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a b s t r a c t

Here, we designed asymmetric (mDS) and symmetrical (dDS) chiral V-shaped molecules by linking

one or two dansyl groups to trans-1,2-cyclohexane diamine and investigated the solvent-regulated struc-

tural transformation and inversed circularly polarized luminescence (CPL) in the self-assemblies. Upon

increasing water volume fraction (fw) in the mixed solvent of water/acetonitrile, asymmetric mDS self-

assembled into hollow nanospheres and microtubes, while solid nanospheres and solid microplates were

corresponding to symmetric dDS. During this transformation process, the emission of mDS and dDS was

changed from yellow-green to blue and cyan color, which was ascribed to twisted intramolecular charge

transfer (TICT) and locally excited (LE) fluorescence of V-shaped DS molecules. The conformation of N,N-

dimethyl groups with respect to naphthalene ring also led to the transformation of structures. These

tubular and platelike structures had stronger and reversed CPL signals in comparison with spheroidal

structures. The chiral information of DS assembly could be effective transferred to achiral Nile red via

co-assembly strategy, which endowed Nile red exhibiting inversed induced CPL signal regulated by water

fraction. This work provides a method for achieving a variety of self-assembled structures with adjustable

chiroptical properties.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The hollow structures are common structures in nature, such

as stems of bamboo, reeds, blood vessels and bones. These hol-

low structures are crucial to the survival of the living creatures

due to their excellent material transport capacity, high mechan-

ical strength, and light weight. Inspired by nature, researchers

have prepared many kinds of hollow structure [1–15] including

hollow spheres and tubular structures and developed their ap-

plication in the field of catalyst carriers [16–18], drug capsules

[19,20], pollutant removers [21]. Fabrication of hollow structures

from organic molecules would be benefit from the view of im-

proving compatibility with the living creatures. Self-assembly of

organic small molecules is supposed to not only be a convenient

method to acquire hollow structures, but the diversity of assem-

bled structures [22–24] could be easily adjusted by the assembling

condition or external conditions. For instance, peptide-amphiphiles
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[25,26], glutamide amphiphiles [27], glucolipids [28,29], phospho-

lipids [30], cyclic peptides [31–35], and C3-symmetrical molecules

[36] have been known to self-assemble into tubular architectures.

Hollow spherical architectures self-assembled from π-conjugated

molecules (porphyrins) [37], phospholipids [38,39], and surfactant

[40,41] have also been demonstrated. Studies on hollow structures

have mainly focused on their molecular design and characteriza-

tion of morphology, while there has been little research dedicated

to their chirality properties, especially the evolution of chiral emis-

sion, i.e., circularly polarized luminescence, CPL.

Chirality is also the basic character of nature. Amino acid, pro-

tein and DNA all play important role in the biological system. The

chirality transfer and tunable chirality are widely appeared in the

living system. In this viewpoint, the modulation of chiral infor-

mation, such as the chiroptical signals and helicity in the self-

assemblies is meaningful to understand chiral phenomena in na-

ture. Notably, the chiral inversion and amplification of chiroptical

signals in the self-assemblies from small organic molecules [42–

54] have attracted considerable attentions.

https://doi.org/10.1016/j.cclet.2023.109256
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Scheme 1. (a) Molecular structures of asymmetric (R-mDS) and symmetrical (R-dDS) V-shaped molecules. (b) Solvent-tuned structure and emission transition of V-shaped

molecules with increasing water fraction. (c) Wavelength tunable CPL and CPL inversion of V-shaped molecules at different water fraction.

