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ABSTRACT: Polymorphism, a phenomenon whereby disparate self-assembled products can be formed from identical molecules, 

has incited significant intrigue in the field of supramolecular polymers. Conventionally, the monomers that constitute supramo-

lecular polymers are engineered to facilitate one-dimensional aggregation, and consequently, their polymorphism surfaces pri-

marily when the states of assembly differ significantly. This engenders polymorphs of divergent dimensionalities, such as one-

dimensional and two-dimensional aggregates. Notwithstanding, realizing supramolecular polymer polymorphism wherein pol-

ymorphs maintain one-dimensional aggregation persists as a daunting challenge. In this work, we expound upon the manifes-

tation of two supramolecular polymer polymorphs formed from a large discotic supramolecular monomer (rosette), which con-

sists of six hydrogen-bonded molecules with an extended π-conjugated core. These polymorphs are generated in mixtures of 

chloroform and methylcyclohexane, attributable to distinctly different disc stacking arrangements. These arrangements can be 

classified as H-type and J-type stacking predicated on their distinctive photophysical properties. The H-type stacking, delineated 

by minimal rosette displacement, results in a twisted helix structure. Conversely, the J-type stacking, characterized by significant 

rosette displacement, induces inherent curvature in the supramolecular fiber, thereby culminating in a hollow helical coil (hel-

icoid). While both polymorphs exhibit bistability in nonpolar solvent compositions, the H-type stacking attains stability purely 

in a kinetic sense within a polar solvent composition and undergoes conversion into the J-type stacking through a dislocation of 

stacked rosettes. This occurs without the dissociation and nucleation of monomers, leading to an unprecedented helicoidal fold-

ing of supramolecular polymers. The direct helicoidal folding of supramolecular polymer fibers enables the transformation of 

extraordinarily long twisted helices into helicoids over the mesoscopic regime. Concurrently, distinct cohesive behaviors man-

ifest in conjunction with the structural conversion observed within these extended supramolecular polymer materials. Our find-

ings not only augment our understanding of supramolecular polymer polymorphism, but they also highlight a distinctive 

method for achieving helicoidal folding in supramolecular polymers. 

The self-assembly of discotic molecules with extended π-

conjugated systems, primarily facilitated by π−π interactions, 

represents a significant and appealing feature in the explor-

ing of novel functional molecules.1–6 Notably, the stacking ar-

rangements of π-conjugated molecules, such as H-type or J-

type, profoundly influence their photophysical and elec-

tronic properties via the electronic coupling of the π-conju-

gated systems.7–10 In addition, these stacking arrangements 

considerably impact their material properties as exhibited in 

solution or bulk states, including gel formation11,12 and mes-

omorphism.13,14  

In recent years, mesoscopic one-dimensional aggregation 

of π-conjugated molecules in the solution phase, accom-

plished through thoughtful molecular design concentrated 

on solute-solute and solute-solvent interaction,15 has elicited 

much interest as novel polymer materials, referred to as su-

pramolecular polymers.16–19 Unlike conventional supramo-

lecular polymers founded on multiple hydrogen bonds or 

host-guest interactions,20,21 those predicated on π-conju-

gated molecules can propagate the conformational order of 

rigid building blocks via stacking along their main chains, re-

sulting in the formation of one-dimensional fibers with supe-

rior internal order.18,22 Consequently, their self-assembly 

process presents an analogy to the formation of crystals, 

with the monomers initially surmounting a high energy bar-

rier to form a template (nucleus) for a highly ordered assem-

bly17,23. This self-assembly process proceeds via a coopera-

tive mechanism comprised of nucleation and elongation pro-

cesses. The resulting long-range structural ordering along 

the main chain of the supramolecular polymer allows the 

emergence of functionality-related structural properties 

such as helicity.24–30 

The investigation of supramolecular polymers composed 

of π-conjugated molecules is indeed intriguing; however, 

their practical implementation necessitates the discovery of 

new properties that can only be realized with this material. 

Of late, supramolecular polymorphs and the conversion be-

tween polymorphs31–40 have garnered specific significance 

as they are deeply intertwined with the physical and adap-

tive properties of supramolecular polymers and the kinetic 

aspect of supramolecular polymerization.41–43 Unlike crystal-

line compounds, monomers that form supramolecular poly-

mers have been designed to continuously interact with other 

molecules one-dimensionally. Consequently, the assembly 

states distinct from the originally designed states can exist 

bistably only when the conformations of the monomer differ 

significantly. This result in entirely different supramolecular 

packing structures, which would lead to a combination of as-

sembly states with distinctly different dimensionalities and 

morphologies such as supramolecular polymers (1D) and 

sheets (2D)32,34,44 or spheres (0D)37,45. Therefore, one-di-

mensional supramolecular polymorphs of clearly different 

structures and their conversions are indeed very rare.33,46–48  

We anticipate that the manifestation of such supramolecu-

lar polymer polymorphs with an A→B polymorphic conver-

sion, particularly those occurring in meso-to-macroscopic 

region, would bestow upon the supramolecular polymer new 

stimuli-responsive properties. For this purpose, the A→B 

polymorphic conversion must occur via a direct conforma-

tional alteration of monomer molecules for a polymer chain 
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with sufficient length in the mesoscopic scale. Otherwise, the 

release of the monomer from the polymorph A and subse-

quent nucleation to form the polymorph B would result in a 

reduction of the polymer chain length. 

In this study, we demonstrate that a supramolecular poly-

mer polymorphism and a polymorphic conversion in the 

mesoscopic regime can be accomplished in the form of two 

markedly different helical structures, i.e., twisted helices and 

helical coils, by employing a large, star-shaped π-conjugated 

building block (Figure 1). The star-shaped building block, 

known as a rosette (hexameric supermacrocycle), is formed 

by hydrogen bonding of extended π-conjugated molecules 

with barbituric acid.49,50  The rosette we use in this study has 

six π-conjugated arms that are more extended than those of 

similar molecules we have previously developed.51,52 Its po-

tent aggregation capability is evidenced by supramolecular 

polymerization even in good solvents such as chloroform. 

Notably, we observed the formation of metastable twisted 

helices in chloroform, which subsequently transitioned to 

helical coils within a span of a few hours. By utilizing a non-

polar co-solvent such as methylcyclohexane (MCH) that en-

hances intermolecular interactions, the supramolecular pol-

ymers were able to extend to the mesoscale, and the confor-

mational transition was decelerated to the order of days. 

AFM tracing of the progression of this structural conversion 

revealed that it occurred directly through main chain folding, 

without monomer dissociation and reassembly. In solvent 

systems that were richer in MCH, these fibrous polymorphs 

could be prepared as bistable states. This enabled small an-

gle X-ray scattering (SAXS) and spectroscopic measurements, 

and the ensuing structural information, in conjunction with 

a molecular modeling simulation, indicated that the disloca-

tion of the rosette from H-type (small offset) to J-type (large 

offset) was responsible for this polymorph conversion. 

