
Synthesis and Characterization of Calixsalen Macrocycles and Calixsalen 

Metal Complexes and their Potential Applications  

 

Thesis by 

Monerah Altamimy 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

 June, 2021  



2 
 

EXAMINATION COMMITTEE PAGE 
 
 
 
The thesis of Monerah Altamimy is approved by the examination committee. 

 
 

Committee Chairperson: Prof. Niveen M. Khashab 

Committee Members: Prof. Luigi Cavallo, Prof. NorEddine Ghaffour 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© June, 2021  

Monerah Altamimy 

All Rights Reserved 



4 
 

ABSTRACT 
 

Synthesis and Characterization of Calixsalen Macrocycles and Calixsalen 

Metal Complexes and their Potential Applications  

Monerah Altamimy 

 

Calixsalens, which are vase-like structures with a salen unit at each of their triangular 

vertices, have unique properties that make them potential candidates for separation. 

However, the use of calixsalens for separation had not previously been studied. In this 

work, we synthesized two calixsalen derivatives using the concept of dynamic covalent 

bond formation (imine).1H NMR, 13C NMR, mass spectrometry and Single Crystal X-ray 

Diffraction (SCXRD) confirmed the successful formation of [3+3] macrocycles. We 

investigated the selective adsorption of hexane isomers by the calixsalens. 1H NMR and 

gas chromatography analyses showed that calixsalen is more selective towards branched 

hexane isomers (3-methylpenaten, 2-methylpentane, 2,2-dimethylbutane, and 2,3-

diethylbutane) compared to n-hexane. Treatment of these macrocycles with different 

types of metal ions transformed their conformations from [3+3] to [2+2] macrocyclic 

metal complexes, which was confirmed by SCXRD. The calixsalen metal complexes were 

preliminary tested for Styrene/Ethylbenzene separation.  
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Chapter 1 

Introduction 

1.1 Supramolecular Chemistry 

Supramolecular chemistry is often defined as the chemistry beyond the molecule,1 and is 

an interdisciplinary field of science that focuses on studying the physical, chemical, and 

biological features of molecular assemblies with greater complexity than the discrete 

chemical components themselves. This term was coined by Nobel Prize Winner Prof. Jean 

Marie Lehn, and according to his definition, a supermolecule is an organized, complex 

entity that results from the association of two or more chemical species held together by 

intermolecular forces. The properties of supermolecules are not the same as the sum of 

the properties of each discrete chemical component. Supramolecular chemistry focuses 

on the use of reversible non-covalent interactions such as electrostatic interactions, 

metal-ligand coordination, hydrogen bonds, dipole-dipole interactions, ion-dipole 

interactions, and hydrophobic forces such as π–π interactions, van der Waals, and 

dispersion interactions to create supermolecules. Long before the initiation of this field, 

there was a field of research concerned with molecular recognition (host-guest 

chemistry), where a host molecule recognizes a guest molecule or ion and forms a 

chemical compound with it. Another field of research focused on studying the chemistry 

of molecular associations and molecular assemblies. Combining these two fields of 

research, Jean-Marie Lehn proposed a unified field of chemistry termed "supramolecular 

chemistry".2, 3 
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1.2 Molecular Recognition 

In the last decades, molecular recognition using synthetic receptors has been pursued 

due to its promising applications in many fields, such as sensing4, separation5, catalysis6, 

and drug delivery.7 Molecular recognition is the term used to describe specific 

interactions between two or more molecules through non-covalent interactions, such as 

hydrogen bonding, electrostatic interactions, van der Waals forces, - hydrophobic, or 

metal coordination.8 In 1894, Emil Fisher proposed the "lock and key" model to explain 

the interaction between enzymes and their substrates. The enzyme and the substrate 

bind temporarily to form what is known as the enzyme-substrate complex. The binding 

site on the enzyme (lock) is structurally complementary to the substrate (key).9 

 

 

 

 

Figure 1. (a) Lock and key model.9 

In the 1950s, cyclodextrins and valinomycin were identified as natural host molecules. In 

1967, Charles Pedersen discovered the first example of artificial host molecules, the 

crown ethers, which opened the door to research on synthetic host molecules.10 
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When designing synthetic receptors for the recognition of small organic molecules, 

certain desirable requirements have to be considered, which include the ease of synthesis 

at high yields and on a large scale, solubility in a wide range of solvents, chirality, and 

tunability.11 Calixsalen macrocycles, which were first reported by Zacharias and co-

workers in 1998,12 fulfill all of these criteria.  

1.3 Porous Organic Frameworks 

Porous materials can be defined as any material containing voids. Typically, a porous 

material should have permanent pores that are permeable to liquids or gases.13 

Porous materials can be organic, such as covalent organic frameworks (COFs)14 and 

hydrogen-bonded organic frameworks (HOFs)15; inorganic, such as zeolites16; or hybrid, 

such as metal-organic frameworks.17 

The pores in porous organic materials can be intrinsic or extrinsic. Intrinsic pores are 

guest-accessible cavities that are prefabricated during synthesis. Pillar[n]arenes, 

cryptophanes, calix[n]arenes, trianglamine macrocycles, cucurbit[6]urils, porous organic 

cages (POCs), hemicarcerands, urea macrocycles, and Noria are examples of porous 

organic molecules that have been shown to adsorb guests in their intrinsic pores. Porous 

molecules with intrinsic porosity can crystallize as nonporous solids.18 On the other hand, 

extrinsic pores are voids between neighboring molecules—rather than in the molecule 

itself—that are the result of inefficient packing of molecules in the solid-state. From an 

application standpoint, intrinsic versus extrinsic porosity is merely a classification. The 
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cost, performance, and perhaps the processability of the material are what really 

matter.13 

a)                                                                         b) 

 

 

c)                                                                          d) 

                                                               

 

 

 

Figure 2. Examples of organic porous materials: a) calixarenes;19 b) cucurbiturils;20 c) 
cyclodextrins;21 d) pillararenes22   
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1.4 Calixsalen Macrocycles 

Calixsalens are vase-like structures with a salen unit at each of their triangular vertices. 

