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Efficient resolution of racemic mixture has long been the most attractive but 

challenging subject since Pasteur separated tartrate enantiomers in 19th century. 

Graphene oxide (GO) could be flexibly functionalized by using a variety of chiral 

host molecules and therefore, was expected to show excellent enantioselective 

resolution performance. However, this combination with efficient enantioselective 

resolution capability has been scarcely demonstrated. Here, Nanopores graphene 

oxides were firstly produced and then covalently functionalized by using a chiral 

host material—-cyclodextrin (-CD). This chiral GO displayed enantioselective 

affinity toward the L-enantiomers of amino acids. Particularly, > 99% of L-

asparagine (Asn) was captured in a racemic solution of Asn while the adsorption 

of D-enantiomer was not observed. This remarkable resolution performance was 

subsequently modelled by using an attach-pull-release dynamic method. We 

expect this preliminary concept could be expanded to other chiral host molecules 

and be employed to current membrane separation technologies and finally show 

practical use for many other racemates. 
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The two enantiomers of chiral molecule are non-superimposable mirror images but 

have almost the same chemical and/or physical properties and therefore, are usually 

hard to separate.[1] However, enantioselective resolution of these two enantiomers is of 

particular importance because distinct biological and/or pharmacological effects were 

commonly found in chiral biomolecules and pharmaceuticals.[2] Many enantioselective 

resolution techniques including chromatography, crystallization, and membrane-based 

separations such as chiral membranes and/or molecularly imprinted membranes have 

been developed.[3] Although these techniques exhibit various advantages, they still face 

important technical limitations, such as high energy consumption, high cost, low 

efficiency, discontinuous operation, and difficult to scale-up.[4] On the other hand, 

graphene oxide contains plenty of reactive oxygen groups (-COOH, -OH, carbonyl, and 

epoxy), which provides possibility for chemical modification and produces functional 

materials for a wide range of applications.[5] In particular, these GOs have been 

demonstrated to efficiently separate various materials such as cations,[6] gases,[7] and 

organic molecules[8] because of their properties such as large surface area, tunable 

interactive sites, as well as adjustable interlayer spacing.[9]  

Chiral molecules, including polymers[10] and biomolecules,[11] have also been 

utilized to functionalize these graphene oxides and show typical enantioselective 

interaction toward guest enantiomers.[12] In this way, chiral GO enantioselective sensors 

were demonstrated.[13] However, this general recognition phenomenon has been rarely 

applied to separate enantiomers or racemates because of great challenges in fabricating 

chiral GOs with efficient enantioselective resolution capabilities.[14] This low efficiency 
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is probably due to insufficient chiral host molecules and mismatch between chiral host 

and guest pairs.[15] Moreover, instead of investigating the “response/signal” difference 

between pure D- and L-enantiomers in these chiral sensors, separating one enantiomer 

from a mixture of racemic enantiomers is of particular difficult because of fierce 

competition between the two enantiomers.[16] Furthermore, sites for molecular 

interaction is also important for the host-guest recognition. Ariga et al conducted a 

systematic investigation of a great variety of combinations of the host monolayers and 

aqueous guests where the molecular recognition is performed at the air-water 

interface.[17] Here, our method is, therefore, covalently bonding nanoporous GOs with 

chiral host materials as much as possible and performing the host-guest molecular 

recognition in aqueous solution. Meanwhile, we choose a classic host-guest pair of β-

CD and racemic amino acid solutions where enantioselective interaction was found for 

many other systems but seldom for GOs.[18]  

Figure 1a shows a schematic illustration of enantioselective resolution of amino 

acids by using chiral graphene oxide. β-CDs as chiral host molecules were covalently 

connected on GO through an amidation reaction between -COOH and -NH2 groups. To 

increase the density of chiral host molecules, nanopores in GO were created. This 

nanoporous chiral GOs could selectively bind the L-enantiomers in an amino acid 

racemates solution. The D-enantiomers were then collected by isolating these GOs with 

simple centrifuging or filtrating process. Here, five amino acid racemates were mixed 

with nanoporous chiral GOs and apparent enantioselective resolution phenomenon has 

been observed (Figure 1b, HPLC results). Specifically, the ratio of L-enantiomer for all 
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five amino acids was lower than 50%, which indicated that these L-enantiomers were 

selectively adsorbed. In addition, more than 99% of L-Asn was captured by these chiral 

GOs, leaving almost enantiopure D-Asn solution. This surprising efficient resolution 

capability (~99% enantiomeric excess, ee) was hard to achieve especially for those 

using chiral graphene oxides. 

