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ABSTRACT 
 

This study seeks to evaluate several series of novel di-ionizable multidentate 

ligands for the separation of metal ions by solvent extraction.  The ligands studied 

included calix[4]arenes, calix[4]arene-crown ethers, and acyclic polyether ligands, 

each containing either carboxylic acid functionalities or “acidity-tunable” N-

(X)sulfonyl carboxamide moieties in which the X-group was varied.  Both single 

species and competitive extractions of metal cations were performed using solutions of 

the ligands in chloroform.   

The study of novel di-ionizable calix[4]arene ligands sought to determine the 

effect of several structural variations on the ligands’ efficiency to extract lead(II), 

mercury(II), alkali metal cations, and alkaline earth metal cations from an aqueous 

phase into chloroform.  These structural variations included ligand conformation, 

upper and lower rim functionalization, addition of a crown-ether ring to the lower rim, 

and identity of the ionizable groups.   The ionizable groups were located either on the 

upper or lower rim of the calix[4]arene structure.  The pH dependence of the ligand 

extraction efficiency was also determined in order to compare ligand acidities.  The 

results of the study indicate that all of these structural variations have an effect on the 

efficiency and selectivity with which the ligands extract metal ions.   

Novel di-ionizable acyclic polyether ligands were utilized in solvent extraction 

studies of divalent metal cations.   Three series of ligands containing various ionizable 

groups were used, in which systematic structural variations were made to determine 

the effect of the end-group identity and placement on ligand performance.  The pH 
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dependence of the ligand extraction behavior was investigated to elucidate information 

about ligand acidity.  It was determined from the results of these studies that the these 

ligands do have a propensity to complex Pb2+ and Hg2+ in single ion extractions, and 

exhibit selectivity for Ba2+ in competitive extractions of alkaline earth metal cations.  

The identity and attachment site of the end group, as well as the identity of the 

ionizable groups, did have an effect on extraction efficiency, selectivity, and acidity of 

the ligands studied.   
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 Introduction to Supramolecular Chemistry 

 

 In 1967, Charles J. Pedersen published his groundbreaking work on a class of 

macrocyclic compounds he termed “crown ethers”, and reported their remarkable ability 

to bind cations.1  Pedersen, Donald J. Cram, and Jean-Marie Lehn, were later awarded the 

Nobel Prize in Chemistry in 1987 for their work in the relatively new field of 

supramolecular chemistry.  This field of research has been described as that which deals 

with the “chemistry of molecular assemblies and of the intermolecular bond”, or more 

casually, “chemistry beyond the molecule”.2   Cram used the term “host-guest” chemistry, 

in which a molecule (host) binds another molecule (guest) to form a host-guest complex, 

also called a supramolecule, which is held together by forces other than covalent bonds or 

ionic crystals.3  The interactions that govern supramolecular chemistry are weaker and 

less energetically stable than covalent bonds, and include electrostatic interactions, 

hydrogen bonding, van der Waals forces, and metal ion coordination.  By controlling 

these interactions, the chemist can utilize them to affect the recognition, transformation, 

and translocation of molecules.4  
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1.2 Calixarenes  

 

1.2.1 History of Calixarenes 

 

 The class of compounds later termed calixarenes was first reported by Adolph von 

Baeyer in 1872, a result of the reaction between aldehydes and phenols in the presence of 

acid.  The product was described as thick and cement-like, and no pure product could be 

isolated for elemental analysis.5,6  Raschig first suggested a cyclic tetrameric structure for 

this product in 1912, but no experimental evidence was available to confirm his 

proposal.7  It was not until 1941 that Zinke and Ziegler were able to obtain elemental 

analysis data from the crystals produced when reacting p-tert-butylphenol and 

formaldehyde, and in 1944 they proposed the same cyclic tetrameric structure for the 

compound.5,9  Hayes and Hunter published a synthesis and infrared spectroscopic 

analysis that confirmed the structure of the Zinke/Ziegler product in 1956.5,9 

 In 1975, C. David Gutsche entered the field of phenol/formaldehyde chemistry 

and named the Zinke compounds “calixarenes”.  The “calix” portion of the  name refers 

to the similarity in shape between the tetrameric compounds and the Greek vase calix 

crater (Figure 1.1) and the “arene” portion refers to the inclusion of aryl groups in the 

cyclic structure.5  It is now known that calixarenes exist not only as cyclic tetramers, but 

also larger macrocycles containing different numbers of aryl groups.  The nomenclature 

was adapted to include a bracketed number indicating the number of aryl groups in the 
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structure, so that the cyclic tetramer is called calix[4]arene, the cyclic hexamer is called 

calix[6]arene, etc.5,10  The remainder of this section will focus on the calix[4]arenes.   

 

 

 

 

 

 

 

 

Figure 1.1.  Space-filling model of a cyclic tetramer (left) and the calix crater (right).11 

 

1.2.2 Structural Variation in Calixarenes 

 

1.2.2.1 Functionalization of Calixarenes 

 

 Calix[4]arenes have two general areas where functional groups may be added to 

form novel compounds.  When the structure is oriented so that the phenolic OH groups 

are pointing down,  these areas are known as the upper (wide) rim and the lower (narrow) 

rim (Figure 1.2).11   
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Figure 1.2.  Upper and lower rims of calix[4]arenes. 

 

 The OH groups on the lower rim of the calix[4]arenes provide a good “handle” on 

which to attach other functional groups. In this way, calix[4]arene ethers and esters can 

be synthesized, as well as compounds containing ionizable groups, alkoxy groups, and 

crown ether linkages.5  As will be discussed in the next section, attachment of bulky 

groups to the lower rim can help to control the conformation of the calix[4]arene as 

well.10   

 Calix[4]arenes are usually synthesized from para-substituted phenols and the 

upper rim of the calixarene retains the para-substituent, but these can usually be removed 

quite easily to make way for functionalization of the upper rim.10  Moieties that have 

been successfully added to the upper rim include nitro, sulfonate, acetate, and cyano 

groups.12  Functionalization of the upper rim can play an especially important role in the 

solubility of the calix[4]arene.13 
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1.2.2.2 Conformations of Calixarenes 

 

 John Cornforth first postulated in 1955 that calixarenes could exist in different 

conformations, arising from the fact that the para-position of each aryl group could point 

either up or down, but at the time it was thought that the conformation of each particular 

compound was constant, as space-filling models suggested that interconversion between 

the conformers was not possible.5,14  Gutsche gave the names “cone”, “partial cone”, 

“1,3-alternate”, and “1,2-alternate” to the four possible conformations of calix[4]arene 

(Figure 1.3).15 

 

 

Figure 1.3. Conformations of Calix[4]arenes. 
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 In 1972, Kämmerer and coworkers demonstrated that, contrary to what was 

originally believed, calix[4]arenes are conformationally mobile in solution.  It was 

demonstrated by 1H NMR studies that in calix[4]arenes the conformers interconverted 

about 150 times per second at 47o C.5,16  Further studies by the Gutsche Group indicated 

that the para-substituent had only a small effect on the rate of interconversion between 

the different conformations, and it was concluded that this interconversion takes place 

when the lower-rim OH groups, not the para-groups, move through the annulus of the 

calix[4]arene.17   

 Ungaro and coworkers reported in 1982 the synthesis of a calix[4]arene “locked” 

in the partial cone conformation, as shown by X-ray crystallography.  This was achieved 

by attaching four acetate groups, which are too bulky to allow for interconversion 

between the conformers, to the lower rim.18 It was subsequently shown that ethylation at 

the lower rim also locked the conformation of the calixarene, but methylation did not, 

leading to the generalization that addition of groups bulkier than ethyl to the lower rim 

will render the calix[4]arene conformationally immobile.5,19   

  

1.2.2.3 Calixarenes and Metal Cation Complexation 

 

 The ability of calix[4]arenes to form supramolecular complexes has been known 

since the early 1980s.  Several publications described complexes formed between 

calix[4]arenes and solvent molecules, such as chloroform, benzene, toluene, xylene, and 

anisole.5,20  X-ray crystallographic data showed that some of these complexes, such as the 
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one between p-tert-butylcalix[4]arene and benzene, existed with the solvent molecule 

exactly in the center of the cavity formed by the calix[4]arene structure.20c  Other 

supramolecules, including that formed by p-tert-octylcalix[4]arene and toluene, were 

shown to be one solvent molecule trapped between two calix[4]arene molecules.21  This 

variety in the arrangement between the host and guest in calix[4]arene complexes extends 

to metal ion complexation as well.5,11,22  Izatt, et al. published several studies beginning in 

1983 that reported for the first time that p-tert-butylcalix[4]arenes were able to transport 

Group I metal cations across a liquid membrane.  The ligands also exhibited ion 

selectivity, in this case for Cs+. 5,13,23   

 Several factors can influence the efficiency and selectivity with which a 

calix[4]arene ligand complexes a metal cation.  Cram described the principles of 

preorganization and complementarity and their importance in cation binding, specifically 

regarding spherands.24  These principles are also applicable to calixarene-ion complex 

formation.25  The principle of preorganization states that if the changes in organization 

required for the host, guest, and solvent are small, binding will be stronger.  

Complementarity refers to the requirement that the host and guest have binding sites that 

can cooperatively interact with one another without repulsive forces.24  Calix[4]arenes, 

especially those in  fixed conformations, provide high levels of preorganization in their 

convergent binding sites. The ability to alter the structure of the calix[4]arene in multiple 

ways (i.e. upper and lower-rim functionalization) make it possible for them to provide 

complementarity for various metal ions.26  One effective means of increasing 

complementarity between metal ions and calix[4]arene ligands is to attach strong donor 
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groups to the lower rim.24  For example, according to Hard-Soft Acid Base theory, the 

alkali metal cations and alkaline earth metal cations are considered to be hard, and their 

complexation by calix[4]arenes can be increased with the addition of hard donor groups, 

such as carboxylate, to the lower rim.27,28 

 The ability of the calix[4]arenes to bind metal cations lends them to a myriad of 

applications in the area of ion separation.  These include use of calix[4]arenes for the 

removal 137Cs+ from nuclear waste, the selective extraction of Fe3+ from solutions 

containing other transition metal ions, as the basis for ion-selective electrodes, and as a 

column material for the separation of alkali metal cations by HPLC.5,29-32 

 

1.2.2.4 Di-ionizable Calixarenes 

 

 Calix[4]arenes containing only OH groups on the lower rim can ionize to 

facilitate cation binding by ion-ion interaction.  However, these ligands have a very low 

acidity, especially when they contain p-alkyl substituents on the upper rim. Therefore, the 

transfer of metal cations can only occur under highly basic conditions (pH≈14)  from 

solutions with high metal cation concentrations.24  The addition of proton-ionizable 

groups to the calix[4]arene structure enhances the ligand’s ability to ionize at more acidic 

pH values, and eliminates the need for the transfer of an aqueous phase anion during 

cation extraction in order to facilitate charge balance.33  Extraction of metal ions from 

aqueous solutions can be difficult when the transfer of a highly solvated anion is also 

required, and proton-ionizable calix[4]arenes allow for the transfer of a proton to the 
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aqueous phase instead, as depicted in Figure 1.4.  Di-ionizable calix[4]arenes contain two 

ionizable groups, which allows for charge matching between the ligand and divalent 

metal cations.11,33 

 

 

 

Figure 1.4. Di-ionizable calix[4]arenes in solvent extraction. 33 

 

 Calix[4]arene di-carboxylic acids were shown in the 1980s and 1990s to bind not 

only monovalent alkali metal cations, but to form even stronger complexes with alkaline 

earth metal cations and lanthanides.34 Other ionizable groups that have been attached to 

calix[4]arenes include hydroxyamic acid and phosphonic acid.35 

 In 1997, the Bartsch Research Group introduced a novel “acidity-tunable” 

ionizable group, the N-(X)sulfonyl carboxamide, attached to lariat ether ligands.36  In 

these new di-ionizable ligands, the X-group was varied, usually from methyl to phenyl to 

4-nitrophenyl to trifluoromethyl in order to change the ligand acidity and allow cation 

extraction at a broader range of pH values.  These N-(X)sulfonyl carboxamides have 

since been introduced into calix[4]arene ligands.36 
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1.2.2.5 Calix[4]arene-Crown Ethers 

 

 Calix[4]arene-crown ethers are calix[4]arene structures bridged on the lower rim 

by polyether chains of varying lengths.  The first calixcrown was reported by Ungaro and 

coworkers in 1983, a p-tert-butylcalix[4]arenecrown-6 compound that successfully 

transported alkali metal and ammonium cations through a liquid membrane.37  The ether 

ring can be attached either to proximal aryl groups to form a calix[4]arene-1,2-crown 

ether, or to distal aryl groups to form calix[4]arene-1,3-crown ethers.38 

 Calix[4]arene-crown ethers have been shown to exhibit very high ion 

selectivity.11  The selectivity of these ligands is strongly influenced by the size of the 

polyether ring and its complementarity with specific metal cations.24  Other factors that 

can affect the selectivity of the calix[4]arene-crown ethers are the conformation of the 

calix[4]arene and the nature of the other substituents included in the structure.39 

 Replacement of one of the oxygens in the polyether bridge with a sulfur atom 

provides a soft donor within the ligand cavity.27  This class of calix[4]arene-thiacrown 

ethers have shown remarkable ability to extract Hg2+, as well as other metal ions.40   

 

1.3 Acyclic polyether ligands 

 

While calix[4]arenes provide a great deal of preorganization that may be what 

makes them good metal ion extractants, it would be beneficial in some instances to be 

able to achieve good ion binding with simpler ligands.  Lipophilic acyclic polyether 
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dicarboxylic acids synthesized by the Bartsch Research Group have previously shown 

extraction propensity for alkaline earth metal cations and Ra2+.41 

 Because these ligands are acyclic and contain pendant binding sites, they can be 

classified as podands.  Podands in general are flexible ligands and can facilitate ion 

binding by wrapping around the ion and assuming a pseudocyclic structure.2a, 24 

 

1.4 Solvent Extraction of Metal Cations 

 

 Solvent, or liquid-liquid, extraction involves two immiscible solvents in contact 

with each other.  Solutes can distribute between the two solvents, depending on their 

relative affinities for each.42   

 In solvent extraction studies involving metal cations and di-ionizable ligands, the 

ligand is dissolved in an immiscible organic solvent and shaken with an aqueous solution 

of the metal cations.  If binding occurs between the ligand and the metal ion, the metal 

ion will move into the organic phase to form a supramolecular complex with the ligand.  

For di-ionizable ligands, this is accompanied by simultaneous movement of the protons 

lost by the ligand when it ionized into the aqueous phase to maintain charge balance.  In 

order to facilitate measurement of the concentration of metal ions complexed by the 

ligand, the process can be reversed by “stripping” the ligand solution with a strong acid.  

This brings the metal cations back into an aqueous phase to be quantified, and the 

percentage of ligand that loaded with metal cation(s) can be calculated.43 
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1.5 Research Objectives 

 

 This study seeks to determine the extraction efficiency and/or selectivity for metal 

cations of two classes of novel di-ionizable ligands, the macrocyclic calix[4]arenes and 

the lipophilic acyclic polyethers.  The ionizable groups include the dicarboxylic acid 

moiety and the “acidity tunable” N-(X)sulfonyl carboxamide groups where X is varied 

from methyl to phenyl to 4-nitrophenyl to trifluoromethyl.   

 Chapter 2 includes the evaluations of several series of novel di-ionizable 

calix[4]arenes.  Systematic structural changes were made from one series to another in 

order to determine the effect each of these variations has on the metal ion extraction 

efficiency, ion selectivity, and acidity of the ligands.  The structural changes include 

ligand conformation, substituents on the upper and lower rims, addition of crown ether or 

thiacrown ether rings to the lower rim, movement of the ionizable groups from the lower 

rim to the upper rim, and identity of the ionizable groups.  This study includes single ion 

extractions of Pb2+ and Hg2+ and competitive ion extractions of alkali metal cations and 

alkaline earth metal cations.  

 Chapter 3 includes the evaluation of three series of lipophilic acyclic polyether 

ligands containing four oxygens in the ether chain.  As with the calix[4]arenes, the 

ionizable groups utilized include the carboxylic acid group and the “acidity tunable” N-

(X)sulfonyl carboxamide group with X varied from methyl to phenyl to 4-nitrophenyl to 

trifluoromethyl.  Structural changes were made to the end group to evaluate the effect of 

the ligand structure on divalent metal ion extraction efficiency, ion selectivity, and ligand 
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acidity.  This study includes single ion extractions of Pb2+ and Hg2+ and competitive ion 

extractions of alkaline earth metal cations. 
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CHAPTER 2 

METAL ION EXTRACTION WITH DI-IONIZABLE CALIX[4]ARENES 

 

2.1 Introduction 

 

 Several factors can affect the calix[4]arene compound’s ability to extract metal 

ions from water into an organic phase.  These include structural variations, such as the 

addition of functional groups to the upper and lower rims of the calix[4]arene structure.  

The ligand conformation may also play a significant role in metal ion extraction.  

Additionally, the introduction of a crown-ether functionality to the lower rim of the 

calix[4]arene may enhance the ligand’s extraction efficiency.1  For di-ionizable 

calix[4]arene compounds, the identity of the ionizable pendant group may also affect the 

ligand extraction efficiency.  