The upper rim of the macrocycle is non-polar, whereas the lower rim is polar.23 Calixsalens 

are synthesized through an [3+3] imine condensation strategy of  1:1 molar concentration 

of a diamine and dialdehyde compound. The calixsalen can then be reduced to the 

corresponding calixsalan using sodium hydroborate as a reducing agent, and this reduced 

macrocycle has a more flexible skeleton compared to the calixsalen macrocycle, which is 

more shape persistent due to the presence of a rigid imine bond.24  

In 1998, Zacharias and co-workers first reported the template-free synthesis of calixsalens 

via [3+3] condensation of equimolar concentration of 2,6-diformyl-4-methylphenol and 

trans-(R,R)-1,2-cyclohexyldiamine. The resulting [3+3] calixsalen has 27 atoms present in 

its macrocyclic cavity: 21 C-atoms and six N-atoms. There are three N2O2 sub-cavities 

generated by the three phenolic-OH projected inside the cavity. These sub-cavities appear 

to have a suitable geometry for metal complexation since the two O and two N atoms 

provide appropriate coordination sites. Calixsalens are stabilized by intramolecular (O–

H···N, N–H···O, N–H···N) hydrogen bonding. The internal cavity of the macrocycle is 

hydrophilic and is capable of forming hydrogen bonds, whereas the external cavity is 

hydrophobic.12, 25 
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1.5 Synthesis of Calixsalen Macrocycles 

Two main methods are frequently employed to synthesize calixsalens, namely the 

template synthesis method and the high-dilution method.  

1.5.1 Template Synthesis Method 

The template synthesis method was discovered in 1960 when Curtis reported the 

formation of macrocyclic complexes with the aid of Ni(II).26   

 

Figure 3 Macrocyclic complex formation using the Curtis reaction.26 

Metal cations are usually utilized as template ions. The size, stoichiometric ratio, and the 

coordination number of the metal ion employed as a template play a role in the structure 

of the macrocycle obtained, as well as the rigidity, geometry, size, and reactivity of the 

building blocks.26 For example, the selective synthesis of dimeric [2+2] or trimeric [3+3] 

macrocyclic polyimines can be achieved using Ba(II) and Cd(II) metal salts, respectively.27, 

28 
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Figure 4. Controlling the size of macrocyclic polyimines using metal templates.27 

In 2012, Lisowski and co-workers reported the selective formation of a chiral [3+3] 

macrocycle by reacting 4-tert-butyl-2,6-diformylphenol with (1R,2R)- or 

(1S,2S)-1,2-diaminocyclohexane in the presence of a 0.5 equivalent of Zn(II) ions. Under 

the same conditions, application an equimolar amount Zn (II) ions resulted in selective 

formation of the chiral [2+2] macrocycle.29  
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Figure 5. Controlling the size of the macrocycle by adjusting the stoichiometry of the 
Zn(II) ions.29 

 

1.5.2 High Dilution Method 

This method was developed by Karl Ziegler and Paul Ruggli for the cyclization of small 

organic molecules. In this technique, equimolar concentration of each building block are 

used. High dilution conditions favor cyclization, whereas higher concentrations of the 

building blocks favor polymerization.30 
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Figure 6. General synthetic scheme for calixsalens 

1.6 Calixsalen Metal Complexes 

Macrocyclic complexes that are based on transition metals and lanthanides have gained 

a lot of interest due to their potential application in catalysis31, drug delivery32, 

separation33, and molecular sensing.34  

Schiff base macrocycles are of particular interest due to their ability to form stable 

complexes with a range of metal ions. 

1.6.1 Transition Metals Coordination 

Reacting the [3+3] calixsalen macrocycle with transition metal ions often results in the 

rearrangement of the macrocycle. In 2000, Zacharias and co-workers reported the 

rearrangement of the [3+3] Schiff base macrocycle to the [2+2] dinuclear macrocyclic 

complex after reacting the macrocycle with transition metal ions (Zn, Cu, Co, Ni, Fe, and 

Mn) in methanol at a 1:3 ratio under reflux conditions. On the other hand, reacting the 

[3+3] Schiff base macrocycle with transition metal ions (Zn, Cu, Mn, and Fe) in methanol 
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at a 1:3 ratio at room temperature for two hours resulted in mononuclear acyclic Schiff 

base complexes.35  

 

 

Figure 7. Effects of the reaction conditions on the structure of the obtained calixsalen.35 

 

1.6.2 Lanthanides Coordination 

Chiral macrocyclic lanthanide(III) complexes have attracted increasing attention due to 

their promising applications as spectroscopic probes and in enantioselective catalysis, and 

also because they often exhibit exceptional kinetic and/or thermodynamic stability. 36 

