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ABSTRACT: Selective separation of enantiomers is a substantial challenge for the pharmaceutical industry. Chromatography on 

chiral stationary phases is the standard method, but at a very high cost for industrial-scale purification due to the high cost of the 

chiral stationary phases. Typically, these materials are poorly robust, expensive to manufacture, and often too specific for a single 

desired substrate, lacking desirable versatility across different chiral analytes. Here, we disclose a porous, robust homochiral metal-

organic framework (MOF), TAMOF-1, built from copper(II) and an affordable linker prepared from natural L-histidine. TAMOF-

1 has shown to be able to separate a variety of model racemic mixtures, including drugs, in a wide range of solvents of different 

polarity, outperforming several commercial chiral columns for HPLC separations. Although not exploited in the present article, it is 

worthy to mention that the preparation of this new material is scalable to the multikilogram scale, opening unprecedented possibilities 

for low-energy chiral separation at the industrial scale.

INTRODUCTION 

“A metal-organic framework, abbreviated to MOF, is a coor-

dination network with organic ligands containing potential 

voids”.1 This is the IUPAC definition of MOF, and in its sim-

plicity, it perfectly describes all their great potential. The com-

bination of metal centers or clusters, with customizable ligands 

to construct porous structures, offers unparalleled chemi-

cal/structural flexibility to meet the desired target properties in 

these tailor-made materials.2 MOFs have been described as ex-

cellent candidates for gas storage,3 catalysis,4 or drug delivery,5 

just to name a few of their potential applications. 

The possibility of implementing pores of specific size, shape 

and chemical function inside crystal structures offers unique op-

portunities for the development of new molecular materials to 

target specific separations. In this way, chemical design has led 

to the development of MOFs for efficient and selective separa-

tion of gases, hydrocarbons or aromatic compounds.6 In this 

context, MOFs (heterogeneous in nature) possess an additional 

advantage when compared to classic adsorbents, such as zeo-

lites or activated carbons, the easier introduction of chirality 

into frameworks by incorporation of enantiopure linkers. Engi-

neering chiral MOFs is thus a powerful strategy for the devel-

opment of new chiral stationary phases (CSPs) capable of sep-

arating chiral molecules. Chiral drug molecules require stere-

oselective syntheses or challenging separations to isolate one 

single enantiomer. Typically, only one of the enantiomers is bi-

ologically beneficial/active, while the other one is inactive or 

results in undesirable side effects. An easy separation during 

early stages of the drug discovery process may reduce purifica-

tion steps and save valuable time and resources necessary to 

bring a new drug to the market. 

Despite the crucial technological relevance of chiral separa-

tions for the pharmaceutical industry, it remains an expensive 

and complex scientific challenge. Current chromatographic 

technology depends on chiral columns composed by silica 

beads or polymer composites decorated with organic enanti-

opure molecules to confer them with chiral recognition and se-

lectivity features. Typically, these materials are poorly robust, 

expensive to manufacture and often too specific for a single de-

sired substrate lacking desirable versatility across different chi-

ral analytes. The separation mechanism deals with molecular 

recognition and strong binding of one of the enantiomers to the 

receptor sites. Recovery of this enantiomer must be carried out 



 

in a second step, and not just by changing the eluent system, as 

required for conventional chromatography.7 Future trends are 

invested in porous materials with strategically designed target-

specific interactions between the support and the molecules to 

be separated.8 The use of MOFs as CSP can circumvent this 

shortcoming, as separations on these supports are generally 

based on enantio-differentiation due to the transient formation 

of diastereoisomeric supramolecular complexes.  

Chiral MOFs from enantiopure organic linkers like cam-

phoric acid, tartaric acid, amino acids or oligopeptides have 

been reported and used for chiral separation or asymmetric ca-

talysis.9 However, these molecules are small and limit the po-

rosity metrics of the resulting frameworks thereby restricting 

the size of the guest, mass transfer, analyte concentration and 

subsequent interactions with the solid support. Oligopeptides 

are arguably better fitted for enantiomeric recognition as they 

can offer higher surface areas and tenable chemical functions 

by suitable choice of their peptide sequence.10 Indeed, some of 

us recently reported the first example of MOF-based enantiose-

lective separation of drugs by using a copper 3D MOF incorpo-

rating a tripeptide that enables selective adsorption of ephedrine 

enantiomers in less than 4 minutes in solid-phase extraction.11 

Nevertheless, this material also suffers from the general prob-

lems preventing the implementation of MOFs as CSPs for chro-

matographic separation. The difficulties found in producing en-

antiopure MOFs at a large scale from affordable chemicals that 

maintain high surface areas upon activation, their low chemical 

stability under the experimental conditions required (multiple 

solvents and additives) and the challenges associated with their 

packing (increased pressure) are likely the reasons for which 

MOFs have not yet been adapted for commercial use. 

In the search for alternative strategies towards chiral MOFs 

that fulfil these requirements, we decided to approach the syn-

thetic modification of proteogenic amino acids (aa’s) rather 

than oligopeptides. The latter are substantially more expensive 

and often display low chemical stability and poor robustness 

that can result in the uncontrolled collapse of the structure upon 

solvent removal.12 This might prevent accessing higher surface 

areas for longer peptide sequences. In turn, aa’s are inexpen-

sive, readily accessible and porosity metrics can be tuned by 

modification of the C/N-term positions whilst avoiding the con-

formational flexibility intrinsic to peptide bonds. Based on a 

previously reported strategies,13 we opted to transform N-term 

amino groups into a 4H-1,2,4-triazole motif. Compared to the 

starting amino acid, the incorporation of (4H-1,2,4-triazol-4-yl) 

groups at the α carbon position offers two major advantages. 

Firstly, porosity may be increased by expansion of the ligand 

with the 5-membered 1,2,4-triazolyl motif. Furthermore, com-

pared to labile primary amines, this connector was expected to 

lead to stronger metal-nitrogen coordination bonds for more ro-

bust frameworks with excellent thermal and chemical stability.  