 

RESULTS 

Aggregation in Chloroform: Formation of Two Supra-

molecular Polymer Polymorphs. π-Conjugated molecule 1 

equipped with barbituric acid at one terminus and an ali-

phatic wedge53 at the other (Figure 1a) was designed in this 

study. The molecular design builds upon the previously re-

ported 2,6-diphenylnaphthalene monomer 251,52 (Figure 

S1a) known to form helically folded supramolecular poly-

mers as a consequence of an intrinsic curvature generated 

through a unique stacking of rosettes with translational and 

rotational displacements.54,55 Given that the intrinsic curva-

ture was not produced when the central naphthalene core 

was replaced with anthracene to enhance the π−π interac-

tion,56 an attempt was made to introduce a stilbene moiety 

as the central core in the current study. Moreover, by substi-

tuting one of the phenyl groups with a naphthyl group to fur-

ther expand of the π-conjugated system, we obtained the 

structure of 1. Compound 1 was synthesized following the 

procedure delineated in the Supporting Information and was 

subsequently recrystallized from ethanol. Density functional 

theory (DFT) calculations revealed that 1 possesses a mod-

erately high dipole moment of 7.5 D (see the Supporting In-

formation), which is greater than that of 2 (5.9 D). This at-

tribute may be responsible for the polymorphism of this 

compound. 

A robust intermolecular interaction among 16 rosettes pos-

sessing six π-extended arms was demonstrated through 

their aggregation in chloroform (CHCl3), commonly used as a 

"good solvent" for the dissolution of molecules with large π-

conjugated systems.57 The as-crystallized solid of 1 was in-

soluble in chloroform at room temperature due to the for-

mation of nanostructures organized in a lamellar fashion 

(Figure S2). This indicates the formation of a polymorph 

grounded in a tapelike hydrogen-bonded pattern of the bar-

bituric acid unit.40,52,58–60 The crystalline solid could be dis-

solved in chloroform (total concentration of monomer, ct = 

300 µM) by heating just above the boiling point of chloro-

form (61.2 °C). During the subsequent cooling to 20 °C at a 

rate of 1 °C/min, a hypsochromic shift of the absorption max-

imum of 1 from 424 nm to 406 nm was observed in UV/vis 

measurements (Figure 2a, black dashed line to blue solid 

line), yielding a homogeneous solution. 

Upon spin-coating the aforementioned solution onto a 

highly oriented pyrolytic graphite (HOPG) substrate, atomic 

force microscopy (AFM) revealed a substantial population of 

helically twisted fibers alongside toroidal structures (Figure 

2b, S3a). Due to their simple helical architecture, these fibers 

will henceforth be denoted as Hx (helix). This observation 

underscores the strong aggregation propensity of 1, given 

 

Figure 1. (a) Molecular structure of 1. (b) Chemical structure of the barbituric acid rosette and a molecular modelled rosette 

of 1. (c) Schematic representation of supramolecular polymerization of 1 and its polymorphic transition from twisted helix 

(Hx) to helical coil (Hc). 
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that a previous compound 2, known to form curved supra-

molecular polymers in aliphatic solvents51,52 presented a 

preponderance of ill-defined structures with minor amounts 

of toroids under the same AFM experiment utilizing a chlo-

roform solution (Figure S1b). When the solution of 1 was 

maintained at 20 °C, time-dependent bathochromic and hy-

perchromic shifts of the absorption spectrum were detected 

over a span of hours (Figure 2a). Remarkably, AFM analysis 

after 90 min unveiled that most Hx had been converted into 

helically folded fibers while toroids remained unaffected 

(Figure 2c, S3b). Due to their distinct helical structures with 

helical surface, these folded fibers will hereafter be referred 

to as Hc (helicoid). The generation of toroids is a common 

occurrence in our curved supramolecular polymer systems, 

and can be rationalized as a kinetic trapping of stable ring-

closed products in the preliminary stages of supramolecular 

polymerization.54,55,61 Only the polymeric species that could 

escape from such a kinetic trap have the opportunity to fur-

ther elongate, yielding helically folded supramolecular poly-

mers as thermodynamic products.54,55 These results suggest 

that the direct formation of Hc from monomeric 1 is impos-

sible, and its formation is preceded by the kinetic formation 

of Hx. 

 

Figure 2. (a) Temperature and time-dependent absorption 

spectra of 1 in CHCl3 (ct = 300 µM) upon cooling and subse-

quent aging for 360 min. (b,c) AFM image of the supramolec-

ular polymers of 1 (b) formed immediately after cooling the 

CHCl3 solution (ct = 300 µM) and (c) formed upon aging the 

solution for 90 min. The samples were prepared by spin-

coating the solutions on HOPG. Larger-scale AFM images are 

shown in Figure S3. (d) DLS profiles of equilibrated CHCl3 so-

lutions of 1 at ct = 50 (black bars) and 500 µM (pink bars). 

(e) UV/vis absorption spectra of 1 in CHCl3 at ct = 40 and 500 

µM. (f) Fraction of aggregated molecules (αagg) estimated 

from the absorption changes as a function of Kct upon dilut-

ing a ct = 500 µM solution including Hc and toroids. Red solid 

and black dashed curves represent simulated curves accord-

ing to cooperative (σ = 0.01) and isodesmic models, respec-

tively. 

As the aforementioned observations demonstrate that Hc 

is the thermodynamic product, we proceeded to assess its 

thermodynamic stability via concentration-dependent study. 

Upon diluting a thermodynamically equilibrated ct = 500 µM 

CHCl3 solution containing Hc and toroids to 50 µM, the aver-

age hydrodynamic diameter (Dh) in dynamic light scattering 

(DLS) measurements diminished from 53.6 nm to approxi-

mately 2 nm (Figure 2d), suggesting the dissociation of as-

semblies into the monomeric state. This dilution-induced 

dissociation was also discernible in UV/vis measurements, 

wherein absorption shoulders around λ = 373 and 488 nm, 

associated with electronic interaction between π-conjugated 

chromophores, disappeared at ct = 40 µM (Figure 2e). When 

the degree of aggregation (αagg) estimated from the absorp-

tion spectral change was plotted against Kct (K being an equi-

librium constant), a non-sigmoidal aggregate-to-monomer 

transition was observed, with the critical concentration ap-

proximating ct = 40 µM (Figure 2f). This finding confirms 

that 1 undergoes supramolecular polymerization via the nu-

cleation-elongation mechanism. The transition curve could 

be fitted with the cooperative Knucleation/Kelongation model62,63  

by setting the cooperative factor σ (= Knucleation/Kelongation) to 

0.01 and Kelongation to 12500 M−1, thereby enabling the estima-

tion of Knucleation as 125 M−1. The σ and K values are congruent 

with those of melamine-cyanurate rosette that bears three 

strongly-aggregating perylene bisimide dyes in chloro-

form.64 

Folding of Metastable Twisted Helices into Helicoid. 

