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Abstract: The synthesis of a chiral supramolecular organogel via the 
hierarchical helical self-assembly of optically active riboflavin and 
melamine derivatives is described herein. Owing to the photocatalysis 
of riboflavin and the supramolecular chirality induced in the helically 
stacked riboflavin/melamine complex, the gel is observed to act as a 
light-stimulated chiral sensor of optically active alcohols by detecting 
the change in color from yellow to green. The gel also served as an 
efficient chiral adsorbent, enabling optical resolution of a racemic 
compound with high chiral recognition ability. 

Introduction 

Helical supramolecular architectures with a controlled helix-
sense, formed via self-assembly of small molecules, have 
garnered considerable research attention of late.[1] Constructing a 
controlled right- or left-handed helical array of small organic 
molecules that inherently possess functions like catalysis and 
optical property is a promising approach to creating novel chiral 
materials with attractive functions. Due to the induced and 
amplified supramolecular chirality, these helical supramolecules 
hold promise for applications like chiral discrimination and 
separation,[2] asymmetric catalysis,[3] circularly polarized 
luminescence,[4] and chiral optics and electronics.[5] However, 
their successful examples are limited compared to those of 
artificial helical polymers,[1c,6] and achieving a helical arrangement 
of the desired functional molecules in the supramolecular system 
remains challenging. 

Riboflavin, commonly known as vitamin B2, and its derivatives 
are ubiquitous in nature and participate in numerous biochemical 
processes by binding to proteins as cofactors.[7] For example, 
riboflavin acts as a blue-light-sensitive photoreceptor of 
phototropin, which regulates the phototropic responses of higher 
plants such as the bending of stems toward light. [8] Additionally, 
riboflavin acts as the catalytic active site of flavin-containing 
monooxygenases that are essential for xenobiotic detoxification.[9] 
Riboflavin consists of a planar p-conjugated isoalloxazine ring 
and a chiral ribityl group, which endow it with diverse properties 
including photosensitivity and optical, redox, and catalytic 

activities.[10] In addition, the sophisticated biological functions of 
flavoproteins and flavoenzymes are attributable to the well-
designed chiral environment and noncovalent interactions with 
surrounding proteins. As evidenced by their diverse biological 
systems,[7-9] artificial chiral supramolecules with a helical array of 
riboflavin can be used as unique chiral materials with biomimetic 
or novel artificial properties. These findings are also important for 
the elucidation of the biological functions of the flavoproteins and 
flavoenzymes. Despite the remarkable progress achieved using 
the analogs of vitamin B12 such as porphyrins for the design of 
various functional supramolecular systems,[11] the development of 
riboflavin-containing supramolecules, and in particular, those with 
chiral functions such as chiral recognition ability and asymmetric 
catalysis has been scarcely conducted.[12] 

Herein, we report a chiral supramolecular gel formed via the 
hierarchical helical self-assembly of riboflavin and melamine 
derivatives. The supramolecular gel with helically arranged 
riboflavin units exhibited a unique chiral recognition ability, 
enabling its application in the visible colorimetric chiral sensing of 
optically active analytes as well as the enantioselective 
adsorption of a chiral compound owing to its induced 
supramolecular chirality. The enantioselective color change of the 
gel is induced because of the photocatalysis of riboflavin; 
additionally, chiral sensing is triggered by light irradiation. 
Although several methods, including chiral high-performance 
liquid chromatography (HPLC), have been developed to 
accurately obtain chiral information, the development of simpler 
assays that can easily visualize chiral discrimination is a 
challenge.[13] Enantioselective sensors have also been 
demonstrated through the use of diverse chiral materials, 
including polymers,[14] supramolecules,[15] metal–organic 
frameworks,[16] and carbon nanotubes or graphene.[17] 
Colorimetric chiral detection based on the absorbance change for 
the chiral chromogenic unit is a promising method that facilitates 
unaided facile visual detection.[18]  