Herein, we report herein the first success of this strategy by 

using the ligand (S)-3-(1H-imidazol-5-yl)-2-(4H-1,2,4-triazol-

4-yl)propanoic acid (S-HTA, for the molecular structure see 

Figure 1a) derived from L-histidine. This ligand can be directly 

reacted with a copper salt in water to produce a crystalline 

framework. TAMOF-1 (Triazole Acid Metal-Organic Frame-

work) is an enantiopure MOF with permanent porosity, ca. 

1200 m2 g–1, and good stability in water and organic solvents. It 

exhibits excellent capabilities for the separation of chiral model 

compounds and drugs as a chiral stationary phase. As proof of 

concept, we have achieved the quantitative separation of (±)-

ibuprofen and (±)-thalidomide, by using a bed of TAMOF-1 to 

separate a solution containing either drug in two enantiopure 

aliquots, thanks to the different retention times for each enanti-

omer. Additionally, TAMOF-1 has been successfully incorpo-

rated into HPLC columns. These columns appear to be highly 

versatile. trans-2,3-Diphenyloxirane, a model compound typi-

cally used for calibration of chiral HPLC columns, has been re-

solved in a variety of polar and non-polar solvents. In order to 

explore the advantages of this new stationary phase with respect 

to the widely-used commercial columns, we resolved racemic 

mixtures of other small chiral molecules with different sizes and 

functional groups, demonstrating the promising wide applica-

bility of our material. 

EXPERIMENTAL SECTION 

Materials. All reagents were of commercial grade and used without 

further purification: L-histidine (≥98%, Iris Biotech GmbH), ibuprofen 

(≥98%, Sigma Aldrich), thalidomide (98%, Fluorochem), trans-2,3-di-

phenyloxirane (98%, Sigma Aldrich), furoin (≥98%, Sigma Aldrich), 

benzoin (98%, Sigma Aldrich), 1-phenylethan-1-ol (98%, Sigma Al-

drich), flavanone (≥98%, Alfa Aesar), thionyl chloride (SOCl2, ≥99%, 

Sigma Aldrich), hydrazine monohydrate (NH2NH2·H2O, reagent grade, 

98%, Sigma Aldrich), sodium carbonate anhydrous (Na2CO3, ACS re-

agent, ≥99.5%, Sigma Aldrich). 

All solvents were of commercial grade and used without further pu-

rification: HPLC-grade methanol, ethanol, isopropanol, hexanes, ace-

tonitrile and tert-butyl methyl ether (VWR, Chem-Lab and Sigma Al-

drich), N,N-dimethylformamide (peptide grade, ≥99.9%, Iris Biotech 

GMBH) and diethyl ether (≥99%, VWR). 

A stainless-steel empty column (100 mm × 4.6 mm I.D.) was ob-

tained from Restek (Bellefonte, PA, USA). A stainless-steel empty col-

umn (150 mm × 4.0 mm I.D.) was obtained from Chiral Technologies 

Europe SAS (Illkirch, Strasbourg, France). 

Synthesis of (E)-N'-((E)-(dimethyl-amino)methylene)-N,N-di-

methylformohydrazonamide (2). This reagent was prepared follow-

ing a published procedure.14  

Part I: In a 250 mL 3-neck round bottom flask (RBF), 150 mL DMF 

were added and cooled down in an ice-bath. Afterwards, 28.6 mL 

SOCl2 (0.39 mol) were slowly added under stirring with a syringe 

(dropwise). The reaction mixture was stirred for 24 h. After this time, 

the RBF was introduced in an ice-bath and once the mixture was cold, 

5 mL NH2NH2·H2O (0.1 mol) dissolved in 15 mL DMF were added 

very slowly, under stirring, with a syringe (dropwise and carefully, 

CAUTION: very exothermic reaction!!). The reaction mixture was 

stirred at room temperature for 48 h. The precipitate was then filtered 

and washed with DMF (20 × 3 mL) and Et2O (10 × 3 mL) to yield 20.5 

g (0.095 mol, 95% yield) of (CH3)2N(CH)=N-N=(CH)N(CH3)2·2HCl 

(1). 

Part II: 20.5 g of 1 (0.095 mol) were weighted and dissolved in 100 

mL H2O. In a different beaker, 10.6 g of Na2CO3 (0.1 mol) were dis-

solved in 100 mL H2O. Both water solutions were then mixed (the 

Na2CO3 on top of the azine solution) and the desired product 

(CH3)2N(CH)=N-N=(CH)N(CH3)2 (2) was purified by continuous ex-

traction in 750 mL Et2O, at 50 ºC during 2 days. The organic layer was 

concentrated in vacuo and 12.95 g of 2 (0.09 mol, 96% yield) were 

obtained as an orange solid which was used without any further purifi-

cation. 

Synthesis of (S)-3-(1H-imidazol-5-yl)-2-(4H-1,2,4-triazol-4-

yl)propanoic acid (S-HTA). 2 (6.3 g, 0.044 mol) and L-histidine (3.1 

g, 0.02 mol) were mixed together in 150 mL EtOH. The mixture was 

refluxed with stirring for 48 h. The final solution was filtered off from 

unreacted L-histidine and the solvent was removed under reduced pres-

sure to afford an orange gel that was washed with EtOH to yield a white 

precipitate of S-HTA, that was collected by filtration, washed with 

EtOH (15 × 3 mL), Et2O (15 × 3 mL) and dried in air. Yield: 3.5 g 

(0.017 mol, 85%). Anal. Calcd C8H9N5O2 (%): C, 46.38; H, 4.38; N, 

33.80. Found: C, 46.36; H, 4.52; N, 33.78. MS-ESI (m/z): [M + H]+ 

calcd for C8H10N5O2, 208.1; found, 208.1. IR (ATR, cm–1): 1637, 1601, 

1535, 1463, 1440, 1397, 1359, 1294, 1261, 1209, 1080, 1031, 1009, 



 

971, 921, 872, 838, 796, 731, 710, 681, 647, 630, 483, 424. 1H NMR 

(400 MHz, D2O):15 δ (ppm) 8.54 (d, J = 1.4 Hz, 1H), 8.49 (s, 2H), 7.11 

(s, 1H), 5.23 (dd, J = 9.4, 5.4 Hz, 1H), 3.63 (dd, J = 15.7, 5.4 Hz, 1H), 

3.52 (dd, J = 15.7, 9.4 Hz, 1H). 13C{1H} NMR (101 MHz, D2O): δ 

(ppm) 173.00 (C), 143.64 (CH), 133.79 (CH), 128.63 (C), 117.16 (CH), 

60.14 (CH), 28.55 (CH2). [α]D
25 = +4.64º (c = 0.74, H2O). 

