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a b s t r a c t

Benzimidazole amino acid derivatives behave as supramolecular hosts to include organic acids via com-

plementary hydrogen bonding whereby supramolecular chirality and chiroptical properties could be ma-

nipulated. Organic acids enhanced the chiral assembly that showed tunable circularly polarized lumines-

cence with high dissymmetry g-factors at 10−2 grade.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supramolecular chirality reflects asymmetric packing of

molecules in aggregates, which offers a feasible way to pro-

duce materials for catalysis, sensing, display, information and

chiroptical applications [1,2]. Precise manipulation of supramolec-

ular chirality at hierarchical levels remains major challenges, and

the development of novel protocols to rational design, prepare

and control the properties of chiral supramolecular systems is

still premature [3,4]. Compared to single component system,

properties of multiple-component coassembly could be readily

manipulated by varying the ratio and species [5]. The synergistic

coassembly allows for the transfer, inversion, amplification of

supramolecular chirality. To realize above behaviors, multiple

noncovalent interactions between components have been built,

such as hydrogen bonding [6–10], charge-transfer [11], π-π
stacking [12], metal-ligand coordination [13], host-guest inclusion

[14], halogen bonding [15] and arene-perfluorine interaction [16].

Among the above noncovalent forces, hydrogen bonding is an

intensively explored interaction to manipulate and control the

supramolecular chirality in multiple component systems. Pyridine,

melamine, imidazole and cytimidine with sp2 hybridization N

atoms are favourable acceptor to carboxylic acids [17]. Amine-acid

salt bridge-type hydrogen bonds were also utilized to fabricate

chiral coassemblies [18].

π-Conjugated amino acids and short peptides are a class of

building units to give chiral nanoarchitectures with diversified size
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and dimensions [19]. The abundant hydrogen bonding sites includ-

ing carbonyl and amide groups with alternative donor-acceptor ar-

rays enable one-dimensional growth with the emergence of he-

lical assembly and chiroptical responses. In this regard, the π-

conjugated amino acids with specific topology might be poten-

tial hosts to include guests via hydrogen bonding to afford chiral

coassemblies, which however have not been reported so far. We

pictured that the C3-symmetrical π-conjugated amino acids would

be favourable host candidates to accommodate small organic acids

bearing both hydrogen bonding donor and acceptor. Thus, in this

work, we designed and synthesized a series of C3-symmetrical

π-conjugated amino acid derivatives protected by methoxy group

to avoid unfavourable self-sorting (Scheme 1). These molecules

show inclusion complexation towards organic carboxylic acids in

organic solution and in the aggregated state. Experimental and

computational results suggest multiple hydrogen bonds occurred

between carboxylic acids and π-conjugated amino acid derivatives.

Coassembly enhanced the chiral assembly with fine universality

to organic acids with large substrate scope, whereby Cotton ef-

fects were boosted. The present systems are also potential chiropti-

cal materials. Circularly polarized luminescence (CPL) tests showed

relatively high dissymmetry g-factor at 10−2 order of magnitude

[20], which can be tuned by coassemblies. This work provides

a new manner using organic carboxylic acids to manipulate the

supramolecular chirality and chiroptical properties of amino acid

derivatives.

The building blocks including Ala, Val and Phe bearing typical

amino acids residues were synthesized via four steps (details see

Supporting information), of which structures were confirmed by
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Scheme 1. (a) Chemical structures of benzimidazole amino acid derivatives used

in this work; (b) Schematic representation of carboxylic acids-tuned chiral self-

assembly via complementary bonds and the properties.

the nuclear magnetic resonance (NMR) and mass spectra. Consider-

ing the hydrophobicity, a nanoprecipitation method was employed

to trigger their self-assembly in aqueous media by dispersing stock

solutions of dimethyl sulfoxide (DMSO, 100 mmol/L). The fraction

of DMSO was less than 0.5 vol% for a 0.5 mmol/L self-assembly.