Although the Hx→Hc polymorph conversion in CHCl3 pro-

ceeded too rapidly to allow us a detailed study and further 

comparison of the physical properties of Hx and Hc, we dis-

covered that employing nonpolar methylcyclohexane (MCH) 

as a co-solvent enhances the stability of Hx and decelerate 

the polymorph conversion to span over several days. This al-

lowed us to discern the distinct physical properties of the su-

pramolecular polymers, and furthermore, observe a direct 

helix-helicoidal transition without monomer release and nu-

cleation.  

Considering that the original crystalline solid of tapelike 

hydrogen-bonded 1 could not be directly dissolved when 

30% of CHCl3 was substituted with MCH (i.e., 70:30 

CHCl3/MCH mixture), we prepared a film by evaporating an 

equilibrated chloroform solution (ct = 500 µM) containing Hc 

and toroids. This supramolecular polymer film was easily 

dissolved in 70:30 CHCl3/MCH mixture (ct = 50 µM) by heat-

ing to 100 °C in a 1.0-cm path-length quartz cuvette. Upon 

cooling the heated solution to 25 °C at 1 °C/min without stir-

ring, we observed the adhesion of film-like materials to the 

inner walls of the cuvette. AFM indicated that the solution 

phase contained only Hx (Figure S4). Analogous to the cool-

ing in a CHCl3 solution, a hypsochromic shift of the absorp-

tion maximum of 1 from 416 nm to 389 nm was observed, 

attributable to the formation of Hx. Despite the substantial 

fraction of CHCl3 (70%) in the solvent mixture, the absorp-

tion spectrum of the solution remained unchanged (Figure 

S5), and no Hx→Hc polymorph conversion was confirmed 

by AFM upon leaving this heterogeneous sample undis-

turbed for one week. It is noteworthy that the emission color 

of the solution phase also remained constant (Figure 3a→b). 

However, the Hx→Hc polymorph conversion proceeded 

when the film formation was prevented by macroscopic agi-

tation (vide infra). We surmise that the Hx in the solution 

phase is most likely in an adsorption equilibrium with the 

adsorbed Hx on the cuvette surface, thus making them re-

sistant to the polymorph conversion into Hc (Figure 3c). 

To characterize the aforementioned film adhered to the cu-

vette wall, the solution phase was decanted from the cuvette 

(Figure 3b→c). This unveiled the adsorption of thin films 
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faintly emitting in yellow throughout the inner walls of the 

cuvette (Figure 3c). The films displayed pronounced bire-

fringence in polarized optical microscopic (POM) observa-

tion (Figure S6a), and AFM revealed the formation of aniso-

tropically aligned Hx (Figure 3g). These observations com-

pellingly suggest that the formation of Hx proceeds in an in-

homogeneous manner, i.e., they are engendered through het-

erogeneous nucleation on a quartz surface, and furthermore, 

their nucleation might be catalyzed by themselves (second-

ary nucleation). This hypothesis was corroborated by varia-

ble temperature absorption measurements of 1 (ct = 20 µM) 

during cooling with and without stirring (Figure S7). With 

stirring, spontaneous nucleation of Hx was evident from an 

abrupt onset of aggregation at 41 °C, which was accompanied 

by no film formation. Without stirring, in contrast, spontane-

ous nucleation evidently became more reluctant, as no such 

abrupt increase in the degree of aggregation was observed. 

 

Figure 3. Photographs of (a,b,d,e) supramolecular polymer 

solutions, (c) films of Hx, and (f) precipitated Hc of 1 in 1.0-

cm pathlength quartz cuvettes under 395 nm UV light. The 

starting sample (a) was prepared by cooling a ct = 50 µM so-

lution of 1 in CHCl3/MCH = 70:30 mixture from 100 °C to 25 

°C. For (c), a schematic illustration of the adsorption equilib-

rium between Hx in the solution phase and the adsorbed Hx 

on the cuvette surface is shown. (g) AFM image of the film 

adhered onto an inner wall of the quartz cuvette of the sam-

ple (c). The film was peeled from the cuvette by suspending 

using pure MCH. (h) AFM image of the precipitates of the 

sample (f). (i) Time-dependent changes of the absorption 

spectra during transition from the samples (d) to (e). Inset: 

time-dependent changes of ε at 480 nm when the sample (d) 

was aged as is (green dots, ct= 50 µM) or aged after half-dilu-

tion (red dots, ct= 25 µM). (j) Time-dependent change of the 

fluorescence spectra during transition from the samples (d) 

to (e). Excitation wavelength is 402 nm, an isosbestic point 

of the spectral change shown in (i). 

The adhered Hx after cooling was readily dispersed by me-

chanical agitation (Figure 3a→d), and the resulting 

dispersion gradually transitioned to emit in yellow upon 

standing for 36 h at 25 °C (Figure 3d→e). Time-dependent 

absorption measurements demonstrated a significant shift 

of the absorption peak from 390 nm to 422 nm over 36 h 

(Figure 3i), denoting the Hx→Hc polymorph conversion. In 

fluorescence measurements, a 2–3 fold increase of emission 

intensity in visible region was recorded, with a slight red-

shift of emission maximum from 593 to 598 nm (Figure 3j). 

Upon further allowing the solution to stand for over a week 

at room temperature, fluffy precipitates were confirmed by 

naked-eye observation (Figure 3e→f). By AFM the precipi-

tates were identified as highly entangled Hc (Figure 3h). In 

contrast to the Hx film, the Hc precipitates did not exhibit bi-

refringence when observed by POM (Figure S6b), which re-

flects the isotropic agglomeration of highly folded Hc. The 

contrasting phase-separation behaviors of Hx and Hc under-

score their distinct hierarchical organization properties as 

well as formation processes. 

 

Figure 4. (a) Concentration-dependent absorption spectra 

of 1 showing the dissociation of Hx to monomers upon dilut-

ing a CHCl3/MCH = 70:30 solution. Hx was obtained by cool-

ing a solution of 1 (ct= 50 µM) from 100 to 20 °C at a rate of 

1 °C/min. This dilution experiment was performed at 20 °C 

(5 °C lower than 25 °C at which the conversion proceeds) for 

150 min, during which transition from Hx to Hc was negligi-

ble (vide infra). (b) Concentration-dependent absorption 

spectra of 1 showing the dissociation of Hc to a mixture with 

monomer upon diluting another CHCl3/MCH = 70:30 solu-

tion obtained by aging a Hx solution (ct= 50 µM). (c,d) Plot of 

αagg estimated from the absorption changes at 425 nm for (c) 

and at 500 nm for (d) as a function of ct upon dilution. 