Synthesis of [Cu(H2O)2(S-TA)2]·6H2O (TAMOF-1). CuII 

(CH3COO)2·H2O (0.48 g, 2.4 mmol) was dissolved in 50 mL of H2O 

and the resulting solution was slowly added to a 100 mL aqueous solu-

tion of HTA (1.0 g, 4.8 mmol). The solution was stirred for 30 min, 

allowing for the appearance of a precipitate. This blue polycrystalline 

powder (TAMOF-1) was filtered with a Nylon membrane filter (pore 

size: 0.45 μm, Filter-Lab), washed with H2O (50 × 3 mL), and dried in 

air. Yield: 1.1g (70%). Anal. Calcd. C16H32CuN10O12 (%): C, 30.99; H, 

5.2; N, 22.59. Found: C, 30.79; H, 4.83; N, 22.30. IR (ATR, cm–1): 

3289, 1615, 1532, 1495, 1395, 1355, 1263, 1242, 1211, 1180, 1116, 

1087, 1015, 979, 891, 845, 752, 701, 660, 647, 549, 511, 472. Single 

crystals of (TAMOF-1) were obtained by slow diffusion of the CuII 

(CH3COO)2·H2O and S-HTA solutions in an H-tube. 

Instrumentation. Aliquots from ibuprofen gravity separations from 

glass TAMOF-1 columns were analyzed by ultraperformance conver-

gence chromatography with an ACQUITY UPC2 system equipped 

with a diode array detector (Waters Company), and a CHIRALPAK® 

IC column (4.6 ×100 mm, 3 μm) with an isocratic CO2/ACN/TFA 

88:12:0.5 mobile phase, at a 3 mL min–1 flow rate (1500 psi), for a 

volume injection of 2 μL. Aliquots from thalidomide gravity separa-

tions were analyzed by HPLC chromatography with an Agilent 1200 

Series system equipped with a diode array detector, and a 

CHIRALPAK® IA column (4.6 × 250 mm, 5 μm) with a mobile phase 

MeOH/ACN 80:20 mobile phase with 0.1mM ammonium acetate, at 1 

mL min–1 flow rate, for a volume injection of 5 μL. Comparative HPLC 

separations with column A were performed on a chromatographic sys-

tem consisting of a Varian 9002 HPLC pump and a Varian 9050 

UV/Vis detector (Palo Alto, CA, USA). HPLC separations with col-

umn B were performed with an Agilent 1200 Series system equipped 

with a diode array detector. 

Preparation of glass TAMOF-1 column. Glass columns (60 cm 

total length, 1 cm outer diameter, 0.6±0.1 cm inner diameter) were used 

to prepare TAMOF-1 separation columns. TAMOF-1 was activated in 

a round flask at 2×10–1 mbar and 403 K for 14 h. The resulting 

TAMOF-1 powder was packed into the glass column over a 5 mm-

thick compact cotton stopper by adding successive loads of ≈ 400 mg, 

and pressurized under N2 (99.999% purity) at ≤ 4 bar for 10 min. After 

loading was completed, the column was filled up with 100% acetoni-

trile and pressurized under N2 again until eluent level in the column 

reached over the top of the TAMOF-1 bed. The bed was then covered 

with a 5 mm thick sand layer. On average, 3 g loading of TAMOF-1 

corresponds to ≈ 25±1 cm bed length. Before the (±)-ibuprofen and (±)-

thalidomide separation tests, the columns were conditioned overnight 

under an acetonitrile flow, (in the 0.05 - 0.10 mL min–1 range, leading 

to column head pressure in the 10–75 kPa range). Eluent was pumped 

during columns conditioning and drug separation tests by using a 

Metrohm 877 Titrino plus apparatus. 

Preparation of packed columns for chiral HPLC. To pack the col-

umn A (100 mm × 4.6 mm I.D.) with TAMOF-1, 737 mg (activated 

following previous procedure) were initially added via dry packing and 

the column was pressurized using 100% acetonitrile at a high flow rate 

(approx. 10 mL min–1). After 10 h pressurization with acetonitrile, the 

column was opened and an additional amount of TAMOF-1 had to be 

added (due to packing of the material) and the eluent changed to 100% 

isopropanol (higher viscosity). This process of adding TAMOF-1 and 

packing was repeated until a total of 1550 mg were added to the column 

(fully packed). After the column was fully packed, it was pressurized 

with 100% isopropanol at a high flow rate (2 mL min–1, approx. 5000 

psi) for 12 h to further ensure TAMOF-1 was indeed fully packed and 

the column did not require any additional MOF. Before any data col-

lection, the column was conditioned with the appropriate solvent sys-

tem at a flow rate of 0.15 mL min–1 for 3 h before chromatographic 

experiments (approximately 15 column volumes). The above-prepared 

HPLC column was designated as column A. 

Another column was prepared (hereinafter referred to as column B). 

To pack this second column with TAMOF-1, the 150 mm x 4.0 mm 

I.D. column was coupled to a 150 mm x 10 mm I.D. reservoir. This 

system was loaded with a slurry of TAMOF-1 in isopropanol/heptane 

80:20 and pressurized with isopropanol/heptane 90:10 up to a pressure 

of ≈ 150 bar for 20 min. The reservoir device was removed and the 

column, containing ca. 1.8 g of TAMOF-1, was closed. Before any 

HPLC analyses, the column was conditioned by passing through it the 

mobile phase to be used (approximately the eluent volume equivalent 

to 15 column volumes). 