Such as small ratio of DMSO has negligible effect on the self-

assembly behavior. Colloidal dispersions were obtained for individ-

ual compounds, indicating the formation of nanostructures. We in-

troduced a model malonic acid (Mal) to investigate the coassembly

behaviors with the building units. Building units were premixed

with Mal in DMSO followed by adding bulky water to initiate the

coassembly. Phase behaviors were barely changed, with a still col-

loidal appearance. Thin-film X-ray diffraction (XRD) was employed

to explore the occurrence of molecular level coassembly. The ag-

gregates were centrifuged and air-dried before subjecting to XRD

tests (Fig. 1a and Fig. S19 in Supporting information). The indi-

vidual aggregates show amorphous phase by showing no appar-

ent peaks in both small and wide angles, suggesting poor crys-

tallinity in the self-assemblies. In the presence of Mal (1 molar

equiv.), peaks at small angle region were observed with d-spacing

values of 1.45, 1.54 and 1.71 nm for Ala/Mal, Val/Mal and Phe/Mal

respectively. These peaks verify an enhanced long-range ordered

coassembly brought by Mal. Despite the highly hydrophilic prop-

erty of Mal in contrast to the amino acid derivatives, Mal could

be incorporated into coassembly arrays via noncovalent forces. The

supramolecular complexation was further probed by other tech-

niques. In the 1H NMR spectra (Fig. 1b, Figs. S20 and S21 in Sup-

porting information) carried out in CDCl3, the aromatic protons

(Ha to He) display shifts to lower fields after the addition of 1

molar equiv. Mal. The enhanced deshielding effect suggests the

host-guest complexation such as -COOH-imidazole hydrogen bond-

ing occurred between the components even in the presence of

strong competitive solvation (CDCl3). In the fourier transform in-

frared (FT-IR) spectra, the peak at 1662 cm−1 which is assigned as

Fig. 1. (a) XRD pattern comparison of different samples; (b) 1H NMR spectra com-

parison of Ala and Ala/Mal in CDCl3 with 10 vol% CD3OD. (c, d) TEM images of Ala

and Ala/Mal aqueous self-assembly respectively. Concentrations of all samples were

fixed at 0.5 mmol/L.

the amide-I band shows relative shrunk intensity (Fig. S22 in Sup-

porting information). Hydrogen bonding rearrangement might be

occurred between Ala and Mal. Under transmission electron mi-

croscopy (TEM) observation, nanorod architectures were generated

from Ala with width and length at around 50 nm and several mi-

crometres (Fig. 1c and Figs. S23–S28 in Supporting information). In

the presence of Mal (1 molar equiv.), new structures with weaker

contrast and smaller size emerged (Fig. 1d). Mal brings along spe-

cific hydrophilicity to the coassembly, resulting in the coassembled

nanoarchitectures.

π-Conjugated amino acid derivatives have interesting chiropti-

cal activities in their coassemblies. Then circularly dichroism (CD)

and CPL spectra of individual and coassembled systems were col-

lected (Fig. 2 and Fig. S29 in Supporting information). Exciton-

type Cotton effects at the maxima absorbance of Ala were ob-

served, which show positive and negative bands respectively for l-

and d-enantiomer (Fig. 2a). Dissymmetry g-factor (gabs) was deter-

mined as ±0.002 at 325 nm. The Cotton effects of self-assembled

Ala indicate the chirality transfer from amino acids to benzimida-

zole chromophores within chiral architectures. The introduction of

Mal would enhance the CD signal intensities as well as the ab-

sorbance, which is consistent to the above conclusions with re-

spect to the hydrophilicity brought by Mal. The chiral assemblies

were expected to be enhanced based on the enlarged gabs values

(±0.004 at 314 nm, 1 equiv. Mal). The enhancement of CD signal

was also observed in the Val and Phe coassembled systems (Figs.

2b and c). Val individually shows negligible Cotton effects and gabs.

The participation of Mal induces the emergence of Cotton effects

with gabs up to ±0.001 at 316 nm (10 equiv. Mal). The maxima gabs
of Phe was also boosted from ±0.0004 to ±0.0016 by coassembly.

The intensity of Cotton effects in supramolecular self-assemblies

are associated to the screw sense (degree) and distance between

the chromophores. The boosted g-factors by Mal no doubtly im-

prove the helical packing of π-conjugated amino acids. Photolu-

minescence (PL) spectra of different self-assemblies and coassem-

blies with Mal were collected in their solution state, as shown

in Fig. S30 (Supporting information). Compared to the individual

self-assemblies, the presence of 10 molar equiv. Mal would greatly

shrink the PL intensity, which was observed in the three examples.

A bathochromic shift occurred to Phe/Mal coassembly, in consis-

tent with the CPL spectroscopy. The declined PL intensity suggests

the participation of Mal into the coassemblies. We also evaluated
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Fig. 2. Chiroptical activities. (a–c) Absorption, CD and gabs factor spectra compari-

son of Ala, Val and Phe self-assemblies with different molar ratios of Mal, respec-

tively; (d–f) CPL spectra of Ala, Val and Phe self-assemblies and coassemblies with

different concentrations and ratios of Mal, respectively. (λex =300 nm). The ratios

stand for the milli molar per liter (mmol/L). Absolute configuration (l- or d-) was

marked to compare the enantiomeric effect.

their CPL properties to reveal their potential in chiroptical mate-

rials. Ala individually afforded PL and CPL peaks located at 380

nm (Fig. 3d). After adding Mal, shoulder peaks at around 450 nm

emerged with a shift of CPL curves, which possibly caused by the

enhanced aromatic interactions. The dissymmetry g-factors (glum)

were determined as ±0.03 at 380 nm, which are among the high-

est values of organic self-assemblies [21]. Similarly, coassembly of

Mal with Val or Phe induced the emergence of new PL and CPL

bands at 450 nm with glum values at 10−2 grade (Figs. 2e and f).

CPL spectra indicate that the present coassembly systems are po-

tential chiroptical materials with tunable photophysical properties.