To synthesize these nanoporous chiral GOs, commercial graphene oxides (Figure 

2a, no apparent nanopores) were firstly oxidized by using nitric acid due to the 

relatively higher chemical activities intrinsically associated with the defect sites of GOs 

(see details in the Supporting information). This produced nanoporous GO (N-GO) 

where the density of –COOH group has increased and reached the maximum value at 

ca. 4 hrs oxidation (Figure 2d, statistics and S1, XPS data). Specifically, ~30% more –

COOH groups were produced and its ratio increased to ~10%. Further oxidation led to 

a decrease of –COOH density which is probably because as the increase of nanopore 

diameter, the effective surface area and total edge length have reduced. These 

nanoporous structures were confirmed by comparing the TEM images where these 4~5 

nm nanopores (Figure 2c, 4 hrs oxidation, the inset show the distribution of nanopores) 

were gradually expanded to ca. 80 nm nanopores (Figure S2, 10 hrs oxidation). The 

pore size distribution and surface area of N-GO were subsequently investigated by 

using TEM and nitrogen adsorption-desorption isotherms (Figure S3 and S4, Table S1, 

see details in the Supporting information). On the other hand, it must emphasize that 

these nanoporous GOs could be readily dispersed and stabilized in aqueous solution for 

more than one year (Figure 1b photographs, ca. 1 mg∙mL-1). This indicated that these 
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nanoporous GOs might be monodispersed and was then confirmed by AFM result 

(Figure S5). We believe this monodisperse characteristic is beneficial for the 

performance of following resolution performance because any agglomeration would 

reduce the effective density of active sites (-COOH) and subsequent chiral host 

molecules.  

Next, chiral host molecules (β-CD) were then covalently bonded onto these 

nanoporous GOs by using the EDC/NHS method.[19] The feed ratio between β-CD and 

GO was determined by recording the changes of the zeta potential because of their 

distinct surface charge characteristics (Figure 2e, green and orange histograms). As 

more host molecules bonded, the Zeta potential of the complex gradually decreased and 

finally stabilized at a steady value (Figure 2e, blue histograms), which indicated that 

the majority of -COOH was transformed into -CONH- groups. This amidation reaction 

was further confirmed by carrying out FTIR and XPS spectra measurements. The FTIR 

spectra of β-CDs, nanoporous GOs, and their complex were shown and compared in 

Figure 2f. The nanoporous GOs displayed characteristic stretching vibrational modes 

at 1730, 1625, 1216, and 1039 cm-1, corresponding to C=O (carbonyl), C=C (aromatic), 

C–OH (hydroxyl), and C–O (epoxy) respectively (Figure 2f, orange curve).[20] After 

functionalization (Figure 2f, blue curve), the stretching band of the amide C-N (1240 

cm-1), a sharp stretching vibration of -CH2 (2930 cm-1), as well as typical features of 

glucose units and glucose rings (500-1200 cm-1) were appeared in these nanoporous 

chiral GOs.[21] Moreover, the characteristic peaks of amide group were also found in 

these complex where a broad peak at 1605 cm-1 was due to bending vibration of N-H 
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group and a band at 1660 cm-1 corresponded to the stretching of C=O groups.[22] The 

XPS spectra of nanoporous GOs before and after functionalization were subsequently 

recorded (Figure 2g). C-N (399.7 eV) and N-H (401.7 eV) peaks were observed in these 

functionalized GOs while no apparent peak was found for nanoporous GOs (Figure 2g, 

orange curve).[22-23]  

The amount of connected β-CD on these N-GOs was subsequently quantified by 

using thermogravimetric analysis. As shown in Figure S6, β-CD-nanoporous-GOs 

show a 3.6% weight loss below 120 ºC as a result of the release of absorbed water, and 

a further rapid weight loss (13.1%) from 140 to 250 ºC which is attributed to the 

removal of the oxygen-containing functional groups. Comparing to non-functionalized 

nanoporous GOs, β-CD-nanoporous-GOs displayed a sharp drop in the range of 250-

340 ºC, with a mass loss of 23.1 wt%, should be attributed to the decomposition of β-

CD moieties, which is consistent with the thermal decomposition profile of pure β-CDs.  