Calculation of the chromatographic parameters. The selected pa-

rameters to assess separation efficiency were the retention factor (k), 

separation factor (α), and resolution (RS). These parameters were cal-

culated using the following equations: 

𝑘 =
𝑡𝑅1−𝑡𝑀

𝑡𝑀
     (eq. 1) 

𝛼 =
𝑡𝑅2−𝑡𝑀

𝑡𝑅1−𝑡𝑀
     (eq. 2) 

𝑅𝑆 =
2(𝑡𝑅2−𝑡𝑅1)

𝑤1+𝑤2
     (eq. 3) 

where tM is the column void time, tR1 and tR2 are the retention times 

and w1 and w2 are the peak widths of each peak.  

Computational details. Classical simulations were carried out us-

ing RASPA molecular simulation software.16 An all-atom flexible 

model is used to model each enantiomer, except the heterocycle part 

(ex. aromatic ring in the ibuprofen molecule), which is considered 

rigid. The intramolecular potential for the guest species comprises two-

body (bond), three-body (angle), four-body (dihedral) interactions and 

the electrostatic Coulomb term. Parameters are given in the original 

reference OPLS-AA. TAMOF-1 was considered as rigid structure, and 

Lennard-Jones parameters are taken from DREIDING17 force field, ex-

cept these for metallic atoms that were taken from UFF force field.18 

The charges of the host atoms are obtained via QEq calculations using 

the RASPA code. Finally, Lennard-Jones (LJ) potentials are used to 

describe the intermolecular host-guest and guest-guest interactions us-

ing Lorentz-Berthelot mixing rules. This methodology has been vali-

dated with many previous works.19 

Adsorption enthalpy was calculated with the Widom Test Particle 

insertion method at infinite dilution.20 The Configurational Bias Monte 

Carlo (CBMC) method was used for the insertion MC move. 

We have studied the transport and diffusion behavior using Molec-

ular Dynamics (MD) simulations at several temperatures (300, 400, 

500, 600, and 800 K) and fitting the self-diffusion values at infinite 

dilution conditions using the following Arrhenius function: log(D/D0) 

= ε/kBT, where ε is the activation energy (in eV), D0 is a pre-exponential 

factor (the self-diffusion coefficient at infinite temperature ), kB is the 

Boltzmann constant and T is temperature. ε and D0 are fitted using a 

linear regression. Ten simulations for each temperature (using different 

random seeds) were used to estimate the average value of the self-dif-

fusion coefficient at this temperature. 

Molecular Dynamics (MD) simulations were performed in the ca-

nonical ensemble (NVT), with a cut-off of 12 Å, 0.5 fs of time step, 

500 ps of equilibration time, 5 ns of production time, and a 2×2×2 

supercell. Ewald summation was used to avoid energy divergences in 

the electrostatic calculation. We have used the Nose-Hoover thermo-

stat. The algorithms are modified for rigid (or semirigid) molecules in 

the RASPA code. 

Crystallography. X-ray single crystal diffraction data of TAMOF-

1 were collected at 100(2) K (as prepared), 298 K, 403 K and again at 

100(2) K (rehydrated), on a Bruker APEX duo diffractometer with an 

APEX II CCD detector using Mo–Kα (λ=0.71073 Å) and equipped 

with an Oxford Cryostrem 700 plus. Crystal structure solution was ob-

tained using SIR2011 and refinement was performed using 

SHELXL21 v. 2018/3 under the ShelXle (Rev. 912) interface.22 All non-

hydrogen atoms were refined anisotropically. Crystallographic data 

and refinement parameters are summarized in Table 1.

 



 

Table 1. Crystallographic data and refinement parameters for the crystal structure of TAMOF-1 collected at 100 K; 298 K; 

in desolvated state at 403 K; and again at 100 K after rehydration, by submerging the single crystal in a drop of distilled 

water at room temperature.  

 100(2) K 298(2) K 403(2) K 100(2) K(rehydrated) 

Empirical formula C16H31.33CuN10O11.67 C16H25.67CuN10O8.83 C16H16CuN10O4 C16H31CuN10O11.5 

Formula weight 614.05 563.00 475.93 611.04 

Temperature/K 100(2) 298(2) 404(2) 100(2) 

Wavelength/Å 0.71073 0.71073 0.71073 0.71073 

Crystal system Cubic Cubic Cubic Cubic 

Space group P4332 P4332 P4332 P4332 

a/Å 20.120(4) 20.172(2) 20.262(2) 20.1133(7) 

b/Å 20.120(4) 20.172(2) 20.262(2) 20.1133(7) 

c/Å 20.120(4) 20.172(2) 20.262(2) 20.1133(7) 

α/° 90 90 90 90 

β/° 90 90 90 90 

γ/° 90 90 90 90 

Volume/Å3 8145(4) 8208(2) 8319(3) 8136.7(8) 

Z 12 12 12 12 

ρcalc/g cm–3 1.502 1.367 1.140 1.496 

μ/mm–1 0.878 0.857 0.822 0.878 

F(000) 3836 3496 2916 3816 

Crystal size/mm3 0.05 × 0.05 × 0.03 0.05 × 0.05 × 0.03 0.05 × 0.05 × 0.03 0.05 × 0.05 × 0.03 

Θ range for data collection/° 1.753 to 35.178 1.749 to 32.062 1.741 to 27.108 1.754 to 33.716 

Index ranges 

–12 ≤ h ≤ 27 

–6 ≤ k ≤ 32 

–27 ≤ l ≤ 8 

–11 ≤ h ≤ 26 

–7 ≤ k ≤ 26 

–6 ≤ l ≤ 30 

–6 ≤ h ≤ 21 

–14 ≤ k ≤ 20 

–5 ≤ l ≤ 25 

–31 ≤ h ≤ 7 

–21 ≤ k ≤ 26 

–31 ≤ l ≤ 17 

Reflections collected 18098 14121 11230 53327 

Independent reflections 5693 4677 3063 5445 

Rint 0.0310 0.0578 0.0358 0.0400 

Completeness/% 98.9 97.5 99.3 99.9 

Absorption correction None Multiscan Multiscan Multiscan 

Data/restraints/parameters 5693/78/263 4677/51/222 3063/0/141 5445/78/263 

Goodness-of-fit on F2 1.043 0.986 1.071 1.085 

Final Ra indexes [I>=2σ (I)] 
R1 = 0.0341 

wR2 = 0.0884 

R1 = 0.0439 

wR2 = 0.1012 

R1 = 0.0331 

wR2 = 0.0807 

R1 = 0.0290 

wR2 = 0.0796 

Final Ra indexes [all data] 
R1 = 0.0406 

wR2 = 0.0914 

R1 = 0.0625 

wR2 = 0.1083 

R1 = 0.0442 

wR2 = 0.0850 

R1 = 0.0333 

wR2 = 0.0819 

Flack parameter –0.014(4) 0.004(9) –0.016(9) –0.008(3) 