In late 2005, Lisowski and co-workers attempted to form Lanthanide (III) macrocyclic 

complexes by reacting lanthanide (La, Ce, Eu, Yb, Lu) ions with the Schiff base macrocycle 
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H3L1 (See Figure 8). It was hypothesized that the large size of H3L1 might favor 

coordination to the relatively large Ln(III) ions. The structure of H3L1 suggests the central 

binding of Ln(III) ions by three phenolate oxygens, which leads to the formation of neutral 

macrocyclic complexes. Attempts to isolate pure Ln(III) complexes of H3L1 were 

unsuccessful due to hydrolytic rearrangement of the macrocyclic complex. The resulting 

product was strongly dependent on the solvent, the type of counter anion, and the 

amount of Ln(III) ion added.36 

 

 

 

 

 

 

Figure 8. The structure of H3L1 

 

1.7 Calixsalen Self-Assembly 

The organization of small molecules to form complex systems is of great importance in 

chemistry and biology. Complex systems form based on cooperative processes such as 

recognition, discrimination, sorting, and assembly.37 The self-assembly of calixsalens in 

the solid-state is influenced by the substituents at the C5 positions of their aromatic rings. 
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Calixsalens with small substituents at the C5 positions of their aromatic rings crystallize 

as tail-to-tail dimers. In contrast, calixsalens with bulky substituents crystallize in a head-

to-head fashion, leading to the formation of capsules or unimolecular cages.38  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The general structure of calixsalens (a). Host packing in calixsalen crystals: tail-
to-tail dimer (b) capsule (c) and hourglass dimer (d).39  

 

In conclusion, calixsalens offer several advantages that make them potential candidates 

for separation processes, such as their ease of synthesis at quantitative yield under 

ambient conditions, scalability, and tunability. To date, the potential of calixsalens as 
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porous organic molecules for applications in molecular separation, gas capture, sensing, 

and drug delivery remain relatively unexplored. In this work, we explore the potential of 

calixsalens and calixsalen metal complexes and their assemblies for separation 

applications. 
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Chapter 2 

2. EXPERIMENTAL SECTION 

2.1 General Methods 

All reagents and solvents were purchased from commercial sources and used without 

further purification. 

2.2 Characterization Techniques 

2.2.1 Fourier Transform Infrared (FTIR) Spectroscopy  

Infrared spectroscopy is a technique that is commonly used to measure the interaction of 

functional groups in a molecule with infrared light. In this technique, infrared light passes 

through a sample, and the fraction absorbed at particular energy is determined. The 

energy at which any peak in an infrared spectrum appears is related to the frequency of 

vibration of a part of the compound.40, 41The FT-IR spectra were recorded on KBr disk using 

a Nicolet-Avatar 370 spectrometer between 400 and 4000 cm-1.  

2.2.2 Nuclear Magnetic Resonance (NMR)  

Nuclear magnetic resonance is a phenomenon in which atomic nuclei absorb and emit 

energy in the radiofrequency range of the electromagnetic spectrum when placed within 

a magnetic field.42 NMR spectroscopy is useful for identifying the carbon-hydrogen 

framework in a compound. NMR spectra were recorded on a Bruker Avance 400 and 500 

MHz. Chemical shifts are reported in ppm relative to the signals corresponding to the 

residual non-deuterated solvents.  
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2.2.3 Powder XRD (PXRD) 

Powder X-ray diffraction (XRD) is a common technique used to analyze nanomaterials. It 

is useful for obtaining information that is complementary to other spectroscopic and 

microscopic methods, such as crystallite size, phase identification, sample purity, and 

morphology.43 Routine powder X-ray diffraction (PXRD) data were collected using Cu Kα 

radiation (λ = 1.5418 A, 40 kV, and 30 mA) on a PANalytical X'pert PRO instrument 

operating in Bragg-Brentano geometry. Intensity data were recorded using an X'Celerator 

detector, and 2θ scans in the range of 3.5−40° were performed with a step size of 0.02° 

at a scan speed of 0.02 (°/s). The sample was placed in a zero-background sample holder, 

and the normal configuration of the instrument was used. 

2.2.4 Single Crystal X-ray Diffraction (SXRD)  

Single-crystal X-ray Diffraction is a non-destructive technique that is useful for providing 

information about the arrangements of atoms inside the crystal, bond angles, bond 

lengths, and unit cell dimensions. Single crystal X-ray diffraction data were recorded using 

a Bruker D8 Venture diffractometer equipped with a Photon II CPAD detector, an Oxford 

Cryosystems Cryostream 800Plus cryostat, a sealed Mo tube, and a graphite 

monochromator (λ = 0.71073 Å). The crystal was mounted in a Hampton cryoloop with 

light oil to fix the crystal on the loop and prevent solvent loss. The SHELX44 software 

package (Bruker) was used to solve and refine the structure. An empirical absorption 

correction was applied using the SADABS program.45 The structure was solved by direct 

methods and refined by the full-matrix least-squares method (∑w(|Fo|2‒|Fc|2)2) with 

anisotropic thermal parameters for all heavy atoms included in the model. X-Seed46 was 
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used as the graphical interface for the SHELX program suite. 

2.2.5 Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis is a technique that monitors the changes in the sample mass 

that occur as the sample is heated. This technique is useful for evaluating the thermal 

stability and the composition of materials.47 Thermogravimetric analysis was carried out 

using an automatic sample loading TA Instruments Q5000 analyzer. The instrument 

records weight loss as a function of temperature. It was used to determine the onset 

temperature and temperature ranges of the guest loss and sample degradation. Usually, 

a sample of 0.5-4 mg was heated starting at room temperature to 1000 °C in a standard 

TA instrument aluminum pan at a heating rate of 10 K min−1. Samples were analyzed 

under a constant flow of dry nitrogen gas at a flow rate of 50 ml/min. TGA traces were 

analyzed, and figures were generated using OriginLab 2019. 