These nanoporous chiral GOs were then applied for resolving amino acid 

enantiomers. In a racemic mixture solution, chiral GOs were added to capture the 

enantiomers and then isolated. It was found that excess D-enantiomers of asparagine 

were left in the solution where a negative peak at ca. 200 nm appeared in the circular 

dichroism spectrum (Figure 3a). This indicated that the nanoporous chiral GOs 

selectively captured L-Asn and the host-guest interaction between L-Asn and GOs was 

stronger comparing to the other one. In addition, more D-enantiomers were collected as 

the increase of incubation time (Figure 3a, and b, red square left y-axis). This was 

further confirmed by using HPLC measurements. As the increase of interaction time, 
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the peak of L-Asn gradually decreased and finally disappeared while no apparent 

changes have been observed for D-Asn (Figure 3c, and b, black triangle and blue circle, 

right y-axis). Specifically, more than 99% of L-Asn was adsorbed by chiral GOs and 

almost enantiopure D-Asn was obtained. 

Four additional amino acids, phenylalanine (Phe), tryptophan (Trp), leucine (Leu), 

and histidine (His) were subsequently tested. Similarly, L-enantiomers of these acids 

were also captured by nanoporous chiral GOs, but the enantiomeric excess values were 

much lower comparing to asparagine (Figure 1b, S9). Such an efficient resolution 

capability (~99% ee) toward Asn enantiomers was scarcely found and we believe both 

nanoporous GOs and β-CD-Asn host-guest pair were indispensable. Nanoporous 

structures provided sufficient chiral host sites while the specific but not strong host-

guest interactions guaranteed enantioselectivity. 

The enantioselective resolution capabilities of these chiral GOs were then evaluated 

by using an attach-pull-release dynamic model.[24] In this model, enantiomers were 

forced to penetrate though the cavity of β-CD in four steps, specifically, bound step, 

attached step, pulled step, and unbound step (Figure 4a-d). In these steps, 60 

consecutive interaction sites were calculated. At each site, the enantiomers were 

allowed to stay for ca. 2.5 ns which is enough to find their most stable conformation. 

The magnitude of applied force and corresponding work were determined by the non-

covalently weak interactions (e.g. H-bonding, Van der Waals force) between the host 

and two enantiomeric guest molecules. Finally, the overall binding free energies were 

calculated from ∆𝐺𝑏𝑖𝑛𝑑
𝑜 = −(𝑊𝑎𝑡𝑡𝑎𝑐ℎ +𝑊𝑝𝑢𝑙𝑙 +𝑊𝑟𝑒𝑙𝑒𝑎𝑠𝑒−𝑐𝑜𝑛𝑓 +𝑊𝑟𝑒𝑙𝑒𝑎𝑠𝑒−𝑠𝑡𝑑) 
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equation.[24] Here, the free energies of both asparagine and tryptophan were calculated 

and compared. For Asn, the binding energies of L- and D-enantiomers were -6.78 

kcal∙mol-1 and -6.36 kcal∙mol-1 respectively which were much lower than Trps (L-Trp, 

-11.29 kcal∙mol-1 and D-Trp -11.28 kcal∙mol-1). This indicated that the host-guest 

interaction between Trp and β-CD was much stronger where a higher binding constant 

was calculated by using 𝐾𝑏𝑖𝑛𝑑 = exp(∆𝐺𝑏𝑖𝑛𝑑
𝑜 𝑅𝑇⁄ ) equation (ca. 1.9E8). 

However, the enantioselective resolution performance should be determined by the 

binding energy difference between two enantiomers rather than absolute binding energy 

between host and guest molecules. The energy differences of two enantiomers of 

asparagine and tryptophan were calculated as 0.42 kcal∙mol-1 and 0.01 kcal∙mol-1 

respectively (Figure 4e, blue histograms, left y-axis). In this way, Asn with lower 

binding constant should display stronger enantioselective resolution capability than Trp 

which agreed well with experimental observations (Figure 1b). The binding constant 

ratios (𝐾𝐿 𝐾𝐷⁄ ) between two enantiomers were also calculated. This ratio for Asn was 

ca. 2 while for Trp was very close to 1 (Figure 4e, orange histograms, right y-axis), 

further confirmed that these chiral molecules displayed stronger enantioselective 

resolution capability toward asparagines.  

Next, we inferred that the main reasons for the stronger interactions between L-

asparagines and β-CD-nanoporous-GOs are attributed to 1) The structures---the 

dominant interaction between amino acids (tryptophan, phenylalanine, histidine) and 

β-CD-nanoporous-GOs is the π-π interaction. While for leucine and asparagine, the 

main interaction with β-CD-nanoporous-GOs is hydrogen bonding interaction. 
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Comparing to π-π interaction (~10 KJ.mol-1), hydrogen bonding (~25-40 KJ.mol-1) 

possesses a higher binding energy. Besides, asparagine has more interaction sites for 

hydrogen bonding. 2) The chiral selectivity is dependent on the β-CD which is in favor 

of L- over D-type. 