Through the utilization of an extended conversion time 

achieved by the incorporation of MCH, we conducted concen-

tration-dependent UV/vis measurements in a 70:30 

CHCl3/MCH mixture with the intention to compare the ther-

modynamic stability of Hx and Hc. In the case of Hx, we ob-

served the growth of an absorption band at 425 nm upon di-

lution, indicating a progression towards monomerization 

(Figure 4a). This spectral change reached a plateau when the 

Hx solution was diluted approximately to ct = 10 µM, imply-

ing a complete monomerization. Because it was not feasible 

to prepare a high concentration solution containing only Hx 

in this solution condition (the reason for this limitation will 

be elaborated in the subsequent section), the degree of ag-

gregation (αagg) of Hx was estimated by fitting the transition 

curve with the cooperative Knucleation/Kelongation model62,63 (σ = 

0.001 and Kelongation =88000 M−1, Knucleation = 88 M−1, Figure S8). 

For the Hc solution, more moderate absorption spectral 
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alterations were observed upon dilution (Figure 4b). This is 

partly because the absorption spectrum of Hc closely 

resembles to that of the monomer under this CHCl3-rich 

condition, but also due to the fact that Hc did not dissociate 

completely into the monomeric state even upon dilution to ct 

= 10 µM. A plot of αagg, estimated from these absorption 

spectral changes versus ct, revealed that the concentration at 

which half of the assembly was monomerized (ct at αagg = 0.5) 

was found at ct = 22.5 µM for Hx whereas ct = 7 µM for Hc 

(Figure 4c,d). This provides a clear illustration of the 

superior thermodynamic stability of Hc over Hx. 

Notably, when the Hx→Hc conversion experiment in the 

70:30 CHCl3/MCH mixture was conducted after a half 

dilution of the initial Hx solution (ct = 50 to 25 µM), no 

substantial difference in their kinetics was observed and the 

transition proceeded exponentially, aligning with first-order 

reaction kinetics with nearly identical kinetic constants (k = 

0.073 and 0.069 h-1 at ct = 50 and 25µM, respectively, inset in 

Figure 3i). Although this dilution decreases the degree of 

aggregation (αagg) in Hx from 0.80 to 0.58 (see Figure 4c), the 

resulting free monomers do not form Hc even though αagg in 

Hc at ct = 25µM is 0.96 (see Figure 4d). This concentration-

independent kinetics accordingly suggests a direct 

conversion of Hx to Hc without monomer dissociation and 

reassembly.46,65,66 

Time-dependent AFM measurements during the Hx→Hc 

polymorph conversion (Figures 3d→3e) distinctly verified 

that the direct structural transition from the twisted to the 

helically folded morphologies of the supramolecular 

polymer chains. Figure 5 showcases AFM images captured 

after 7-h duration from the maturing Hx solution at 25 °C. All 

of the images, inclusive of those presented in Figures S9 and 

S10, unambiguously delineate the connection of the two 

supramolecular polymer polymorphs, forming chimeric 

block structures. This was substantiated by AFM height 

analysis at the junction point, which demonstrated abrupt 

alterations in fiber heights (Figure 5a, inset). As far as could 

be ascertained, all the chimeric structures encompass either 

 

Figure 5. (a–e) AFM images of block fibers observed during the Hx→Hc polymorph transition. White arrows indicate where 

the transition from Hx begins. Inset in (a) is height analysis for a junction point. (f) An example of Hc-Hx-Hc triblock struc-

ture. The pink and blue linear (for Hx) and helical (for Hc) arrows indicate the M- and P-helices, respectively. 
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an Hc–Hx–Hc triblock (Figure 5f, S10a) or Hx–Hc diblock 

structures. The absence of Hx–Hc–Hx triblock structures or 

multiblock structures, wherein a Hc block is sandwiched 

between Hx blocks, suggest that the structural conversion is 

solely initiated from the Hx termini, at which one rosette 

facet is solvated, thereby facilitating the rearrangement of 

molecular conformations. This is further corroborated by the 

acceleration of the overall polymorph conversion kinetics for 

a mechanically fragmented Hx solution. The original Hx 

fibers, present within the Figure 3d solution, exceeded 

lengths of 25 µm (Figure S11), and exhibited no polymorph 

conversion according to AFM (Figure S12a→c) and UV/vis 

(Figure S12e) measurements at 20 °C (5 °C lower than 25 °C 

at which the conversion proceeds). Upon the ultrasonication 

(40 kHz) of the Hx solution for 1 min, the majority of Hx 

fibers were fragmented to lengths of less than 500 nm 

(Figure S12b). Upon aging the fragmented sample for 1 day 

at 20 °C, the conversion of 25 mol% of total molecules from 

Hx to Hc was observed according to AFM (Figure S12b→d) 

and UV/vis (Figure S12f) measurements. 

In summation, it is apparent that Hc is not directly 

accessible from the molecularly dissolved state, and the 

kinetic formation of Hx invariably precedes its formation. 

Owing to a large supramolecular π-conjugated system, 16 

rosettes kinetically aggregate without satisfying the optimal 

stacking structure required to induce curvature.  

Influence of Residual Assemblies. In the preceding 

section, the initial pure Hx solution was prepared by 

dissolving the film of Hc and toroid in a 70:30 CHCl3/MCH 

mixture by heating to 100 °C (hereafter defined as Tmax), and 

subsequently polymerizing the resulting monomers through 

cooling. If the solution at Tmax consists solely of monomeric 

species, the nucleation process toward Hx emerges as the 

exclusive feasible pathway. However, should a miniscule 

amount of Hc with polymer termini survive at Tmax, two 

potential assembly pathways would be presented for the 

monomers; the nucleation of Hx and the elongation of the 

existing Hc-seed. In this section, we illustrate an example 

wherein the residual assemblies could lead to intricate 

outcomes on products contingent on the polymerization 

conditions, employing the current polymorphic system. 67–70 

The first example of a condition wherein Hc survives at 

elevated temperatures is when the solvent system 

encompasses a significant quantity of MCH, which promotes 

polymerization. Upon dissolving the film of Hc and toroids 

(ct = 50 µM) in CHCl3/MCH = 50:50 and 30:70 mixtures 

through ultrasonication and heating to Tmax of 100 °C, 

homogeneous solutions were achieved, analogous to the 

case of the CHCl3/MCH = 70:30 mixture (Figure 6a). On 

cooling these solutions to 20 °C at a rate of 1 °C/min, both Hx 

and Hc were observable by AFM (Figure 6c,d). The higher the 

MCH fraction, the fewer Hx and the more Hc were observed. 

Given that low polar solvents render supramolecular 

polymerization more irreversible, increasing MCH should 

yield kinetic products (Hx in this study).71 The contrary 

trend observed thus serves as the first indication of the 

influence of Hc remaining at Tmax. Indeed, Hc and toroids 

were observable when spin-coating the CHCl3/MCH = 50:50 

solution at 100 °C, but not even trace aggregates were 

discernible when spin-coating a CHCl3/MCH = 70:30 solution 

at 60°C (Figure S13). 