2.2.6 Mass Spectrometer (MS) 

Mass Spectroscopy is an analytical technique that is useful for determining the molecular 

weight of the compounds that are present in a sample. The basic principle of this 

technique involves the ionization of molecules or compounds to form ions, followed by 

acceleration, deflection, and finally detection of these ions based on their mass to charge 

ratio.48 The accurate mass determination of the samples was acquired in the positive ion 

mode using Bruker Daltonics Micro-TOF Mass Spectrometer equipped with a heated ESI 

ion source. 

2.2.7 Gas Chromatography (GC) 

GC is an analytical technique that is capable of separating mixtures based mainly upon 
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differences of polarity and of boiling point/vapor pressure.49 

GC measurements were carried out using J&W (122-1364) instrument configured with a 

FID detector and a DB-624 column (60 m × 0.25 mm × 1.4 μm). The following GC method 

was used: the oven was programmed from 30 °C with 15 min hold. Then the 

oven ramped at 5 °C min–1 increments to 200 °C with 5 min hold; injection temperature 

250 °C; detector temperature 300 °C with hydrogen, air, and make-up flow-rates of 35, 

350, and 30 mL min–1, respectively; helium (carrier gas) flow-rate 3.0 mL min–1. The 

powder samples (10 mg) were dissolved in 1 mL 1-chlorobutane and injected in the split 

mode (4:1). 

2.3 Synthesis and characterization of calixsalen macrocycles  

2.3.1 Synthesis of Calixsalen 1 (Calix1)  

The macrocycle was synthesized according to a 

published procedure.38 A solution of 2-hydroxy-5-tert-

butylisophthaldehyde (1.6 g, 7.88 mmol) in 16 mL of 

dry dichloromethane was added dropwise to an 

equimolar solution of (R,R)-1,2-diaminocyclohexane 

(0.9 g, 7.88 mmol) in dry dichloromethane (16 mL). 

The whole mixture was left stirring under an argon atmosphere for 24h at room 

temperature. The solvent was evaporated under vacuum, and a yellow precipitate was 

obtained with a yield of 84%. 
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Crystals were obtained as follows: An open 5 mL vial containing 80 mg of Calix1 dissolved 

in 1 mL dichloromethane was placed in a sealed 20 mL vial containing 4 mL of acetonitrile 

for one day resulting in the formation of yellow crystals suitable for x-ray analysis. 

1H NMR (500 MHz, CDCl3) δ 13.98 (s, 1H), 8.73 (s, 4H), 8.32 (s, 4H), 7.81 (d, J = 2.6 Hz, 4H), 

7.03 (s, 3H), 3.51 (dt, J = 11.3, 5.8 Hz, 4H), 3.39 (dd, J = 17.9, 9.8 Hz, 5H), 1.92 – 1.85 (m, 

9H), 1.85 – 1.81 (m, 5H), 1.72 – 1.63 (m, 4H), 1.06 (s, 22H), 0.10 (s, 4H). 

13C NMR (126 MHz, CDCl3) δ 164.20, 159.60, 156.39, 140.34, 130.85, 126.25, 122.81, 

118.62, 116.48, 77.41, 77.16, 76.91, 75.81, 73.08, 54.72, 50.34, 33.89, 33.78, 33.42, 31.46, 

31.22, 29.80, 29.46, 25.14, 24.61, 24.49, 22.80, 14.23, 1.84, 1.42, 1.12, 0.11.  

ESIMS m/z, calculated for C54H72N6O3 852.57 m/z, found 853.57. 

2.3.2 Synthesis of Calixsalen 2 (Calix2) 

A solution of 2-hydroxyisophthaldeyde (1 g, 6.66 mmol) 

in 13 mL of dry dichloromethane was added dropwise 

to an equimolar solution of (R,R)-1,2 

diaminocyclohexane (760 mg, 6.66 mmol) in dry 

dichloromethane (13 mL). The whole mixture was left 

stirring under an argon atmosphere for 24h at room 

temperature. The solvent was evaporated under vacuum, and a yellow precipitate was 

obtained with a yield of 94%. 
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Crystals were obtained as follows: An open 5 mL vial containing 80 mg of Calix2 dissolved 

in 1 mL dichloromethane was placed in a sealed 20 mL vial containing 4 mL of acetonitrile 

for one day resulting in the formation of yellow crystals suitable for x-ray analysis. 

1H NMR (500 MHz, CDCl3) δ 14.20 (s, 1H), 8.72 (s, 1H), 8.26 (s, 1H), 7.82 (dd, J = 7.8, 1.7 

Hz, 1H), 7.15 (dd, J = 7.6, 1.8 Hz, 1H), 6.70 (t, J = 7.6 Hz, 1H), 3.40 (dtt, J = 24.2, 9.1, 4.7 Hz, 

2H), 1.89 – 1.82 (m, 3H), 1.82 – 1.65 (m, 3H), 1.52 – 1.44 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 189.60, 189.38, 164.74, 164.54, 164.32, 163.66, 161.81, 

160.99, 156.12, 137.92, 137.77, 133.75, 132.14, 132.11, 131.90, 129.50, 124.58, 124.34, 

123.72, 119.66, 119.56, 119.14, 118.52, 118.47, 117.88, 77.41, 77.16, 76.90, 75.42, 73.28, 

72.33, 71.57, 53.53, 33.57, 33.28, 33.01, 32.89, 32.74, 24.52, 24.40, 24.27, 24.20, 24.13, 

1.81, 0.11.  