 In order to investigate the effects of these structural variations, novel di-ionizable 

calix[4]arene ligands have been synthesized by members of the Bartsch Research Group 

in which one or more structural aspects of the ligand were systematically changed.  The 

ligands were then investigated using solvent extraction to determine their effectiveness in 

metal ion complexation.   Specifically, single metal ion extractions of Pb2+ and Hg2+, and 

competitive ion extractions of alkali metal cations and of alkaline earth metal cations 

were performed using solutions of the ligands in chloroform.   
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2.2 Experimental 

 

2.2.1 Competitive Solvent Extraction of Alkali Metal Cations and of Alkaline Earth 

Metal Cations With Ion Chromatographic Analysis  

 

2.2.1.1 Reagents 

 

Lithium chloride (99%), rubidium chloride (99%),  and cesium chloride (99%) 

were obtained from Alfa Aesar.  Lithium hydroxide, strontium chloride hexahydrate 

(99%), and barium chloride were purchased from Acros. Potassium chloride (99+%), 

magnesium chloride hexahydrate (99%), and calcium chloride dihydrate (98+%) were 

obtained from Aldrich. Sodium chloride (99%) was purchased from Mallinckrodt.  

Barium hydroxide octohydrate was obtained from MCB reagents.  A laboratory built 

system of three Barnstead combination ion-exchange cartridges in series was used to 

produce deionized water.  Hydrochloric acid was obtained from Fisher and diluted using 

deionized water.  Chloroform (ACS grade) was obtained from EMD and shaken with 

deionized water to extract water-soluble contaminants prior to use.  The calix[4]arene 

ligands were synthesized by members of the Bartsch Research Group.  
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2.2.1.2 Extraction Method 

 

Thirteen samples were prepared in conical polypropylene tubes (15 mL, Becton 

Dickinson) with 2.0 mL of organic phase (a 1.0 mM solution of the ligand in chloroform) 

and 2.0 mL of an aqueous phase that was pH adjusted according to Tables 2.1 and 2.2 for 

alkali metal cation experiments and Tables 2.3 and 2.4 for alkaline earth metal cations.  

The alkali metal cation mixtures were 20 mM solutions of LiCl, NaCl, KCl, RbCl, and 

CsCl (AMC Mixture 5) or NaCl, KCl, RbCl, and CsCl (AMC Mixture 4).  The alkaline 

earth metal cation mixtures were 4.0 mM solutions of MgCl2, CaCl2, SrCl2, and BaCl2 

(AEMC Mixture 4) or MgCl2, CaCl2, and SrCl2 (AEMC Mixture 3).   

 

Table 2.1. Preparation of samples for alkali metal cation extraction experiments 

No. 
AMC Mix 

Used 
(1.00 mL) 

Vol. of HCl Vol. of H2O 
(mL) 

 
Vol. of 20 mM 

LiOH  
(mL) 

 

Vol. of 
20 mM LiCl 

(mL) 

1 5 1.00 mL of .01 M -- ---- ---- 
2 5 0.20 mL of .01 M 0.80 mL ---- ---- 
3 5 ---- 1.00 mL ---- ---- 
4 4 ---- ---- 0.040  0.96  
5 4 ---- ---- 0.080  0.92  
6 4 ---- ---- 0.12  0.88  
7 4 ---- ---- 0.16  0.84  
8 4 ---- ---- 0.20  0.80  
9 4 ---- ---- 0.24  0.76  
10 4 ---- ---- 0.32  0.68  
11 4 ---- ---- 0.44  0.56  
12 4 ---- ---- 0.56  0.44  
13 4 ---- ---- 0.90  0.10  
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Table 2.2. Preparation of samples for –CF3 substituted ligands for alkali metal cation  
extraction experiments 

 

Table 2.3. Preparation of samples for alkaline earth metal cation extraction experiments 

 
 
 

No. 
AMC Mix 

Used  
(1.00 mL) 

Vol. of HCl 
 

Vol. of H2O 
(mL) 

Vol. of  
20 mM LiOH 

(mL) 
 

Vol. of  
20 mM LiCl 

(mL) 

1 5 1.00 mL of 1.0 M --- ---- ---- 
2 5 0.20 mL of 1.0 M 0.80  ---- ---- 
3 5 0.40 mL of 0.1 M 0.60  ---- ---- 
4 5 0.80 mL of 0.01 M 0.20  --- --- 
5 5 0.16 mL of 0.01 M 0.84  --- --- 
6 5 ---- 1.00  --- --- 
7 4 ---- ---- 0.080  0.92  
8 4 ---- ---- 0.16  0.84  
9 4 ---- ---- 0.20  0.80  
10 4 ---- ---- 0.24  0.76  
11 4 ---- ---- 0.32  0.68  
12 4 ---- ---- 0.48  0.52  
13 4 ---- ---- 1.00  ---- 

No. 
AEMC 

Mix Used 
(1.00 mL) 

Vol. of HCl 
Vol. of 

H2O 
(mL) 

Vol. of 4.0 mM 
Ba(OH)2 

(mL) 

Vol. of  4.0 mM 
BaCl2 
(mL) 

1 4 1.00 mL of 0.01 M ---- ---- ---- 
2 4 0.20 mL of 0.01 M 0.80  ---- ---- 
3 4 ---- 1.00  ---- ---- 
4 3 ---- ---- 0.040 0.96  
5 3 ---- ---- 0.10  0.90  
6 3 ---- ---- 0.16  0.84  
7 3 ---- ---- 0.24  0.76  
8 3 ---- ---- 0.30  0.70  
9 3 ---- ---- 0.40  0.60  
10 3 ---- ---- 0.50  0.50  
11 3 ---- ---- 0.60  0.40  
12 3 ---- ---- 0.78  0.22  
13 3 ---- ---- 1.00  ---- 
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Table 2.4. Preparation of samples for –CF3 substituted ligands for alkaline earth metal 
cation extraction experiments 

 

The samples were shaken in a Glas-Col Multi-Pulse vortexer and then placed in a 

Clay Adams Compact II centrifuge (Becton Dickinson) for ten minutes.  A 1.5-mL 

portion of the organic phase was removed and placed in a new polypropylene tube 

containing 3.0 mL of 0.10 M HCl.  The sample was shaken and centrifuged again for ten 

minutes each to strip the cations that had been complexed by the ligand out of the organic 

phase.  A sample of the aqueous layer was removed and diluted ten times with DI water 

for analysis using ion chromatography.  The pH of the original aqueous phase was 

measured using a Accumet XCel XL25 pH/Ion meter (Fisher) with a Corning 476157 

combination electrode.   

 

 

No. 
AEMC 

Mix Used 
(1.00 mL) 

Vol. of HCl 
Vol. of 

H2O 
(mL) 

Vol. of 4.0 mM 
Ba(OH)2 

(mL) 

Vol. of  4.0 mM 
BaCl2 
(mL) 

1 4 0.20 mL of 1.0 M 0.80  ---- ---- 
2 4 0.40 mL of 0.1 M 0.60  ---- ---- 
3 4 0.80 mL of 0.01 M 0.20  ---- ---- 
4 4 0.16 mL of 0.01 M 0.84  ---- ---- 
5 4 ---- 1.00 ---- ---- 
6 3 ---- ---- 0.040 0.96  
7 3 ---- ---- 0.08  0.92  
8 3 ---- ---- 0.16  0.84  
9 3 ---- ---- 0.24  0.76  
10 3 ---- ---- 0.46  0.54  
11 3 ---- ---- 0.60  0.40  
12 3 ---- ---- 0.76  0.24  
13 3 ---- ---- 1.00  ---- 
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2.2.1.3 Ion Chromatography 

 

The concentrations of the cations in the diluted samples were determined using a 

Dionex DX-120 ion chromatograph with a Dionex CSRS Ultra II 4 mm suppressor and a 

CS12A 4 x 250 mm column.  The eluents used were 0.011 M H2SO4 in the alkali metal 

cation analysis and 0.026 M methanesulfonic acid in the alkaline earth metal cation 

analysis.  Both eluents were filtered and aspirated using a Millipore 0.22 µM membrane. 

Peaknet software utilizing a custom integration method was used to determine the peak 

areas for each cation.   Standard solutions of 0.10 mM LiCl, NaCl, KCl, RbCl, and CsCl 

(for alkali metal cations) and NaCl, MgCl2, CaCl2, SrCl2, and BaCl2 (for alkaline earth 

metal cations) were used for single point calibration of the peak areas to determine the 

concentrations of the cations.  Sodium chloride was added to the standard solution for 

alkaline earth metal cation analysis to determine the amount of sodium ion contamination 

in the samples.  Metal loading (ML) of the ligand was calculated using Equation 2.1.  The 

middle portion of the equation was used in all instances for AMC and AEMC extraction 

experiments.  

 

(2.1) 
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where nM,org is the final metal ion amount in the organic phase (moles), ni
ligand,org is the 

initial amount of ligand in the organic phase, and ni
M,aq and nM,aq are the initial and final 

metal ion amounts in the aqueous phase, respectively.    

 

2.2.2 Solvent Extraction of Lead(II) with Atomic Absorption Spectrophotometric 

Analysis 

 

2.2.2.1 Reagents 

 

  Lead(II) nitrate and HNO3 were obtained from Mallinckrodt.  

Tetramethylammonium hydroxide (TMAOH) was purchased from Sachem.  Atomic 

absorption grade dissolved acetylene was obtained from Airgas.  All other reagents were 

obtained as previously reported.   

 

2.2.2.2 Extraction Method 

 

 Thirteen conical polypropylene tubes (15 mL, Becton Dickinson) containing 2.0 

mL of an organic phase (a 0.50 mM solution of the ligand in chloroform) and 2.0 mL of 

an aqueous phase of 1.0 mM Pb(NO3)2 that was pH adjusted using HNO3 and TMAOH 

according to Tables 2.5 and 2.6 were shaken and centrifuged for ten minutes each.  A 1.5-

mL portion of the organic phase was removed and placed in a new polypropylene tube 

containing 3.0 mL of 4.0 M HNO3 and shaken and centrifuged again for ten minutes each 
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to strip the Pb2+ from the organic phase.  A sample of the aqueous phase was removed 

and diluted five times with DI water for analysis by atomic absorption 

spectrophotometry. The pH of the original aqueous phase was measured as previously 

reported.  

 

Table 2.5. Preparation of samples for lead(II) extraction experiments. 
No Vol. of 2.0 mM 

Pb(NO3)2   
(mL) 

Vol. of HNO3 Vol. of 4.0 mM 
TMAOH 

(mL) 

Vol. of H2O 
(mL) 

1 1.0 1.00 mL 1.0M HNO3 --- --- 
2 1.0 0.20 mL 1.0M HNO3 --- 0.80 
3 1.0 0.40 mL 0.1 M HNO3 --- 0.60 
4 1.0 0.80 mL 0.01 M HNO3 --- 0.20 
5 1.0 0.16 mL 0.01 M HNO3 --- 0.84 
6 1.0 --- --- 1.00 
7 1.0 --- 0.10 0.90 
8 1.0 --- 0.25 0.75 
9 1.0 --- 0.40 0.60 
10 1.0 --- 0.50 0.50 
11 1.0 --- 0.60 0.40 
12 1.0 --- 0.75 0.25 
13 1.0 --- 0.90 0.10 
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Table 2.6. Preparation of samples for –CF3 substituted ligands for lead(II) extraction 
experiments.  
No Vol. of  2.0mM 

Pb(NO3)2   
(mL) 

Vol. of HNO3 Vol. of 4.0 mM 
TMAOH 

(mL) 

Vol. of 
H2O (mL) 

1 1.0 1.00 mL 1.0M HNO3 --- --- 
2 1.0 0.30 mL 1.0M HNO3 --- 0.70 
3 1.0 1.00 mL 0.1 M HNO3 --- --- 
4 1.0 0.30 mL 0.1 M HNO3 --- 0.70 
5 1.0 1.00 mL 0.01 M HNO3 --- --- 
6 1.0 0.30 mL 0.01 M HNO3 --- 0.70 
7 1.0 0.70 mL 0.001 M HNO3 --- 0.30 
8 1.0 --- --- 1.00 
9 1.0 --- 0.10 0.90 
10 1.0 --- 0.25 0.75 
11 1.0 --- 0.40 0.60 
12 1.0 --- 0.50 0.50 
13 1.0 --- 0.60 0.40 

 

 

2.2.2.3 Flame Atomic Absorption Spectrophotometry 

 

 A Perkin-Elmer 5000 AA spectrophotometer and later a Shimadzu AA-6300 

spectrophotometer were used to analyze samples for lead(II) concentration.  Standards 

with concentrations of 0, 5, 10, and 15 ppm were prepared using a 1.0 mg/mL lead nitrate 

standard solution for atomic absorption (in 2% nitric acid) obtained from Acros and used 

to form a calibration curve.  Standards and samples were analyzed using flame atomic 

absorption at 283.3 nm.  Metal ion loading of the ligand was calculated as previously 

described using Equation 2.1.  The right-hand side of the equation was used to calculate 

metal ion loading using the source phase for comparison to determine the efficiency of 
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the stripping procedure.  All other calculations were carried out using the left-hand side 

of the equation.  

 

2.2.3 Solvent Extraction of Mercury(II)  

 

2.2.3.1 Reagents 

 

Mercuric nitrate solution (0.10 N) was obtained from GFS Chemical and diluted 

to 0.50 mM with DI water for use in sample and standard preparation.  Tin(II) chloride 

dihydrate (97 %) was purchased from Acros.   Diphenylthiocarbazone (dithizone) and 

potassium permanganate were obtained from Fisher.  Sulfuric acid was obtained from 

J.T. Baker.  All other reagents were obtained and prepared as previously reported.  

 

2.2.3.2 Extraction Method 

 

Thirteen samples were prepared in 15-mL polypropylene tubes containing 3.0 mL 

of an organic phase (a 0.25 mM solution of the ligand in chloroform) and 3.0 mL of an 

aqueous phase consisting of 0.25 mM Hg(NO3)2 that was pH adjusted using HNO3 and 

TMAOH according to Table 2.7.  The samples were shaken and centrifuged for ten 

minutes each. Samples of the aqueous phases were removed and diluted ten times with 

DI water for analysis.  The pH of the aqueous phase was measured as previously 

reported.  
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Table 2.7. Sample preparation for mercury(II) extraction experiments.  
Sample Volume of 

 0.50 mM 
Hg(NO3)  

(mL) 

Volume of HNO3 Volume of 
H2O 
(mL) 

Volume of 4.0 mM 
TMAOH  

(mL) 

1 1.5  1.5 mL of 1.0 M -- -- 
2 1.5 0.50 mL of 1.0 M 1.0  -- 
3 1.5 1.5 mL of 0.1 M -- -- 
4 1.5  0.50 mL of 0.1 M 1.0  -- 
5 1.5  1.5 mL of 0.01 M -- -- 
6 1.5  0.50 mL of 0.01 M 1.0  -- 
7 1.5  1.5 mL of 0.001 M -- -- 
8 1.5  0.50 mL of 0.001 M 1.0  -- 
9 1.5  -- 1.5  -- 
10 1.5  -- 1.4  0.10  
11 1.5  -- 1.3  0.20  
12 1.5  -- 1.15  0.35  
13 1.5  -- 1.0  0.50  

 

2.2.3.3 Colorimetric Method/UV Spectrophotometry 

 

The concentrations of mercury(II) in the samples were measured by colorimetric 

analysis in earlier experiments.  A 1.5-mL portion of diluted sample was added to 1.5 mL 

of citric acid (titrated to pH 3.15) to make a 3.0 mL aqueous phase which was then 

skaken for ten minutes with 3.0 mL of a 14 ppm solution of dithizone in chloroform. 

Mercury(II) is known to be quantitatively complexed by the dithizone to form 

mercury(II) dithizonate, which has a strong absorption at 486 nm compared with the non-

complexed dithizone.  The dithizonate complex concentration was measured using a 

Shimadzu UV-2401 PC recording spectrophotometer.  The absorption was measured 

versus chloroform as the wavelength was scanned from 750-400 nm with a slit width of 

0.5 nm.  Absorption values at 496 nm were used to calculate the dithizonate complex 
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concentration.  A calibration curve was created using standards with concentrations of 0, 

5, 10, 15, 20, and 25 ppm of Hg(NO3)2.  The standards were extracted with dithizone and 

measured in the same manner as the samples.  The metal ion loading was calculated using 

Equation 2.2. 

 

Metal Loading = [Cdiluted mercury solution – (Cmercury dithizonate x dilution factor)]/ Cligand        (2.2) 

 

2.2.3.4 Atomic Absorption Method 

 

Later experiments utilized a different method for mercury(II)  concentration 

determination.  A 1.0-mL portion of the diluted sample or standard was added to 100 mL 

of 1.0 N H2SO4 in a glass reaction bottle which was then placed on a Shimadzu MVU-1A 

Mercury Vaporizor Unit.  The mercury(II) in the sample was reduced using 5 mL of a 

stannous chloride solution prepared by dissolving 20 g of tin(II) chloride dihydrate in 40 

mL of concentrated hydrochloric acid and diluting the solution to 200 mL with DI water.  

The reduced mercury vapor was then pumped through a flow cell and the mercury 

concentration was measured at 253.6 nm with a Shimadzu AA-6300 Spectrophotometer.  