Herein, we designed an asymmetric chiral V-shaped molecule

(mDS) by attaching a dansyl moiety to a trans-N-Boc-1,2-

cyclohexane diamine and found that it can self-assemble into

hollow sphere and tubular structures through increase of water

amount in H2O/acetonitrile, as shown in Scheme 1. Meanwhile,

the CPL signal of assemblies was demonstrated to be inversed and

wavelength tunable. By contrast, we also synthesized a symmet-

ric chiral molecule (dDS) by linked two dansyl groups to trans-

1,2-cyclohexane diamine. Although the wavelength tunable and in-

versed CPL were investigated, no hollow structures were found

in the self-assemblies of symmetric dansyl-linked cyclohexane di-

amine, where solid nanospheres transformed to solid microplates

as water fraction increased.

It is well known that amide and sulfonamide bonds have dif-

ferent hydrogen bonding capabilities, which may lead to different

self-assembly behaviors of the two V-shaped molecules, accom-

panied by different molecular arrangements. We first studied the

self-assembly behavior of asymmetric V-shaped mDS molecules by

adjusting the solvent ratio upon introducing antisolvent water into

the acetonitrile solution. Taking R-mDS as an example, it could be

well dissolved in acetonitrile upon heating and remained transpar-

ent after cooling to room temperature, and then antisolvent wa-

ter was introduced to promote its self-assembly. Scanning elec-

tron microscopy (SEM) observation showed that R-mDS assembly

exhibited the significantly punctured nanosphere structure where

the water fraction (fw, water volume fraction in the mixed solvent)

was at 0%, and the nanosphere structure almost remained consis-

tently unchanged as fw increased to 40%. As the water fraction

was increased to 50%−60%, microtubular structure with smooth

surfaces appeared slowly, where the nanosphere and microtubu-

lar structure co-existed in the whole system. Then, when fw was

further increased to 70%−80%, the spherical structure disappeared,

leaving only microtubular structures (Figs. 1a and b, and Fig. S9

in Supporting information). Fluorescence microscopy also demon-

strated the emergence of nanospheres with holes and microtubes

upon increasing fw, in which nanospheres exhibited green fluores-

cence while microtubes showed blue fluorescence emission (Figs.

1c and d). Transmission electron microscopy (TEM) was further

used to verify the hollow features for the obtained structures (Figs.

1e and f), revealing that the obvious contrast ratio between the in-

terior and exterior of the two structures (Figs. 1e and f, and Figs.

S10 and S11 in Supporting information). Dynamic light scattering

(DLS) analysis revealed that the average diameter of about 230nm

at water fraction of 0–40% (Fig. S12 in Supporting information),

which was constant with the results obtained from SEM images.

Thus, we have successfully achieved a solvent-regulated structural

transformation of R-mDS from hollow nanosphere to microtube,

where water acted as an antisolvent to facilitate the approach-

ing of V-shaped molecules and subsequently trigger self-assembled

structure with ordered arrangements. Similarly, S-mDS showed the

solvent-regulated structural transformation upon changing water

fraction (Fig. S13 in Supporting information). For symmetric V-

shaped molecule R-dDS, when fw was low (0 and 20%), R-dDS as-

sembly exhibited solid spherical structure. With the increase of

water proportion (fw =50%), the white precipitates gradually sep-

arated out, showing two kinds of structures of solid microplate

and sphere coexisted in the system. When the water content was

high enough (fw =80%), only two-dimensional square plate struc-

ture formed (Fig. S14 in Supporting information). So, dDS could

Fig. 1. SEM (a, b), fluorescence microscopy (c, d), and TEM images (e, f) of R-mDS

assemblies at different water volume fractions (fw =20%, fw =80%, H2O/acetonitrile).

[R-mDS]=8.63mmol/L.
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Fig. 2. UV–vis (a), CD spectra (c), asymmetric factor of CD signal at 379nm (d).

Fluorescence (Ex=340nm) (b), CPL (Ex=340nm) (e) spectra and asymmetric factor

of CPL signal (f) for mDS assemblies at various fw (H2O/acetonitrile). [R-mDS]= [S-

mDS]=8.63mmol/L.

also realize the structural transformation from solid nanospheres

(green fluorescence) to solid microplates (cyan fluorescence) regu-

lated by solvent ratio. The otherness in assembly structures of V-

shaped mDS and dDS molecules may result from the differences in

the hydrogen bonding between the sulfonamide and amide bonds,

as well as the steric hindrance inherent in the molecules them-

selves.