ESIMS m/z, calculated for C42H48N6O3 684.38 m/z, found 685.39. 

2.4 Formation of Metal Complexes with Calixsalen Macrocycles 

2.4.1 Zinc (II) Complexes  

[Zn1Calix1]: The macrocyclic complex was synthesized according to a published 

procedure.35 A solution of Calix1 (42.6 mg, 0.05 mmol) in MeOH (5 mL) was added 

dropwise to a solution of Zn(CH3COO)2.2H2O (32.92 mg, 0.15 mmol) in MeOH (5 mL). The 

mixture was stirred for 2h at room temperature.  

[Zn1Calix2]: A reported procedure was followed.50 A solution of Zn(CH3COO)2.2H2O (32.92 

mg, 0.015 mmol) in 6 mL of methanol was added dropwise to a solution of Calix2 (34.24 
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mg, 0.05 mmol) in 3 mL dichloromethane. The mixture was left undisturbed at room 

temperature.  

[Zn2Calix2]: A solution of Zn(NO3)2•6H2O (22.31 mg, 0.075 mmol) in 3 mL of methanol 

was added dropwise to a solution of Calix2 (17.12 mg, 0.025 mmol) in 1.5 mL 

dichloromethane. The mixture was left undisturbed at room temperature.  

[Zn2Calix1]: A solution of Calix1 (21.32 mg, 0.025 mmol) in MeOH (2.5 mL) was added 

dropwise to a solution of Zn(NO3)2•6H2O (22.31 mg, 0.075 mmol) in MeOH (2.5 mL). The 

mixture was stirred for 2h at room temperature.  

2.4.2 Iron (II) Complexes  

[FeCalix2]: A solution of Fe(NO3)3•9H2O (30 mg, 0.075 mmol) in 3 mL of methanol was 

added dropwise to a solution of Calix2 (17.12 mg, 0.025 mmol) in 1.5 mL 

dichloromethane. The mixture was left undisturbed at room temperature.  

[FeCalix1]: A solution of Fe(NO3)3•9H2O (46mg, 0.11 mmol) in 4 mL of methanol was 

added dropwise to a solution of Calix1 (33 mg, 0.038 mmol) in 4 mL dichloromethane. The 

mixture was left undisturbed at room temperature.  

2.4.3 Magnesium Complexes 

[Mg1Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of MgCl2.6H2O (10.36 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  
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[Mg2Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of Mg(NO3)2.6H2O (13.07 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

[Mg1Calix2]: A solution of MgCl2.6H2O (85.38 mg, 0.42 mmol) in 5 mL of methanol was 

added dropwise to a solution of Calix2 (100 mg, 0.14 mmol) in 2 mL dichloromethane. The 

mixture was left undisturbed at room temperature. 

[Mg2Calix2]: A solution of MgCl2.6H2O (107.69 mg, 0.42 mmol) in 5 mL of methanol was 

added dropwise to a solution of Calix2 (100 mg, 0.14 mmol) in 2 mL dichloromethane. The 

mixture was left undisturbed at room temperature. 

2.4.4 Calcium Complexes 

[Ca Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of Ca(NO3)2.4H2O (12.04 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

[CaCalix2]: A solution of Ca(NO3)2.4H2O (99.18 mg, 0.42 mmol) in 5 mL of methanol was 

added dropwise to a solution of Calix2 (100 mg, 0.14 mmol) in 2 mL dichloromethane. The 

mixture was left undisturbed at room temperature. 

2.4.5 Gallium (III) Complexes 

[GaCalix1] A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of (Ga(NO3)3.xH2O) (13.04 mg, 0.051 mmol) in MeOH (1.75 mL). 

The mixture was stirred for 2h at room temperature.  
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2.4.6 Zirconium (IV) Complexes 

[ZrCalix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of ZrO(NO3)2.xH2O (11.79 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

2.4.7 Palladium (II) Complexes 

[PaCalix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of Pd(NO3)2.xH2O (11.75 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

2.4.8 Terbium (III) Complexes 

[Tb1Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of TbCl3.6H2O (19.04 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

[Tb2Calix1]: The complex was prepared by following a procedure similar to that described 

above using 2 equivalents of TbCl3.6H2O. 

2.4.9 Cerium (III) Complexes 

[Ce1Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of Ce(NO3)3.6H2O (22.14 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

[Ce2Calix1]: The complex was prepared by following a procedure similar to that described 

above using 2 equivalents of Ce(NO3)3.6H2O. 
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2.4.10 Cerium (IV) Complexes 

[Ce3Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of Ce(NH4)2(NO3)6 (27.95 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature. 

[Ce4Calix1]: The complex was prepared by following a procedure similar to that described 

above using 2 equivalents of Ce(NH4)2(NO3)6.  

2.4.11 Lanthanum (III) Complexes 

[La1Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of La(NO3)3.6H2O (22.08 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

[La2Calix1]: A solution of Calix1 (15 mg, 0.017 mmol) in MeOH (1.75 mL) was added 

dropwise to a solution of LaCl3.xH2O (13.42 mg, 0.051 mmol) in MeOH (1.75 mL). The 

mixture was stirred for 2h at room temperature.  

[La3Calix1]: The complex was prepared by following a procedure similar to that described 

above using 2 equivalents of LaCl3.xH2O. 

