
dependent absorbance on the characteristic Q-bands of all NC pro-
ducts displayed pseudo-sigmoidal kinetic profiles with autocatalytic
feature (Fig. 2f).

A systematic study revealed that CDTA using NN precursors is
considerably affected by the reaction temperature. Elevation of the
heating temperature from 175 to 195 °C increasingly produced the
more distorted fibers (Supplementary Figs. 10 and 11). As established
previously46,47, CDTA requires reactive precursors to keep melting
while template products maintain crystalline fibers with columnar
packing. Differential scanning calorimetry (DSC) analysis (Supple-
mentary Fig. 12) of NN precursors and corresponding NC derivatives
confirmed that all NC products exhibit higher melting points and
superior thermal stability compared to their NN precursors (Fig. 2g).

As a consequence, the as-formed crystalline fibers of NC products,
denoted hereafter as [NC]CF, remained structurally intact within the
molten NN matrices, enabling efficient CDTA reaction within an opti-
mal temperaturewindow.Notably, theoverheating-inducedmeltingof
[NC]CF permanently eliminated their fibrous architecture and thermal
history (Supplementary Fig. 12), suggesting that [NC]CF obtained via
CDTA might be in a non-equilibrium stationary state.

Further structural characterization identified that all NCs adopt
nearly identical crystalline packing irrespective of the chirality. As
shown in Fig. 2h, powder X-ray diffraction (PXRD) patterns of the
isolated [NC]CF exhibited intense peaks indexable to a rectangular
columnar lattice in a space group ofC2/m (Supplementary Tables 1–3).
Evaluation of unit cell parameters indicated that each column com-
prises J-aggregated NC stacks with a tilt angle of ~20° (Fig. 2h), con-
sistent with the distinct red-shifted absorption observed in Q-bands
(Supplementary Fig. 6e). Polarized Fourier transform infrared (FT-IR)
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Fig. 2 | Investigation of CDTA reactions. a Schematic illustration of in situ optical
microscopy (OM) observation on CDTA reactions on a hot stage. b Real-time OM
images of the reaction mixture obtained by CDTA of NNA with 1-dodecanethiol
(DCTH) upon heating at 185 °C. Scale bars, 50μm. OM (left) and polarized optical
microscopy (POM, right) images of the reactionmixtures obtainedby CDTAofNNA

(c), NNR (d), and NNS (e) with DCTH after heating at 185 °C for 15 h. White arrows
represent transmission axes of the polarizer (P) and analyzer (A). Scale bars, 50μm.

f, Time-dependent profiles of absorbance (Abs.) at 810 nm of the reactionmixtures
obtained by NNA (green), NNR (red), and NNS (blue) with DCTH upon heating at
185 °C. g Phase-transition diagram of NN precursors and the corresponding NC
products. Cr. and Iso. denoted as crystalline and isotropic phases, respectively.
h PXRDpatterns of as-formed [NCA]

CF (green), [NCR]
CF (blue), and [NCS]

CF (red) after
washing with methanol and schematic illustration of its columnar order with a 2D
rectangular geometry of C2/m.
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spectroscopy corroborated this molecular arrangement, where the
characteristic amide C=O and N–H stretches exhibited maximum
absorbance when the polarized vector was parallel to the fiber axis
(Supplementary Fig. 13). This dichroism implied the long-range align-
ment of H-bonded amide groups along the long axis of a fiber, which
was subsequently supported by theoretical calculations
discussed later.

CDTA-induced mirror symmetry breaking
One aim of this study was to explore the chiral properties of [NC]CF

obtained by CDTA. Although [NCA]
CF is inherently achiral, its suspen-

sion in chloroform displayed a clear positive Cotton effect at 680nm
(Fig. 3a), corresponding to the Q-band adsorption of NCA. Scanning
electron microscopy (SEM; Fig. 3b) revealed the formation of entan-
gled helical fibers with a statistical predominance of P-type over M-
type (Supplementary Movie 4), indicating the occurrence of mirror
symmetry breaking. This unusual phenomenon was reproducibly
observed across different reaction temperatures and time (Supple-
mentary Fig. 14a, b). Note that the molar ratio of NCA to DCTH sig-
nificantly influenced the measured circular dichroism (CD) intensity
(Fig. 3c, Supplementary Fig. 14c). Furthermore, the helical sense of the
as-formed fibers obtained by CDTA became less distinct with the
addition of excess DCTH (Supplementary Figs. 15 and 16). This weak-
ening, coupled with the observed shortening of nucleation period as
the molar fraction of DCTH increased (Fig. 3c and Supplementary
Fig. 17), demonstrates the nucleation as a critical stage to drive mirror
symmetry breaking in an achiral CDTA system.