UV–vis absorption spectroscopy was performed to analyze the

formation of supramolecular structures upon adjusting the solvent

ratio. R-mDS showed two absorption peaks at 251 and 337nm, in

which the absorption peak at 337nm corresponds to the HOMO-

LUMO transition obtained from time-dependent density functional

theory (Fig. S15 and Table S1 in Supporting information) [55].

These absorption peak gradually hypsochromic shift with the in-

crease of water content, suggesting that an H-like aggregation in

the assemblies of R-mDS (Fig. 2a). Further, circular dichromic (CD)

spectra were measured. Taking mDS as an example, R-mDS showed

only one positive Cotton bond at 260nm when fw was below 50%,

but another new and negative Cotton bond appeared at 379nm

when fw was above 50% (Fig. 2c and Fig. S18 in Supporting in-

formation). The presence of the strong and negative CD signal at

379nm indicated that the chirality transfer from chiral center to

chromophore was enhanced upon increasing of water content dur-

ing the structure transition from hollow spheres to microtubes

(Fig. 2d). Moreover, the CD spectra of S-mDS were the mirror im-

ages of its enantiomer R-mDS at various water content, confirming

that solvent regulated chiroptical signals amplification in the self-

assembled mDS system.

It is known that dansyl could emit dual fluorescence bands, lo-

cally excited fluorescence (LE) and twisted intramolecular charge

transfer fluorescence (TICT) due to its inherent molecular structure

(flexibly twisted NMe2 group) [56,57], and the ratio of the two

emission bands is sensitive to solvent polarity, viscosity, tempera-

ture, and pH, etc. In the self-assembly system of mDS, we achieved

the transformation of LE and TICT emission by adjusting the water

ratio, as shown in Fig. 2b. With the increase of water, the emis-

sion intensity at ca. 520nm (TICT) for R-mDS assembly decreased,

while the emission at 441nm (LE) increased. The combination of

its multicolor fluorescence emission and its chiral nature may give

it unique CPL properties. As shown in Fig. 2e, R-mDS presented

the very weak and positive signals in CPL investigation when fw
was less than 50%, and then turned into the relative strong neg-

ative CPL signals when fw was larger than 50%. Then the results

showed that the wavelength-tuned and inverted CPL signal could

be regulated by the water ratio, accompanying with assemblies

from hollow nanospheres to microtubes. Meanwhile, S-mDS had a

similar wavelength-dependent CPL signal, as shown in Fig. 2f and

Fig. S19 (Supporting information). The combination of CD and CPL

spectra indicated that not only ground-state but also excited-state

chirality of hollow nanospheres produced under lower fw condi-

tion was much lower than that of hollow microtubes at higher fw.

As illustrated in Fig. S20 (Supporting information), the symmet-

ric V-shaped molecule dDS presented comparable shifts in CD and

CPL signals under water ratio modulation. Furthermore, the HOMO

and LUMO energy levels were simulated through theoretical cal-

culations (Fig. S17 in Supporting information). The results revealed

that the HOMO-LUMO energy gap of R-dDS was smaller than that

of R-mDS, suggesting that the electrons in R-dDS were more eas-

ily excited, causing a redshift in the excitation spectrum. This phe-

nomenon was consistent with the experimental fluorescence spec-

tra, manifesting as blue fluorescence for R-mDS and cyan fluores-

cence for R-dDS.

Similarly, the morphologies and chiroptical signals of the as-

semblies of mDS and dDS at mixed water and tetrahydrofuran

showed a transformation from spherical structure to rod-like struc-

ture. Reversed and amplified chiral signals were observed at high

water fraction (Figs. S21-S25 in Supporting information).