2.5 Adsorption Experiments 

2.5.1 Adsorption Material Activation 

 Single crystals of Calix2 were dried under vacuum at 90 °C for 24 h to obtain Calix2-act. 
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2.5.2 Adsorption Experiments for Hexane Isomers in Vapor 

To study the hexane isomers vapor kinetics on Calix2-act macrocycle, an open 5 mL vial 

containing 15 mg of Calix2-act macrocycle was placed in a sealed 20 mL vial containing 

1mL of solvents (n-hexane, 2-methylpentane, 3-methylpentane, 2,2-dimethylbutane, or 

2,3-dimethylbutane) or 1:1 mixture of n-hexane:2,2-dimethylbutane, n-hexane:2,3-

dimethylbutane, n-hexane:2-methypentane, and n-hexane:3-methylpentane for 24 h. 

The adsorption pattern/behavior of the material obtained was monitored by NMR and 

GC 14 days after drying the sample in the fume hood for 24 h. 

2.5.3 Adsorption Experiments for Ethylbenzene or Styrene Vapor 

An open 5 mL vial containing 10 mg of Zn1Calix2 macrocycle was placed in a sealed 20 mL 

vial containing 1mL of solvents (ethylbenzene, styrene, or an equimolar 

ethylbenzene/styrene mixture) for 24 h. The adsorption pattern/behavior of the material 

obtained was monitored by PXRD analysis after drying the sample in the fume hood for 

24 h. 

2.5.4 Adsorption Experiments for Ethylbenzene or Styrene liquid 

Zn1Calix2 (5 mg) was added to a 5 mL vial containing 1 mL of solvents (ethylbenzene, 

styrene, or an equimolar mixture of ethylbenzene and styrene) for 24 h. The adsorption 

pattern/behavior of the material obtained was monitored by PXRD analysis. 
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a) 

 

b) 

 

Figure 10. a) 1H NMR and b) 13C NMR spectra of Calix1 (400 MHz, 298 K, CDCl3). 
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a) 

 

b) 

 

Figure 11. a) 1H NMR and b) 13C NMR spectra of Calix2 (400 MHz, 298 K, CDCl3). 
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Figure 12. FTIR spectra of Calix1 (above) and Calix2 (below). 
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 Figure 13. ESI-MS spectra of Calix1 (above) and Calix2 (below).
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Chapter 3 

3. RESULTS AND DISCUSSION 

3.1 Synthesis and Characterization of Calixsalen Macrocycles 

3.1.1 Synthesis of Calix1 and Calix2 

 

Figure 14. Synthetic scheme for the formation of Calix1 and Calix2 

 

Calixsalens were synthesized by the imine condensation reaction following a reported 

procedure.51 (R,R)-1,2-Diaminocyclohexane was reacted with an equimolar amount of 

either 4-tert-butyl-2,6-diformylphenol or 2-hydroxyisophthaldeyde in dry DCM under an 

inert atmosphere to form the corresponding calixsalens at very good to high yield. Various 

characterization techniques were used to confirm the structure of the resulting 

calixsalens. The formation of the imine bond could be observed in 1H NMR at 

approximately 8.30 ppm, indicating the occurrence of the imination reaction. ESI-MS 

showed a dominant molecular ion peak at m/z 853.57 for Calix1 and a dominant 

molecular ion peak at m/z 685.39 for Calix2, which correspond to the [3+3] macrocycles. 
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We crystallized the resulting calixsalens using the vapor diffusion method, and the 

obtained crystals were studied using SCXRD.  

a)                                                                        

 

b) 

 

Figure 15. a) Crystal structure and b) crystal packing of Calix1 
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a)                                                                        

 

 b)  

 

Figure 16. a) Crystal structure and b) crystal packing of Calix2. 
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3.2 Calixsalen-Metal Coordination 

Complexation experiments were carried out with the objective of synthesizing calixsalen 

macrocyclic complexes that could have potential applications in separation. We aimed to 

select macrocyclic complexes that form crystals to carry out our separation studies since 

crystal formation indicates the stability of the macrocyclic complexes formed.  

Table 1. Complexation experiments using Calix1. 

 Two equivalents of metal Three equivalents of metal 

Zn(CH3COO)2.2H2O - Crystals 

Zn(NO3)2•6H2O - No crystals 

Fe(NO3)3•9H2O - No crystals 

MgCl2.6H2O - No crystals 

MgN2O6.6H2O - No crystals 

Ca(NO3)2.4H2O - No crystals 

Ga(NO3)3.xH2O - No crystals 

ZrO(NO3)2.xH2O - No crystals 

Pd(NO3)2.xH2O - No crystals 
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TbCl3.6H2O No crystals No crystals 

Ce(NO3)3.6H2O No crystals No crystals 

Ce(NH4)2(NO3)6 No crystals No crystals 

La(NO3)3.6H2O - No crystals 

LaCl3.xH2O No crystals No crystals 

 

Table 2. Complexation experiments using Calix2. 

 Three equivalents of metal 

Zn(CH3COO)2.2H2O  Crystals 

Zn(NO3)2•6H2O  No crystals 

Fe(NO3)3•9H2O  No crystals 

Ca(NO3)2.4H2O No crystals 

MgN2O6.6H2O  No crystals 

MgCl2.6H2O  No crystals 

 

High-quality crystals suitable for SCXRD were obtained upon the reaction of calixsalens 

with zinc acetate salt at 1 to 3 ratios. The crystal structures of both macrocyclic complexes 
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revealed the formation of dinuclear zinc complexes with rearrangement of the 

macrocycles. All efforts to obtain single crystals with other metal salts proved abortive. 