In fact, this unexpected symmetry-breaking effect is unique to
CDTA. Under thermodynamic control, the NCA crystallites, which
prepared by conventional solution crystallization (SC) in N, N-dime-
thylformamide, adopted an identical C2/m columnar lattice (Supple-
mentary Fig. 18a and Supplementary Table 4) but showed totally silent
CD signal (Fig. 3a). Their non-helical rod-like morphology (Supple-
mentary Fig. 18b) further verified that themirror symmetrybreaking in
helices can only be induced by CDTA under non-equilibrium condi-
tions. This phenomenon extended to a racemic CDTA system. We
heated a mixture of equimolar NNR and NNS to yield the [NCrac]

CF

(Supplementary Fig. 19), whose CD spectrum similarly showed a
positive Cotton effect at 680nm (Fig. 3a), with P-helical excess as
quantified by SEM (Supplementary Movie 5). While the observed CD
activity is largely intrinsic, it should be noted that linear dichroism
potentially contributes to introduce superimposed artifacts (Supple-
mentary Fig. 20), which distort the measured CD profiles away from a
common multimodal shape49,50.

We pointed out that the mirror symmetry breaking in achiral
CDTA can be modulated by external asymmetric sources, such as
chiral dopants and circularly polarized light (CPL). Preliminary studies
revealed that CDTA reactions using anNNA precursor (75mol%) in the
presence of DCTH (12.5mol%) and (R/S)-terpinen-4-ol (12.5mol%)
produced twisted yet thinner [NCA]

CF (Supplementary Fig. 21). The
introduction of (R)-terpinen-4-ol dopant into an achiral CDTA system
gave rise to an enhanced positive Cotton effect at 680nm (Fig. 3d),
whereas a (S)-terpinen-4-ol dopant instead inverted the CD signal,
yielding a negative chiroptical response (Fig. 3d). SEM images (Fig. 3e)

b

Wavelength (nm)

P > M[NCA]CF via CDTA 

d e

c

f

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

C
D

 (
m

de
g)

[NCA]CF via CDTA with R-dopant

[NCA]CF via CDTA with S-dopant

CDTA with R-dopant

R-dopant

CDTA with S-dopant

P > M P < M

0

20

40

60

80

100

P
er

ce
nt

ag
e 

(%
)

S-dopant

P-type M-type

0

10

20

30

40

[NNA]/[DCTH]

0

2

4

0 1 2 3 4 5

6

8

N
uc

le
at

io
n 

tim
e 

(h
)

C
D

 a
t 6

80
 n

m
 (

m
de

g)

p = 0.002

p = 0.002

a

300 400 500 600 700 800

0

20

40

C
D

 (
m

de
g)

[NCA]CF via CDTA 

[NCrac]CF via CDTA

NCA via SC

Fig. 3 | Investigation of mirror symmetry breaking induced by CDTA. a Circular
dichroism (CD) spectra of the suspensions in chloroform of the isolated [NCA]

CF

(green) and [NCrac]
CF (purple) obtained by CDTA, together with NCA crystallites

(orange) obtained by solution crystallization (SC). b False color SEM images of the
washed [NCA]

CF. P- andM-helical fibers are colored with red and blue, respectively.
Scale bar, 5μm. c Plots of CD intensity at 680nm and nucleation time against the
molar ratio of NNA to DCTH ([NNA]/[DCTH]). d CD spectra of the suspensions in

chloroform of the isolated [NCA]
CF obtained by CDTA with (R)-terpinen-4-ol (R-

dopant, red) or (S)-terpinen-4-ol (S-dopant, blue). e False color SEM images of the
washed [NCA]

CF obtainedbyCDTAwithR-dopant (left) orS-dopant (right).P- andM-
helical fibers are colored with red and blue, respectively. Scale bars, 10μm.
f Percentages of P-(red) andM-(blue) helical fibers obtained byCDTAofNNAwithR-
dopant (left) or S-dopant (right). The error bars represent the mean ± s.d. of three
replicates. p values were calculated by the two-tailed t-test.

