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Chiral resolution using supramolecular templated mesostructured materials  

Yanan Huang,[a] Xavier Vidal,[b]  Alfonso E. Garcia-Bennett*[a][c] 

Abstract: Chiral resolution using non-functionalized mesoporous 

particles is demonstrated for a variety of enantiomeric pairs. This is 

achieved through the use of supramolecular templated silica 

materials prepared with guanosine monophosphate (NGM-1) and 

folic acid (NFM-1) which enable direct chiral transcription onto the 

surface of the mesopores after solvent extraction and post 

calcination of the template. The chiral selectivity and kinetics of the 

mesoporous materials are measured by circular dichroism (CD) 

spectroscopy on adsorbed molecules with different affinity for the 

pore surface. NGM-1 and NFM-1 have opposite enantiomeric 

selectivity for enantiomeric pairs. These results significantly increase 

the potential of mesoporous materials for chiral separation and 

enantiomeric catalysis. 

Whilst the synthesis of helical mesoporous materials possessing 

enantiomerically pure  mesopores has been reported,[1] the 

selective separation of racemic compounds into individual 

enantiomers (chiral resolution)  remains difficult in the absence of 

asymmetric functional groups. Recently, a number of non-

surfactant supramolecular approaches have been proposed to 

transcribe chiral properties from a self-assembling template onto 

the surface of mesoporous materials.[2] Similar to the surfactant 

approach to prepare mesoporous silica, these rely on the use of a 

self-assembling template and charge matching interactions between 

a co-structure directing agent ((3-aminopropyl) triethoxysilane, 

APES) and the silica source.[3] Structural studies conducted on 

folic acid (FA) and guanosine monophosphate (GMP) templated 

mesoporous materials (NFM-1 and NGM-1 respectively) reveal a 

high degree of mesoscale periodicity as a result of the 

supramolecular stacking of non-surfactant FA and the GMP 

tetramers, rotating along the pore axis.[4] Removal of these via 

solvent extraction should result in a chiral arrangement of propyl 

amine groups tethered to the internal pore surface, but this has been 

difficult to verify using XRD techniques.[5] Che et al. have shown 

that the helical arrangement of aminopropryl groups may be probed 

through plasmon-plasmon interactions of adsorbed silver 

nanoparticles.[6] In this work we show that solvent extracted and 

calcined samples of NFM-1 and NGM-1 are capable of inducing 

chiral resolution through the selective adsorption of the L- or D-

isomers respectively. Improvements on the selectivity with 

molecular size and chemical affinity are observed. This is strong 

evidence for the transcription of chiral properties from the template 

to the pore surface opening up a new avenue to create 

enantioselective catalysts as well as solid media for chiral 

separation.  

The synthesis of mesoporous NFM-1 and NGM-1 employed here is 

similar to that reported previously. Full synthesis details are 

included in the supporting information. As control, mesoporous 

MCM-41 with achiral pores is used. As synthesised, extracted and 

calcined materials are denoted with the prefix aNFM-1, eNFM-1 

and cNFM-1, respectively for all materials. Powder X-ray 

diffraction (XRD) patterns reveals a high degree of mesoscale 

order (Figure S1a), with hexagonal unit cell parameters; a0= 34.92 

Å for cNGM-1, a0= 42.14 Å for cNFM-1 and a0= 43.22 Å for 

cMCM-41. Samples of aNFM-1 and aNGM-1 show a sharp 

diffraction peak at 26.8 and 26.5° 2θ respectively, corresponding to 

the tetramer stacking distance of the supramolecular template 

inside the pores.[7] These peaks are not present in the solvent 

extracted samples. Analysis of the extracted templates was 

conducted by Hedin et al.,[8] observing that the folate template of 

NFM-1 remains self-assembled after the extraction process. 

Scanning electron microscopy (SEM) images show that NFM-1 

(Figure 1a) is composed of twisted hexagonal rods as long as 50 

µm. In contrast, NGM-1 particles (Figure 1b) do not show any 

visible helical features and the morphology can be described as 

straight needle shaped particles of between 0.5-2 µm in length. 