Largest diff. peak/hole / e Å–3 0.458/–0.353 0.431/–0.278 0.182/–162 0.509/–0.271 

a𝑅1(𝐹) =  ∑||𝐹𝑂| − |𝐹𝐶|| ∑|𝐹𝑂|.⁄  𝑤𝑅2(𝐹2) =  [∑ 𝑤(𝐹𝑂
2 − 𝐹𝐶

2)2 ∑ 𝑤𝐹𝑂
4⁄ ]1/2. 

Crystallographic data have been deposited at the Cambridge Crys-

tallographic Database Centre, with deposition numbers 1898811 (as 

prepared, 100 K), 1898970 (298 K), 1898969 (404 K), and 1898971 

(100 K, rehydrated). Copy of data can be obtained free of charge on 

application to the CCDC, Cambridge, UK via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

 

RESULTS AND DISCUSSION 

Synthesis and crystal structure. TAMOF-1, with formula 

[Cu(S-TA)2].nH2O, can be readily crystallized at room temper-

ature from a water solution of its components after a few hours 

of being mixed. Precipitation can also be induced by layering 

the solution with an organic solvent. Phase purity of single crys-

tals and polycrystalline samples prepared by either method was 

confirmed using Le Bail refinement of powder X-ray diffraction 

(PXRD) (Figure S1). Single crystal X-ray diffraction (XRD) 



 

data analysis confirmed that TAMOF-1 is a three-dimensional 

network built from the interlinking of {Cu(S-TA)2} units (Fig-

ure 1a). Each pseudo-octahedral CuII center is coordinated in 

the equatorial positions to imidazolate and triazolate connectors 

from four different deprotonated S-TA linkers. The axial posi-

tions are occupied by two terminal water molecules, with elon-

gated coordination bonds (Cu–O > 2.45 Å at 100 K, Cu–O > 

2.49 Å at 300 K) due to the Jahn-Teller effect. Overall, each 

metal center is connected to four neighboring sites by four S-

TA linkers, which orientate imidazolate and triazolate groups 

above and below the plane, respectively, and leave the C-term 

carboxylate groups uncoordinated, to conform a neutral frame-

work with P4332 cubic symmetry. Homochirality was also con-

firmed by the Flack parameter value of –0.014(4) (Table 1). For 

a clearer structural description, we simplified the connectivity 

of the framework into its underlying net. We considered {Cu(S-

TA)2} units as secondary building units (SBUs) acting as 3-c 

nodes and S-TA ligands as linkers. As shown in Figure 1b, 

TAMOF-1 displays a (10,3)-a connected srs-type net. This to-

pology has been previously reported for other frameworks 

based on azolate connectors.23 This connectivity generates an 

open framework with 3D intersected channels that are filled 

with water molecules in the as-made material. As shown in Fig-

ure 1c, complete removal of the guest leaves a porous structure 

with a solvent accessible volume close to 41% of the total 

(3307.7 Å3 at 403 K, see Table S1) and pore diameters above 

0.8 and 0.5 nm for the largest included (Di) and free (Df) 

spheres, respectively. 

Permanent porosity. TAMOF-1 is stable upon dehydration. 

A sequence of three single crystal XRD data collections, for the 

same crystal, were carried out at 298 K, 403 K, and again at 100 

K after rehydration (Figure 1d). In all four experiments, the unit 

cell parameters remained practically unaltered (Table 1). How-

ever, the crystal structure at 403 K revealed that all water mol-

ecules were removed, including the coordinating ones. At this 

temperature, negligible residual electron density (< 0.2 e Å–3) 

was found in the channels, indicating they are essentially empty. 

The Cu centers adopt a square planar coordination geometry 

(Table S2). Beyond the solvent loss, no structural modifications 

were observed, leaving a highly porous structure available. The 

dehydration process is reversible. To test this, the same single 

crystal was immersed in a drop of distilled water and remounted 

in the diffractometer. The structure of the rehydrated structure 

was found to be indistinguishable from the original one. There-

fore, TAMOF-1 is insensitive to hydration/dehydration cy-

cling, confirming the structural robustness of this chiral MOF. 

This is consistent with our variable temperature PXRD study, 

which shows how the structure of the framework remains un-

changed up to 200 ºC. Chemical stability was also evaluated by 

incubating a polycrystalline sample in distilled water for four 

days in neutral, acid and basic media (Figure S2). PXRD Le 

Bail refinement of the solids and inductively couple plasma 

(ICP) analysis of the supernatant both confirm the structural in-

tegrity and negligible metal leaching, ruling out chemical deg-

radation (Figure S3 and Tables S3 and S4).

 

Figure 1. (a) Structure of the linker L-2-deaza-2-(4H-1,2,4-triazol-4-yl)histidine (S-HTA) and projection of the crystal structure of TAMOF-

1 on the [111] plane showing the interlinking of {Cu(S-TA)2} secondary building units by TA linkers in the solid. (b) Natural tiling of 

polyhedral cages in the (10,3)-a connected srs underlying net of TAMOF-1. (c) Overall structure along [111] showing the formation of an 

open framework with intersected helicoidal channels. Connolly representation of the porosity in the solid phase (pale blue, 1.2 Å probe 

radius). (d) Thermal cycle for the coordination geometry of CuII centers. Thermal ellipsoid plots at 3 Å from the metal crystallographic 

position at 100, 298 and 403 K (dehydrated state), and again at 100 K after rehydration by controlled addition of water. 



 

Previous reports confirm the ability of basic azolates to pro-

vide frameworks with outstanding chemical stability due to 

strong metal-nitrogen bonds.24 Permanent porosity was investi-

gated by means of N2 adsorption-desorption isotherms at 77 K 

after activation of the solid at 10–3 mbar and 423 K for 12 h. 