Article https://doi.org/10.1038/s41467-026-70105-y

Nature Communications |         (2026) 17:3277 4

www.nature.com/naturecommunications


showed that CDTA carried out in the asymmetric matrices selectively
produces helicalfiberswithP- orM-helicity (Fig. 3f). Similarly, the right-
handed CPL, when applied during CDTA in the nucleation phase, sig-
nificantly enhanced the CD intensity of the resulting [NCA]

CF compared
with that formed in non-irradiated regions, while the left-handed CPL
produced the opposite CD signal (Supplementary Fig. 22). We con-
firmed that the screw direction of these helices is determined by the
handedness of these external asymmetric sources mediated by enan-
tiophobic interactions51,52.

CDTA-induced mirror amplification
Given the stereogenic centers in their side chains, we also examined
the supramolecular chirality of enantiopure NC products obtained by
CDTA. As expected, the [NCR]

CF and [NCS]
CF suspensions displayed

perfect mirror-image CD spectra, showing positive and negative Cot-
ton effects, respectively (Fig. 4a). SEM analysis confirmed the forma-
tion of single-handed helices, wherein NCR assembled into exclusively
right-handed P-type helical columns while NCS formed left-handedM-
type ones (Fig. 4b). It is worth mentioning that the CDTA-derived NCs
showmore intense chiroptical response and helical sense than their SC
counterparts (Fig. 4a, Supplementary Fig. 23), indicating that CDTA
enhances supramolecular chirality in enantiopure assemblies.

To unravel the mirror-amplification mechanism in CDTA, we
performed the majority-rule experiments upon heating the mixtures
of NNR and NNS precursors with varying enantiomeric excess (ee) at
185 °C for 12 h.Mirror-imageCD spectra (Supplementary Fig. 24) of the
resulting [NC]CF revealed a linear correlation between the ee and net
helicity, as quantified by normalized CD intensity at 680 nm (Fig. 4c).

The P/M-helical fibers coexisted across ee values (Supplementary
Fig. 25) due to chiral self-sorting or supramolecular deracemization.
The absence of nonlinear amplification conclusively rules out a
majority-rule effect in CDTA-driven chiral amplification.

To gain insights into the induction of single-handed helicity in
CDTA, we in situ monitored solid-state CD spectra by heating enan-
tiopure NN precursors at 185 °C on glass plates (Supplementary
Fig. 26). As shown in Fig. 4d, the CD intensity of [NCR]

CF slowly rose in
the nucleation stage, followed by rapid amplification with fiber elon-
gation, while unexpectedly, [NCS]

CF exhibited a delay in this critical
transition. This temporal correlation indicated that crystalline nuclei
may serve as chiral templates to propagate supramolecular helicity53,54.
As one supporting observation for the above hypothesis, when the
isolated [NCR]

CF or [NCS]
CF seeds were added to molten NNA, newly

formed NCA fibers grew epitaxially from both termini of these chiral
seeds without a nucleation lag (Supplementary Fig. 27). Likewise, CD
kinetics showed immediate signal amplification due to the lack of
incubation (Fig. 4d). SEM confirmed the heterofibers inherited the
helicity from seeds (Fig. 4e). These results revealed that CDTA can
transfer and amplify supramolecular chirality from the enantiopure
seeds to an achiral system.

With seed-induced chirality transfer in mind, we performed S&S
experiments via seeding-induced CDTA (see method), where [NCR]

CF

or [NCS]
CF seeds (sergeants) with varying molar fractions were heated

in the molten NNA (soldier) at 185 °C. We found that a small sergeant
fraction (<10mol%) yielded strong Cotton effects in the CD spectra of
the soldier (Supplementary Fig. 28a, b). By contrast, no amplification
was achieved in control experiments without CDTA feature

Fig. 4 | Investigation of mirror amplification induced by CDTA. a CD spectra of
the suspensions in chloroformof the isolated [NCR]

CF (dark red), [NCS]
CF (dark blue)

obtained via CDTA, together with the NCR (light red) and NCS (light blue) crystal-
lites obtained via SC. b False color SEM images of an isolated fiber of [NCR]

CF (left)
and [NCS]

CF (right). P- and M-helical fibers are colored with red and blue, respec-
tively. Scale bars, 5μm. c Plot of net helicity against the eeofNNR andNNSmixtures
with linear fit (R >0.99). d Time-dependent CD spectral change profiles at 680 nm
of the reactionmixtures obtainedbypureNNR (dark red), pureNNS (dark blue), and

NNA premixed with [NCR]
CF (light red) and [NCS]

CF (light blue) as chiral seeds,
sandwiched with glass plates upon heating at 185 °C. e False color SEM images of
heterofibers obtainedby seed-inducedCDTAofNNAusing [NCR]