The vapor was then pumped to a waste receptacle where it was re-oxidized using a 0.5 % 

solution of potassium permanganate in 5% sulfuric acid.  A calibration curve was created 

using standards of 0, 5, 10, 15, 20, and 25 ppm of Hg(NO3)2.  Metal ion loading was 

calculated using Equation 2.2. 
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2.3 Results and Discussion  

 

2.3.1 Di-ionizable p-tert-Butylcalix[4]arene-1,3-benzocrown-4 Compounds 

 

Novel di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds in the 

cone (1-5) and 1,3-alternate (6-10) conformations (Figure 2.1) were synthesized by  

Xiaodong Liu in the Bartsch Research Group.  The proton-ionizable group (Z) in both 

series of ligands 1-5 and 6-10 varied from the carboxylic acid group to the N-(X)sulfonyl 

carboxamide function (OCH2C(O)NHSO2X) with the X group changed from methyl to 

phenyl to 4-nitrophenyl to trifluoromethyl.  Attachment of the benzocrown-4 ring and the 

ionizable groups to the lower rim of these ligands “locks” their conformations, with 1-5 

in the cone conformation and 6-10 in the 1,3-alternate conformation.  
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Compound Z Compound 

1 OH 6 
2 NHSO2CH3 7 
3 NHSO2C6H5 8 
4 NHSO2C6H4-4-NO2 9 
5 NHSO2CF3 10 

 
Figure 2.1. Structures of di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 
compounds in the cone (1-5) and 1,3-alternate (6-10) conformations. 
 

The extractions of Pb2+ vs. the equilibrium pH of the aqueous phase for p-tert-

butylcalix[4]arene-1,3-benzocrown-4 compounds in the cone (1-5) and 1,3-alternate (6-

10) conformations are shown in Figure 2.2.   
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Figure 2.2. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 1-5 (left) and  
6-10 (right) in chloroform.  Aqueous phase, 1.0 mM Pb2+; Organic phase, 0.50 mM 
ligand. , Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, 
, Z=NHSO2CF3. (* indicates precipitate present in the aqueous phase after extraction 
for samples above the indicated pH). 
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For the di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 1-5 

in the cone conformation, Pb2+ extraction was very low, except for compound 5 with 

X=trifluoromethyl, which achieved a Pb2+ loading of 70%.  The identity of the ionizable 

groups did not appear to have any effect on Pb2+ extraction for ligands 1-4, which all had 

Pb2+ loadings below 20%.  Because the trifluoromethyl group is the most electron-

withdrawing of the available N-(X)sulfonyl carboxamide pendant groups, this ligand is 

more acidic than the others, which may explain why 5 was able to appreciably extract 

Pb2+ while the other ligands in the series were not.  

 For the di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 6-10 

in the 1,3-alternate conformation, the ligands with the carboxylic acid groups 6 and the 

N-(X)sulfonyl carboxamide function with  X=trifluoromethyl 10 exhibited close to the 

maximum possible Pb2+ loading of 100%.  Compound 9, with X=4-nitrophenyl in the 

ionizable group reached a loading of approximately 50% prior to the formation of a 

precipitate.  The other two ligands in the series, 7 (X=methyl) and 8 (X=phenyl) had low 

Pb2+ extraction efficiencies below 20%.  The carboxylic acid pendant group in ligand 6 

contains a negatively charged oxygen atom, which is harder than the nitrogen and sulfur 

atoms contained in the N-(X)sulfonyl carboxamide group in ligands 7-10.  This may 

explain the extraction of Pb2+, which is a moderately hard metal ion, by ligand 6 even 

though other ligands in this series that contain N-(X)sulfonyl carboxamide groups 

(X=methyl and phenyl), which are expected to be similar in acidity, had Pb2+ extraction 

efficiencies below 20%.  Among the N-(X)sulfonyl carboxamide containing ligands, 9 

(X=4-nitrophenyl) and 10 (X=trifluoromethyl) have the most electron-withdrawing 
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power, and are therefore expected to be the most acidic ligands in the series.  The results 

showing that the extraction of Pb2+ into the organic phase was highest for these two 

ligands among the N-(X)sulfonyl carboxamide-containing compounds suggest that 

increasing ligand acidity can serve to enhance the metal ion extraction power of the 

ligand.  Of the three ligands in the 1,3-alternate comformation that exhibited appreciable 

loading of Pb2+, compound 10 with X=trifluoromethyl was the most acidic, extracting 

Pb2+ at a pH of 2.0, while compounds 6 (Z=OH) and 9 (X=4-nitrophenyl) did not extract 

Pb2+ below a pH of 4.0.   

 When comparing the two ligand series 1-5 in the cone conformation and 6-10 in 

the 1,3-alternate conformation, the largest difference in extraction efficiencies occur in 1 

and 6 with Z=carboxylic acid.  In the cone conformation, ligand 1 showed no appreciable 

loading of Pb2+, while its comparable 1,3-alternate ligand 6 showed full loading of Pb2+.  

In the 1,3-alternate conformation, the ionizable groups lie further from the crown ether 

ring.  Because the identity of the pendant group has such a profound effect on the 

extraction of Pb2+ for both series, it is likely that the ionizable group plays a significant 

role in complex formation.  It is possible that the crown ether ring hinders the formation 

of the ligand-Pb2+ complex, so that the position of the ionizable groups away from the 

crown ether ring favors the extraction of Pb2+.  There is also a significant difference in 

Pb2+ extraction between the ligands containing the N-(X)sulfonyl carboxamide function 

with X=4-nitrophenyl, 4 and 9.  The cone compound 4 shows Pb2+ loading of 13% and 

the 1,3-alternate compound 9 loading at 48% prior to the formation of a precipitate.  This 

also suggests that placement of the ionizable groups away from the crown ether ring 
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favors the extraction of Pb2+.  The ligands containing the N-(X)sulfonyl carboxamide 

group with X=trifluoromethyl, 5 and 10, both showed loading of Pb2+, but it was higher 

for the 1,3-alternate compound 10 (97%) than the cone compound 5 (70%).   The 1,3-

alternate compound 10 was also more acidic than cone compound 5. Compound 10 

exhibited extraction of Pb2+ at pH 2.0, while there no Pb2+ extraction seen for compound 

5 below a pH of 4.5.   For the ligands with carboxylic acid pendant groups and N-

(X)sulfonyl carboxamide groups with X=4-nitrophenyl and trifluoromethyl, the 1,3-

alternate conformation appears to be more favorable than the cone conformation for the 

extraction of Pb2+.  For the ligands containing N-(X)sulfonyl carboxamide groups with 

X=methyl and phenyl, neither the cone nor the 1,3-alternate ligands showed good 

extraction abilities for Pb2+.   

 When the conformation of a di-ionizable calixcrown ligand is changed, one 

important effect is the change in the spatial relationship between a divalent metal ion 

complexed within the crown-ether ring and the ionizable groups that contain the negative 

charge (Figure 2.3).  Metal cations may interact with the crown-ether ring, the ionizable 

groups, or a combination of both of these when forming a complex with the ligand.  

Differences in the extraction profiles of ligands in different conformations can help us to 

understand the ways in which the metal cation may be interacting with different aspects 

of the calixcrown ligand.2 
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Figure 2.3.  Spatial relationship between a divalent metal cation complexed within the 
crown-ether ring and the anionic centers formed by the ionization of a calixcrown ligands 
in the cone and 1,3-alternate conformations.2 

 

 The fact that compounds 6-10 in the 1,3-alternate conformation performed better 

than cone compounds 1-5 for the extraction of Pb2+ suggest that having the ionizable 

groups separated from the crown-ether ring is preferable for the extraction of Pb2+.  The 

results also indicate that the ligands’ ability to extract Pb2+ into the organic phase is 

strongly influenced by the identity of the ionizable pendant group contained within the 

ligand, which may suggest a strong interaction between the metal ion and the ionizable 

groups in the complex.  If Pb2+ is too large to fit withing the benzocrown-4 ring, moving 

the ionizable groups with which the cation interacts away from the benzocrown-4 ring in 

the 1,3-alternate conformation may result in the increase in the ligands’ propensity to 

extract Pb2+.   

 The results for extraction of Hg2+ by di-ionizable p-tert-butylcalix[4]arene-1,3-

benzocrown-4 compounds in the cone (1-5) and 1,3-alternate (6-10) conformations are 

shown in Figure 2.4. 
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Figure 2.4. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 1-5 (left) and 6-
10 (right) in chloroform.  Aqueous phase, 0.25 mM Hg2+; Organic phase, 0.25 mM 
ligand. , Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, 
, Z=NHSO2CF3. (* indicates precipitate present in the aqueous phase after extraction 
for samples above the indicated pH). 
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For ligands 1-5 in the cone conformation, the extraction of Hg2+ into the organic 

phase was lowest for compound 2 with X=methyl prior to the formation of a precipitate 

(33%).  The extraction of Hg2+ increased slightly for compound 1 with Z=OH (42%).  

The other N-(X)sulfonyl carboxamide containing compounds had higher Hg2+ loading 

which increased from X=4-nitrophenyl (46%) to X=phenyl (58%) to X=trifluoromethyl 

(91%).   The pH at half loading (pH0.5) is a qualitative measure of ligand acidity.2  The 

pH0.5 values for compounds 1 with Z=OH, 2 with X=methyl, 3 with X=phenyl, 4 with 

X=4-nitrophenyl, and 5 with X=trifluoromethyl were 2.7, 3.0, 2.7, 2.5, and 1.6, 

respectively.  The pH0.5 values for the N-(X)sulfonyl carboxamides in this series 

decreased with increasing electron-withdrawing power of the ionizable groups.   

For ligands 6-10 in the 1,3-alternate conformation, Hg2+ extraction was very low 

for compound 6 with Z=OH.  The Hg2+ loading for compounds with the N-(X)sulfonyl 

carboxamide pendant groups was much higher, increasing from 8 (X=phenyl) to 10 

(X=trifluoromethyl) to 7 (X=methyl) to 9 (X=4-nitrophenyl).  All of the N-(X)sulfonyl 

carboxamide compounds had Hg2+ loadings in the range of 85-99%.  The pH0.5 values for 

the N-(X)sulfonyl carboxamide compounds with X=methyl, phenyl, 4-nitrophenyl, and 

trifluoromethyl were 1.6, 2.2, 1.8, and 1.6, respectively, suggesting that the ligands with 

X=methyl, 4-nitrophenyl, and trifluoromethyl had similar acidities and the ligand with 

X=phenyl was slightly less acidic.  

Overall, the 1,3-alternate conformation appears to be more favorable than the 

cone conformation for the extraction of Hg2+.  Both the cone and 1,3-alternate ligands 

exhibited a higher propensity for Hg2+ than was seen for Pb2+.  This may be due to ion-π 



Texas Tech University, Jennifer Crawford, December 2010 
 

38 

interactions between the softer Hg2+ and the aryl groups in the calix[4]arene framework 

or the benzo group on the crown-ether ring.  The better performance of the 1,3-alternate 

ligands may be due to the ability of the metal ion to interact with the ionizable groups 

away from the benzocrown-4 ring, which contains only hard donor oxygen atoms.   

The results for competitive solvent extraction of alkali metal cations into the 

organic phase by di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds in 

the cone (1-5) and 1,3-alternate (6-10) conformations vs. the equilibrium pH of the 

aqueous phase are shown in Figures 2.5 and 2.6, respectively. 
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Figure 2.5. Competitive solvent extraction of alkali metal cations by cone di-ionizable   
p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 1-5.  Aqueous phase, 10 mM in 
each alkali metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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Figure 2.6. Competitive solvent extraction of alkali metal cations by 1,3-alternate di-
ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 6-10.  Aqueous phase, 
10 mM in each alkali metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.   
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For ligands 1-5 in the cone conformation, compound 3 with X=phenyl and 

compound 5 with X=trifluoromethyl had close to the maximum possible loading of 

200%, which is consistent with the binding of a monovalent metal ion by a di-ionizable 

ligand.  Lower total loading was seen for compound 1, containing the carboxylic acid 

pendant groups (147%), and the N-(X)sulfonyl carboxamide compounds 2, with 

X=methyl (141%) and 4, with X=4-nitrophenyl (123%).  All of the ligands in this series 

showed  selectivity for Na+, with the ratio of Na+ to the next highest complexed ion 

greater than 3.0 for all compounds, except compound 5 which had less pronounced 

selectivity for any ion.  The complexation of Na+ did seem to level out at around 100%, 

or half of the maximum possible loading, for all except compound 5 (X=trifluoromethyl).  

After the Na+ loading reached 100%, the binding of the other ions increased at higher pH 

levels.    This suggests that the ligand complexes a single Na+ at one of the two binding 

sites, then non-selectively binds a second ion at the other binding site.  The pH0.5 for 

compound 1 containing the carboxylic acid groups was 6.6.  The pH0.5 for the N-

(X)sulfonyl carboxamide compounds was highest for 3 with X=phenyl at 7.1 and 

decreased as X was varied to methyl at 6.5, trifluormethyl at 4.8, and 4-nitrophenyl at 

4.4.  While the pH0.5 values do not decrease consistently with the electron withdrawing 

power of the pendant group, the two most acidic compounds were 4 (X=4-nitrophenyl) 

and 5 (X=trifluoromethyl), which do contain the most electron-withdrawing groups of the 

series.   

For the 1,3-alternate ligands 6-10, all of the compounds loaded close to the 

maximum of 200% except for 10, with X=trifluoromethyl, which had slightly lower 
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loading at 186%.  This represents a moderate increase in loading over the cone 

compounds for ligands with Z=OH (from 147%),  X=methyl (from 141%) and X=4-

nitrophenyl (123%).  Like the previous series in the cone conformation, compounds 6-10 

were also selective for Na+, with loading ratios similar to 1-5.  Also like their cone 

conformation counterparts, compounds 6-10 had Na+ loading that leveled out at around 

100%, followed by a slight, non-selective increase in the loading of the other alkali metal 

cations at higher pH levels.  The pH0.5 values for 6-10 decreased with increasing acidity 

of the pendant group, from 7.7 for the dicarboxylic acid to values for the N-(X)sulfonyl 

carboxamides of 7.1 for X=methyl, 6.9 for X=phenyl, 5.6 for X=4-nitrophenyl, and 2.5 

for X=trifluoromethyl.  While these pH0.5 values show either no change or a slight 

increase over the analogous cone compounds, there was a significant decrease in pH0.5 for 

10,  the 1,3-alternate N-(X)sulfonyl carboxamide with X=trifluoromethyl.  While 

changing the conformation of the ligands from cone to 1,3-alternate did not have a large 

effect on the extraction of alkali metal cations, the metal ion loading was slightly higher 

in general for the 1,3-alternate series, and the 1,3-alternate compound 10 with 

X=trifluoromethyl was the most acidic ligand in either series.    

The results for the competitive solvent extraction of alkaline earth metal cations 

for the cone and 1,3-alternate di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 

compounds 1-5 and 6-10, respectively, are shown in Figures 2.7 and 2.8.   
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Figure 2.7. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 1-5.  Aqueous phase, 
2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform. (* denotes visible precipitate in the sample).  
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Figure 2.8. Competitive solvent extraction of alkaline earth metal cations by 1,3-alternate 
di-ionizable p-tert-butylcalix[4]arene-1,3-benzocrown-4 compounds 6-10.  Aqueous 
phase, 2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand 
solution in chloroform.  
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For the cone N-(X)sulfonyl carboxamides 2 with X=methyl, 3 with X=phenyl, 

and 4 with X=4-nitrophenyl, loading of the alkaline earth metal cations does not occur 

until pH levels higher than 8.0 are reached, at which point there was a visible precipitate 

in the extraction samples.  This probably means that the results are not due to actual 

metal ion loading, but rather the formation of alkaline earth metal hydroxide precipitate 

that was transferred to the stripping solution during the extraction process.   For the 

dicarboxylic acid 1, loading begins to occur at a slightly lower pH of 7.0, and no 

precipitate was visible, so this result may not be due to the formation of a precipitate.  

The same is true for the N-(X)sulfonyl carboxamide 5 with X=trifluoromethyl.  Of the 

two compounds that did not show the formation of a precipitate, the dicarboxylic acid 

had the lower total alkaline earth metal cation extraction of 66%, while the N-(X)sulfonyl 

carboxamides with X=trifluormethyl had the maximum possible loading near 100%.  The 

dicarboxylic acid showed good selectivity for Mg2+, with the ratio of loading for 

Mg2+/Ba2+ of 4.7.  Compound 5 (X=trifluoromethyl) did not show good selectivity, with 

roughly equal extraction of Ca2+ and Ba2+.  The N-(X)sulfonyl carboxamide 5 was also 

more acidic than the dicarboxylic acid 1, extracting alkaline earth metal cations at a pH of 

5.5.  Extraction of alkaline earth metal cations was not seen for the dicarboxylic acid 

below a pH of 6.0.   

In the 1,3-alternate conformation, three of the N-(X)sulfonyl carboxamide 

compounds, 8, with X=phenyl, 9 with X=4-nitrophenyl, and 10 with X=trifluoromethyl 

had full alkaline earth metal cation loadings near 100%.  The dicarboxylic acid 6 and the 

N-(X)sulfonyl carboxamide with X=methyl, 7, had lower total alkaline earth metal cation 
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loadings of 80% and 66%, respectively.  All of the ligands in this series showed 

selectivity for Ba2+, with the best selectivity seen in 6, with a Ba2+/Sr2+ loading ratio of 

13.5.  Compound 8 had the lowest Ba2+ selectivity, with nearly equal loading between 

Ba2+ and Mg2+.  This represents a change in selectivity from the cone conformers for the 

ligands with the carboxylic acid pendant groups and the N-(X)sulfonyl carboxamides 

with X=methyl and 4-nitrophenyl.  The Mg2+ selectivity seen for cone compound 3 with 

X=phenyl was lost when the conformation was changed to 1,3-alternate.   