Another condition that influences the quantity of Hc 

surviving at Tmax is total concentration of monomers (ct). The 

effect of ct on the reversibility of supramolecular 

polymerization would postulate that reducing ct (thus 

augmenting the degree of reversibility) would yield more of 

the thermodynamic product (Hc). As demonstrated in Figure 

6e–g, however, an increase in the yield of Hx was observed 

when ct was decreased from 200 to 20 µM for solutions in 

CHCl3/MCH = 50:50 at Tmax = 100 °C. The observation that 

the thermodynamic product, Hc, is obtained at higher ct 

suggests that these outcomes cannot be elucidated solely by 

the kinetic and thermodynamic considerations of 

supramolecular polymerization. 

 

Figure 6. (a) Schematic illustration for the sample 

preparation method of supramolecular polymers of 1 in 

CHCl3/MCH mixtures, starting from a CHCl3 solution (ct = 500 

µM). (b–d) AFM images of assemblies upon changing ratio of 

CHCl3 and MCH (ct = 50 µM; Tmax = 100 °C). (e–g) AFM images 

of assemblies upon changing ct for CHCl3/MCH = 50:50 

solutions (Tmax = 100 °C). (h–j) AFM images of assemblies 

upon changing Tmax for CHCl3/MCH = 50:50 solutions (ct = 20 

µM). All AFM images shown in (b–j) correspond to 

absorption spectra shown in Figure S14(b–j). 

To procure a more compelling result that manifests the 

influence of the surviving Hc at Tmax on the pathway 

complexity to Hx and Hc, we employed a lower Tmax to vary 

the quantity of surviving Hc for the CHCl3/MCH =50:50 

solution at ct = 20 µM, from which Hx was exclusively 

obtained when Tmax = 100 °C (Figure 6h). By reducing Tmax to 

60 °C, at which point Hc is predominantly dissociated into 

monomers while the toroids remain intact (Figure S15), we 

obtained a mixture of Hx and toroids (Figure 6i). With a 

considerably lower Tmax, for instance 45 °C, at which 

approximately 53% of Hc was dissociated to yield monomers 

while the toroids survived (Figure S15), we obtained Hc and 

toroids, with Hx scarcely detected (Figure 6j).  

The dependencies of the distribution ratio of monomers to 

Hx and Hc, contingent on the solvent composition, total 

concentration of monomers (ct) and maximum temperature 

(Tmax), can be organized into three categories—conditions A 

through C—as depicted in Figure 7a. Our experimental 

design, illustrated in Figure 6a, entailed the preparation of a 

film from the CHCl3 solution (with ct = 500 µM), containing 

Hc and toroids. This was subsequently dissolved in 

CHCl3/MCH mixtures via heating to Tmax. Consequently, these 
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solutions, which ostensibly appear monomeric, may contain 

varying amounts of residual Hc depending on the prevailing 

conditions.  

Figure 7. (a) Schematic illustration to show how Hc and 

toroids in the film state cause complex outcome on the 

products through heating (to Tmax) and cooling procedures 

under different conditions A–C. (b) A scatter plot of αagg at 

Tmax, an indicator of the amount of survived assemblies at 

Tmax, and the resulting Hx/Hc ratio at 20 °C after cooling at a 

rate of 1 °C/min for solutions of 1 under various conditions. 

The shapes of the markers represent the variable 

parameters: squares represent the results upon changing 

CHCl3/MCH ratio (corresponding to Figures 6b-d), crosses 

represent the results upon changing ct of 1 (corresponding 

to Figures 6e-g), and circles represent the results upon 

changing Tmax (corresponding to Figures 6h-j). Colors of 

arrows and marks are qualitative indicators for the survived 

Hc (richer in orange, poorer in green) and the resulting 

assemblies (orange and green represents richer in Hc and Hx, 

respectively). 

Lowering ct, increasing chloroform content, or applying 

higher Tmax engenders a fully monomeric state at Tmax. From 

such a state, only Hx could be obtained (Figure 6b,e,h and 

condition A in Figure 7a). Conversely, increasing ct, 

diminishing chloroform content, or implementing lower Tmax 

could increase the amount of residual Hc at Tmax. Under these 

conditions, the elongation of Hc from the surviving species 

occurs upon cooling, resulting in Hc becoming the dominant 

product (Figure 6d,g,j and condition C in Figure 7a). When 

the amounts of the monomer and the surviving Hc are 

antagonistic at Tmax, the nucleation of monomers leading to 

Hx and elongation from the surviving Hc compete. 

Consequently, all types of assemblies (Hx, Hc and toroid) 

could be obtained through cooling (Figure 6c,f,i and 

condition B in Figure 7a). Based on this understanding, we 

estimated the degree of aggregated molecules (αagg) at Tmax 

and the resulting Hx/Hc ratio after cooling through 

absorption measurements under various conditions (Figure 

S14, for details, see the Supporting Information). As Figure 

7b demonstrates, there is a clear correlation between αagg at 

Tmax and the Hx/Hc ratio when the solvent composition, ct 

and Tmax are varied. 

It is of further note that the Hc products obtained under 

condition C in Figure 7a did not precipitate, contrasting with 

the Hc products obtained via the Hx→Hc polymorph 

conversion under condition A. At the identical concentration 

of ct = 50 µM, the former Hc, elongated from the surviving Hc, 

have lengths of approximately 3 µm (Figure 6d), while the 

latter Hc, formed via Hx, reach 10 µm before precipitation 

(Figure S16). Moreover, the former was contaminated with 

toroids (Figure 6d), whereas the latter was devoid of such 

contamination (Figure S16).  

These findings underscore the significance of 

supramolecular polymerization protocols related to the 

monomeric state wield substantial impact on the properties 

of the final supramolecular products. These results 

exemplify the importance of meticulously assessing the 

status of "seemingly monomeric" solutions of compounds 

exhibiting supramolecular polymorphs, depending on 

concentration, solvent, and initiation temperature. It is 

pertinent to acknowledge that the distribution of self-

assembled products may not solely be determined by the 

pathway complexity imposed by kinetic barriers toward 

distinct supramolecular polymorphic states. 