CF (left) and [NCS]
CF

(right) as chiral seeds. P- and M-helical fibers are colored with red and blue,
respectively. Scale bars, 5μm. f Plot of net helicity against the %-molar fraction of
[NCR]

CF (red) and [NCS]
CF (blue) chiral seeds in a hot melt of NNA with the corre-

sponding fits (R >0.99).
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(Supplementary Fig. 28c, d). In fact, the net helicity exceeded 0.92
upon merely adding ~6mol% sergeant, showing exceptional S&S
amplification (Fig. 4f). Fitting these data to a cooperative chain
model55,56 (Supplementary Note 1) derived two key thermodynamic
parameters, the helix reversal penalty (HRP) and themismatch penalty
(MMP). We observed asymmetry in HRP values (15.9 kJmol–1 vs.
13.3 kJmol–1) for these two sergeant enantiomers (Fig. 4f). Never-
theless, their MMPs were comparable though subject to higher fitting
uncertainty due to the extensive variation observed in the graph for
this mismatch penalty (Supplementary Fig. 29).

Theoretical calculations
Computational studies based on the semiempirical GFN2-xTB
method57 were carried out on decameric columnar models of NC
derivatives to elucidate their helix origins. Geometry optimization of
these supramolecular columns revealed distinct molecular packing
parameters (Fig. 5). In the homochiral columns, NCR exhibits inter-
molecular distances of ~3.3 Å with a tilt angle of ~22° (Fig. 5a), whereas
NCS shows closer π–π stacking (~3.1 Å) due to a greater tilting angle of
~35° (Fig. 5b). Similarly, their amide groups twist ~30° from the NC
plane to form H-bonds with ranging from 1.9 to 2.2 Å (Supplementary
Fig. 30a, b). Notably, NCR and NCS preferentially adopt CCW and CW
stacking orientations, with average rotation angles of +5.5° and –5.3°,
respectively (Fig. 5a, b and Supplementary Fig. 31), resulting in well-
defined helical structures. This intrinsic helicity originates from J-type
π-stacking, which is reinforced by H-bond-assisted molecular stag-
gering together with steric repulsion from chiral side chains. Despite
the lack of chiral centers in the side chains, achiral decameric columns
still adopt helical configurations via J-typeπ–π stacking andH-bonding
interactions (Fig. 5c, d and Supplementary Fig. 30c, d). Yet the opti-
mized helical sense in achiralNCA is relatively weak, exhibiting smaller
rotation angles of either +2.4° or –1.2° (Fig. 5c, d and Supplementary
Fig. 31). To validate the driving role ofH-bonding interactions in helical
structures, we further extended the computational modeling to

supramolecular columns composed of twenty monomers, including
NC cores (Supplementary Fig. 32a, b) and amide-functionalized NC
derivatives without side chains (Supplementary Fig. 32c, d). These
simulations revealed that J-aggregation into helical architectures
surely requires persistent long-range H-bonding networks formed by
amide groups. Furthermore, a theoretical possibility of P–M helical
inversion is identified (Supplementary Fig. 32c, d), providing a
mechanistic basis for themirror-symmetry perturbation during CDTA.

Discussion
We experimentally demonstrate that CDTA induces mirror symmetry
breaking and chiral amplification in columnar helices. Unlike supra-
molecular chiral systems under thermodynamic equilibrium24,25, this
work describes an autocatalytic reaction in which achiral or racemic
precursors transform into helically organized products under non-
equilibrium conditions. Here, we are curious about two fundamental
issues: (1) how the mirror symmetry breaking originates in racemic or
even achiral CDTA systems, (2) how the supramolecular chirality is
transferred and propagated within the resulting highly ordered helical
architecture.

Regarding to the second issue, we propose a plausible hypothesis
based on a template-assisted replication mechanism. As illustrated in
Fig. 1b, the closely packed helical columns comprise a J-type π-stack of
NC molecules. At their cross-sectional edges, NN molecules may be
preorganized in either a CCW or CW orientation via π–π stacking and
H-bonding interactions. This preorganization enables efficient auto-
catalytic cyclotetramerization into NC products. Subsequently, new
NNmolecules are preorganizedon thenewly formededges, facilitating
directional chirality transfer. Repetition of these steps elongates [NC]CF

with specific handedness, ultimately yielding supramolecular chirality.
Given that the non-fibrous regions of the reaction mixture remain
colorless (Fig. 2b–e), newly formed NC likely remains attached to the
fiber ends. We hypothesize that any initial helical bias introduced
during nucleation is efficiently propagated and amplified into a