3.2.1 Zinc (II) Coordination 

Complexation experiments were carried out on both Calix1 and Calix2 with the objective 

of establishing the reaction conditions and to obtain high-quality crystals suitable for 

SCXRD. The experiments were conducted at room temperature using zinc with two 

different counterions, Zn(CH3COO)2.2H2O and Zn(NO3)2.6H2O. All complexation 

experiments were carried out using three equivalents of the metal salt. Crystals suitable 

for SCXRD were obtained by slow evaporation of the solvent. The crystal structures of 

both macrocyclic complexes revealed the formation of [2+2] dinuclear Zn(II) macrocyclic 

complexes instead of the expected [3+3] macrocyclic complexes. By comparing the PXRD 

peaks of Zn1Calix1 crystals with those of the precipitate peaks, we can see that the [2+2] 

macrocyclic complex is not the only product formed. Also, the dominant molecular ion 

peaks in the mass spectrum do not correspond to the [2+2] macrocyclic complex, 

suggesting the presence of other major products that probably did not form crystals. The 

cleavage and the reorganization of the [3+3] macrocycle can be attributed to the planarity 

and the thermodynamic stability of the [2+2] dinuclear macrocyclic complexes. The 

counterions used, restriction of the coordination geometry of the central metals as well 

as the size matching effect of the macrocycle are all suggested to play a role in the 

cleavage and the reorganization of the macrocycle.35, 52 
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Figure 17. The chemical structure of [2+2] Zn1Calix1 and [2+2] Zn1Calix2. 

 

 

 

 

 

 

 

Figure 18. PXRD analysis showing the simulated patterns derived from the crystal 
structure (blue), the crystal of Zn1Calix1 (red), and the precipitate of Zn1Calix1 (black). 
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Figure 19. ESI-MS spectrum of Zn1Calix1 

 

 

a) b) 

                                                                                     

 

 

Figure 20. a) Crystal structure and b) Crystal packing of Zn1Calix1 
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a)                                                                            b) 

 

 

Figure 21. a) Crystal structure and b) crystal packing of Zn1Calix2 

 

3.4 Application of Calix 1 and Calix 2 in Separation 

3.4.1 Activation of Calixsalen Macrocycles 

Due to the fact that porous materials usually contain guest molecules (such as solvents), 

removing these guest molecules via a process called activation is usually necessary to 

access the pores of the macrocycle.53 Several strategies are commonly utilized for 

activating porous materials, including conventional activation by heat and vacuum 

treatment, supercritical CO2 (scCO2) exchange, solvent-exchange, freeze-drying, and 

chemical treatment. The activation process carries the risk of destroying the crystallinity 

and porosity of the material; therefore, a suitable activation method must be chosen to 

avoid compromising the structural integrity of the material.54 
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3.4.2 Activation of Calix1 

We attempted to activate Calix1 at 90 °C under vacuum for 24 h. TGA thermogram 

showed that Calix1 became activated. However, by comparing the PXRD patterns of 

Calix1 before and after activation, we can see that Calix1 lost its crystallinity after 

activation. 

 

 

 

 

 

 

 

Figure 22. PXRD patterns of Calix1 crystals before (black) and after activation at 90 °C 
under vacuum for 24 h (red), showing a loss of crystallinity after activation. 



51 
 

 

 

 

 

 

 

 

Figure 23. Thermogram of Calix1 before and after activation at 90 °C under vacuum for 
24h. 

3.4.3 Activation of Calix2 

We attempted to activate Calix2 at RT, 50 °C, 60 °C, or 90 °C under vacuum for 24 h with 

the objective to optimize the activation temperature. TGA was carried out after each 

activation attempt, and we can see from the TGA thermograms that Calix2 was only 

activated at 90 °C. No loss of crystallinity was observed when we compared the PXRD 

patterns of Calix2 before and after activation at 90 °C.  
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a) 

 

 

 

 

 

 

 

 

b) 
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c) 

 

 

 

 

 

 

 

Figure 24. Thermograms of Calix2 after our attempts to activate it at RT (a), 50 °C (b), and 
90 °C (c). 

 

 

 

 

 

 

 

Figure 25. PXRD patterns of Calix2 crystals before (blue) and after activation at 90 °C 
under vacuum for 24 h (red). 
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3.5.1 Separation of Styrene/Ethylbenzene Mixtures in Liquid and Vapor 

Polystyrene is a versatile polymer that is of great importance in a wide range of industries 

ranging from televisions and computers to food packaging materials.55 Styrene monomer 

(ST) is mainly produced by the catalytic dehydrogenation of ethylbenzene (EB), from 

which the unreacted fraction of EB (20-40%) needs to be removed. Since EB and ST have 

similar physical properties, an energy-intensive separation based on vacuum and 

extractive distillation is needed to attain a polymer-grade ST (>99.5%).56 An alternative 

approach is energy-efficient adsorption-based separation employing porous materials 

such as covalent organic frameworks (COFs), porous zeolites, or metal-organic 

frameworks (MOFs).57  

We investigated the selectivity of Styrene/Ethylbenzene towards Zn1Calix2 by vapor-solid 

and liquid-solid sorption experiments. We hypothesized that Zn1Calix2 may preferentially 

uptake styrene due to a coordinative interaction between the vinyl group in styrene and 

Zn(II) via a π-complexation mechanism. The PXRD patterns for both vapor sorption 

experiments showed the uptake of both styrene and ethylbenzene. GC and NMR analyses 

are needed to determine the selectivity of either styrene or ethylbenzene towards 

Zn1Calix2. 
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. a) PXRD patterns of the Styrene/Ethylbenzene vapor-solid sorption and b) 
liquid-solid sorption experiment. 
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3.5.2 Adsorptive Separation of Hexane Isomers by Calix2 

Separation of hexane isomers is of great importance for gasoline production. The octane 

number, which measures the ignition quality of gasoline, is higher for branched alkanes 

than for their linear counterparts. The performance of a combustion engine is dependent 

on the reactivity of the hydrocarbons in the fuel mixture. Branched isomers are less likely 

to react prematurely compared to linear isomers. Hexane isomers are chemically inert 

and have similar polarizability, which makes their separation especially challenging.58 

Cryogenic distillation is predominantly employed to separate hexane isomers, and this 

process consumes a lot of energy. There is a need to develop energy-efficient methods.  