Photophysical and Structural Properties. Following the 

successful establishment of protocols for acquiring pure Hx 

and Hc, we directed our investigation towards the 

photophysical properties exhibited by these supramolecular 

polymer polymorphs. To juxtapose their absorption and 

fluorescence spectra under identical conditions, we 

prepared pure Hx and Hc solutions in 10:90 CHCl3/MCH 

mixture at ct = 10 µM by diluting appropriate solutions with 

MCH. As shown in Figure 8a, distinct absorption and 

fluorescence signatures were recorded for Hx and Hc. When 

compared to the absorption spectrum of the monomeric 

state, acquired at 100 °C post dilution of these solutions to ct 

= 1.5 µM, the absorption spectrum of Hx exhibited a 

hypsochromic and hypochromic shift. Furthermore, the 

emission intensity of Hx proven to be inferior to that of the 

monomeric state, with its quantum yield (Φf) measured as 

0.02 in the solution state. Conversely, the absorption 

spectrum of Hc displayed a bathochromic shift relative to 

that of the monomer, accompanying by a newfound 

absorption shoulder at 480 nm. In addition to this 

observation, Hc demonstrated enhanced fluorescence, 

registering Φf of 0.12. These highly contrasting aggregation-

induced changes in the photophysical properties signify that 

the rosettes within Hx and Hc conform a face-to-face (H-

type) and offset (J-type) stacking arrangements,7–10 

respectively. Moreover FT-IR measurements corroborated 

that Hx and Hc possess the identical hydrogen-bonded 

pattern of barbituric acid moieties (Figure S17). Thus, it is 

postulated that the supramolecular polymer polymorphism 

is solely attributable to the unique stacking arrangements of 

the rosettes. 

Since the starkly disparate photophysical properties of Hx 

and Hc are indicative of pronounced differences in their 

structures, a comparison of the structural properties of Hx 

and Hc was conducted in solution by means of SAXS. Owing 
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to known issues pertaining to X-ray absorption by 

chloroform, the solvent mixtures utilized for the preparation 

of Hx and Hc were substituted with pure MCH (for sample 

preparation, see the Supporting Information). AFM analysis 

revealed that this change in solvent had no discernible effect 

on the morphologies of the assemblies (Figure S18). The 

SAXS profile of Hx does not exhibit the nonperiodic 

oscillatory feature that is characteristic of our curved 

supramolecular polymers72,73 and is consistent with the 

linearly extended fibrous morphology (Figure 8b, green 

curve). The scattering data of Hx fits well to a model 

representing a cylinder with an elliptical cross-section 

(Figure 8c).74 Details of all SAXS data fitting are given in the 

Supporting Information.75 The ellipsoidal cross-section of Hx 

corroborates a tilted stacking arrangement of 16 rosettes 

within the assembly. In solution, the longer diameter of 

ellipsoid was estimated to measure approximately 9 ± 1 nm 

(Table 1). Given that the SAXS signal is predominantly 

derived from the aromatic and barbituric acid sections of the 

16 rosettes, and not the outer alkyl chains, it is plausible to 

infer that the longer diameter of Hx is calculated slightly 

smaller than the dimensions of the entire rosette, as 

estimated by molecular modelling (around 10 nm; Figure 

1b). Conversely, the SAXS profile of Hc displays a distinct 

scattering profile marked by nonperiodic oscillatory feature 

at Q = 0.1–1 nm-1, which arise from the intrinsic curvature of 

supramolecular polymer chains (Figure 8b, orange curve).73 

The profile fitted well to a model representing a hollow 

cylinder,73 finding 35 ± 2 nm for the center-to-center 

diameter (Table 1, Figure 8c).  

Structural details, unattainable through the utilization of 

SAXS, were acquired by means of both AFM and transmission 

electron microscopy (TEM) imaging. These imaging were 

performed on samples that had been transferred to 

appropriate substrates using a solution processing. While 

acknowledging the potential for deformation of these 

delicate structures due to the solution process, the 

conjunctive application of AFM and TEM nonetheless 

contributes invaluable supportive data to the SAXS findings 

(Table 1). 

Regarding the AFM images of Hx, an alternation of bright 

and dark areas along the fiber axis implies the existence of a 

twisted helical structure (Figure 8d). Upon orthogonal height 

analysis of the fiber axis, these alternating regions present 

 

Figure 8. (a) Absorption and fluorescence spectra (λex = 420 nm) of Hx (green) and Hc (orange) at 20 °C, and monomeric 1 

(gray) at 100 °C in CHCl3/MCH = 10:90. ct = 10 µM for Hx and Hc, and 1.5 µM for the monomer. For Hx, ct = 50 µM solution 

in CHCl3/MCH = 70:30 was cooled from 100 to 20 °C at the rate of 1 °C/min. For Hc, ct = 20 µM solution in CHCl3/MCH = 

20:80 was cooled from 100 to 20 °C at the rate of 1 °C/min. Both assembly solutions were then diluted with MCH to afford ct 

= 10 µM solutions in CHCl3/MCH = 10:90. (b) SAXS profiles of Hx (green) and Hc (orange). ct = 100 µM in MCH. The black 

lines are fits to the data using a model representing a cylinder with an elliptical cross-section for Hx, a model representing a 

hollow cylinder for Hc, respectively. (c) Cartoon image of Hx and Hc reproduced by stacking a disc with the diameter of 10 

nm and the thickness of 0.2 nm assuming 16 rosette. The center-to-center diameter of Hc are consistent with those from 

SAXS. (d) Magnified AFM image of Hx. (e) Magnified AFM image of Hc. (f) The height analysis orthogonal to the fiber axis of 

Hx shown in panel (d) between green dots and light-green dots. (g) The height analysis parallel to the fiber axis of Hx shown 

in panel (d) between sky-blue dots. (h) The height analysis orthogonal to the helicoid axis of Hc shown in panel (e) between 

orange dots. (i) Transmission electron microscope (TEM) image of Hx, Hc and toroids of 1. In case the helical structure of 

the Hc is tightly packed, it cannot be distinguished and appears like a band in the TEM image, as indicated with the inset AFM 

image. (j) Intensity profile of the selected areas in the TEM image for Hx (green square in i) and Hc (orange square in i). (k) 

Cartoon image of Hx and Hc on the substrate. (l) Magnified TEM image of Hx used to estimate the width. (m,n) Magnified 

TEM images of Hc used to estimate the outer diameter. 
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with heights of approximately 5.0 nm and 3.2 nm, 

respectively (Figure 8f). Height analysis along the fiber axis 

of Hx revealed the presence of periodic helix pitch of 

approximately 17 nm (Figure 8g). Furthermore, the 

distinctive features of both left-handed (M) and right-handed 

(P) helicities were prominently discernible (Figure 5, 

S19a,b). Such an ellipsoidal structure with a periodic pitch 

might result from the sequential stacking of slightly tilted 

rosettes following a helical trajectory.  

Table 1. Structural parameter of Hx and Hc derived from 

SAXS, AFM and TEM measurement. 

 SAXS AFM TEM 

Hx    
height of main chain  5.0 nmb) 

3.2 nmc) 

 

width of main chain 
9 ± 1 nma) 

12.4 nmb) 

15.6 nmc) 
7.9 nm 

helical pitch  17 nm  

Hc    
height of main chain  3.3 nm  
width of main chain  11.5 nm  
fiber center-to-fiber 

center diameter 
35 ± 2 nm 33.0 nm 

 

outer diameter  46.0 nm 45.7 nm 
a) longer diameter of ellipsoid. b) higher segment, c) lower 

segment in Figure 8(d). 