Results and Discussion 
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The transparent supramolecular organogel was fabricated 
using a 2:1 mixture of carbamoylated riboflavin F1—prepared 
from riboflavin (vitamin B2, Figure S1)—and N,N’-dioctyl 
melamine (M) in 1,2-dichloroethane (DCE). The gelation was 
completed by heating the mixture at 80 °C for 5 min, followed by 
cooling to 25 °C for 5 min (Figure 1A and Table S1).[19] The 
morphology of the supramolecular gel was characterized by 
scanning electron microscopy (SEM), scanning transmission 
electron microscopy (STEM), and atomic  

 

Figure 1. (A) Schematic of organogel formation using F1 and M. The fabricated 

organogel is shown on the right. (B) SEM and AFM images of the 

supramolecular gel formed using F1 and M in DCE (10 and 5.0 mM, 

respectively). (C) Schematic of the formation of helical nanofibers and the 

organogel through the hierarchical self-assembly of F1 and M. 

force microscopy (AFM); the results are shown in Figures 1B, S3, 
and S4. The SEM and STEM images of the diluted gel presented 
three-dimensional (3D) networks consisting of linearly extending 
fibrils, which are typical of helical macro- and supramolecules 
(Figures 1B and S3).[6b] Using AFM, nanofibers with an average 
height of 1.2 ± 0.2 nm arranged in a partially aligned parallel 
fashion were observed on the mica substrate (Figure S4). The 
magnified SEM images revealed that the fibrils had a helical 
structure, and the conformation was likely right-handed (Figures 
1B and S3).  

The proposed mechanism of the hierarchical self-assembly of 
F1 and M is shown in Figure 1C. First, the complexation of two F1 
molecules with M (2F1•M) occurred via three-point hydrogen 
bonding between the C=O and N–H of the flavin ring and the N 
and N–H of melamine. Second, the 2F1•M complexes with planar 
π-conjugated structures self-assembled to form a helically 
stacked supramolecular structure (X) with excess one-
handedness. Despite the possible structural change caused by its 
adsorption onto the substrate surface, structure X might have 
corresponded to the fibrous structure, which had a height of ∼1 
nm, observed by AFM. Because the periphery of supramolecular 
helix X was covered by hydrophobic alkyl chains, the helix further 
aggregated to form supramolecular nanofibers (Y) with right-
handed helical structures. The fibrillar nanostructures then 
entangled to construct a 3D-network structure that immobilized a 
large volume of solvents—the organogel.  

To determine the supramolecular structure composed of F1 
and M, various spectroscopic analyses were performed. A job plot 
analysis of the 1H NMR measurements of the F1/M mixture in 
CDCl3 showed that two F1 molecules were complexed with one 
M molecule (Figure S5).[20] The formation of three-point hydrogen 
bonds between F1 and M was also confirmed by 1H NMR and IR 
measurements (Supporting Information Section 4.5).[21,22] The 
conformation of the 2F1•M complex (Figure 1C) was deduced 
using density functional theory calculations (Supporting 
Information Section 5).  

 

  

Figure 2. Absorption (a, b) and circular dichroism (CD) (c, d) spectra of F1 (0.1 