Dicarboxylic acid 6 in the 1,3-alternate conformation appears to be more acidic 

than cone compound 1, extracting alkaline earth metal cations at a pH of 6.0, while 1 

showed no appreciable loading below pH 7.0.   Among the N-(X)sulfonyl carboxamides 

in the 1,3-alternate conformation, compounds 7, 8, and 9 with X=methyl, phenyl, and 4-

nitrophenyl showed similar acidities, extracting appreciable amounts of alkaline earth 

metal cations only at pH values higher than 6.0-6.5.  Ligand 10 with X=trifluoromethyl, 

on the other hand, was significantly more acidic, extracting alkaline earth metal cations at 

a pH value of 4.5.  This is due to the increased electron-withdrawing power of the 

trifluoromethyl group, compared to the other X-groups utilized in the series.  

 It is clear that the conformation of the di-ionizable p-tert-butylcalix[4]arene-1,3-

benzocrown-4 compounds does have a significant effect on metal ion selectivity in 

competitive extractions of alkaline earth metal cations, as well as a moderate effect on 

ligand acidity.  This difference in ion selectivity between cone (Mg2+) and 1,3-alternate 

(Ba2+) conformations was seen previously with p-tert-butylcalix[4]arene-1,3-crown-5 

dicarboxylic acids.  It was suggested that since Ba2+ is too large to fit within a crown-4 
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ring, placement of the ionizable groups away from the crown-4 ring in the 1,3-alternate 

conformation is necessary for the complexation of Ba2+.  Because Ba2+ is the softest of 

the alkaline earth metal cations, it is also likely that ion-π interactions play a role in 

extraction of alkaline earth metal cations by the 1,3-alternate ligand.3  Conversely, when 

the ionizable groups are close to the crown-4 or benzocrown-4 ring in the cone 

conformation, a smaller ion like Mg2+ will be favored.  This reasoning is further 

confirmed by studies involving the extraction of alkaline earth metal cations by p-tert-

butylcalix[4]arene-1,3-crown-5 ligands, in which both the cone and 1,3-alternate 

conformers exhibited selectivity for Ba2+, presumably because of the larger crown ether 

ring.4 

 

2.3.2 Di-ionizable p-tert-Butylcalix[4]arene-1,2-thiacrown-3 Compounds 

  

Novel di-ionizable p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds in the 

cone conformation (11-15) were synthesized as potential metal ion extractants.5  This 

series of compounds is analogous to a previously studied series of cone p-tert-

butylcalix[4]arene-1,2-crown-3 compounds (16-20) , and a direct comparison of the 

results from solvent extractions using these two series can elucidate the effect of 

replacing one of the oxygen atoms in the crown ether ring with a sulfur atom.  As shown 

in Figure 2.9, the proton-ionizable group (Z) in both series of ligands 11-15 and 16-20 

varied from the carboxylic acid group to the N-(X)sulfonyl carboxamide function 

(OCH2C(O)NHSO2X) with the X group changed from methyl to phenyl to 4-nitrophenyl 
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to trifluoromethyl.  Compounds 11-15 and 16-20 were synthesized by Ms. Dongmei 

Zhang in the Bartsch Research Group.  Solvent extraction studies using compounds 16-

20 were carried out by Ms. Xiaodan Cao in the Bartsch Research Group, and her 

extraction data are presented here for comparison.6   

 

 

  
Compound Z Compound 

11 OH 16 
12 NHSO2CH3 17 
13 NHSO2C6H5 18 
14 NHSO2C6H4-4-NO2 19 
15 NHSO2CF3 20 

 

Figure 2.9. Structures of di-ionizable p-tert-butylcalix[4]arene-1,2-thiacrown-3 (11-15) 
and p-tert-butylcalix[4]arene-1,2-crown-3 (16-20) compounds. 
 

Results for the extractions of Pb2+ vs. the equilibrium pH of the aqueous phase for 

p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 are shown in Figure 2.10.  

The extractions of Pb2+ by p-tert-butylcalix[4]arene-1,2-crown-3 compounds, performed 

by Ms. Xiaodan Cao, are shown for comparison. 
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Figure 2.10. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 (left) and p-
tert-butylcalix[4]arene-1,2-crown 3 compounds 16-20 (right) in chloroform.  Aqueous 
phase, 1.0 mM Pb2+; Organic phase, 0.50 mM ligand. , Z=OH, , Z=NHSO2CH3, , 
Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3.  
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 For p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15, Pb2+ loading 

was near 100%, consistent with the formation of a 1:1 complex for the dicarboxylic acid, 

11, and all of the N-(X)sulfonyl carboxamides except 14, with X=4-nitrophenyl, which 

had a slightly lower Pb2+ loading of 91%.  For the dicarboxylic acid ligand 11, this shows 

a moderate improvement in Pb2+ extraction ability over the analogous crown-3 compound 

16, which had a total Pb2+ loading of 79%.  There was a marked improvement in Pb2+ 

extraction efficiency for the thiacrown-3 N-(X)sulfonyl carboxamides 12 and 13 with 

X=methyl and phenyl over the corresponding crown-3 compounds 17 and 18.  Loading 

of Pb2+ for the N-(X)sulfonyl carboxamide with X=methyl increased from 12 % to 100% 

with the replacement of one oxygen atom in the crown ether ring with a sulfur atom.  

This same effect was seen in the N-(X)sulfonyl carboxamide with X=phenyl, with an 

increase in Pb2+ from 7% for crown-3 compound 18 to 91% for thiacrown-3 compound 

13.   

 For the dicarboxylic acids, the thiacrown-3 compound 11, which extracted 

appreciable amounts of Pb2+ at a pH of 2.5, appears to be more acidic than the crown-3 

compound 16, which did not extract Pb2+ below a pH of 4.0.  For the N-(X)sulfonyl 

carboxamides with X=4-nitrophenyl and trifluoromethyl, replacement of an oxygen atom 

in the crown-ether ring with a sulfur atom had a varied effect on ligand acidity.  For the 

ligands with X=4-nitrophenyl, the crown-3 compound 19 extracted Pb2+ at a pH value of 

1.5, while the thiacrown-3 compound 14 did not begin to extract Pb2+ until a pH value of 

3.5.  In contrast, for the ligands with X=trifluoromethyl, the thiacrown-3 compound 15 



Texas Tech University, Jennifer Crawford, December 2010 
 

51 

performed better than the crown-3 compound 20, extracting Pb2+ at a pH of 2.0, 

compared to 3.0 for 20.   

 These results suggest that the replacement of an oxygen atom in the crown ether 

ring for p-tert-butylcalix[4]-1,2-crown-3 compounds increases the ligands’ ability to 

extract Pb2+.  For the p-tert-butylcalix[4]-1,2-crown-3 compounds 16-20, the acidity of 

the ionizable groups had a large effect on the Pb2+ extraction efficiency, but all of the p-

tert-butylcalix[4]-1,2-thiacrown-3 compounds showed high affinity for Pb2+, regardless 

of the ionizable group.  Because Pb2+ is a borderline soft metal ion, substitution of a 

sulfur atom into the crown ether ring would be expected to have this effect.  The 

difference in extraction results between the crown-3 and the thiacrown-3 ligands also 

confirms that the metal ion is interacting in some way with the ether-ring, even though a 

crown-3 ring is too small to accommodate a metal ion within its cavity.  This result has 

previously been explained by suggesting that the divalent metal ions are sandwhiched 

between the crown-3 or thiacrown-3 ring and the two ionizable groups. 5,6 

 Extraction results for Hg2+ vs. the equilibrium pH of the aqueous phase for p-tert-

butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 are shown in Figure 2.11.  The 

results for the extraction of Hg2+ by p-tert-butylcalix[4]arene-1,2-crown-3 compounds 

16-20, provided by Ms. Xiaodan Cao, are also shown for comparison.   
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Figure 2.11. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 (left) and p-
tert-butylcalix[4]arene-1,2-crown 3 compounds 16-20 (right) in chloroform.  Aqueous 
phase, 0.25 mM Hg2+; Organic phase, 0.25 mM ligand. , Z=OH, , Z=NHSO2CH3, , 
Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3.  
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 For the p-tert-butylcalix[4]arene-1,2-thiacrown-3 dicarboxylic acid 11, the 

loading of Hg2+ was slightly less than the maximum possible loading at 89%, with a pH0.5 

value of 1.5.  When compared to the p-tert-butylcalix[4]arene-1,2-crown-3 dicarboxylic 

acid 16, which had an Hg2+ loading of 18%,  compound 11 showed a much higher 

affinity for Hg2+.   

 All of the p-tert-butylcalix[4]arene-1,2-thiacrown-3 N-(X)sulfonyl carboxamide 

compounds 12-15 exhibited full loading of Hg2+.  The pH0.5 values for the N-(X)sulfonyl 

carboxamides as X was varied from methyl to phenyl to 4-nitrophenyl to trifluoromethyl 

were 2.3, 1.9, 1.1, and 0.8, respectively.  The decrease in pH0.5 values through the series 

is consistent with the expected increase in acidity as the X group becomes more electron-

withdrawing.   

 When compared with p-tert-butylcalix[4]arene-1,2-crown-3 compounds 17-20, 

the thiacrown-3 compounds showed moderately higher Hg2+ loading for the N-

(X)sulfonyl carboxamides with X=methyl and trifluoromethyl.  The Hg2+ loading for the 

thiacrown-3 compound 14 with X=4-nitrophenyl was slightly higher at 100% than the 

crown-3 compound 19 at 92%.  The N-(X)sulfonyl carboxamide compounds with 

X=phenyl from both series showed full loading of Hg2+.    

 When comparing the acidity of the two series of compounds, the thiacrown-3 

compounds had lower pH0.5 values than their crown-3 counterparts for the N-(X)sulfonyl 

carboxamides with X=4-nitrophenyl and trifluoromethyl. Compound 14 from the 

thiacrown-3 series had a pH0.5 of 1.1 vs. a pH0.5 of 1.9 for the crown-3 compound 19.  

The thiacrown-3 compound 15, with a pH0.5 of 0.8, also showed a higher acidity than the 
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analogous crown-3 compound 20, which had a pH0.5 value of 1.7.  The N-(X)sulfonyl 

carboxamides with X=phenyl from both series had similar pH0.5 values of 1.9-2.0.  For 

the N-(X)sulfonyl carboxamides with X=methyl, the crown-3 compound 17 had a lower 

pH0.5 value of 1.8 when compared to that of the thiacrown-3 compound 12 (pH0.5=2.3), 

but the difference in Hg2+ loading makes the comparison less informative than for the 

other compounds in the series.  In general, the substitution of a sulfur atom for the distal 

oxygen atom in the crown ether ring of the p-tert-butylcalix[4]arene-1,2-crown-3 ligands 

resulted in an improvement in the ligands’ affinity for Hg2+, especially for the 

dicarboxylic acids and the N-(X)sulfonyl carboxamides with X=methyl and 

trifluoromethyl.  The overall better performance of the thiacrown-3 ligands as Hg2+ 

extractants over the crown-3 ligands was also seen previously for thiacrown-5 and crown-

5 ligands.7  It is likely that the soft Hg2+ is better able to interact with a crown-ether ring 

that contains a soft sulfur donor atom than one that contains only hard oxygen atoms.   

Results for the competitive extraction of alkali metal cations into the organic 

phase by di-ionizable p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 vs. the 

equilibrium pH of the aqueous phase are shown in Figure 2.12.  The results for alkali 

metal cation extractions by p-tert-butylcalix[4]arene-1,2-crown-3 compounds 16-20, 

performed by Ms. Xiaodan Cao, are shown in Figure 2.13 for comparison.   
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Figure 2.12. Competitive solvent extraction of alkali metal cations by di-ionizable p-tert-
butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15.  Aqueous phase, 10 mM in each 
alkali metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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Figure 2.13. Competitive solvent extraction of alkali metal cations by di-ionizable p-tert-
butylcalix[4]arene-1,2-crown-3 compounds 16-20.  Aqueous phase, 10 mM in each alkali 
metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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For the p-tert-butylcalix[4]arene-1,2-thiacrown-3 dicarboxylic acid 11, the total 

alkali metal cation loading was 185%, slightly less than the maximum possible loading of 

200% for a monovalent ion.  This represents a decrease in alkali metal cation loading 

from the p-tert-butylcalix[4]arene-1,2-crown-3 compound 16, which had full alkali metal 

cation loading of 200%.  The thiacrown-3 compound also had a higher pH0.5 value (7.2) 

than the crown-3 compound (6.5).  Substitution of a sulfur atom into the crown ether ring 

also resulted in a loss of selectivity for the ligand.  While both compounds 11 and 16 

showed selectivity for Na+, the Na+/Li+ ratio for the crown-3 compound 16 was 3.1, while 

that of the thiacrown-3 compound 11 was only 1.5.   

 For the p-tert-butylcalix[4]arene-1,2-thiacrown-3 N-(X)sulfonyl carboxamides 

12-15 with X=methyl, phenyl, 4-nitrophenyl, and trifluoromethyl, the total alkali metal 

cation loading was 138%, 145%, 182%, and 169%, respectively.  These results show a 

decrease in total alkali metal cation loading from the p-tert-butylcalix[4]arene-1,2-crown-

3 compounds 17-20 for all but the X=4-nitrophenyl compounds, which had similar alkali 

metal cation loading.  The thiacrown-3 carboxamides also had higher pH0.5 values than 

the crown-3 compounds.  For compound 12 with X=methyl, the pH0.5 was 7.0, 

moderately higher than that of the crown-3 compound 17 which was 6.6.  The pH0.5 for 

compound 13 with X=phenyl was 7.3, versus 6.3 for compound 18.  There was a smaller 

difference in the pH0.5 values of 5.4 and 5.1, respectively, for the N-(X)sulfonyl 

carboxamides 14 and 19 with X=4-nitrophenyl.   There was a very large increase in the 

pH0.5 for the X=trifluoromethyl compound 15, which increased to 5.8 from a value of 1.5 

for the crown-3 compound 20.   
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 All of the p-tert-butylcalix[4]arene-1,2-thiacrown-3 N-(X)sulfonyl carboxamide 

compounds 12-15 exhibited a selectivity for Na+ at pH values above 6.0.  Interestingly, 

compounds 13 and 14 with X=phenyl and 4-nitrophenyl initially showed a selectivity for 

Li+ at pH 2-6, then switched to Na+ when the pH increased.  This results was also seen 

for the crown-3 compounds 18 and 19 with the same X-groups.  Overall, the p-tert-

butylcalix[4]arene-1,2-thiacrown-3 N-(X)sulfonyl carboxamides showed Na+ loading 

ratios between 2.6 and 4.2 over the next highest complexed ion.  These Na+ selectivity 

ratios were lower than those of the crown-3 compounds, which ranged from 3.8 to 4.7. 

 For the p-tert-butylcalix[4]arene-1,2-thiacrown-3 dicarboxylic acid 11 and N-

(X)sulfonyl carboxamides 12-15, the Na+ loading at pH above at 9.0 was between 46-

55% of the total alkali metal cation loading.  This effect was also seen for the p-tert-

butylcalix[4]arene-1,2-crown-3 compounds 16-20, and it was proposed that selective 

binding of Na+ was facilitated by the polyether ring and one of the ionized side arms, 

followed by unselective binding of a second metal ion by the other ionized side arm.6  It 

appears that this same binding scheme, illustrated in Figure 2.14, may be occurring with 

the thiacrown-3 compounds.   
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Figure 2.14. Proposed binding of alkali metal cations by p-tert-butylcalix[4]arene-1,2-
thiacrown-3 compounds 11-15.6 

 

 These results suggest that the substitution of an oxygen atom with a sulfur atom in 

the crown ether ring of the p-tert-butylcalix[4]arene-1,2-crown-3 ligands produced 

ligands with a lower affinity for the alkali metal cations.  This is not a surprising result, as 

the softer sulfur atom would lead to less efficient complexation of the relatively hard 

alkali metal ions.   

 Results from competitive solvent extractions of alkaline earth metal cations by p-

tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 are shown in Figure 2.15.  

Extraction results for p-tert-butylcalix[4]arene-1,2-crown-3 compounds 16-20, provided 

by Ms. Xiaodan Cao, are shown in Figure 2.16 for comparison.   
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Figure 2.15. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15.  Aqueous phase, 
2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.  
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Figure 2.16. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable p-tert-butylcalix[4]arene-1,2-crown-3 compounds 16-20.  Aqueous phase, 2.0 
mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform. 
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For the p-tert-butylcalix[4]arene-1,2-thiacrown-3 dicarboxylic acid compound 11, 

the total alkaline earth metal cation loading was 100%, consistent with full loading of a 

divalent metal ion by a di-ionizable ligand.  The pH0.5 value for compound 11 was 6.0.  

This shows a remarkable improvement in alkaline earth metal cation complexation over 

the p-tert-butylcalix[4]arene-1,2-crown-3 compound 16, which had a total alkaline earth 

metal cation loading of 56% and a pH0.5 value of 9.5.  Both compounds 11 and 16 showed 

selectivity for Ca2+, although compound 16 had almost equal loading of Mg2+.  The Ca2+ 

selectivity improved for the thiacrown-3 compound 11, which had a loading ratio of 

Ca2+/Mg2+=1.9.   