Furthermore, we monitored the dynamic transformation of self-

assembled structure of R-mDS on standing time. Taken water

amount of 50% as an example, the evolution of sphere to tubu-

lar structures was observed (Fig. 3). Fig. 3a shows the time-

dependence fluorescence spectra. When water was just added

to the acetonitrile solution (fw =50%), the system initially had a

strong TICT fluorescence emission peak at 530nm, and a new LE

emission peak appeared at 441nm upon prolonging time. The dy-

namic emission changes in the self-assembly process of R-mDS

with the extension of time were shown in Fig. 3b. In the obser-

vation of fluorescence microscopy images (Figs. 3c-e), we could

clearly capture the transition from the yellow-green fluorescent

nanospheres to blue-fluorescent microtubes, accompanied by the

coexistence of nanosphere and microtube in the middle process.

Such evolution process from hollow nanospheres to microtubes

could also be monitored by SEM (Figs. 3f-h).

To further understand the stacking patterns and self-assembly

structures of mDS and dDS, single-crystal X-ray crystallography

(Fig. 4) and powder X-ray diffraction (PXRD, Figs. S27 and S30 in

Supporting information) techniques were applied. We successfully

obtained single crystal of R-mDS and R-dDS. The crystal structures

were analyzed by X-ray crystallography (Table S3 in Supporting in-

formation).

The single-crystal structure of the microtube self-assembled

from R-mDS disclose an orthogonal chiral space group of P21212

with four molecules in every single cell unit (Fig. S26a in Support-

ing information), which exhibit an unusual stereoscopic herring-

bone packing [58], each tilted relative to the ab-plane (Figs. S26c-

d in Supporting information). Two neighboring molecules within a

unit cell interact each other through the hydrogen bonds (2.40 Å,

Fig. 4c, blue dashed lines) between the cyclohexane diamine hy-

drogen atom and N-dimethyl hydrogen atom. Adjacent unit cells

in ab-plane are still stabilized upon bonding between cyclohexane
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Fig. 3. Fluorescence spectra (Ex=340nm) (a) and CIE coordinates (b) of R-

mDS assembly at different self-assembly time from 0 to 90min (fw =50%,

H2O/acetonitrile). Fluorescence microscopy (c-e) and SEM (f-h) images of R-mDS

(fw =50%, H2O/acetonitrile) varied with time. Notes: (c, f) 0min, (d, g) 30min, and

(e, h) 90min. [R-mDS]=8.63mmol/L.

diamine hydrogen atom and N-dimethyl hydrogen atom (Fig. 4a).

The R-mDS crystal exhibit a distinct non-coplanar zig-zag struc-

ture along c-axis, accompanying by parallel orientation across cell

layers (5.19 Å) (Fig. 4b and Figs. S26e and f in Supporting informa-

tion). Along c-axis, R-mDS molecules extend their structure by π-π
interactions (3.46 Å, green solid lines in Fig. 4c) and two types of

intermolecular hydrogen bonding interactions between the sulfon-

amides (2.10 Å, blue dashed lines) and the carboxyl amides (2.19 Å,

red dashed lines), respectively.

In order to get insight of packing of R-mDS hollow sphere and

microtube, XRD pattern of R-mDS sphere (fw =20%) and micro-

tubes (fw =80%) were measured, which demonstrating more or-

dered XRD patterns of microtubes relative to that of spheres. Fur-

ther, obvious peak at the d-space around 3.35–3.67 Å, which as-

cribed to π-π stacking, indicated that strong π-π stacking existed

in microtube comparing with spheres (Fig. S27b in Supporting in-

formation).