We conducted vapor-solid sorption experiments to investigate the selectivity of hexane 

isomers towards Calix2 using Calix2-act with all hexane isomers and a mixture of 1:1 

volumetric ratio of n-hexane:2,2-dimethylbutane, n-hexane:2,3-dimethylbutane, n-

hexane:2-methypentane, and n-hexane:3-methylpentane with the objective to utilize the 

pore space of Calix2-act to separate linear isomers from branched isomers. Hexane 

(nHEX) has a kinetic diameter of 4.3 Å, 2-methylpentane (2MP) and 3-methylpentane 

(3MP) have kinetic diameters of 5.0 Å, whereas 2,3-dimethylbutane (23DMB) and 2,2-

dimethylbutane (22DMB) have larger kinetic diameters, of 5.8 and 6.2 Å, respectively.59 

We can observe from 1H NMR spectra that Calix2-act is 84% selective towards 23DMB 

than n-HEX, 77% more selective towards 22DMB than n-HEX, 76.9% more selective 

towards 2MP than nHEX, and 77% more selective towards 3MP than n-HEX.  

 



57 
 

 

 



58 
 

 

 

Figure 27. Stacked 1H NMR spectra of binary vapor-solid sorption experiments of hexane 
isomers with Calix2-act. 
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We can also observe similar selectivity values from GC analysis (See Table 3). 

Table 3. Selectivity values for binary vapor-solid sorption experiments of hexane isomers 
with Calix2-act as observed in GC and 1H NMR. 

 

 GC analysis selectivity 

values 

1H NMR selectivity values 

3MP:nHEX 72%  77%  

2MP:nHEX 66%  76.9%  

22DMB:nHEX 74%  77%  

23DMB:nHEX 80%  84%  
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Figure 28. GC chromatograms of binary vapor-solid sorption experiments of hexane 
isomers with Calix2-act 

 

We crystallized Calix2 using hexane isomers (nHEX, 22DMB, 23DMB, 2MP, and 3MP) in 

an attempt to grow single crystals suitable for X-ray diffraction analysis to investigate the 

mechanism of the host-guest interactions between Calix2 and the hexane isomers (See 

Table 4). Single crystals suitable for SCXRD were obtained upon slow evaporation of the 
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chloroform/nHEX mixtures at room temperature. All efforts to obtain single crystals 

suitable for SCXRD using other guests proved abortive. 

Table 4. Attempts to crystallize Calix2 using hexane isomers. 

Solvent Method Crystals suitable for 

SCXRD 

DCM/n-HEX Slow evaporation No 

Chloroform/n-HEX Slow evaporation No 

DCM/n-HEX Vapor diffusion No 

Chloroform/n-HEX Vapor diffusion Yes 

DCM/2MP Slow evaporation No 

Chloroform/2MP Vapor diffusion No 

DCM/3MP Slow evaporation No 

Chloroform/3MP Vapor diffusion No 

DCM/22DMB Slow evaporation No 

Chloroform/22DMB Vapor diffusion No 

DCM/23DMB Slow evaporation No 

Chloroform/23DMB Vapor diffusion No 
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We hypothesize that the selectivity of Calix2-act towards branched isomers is due to the 

large kinetic diameters of branched isomers compared to nHEX. However, additional 

characterization is needed to confirm our observations.  
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Chapter 4 

Conclusion and Outlook 

In summary, calixsalens offer several advantages that make them potential candidates for 

various applications such as separation, catalysis, gas capture, and biomedical 

applications. However, the potential of calixsalens for separation had not been well-

studied. In this project, we investigated calixsalens and calixsalen metal complexes with 

the objective of utilizing their pores for separation. 

For Calix1, a loss of crystallinity was observed post-activation on PXRD. We hypothesize 

that the solvent molecules may play a role in maintaining the integrity of the crystal 

structure and that removal of the solvent molecules during the activation process may 

disrupt the crystal structure.  

We also studied the selective adsorption of hexane isomers using Calix2. NMR and GC 

showed that Calix2-act is more selective towards branched isomers compared to nHEX.  

GC showed that Calix2-act is 80% selective towards 23DMB than n-HEX, 74% more 

selective towards 22DMB than n-HEX, 66% more selective towards 2MP than nHEX, and 

72% more selective towards 3MP than n-HEX. 1H NMR showed similar selectivity values 

as well. Efforts to obtain single crystals using hexane isomers to study the mechanism of 

adsorption are still ongoing. The recyclability of the macrocycle will be studied to 

determine how many adsorption-desorption cycles Calix2-act can undergo before a 

noticeable decrease in its performance becomes evident. 
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For calixsalen metal complexes, we aim to explore the potential application of Zn1Calix1 

and Zn1Calix2 in the separation of alkenes from alkanes. We hypothesize that calixsalen 

metal complexes might preferentially uptake alkenes via a π-complexation mechanism. 

We envisage that this work on calixsalen will pave the way towards supramolecular 

adsorbents that are green, energy efficient and cost effective to be applied in future 

petrochemical separations.  
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