 For the p-tert-butylcalix[4]arene-1,2-thiacrown-3 N-(X)sulfonyl carboxamides, 

alkaline earth metal cation loading was 100% for compounds 12, 14, and 15.  The loading 

compound 13 with X=phenyl was slightly less at 92%.  For compound 12 with 

X=methyl, this represents an improvement over crown-3 compound 17, which had a total 

loading of 73%.  There was also an improvement in loading for compound 14 with X=4-

nitrophenyl over the crown-3 compound 19, which had a total alkaline earth metal cation 

loading of 85%.  Both the thiacrown-3 compound 15 and the crown-3 compound 20, with 

X=trifluoromethyl, had full alkaline earth metal cation loading of 100%.   

 The pH0.5 values for the thiacrown-3 N-(X)sulfonyl carboxamides were 6.0 for 

compound 12 with X=methyl, 5.7 for compound 13 with X=phenyl, 7.1 for compound 14 

with X=4-nitrophenyl, and 5.8 for compound 15 with X=trifluoromethyl.  The acidities of 

the thiacrown-3 N-(X)sulfonyl carboxamides 12 and 13 with X=methyl and phenyl  were 

remarkably different than the corresponding crown-3 compounds 17 and 18, which had 
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pH0.5 values of 8.9 and 7.9, respectively.  There was not a significant difference in acidity 

between the thiacrown-3 and crown-3 N-(X)sulfonyl carboxamides with X=4-nitrophenyl 

and trifluoromethyl.   

 All of the p-tert-butylcalix[4]arene-1,2-thiacrown-3 N-(X)sulfonyl carboxamides 

12-15 exhibit selectivity for Ba2+.  The ratio of Ba2+ loading to the next highest loaded 

ion ranges from 1.3-2.4, which is not especially high for ion selectivity in competitive 

extractions.  There is some improvement in Ba2+ selectivity for compound 13 with 

X=phenyl over crown-3 compound 18.  The Ba2+/Ca2+ ratio for compound 13 was 2.4, 

while compound 18 had equal loading of Ba2+ and Ca2+.  The same is true for compounds 

14 and 19 with X=4-nitrophenyl.  Compound 19 had equal loading for Ba2+ and Ca2+, but 

for compound 14 with the thiacrown moiety, the Ba2+/Ca2+ loading ratio increased to 1.5.  

There was a change in selectivity between the crown-3 and thiacrown-3 compounds 15 

and 20 with X=trifluoromethyl.  Compound 20 was selective for Ca2+, which loaded 

twice as much as Ba2+, but compound 15 was slightly selective for Ba2+, with a Ba2+/Ca2+ 

ratio of 1.3.   

 When comparing the p-tert-butylcalix[4]arene-1,2-thiacrown-3 compounds 11-15 

with the previously studied p-tert-butylcalix[4]arene-1,2-crown-3 compounds 16-20, 

there does seem to be a slight advantage in the introduction of a sulfur atom into the 

crown ether ring for the complexation of alkaline earth metal cations.  All of the 

compounds in the thiacrown-3 series loaded the alkaline earth metal cations completely, 

while only the crown-3 N-(X)sulfonyl carboxamide with X=trifluoromethyl loaded 

completely for the crown-3 series.  There was also a moderate increase in ligand acidity 
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for the thiacrown-3 compounds with X=methyl and phenyl over their crown-3 

counterparts.  While the ion selectivity was not extremely good for either series, there 

was a slight improvement  in Ba2+  selectivity for the thiacrown-3 compounds 11-15 over 

the crown-3 compounds 16-20, with the exception of compound 15 with 

X=trifluoromethyl, which lost the Ca2+ selectivity previously seen in the crown-3 

compound 20 and exhibited closer to equal loading between Ba2+ and Ca2+.  It is possible 

that, because Ba2+ is the largest and softest of the alkaline earth metal cations, the sulfur-

containing thiacrown-3 would interact with Ba2+ better than the crown-3, leading to better 

Ba2+ selectivity for the thiacrown-3 compounds.  All of the alkaline earth metal cations 

are relatively hard when compared to the other divalent ions studied, so this effect is not 

as strong for alkaline earth metals as it is for Pb2+ and Hg2+.   

 

2.3.3 Di-ionizable 25,27-dibenzyloxycalix[4]arene Compounds and p-tert-butyl-25,27-

dibenzyloxycalix[4]arene Compounds 

 

 Di-ionizable 25,27-dibenzyloxycalix[4]arene compounds 21-25  without p-tert-

butyl substituents on the upper rim and 26-30 with p-tert-butyl groups on the upper rim, 

were synthesized as potential metal extractants by Mr. Gaurav Arora, a former coworker 

in the Bartsch Research Group.  As shown in Figure 2.17, the proton-ionizable groups on 

the lower rim included both the carboxylic acid function and the acidity-tunable N-

(X)sulfonyl carboxamide groups with X varied from methyl to phenyl to 4-nitrophenyl to 
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trifluoromethyl.  The benzyl groups and the ionizable groups on the lower rim “lock” 

these ligands in the cone conformation.  

 
 

  
Compound Z Compound 

21 OH 26 
22 NHSO2CH3 27 
23 NHSO2C6H5 28 
24 NHSO2C6H4-4-NO2 29 
25 NHSO2CF3 30 

 
Figure 2.17. Structures of cone di-ionizable 25,27-dibenzyloxycalix[4]arenes (21-25) and 
cone p-tert-butyl-25,27-dibenzyloxycalix[4]arenes (26-30). 
 

 Results for extractions of Pb2+ vs. the equilibrium pH of the aqueous phase for p-

tert-butyl-25,27-dibenzyloxycalix[4]arenes 21-25 and 25,27-dibenzyloxycalix[4]arenes 

26-30 are shown in Figure 2.18.  Because of decreased ligand solubility in chloroform, it 

should be noted that the extraction procedure was modified for compound 24, with the 

organic phase consisting of 4.0 mL of a 0.25 mM solution of the ligand in chloroform 

instead of 2.0 mL of a 0.50 mM solution of the ligand used in the other Pb2+ extraction 

experiments. The aqueous phase consisted of 2.0 mL of a 1.0 mM solution of Pb(NO3)2, 

the same as was used in the other Pb2+ extraction experiments .  For the stripping step, a 

3.0-mL portion of the organic phase was removed and placed with 3.0 mL of 4.0 M 

HNO3.  These changes in volume and concentration resulted in the same ratio between 

Pb2+ and the ligand as was used in the extractions for the other compounds.   
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Figure 2.18. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 25,27-dibenzyloxycalix[4]arenes 21-25 (left) and p-tert-butyl-25,27-
dibenzyloxycalix[4]arenes 26-30 (right) in chloroform.  Aqueous phase, 1.0 mM Pb2+; 
Organic phase, 0.50 mM ligand for 21,22,23, and 26-30. Aqueous phase, 1.0 mM Pb2+; 
Organic phase, 0.25 mM ligand for 24. , Z=OH,, Z=NHSO2CH3, , 
Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3. 
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The dicarboxylic acid 25,27-dibenzyloxycalix[4]arene 21 showed only moderate 

ability to extract Pb2+, with a total loading of 52%, with loading beginning at a pH of 

approximately 3.0.  When p-tert-butyl groups were added to the upper rim to of the 

25,27-dibenzyloxycalix[4]arene to form compound 26, almost all Pb2+ extraction ability 

was lost, as this compound had a total loading of only 3%. 

 Among the N-(X)sulfonyl carboxamides 22-25, compound 22 with X=methyl and 

compound 23 with X=phenyl showed no appreciable extraction of Pb2+, with total 

loading values of 2% and 6%, respectively.  There was better Pb2+ extraction efficiency 

for compound 24 with X=4-nitrophenyl and compound 25 with X=trifluoromethyl, which 

had Pb2+ loading values of 28% and 34%, respectively.  When comparing these results 

with those for the p-tert-butyl-25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl 

carboxamides 27-30, there was a some improvement in Pb2+ extraction, especially for 

compound 27 with X=methyl, for which the total Pb2+ loading increased to 49% with the 

addition of the p-tert-butyl groups on the upper rim.  There was a more modest 

improvement in Pb2+ extraction for compound 29 with X=4-nitrophenyl, for which the 

total Pb2+ loading increased to 49%.  Compound 30 with X=trifluoromethyl also showed 

a moderate improvement over compound 25, with a Pb2+ loading of 51%.  Loading of 

Pb2+ by the two ligands with X=phenyl (23 and 28) was almost equal, with compound 28 

extraction Pb2+ at only 9%.   

 Comparison of the acidities of the 25,27-dibenzyloxycalix[4]arenes 23-25  and 

the p-tert-butyl-25,27-dibenzyloxycalix[4]arenes 27-30 was difficult because of the 

significant differences in total Pb2+ loading.  Loading of Pb2+ by p-hydrogen compound 
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24 with X=4-nitrophenyl and p-tert-butyl compounds  27 (X=methyl) and 29 (X=4-

nitrophenyl) began at pH values of approximately 3.5.  Both compounds 25 and 30 with 

X=trifluoromethyl were more acidic, extracting Pb2+ at a pH of 2.0.   

 Overall, the addition of p-tert-butyl groups to the upper rim of the 25,27-

dibenzyloxycalix[4]arenes did result in some improvement in loading of Pb2+, although 

none of the compounds in either series would be considered excellent extractants for 

Pb2+.  The small improvement could be due to increased ligand solubility in chloroform 

provided by the hydrophobic p-tert-butyl groups.  The structural variation had no 

noticeable effect on the acidity of the ligands.   

 The results for the extraction of Hg2+ by 25,27-dibenzyloxycalix[4]arenes 22-25 

and p-tert-butyl-25,27-dibenzyloxycalix[4]arenes 26-30 are shown in Figure 2.19.   
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Figure 2.19. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable p-tert-butyl-25,27-dibenzyloxycalix[4]arenes 21-25 (left) and p-tert-
butyl-25,27-dibenzyloxycalix[4]arenes 26-30 (right) in chloroform.  Aqueous phase, 0.25 
mM Hg2+; Organic phase, 0.25 mM ligand. , Z=OH, , Z=NHSO2CH3, , 
Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3. 
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For the dicarboxylic acid 25,27-dibenzyloxycalix[4]arene 21, extraction of Hg2+ 

was only about half of the maximum possible, with a loading of 46%.  Addition of p-tert-

butyl groups to the upper rim of the ligand to form compound 26 resulted in even lower 

Hg2+ extraction ability, with a total loading of 27%.  The pH0.5 values for 21 and 26 were 

3.2 and 2.5, respectively, but comparison of the ligand acidities using the pH0.5 values is 

difficult in this case because of the large difference in Hg2+ loading for the two 

compounds.  

 For the 25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 22-25, 

extraction of Hg2+ appears to decrease with increasing electron-withdrawing power of the 

X-group.  Compounds 22 and 23 with X=methyl and phenyl had full Hg2+ loading of 

100%.  For compound 24 with X=4-nitrophenyl, the extraction of Hg2+ dropped to 70%.  

Compound 25 with X=trifluoromethyl, the most electron-withdrawing X-group in the 

series, had an Hg2+ extraction efficiency of only 49%.   

 The addition of p-tert-butyl groups to the upper rim of the 25,27-

dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 27-30 had a varied effect on the 

extraction of Hg2+.  For compound 27 with X=methyl, loading of Hg2+ decreased to 91%.  

There was no change in Hg2+ for compound 28 with X=phenyl when compared to 

compound 23, as both had loading of 100%.  The upper-rim p-tert-butyl groups led to an 

increase in Hg2+ loading for compound 29 with X=4-nitrophenyl, which had full loading, 

representing a 30% increase over compound 24.  There was also an increase in Hg2+ 

loading for compound 30 with X=trifluoromethyl, for which the extraction efficiency was 

65%. 
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 As was seen with the extraction of Pb2+, there was very little effect on ligand 

acidity with the addition of p-tert-butyl groups to the upper rim of the ligands.  The pH0.5 

values for 25,27-dibenzyloxycalix[4]arenes 22-25, with X=methyl, phenyl, 4-nitrophenyl, 

and trifluoromethyl were 1.6, 1.8, 1.8, and 1.6, respectively.  The p-tert-butyl-25,27-

dibenzyloxycalix[4]arenes 27-30 with X=methyl, phenyl, 4-nitrophenyl, and 

trifluoromethyl had pH0.5 values of 1.9, 2.0, 2.0, and 2.1, respectively.  These values 

represent a difference in pH0.5 of less than 0.3 pH units for all pairs of compounds except 

25 and 30 with X=trifluoromethyl, which differed by 0.5 pH units.  In this last case, the 

ligand without the p-tert-butyl groups appears to be more acidic, but this result could be 

due to the lower total Hg2+ extraction exhibited by compound 25.   

 Except for the ligands with X=4-nitrophenyl, the effect of the para-substituents 

on extraction efficiency and ligand acidity was minimal for Hg2+, similar to the results 

seen for the extraction of Pb2+.  Previous studies on the effect of para-substituents on 

Pb2+ and Hg2+ extraction by di-ionizable calix[4]arene-1,2-crown-4 compounds also 

showed little change in extraction efficiency for these ions.8  This similar result was seen 

despite the fact that these compounds are structurally very different from the current 

ligands.  This result also suggests that Pb2+ and Hg2+ do not interact significantly with the 

upper rim of the ligands, and any steric effect of the p-tert-butyl groups is minimal.   

 The competitive solvent extractions of alkali metal cations vs. the equilibrium pH 

of the aqueous phase are shown in Figure 2.20 for 25,27-dibenzyloxycalix[4]arenes 21-

25 and Figure 2.21 for p-tert-butyl-25,27-dibenzyloxycalix[4]arenes 26-30.  Because of 

decreased ligand solubility in chloroform, the extraction procedure was modified for 
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compound 24, with the organic phase consisting of 4.0 mL of a 0.25 mM solution of the 

ligand in chloroform instead of 2.0 mL of a 1.00 mM solution of the ligand used in the 

other alkali metal cation extraction experiments. The aqueous phase remained the same 

as the other alkali metal cation extraction experiments.  For the stripping step, a 3.0-mL 

portion of the organic phase was removed and placed with 3.0 mL of 0.10 M HCl. 
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Figure 2.20. Competitive solvent extraction of alkali metal cations by di-ionizable 25,27-
dibenzyloxycalix[4]arenes 21-25.  Aqueous phase, 10 mM in each alkali metal cation; 
Organic phase, 1.00 mM ligand solution in chloroform for 21-23 and 25, and 0.25 mM 
ligand solution in chloroform for 25.   
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Figure 2.21. Competitive solvent extraction of alkali metal cations by di-ionizable p-tert-
butyl-25,27-dibenzyloxycalix[4]arenes 26-30.  Aqueous phase, 10 mM in each alkali 
metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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For the dicarboxylic acid compounds 21 and 26, the addition of p-tert-butyl 

groups to the upper rim resulted in a decrease in total extraction of alkali metal cations.  

Compound 21 had a total loading of 187%, slightly less the maximum possible loading of 

200% for a monovalent ion.  Compound 26, however, only loaded to 114%.  Compound 

21 was also more acidic than 26, with a pH0.5 value of 5.9, compared to a value of 7.0 for 

26.  Both compounds 21 and 26 showed loading for only Li+ and Na+.  The selectivity 

between these two ions was not high, with compound 21 showing an extraction ratio of 

Li+/Na+ of about 1.3 at all pH values.  The extraction of Li+ and Na+ by compound 26 

was roughly equal below pH 10, at which point the Li+ extraction did increase, with a 

final Li+/Na+ loading ratio of 1.8 at pH=12. 

 The 25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 22-25 all 

exhibited less than full loading.  The extraction of alkali metal cations by these 

compounds decreased with the increasing electron-withdrawing power of the X-group, as 

was seen with the extraction of Hg2+.  The alkali metal cation loading for compounds 22 

and 23 with X=methyl and phenyl was roughly equal at 167% and 172%, respectively.  

Loading decreased to 142% for compound 24 with X=4-nitrophenyl.  The lowest 

extraction efficiency among the 25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl 

carboxamides was seen for compound 25 with X=trifluoromethyl at only 83%.  

Compounds 22, 23, and 24 all showed moderately good selectivity for Na+ with 

extraction ratios of ≈4.0 over the other alkali metal cations, which were extracted in 

roughly equal amounts.  This Na+ selectivity was lost for ligand 25 with 

X=trifluoromethyl, which showed equal extraction of Na+ and Li+.  For all of the 25,27-
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dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 22-25, the extraction of Na+ was 

roughly half of the total alkali metal cation loading for each ligand, suggesting that the 

ligand selectively binds Na+ at one site, then unselectively binds a second cation at the 

second site.   