Conversely, the AFM height analysis orthogonal to the 

helicoid axis of Hc (Figure 8e) showed a height profile of 

alternating high (5.5 nm) and low (3.3 nm) elevations, 

corresponding to a flattened helicoid (Figure 8h). This 

flattening process appears to take place without altering the 

curvature, as evidenced by the fiber center-to-fiber center 

diameter of Hc, as visualized by AFM (33 nm), being in 

substantial alignment with the diameter estimated from the 

SAXS analysis (35 nm). Thus, the supramolecular polymer 

main chain of Hc is believed to consist of flat tapelike fibers 

with thickness of 3 nm, suggesting a pronounced tilting of 

rosettes. The helical handedness of Hc, however, is not 

invariably evident in the AFM images, but to the extent 

determinable, the formation of both and P- and M-helicoids 

has been observed (Figure 5, S19c). It is of importance to 

note that the helical handedness is not consistently 

maintained during the Hx→Hc polymorph transition. Both 

M-helix to M-helicoid (Figure 5e) and M-helix to P-helicoid 

(Figure 5d) conversion have been observed. 

TEM imaging of Hx and Hc, coupled with image contrast 

analysis, contributes complementary structural information 

to that obtained via AFM. The image contrast of Hx is higher 

than that of Hc (Figure 8i,j), proposing a greater density of 

molecules per unit area within Hx on the supporting film in 

comparison to Hc. This may reflect the more vertical 

orientation of the π-plane of the 16 rosettes within the Hx 

fiber relative to those within the Hc fiber, potentially due to 

the flattening of the helicoidal structure of Hc (Figure 8k). 

The visible width of the Hx fiber within the TEM images is 

approximately 7.9 nm (Figure 8l), which is shorter than that 

measured by AFM (12.4 nm), yet aligns more closely with the 

dimensions obtained through SAXS analysis (approximately 

9 nm). This difference implies that the image contrast of the 

alkyl chains within Hx is relatively weak and is obscured by 

the background signal arising from the support film.76 

Consequently, only the aromatic and barbituric acid sections 

appear discernible in the TEM image. In contrast, the Hc fiber, 

which presents the π-plane of the 16 rosettes oriented nearly 

parallel to the substrate, does not exhibit significant image 

contrast between the aromatic and alkyl chain domains. 

Thus, the outer diameter of Hc as analyzed by TEM (45.7 nm) 

aligns almost precisely with that determined by AFM (46 nm, 

Figure 8m,n). 

Modeling Studies. Based on the well-characterized helical 

morphologies and dimensions of Hx and Hc as discerned 

through SAXS, AFM and TEM, coupled with their distinct 

spectroscopic signatures, we conducted molecular modeling 

simulations to garner a deeper understanding of the 

connection between local stacking of 16 rosettes and the 

resultant helical morphologies. Using experimentally 

derived values of the helical pitch (P) and the helical radius 

(R) for both assemblies, we undertook an investigation into 

the most stable stacking structure of 16 rosettes that could 

replicate the R and P values. A helical morphology is chiefly 

dictated by the number of the rosettes per pitch (Nc) and the 

tilt angle of the rosette to the xy-plane (Cx, see Figure 9a). 

The parameter Cx also affects the degree of flattening of the 

main chain. The rotation angle of the rosette per stacking 

(Cz) similarly demonstrates a substantial role in the stability 

of the stacking structure, working in conjunction with Nc and 

Cz. 

We constructed 144026 initial structures based on all 

possible combinations of Nc, Cx and Cz so that R and P are 

consistent with the experimental data. Subsequently, energy 

minimization and potential energy calculations were 

performed for trimeric rosette stacks extracted from all the 

initial structures. Given the periodic structures of Hx and Hc, 

it is unnecessary to calculate the potential energy for the 

entire rosette stacks. The potential energies post-

minimization were computed, and ordered in decreasing 

fashion, and the parameter sets yielding the lowest potential 

energy were used to reconstruct Hx and Hc as shown in 

Figure 9b and 9e (for details, see Supporting Information). 

Table 2 outlines the parameters associated with the lowest 

potential energy. From the order list of the potential energies 

(Supporting Information), the number of parameter sets 

exhibiting an energy difference of less than 50 kcal/mol from 

the most stable structure was 88 for Hx, with an average Nc 

of 52 ± 5, whereas 1430 for Hc, with Nc ranging from 65 to 

140. These results suggest that Hx has a more rigid structure, 

while Hc possesses a flexible structure with a distribution in 

the number of 16 rosettes per pitch. 

Table 2. The parameters of the most stable structure with 

the lowest potential energy for Hx and Hc. 

 Hx Hc 

helical Pitch (P)/nm 17 17 

helical radius (R) /nm 1.03 17.5 

number of rosettes per pitch (Nc) 52 112 

tilt angle of rosette (Cx) /degree 2 12 

rotation angle of rosette (Cz) /degree 0 9 

inter rosette distance (di) /nm 0.33 0.35 
translational displacement of rosette (dt) 

/nm 
0.11 0.93 

potential energy / kcal/mol -3980 -3807 

Figure 9b and 9e depict all-atoms models of Hx and Hc 

structures, respectively, obtained through energy 

minimization of all rosettes in the initial structure 

constructed using the optimized parameters listed in Table 

2. The all-atom structures replicate well the alternating 

concave and convex structures of Hx, as well as the flattened 

loops of Hc as visualized by AFM. On the other hand, the 

models without alkyl chains represent the appearance 

delineated by the π-conjugated units, which consistent with 

what we observed through SAXS and TEM experiments 

(Figure 9c and 9f). Furthermore, the distinct helical 

trajectories of 16 rosette in these structures can be 

represented by displaying only barbituric acid cores (Figure 

9d and 9g).  

In the actual self-assembly process, the helical trajectories 

delineated by the rosette can be defined via stacking 

parameters between two adjacent rosettes including the 

translational displacement (dt) and the cofacial distance (di) 
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as shown in Figure 9a, in addition to Cx and Cz. The dt and di 

can be calculated using P, R, Nc and Cx as follows (see Figure 

9a); 

�� � ��2��/
��
 � �� 
��⁄ 
 cos ��� � �������� 
�⁄ � �2�� 
�⁄ ���⁄  

� � ��2��/
��
 � �� 
��⁄ 
 sin ��� � �������� 
�⁄ � �2�� 
�⁄ ���⁄  

The calculated di of Hx (0.33 nm) and Hc (0.35 nm) are 

comparable to those observed for columnar mesophases of 

discotic (supra)molecules, and is not the major factor that 

engenders polymorphs. In contrast, dt exerts the greatest 

influence on determining the final assembly structure. A 

small dt engenders an Hx-like structure, while a large dt gives 

rise to an Hc-like structure (Figure 9h). For the simulated Hx 

and Hc structures, dt values were calculated to be 0.11 and 

0.93 nm, respectively. The smaller dt in Hx enables all six π-

conjugated units in a rosette stacking in face-to-face 

arrangement, which is consistent with the spectroscopic 

properties (Figures 9i). The larger dt in Hc, on the other hand, 

does not allow homogeneous stacking for six π-conjugated 

units and only partially overlap is allowed (Figure 9j). This 

may explain why the absorption spectrum of Hc does not 

significantly differ from that of the monomer. These findings 

highlight that the difference in dt is the major determinant 

for the two polymorphs, and the Hx→Hc transition is driven 

by the H-to-J type dislocation of rosette stacks.  