TAMOF-1 was shown to display a type-I isotherm characteris-

tic of microporous materials with a multipoint BET over 980 ± 

50 m2 g–1 (averaged from six repetitions) and a micropore vol-

ume of 0.38±0.02 cm3 g–1 with a narrow pore size distribution 

(PSD) centered at 0.7 nm (Figure S4, Table S5). Experimental 

surface area and PSD values are consistent with the computed 

data from geometrical analysis of the crystal structure of 

TAMOF-1, confirming the analytical purity of the solid. As 

compared to other chiral MOFs, the incorporation of triazolate 

metal connectors (pKa = 9.3)25 to the N-term position in histi-

dine yields a chiral, robust framework that can retain its poros-

ity after activation and does not suffer from the chemical limi-

tations imposed by the weak metal binding sites inherent to 

amino acids or oligopeptides. Even more, the 3D network of 

helicoidal channels in TAMOF-1 deploys a manifold of sites, 

Cu (II) vacancies and polar groups such as free carboxylic acid 

sites, triazole and imidazole units, ideal to modulate the inter-

action of the framework with chiral guests for recognition and 

discrimination of enantiomers. 

Enantioselective chromatographic separations. This en-

couraged us to test the performance of TAMOF-1 as a chiral 

stationary phase in chromatographic preparative separation ex-

periments. For this purpose, a glass column was packed with a 

polycrystalline batch of the TAMOF-1 (see experimental sec-

tion for details) and a solution of racemic (±)-ibuprofen was run 

through, using acetonitrile as the eluent. Ibuprofen is a widely 

employed nonsteroidal anti-inflammatory drug, typically pre-

scribed as the racemate, even though the (S)-ibuprofen enantio-

mer exhibits a much stronger inhibitory activity than (R)-ibu-

profen.26 We chose this first analyte because of its appropriate 

molecular dimensions (6.4×6.7×12.5 Å3), fitting well to the 

contour of the channels (Figure S5a), and its relevance in pre-

vious enantioselective separations with other MOFs.27 At near-

atmospheric pressure, the two enantiomers descend through the 

column as two different fronts. Enantiopure (S)-ibuprofen exits 

the column first, due to the preferred interaction of (R)-ibu-

profen with TAMOF-1, resulting in a slower elution of the (R)-

enantiomer. The two fronts are fully resolved in these condi-

tions (Figure 2), with quantitative yields for the enantiopure 

products.; 99% of (S)- and 92% (R)-ibuprofen at ee > 99% were 

recovered starting with 6.9 mg of (±)-ibuprofen with a flow rate 

of 0.09 mL min–1. This process is remarkable because no high 

pressure, or temperature, or a mixture of solvents were needed 

for separating the enantiomers. Furthermore, the analyte is com-

pletely removed by the solvent, leaving the column ready for 

reuse without additional treatment.  

In analogous conditions, we were also able to quantitatively 

separate (±)-thalidomide (6.9 × 7.7 × 13.6 Å3, Figure S5b), a 

turning point for regulatory agencies to enforce stereochemical 

characterization of drugs during the 20th century, due to the late 

discovery of the teratogenic properties of the (S)-enantiomer of 

thalidomide.28 We chose thalidomide because it is quite differ-

ent from ibuprofen in chemical functionalities, while possessing 

similar molecular volumes). The fact that both can be separated 

using the same solvent and conditions, confirms the versatility 

of this metal-organic CSP for the separation of chiral drugs. (±)-

thalidomide is also resolved (Figure 2b) with quantitative yields 

of 78% for (S)- and 96% for (R)-thalidomide at ee > 99%, start-

ing with 2 mg of (±)-thalidomide (flow rate 0.06 mL min–1). 

Remarkably, in the case of thalidomide, (R)-thalidomide elutes 

first contrary to what is observed for ibuprofen. 

 

 

Figure 2. Gravity chromatographic separations at room tempera-

ture with a glass TAMOF-1 column with 100% acetonitrile as the 

mobile phase: (a) (±)-ibuprofen; (b) (±)-thalidomide. 

Theoretical calculations. To better understand the mecha-

nism of chiral separation, we carried out Monte Carlo simula-

tions for the adsorption of ibuprofen and thalidomide using 

well-validated methods and models (See computational details 

in the experimental section for more information).29 We first 

analyzed the thermodynamic contribution to the separation of 

both drugs by calculating the enthalpy of adsorption (ΔHst) for 

each enantiomer with the Widom Test Particle insertion method 

at infinite dilution.30 ΔHst was obtained from the enthalpy dif-

ferences between the molecules in the gas phase and inside the 

structure of the desolvated TAMOF-1. These values are inde-

pendent of the state or aggregation or the solvent and are mean-

ingful to compare relative differences for TAMOF-1 enantio-

mer interactions. For ibuprofen, the calculated difference in en-

thalpies of adsorption (ΔHst
RS) is –27.34 kJ/mol, which is indic-

ative of the preference of TAMOF-1 to interact with (R)-ibu-

profen. In turn, for the case of thalidomide, the difference in 

enthalpies of adsorption is of 1.66 kJ/mol and suggests a higher 

preference for (S)-thalidomide. In the absence of direct crystal-

lographic evidences,31 we next analyzed the binding-site of the 

drug enantiomers in TAMOF-1 after energy minimization 

(Figure 3a,b) to understand the origin of these differences. The 

adsorption of ibuprofen is controlled by coordination to the va-

cant site of Cu(II) and the formation of a H-bond with the tria-

zole group. According to our simulations, these bonds elongate 

from 2.35 and 1.63 Å for (R)- to 2.72 and 1.75 Å for a weaker 



 

interaction with (S)-ibuprofen, due to small changes in the con-

figuration of the adsorbed enantiomers. In turn, the smaller 

ΔHst
RS calculated for thalidomide originates from the presence 

of a H-bond between the phthalimide ring and the free carbox-

ylic groups in S-TA that elongates from 2.82 for (S)- to 2.95 Å 

for (R)-thalidomide combined with weak changes to the van der 

Waals interactions from a better fit of the first to the shape of 

the channels. Overall our simulations suggest that TAMOF-1 

might behave as a versatile CSP due to the combination of chi-

ral channels and weak binding sites for low-energy separation 

of enantiomers. The combination of weak host-guest interac-

tions with sufficiently high ΔHst differences in TAMOF-1 may 

avoid strong pinning of one of the enantiomers to the pore walls 

whereas it enables quantitative separation. We confirmed ex-

perimentally that none of the enantiomers were permanently 

trapped because both enantiomers were quantitatively recov-

ered by continuous elution of acetonitrile. Large adsorption en-

ergies can lead to long retention times and broad chromato-

graphic peaks, therefore an optimal CSP is expected to display 

an optimal balance between ΔHst
RS and enantiomer diffusivity. 