 Addition of p-tert-butyl groups to the upper rim to form p-tert-butyl-25,27-

dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 27-30 resulted in an increase in 

extraction efficiency of alkali metal cations for most of the ligands in the series.  There 

was no improvement seen in compound 27 with X=methyl, which had a total alkali metal 

cation loading of 160%.  Compounds 28 and 29 with X=phenyl and 4-nitrophenyl, 

however, both increased to full alkali metal cation loading of 200% with the addition of 

p-tert-butyl groups on the upper rim of the ligand.  There was a very significant increase 

in alkali metal cation loading for compound 30 with X=trifluoromethyl, which had a total 

loading of 187%.   

 p-tert-Butyl-25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides also 

showed selectivity for Na+.  There was a slight improvement in selectivity over the p-

hydrogen ligands for compound 27 with X=methyl, which had a Na+/K+ loading ratio of 

4.9 and for compound 28 with X=phenyl with a Na+/K+ ratio of 4.4.  The upper-rim p-

tert-butyl groups resulted in some loss of Na+ selectivity for compound 29 with X=4-

nitrophenyl, for which the Na+/K+ ratio was 2.3.  The largest difference in selectivity was 

seen in compounds 25 and 30 with X=trifluoromethyl.  While the p-hydrogen ligand 25 

exhibited equal loading of Na+ and Li+, the analogous p-tert-butyl compound 30 had a 
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Na+ loading ratio of 4.2 over that of K+, Cs+, and Rb+, and showed no appreciable loading 

of Li+.   

 The effect of adding p-tert-butyl groups to the upper rim on ligand acidity 

depended greatly on the identity of the X-group for the 25,27-dibenzyloxycalix[4]arene 

N-(X)sulfonyl carboxamides 22-25 and 27-30.  The pH0.5 values for 25,27-

dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 22-25 with X=methyl, phenyl, 4-

nitrophenyl, and trifluoromethyl were 6.0, 5.4, 4.6, and 6.0, respectively.  p-tert-Butyl-

25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 27-30 with X=methyl, 

phenyl, 4-nitrophenyl, and trifluoromethyl had pH0.5 values of 5.8, 5.3, 5.3, and 1.4, 

respectively.  These results indicate that for the compounds with X=methyl and phenyl, 

the addition of p-tert-butyl groups to the upper rim of the ligand had no effect on ligand 

acidity.  For compounds 23 and 29 with X=4-nitrophenyl, the p-hydrogen ligand 23 was 

slightly more acidic than the p-tert-butyl compound 29.  The largest effect of the 

structural variation on ligand acidity was seen in compounds 25 and 30 with 

X=trifluoromethyl.  While the p-hydrogen compound 25 did not exhibit any alkali metal 

cation loading below pH 2.0, compound 30 with p-tert-butyl groups had a pH0.5 value of 

1.4 and a total alkali metal cation loading of 150% at pH 2.0.   

 Previous studies examining the effect of p-tert-butyl groups to the upper rim of 

di-ionizable 25,27-dimethoxycalix[4]arene N-(X)sulfonyl carboxamides with 

X=trifluoromethyl on the competitive solvent extraction of alkali metal cations showed 

that this structural variation had very little effect on total alkali metal cation loading, but 

did result in higher ligand acidity and better Na+ selectivity.9  The current studies using 
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25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides showed this same effect on 

acidity and selectivity for compounds 25 and 30 with X=trifluoromethyl, but in there was 

also significant increase in alkali metal cation loading with the addition of the p-tert-butyl 

groups.  This confirms that the effect of a single structural variation can be complex, 

involving not only the structural variation itself, but also the other aspects of the ligand, 

such as the lower rim substituents.   

 The results for the competitive solvent extractions of alkaline earth metal cations 

vs. the equilibrium pH of the aqueous phase are shown in Figure 2.22 for 25,27-

dibenzyloxycalix[4]arenes 21-25 and in Figure 2.23 for p-tert-butyl-25,27-

dibenzyloxycalix[4]arenes 26-30.  Because of decreased ligand solubility in chloroform, 

the extraction procedure was modified for compound 24, with the organic phase 

consisting of 4.0 mL of a 0.25 mM solution of the ligand in chloroform instead of 2.0 mL 

of a 1.00 mM solution of the ligand used in the other alkaline earth metal cation 

extraction experiments. The aqueous phase remained the same as the other alkaline earth 

metal cation extraction experiments.  For the stripping step, a 3.0-mL portion of the 

organic phase was removed and placed with 3.0 mL of 0.10 M HCl. 
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Figure 2.22. Competitive solvent extraction of alkaline earth metal cations by di-
ionizable 25,27-dibenzyloxycalix[4]arenes 21-25.  Aqueous phase, 2.0 mM in each 
alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in chloroform for  
21-23 and 25 and 0.25 mM ligand solution in chloroform for 24.  
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Figure 2.23. Competitive solvent extraction of alkaline earth metal cations by di-
ionizable p-tert-butyl- 25,27-dibenzyloxycalix[4]arenes 26-30.  Aqueous phase, 2.0 mM 
in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform. 
 
 For the dicarboxylic acid compounds 21 and 26, the addition of p-tert-butyl 

groups to the upper rim of the ligand structure had a significant effect on extraction of 
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alkaline earth metal cations.  The 25,27-dibenzyloxycalix[4]arene 21 had full alkaline 

earth metal cation loading of 100%, while the p-tert-butyl-25,27-

dibenzyloxycalix[4]arene 26 exhibited alkaline earth metal cation loading of only 43%.  

There was also a large effect on the selectivity of the ligands, with the p-hydrogen 

compound 21 showing moderate selectivity for Ba2+ with a binding ratio for Ba2+ of ≈2.0 

over that of Sr2+ and Ca2+ and no appreciable extraction of Mg2+.  Compound 26 with p-

tert-butyl groups was selective for Ca2+ and the Ca2+/Ba2+ loading ratio was 2.3.    Both 

the 25,27-dibenzyloxycalix[4]arene 21 and the p-tert-butyl-25,27-

dibenzyloxycalix[4]arene 26 had similar acidities, extracting alkaline earth metal cations 

beginning at pH values of 8.0-8.5.   

 The 25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamide compounds 22 

and 23 with X=methyl and phenyl exhibited similar alkaline earth metal cation loadings 

of 88 and 90%, respectively.  Loading increased to 100% for compound 24 with X=4-

nitrophenyl.  When the X-group was changed to trifluoromethyl for compound 25, 

loading decreased dramatically to 15%.   

 Addition of p-tert-butyl groups to the upper rim of the N-(X)sulfonyl 

carboxamides 27-30 had a varied effect on extraction of alkaline earth metal cations.  

There was no change in loading for compound 28 with X=phenyl, which had a total 

alkaline earth metal cation loading of 88%.  For compounds 27 and 29 with X=methyl 

and 4-nitrophenyl, however, the loading was roughly half that of the analogous p-

hydrogen ligands 22 and 24, with loading values of 45% for compound 27 and 48% for 
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compound 29.  Compound 30 with X=trifluoromethyl did show an increase in alkaline 

earth metal cation extraction over compound 25, with a loading value of 58%.  

 The acidity of the N-(X)sulfonyl carboxamides was affected favorably by the 

addition of p-tert-butyl groups to the upper rim of the ligands.  p-Hydrogen compounds 

22, 23, and 24 with X=methyl, phenyl, and 4-nitrophenyl showed no appreciable 

extraction of alkaline earth metal cations below a pH of 7.5-9.0.  The p-tert-butyl ligands 

27, 28, and 29, on the other hand, showed significant extraction of alkaline earth metal 

cations at pH values of 5.5-6.5.  Additionally, p-tert-butyl compound 30 with 

X=trifluoromethyl extracted alkaline earth metal cations at a very acidic pH of 1.5, while 

the p-hydrogen compound with the same X-group did not exhibit any significant metal 

extraction.   

  For the 25,27-dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 22-25, the 

identity of the di-ionizable group affected the ligand selectivity for the competitive 

extraction of alkaline earth metal cations.  Compounds 22 and 23 with X=methyl and 

phenyl showed very little selectivity with Ba2+/Sr2+ loading ratios of ≈1.5.  Compound 24 

with X=4-nitrophenyl, on the other hand, had moderately good selectivity for Ca2+ with a 

Ca2+/Sr2+,Ba2+ ratio of 3.1.  Similar results were seen for p-tert-butyl-25,27-

dibenzyloxycalix[4]arene N-(X)sulfonyl carboxamides 27-30.  Compound 27 with 

X=methyl exhibited almost equal extraction of Sr2+ and Ba2+ and compound 28 with 

X=phenyl showed very little selectivity for any of the alkaline earth metal cations.  

Compound 29 (X=4-nitrophenyl), however, had even better selectivity for Ca2+ than the 

p-hydrogen ligand 24, with a Ca2+/Sr2+ ratio of 8.2.  Compound 30 with 
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X=trifluoromethyl had appreciable extraction of both Sr2+ and Ba2+, loading roughly 

twice as much Ba2+ as Sr2+.   

 Previous studies investigating the effect of para-substituents on the extraction of 

alkaline earth metal cations by di-ionizable 25,27-dimethoxycalix[4]arenes had 

somewhat different results.  There was no difference in extraction behavior between the 

p-hydrogen and p-tert-butyl dicarboxylic acids for the previously studied ligands, while 

the current ligands showed a significant decrease in alkaline earth metal loading with the 

addition of p-tert-butyl groups to the upper rim.  The N-(X)sulfonyl carboxamides with 

X=trifluoromethyl did exhibit different selectivities for the p-hydrogen and p-tert-butyl 

ligands.  In the previously studied ligands, however, the alkaline earth metal extraction 

was better overall for the p-tert-butyl ligand over the p-hydrogen ligand, an effect that is 

opposite of that seen for the current series.  Placement of benzyl groups on the lower rim 

significantly changes the structure of the lower-rim cavity compared to that of the 

dimethoxy ligands previously studied, so it is not surprising that the effect of the para-

substituents on metal ion extraction is different for these ligands.  In this case, the 

increased flexibility of the p-hydrogen ligands appears to favor extraction of alkaline 

earth metal cations.9   
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2.3.4 Di-ionizable 25,26-dimethoxy-p-tert-butylcalix[4]arene Compounds and 25,26-

dioctoxy-p-tert-butylcalix[4]arene Compounds  

 

 Novel di-ionizable, comformationally mobile 25,26-dimethoxy-p-tert-

butylcalix[4]arene compounds 31-34 (Figure 2.24) were synthesized as potential metal 

ion extractants by Ms. Amanda Boston in the Bartsch Research Group.  The ionizable 

groups on the lower rim of these compounds was varied from the carboxylic acid 

functionality to the N-(X)sulfonyl carboxamide group with X=methyl, phenyl, and 

trifluoromethyl.  The N-(X)sulfonyl carboxamide with X=4-nitrophenyl could not be 

synthesized.  Compound 34 with X=trifluoromethyl was available only as a sodium salt, 

and the extraction procedure modifications used for each metal ion will be described.  A 

similar series of 25,26-dioctoxy-p-tert-butylcalix[4]arene compounds 35-38 with octoxy 

groups in place of the methoxy groups on the lower rim was synthesized by Ms. Dongmei 

Zhang, a former member of the Bartsch Research Group.  Addition of alkyl groups larger 

than ethyl to the lower rim of calix[4]arenes prevents oxygen through the annulus 

rotation of the ligand, therefore these compounds are “locked” in the cone 

conformation.10  The ionizable groups on the lower rim of these compounds included the 

carboxylic acid group and the N-(X)sulfonyl carboxamide groups with X=methyl, phenyl, 

and 4-nitrophenyl.  The N-(X)sulfonyl carboxamide with X=trifluoromethyl could not be 

synthesized.  The structures of compounds 31-34 and 35-38 are shown in Figure 2.24. 
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Compound Z Compound 

31 OH 35 
32 NHSO2CH3 36 
33 NHSO2C6H5 37 
 NHSO2C6H4-4-NO2 38 

34 NSO2CF3
- +Na  

 
Figure 2.24. Structures of cone di-ionizable 25,26-dimethoxy-p-tert-butylcalix[4]arene 
(31-34) and cone 25,26-dioctoxy-p-tert-butylcalix[4]arene (35-38). 
 
 The results for the extraction of Pb2+ vs. the equilibrium pH of the aqueous phase 

are shown in Figure 2.25 for compounds 31-34 and 35-38.  For 25,26-dimethoxy-p-tert-

butylcalix[4]arene N-(X)sulfonyl carboxamide 34 with X=trifluoromethyl, 4.0 mL of  a 

0.50 mM solution of the ligand in chloroform was combined with 4.0 mL of 4.0 M HNO3 

in a clean, polypropylene centrifuge tube and vortexed for 10 minutes, then centrifuged 

for 10 minutes.  This preliminary extraction with strong acid allowed the Na+ to be 

stripped from the organic phase, providing a solution of the neutral ligand.  The 

remainder of the extraction procedure was carried out as previously described.  This 

extraction experiment was performed by Dr. Eun Kyung Lee in the Bartsch Research 

Group, and her results are provided here for comparison.   
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Figure 2.25. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by cone di-ionizable 25,26-dimethoxy-p-tert-butylcalix[4]arenes 31-34 (left) and cone 
25,26-dioctoxy-p-tert-butylcalix[4]arenes 35-38 (right) in chloroform.  Aqueous phase, 
1.0 mM Pb2+; Organic phase, 0.50 mM ligand. , Z=OH, , Z=NHSO2CH3, , 
Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3.  
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The dicarboxylic acid compounds 31 and 35 both showed high extraction of Pb2+.  

The 25,26-dimethoxy-p-tert-butylcalix[4]arene compound 31 had the better loading of 

the two at 94%.  Extraction of Pb2+ was slightly lower for 25,26-dioctoxycalix-p-tert-

butyl [4]arene compound  35 at 85%.  Compound 31 was also slightly more acidic, 

extracting Pb2+ at a pH value of 3.0, while 35 did not extract Pb2+ below a pH of 3.5.  For 

the dicarboxylic acids, the ligand with methoxy groups on the lower rim was a better 

extractant for Pb2+ than the ligand with the lower-rim octoxy groups, suggesting that the 

flexible 31 adopts a conformation other than cone when complexing Pb2+.   

 The 25,26-dimethoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 32-

34 also showed significant extraction of Pb2+.  Compound 32 with X=methyl had a total 

Pb2+ loading of 95%, and compound 33 with X=phenyl had the maximum possible 

loading of 100%.  Compound 34 with X=trifluoromethyl had a lower extraction total at 

76%, but this could be due to the procedural modifications required for this compound.  

The pH did not increase above 3.0 for any of the extraction samples.  All of the N-

(X)sulfonyl carboxamides except 34 with X=trifluoromethyl began to extract Pb2+ at pH 

values between 3.5 and 4.0.  Compound 34 was much more acidic, extracting significant 

amounts of Pb2+ at pH values of 1.0-1.5.   

 Replacement of the lower-rim methoxy groups with octoxy groups in 25,26-

dioctoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 36-38 had an overall 

negative effect on the extraction of Pb2+.  Compounds 36 and 37 with X=methyl and 

phenyl had lower loading and were less acidic than the analogous dimethoxy compounds.  

Compound 36 had a total Pb2+ loading of 85%, while compound 37 had a total loading of 
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70% .  Compound 38 with X=4-nitrophenyl, for which there was no analogous 

dimethoxy ligand, had  a Pb2+ loading of 78%.  All of the N-(X)sulfonyl carboxamides 

extracted appreciable amounts of Pb2+ only at pH values above 3.5-4.0.   

 Overall, the lower-rim methoxy groups provided ligands that were more favorable 

than those with octoxy groups.  This suggests that the cone conformation was not the 

most conducive to Pb2+ complexation for these compounds, and the 25,26-dimethoxy-p-

tert-butylcalix[4]arenes were better able to extract Pb2+ because they could change to a 

more favorable conformation.   

 Figure 2.26 shows the results for the extraction of Hg2+ by 25,26-dimethoxy-p-

tert-butylcalix[4]arenes 31-34 and 25,26-dioctoxy-p-tert-butylcalix[4]arenes 35-38.  The 

extraction experiment for compound 34 with X=trifluoromethyl used the same procedural 

modification as that for Pb2+, except that the ligand solution used was 0.25 mM.  This 

extraction experiment was also performed by Dr. Eun Kyung Lee in the Bartsch Research 

Group.   
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Figure 2.26. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by cone di-ionizable 25,26-dimethoxy-p-tert-butylcalix[4]arenes 31-34 (left) and cone 
25,26-dioctoxy-p-tert-butylcalix[4]arenes 35-38 (right) in chloroform.  Aqueous phase, 
0.25 mM Hg2+; Organic phase, 0.25 mM ligand. , Z=OH, , Z=NHSO2CH3, , 
Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3.  
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 For the dicarboxylic acid compounds 31 and 35, the substitution of octoxy groups 

on the lower rim had a noticeable effect on the ligands’ ability to extract Hg2+.  The 

25,26-dimethoxy-p-tert-butylcalix[4]arene 31 had a Hg2+ loading of only 19%, while 

25,26-dioctoxy-p-tert-butylcalix[4]arene 35 had a total loading of 54%, about half of the 

maximum possible for a divalent metal ion.  The increased affinity for Hg2+ could be due 

to an element of pre-organization provided by the conformationally “locked” 25,26-

dioctoxy-p-tert-butylcalix[4]arene. 

 The extraction efficiency for Hg2+ of the 25,26-dimethoxy-p-tert-

butylcalix[4]arene N-(X)sulfonyl carboxamides 32-34 was significantly better than that 

of the dicarboxlic acid.  Compound 32 with X=methyl had a total Hg2+ loading of 81%.  

Ligand 33 with X=phenyl had the highest Hg2+ loading of the series at 97%, and 

compound 34 with X=trifluoromethyl had a slightly lower extraction efficiency of 90%.  