Fig. 5 | Simulations of supramolecular columns formed by NCs. Top (upper) and side (bottom) views on the optimized geometries of supramolecular helical columns
with decamer stacks of NCR (a), NCS (b) and NCA (c, d) molecules based on GFN2-xTB method. The branched side chains of all NC molecules are omitted for clarity.
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dominant handedness during fiber elongation. The as-formed helical
nuclei are stabilized by being trapped in a crystalline state under non-
equilibrium conditions, where molecular diffusion is restricted. Con-
sequently, the columnar lattices can act as templates for chirality
propagation.

Returning to the first question, our findings unveil the mechan-
istic role of kinetics during the nucleation stage preceding helical fiber
growth. In achiral CDTA systems with tunable amounts of DCTH, CD
signals remain barely detectable when a large number of non-helical
primary nuclei emerge abruptly (Supplementary Fig. 33 and Supple-
mentary Table 5). This outcome clearly indicates thatmirror symmetry
breaking is primarily governed by kinetic control over the nucleation
process. We envisage that a helical imbalance develops only after
primary nuclei form. Mirror symmetry is therefore broken once CDTA
subsequently amplifies thismirror bias that emerges during secondary
nucleation.

A final question is why the observed symmetry breaking prefers P-
helical nucleation. In principle, P- and M-helices should be thermo-
dynamically and kinetically equivalent24,58,59. Unexpectedly, the
observed asynchrony in the kinetic profiles of enantiopure NC pro-
ducts (Figs. 2f and 4d) defies existing theoretical frameworks. Given
the essential role of DCTH in CDTA, especially during nucleation, we
speculate, based on the following evidence, that a potential asym-
metric source is present in the DCTH additive. First, CDTA using NNA

precursor in the absence of DCTH yielded only non-helical, straight
fibers with no chiroptical response (Supplementary Fig. 34), analog to
the NCA crystallites obtained via the SC protocol (Fig. 3a). Second,
when the SC protocol was carried out with DCTH, the resulting NCA

crystallites exhibiteddistinct helical sense, yet still lacking a chiroptical
signature (Supplementary Fig. 35). Third, kinetic analysis using an
autocatalytic model (Supplementary Note 2) reveals that under
homochiral conditions for producing enantiopure NCR and NCS, P-
helical nuclei form earlier and faster than their M-type counterparts
(Supplementary Fig. 36a, b). This kinetic difference may be attributed
to the favorable influence of a potential R-chiral substance on P-helix
formation (Supplementary Fig. 36c, d). We therefore reason that the
commercial DCTH should contain a trace amount of certain R-chiral
“impurity” (Supplementary Fig. 37), which possibly serves as the origin
of the chiral asymmetry60.

Asymmetric autocatalysis has long been theorized as a driver for
molecular homochirality. In this work, we establish an experimental
paradigm in which CDTA achieves mirror symmetry breaking and
chiral amplification at the supramolecular level. By means of
nucleation–elongation self-assembly under non-equilibrium condi-
tions, CDTA kinetically controls a right-handed bias in helical fibers
during secondary nucleation in an achiral or racemic system, which
rapidly develops into dominant P-helicity via template-assisted repli-
cation. Through transfer of chiral seed handedness, CDTA significantly
amplifies supramolecular chirality in achiral products based on the
sergeants-and-soldiers principle. Furthermore, CDTA-induced mirror
symmetry breaking and amplification can be modulated by external
asymmetric perturbation. Considering its applicability to other π-
conjugated macrocyclic systems, CDTA not only offers a pathway for
imparting chirality to crystalline materials from achiral components
but also provides unique insights into the origin of universal
homochirality.

Methods
Chemicals and materials
Unless otherwise noted, reagents were used as received from Alfa
Aesar [potassium thioacetate, N-hydroxysuccinimide (NHS) and 1,8-
diazabicyclo (5.4.0) undec-7-ene (DBU)], Bide Pharmatech Ltd. [1-bro-
mobutane, (R)-1-bromo-2-methylbutane and (S)-1-iodo-2-methylbu-
tane],Meryer [(R)-terpinen-4-ol and (S)-terpinen-4-ol], TokyoChemical
Industry [2,3-dibromo-6,7-dicyanonephthalene] and Adamas [N, N-