CD and CPL spectroscopy reflect chirality at the ground and pho-

toexcited state respectively. The changes of CD and CPL signal are

relative independent to each other due to the structural relaxation

and other factors. The coassembly between organic small acids and

TBIB derivatives could change the chiral packing of chromophores

which has significant influence on the Cotton effects, due to the CD

signal is proportional to the screw sense between chromophores.

However, this effect is not pronounced in the emergence of CPL

spectra.

Fig. 3. (a–c) gabs values of Ala, Phe and Val coassemblies (l-configuration) with or-

ganic acids (excess, 10 equiv.) at 310 nm, 310 nm and 300 nm respectively, blank

samples were also added for comparison; (d) The chemical structures of expanded

carboxylic acids.

Then we envisioned that, other than Mal, other types of aro-

matic carboxylic acids may also be potential species for enhanced

chiroptical activities. Acidification of the self-assemblies by hy-

drochloric acid did not arouse apparent chiroptical changes, which

supports the crucial role of carboxylic acids. As shown in Fig.

3, a series of organic carboxylic acids were employed, and their

gabs values at the corresponding absorbance were summarized.

The coassembly effects are different for the three amino acid

derivatives. For Ala, only specific acids such as acrylic acid and

p-methoxy phenylboronic acid could enhance the g-factors, while

Phe and Val with negligible Cotton effects, were generally en-

hanced after coassembly. No apparent selectivity was found (Fig.

3a). Nevertheless, the enhancement of Cotton effects shows uni-

versality for Phe and Val (Figs. 3b and c, Fig. S31 in Supporting

information). All the employed organic acids are capable of en-

hancing gabs up to 10 folds. This situation is more pronounced for

Val due to the negligible Cotton effects individually. Although dif-

ferent small organic acids possess different geometry and struc-

tures, they show slight difference with respect to the Cotton ef-

fect enhancement. It means the key factor of organic acids is the

COOH group that provides sufficient hydrogen bonds, while the

other structural factors could hardly contribute to the molecular

chiral self-assemblies. It is worth noting that although chiral nat-

ural acids were used, no apparent bias effects were observed, and

the chirality of acids hardly transfer to chromophores via nonco-

valent forces. It implies the inherent chirality is the major fac-

tor to control over the overall chirality and chiroptical activities.

It is however understandable. The chiral centres of amino acids

are conjugated covalently to the imidazole core, while the organic

chiral acids attached to the building units via hydrogen bonds are

weak in nature. Therefore, it is expectedly that chiral acids could

hardly influence the chirality and chiroptical behaviors.

In order to give insights into the self-assembly mechanism, full-

atom molecular dynamic simulation (MD) was carried out (Fig. 4

and Fig. S32 in Supporting information). The π-conjugated amino

acid derivatives were dispersed in a simulation box (10 nm×10

nm×10 nm) full of water molecules, which underwent 50 ns

equilibrium. Ala formed aggregates with extended one-dimensional

(1D) growth (Fig. 4a), which is in good agreement with the fibrous

structures under TEM observation. The highlighted 1D molecu-

lar extension is primarily driven by aromatic interactions in ad-

dition to the hydrogen bonds between amides. The aromatic in-
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Fig. 4. MD results. (a) Morphology of Ala in a simulation box after 50 ns equilibrium, and the represented molecular packing and aromatic interactions; (b) morphology of

Ala/Mal coassembly (1:3 by molar), and the distribution of Mal in Ala assembly as well as the detailed noncovalent interactions.

teractions comprise typical π-π stacking as well as the CH···π
close contacts between benzimidazole planes. By introducing Mal

(3 equiv.), 1D aggregates were not interfered in the presence of

hydrophilic organic acids (Fig. 4b). Many Mal molecules have not

been incorporated into aggregates due to the competitive solva-

tion effects in water. Mal molecules inside the Ala assembly are

evenly distributed. Expectedly, the supramolecular complexation

between Ala and Mal is driven primarily by complementary hydro-

gen bonds. Typically, carboxylic acids form duplex hydrogen bonds

(distance < 2.0 Å) with amide groups, which stabilize the com-

plexes. The MD simulation between Val and Mal also verifies the

similar binding interactions between amides and carboxylic acids

(Fig. S32 in Supporting information). The MD results are in accor-

dance with the NMR and FTIR results as well, confirming the cru-

cial rule of hydrogen bonds in the complexation.

In summary, we unveil the small organic carboxylic acids as the

key components to modulate the supramolecular chirality and chi-

roptical properties of π-conjugated amino acids. The introduction

of carboxylic acids boosted the dissymmetry factors of the aque-

ous self-assemblies. The present systems show strong CPL activi-

ties with glum at 10−2 grade. Complementary hydrogen bonds facil-

itated the coassembly induced by the experimental and simulation

results. This work establishes an alternative protocol using com-

mercially available organic acids to control and prepare advanced

chiroptical materials.
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