 

DISCUSSION 

The photophysical data coupled with molecular modeling 

simulations unequivocally illustrate that the two 

polymorphs, Hx and Hc, can be differentiated predicated 

upon the stacking geometry of rosettes. The conversion from 

Hx to Hc occurs under appropriate conditions, and the 

results of the concentration-dependent absorption 

 

Figure 9. (a) Schematic diagram depicting parameters determining the structures of Hc and Hc, helical pitch (P), helical 

radius (R), number of rosettes per pitch (Nc), tilt angle of rosette (Cx), rotation angle of rosette (Cz), translational displace-

ment of rosette (dt), and inter-rosette distance (di). The rosettes are represented as discs for simplicity. (b–d, e–g) Molecular 

models of Hx (b–d) and Hc (e–g), built from the structural parameters listed in Table 2 and subsequent energy minimization 

of all rosettes within the lattice. (b,e) all-atom representations, (c,f) representations without alkyl chains, and (d,g) repre-

sentation with only barbituric acid cores. (h) Schematic representation showing that small and large dt result in Hx and Hc, 

respectively. (i,j) Visualization of stacking arrangements of two rosettes within (b) and (e), respectively. 
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measurements furnish definitive proof that Hc possesses 

superior thermodynamically stability. The thermodynamic 

instability of Hx may be ascribed to the dipole repulsion 

between the face-to-face stacked 16 rosettes. A comparable 

polymorphism is not evident for compound 2 possessing a 

shorter π-conjugated system and a dipole moment of 5.9 D. 

Consequently, 16 rosettes exhibit enhanced cohesion 

attributable to the expansion of the π-conjugated system, 

which initially favors H-type aggregation by overcoming 

dipole repulsion between π-conjugated units with dipole 

moment of 7.5 D. The experimentally observed 

thermodynamic stability of Hc, despite the offset stack of 

rosettes, is largely dependent upon interloop interactions, 

which is a unique feature of the helicoidal structure.51 It 

should be noted that the geometry optimization suggests 

that Hx is slightly thermodynamically stable. This may reflect 

the absence of interloop interaction in the present modeling 

study. As part of a collaborative effort, molecular dynamic 

simulations of more elongated Hc inclusive of solvent 

molecules are currently under way.  

The alteration in the rosette stacking geometry that arises 

during the Hx→Hc polymorph conversion proliferates along 

the main chain, resembling a crystal transition, as captured 

in time-dependent AFM images. At the macroscopic level, the 

transition manifests first-order kinetics, suggesting 

progression by a mechanism akin to nucleation. Following 

the initiation of the transition, several hours elapse before 

propagation occurs through the Hx chain across several tens 

of micrometers. Consequently, both fully folded Hc with 

completed conversion and remaining Hx devoid of any 

conversion can coexist (Figure S16). It is important to 

recognize that the helicity of Hx is not invariably preserved 

during its transition to Hc, as illustrated in Figure 5. 

Specifically, the kinetic H-aggregated state with a large 

rosette overlap initially transitions to an assembly state with 

a reduced rosette overlap (H-to-J type dislocation). At this 

juncture, the helicity of Hx has already been lost, but the 

intrinsic curvature has yet emerge because the rotational 

direction of rosette stacking remains unfixed, as 

demonstrated in Figure 5a-d. Further reorganization of the 

rosette stacking towards a thermodynamically stable 

configuration gives rise to the intrinsic curvature. Upon the 

formation of a uniform intrinsic curvature to generate a loop, 

interloop interactions serve to stabilize the resultant 

helicoidal structure, functioning as a template to expedite the 

collapse of Hx and its folding into Hc.  

 

CONCLUSION 

In this study, we have presented evidence of a 

supramolecular polymer polymorphism, in which large 

discotic non-covalent macrocycles (rosettes) stack in a one-

dimensional fashion. One such polymorph, a helically twisted 

fiber referred to as Hx, is derived from the supramolecular 

polymerization of the monomer. In contrast, a helicoidal 

fiber (an intrinsically curved structure), denoted as Hc, 

cannot be derived directly from the monomer. Rather, it is 

produced through a higher-order folding process of Hx, not 

by monomer dissociation and re-assembly. When a 

monomer-rich solution retains residual fragments of Hc, the 

elongation of Hc demonstrates superiority over the 

nucleation of Hx. These two supramolecular polymer 

polymorphs are spectroscopically distinguishable, each 

presenting unique absorption and fluorescence signatures 

attributed to divergent rosette stacking with smaller (H-

type) and larger (J-type) translational offset. Our modelling 

simulation has indicated that continuous rosette stacking 

with varying degrees of translational offset could engender 

the formation of the twisted and helicoidal supramolecular 

polymers. Intriguingly, these two supramolecular polymer 

polymorphs exhibit macroscopically observable higher-

order organization (phase separation) properties during 

time-dependent spontaneous folding. The two polymorphs 

demonstrate bistability in low-polarity solvent mixtures; 

however, in high-polarity solvent mixture, Hx gradually fold 

into Hc from their termini. AFM clearly reveals the linkage 

between these two distinctly different helical structures, 

demonstrating unequivocally that the transition from Hx to 

Hc is incited by a H→J type dislocation of the stacked 

rosettes. 

We would like to underscore the significance of our 

findings in this research, particularly the enlargement of the 

π-conjugated system and the amplified π-π interaction 

between the monomers. These enhancements facilitated the 

creation of two forms of helical one-dimensional 

supramolecular polymers with meso-to-microscopic lengths. 

This amplified interaction is robust enough to enable the 

formation of mesoscopic assemblies in chloroform, a solvent 

typically employed for achieving a molecularly dissolved 

state in the majority of π-system based supramolecular 

compounds. This insight has led us to a newfound cautionary 

point concerning the influence of residual assemblies on 

supramolecular polymorphism. While the synthesis of self-

assembling monomers, characterized by a strong propensity 

for aggregation, is synthetically challenging,77,78 we were 

able to overcome these hurdles in this system by extending 

the pseudo π-system through hydrogen bonding. Our 

research continues to explore the use of even larger π-

conjugated monomers, an approach aimed at broadening the 

range of suitable solvents for these processes.2 
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