dicyclohexylcarbodiimide (DCC), trifluoroacetic acid (TFA), triethyla-
mine (Et3N), 1-dodecanethiol (DCTH), anhydrous potassium carbonate
(K2CO3), methyl 3,4,5-trihydroxybenzoate and 2-bromoethylamine
hydrobromide]. Other anhydrous solvents for synthesis were used as
received from Macklin, such as tetrahydrofuran (THF), N, N-dime-
thylformamide (DMF), methanol (MeOH), methylecyclohexane
(MCH), dichloromethane (CH2Cl2) and chloroform (CHCl3). Potassium
bromide (KBr) plates (5.0 × 5.0mm2) were purchased from JACSO. The
details of synthetic procedures and characterization data for NN pre-
cursors are provided in Supplementary Methods.

Characterization
1H and 13C{1H} NMR spectra were recorded on a Bruker AVANCE NMR
spectrometer, operating at 600MHz and 151MHz, respectively, where
chemical shifts (in ppm) were determined with respect to tetra-
methylsilane as an internal reference. High-resolution electrospray
ionization (HR-ESI) mass spectra were recorded by a Thermo Scientific
exactive benchtop LC/MS Orbitrap mass spectrometer. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry was performed with an Applied Biosystems MDS SCIEX
4800 Plus MALDI-TOF/TOF analyzer using trans-2-[3-(4-tert-Butyl-
phenyl)-2-methyl-2-propenylidene] malono-nitrile (DCTB) as the
matrix. FT-IR spectrawere recorded at 25 °C by a JASCOFT/IR-4100FT-
IR spectrometer equippedwith attenuated total reflection (PRO450-S).
Polarized FT-IR spectra were recorded at 25 °C using a JASCO FT/IR-
4100 FT-IR spectrometer connected to an Irtron IRT-5000microscope
unit. All samples were cast on a KBr plate for measurement within the
tested window of 50× 50μm2. Electronic absorption spectra and time-
dependent UV–vis spectra obtained by detection at a fixedwavelength
were recorded with a JASCO V-760 UV–vis spectrophotometer with an
INSTEC HCS402 hot stage, on which a hot melt of NN precursors was
sandwiched between two identical glass plates (18 × 18mm2). CD was
performedwith a Chirascan spectrometer (Applied Photophysics, UK).
The solution-state spectra were recorded in the continuous mode
between 850 and 250 nm, with a wavelength increment of 1 nm, a
response time of 0.5 s, and a bandwidth of 1 nm. The quartz cuvettes
(10mm) with screw caps were used. Samples (0.25 g L−1) were sus-
pended in chloroform. LD spectra weremeasured with a JASCO J-1500
spectropolarimeter with a LD attachment. DSC was performed with a
Mettler–Toledo DSC star system, where temperature and enthalpy
were calibrated with In (430K, 3.3 Jmol−1) and Zn (692.7 K, 12 Jmol−1)
standard samples using sealed Al pans. The heating and cooling scan
rate was 10 °C min−1. DSC profiles were analyzed using the
Mettler–Toledo star software system. OM and POM were performed
with an OLYMPUS BX53M polarizing optical microscope equipped
with a high-definition camera. PXRD measurements were performed
with a Rigaku SmartLab powder X-ray diffractometer equipped with a
3 kWCu anode (Cu-Kα radiation, λ = 1.541 Å). SEMwasperformed using
a Hitachi SU8010 field emission scanning electron microscope oper-
ated with an accelerating electron beam voltage of 5 kV. Laser with a
wavelength of 680nm was generated from a supercontinuum laser
source (Wuhan Yangtze Soton Laser Co., Ltd, 430‒2400nm) filtered
by an acousto-optic tunable filter (Wuhan Yangtze Soton Laser Co.,
Ltd, 400‒2000 nm). The linear polarizer and the quarter-wave plate
were used to convert the incident beam to CPL with an intensity of
~0.06mWcm−2.

CDTA synthesis of naphthalocyanines
A powdery sample of NN precursors (0.5mg) premixed with DCTH
additive was sandwiched between two identical glass plates
(18 × 18mm2). Unless otherwise noted, themole ratio of NNprecursors
to DCTH is 3:1. Upon heating to its isotropic state, a hot melt of NN
precursors fully wetted between glass plates and kept at 185 °C for
24 h. After being cooled to 25 °C, the reaction mixtures were washed
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with MeOH (5mL) to remove unreacted monomer and side products.
Accordingly, the crystalline fibers of NC products were obtained.