This last point was studied with Molecular Dynamics (MD) by 

calculating the activation energies for the diffusion of both 

drugs with the corresponding Arrhenius plots (Figure 3c,d). 

From the Arrhenius equation, we can estimate that the self-dif-

fusion coefficient (D) of (S)-ibuprofen is one order of magni-

tude faster than the (R)-enantiomer at infinite dilution condi-

tions (ca. 1.0×10–11 and 5.7×10–12 m2/s, respectively). (R)-tha-

lidomide also diffuses slightly faster, 8×10–12 m2/s, than the (S)-

enantiomer (2×10–12 m2/s). The relative differences between the 

activation energies of the (R)- and (S)-enantiomers for both 

drugs are comparable to the corresponding differences of bind-

ing energies.  

Structural flexibility was also studied by performing energy 

minimizations of the structure with an empty structure and with 

one loaded molecule of ibuprofen and thalidomide. Addition-

ally, we performed MD simulations at 300 K in the canonical 

ensemble. We have used the UFF4MOF force field for the at-

oms of the structure.32 No significant structural behaviors have 

been found that point beyond the thermal motion of the atoms. 

Neither have observed significant rotations of ligands that qual-

itatively could make a difference with respect to predictions of 

rigid models. So, the study of the transport of molecules using 

flexible models was not considered suitable or profitable.

 

 

Figure 3. Binding geometries of ibuprofen (a) and thalidomide (b) enantiomers upon adsorption in TAMOF-1 calculated with Monte Carlo 

simulations. The most relevant interactions in directing guest binding are annotated with a dotted line. Arrhenius plot for the diffusion of 

ibuprofen (d) and thalidomide (e) enantiomers calculated with Molecular Dynamics. 

Enantioselective HPLC chromatography. After the find-

ing of these promising results, we engineered an HPLC column 

to further explore the possibilities that TAMOF-1 has to offer 

as a CSP. An empty stainless-steel column (100 mm × 4.6 mm) 

was packed with 1.55 g of TAMOF-1 (column A, see experi-

mental section for details). Prior to data collection, the column 

was conditioned with the appropriate solvent system at a flow 

rate of 0.15 mL min–1 for 3 h (approximately 15 column vol-

umes). As model analyte we selected racemic trans-2,3-diphe-

nyloxirane (i.e. a mixture of (2S,3S)-2,3-diphenyloxirane and 

(2R,3R)-2,3-diphenyloxirane), an analyte typically used to cal-

ibrate HPLC columns. The versatility of TAMOF-1 allowed 

for baseline resolution in a variety of solvent systems encom-

passing different solvating abilities and polarities, such as 95:5 

(S)- (R)
- 



 

hexanes/isopropanol, 100% isopropanol (IPA) and 100% ace-

tonitrile (ACN) (Figure 4a). The efficiency of the chiral resolu-

tion of trans-2,3-diphenyloxirane in terms of separation factor 

(α) resolution (RS), and retention times is shown in Table 2, em-

phasizing TAMOF-1’s ability to separate enantiomers under 

analytic HPLC conditions employing diverse elution systems. 

Hence, this material can be considered as a bifunctional chiral 

stationary phase because it operates efficiently using either non-

polar (95:5 hexanes/IPA) or polar (100% ACN, 100% IPA) sol-

vent conditions. The same column was also able to resolve fu-

roin (i.e. 1,2-di(furan-2-yl)-2-hydroxyethan-1-one) in a 50:50 

ethanol/n-hexane mixture (Table 2 and Figure S6). An addi-

tional demonstration of the versatility of TAMOF-1 as CSP re-

garding mobile phase and analyte.  

 

Figure 4. Representative chromatograms for the separation of 

trans-2,3-diphenyloxirane enantiomers with HPLC column packed 

with TAMOF-1: (a) Separation with different mobile phases using 

column A (see experimental section for details): isopropanol, meth-

anol, 95:5 hexanes/isopropanol, and acetonitrile (v/v). (b) Compar-

ison with commercial columns CHIRALPAK®-AD, 

CHIRALCEL®-OD and CHIRALCEL®-OJ in 95:5 hexanes/iso-

propanol (v/v). For detailed HPLC conditions, see Tables 2 and 3.In 

all cases the (S,S) enantiomer corresponds to the first peak. 

For comparison, the chiral resolution capability of three 

widely-used commercial columns was also determined with ra-

cemic trans-2,3-diphenyloxirane: CHIRALPAK®-AD, 

CHIRALCEL®-OJ and CHIRALCEL®-OD (Figure 4b). The 

optimal separation conditions, separation times of the eluted en-

antiomers, and resolutions are shown in Table 3. While each 

column is capable of resolving trans-2,3-diphenyloxirane, the 

limitation for these columns is the need to use highly hydropho-

bic solvent systems, 95:5 hexane/IPA in this case. Furthermore, 

the TAMOF-1 packed HPLC column yields competitive sepa-

ration in the same working conditions. Taken together, the data 

suggest that the TAMOF-1 packed HPLC column yields highly 

efficient chiral resolutions and may exceed commercial column 

performance in terms of elution system versatility. The broader 

peaks obtained with TAMOF-1 could be related to its hetero-

geneous particle size. The columns were packed using the as-

prepared material, with a random particle size between 0.2 and 

10 μm, according to DLS data (Figure S7). Studies to confirm 

this hypothesis are underway. 