 

 

 

 

 

 

 

 

Figure 1. Morphology and helicity of NFM-1 and NGM-1 mesoporous 

materials. Representative SEM images of (a) NFM-1 and (b) NGM-1 particles 

showing right handed twists for NFM-1 and straight rods for NGM-1. TEM 

images of (c) cNFM-1 helical particle showing two sets of (10) fringes at a 

distance of 670nm (1/6 of the pitch), and (d) a cNGM-1 needle particle with 

and straight channels. Insets show corresponding Fourier Transform 

diffractograms. 
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Figure 2. Adsorption of D- and L-Valine by NFM-1 and NGM-1. (a) CD spectra 

of the depletion of CD signal intensity as function of time for L- and D-Valine, 

adsorbed into cNFM-1. Spectra are normalised to the signal maximum before 

addition of the mesoporous silica (at 0 hours). Inset shows the molecular 

structure for each enantiomer. (b) and (c) adsorption profiles derived from CD 

spectra of L- and D-Valine from cNFM-1 or cNGM-1, respectively. Units shown 

are mg of adsorbate per mg or adsorbent.  

The morphology of the chiral features is right handed in NFM-1 

(see also Figure S1c-d). Figure 1a shows two representative 

particles of NFM-1 where the helical pitch varies significantly, 

estimated between 1-10 µm from SEM images. The majority of 

NFM-1 particles are characterised by possessing various helical 

pitches within with a shorter pitch observed at the centre of the 

rods creating a secondary twist. The helicity elongates towards the 

end of the particles. Using evidence from transmission electron 

microscopy (TEM) Che et al.,[9] have shown that the pitch of the 

chiral mesopores can be synthetically controlled using anionic 

surfactants and varying the synthesis temperature. No evidence of a 

temperature dependent helical pitch of the mesopores or 

morphology has been found for folate templated NFM-1 (data not 

shown). Figure 1c shows a TEM image of a cNFM-1 rod particle, 

showing (10) fringes with spacing of 30.59 Å in close agreement to 

that measured from XRD (see also Figure S1). The helical pitch 

(P) of the particle shown is 4.02 µm, where P=6d(10)-(10) and d(10)-

(10) is the distance between sets of (10) fringes. For anionic chiral 

mesoporous materials, P has been found to be proportional to the 

rod diameter (D) but inversely proportional to the micellar moment 

(M0) exerted on the pore, which results in the formation of a chiral 

pore.[10] We do not observe such relationship in NFM-1 materials, 

where the helical pitch varies between different particles (Figure 

1a). This could be indicative of non-equilibrium particle growth in 

NFM-1. NGM-1 particles show needle like particles with no 

helical features and with diameters ranging between 50-300 nm. 

Straight (10) fringes in TEM images are observed with spacing of 

26.85 Å (Figure 1d). Nitrogen adsorption desorption isotherms 

(Figure S1g-h) shows sharp pore size distributions for all materials 

ranging between 26-34 Å.  The nitrogen isotherm curves are 

characterized by the absence of a hysteresis loop, typical of 

mesoporous materials possessing pore sizes below 4 nm.[11] The 

specific surface areas are 923.7, 1172.1 and 1108.0 m²/g for 

cNFM-1, cNGM-1 and cMCM-41, respectively. 

In order to understand the potential of NGM-1 and NFM-1 to 

separate chiral enantiomers, kinetic adsorption experiments were 

conducted following the decrease in signal intensity of the circular 

dichroism (CD) peak in the solution for amino acids D- and L-

Valine adsorbed within the mesopores.  To avoid any potential 

contribution to the CD signal from the scattering of the particles or 

the orientation of the molecules inside the pore the CD signal is 

measured in the solution.[12]  For adsorption measurements, 530 mg 

of L- or D-Valine were dissolved in deionized water (15ml) before 

addition of 10 mg of either cNGM-1, cNFM-1 or cMCM-41 (see 

also Figure S2a-d). The normalised CD spectra as a function of 

time and adsorption profiles of cNFM-1 and cNGM-1 are shown in 

Figure 2 and Figure S2a, respectively. Significant differences in the 

uptake of the individual enantiomers are observed. Solutions 

approach equilibrium after approximately 3 hours. 