NCA:
1H NMR (600MHz, d5-pyridine with zinc acetate) δ (ppm) =

10.11 (s, 8H, NC-H), 9.37 (s, 8H, NHCO), 8.88 (s, 8H, NC-H), 7.84 (s, 16H,
Ph-H), 4.59 (d, J = 4.8Hz, 16H, CH2NH), 4.28–3.88 (m, 64H, PhSCH2 and
Ph-OCH2), 1.66 (dp, J = 35.8, 6.8 Hz, 48H, CH2), 1.37 (hept, J = 6.7, 6.3 Hz,
48H, CH2), 0.82 (dt, J = 26.3, 7.4Hz, 72H, CH3).

13C NMR (151MHz, d5-
pyridine with zinc acetate) δ (ppm) = 177.75 (NC), 168.08 (NHCO),
153.26 (PhO), 152.89 (PhO), 141.02 (PhS), 132.28 (PhCO), 129.89 (NC),
120.60 (Ph), 106.40 (Ph), 72.76 (PhOCH2), 68.55 (PhOCH2), 40.43
(CH2NH), 33.43 (PhSCH2) 32.41 (CH2), 31.43 (CH2), 29.76 (CH2), 22.57
(CH2), 19.25 (CH2), 19.20 (CH2), 13.73 (CH3), 13.66 (CH3).MALDI-TOFMS
(m/z): [M +H]+ calcd. for C216H291N16O32S8, 3880.25; found: 3880.94.
[M + Na]+ calcd. for C216H290N16O32S8Na, 3902.25; found: 3902.01.

NCR:
1H NMR (600MHz, d5-pyridine with zinc acetate) δ (ppm) =

10.15 (s, 8H, NC-H), 9.36 (s, 8H, NHCO), 8.86 (d, J = 17.8Hz, 8H, NC-H),
7.85 (d, J = 8.6Hz, 16H, Ph-H), 4.60 (d, J = 31.5Hz, 16H, CH2NH),
4.29–3.58 (m, 64H, PhSCH2 and Ph-OCH2), 1.90–1.58 (m, 40H, CH2),
1.45–1.13 (m, 48H, CH2), 1.08–0.64 (m, 96H, CH3).

13CNMR (151MHz, d5-
pyridine with zinc (II) acetate) δ (ppm) = 178.22 (NC), 168.06 (NHCO),
153.36 (PhO), 153.28 (PhO), 141.01 (PhS), 132.21 (PhCO), 129.85
(NC),106.48 (Ph), 106.32 (Ph), 73.53 (PhOCH2), 72.82 (PhOCH2), 68.56
(PhOCH2), 40.35 (CH2NH), 34.87 (CH2CHCH3), 33.40 (PhSCH2), 32.45
(CH2), 31.44 (CH2), 26.04 (CH2), 22.71 (CH2), 19.26 (CH2), 19.24 (CH2),
16.42 (CH3), 13.76 (CH3), 13.67 (CH3), 11.20 (CH3). MALDI-TOFMS (m/z):
[M +H]+ calcd. for C224H307N16O32S8, 3992.08; found: 3992.47. [M +
Na]+ calcd. for C224H306N16O32S8Na, 4014.47; found: 4014.03.

NCS:
1H NMR (600MHz, d5-pyridine with zinc acetate) δ (ppm) =

10.14 (s, 8H, NC-H), 9.36 (s, 8H, NHCO), 8.85 (s, 8H, NC-H), 7.85 (d,
J = 10.3Hz, 16H, Ph-H), 4.60 (d, J = 32.7Hz, 16H, CH2NH), 4.30–3.69 (m,
64H, PhSCH2 and Ph-OCH2), 1.92–1.58 (m, 40H, CH2), 1.44–1.08 (m,
48H, CH2), 1.03–0.70 (m, 96H, CH3).

13C NMR (151MHz, d5-pyridine
with zinc (II) acetate) δ (ppm) = 177.95 (NC), 168.06 (NHCO), 153.36
(PhO), 153.28 (PhO), 141.01 (PhS), 132.19 (PhCO), 129.85 (NC), 106.48
(Ph), 106.32 (Ph), 73.53 (PhOCH2), 72.82 (PhOCH2), 68.56 (PhOCH2),
40.43 (CH2NH), 34.87 (CH2CHCH3), 33.44 (PhSCH2), 32.45 (CH2), 31.44
(CH2), 26.04 (CH2), 22.64 (CH2), 19.26 (CH2), 19.24 (CH2), 16.42 (CH3),
13.76 (CH3), 13.67 (CH3), 11.20 (CH3). MALDI-TOF MS (m/z): [M +H]+

calcd. for C224H307N16O32S8, 3992.08; found: 3992.47. [M + Na]+ calcd.
for C224H306N16O32S8Na, 4014.47; found: 4014.03.