The pH0.5 values for the N-(X)sulfonyl carboxamides with X=methyl, phenyl, and 

trifluoromethyl were 2.0, 1.9, and 1.6, consistent with the expected increase in ligand 

acidity as the electron-withdrawing power of the X-group increases.   

Previous study of Hg2+ extraction by 25,27-dimethoxy-p-tert-butylcalix[4]arene, 

in which the methoxy groups were bonded to alternate, rather than adjacent, phenolic 

oxygens on the lower rim, showed an increase in Hg2+ extraction ability with decreasing 

size of the ionizable group, rather than a dependence on the acidity of the pendant 

group.11  When the methoxy groups are bonded to adjacent phenolic oxygens, however, 

the extraction efficiency appears to depend more on ligand acidity than on pendant group 

size.  
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 The 25,26-dioctoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 35-38 

also showed higher affinity for Hg2+ than the carboxylic acid.  Compounds 35, 36, and 38 

with X=methyl, phenyl, and 4-nitrophenyl had Hg2+ loading values of 79%, 97%, and 

96%, respectively.  Compound 35 with X=methyl had a pH0.5 value of 2.1, compound 36 

with X=phenyl had a pH0.5 value of 1.7, and compound 38 with X=4-nitrophenyl had a 

pH0.5 value of 1.8.   

 Because some of compounds in these two series of ligands could not be 

synthesized, a direct comparison between the 25,26-dimethoxy-p-tert-butylcalix[4]arenes 

and the 25,26-dioctoxy-p-tert-butylcalix[4]arenes can only be made for the N-(X)sulfonyl 

carboxamides with X=methyl and phenyl.  Compounds 32 and 36 with X=methyl had 

almost equal Hg2+ loading values and very similar pH0.5 values.  The same is true for 

compounds 33 and 37 with X=phenyl.  The similarity in the Hg2+ extraction profiles for 

these two pairs of compounds suggests that the conformationally mobile 25,26-

dimethoxy-p-tert-butylcalix[4]arenes adopt the same cone conformation as the 25,26-

dioctoxy-p-tert-butylcalix[4]arenes when forming a complex with Hg2+.   

 Results for the competitive solvent extraction of alkali metal cations by 25,26-

dimethoxy-p-tert-butylcalix[4]arene compounds 31-34 (Figure 2.27) and 25,26-dioctoxy-

p-tert-butylcalix[4]arene compounds 35-38 (Figure 2.28) are shown below.  For 

compound 34 with X=trifluoromethyl, the extraction procedure was modified similarly to 

those used for Pb2+ and Hg2+.  The preliminary stripping step in this case utilized 4.0 M 

HCl as the aqueous phase and a 1.0 mM solution of the ligand in chloroform as the 

organic phase.   
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Figure 2.27. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
25,26-dimethoxy-p-tert-butylcalix[4]arenes 31-34.  Aqueous phase, 10 mM in each alkali 
metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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Figure 2.28. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
25,26-dioctoxy-p-tert-butylcalix[4]arenes 35-38.  Aqueous phase, 10 mM in each alkali 
metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
 
  

 



Texas Tech University, Jennifer Crawford, December 2010 
 

94 

The results for the competitive extraction of alkali metal cations by dicarboxylic 

acid compounds 31 and 35 shows that the replacement of the lower rim methoxy 

functionalities with octoxy groups had very little effect on the extraction ability of the 

ligands.  Compound 31 had a total alkali metal cation loading of 166%, and compound 35 

had an only slightly higher total loading of 178%.  The acidities of the ligands were also 

very similar with the pH0.5 values of 7.8 for compound 31 and 7.4 for compound 35.  The 

two compounds also had identical selectivity for Na+ with a Na+/Li+ loading ratio of 1.7.   

The similarity of the results for these two compounds suggests that the conformationally 

mobile 25,26-dimethoxy-p-tert-butylcalix[4]arene dicarboxylic acid adopts the same 

cone conformation as the 25,26-dioctoxy-p-tert-butylcalix[4]arene dicarboxylic acid 

when complexing alkali metal cations.   

 Extraction of alkali metal cations by 25,26-dimethoxy-p-tert-butylcalix[4]arene 

N-(X)sulfonyl carboxamides 32-34 was slightly higher than that of the dicarboxylic acid, 

and increased as the X-group was changed from methyl (182%) to phenyl (192%) to 

trifluoromethyl (200%).  The pH0.5 values were consistent with the electron-withdrawing 

power of the X-group, with compounds 32 with X=methyl and 33 with X=phenyl 

exhibiting similar pH0.5 values of 6.6 and 6.4, respectively.  Ligand 34 with 

X=trifluoromethyl was the most acidic with a pH0.5 value of 2.8.   

 All of the 25,26-dimethoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 

32-34 exhibited selectivity for Na+ at pH>7.0.  Compounds 32 (X=methyl) and 33 

(X=phenyl) both extracted Li+ as well at lower pH values.  Compound 32 had equal 

extraction of Li+ and Na+ below pH 6.5, at which point the Li+ loading leveled off as the 
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Na+ loading increased.  Compound 33 loaded more Li+ than Na+ below pH 6.0, but as the 

pH increased the Li+ extraction decreased and the Na+ extraction increased significantly.   

 Di-ionizable 25,26-dioctoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl 

carboxamides 36-38 showed similar loading of alkali metal ions as their 25,26-

dimethoxy-p-tert-butylcalix[4]arene counterparts.  Compound 36 with X=methyl had a 

total alkali metal cation loading of 180% and compound 37 with X=phenyl had a total 

loading of 192%.  The loading for compound 38 with X=4-nitrophenyl was lower at 

142%.  The acidities of the ligands were also consistent with the electron-withdrawing 

power of the X-group, with similar pH0.5 values of 7.0 and 7.1 for compounds 36 with 

X=methyl and 37 with X=phenyl.  Compound 38 with X=4-nitrophenyl was the most 

acidic, with a pH0.5 value of 6.0.  These results indicate that the 25,26-dioctoxy-p-tert-

butylcalix[4]arenes were slightly less acidic than the 25,26-dimethoxy-p-tert-

butylcalix[4]arenes.   

 The 25,26-dioctoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides also 

showed similar selectivity to the 25,26-dimethoxy-p-tert-butylcalix[4]arenes.  All of the 

compounds were selective for Na+ above pH 7.0, but some extraction of Li+ was seen at 

lower pH values in all three compounds 36-38.  Compound 36 with X=methyl extracted 

equal amounts of Li+ and Na+  below pH 7.0, but as the pH increased the extraction of Li+ 

remained the same as the extraction of Na+ increased.  Compounds 37 and 38 both 

showed an initial selectivity for Li+, but Na+ extraction began to increase as Li+ extraction 

decreased around pH 7.0 for compound 37 and pH 6.5 for compound 38.  The Na+/Li+ 

ratio at higher pH values was slightly lower than that of the 25,26-dimethoxy-p-tert-
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butylcalix[4]arenes with the same X-group.  Compounds 36 and 37 with X=methyl and 

phenyl had identical Na+/Li+ ratios of 2.6.  Compound 38 with X=4-nitrophenyl had a 

higher Na+/Li+ ratio of 4.5.  Although the 25,26-dioctoxy-p-tert-butylcalix[4]arene N-

(X)sulfonyl carboxamides did have less selectivity for Na+, there were striking 

similarities between their extraction profiles and those of the  25,26-dimethoxy-p-tert-

butylcalix[4]arenes.   

 The replacement of the lower-rim methoxy groups with octoxy groups to form 

25,26-dioctoxy-p-tert-butylcalix[4]arenes 36-38 did result in slightly less acidic ligands 

and a moderate loss in selectivity for the competitive extraction of alkali metal cations.  

However, the results from the two series of compounds are similar enough that it is 

probable that the conformationally mobile 25,26-dimethoxy-p-tert-butylcalix[4]arene N-

(X)sulfonyl carboxamides 32-34 adopt the same cone conformation as that of the 

conformationally “locked” 25,26-dioctoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl 

carboxamides 36-38.   

 Results for the competitive extractions of alkaline earth metal cations using 25,26-

dimethoxy-p-tert-butylcalix[4]arenes 31-34 (Figure 2.29) and 25,26-dioctoxy-p-tert-

butylcalix[4]arenes 35-38 (Figure 2.30) are shown below.  For compound 34, the same 

procedural modifications used for the extraction of alkali metal cations were adopted.   
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Figure 2.29. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable 25,26-dimethoxy-p-tert-butylcalix[4]arenes 31-34.  Aqueous phase, 2.0 mM in 
each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in chloroform. 
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Figure 2.30. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable 25,26-dioctoxy-p-tert-butylcalix[4]arenes 35-38.  Aqueous phase, 2.0 mM in 
each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in chloroform. 
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Dicarboxylic acid compounds 31 and 35 both show extraction of alkaline earth 

metal cations.  Compound 31 with lower-rim methoxy groups had full alkaline earth 

metal cation loading of 98%, while the loading was lower for compound 35 with lower-

rim octoxy groups at 79%.  Compound 31 was also more acidic than 35.  Compound 31 

was more acidic, extracting alkaline earth metal cations at a pH of 5.0, while no 

appreciable extraction was seen below pH 7.0 for compound 35.    Both compounds 

extracted Sr2+, Ba2+, and Ca2+ with very little selectivity, and no appreciable extraction of 

Mg2+ was seen.   The more favorable extraction behavior of the flexible 31 suggests that 

the cone conformation is not the most conducive to complexation of alkaline earth metal 

cations.  

 The 25,26-dimethoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 32 

and 33 with X=methyl and phenyl also exhibited full alkaline earth metal cation loading  

of 98% and 100%, respectively.  Compound 34 with X=trifluoromethyl had lower 

loading at 63%.  The pH did not increase above 4.0 during the extraction for 34, likely 

because of the additional acid extraction performed to protonate the ligand.  Compounds 

32 and 33 with X=methyl and phenyl had very similar acidities with pH0.5 values of 6.3 

and 6.2.  Compound 34 with X=trifluoromethyl began extracting alkaline earth metal 

cations at pH≈2.0.   All of the 25,26-dimethoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl 

carboxamides were at least somewhat selective for Ba2+.  Compound 32 with X=methyl 

showed excellent Ba2+ selectivity with a Ba2+/Sr2+ ratio of 6.5.  The selectivity for 

compound 33 with X=phenyl was not as high, as both Ba2+ and Sr2+ were extracted in 

significant amounts.  The Ba2+/Sr2+ ratio at pH 8.0 for compound 33 was 1.5.  Compound 
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34 initially showed excellent Ba2+ selectivity at low pH values, but as the pH approached 

4.0, loading of Ba2+ decreased and that of Sr2+ started to increase.  

 The results for the extraction of alkaline earth metal cations by 25,26-dioctoxy-p-

tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 36-38 show that the replacement of 

the lower-rim functionalities had varied effects on alkaline earth metal cation extraction, 

depending on the X-group in the ligand.  Compound 36 with X=methyl had a total 

loading of 72%, lower than the analogous methoxy compound 32.  Compound 36 was 

also less acidic than 32, with no appreciable extraction below pH 8.0.   The most 

significant change resulting from the replacement of the lower-rim methoxy groups with 

octoxy groups is the change in ion selectivity.  While methoxy compound 32 showed 

excellent selectivity for Ba2+, octoxy compound 36 had almost equal extraction of Ca2+, 

Ba2+, and Sr2+.  This structural variation had less of an effect when the X-group was 

changed to phenyl.  Compound 37 had full alkaline earth metal cation loading of 100%, 

as did the methoxy compound 33.  There was a negative change in ligand acidity, with 37 

showing no metal extraction below pH 8.0.  The lower-rim octoxy groups in compound 

37 did result in slightly better Ba2+ selectivity, however, with a Ba2+/Sr2+ ratio of 2.4.  

Compound 38 with X=4-nitrophenyl had less than full loading at 88%, but the ligand was 

more acidic than the other 25,26-dioctoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl 

carboxamides with a pH0.5 value of 6.9.  Compound 38 also exhibited good selectivity for 

Ba2+, with a Ba2+/Ca2+ ratio of 3.9.   

 Previous studies comparing flexible 25,27-dimethoxy-p-tert-butylcalix[4]arene 

dicarboxylic acids and similar 25,27-dibutoxy-p-tert-butylcalix[4]arene dicarboxylic 
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acids locked in various conformations suggest that the partial-cone conformation was 

actually preferred by the flexible ligand when complexing alkaline earth metal cations.12  

It cannot be determined whether the 25,26-dimethoxy ligands also adopt a partial-cone 

conformation, but it is clear from the significant differences in the extraction profiles of 

the flexible dimethoxy compounds and the dibutoxy cone ligands that a conformation 

other than cone is adopted by the flexible ligand.   

 

2.3.5 Di-ionizable p-tert-Butylcalix[4]arene-1,3-crown-5 Compounds  

 

 Novel di-ionizable p-tert-butylcalix[4]-1,3-crown-5 compounds 44-48 containing 

a four-carbon linker between the phenolic oxygen and the ionizable group on the lower 

rim were synthesized by Mr. Dong Eun Kang in the Bartsch Research Group.  The 

ionizable group was varied from a carboxylic acid to the acidity tunable N-(X)sulfonyl 

carboxamide functionality with X=methyl, phenyl, 4-nitrophenyl, and trifluoromethyl.  

These compounds are similar to a previous series of compounds 39-43 that lack the 

additional carbons between the phenolic oxygen and the ionizable group, containing only 

one methylene group in that position.  Compounds 39-43 were synthesized by Mr. Hui 

Zhou, a former member of the Bartsch Group, and solvent extraction studies for these 

ligands were carried out by Dr. Kazimierz Surowiec, a former member of the Bartsch 

Research Group, whose data is presented for comparison.4  Both of these series of ligands 

are “locked” in the cone conformation.  The structures of compounds 39-43 and 44-48 

are shown in Figure 2.31.  
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Compound Z Compound 

39 OH 44 
40 NHSO2CH3 45 
41 NHSO2C6H5 46 
42 NHSO2C6H4-4-NO2 47 
43 NHSO2CF3 48 

 
Figure 2.31. Structures of cone di-ionizable p-tert-butylcalix[4]arene-1,3-crown-5 
compounds 39-43 and 44-48. 
 

Results for the extractions of Pb2+ by p-tert-butylcalix[4]arene-1,3-crown-5 

compounds 44-48 are shown in Figure 3.32.  Extraction data for p-tert-

butylcalix[4]arene-1,3-crown-5 compounds 39-43 containing the shorter ionizable side 

arms, provided by Dr. Kazimierz Surowiec, are also shown for comparison.  
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Figure 2.32. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by cone di-ionizable p-tert-butylcalix[4]arene-1,3-crown-5 compounds 39-43 (left) and 
44-48 (right) in chloroform.  Aqueous phase, 1.0 mM Pb2+; Organic phase, 0.50 mM 
ligand. , Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, 
, Z=NHSO2CF3. 
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Dicarboxylic acid p-tert-butycalix[4]arene-1,3-crown-5 compound 44 exhibited 

moderately high extraction of Pb2+, with a total loading of 68%.  This represents a 

decrease in Pb2+ from that of compound 39, which had the maximum possible Pb2+ 

loading of 100%.  Compound 44 was also less acidic, exhibiting Pb2+ extraction only at 

pH values above 3.5, while 39 showed significant extraction at pH 2.0.  These results 

suggest that the lengthening of the ionizable side arm results in a ligand that is less 

favorable to Pb2+ complexation, perhaps because the anionic group is less able to interact 

with the metal ion in the complex.   

 The p-tert-butycalix[4]arene-1,3-crown-5 N-(X)sulfonyl carboxamides 45 

(X=methyl), 46 (X=phenyl), and 47 (X=4-nitrophenyl) exhibited very poor affinity for 

Pb2+ with loading values below 20%.  This is a striking difference from the results seen 

for the p-tert-butycalix[4]arene-1,3-crown-5 N-(X)sulfonyl carboxamides 40, 41, and 42, 

which contain the shorter ionizable side arms, all of which loaded Pb2+ to 100%.  The 

longer ionizable side arms had the opposite effect on compound 48 with 

X=trifluoromethyl, which had 91% Pb2+, slightly below the maximum possible for a 1:1 

complex.  Compound 43 containing the shorter ionizable side arms only loaded 19% Pb2+ 

at pH values between 1.0 and 3.0, above which the loading decreased to almost zero.  The 

pH0.5 value for compound 48 was 4.4, and Pb2+ extraction did not occur below a pH of 

4.0.    

 Except for those ligands containing the trifluoromethyl group, the compounds 

with the shorter side arms were better extractants for Pb2+.  This is most likely due to 

steric factors, with the shorter side arms allowing for a less restrictive cavity in which 
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Pb2+ can be complexed within the crown-ether ring.  The cause of the exceptional 

behavior of the trifluoromethyl ligands is unclear at this time.   

 Results for the extractions of Hg2+ by p-tert-butylcalix[4]arene-1,3-crown-5 

compounds 39-43 and 44-48 are shown in Figure 2.33.  Extraction experiments for 

compounds 39-43 were performed by Dr. Kazimierz Surowiec.  
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Figure 2.33. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by cone di-ionizable p-tert-butylcalix[4]arene-1,3-crown-5 compounds 39-43 (left) and 
44-48 (right) in chloroform.  Aqueous phase, 0.25 mM Hg2+; Organic phase, 0.25 mM 
ligand. , Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, 
, Z=NHSO2CF3. 
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Dicarboxylic acid p-tert-butylcalix[4]arene-1,3-crown-5 compound 44 extracted 

Hg2+ to slightly less than half the maximum possible at 46% with a pH0.5 value of 1.9.  