mM) in DCE (a, c) and a supramolecular gel formed by F1 and M (10 and 5.0 

mM, respectively) in DCE (b, d). 
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The CD and absorption spectra of the mixture of F1 (10 mM) 
and M (5.0 mM) in DCE before and after gelation were analyzed 
to investigate the chiroptical properties of the compounds (Figure 
2, Supporting Information Section 4.6). The DCE solution of F1 
showed characteristic absorption signals centered at 
approximately 350 and 450 nm that were attributed to the π-
conjugated flavin chromophore. The absorption spectrum of the 
transparent yellow 2F1•M gel revealed the hypochromic effect 
and blue-shift in the flavin chromophore regions, suggesting that 
the supramolecular structure was formed through the π-π 
stacking of the π-conjugated flavin ring.[23] The DCE solution of 
F1 exhibited weak negative Cotton effects in these flavin 
chromophoric long-wavelength regions; however, the 2F1•M gel 
displayed intense positive Cotton effects at approximately 450 nm. 
The CD spectral changes indicated that supramolecular chirality 
was induced and amplified through the self-assembly of F1 and 
M by the chirality transfer from the optically active ribityl pendant 
of F1. The effect of the substituents of F1 on the gelation ability 
was investigated using F1 analogs, F2–F5 (Figure S1). The 
carbamoyl moiety and long-chain dodecyl moiety introduced on 
the ribityl group of F1 were essential for rapid gelation (Table S1 
and Supporting Information Section 4.1). Therefore, 
supramolecular helix X (Figure 1C) was likely stabilized by i) the 
π–π stacking of the π-conjugated flavin and melamine rings, ii) 
the intermolecular hydrogen bonding of the carbamoyl units of F1, 
and iii) the solvophobic effect of the alkyl chains of the dodecyl 
carbamate of F1.  

The applicability of the 2F1•M supramolecular gel as a chiral 
material was verified. This enabled the straightforward 
colorimetric chiral discrimination of optically active compounds 
using visual detection based on color changes. Assuming that the 
F1/M mixture could detect the chirality of optically active analytes, 
supramolecular gels of F1 and M (DCE, 10 and 5.0 mM, 
respectively) in the presence of (2S,3S)- and (2R,3R)-diethyl 
tartrate (1, 0.10 M) were prepared. The mixtures were placed in 
sample tubes sealed with caps to form yellow gels, which were 
then irradiated using visible light (blue LED, 7.2 W) for 4 h (Figure 
3Aa). After 2 h of irradiation, the color of the gel containing 
(2S,3S)-1 remained yellow, whereas that of the gel containing 
(2R,3R)-1 turned green. This indicated that the chirality of 1 can 
be distinguished by the supramolecular assembly of 2F1•M. We 
also performed enantioselective colorimetric sensing using other 
optically active alcohols 2 and 3 as the analytes (Figure 3Ab and 
c). This analysis showed that the addition of (R)-2 and (2R,3R)-3 
preferentially results in a color change to green within 2 and 1 h, 
respectively.[24] By contrast, when optically active BINOL, 1-
phenylethyl alcohol, and 1-phenylethyl amine were used as the 
analytes, the enantioselective color change was not observed 
(Figure S14). Based on the experiment using varying 
concentrations of 3, the limit of detection for 3 that could be 
distinguished by the naked eye was estimated to be 
approximately 0.1 equiv (0.5 mM, Figure S15). The green color of 
the (2R,3R)-3-containing 2F1•M gel was preserved for at least 72 
h under N2 atmosphere in the dark (Figure S16). 

 

Figure 3. (A) Images of the 2F1•M gels (5.0 mM) containing optically active 1 
(20 equiv in DCE), 2 (2.0 equiv in DCE), and 3 (2.0 equiv in DCE/MeOH (98:2 

v/v)) in sample tubes (0.8 mL). The length of time of the color change is also 

shown. (B) Absorption spectra of the 2F1•M gel (DCE, 1.0 mM) containing 

(2R,3R)-1 (20 equiv) in a 1 mm quartz cell upon light irradiation (blue LED, 7.2 

W) and an enlarged view of the longer-wavelength region (inset). (C) The 

change in absorption intensity of the peak at 620 nm. 