Enantioselectivity is observed for both materials; where cNFM-1 

shows preferential adsorption of L-Valine relative to D-valine with 

an adsorption ratio of 2.6 after 10 hours, and cNGM-1 shows 

opposite selectivity with an adsorption ratio of 4. Calcined cMCM-

41 shows a high adsorption capacity for Valine with no significant 

selectivity for either enantiomer and an adsorption ratio of 1.2 

(Figure S2b). The observed selectivity is confirmed from TGA 

analysis of samples recovered by filtration after 10 hours of 

adsorption showing a pronounced difference in weight loss for the 

preferred enantiomer (Figure S2e). The adsorption of D- and L-

Valine onto eNGM-1 and eNFM-1 shows a similar enantiomeric 

selectivity (Figure S2c,d) albeit with a lower adsorption ratio after 

10 hours of 2.6 and 1.8 respectively. Analysis of eNFM-1 and 

eNGM-1 by TGA coupled with nitrogen adsorption data (Figure 

S3) allows to calculate a coverage of propyl amine groups 

equivalent to 0.01 and 0.005 mmol/m2 for eNGM-1 and eNFM-1, 

respectively. These remain after solvent extraction from the use of 

a co-structure directing agent, APES,  

     

Figure 3. Adsorption profiles of (a) D-(-) and (b) L-(+) Tartaric acid (initial 

concentration of 48.7 mg/ml). Adsorption profiles of (+)-α-Pinene and (-)-α-

Pinene (concentration 383.2 mg/ml). Units shown are mg of adsorbate per mg 

or adsorbent. 

in the synthesis. The charged primary ammonium cation may have 

a repulsive effect on the positively charged moiety of Valine (pKa= 

9.6) diffusing into the pores, thus decreasing the adsorption 

capacity. Kinetic adsorption experiments were conducted with D-(-

)-Tartaric acid and L-(+)-Tartaric acid, where the two carboxylic 
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acid groups should bind strongly to the surfaces of eNFM-1 and 

eNGM-1, and not to cMCM-41. A preference for D-(-)-Tartaric 

acid is observed for eNGM-1 and for L-(+)-Tartaric acid in eNFM-

1 (Figure 3); with separation ratios at 10 hours of 6.7 and 2.6, 

respectively. Both solvent extracted materials result in a higher 

adsorption capacity than calcined samples (Figure S4) where the 

silanol surface does not provide a favourable interaction. This is 

also evidenced by a considerably lower and unselective adsorption 

of Tartaric acid in cMCM-41 and an increase upon post-synthetic 

functionalization with propyl amine groups (Figure S4b).  

Both Valine and Tartaric acid are relatively small molecules in 

comparison to the pore size of mesoporous materials presented 

here with a solvent excluded molecular volume of 85.7Å3 and 

86.5Å3 respectively. In order to probe a larger size molecule, 

adsorption experiments were conducted with (+)-α-Pinene and (-)-

α-Pinene (molecular volume= 152.6Å3). Additionally, interactions 

between adsorbate and the silanol or amine rich surface are 

reduced. Due to its lower aqueous solubility, Pinene was dissolved 

in ethanol at a concentration of 383.2 mg/ml before the addition of 

the mesoporous silica materials. Figure 3 shows the dynamic 

adsorption profiles for (+)-α-Pinene and (-)-α-Pinene in cNFM-1 

and cNGM-1, which show a selectivity to one enantiomer with 

adsorption ratios after 10 hours of 22.8 and 6.18 respectively. 

Solvent extracted samples show the same enantiomeric preference 

with similar capacity (Figure S5), albeit with slightly lower 

adsorption ratios, whilst cMCM-41 shows no preference for either 

enantiomer and a lower adsorption capacity. An increase in the 

adsorption of both Tartaric acid enantiomers is observed when 

cMCM-41 was functionalised with propyl amine groups post-

synthetically (Figure S4b).  

Differences in adsorption capacity and selectivity suggest the 

potential to separate racemic mixtures. A summary of adsorption 

measurements of racemic solutions of Valine is give in Table 1. 