R-dDS have an orthogonal chiral space group of P212121 with

four molecules in a unit cell (Fig. S28a in Supporting informa-

tion). The R-dDS molecules exhibit the right-handed P-type spiral

arrangement in the crystal [59–61], with a helical pitch of 10.12 Å

(Fig. 4e). Within each R-dDS helix, every molecule undergoes a

180-degree rotation relative to its adjacent molecules along the 21
helical axis, leading to an antiparallel stacking arrangement, where

the non-covalent intermolecular sulfonamide hydrogen bonds be-

tween sulfonamide hydrogen and sulfonamide oxygen periodically

expand (Fig. 4f, green dashed lines, the distance of the sulfonamide

hydrogen bonds is 2.20 and 2.16 Å, respectively). Evidently, the

space-filling model of R-dDS molecule indicates that the sulfon-

amide hydrogen bonds also manifest a distinct P-helical hydrogen

bond arrangement, which aligns with the P-helix organization of

the R-dDS molecules (Fig. S28c in Supporting information). More-

over, these R-dDS helices (simplified as a spring model) organize

into an array of springs in the bc-plane. This array obtained upon

screwing (180°) and translating (13.35 Å) the adjacent column of

spring (Figs. 4d and e, Figs. S28e and g). Two neighboring columns

of helices are contacted by CH-π interactions (Fig. 4f, black dashes

lines). The crystal structure of S-dDS molecules showed a similar

Fig. 4. Crystal structure analysis of R-mDS (a-c) and R-dDS crystal (d-f). (a) The top view of a single layer from the c-axis of the R-mDS crystal. (b) The side view of the

R-mDS crystal shows the stereoscopic herringbone arrangement along c-axis. (c) The molecular packings and interlayer interactions along c-axis of the R-mDS crystal. (d)

The top view of a single layer from the a-axis of the R-dDS crystal. (e) The side view of the R-dDS crystal shows the P-helical arrangement. (f) The molecular packings and

interlayer interactions along a-axis of the R-dDS crystal.
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Fig. 5. (a) The relative emission intensities I/I0 at 530nm as different amount of

NR to R-mDS (red spheres) and R-dDS (blue spheres), Ex=340nm. (b) The ad-

sorption efficiency of NR for hollow microtubes formed by R-mDS and solid mi-

croplates formed by R-dDS at different NR/R-mDS and NR/R-dDS ratios. CPL spec-

tra (Ex=340nm) of NR/R-mDS and NR/R-dDS (molar ratio 1/10) co-assemblies at

fw =20% (c) and 70% (d) in H2O/acetonitrile.

but opposite M-helical aggregates and M-helical H-bond array in

contrast to R-dDS enantiomer (Figs. S28b, d, f, h and S29 in Sup-

porting information).

Next, we investigated that the energy transfer and chirality

transfer from DS assembly to achiral component, Nile Red (NR).