Table 2. Chromatographic parameters of the separation of 

trans-2,3-diphenyloxirane and furoin in different solvent 

systems with TAMOF-1 HPLC column A.a 

Analyte 
Mobile 

phase 
RS α 

tR1 

(min) 

tR2 

(min) 

 

trans-2,3- 

diphenyl 

oxirane 

IPA 1.73 2.92 8.71 17.38 

MeOH –b 1.21 13.74 15.82 

ACN 2.55 6.38 6.70 20.12 

95:5 

Hex/ 

IPA 

1.37 3.06 12.12 28.47 

 

furoin 

50:50 

Hex/ 

EtOH 

1.12 1.57 67.29 103.36 

aFlow rate = 0.15 mL min–1, detection wavelength set to 254 nm, 

total injection time adapted for each run to be ca. twice the retention 

time for the corresponding analyte. bNo baseline resolution 

achieved. 

Table 3. Comparison of the separation of trans-2,3-diphe-

nyloxirane by the TAMOF-1 column A versus 

CHIRALPAK® AD, CHIRALCEL® OJ and CHIRALCEL® 

OD commercial columns.  

 TAMOF-1 ADa ODb OJc 

Dimensions (mm) 100 × 4.6 250 × 4.6 

(S,S) time (min)  12.1 32.3 37.6 55.3 

(R,R) time (min) 28.5 59.6 69.2 68.4 

Resolution (RS) 1.37 4.98 5.75 2.63 

% area (S,S) 50.4 49.5 50.8 49.8 

% area (R,R) 49.6 50.5 49.2 50.2 

Total time (min) 40 75 80 80 

Mobile phase 95:5 hexanes/isopropanol (v/v), 0.15 mL min–1, 

detection wavelength set to 254 nm, total injection time adapted for 

each run to be ca. twice the retention time for the corresponding 

analyte. aCHIRALPAK® AD. bCHIRALCEL® OJ. cCHIRALCEL® 

OD 

To further explore the capabilities of TAMOF-1, we packed 

a second longer HPLC column (150 mm × 4.0 mm) with 1.80 g 

of TAMOF-1 (column B, see Methods for experimental de-

tails). A better separation was obtained for trans-2,3-diphe-

nyloxirane, and using a variety of mobile phases (Table 3, Fig-

ure S8). With the same column, we successfully achieved 

O

*

*acetonitrile 

95:5 hexanes/isopropanol 

isopropanol 



 

HPLC separations of a variety of other racemic mixtures, in-

cluding 1-phenylethan-1-ol, benzoin or flavanone with different 

degrees of resolution (Table 4 and Figures S9–S12). These re-

sults ultimately demonstrate the potential versatility of 

TAMOF-1 to optimize chromatographic separation conditions 

for the direct HPLC separation of structurally diverse chiral 

small molecules. 

Table 4. Chromatographic parameters of the separation of 

different racemic mixtures by a TAMOF-1 HPLC column 

B.a 

Analyte 
Mobile 

phase 
RS α 

tR1 

(min) 

tR2 

(min) 

 

trans-2,3- 

diphenyl 

oxirane 

IPA 2.32 4.50 7.6 14.2 

95:05 

IPA/Hex 
2.23 4.42 7.8 15.2 

90:10 

IPA/Hex 
2.16 4.55 8.0 16.4 

10:90 

IPA/Hex 
2.18 4.63 8.2 17.1 

05:95 

IPA/Hex 
1.52 3.55 13.2 32.3 

ACN 4.09 7.24 6.5 11.8 

95:05 

ACN/ 

TBME 

1.73 7.03 6.4 10.7 

90:10 

ACN/ 

TBME 

1.15 6.81 6.3 10.1 

 

1-phenyl-

ethan-1-ol 

 

EtOH 1.47 1.67 9.2 11.6 

90:10 

EtOH/ 

Hex 

1.50 1.72 9.6 12.4 

10:90b 

EtOH/ 

Hex 

2.00 1.57 24.6 36.5 

 

flavanone 

EtOH 1.24 1.55 17.3 23.6 

ACN 0.92 2.84 6.5 8.0 

 

benzoin 

90:10 

EtOH/ 

Hex 

1.45 1.54 14.2 18.7 

a0.2 mL min–1 flow rate unless otherwise stated, detection wave-

length set to 254 nm for 1-phenyl-ethan-1-ol and benzoin, 230 nm 

for trans-2,3-diphenyl oxirane and 220 nm for flavanone, total in-

jection time adapted for each run to be ca. twice the retention time 

of the corresponding analyte. b0.3 mL min–1 flow rate 

 

CONCLUSIONS 

Functionalization of the natural amino acid L-histidine with a 

4H-1,2,4-triazole moiety, by transformation of its –NH2 group, 

yields an enantiopure ligand that self-assembles with Cu(II) cat-

ions in water to build a porous 3D homochiral metal organic 

framework, TAMOF-1. This novel MOF is highly porous and 

stable upon complete solvent loss, as well as in water and polar 

or nonpolar solvents. Thanks to its robust porous structure, with 

helicoidal 1 nm-wide channels running in the three directions 

(cubic structure), TAMOF-1 works as a highly versatile chiral 

stationary phase (CSP) for the enantiomeric resolution of chiral 

organic molecules using either polar (acetonitrile, alcohols) or 

non-polar (hexanes) solvent conditions, allowing for the alter-

native/successive use of either of them. 

According to theoretical studies, this performance arises from 

the combination of chiral channels and weak binding sites al-

lowing for low-energy separation of enantiomers without any 

strong binding/recognition sites. This feature, along with its 

chemical and mechanical stability, allows working under HPLC 

conditions. Comparative studies show that TAMOF-1 may out-

perform the chiral separation capability of some commercial 

chiral HPLC columns. 

The improved resolution of racemic mixtures with TAMOF-

1, along with its compatibility with multiple solvent systems 

makes it highly desirable as a chiral stationary phase for indus-

trial size applications. It is worthy to highlight that TAMOF-

1 can be prepared in the multikilogram scale due to its quanti-

tative and straightforward synthesis as well as the accessibility 

of the starting reagents and solvents utilized in its preparation. 
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