Nitrogen adsorption isotherms and TGA confirm a high adsorption 

capacity for Valine in all materials with a higher pore coverage in 

NGM-1 and NFM-1, than for MCM-41 (Figure S6). Circular 

dichroism measurements conducted on the remaining solution after 

filtration of the solid particles (Figure 4) show increase CD activity 

with opposite maxima for solutions filtered from cNFM-1 and 

cNGM-1. The solution obtained from cMCM-41 did not show any 

significant optical activity. The CD activity corresponds to the 

selectivity obtained in the adsorption spectra of the individual 

enantiomers (Figure 2). When adsorbed Valine was released into 

water over 12 hours, the CD activity of the resulting Solution (after 

filtration of the mesoporous silica material) confirms the selectivity 

of cNFM-1 for L-Valine and cNGM-1 for D-Valine (Figure S7). 

Overall, these results strongly suggest that calcined and solvent 

extracted samples of NFM-1 and NGM-1 materials display 

opposite enantiomeric selectivity. There are indications that 

selectivity can be tuned through surface interactions and is 

improved when the adsorbate approximates in size 

Table 1. Adsorption data of Valine into mesoporous NFM-1, NGM-1 and 

MCM-41 from racemic solutions.  

 

 

 

 

 

 

 

 

[a] 
Data from TGA 

[b] 
data from nitrogen adsorption isotherms. Values obtained from Valine-

adsorbed samples filtered after 19hours. 

 

 

 

 

 

Figure 4. Circular dichroism spectra of remaining Valine solution after filtration 

of solid mesoporous silica (after 19 hours). 

to the pore dimension. Selectivity equilibrium ratios presented here 

are higher than for mesoporous silica particles prepared with chiral 

anionic surfactants.[13] Whilst the morphology of NFM-1 and 

NGM-1 show helical or straight rods, chiral transcription from the 

supramolecular template to the pore surface is evident in both 

systems from the enantiomer adsorption selectivity observed. The 

high selectivity encountered for the small molecular size of Valine 

and Tartaric acid must involve a chiral signature over small 

distances, consistent with a supramolecular formation mechanism 

via rotating tetramer stacks, at 3.3Å apart, for both folate and 

guanosine tetramers.[7] The co-structure directing agent, APES, 

allows the rotation of the supramolecular template to be imprinted 

on the pore surface forming a chiral groove along the pore axis, 

which must be retained after calcination. We suspect the adsorption 

process to involve the formation of a monolayer coverage of 

adsorbate on the pore surface, which may involve assembly of the 

adsorbate on the pore surface, consistent with the high adsorption 

capacity.  This could further enhance the selectivity of the pores for 

the respective enantiomer (Scheme 1). Kinetic adsorption studies 

using racemate mixtures should yield further information about the 

degree of separation that can be attained and its mechanism.  

Scheme 1. Proposed adsorption mechanism for calcined and solvent 

extracted NFM-1 and NGM-1. The formation of a monolayer of adsorbed 

Valine may enhance the enatioselectivity of the pores in calcined samples 

(left). A high concentration of propyl amine groups remain accessible on the 

chiral surface after solvent extraction interacting with Tartaric acid (right).  

However, the results presented already demonstrate that 

supramolecular templated materials have potential in enantiomeric 

separation and could act as supports in asymmetric catalysis. These 

materials will be limited to smaller molecules that can diffuse 

within the mesopores, 

but wider 

applicability may be 

enabled if pore size 

enlargement can be 

attained. 
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-6

-4

-2

0

2

4

6

8

200 250 300 350

C
D

 (
m

d
eg

) 

(nm) 

cNGM-1

cMCM-41

cNFM-1



This article is protected by copyright. All rights reserved 

COMMUNICATION          

 

 

 

 

Acknowledgements  

This work was partly financed through support from the ARC 

Centre of Excellence for Nanoscale BioPhotonics 

(CE140100003), an ARC Future Fellowship (AEGB, 

FT150100342) as well as a Macquarie University Infrastructure 

grant (MQRIBG 9201501951). YH is grateful for a China 

Scholarship Council (CSC 201606410063). XV was funded by 

the Australian Research Council Discovery Project 

DP160103332.  AEGB would like to thank Macquarie 

University’s Microscopy Unit for access to SEM facilities. We are 

grateful to Dr. Sophie Goodchild  and Prof. Alison Rodgers (Dpt. 