Firstly, when fw was 20%, we found the energy transfer from DS

to NR of NR/R-mDS and NR/R-dDS co-assemblies due to consider-

able spectral overlap between the absorption band of NR and DS

emission, which was characterized by the gradual decrease of TICT

emission of DS with addition of NR (Figs. S31 and S32a in Support-

ing information). The hollow or solid nanospheres of DS showed

similar quenching efficiency (Fig. 5a). The co-assemblies changed

to blue or cyan emission when fw increased, where the absorp-

tion of NR band was not overlap with the DS emission (Fig. S32a

in Supporting information). Therefore, no effective energy transfer

was found from DS to NR in NR/R-DS co-assemblies, as charac-

terized by the retaining of DS emission with the addition of NR

(Figs. S32b and c in Supporting information). The hollow tubular

and solid platelike structures existed at high fw and the adsorption

capacity of these structures to NR were studied, which determined

by absorption and fluorescence spectroscopy (Figs. S33 and S34 in

Supporting information). It could be observed that under five dif-

ferent NR/R-m or dDS ratios, the adsorption efficiency of NR/R-

mDS system were always higher than that of NR/R-dDS system,

suggesting that hollow tubular structure had the higher wrapping

capacity than solid platelike structure (Fig. 5b). Due to the intrinsic

chirality of the two V-shaped molecules, the induced chirality of

NR was also investigated (Figs. S35 and S36 in Supporting informa-

tion). The induced CPL signals of NR in NR/R-mDS and NR/R-dDS

co-assemblies were weak and positive when fw was 20%, while the

induced CPL of NR in NR/R-mDS and NR/R-dDS co-assemblies were

negative when fw was 70%, indicating chirality transfer from DS to

Nile red (Figs. 5c and d). As a hydrophobic fluorescent dye, NR was

loaded in the hydrophobic microenvironment of DS assembly. The

π-π stacking between NR and dansyl moiety of DS was supposed

to mainly contributed to the chirality transfer, which was simi-

lar with the results of NR in chiral assemblies of cyanostilbene or

naphthalimide derivatives [62–64]. CPL signal of NR in NR/R-mDS

co-assemblies was stronger than that in NR/R-dDS co-assemblies,

which may attribute to the hollow tubular structure. Furthermore,

inversion of CPL signal of NR in these two co-assemblies (Fig. S36

in Supporting information) was similar to the variation of the self-

assemblies of R-m or dDS with the increase of water fraction al-

though same enantiomeric V-shaped enantiomer R-DS was used,

indicating that the CPL of NR was derived from the supramolecu-

lar chirality.

From the results of the morphology, optical and chiroptical

properties of DS assemblies, the self-assembly of dansyl deriva-

tives was proposed, as shown in Fig. 6. When the proportion of

water were low (fw < 50%), the N,N-dimethyl groups in both asym-

metric mDS and symmetric V-shaped dDS molecules had the large

twist angle relative to naphthalene plane, corresponding to the

twisted intramolecular charge transfer (TICT) mode. In this case,

the non-coplanar structure led to a larger steric hindrance of the

V-shaped molecules in the process of self-assembly, and thus the

spherical structures with the larger curvature were formed [65].

When the proportion of water were high (fw ≥ 50%), the twisted

angle of N,N-dimethyl groups with respect to naphthalene ring

decreased. This coplanar (quinoid) structure had relatively small

steric hindrance, leading to generate hollow microtubular structure

(blue emission) for mDS with an unusual stereoscopic herringbone

mode, packing through π-π stacking and the stronger hydrogen

bond interactions. And the solid microplate structure (cyan emis-

sion) of dDS was formed with helical arrangement, which formed

through the weaker sulfonamide hydrogen bond interaction. Com-

paring to the nanospheres, the CPL signal of both microtubes and

Fig. 6. The schematic illustration on self-assembly of R-mDS and R-dDS regulated by solvent and CPL of Nile red induced by supramolecular chirality in co-assemblies.
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microplates due to the small steric hindrance were not only re-

versed but also amplified due to the closer packing of dansyl

moiety. Further, induced CPL of Nile red also inverted in the co-

assemblies with variation of water amount.

In conclusion, we synthesized asymmetric (mDS) and symmet-

ric (dDS) chiral V-shaped molecules. Asymmetric mDS underwent

the transition from hollow nanospheres to microtubes, as increas-

ing fw (water/acetonitrile). Symmetrical dDS occurred the similar

structure transition from solid nanospheres to microplates. The in-

crease of water also caused the emission change from green to

blue or cyan, owing to the TICT to LE of dansyl moiety. The in-

troduction of amide group in asymmetric mDS may increase the

hydrogen bonding, leading to the emergence of tubular structures,

which were constituted by stereoscopic herringbone microstruc-

tures that expanded along c-axis upon π-π stacking and hydrogen

bond interactions. The tubular and platelike structures formed at

higher fw both showed the reversed and enhanced CPL compared

to spherical structures. Further, induced CPL of achiral Nile red in

the co-assemblies of DS/NR also inverted with increase of water

amount, indicating that the induced CPL of NR was determined by

the supramolecular chirality of DS assembly.
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