The change in the absorption spectra during irradiation of the 
(2R,3R)-1-containing gel is shown in Figure 3B. Upon exposure 
to light, the characteristic absorption peak at ∼450 nm arising 
from the conjugated flavin ring of F1 gradually weakened, while 
the gel gave rise to a new absorption signal centered at 620 nm, 
causing the dark green color. The appearance of the new species 
with the absorption signal in the longer-wavelength region was 
attributed to the generation of the flavin radical (F1H•, Scheme 
1).[25] The electron spin resonance (ESR) analysis of the green-
colored (R)-2-containing gel obtained after light irradiation 
revealed an apparent radical signal with a g-value of 2.0041, 
indicating the formation of radical flavin F1H• (Figure S17a).[25b] 
Figure 3D presents the change in absorption intensity of the peak 
at 620 nm for the 2F1•M gels containing 20 equiv of (2R,3R)- or 
(2S,3S)-1 (Figure S11). The color change was not continuous but 
drastically increased in intensity after a specific induction period. 
The 620 nm absorption peak of the gel containing (2R,3R)-1 
began increasing after 1 h of light irradiation. However, the 
absorption increased after ∼3 h in the gel containing (2S,3S)-1. 
Because of the unusual nonlinear absorption change, a distinct 
color change can be easily recognized (Figure 3A). Furthermore, 
the light-responsive nature of the complex means that the 
changed or unchanged color can be preserved by terminating the 
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light irradiation. The present gel is unique because it promotes 
colorimetric chiral sensing via light irradiation regulation.[26] 

The mechanism underlying the light-responsive color change of 
the supramolecular gel containing chiral alcohol is proposed in 
Scheme 1. Riboflavin derivatives are known to act as 
photocatalysts,[27] and they efficiently promote the photooxidation 
of alcohols to form aldehydes, ketones, and carboxylic acids upon 
light irradiation.[28] The visible light irradiation of yellow F1 
generates excited 3F1*, which has strong oxidizing power. This 
facilitates the oxidation of alcohols, producing the corresponding 
ketones and green-colored flavin radical (F1H•).[25c,28c,29] F1H• 
exists at the equilibrium between proportionation and 
disproportionation, forming yellow F1 and almost colorless 
F1H2.[25a,b] Under aerobic conditions, F1H• and F1H2 react with 
molecular oxygen (O2) to form F1.[25a,b] However, the sample tube 
was filled with the supramolecular gel and sealed with a screw 
cap to prevent contact with air (O2). Therefore, F1H• generated by 
the photooxidation of alcohols was initially converted to F1 by 
reacting with the O2 remaining in the gel. After the consumption 
of the O2 dissolved in the gel, F1H• accumulated, and the gel 
gradually turned green. This mechanism explains the induction 
period observed in Figure 3C. Therefore, decreasing the amount 
of dissolved O2 in the gel is expected to shorten the induction 
period and response time of the color change. The 2F1•M gel was 
chiral, resulting in different reaction rates for each alcohol 
enantiomer. Generally, continuous color changes are difficult to 
distinguish. However, the reverse reaction pathway from F1H• to 
F1 in this system resulted in a significant difference in a quantity 
of F1H• present at a certain time, such that the gel containing the 
enantiomer that preferentially reacts showed a marked color 
change. The structural change of the 2F1•M gel (5.0 mM) 
containing (2R,3R)-1 (20 equiv) was observed via TEM; the 3D 
network structure comprising nanofibrils was not significantly 
changed before and after the color change induced by light 
irradiation (Figure S18). As indicated by the change in the 
absorption spectra (Figure 3B), the color change seems to result 
from the partial conversion of F1 to F1H• radicals, instead of from 
the changes in the higher-order structure. 

 

Scheme 1. Proposed catalytic cycle for the photooxidation of chiral alcohols. 