Finally, it is important to compare the recognition efficiency of our β-CD-

nanoporous-GOs with other GO-based techniques. Deng has synthesized chiral 3D 

porous hybrid foams by using optically active helical-substituted polyacetylene and 

reduced graphene oxide (RGO). This foam was used as additive to induce 

enantioselective crystallization of racemic alanine. The ee reached the maximum value 

(88%) at third cycle with 96 hrs interaction.[25]  Hong et al developed a novel GO-

modified affinity capillary monoliths by employing human serum albumin (HSA) or 

pepsin as chiral selector. Amino acid enantiomers were chosen as the model analytes 

and the resolution (Rs) and separation factor (α ~ 1.2) are used to evaluate the chiral 

separation capability.[11b] Meng et al fabricated graphene-based chiral membranes and 

the enantioseparation performance toward 3, 4-Dihydroxy-D or L-phenylalanine were 

studied. Notable separation factor (α ~ 1.25) was achieved even at flux as high as 250 

nmoles∙cm-1∙h-1.[12a] With different evaluating parameters, it is hard to compare the 

enantioseparation performance of these GO-based chiral materials. However, in the 

context of ee, our method is competitive where 99% ee has observed for asparagine 

enantiomers. 

To conclude, we have produced a new type of nanoporous chiral graphene oxides. 

These chiral GOs show efficient enantioselective resolution capability toward 
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asparagines. A molecular dynamic model was proposed to explain these observations. 

Looking forward, we wish these nanoporous chiral GOs could be combined with 

current membrane and/or column chromatography (as stationary phase materials) 

separation technologies and show real application in resolving important chiral 

materials such as pharmaceutical intermediates, agrochemicals, and fragrances.[26]  
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Figure 1. (a) The scheme of enantioselective resolution by using nanoporous chiral 

graphene oxides. β-CDs were covalently bonded on nanoporous GO and selectively 

bound the L-enantiomers in amino acid racemic solution. (b) Resolution capability of 

nanoporous chiral GO (0.8 mg.mL-1) toward five amino acid racemates (3 mM), 

specifically, phenylalanine (Phe), tryptophan (Trp), leucine (Leu), histidine (His), and 

asparagine (Asn). The nanoporous chiral GO selectively bound the L-enantiomer for all 

five amino acids and displayed the best performance toward Asn racemates (D-Asn% > 

99%). Note: 1) The ratio is calculated by comparing the HPLC peak area of D- and L-

enantiomers. 2) The error bar is based on four independent experiments. 3) The upper 

solution is used for HPLC experiment (see details in experimental section) and 

therefore, the ratio of L-enantiomer is less than D-enantiomer indicates that the 

nanoporous GO selectively binds L-enantiomer.    
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Figure 2. Synthesis of nanoporous graphene oxides (N-GO) and functionalization of 

these GOs by using β-CDs. TEM images and photographs of the aqueous dispersions 

of commercial GO (a, b-left) and nanoporous GO (oxidation for 4 hrs, c, b-right). The 

concentration of nanoporous GO is ca. 1 mg∙mL-1. Nanopores (ca. 4~5 nm in diameter) 

were created and more –COOH groups were produced on GOs. (d) The ratios of –

COOH group on GOs oxidized for different time (calculated from XPS data). (e) to (g) 

Zeta potential, FTIR spectra, and N1s XPS spectra of nanoporous GOs before and after 

functionalization. The zeta potential was monitored by changing the feed ratio between 

β-CD and GO (0.8 mg∙mL-1). The feed ratio is then fixed at 40 for FTIR, XPS and the 

following resolution experiment.   
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Figure 3. Enantioselective resolution of Asn. (a) The circular dichroism spectra of the 

upper solution after enantioselective interaction between nanoporous chiral GOs and 

Asn racemates for different time. The inset shows the spectra of enantiopure D-Asn, L-

Asn, and r-Asn, which indicated that D-Asn was accumulating in the upper solution 

while L-Asn was gradually adsorbed by nanoporous chiral GOs. (b) The statistics of 

circular dichroism intensity (red square, left y axis) and HPLC peak area (D-Asn and L-

Asn, black triangle and blue circle, right y axis) of the upper solution. The error bar is 

based on four independent experiments. (c) Typical HPLC result of the upper solution 

at different time.     
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Figure 4. (a) to (d) The enantioselective interaction between β-CD and amino acids 

was modelled by using an attach-pull-release method. The enantiomers were forced to 

penetrate though the cavity of β-CD and the overall binding energies were calculated. 

(e) The difference of binding energy (blue histogram, left y axis) and corresponding 

binding constant ratio (orange histogram, right y axis) between D- and L-enantiomer of 

Trp and Asn. 
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