Molecular Sciences, Macquarie University, Sydney) for 

assistance with CD measurements.  

Conflict of interest 

The authors declare no conflict of interest. 

Keywords: Mesoporous • Supramolecular • Separation• 

Chirality • Self-Assembly 

[1] S. Che, Z. Liu, T. Ohsuna, K. Sakamoto, O. Terasaki, T. Tatsumi, 

Nature 2004, 429, 281. 

[2] aR. Atluri, N. Hedin, A. E. Garcia-Bennett, J Am Chem Soc 2009, 131, 

3189-3191; bQ. Huibin, I. Yoshihisa, C. Shunai, Angewandte Chemie 

International Edition 2009, 48, 3069-3072; cJ. A. Kelly, M. Giese, K. E. 

Shopsowitz, W. Y. Hamad, M. J. MacLachlan, Accounts of Chemical 

Research 2014, 47, 1088-1096; dH. Qiu, J. Xie, S. Che, Chemical 

Communications 2011, 47, 2607-2609. 

[3] aR. Lin, G. Carlström, Q. Dat Pham, M. W. Anderson, D. Topgaard, K. 

J. Edler, V. Alfredsson, The Journal of Physical Chemistry C 2016, 120, 

3814-3821; bA.-H. Carole, B. Andreea, B. Mihail, M. Mathieu, v. d. L. 

Arie, Angewandte Chemie International Edition 2007, 46, 4268-4272; 

cL. Min, T. Li, Q. Tan, X. Tan, W. Pan, L. He, J. Zhang, E. Ou, W. Xu, 

Dalton Transactions 2016, 45, 7912-7920. 

[4] R. Atluri, M. N. Iqbal, Z. Bacsik, N. Hedin, L. A. Villaescusa, A. E. 

Garcia-Bennett, Langmuir 2013, 29, 12003-12012. 

[5] C. J. Bueno-Alejo, L. A. Villaescusa, A. E. Garcia-Bennett, Angewandte 

Chemie-International Edition 2014, 53, 12106-12110. 

[6] X. Junjie, D. Yingying, C. Shunai, Advanced Functional Materials 2012, 

22, 3784-3792. 

[7] D. J. T., Angewandte Chemie International Edition 2004, 43, 668-698. 

[8] T. L. Church, D. Bernin, A. E. Garcia-Bennett, N. Hedin, Langmuir 2018, 

34, 2274-2281. 

[9] H. Qiu, S. Wang, W. Zhang, K. Sakamoto, O. Terasaki, Y. Inoue, S. 

Che, The Journal of Physical Chemistry C 2008, 112, 1871-1877. 

[10] H. Qiu, S. Che, The Journal of Physical Chemistry B 2008, 112, 10466-

10474. 

[11] P. I. Ravikovitch, A. Vishnyakov, A. V. Neimark, M. M. L. Ribeiro Carrott, 

P. A. Russo, P. J. Carrott, Langmuir 2006, 22, 513-516. 

[12] X. Vidal, I. Fernandez-Corbaton, A. F. Barbara, G. Molina-Terriza, Appl 

Phys Lett 2015, 107, 211107. 

[13] aB. Di, L. Cheng, Q. Jiang, M. Su, W. Hao, New Journal of Chemistry 

2013, 37, 1603-1609; bP. Paik, A. Gedanken, Y. Mastai, ACS Applied 

Materials & Interfaces 2009, 1, 1834-1842. 

 

 

 



This article is protected by copyright. All rights reserved 

COMMUNICATION          

 

 

 

 

 

Entry for the Table of Contents  

 

 

COMMUNICATION 

Supramolecular templates transfer 

their chirality to porous surfaces 

resulting in mesoporous silica 

particles capable of selective 

adsorption of enantiomers and 

separation of racemic mixtures.  

 

 

 
Yanan Huang, Xavier Vidal, Alfonso E. 

Garcia-Bennett* 

Page No. – Page No. 
Chiral resolution using 
supramolecular templated 
mesostructured materials  

  

 

 

 

 