The chiral recognition ability of the 2F1•M gel was 
characterized by enantioselective adsorption experiments (Figure 
4).[30] We prepared a xerogel by drying the 2F1•M organogel of 
DCE in vacuo, and then allowed it to stand in an acetonitrile 
solution of racemic BINOL (rac-4) for 24 h. Therefore, the xerogel 
of 2F1•M was preferentially adsorbed (S)-4 with 46% 
enantiomeric excess (ee) (Figure 4A). Based on the quantity and 
ee value of adsorbed 4, the separation factor (a),[30a,b] which is an 
index used in chiral HPLC to evaluate the chiral resolving ability 
of chiral stationary phases, was calculated as 5.11. This 
remarkably high a value indicates that this xerogel can function 
as a practical chiral recognition material, particularly as the chiral 
stationary phase (CSP) in chiral HPLC for complete separation of 
enantiomers.[31] The xerogel collected after the enantioselective 
adsorption experiment of rac-4 could be utilized again, and it 
could enantioselectively adsorb (S)-4 with 42% ee (Figure 4A). 
The separation factor of the second run decreased slightly 
compared to that of the first run (a = 5.11) but was still sufficiently 
high for efficient chiral separation.[31] Compared with the xerogel, 
the 2:1 mixture of F1 and M before gelation adsorbed (R)-4 with 
4.1% ee (a = 1.10) (Figure 4B). The reversal of stereoselectivity 
and significant increase in the a value after gelation indicated that 
the supramolecular chirality induced in the supramolecular 
architecture of F1 and M played a crucial role in chiral recognition.  

We also attempted the enantioselective adsorption of other 
analytes using the 2F1•M organogel of DCE (Table 1). To our 
delight, when an acetonitrile solution of the racemic analysts was 

 

 

Figure 4. Enantioselective adsorption of rac-4 on (A) a dried 2F1•M gel 

(xerogel) and (B) a 2:1 mixture of F1 and M before gelation (powder). The yields 

and ees of adsorbed 4 were averaged over three runs. 
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Table 1: Eanantioselective adsorption of racemic analytes 5-7 using 2F1•M 
organogel as a chiral adsorbent.[a] 

 

[a]Determined by chiral HPLC analysis of the supernatant solution. All values are 

the average of the results of four consecutive runs. [b]Calculated according to 

the equation α = (Fmajor (%)/Fminor (%))/(Amajor (%)/Aminor (%)), where Fmajor and 

Fminor are the percentages of major and minor enantiomers, respectively, of the 

free analyte in the supernatant solutions, and Amajor and Aminor are the 

percentages of the major and minor enantiomers of adsorbed analyte, 

respectively. Values in parentheses are standard deviations.  

added onto the 2F1•M organogel and allowed to stand for 24 h, 
the gel adsorbed one of the enantiomers enantioselectively. The 
BINOL analogue (R)-5 was enantioselectively adsorbed on the 
gel, yielding a remarkably high a value of 3.97 (entry 1). In 
addition to the alcohols, the 2F1•M organogel demonstrated 
apparent chiral recognition ability towards chiral ketone 6 and 
amine 7, and selectively adsorbed (S)-6 and (S)-7 with a values 
of 1.21 and 1.51, respectively (entries 2 and 3). The detailed 
mechanism of this process is not clear at this stage, but the 
hydrogen-bonding interactions among the hydroxy, carbonyl, and 
amino groups of 4–7 and the helically arranged carbamoyl unit of 
F1 likely contribute to efficient chiral recognition.  
 

 
Conclusion 

A novel riboflavin/melamine-based chiral supramolecular gel was 
developed, and it enabled the light-stimulated colorimetric chiral 
discrimination and enantioselective adsorption of chiral alcohols, 
ketones, and amines. The chiral recognition ability was derived 
from the supramolecular chirality which was likely induced by the 
hierarchical self-assembly of riboflavin and melamine derivatives. 
To the best of our knowledge, this is the first reported example of 
helical supramolecular assembly enabling chiral photo-
organocatalysis and efficient enantioselective adsorption. This 
finding can be used to develop novel bioinspired chiral 
supramolecular architectures and soft materials with favorable 
functions. 

Supporting Information 

Experimental details and procedures; supplemental Figures and 
Tables; spectroscopic, microscopic, and HPLC data; DFT 
calculation (PDF). The authors have cited additional references 
within the Supporting Information.[32-35] 
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