Solution crystallization of naphthalocyanines
A powdery sample of NC (5mg) products was added into DMF (30mL)
or the mixed solvent of DMF (30mL) and DCTH (1μL). After com-
pletely dissolving NCs upon heating in a sealed tube, the resulting
solution was slowly cooled to room temperature. The yellow-green
colored crystallites of NC were obtained for overnight.

Time-dependent spectroscopic measurements
Apowdery sample (0.5mg) of NNprecursors premixedwithDCTH (1/3
equiv.) was prepared. For seed-induced chirality transfer experiments,
a small amount (4mol%) of chiral [NC]CF seeds was added into the
above mixtures prior to heating. Then, upon heating to the isotropic
state, a hot melt of the reaction mixture was fully wetted between two
glass plates andwas kept at 185 °C,whichwere placedperpendicular to
the light path of the spectrometers. The glass plates were rotated
within the plane to eliminate the birefringence and the possible angle
dependence of the CD signal. The solid-state CD and UV–vis spectra
were recorded at different time.

CPL modulation on CDTA reaction
Apowdery sample (0.5mg) ofNNAprecursors premixedwithDCTH (1/
3 equiv.) was sandwiched between two glass plates (18 × 18mm2), and
the resulting reaction mixture was heated at 185 °C for 1 h. The glass
substrate was then placed perpendicular to the light path and

irradiated with left-handed or right-handed CPL at 680 nm for 2 h. The
distance from the lamp to the glass plates was set at 5 cm. The setup
was maintained in a darkened environment to prevent interference
from external light. After cooling to 25 °C, the CPL-irradiated reaction
mixtures sandwiched with glass plates were directly subjected for
solid-state CD measurements and optical microscopy.

Sergeant-and-soldiers experiments
Typically, active crystalline seeds of chiralNCR orNCS as sergeant were
prepared by chopping the as-formed [NCR]

CF or [NCS]
CF in methanol.

To the resulting solution was added NNA precursor as soldier in dif-
ferent molar ratios and DCTH (1/3 equiv.), and then was cast onto a
glass plate and air-dried at 25 °C. Another glass plate was covered and
then heated at 185 °C for 12 h. After cooling to 25 °C, the reaction
mixtures sandwiched with glass plates were directly subjected for
solid-state CD measurements.

Theoretical calculations
To study atomic-level details, all supramolecular columns were opti-
mized using the semiempirical GFN2-Xtb method57 using the xtb
software61 (version 6.7.1) and visualized using Visual Molecule
Dynamics software62. GFN2-Xtb incorporates anisotropic electrostatic
interactions through cumulative atomicmultipolemoments and a self-
consistent D4dispersionmodel63,64. Thismethodprovides an excellent
balance between computational cost and accuracy and is particularly
suitable for investigating large molecular systems such as decameric
columnarmodels of NCderivatives to elucidate their helical origins. As
for the initial models of homochiral supramolecular columns, neither
molecular tilting nor rotation was preset for restriction. As for the
initial models of achiral supramolecular columns, however, the mole-
cular rotation in ±2° is preset for restriction. The rotation angle is
defined as a dihedral angle between two planes of NC cores rotating
about a central axis along out-of-the-plane direction, wherein the
rotation angle in a CCW direction is positive (+) while that in a CW
direction should be negative (−). As for the 20-mer-consisted supra-
molecular columns, having an interlayer distance of 3.5 Å, the inter-
molecular distance is preset for 4.5 Å without predefined rotational
restriction. The specific configuration of hydrogen bonds is a key
factor that determines the helical structures. Therefore, we defined
and calculated the bond lengths and bond angles of the hydrogen
bonds, where the bond angle is defined as the angle between the N‒H
and C=O connections, and the bond length is defined as the distance
between H and O. The tilt angle is defined as a dihedral angle between
the plane of NC cores and the xy-plane. The interplanar distance is
defined as the distance between the parallel planes of adjacent
NC cores.

Data availability
The experimental data supporting the findings of this study are avail-
able within the Article and its Supplementary information files. The
computational data generated in this study have been deposited in the
GitHub database under accession code [https://git@github.com/
ChenQxuan/2026-2.git]. All data are available from the corresponding
author upon request. Source data are provided with this paper.
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