The lengthening of the ionizable side arms resulted in an increase in Hg2+ extraction, as 

compound 39 only loaded Hg2+ to 12%. 

 The p-tert-butylcalix[4]arene-1,3-crown-5 N-(X)sulfonyl carboxamides 45-48 

showed strong complexation of Hg2+.  Compounds 45 (X=methyl), 46 (X=phenyl), and 

47 (X=4-nitrophenyl) all showed Hg2+ loading slightly below the maximum at 90, 92, 

and 91%, respectively.  The ligand acidities for 45-47 were also similar with pH0.5 values 

of 2.2 for 45, 2.2 for 46, and 2.5 for 47.  These results represent a profound improvement 

in Hg2+ extraction over compounds 40-42 containing the shorter side arms, none of which 

loaded Hg2+ above 12%.  Compound 48 with X=trifluoromethyl fully loaded Hg2+ to 

98%, also higher than the shorter side arm compound 43, which loaded to 73%.  

Compound 48 was also more acidic than 43, exhibiting appreciable extraction at pH 1.0 

with a pH0.5 value of 1.6.  Compound 43 did not load Hg2+ significantly below a pH of 

2.0.  Overall, the longer ionizable side arms appear to favor the complexation of Hg2+ for 

the dicarboxylic acid and N-(X)sulfonyl carboxamide p-tert-butylcalix[4]arene-1,3-

crown-5 ligands.  This result suggests the the longer side arms in combination with the 

crown-5 ring form a cavity that is very favorable for the complexation of Hg2+.

 Extraction profiles for the competitive extraction of alkali metal cations by p-tert-

butylcalix[4]arene-1,3-crown-5 compounds 44-48 containing four methylene groups 

between the phenolic oxygens and the ionizable groups are shown in Figure 2.34.  

Extraction data for p-tert-butylcalix[4]arene-1,3-crown-5 compounds 39-43 with the 
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shorter ionizable side arms, provided by Dr. Kazimierz Surowiec, are shown in Figure 

2.35.   

 
Figure 2.34. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
p-tert-butylcalix[4]arene-1,3-crown-5 compounds 44-48.  Aqueous phase, 10 mM each 
alkali metal cation in; Organic phase, 1.00 mM ligand solution in chloroform.   
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Figure 2.35. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
p-tert-butylcalix[4]arene-1,3-crown-5 compounds 39-43.  Aqueous phase, 10 mM in each 
alkali metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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Dicarboxylic acid p-tert-butylcalix[4]arene-1,3-crown-5 compound 44 had a total 

alkali metal cation loading of 77% at a pH of 7.0, above which the alkali metal cation 

extraction began to decrease to about 40% at a pH of 11.5.  Compound 39 with the 

shorter ionizable side arms showed similar extraction behavior, reaching a loading value 

of 83% at pH 7.0, after which the loading dropped to zero at a pH of 11.5.  The pH0.5 

value for compound 44 was 7.0, higher than the 5.9 value seen for compound 39, but the 

acidities of these two compounds may be more similar than the pH0.5 values would 

suggest, as they both began extracting alkali metal cations at around a pH of 6.0.  The 

longer ionizable side arms did result in better ion selectivity.  While both 39 and 44 were 

selective for K+, the shorter side arm compound 39 also had significant extraction of Na+, 

while the longer side arm compound 44 did not show appreciable extraction of any of the 

other alkali metal cations.   

 Extraction of alkali metal cations by p-tert-butylcalix[4]arene-1,3-crown-5 N-

(X)sulfonyl carboxamides 45-48 varied depending on the identity of the X-group.  

Compounds 45 with X=methyl and 47 with X=4-nitrophenyl exhibited less than the 

maximum possible alkali metal cation loading with total loading values of 144% and 

173%, respectively.  Both compounds 46 with X=phenyl and 48 with X=trifluoromethyl 

extracted the maximum amount of alkali metal cations of 200%.  All of the p-tert-

butylcalix[4]arene-1,3-crown-5 N-(X)sulfonyl carboxamides with the longer side arms 

extracted alkali metal cation at higher levels than 40-43 with the shorter side arms.   

 Lengthening the ionizable side arms did result in lower ligand acidity.  The pH0.5 

values for compounds 45-48 decreased as the X-group was varied from methyl (7.3) to 
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phenyl (7.2) to 4-nitrophenyl (5.3) to trifluoromethyl (3.6).  In contrast, shorter side arm 

compounds 40-43 had lower pH0.5 of 6.4 (X=methyl and X=phenyl), 4.9 (X=4-

nitrophenyl), and 1.5 (X=trifluoromethyl).   

 The most striking effect of this structural variation may be seen in the ligand 

selectivities.  For ligands with X=methyl, compound 40 with the shorter side arms 

exhibited selectivity for Na+ with some extraction of K+.  Compound 45 with the longer 

side arms, however, extracted K+ almost exclusively.  For compounds with X=phenyl, 

shorter side arm compound 41 was slightly selective for K+ at pH values above 6.0, but 

initially extracted only Na+ at lower pH values.  Compound 46 containing the longer side 

arms was selective for K+ at all pH values studied, and only extracted the other alkali 

metal cations above pH 8.0.  The same results were seen with compounds 42 and 47 with 

X=4-nitrophenyl.  Compound 42 with the shorter side arms extracted mostly Na+, with 

some K+, while compound 47 with the longer side arms showed strong selectivity for 

K+ with a K+/Li+ ratio of 4.3 and no appreciable extraction of Na+.  For compounds 43 

and 48 with X=trifluoromethyl, there was a large effect on selectivity brought about by 

the lengthening of the ionizable side arms.  Compound 43 with the shorter side arms 

showed strong selectivity for Na+ below pH 7.0, then switched to extracting almost 

exclusively K+ at higher pH values.  Compound 48 with the longer side arms had no 

switch in selectivity, extracting mostly K+, with no other ion loading above 20%.   

 Overall, the p-tert-butylcalix[4]arene-1,3-crown-5 ligands with the longer 

ionizable side arms exhibited better extraction ability for alkali metal cations than those 

with the shorter side arms.  The loading of alkali metal cations for each long side arm 
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compound was higher than that for the short side arm compound with the same ionizable 

group, and the long side arm compounds showed stronger and more consistent selectivity 

for K+.  The only drawback of the lengthening of the ionizable side arms seems to be a 

loss of ligand acidity.  The increased ligand selectivity seen for the ligands with the 

longer side arms may be due to a more restrictive cavity formed around the crown-ether 

ring.  Because both series of ligands exhibit some K+ selectivity, it is probable that the 

size of the crown-5 ring provides a good “fit” for K+.  Steric hindrance provided by the 

longer side arms may enhance this selectivity by further preventing ions that are not as 

well matched to the size of the crown-5 ring from being strongly complexed.  This effect 

would only apply to a single metal ion complexed by the ligand, and this is consistent 

with the K+ loading leveling off at approximately 100% for all of the ligands.  The longer 

side arms may also have resulted in higher total loading of alkali metal cations by 

allowing a second metal ion to more easily bind to the ligand outside of the cavity formed 

by the crown-ether ring because of a more favorable spatial arrangement.   

 Results for the extraction of alkaline earth metal cations by p-tert-

butylcalix[4]arene-1,3-crown-5 compounds 44-48 are shown in Figure 2.36.  For 

comparison, the alkaline earth metal cation extraction results for compounds 39-43 

containing the shorter ionizable side arms are shown in Figure 2.37.  Extraction data for 

compounds 39-43 was provided by Dr. Kazimierz Surowiec.  
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Figure 2.36. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable p-tert-butylcalix[4]arene-1,3-crown-5 compounds 44-48.  Aqueous phase, 2.0 
mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.  
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Figure 2.37. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable p-tert-butylcalix[4]arene-1,3-crown-5 compounds 39-43.  Aqueous phase, 2.0 
mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.  
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Dicarboxylic acid p-tert-butylcalix[4]arene-1,3-crown-5 compound 44 exhibited 

poor extraction of alkaline earth metal cations, loading to only 28% with no selectivity.  

In contrast, compound 39 containing the shorter ionizable side arms loaded alkaline earth 

metals, primarily Ba2+ and Sr2+ to 100%, but only at high pH values above 11.0.   

 The p-tert-butylcalix[4]arene-1,3-crown-5 N-(X)sulfonyl carboxamides 45-48 

showed better alkaline earth metal cation extraction than the dicarboxylic acid, with 

loading that varied with the X-group.  Compound 45 with X=methyl had alkaline earth 

metal cation loading of 79%, lower than the 100% seen for compound 40 with the shorter 

side arms.  Compound 46 with X=phenyl also had lower loading, at 53%, than the short 

side arm compound 41, which loaded to 100%.  Lengthening of the ionizable side arms 

had less of an effect on alkaline earth metal cation loading for compound 47 with X=4-

nitrophenyl, which loaded fully to 98%, similar to the 100% alkaline earth metal cation 

loading seen for compound 42.  Compound 48 with X=trifluoromethyl showed an 

improvement in total alkaline earth metal cation loading with 93% over compound 43 

which had a total loading of 50%.   

 This structural variation also had a detrimental effect on ligand acidity for the N-

(X)sulfonyl carboxamides 45-48.  Compounds 45 (X=methyl), 46 (X=phenyl), and 47 (4-

nitrophenyl) did not show appreciable metal ion extraction below pH 7.0-8.0.  Ligand 48 

with X=trifluoromethyl was more acidic, beginning to extract alkaline earth metal cations 

at pH 4.0.  In contrast, the shorter side armed compounds 40 (X=methyl) and 41 

(X=phenyl) extracted alkaline earth metal ions below pH 6.0.  Compound 42 with X=4-

nitrophenyl exhibited significant extraction at pH>4.0, and 43 with X=trifluoromethyl did 
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so at pH 2.0.  The shorter side arms resulted in better ion selectivity for compounds with 

X=methyl and phenyl.  Both compounds 40 and 41 had Ba2+/Sr2+ ratios above 10, while 

the longer side arm compound 45 showed no selectivity and 46 had a Ba2+/Mg2+ ratio of 

only 2.5.  The selectivity exhibited by the longer side arm compounds improved when the 

X-group was changed to 4-nitrophenyl in compound 47, which had a Ba2+/Mg2+ ratio of 

8.6, still lower than the Ba2+/Sr2+ ratio of 12.7 seen for the short side arm compound 42.  

Both compounds with X=trifluoromethyl showed excellent Ba2+ selectivity with loading 

ratios above 12.  The Ba2+ selectivity of these ligands is consistent with the metal ion 

being complexed within the crown-5 cavity.  These ligands also exhibited selectivity for 

K+ in competitive extractions of alkali metal cations, and Ba2+ and K+ are similar in size.   

 The effect of the additional carbons in the ionizable side arm varied with the 

identity of the X-group.  For X=methyl and phenyl, the shorter side arm compounds were 

more favorable for alkaline earth metal cation extraction, in terms of total loading, ligand 

acidity, and selectivity.  For X=4-nitrophenyl, there was less of an effect on loading and 

selectivity, but the short side arm compound was more acidic.  For X=trifluoromethyl, 

the long side arm compound performed better in terms of loading and selectivity, but was 

not as acidic as the short side arm compound.   
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2.3.6 Di-ionizable p-tert-Butyl-25,27-dibutyoxycalix[4]arene Compounds  

 

 Novel di-ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arenes 49-53 in the cone 

conformation were synthesized as potential metal ion extractants by  Ms. Dongmei Zhang 

and Mr. Larry G. Hines in the Bartsch Research Group.  Similar di-ionizable 25,27-

dibutoxy-p-tert-butylcalix[4]arenes 54-58 in the 1,3-alternate conformation were 

synthesized by Mr. Chunkyung Park and Dr. Vladimir Talanov,  former members of the 

Bartsch Research Group.  The ionizable groups on these ligands included a dicarboxylic 

acid functionality and the N-(X)sulfonyl carboxamide functionality with the X-group 

varied from methyl to phenyl to 4-nitrophenyl to trifluoromethyl.  Structures of 

compounds 49-53 and 54-58 are shown in Figure 2.38.  

 
 
 

 

 
Compound Z Compound 

49 OH 54 
50 NHSO2CH3 55 
51 NHSO2C6H5 56 
52 NHSO2C6H4-4-NO2 57 
53 NHSO2CF3 58 

 
Figure 2.38. Structures of di-ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arenes in the 
cone (49-53) and 1,3-alternate (54-58) conformations.   
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Results for the extractions of Pb2+ vs. the equilibrium pH of the aqueous phase are 

shown for 27,28-dibutoxy-p-tert-butylcalix[4]arenes  49-53 in the cone conformation and 

54-58 in the 1,3-alternate conformation in Figure 2.39. 
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Figure 2.39. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arene 49-53 (left) and 54-58 (right) in 
chloroform.  Aqueous phase, 1.0 mM Pb2+; Organic phase, 0.50 mM ligand. , Z=OH, 
, Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3. 
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The results for the extraction Pb2+ by acid 25,27-dibutoxy-p-tert-

butylcalix[4]arene show that the ligand conformation plays an important role in metal ion 

extraction.  The cone conformer 49 exhibited poor extraction of Pb2+ with a total loading 

of 30%.  The 1,3-alternate compound 54, however, was much more favorable for Pb2+ 

complexation with a total loading of 88%.  Compound 54 in the 1,3-alternate 

conformation was also more acidic than the cone compound 49, extracting Pb2+ at a pH 

value of approximately 3.5.  Compound 49 did not extract Pb2+ at all below a pH of 5.5.   

 Previous studies of 25,27-dibutoxy-calix[4]arene dicarboxylic acids lacking the p-

tert-butyl groups also showed better Pb2+ extraction for the 1,3-alternate conformer than 

for the cone conformer.  These results actually suggested that the partial-cone 

conformation was preferred for Pb2+ extraction, however these extraction studies were 

carried out using dichloroethane as the organic phase instead of chloroform.12 

 For the N-(X)sulfonyl carboxamides, the effect of the ligand conformation 

depended on the X-group.  For compounds 50 and 55 with X=methyl, the cone 

conformer exhibited higher loading of Pb2+ at 84% compared to only 31% for the 1,3-

alternate conformation.  When the X-group was changed to phenyl, the same effect was 

seen.  Cone compound 51 loaded the maximum possible amount of Pb2+ at 100%, while 

the 1,3-alternate compound 56 reached a loading value of only 18%.  There was little 

difference in the total Pb2+ extraction of compounds with X=4-nitrophenyl, as cone 

compound 52 had a total Pb2+ extraction of 91% and 1,3-alternate compound 57 had a 

loading value of 94%.  The conformation effect for the compounds with 

X=trifluoromethyl was unique within the series, as the 1,3-alternate compound 58 was 
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favored for Pb2+ extraction with a loading value of 96%, much higher than that of cone 

compound 53, which loaded to 47%.   

 The 1,3-alternate N-(X)sulfonyl carboxamides were more acidic than the cone 

conformers.  Compounds 50-53 in the cone conformation extracted Pb2+ appreciably only 

at pH values above 4.5-5.5.  Ligands 55-58 in the 1,3-alternate conformation began to 

extract Pb2+ at lower pH values of 2.0-3.5.   

 Overall, for the extraction of Pb2+, the cone conformation was more favorable for 

the less acidic N-(X)sulfonyl carboxamides with X=methyl and phenyl.  The more acidic 

ligands with X=4-nitrophenyl and trifluoromethyl extracted Pb2+ better in the 1,3-

alternate conformation, with higher loading and at lower pH values.  

 Figure 2.40 records the results for the extraction of Hg2+ by 25,27-dibutoxy-p-

tert-butylcalix[4]arenes in the cone and 1,3-alternate conformations.  
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Figure 2.40. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arene 49-53 (left) and 54-58 (right) in 
chloroform.  Aqueous phase, 0.25 mM Hg2+; Organic phase, 0.25 mM ligand. , Z=OH, 
, Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3. 
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Neither of the dicarboxylic acid compounds 49 or 54 showed appreciable 

extraction for Hg2+.  Cone compound 49 had a total Hg2+ extraction of 15% and 1,3-

alternate compound 54 had a slightly higher total extraction of 23%.   

Results for the N-(X)sulfonyl carboxamides reveal that the ligand conformation 

had only a moderate effect on the extraction of Hg2+.  Cone compound 50 with X=methyl 

had a total extraction efficiency of 72%, while the 1,3-alternate compound 55 exhibited 

slightly higher extraction of 84%.  Both compounds with X=methyl had similar acidities, 

as the pH0.5 values for 50 and 55 were 1.6 and 1.8, respectively.  When the X-group was 

changed to phenyl, there was little difference between the cone conformer 51, which had 

a total loading of 100% and a pH0.5 value of 1.8, and the 1,3-alternate conformer 56, 

which had a total loading of 95% and a pH0.5 value of 1.7.  For compounds with X=4-

nitrophenyl, the 1,3-alternate compound 57 had higher loading (99%) than the cone 

conformer 52 (84%), but the cone compound was more acidic with a pH0.5 value of 1.3, 

lower than the value of 1.9 seen for the 1,3-alternate compound.  As with the compounds 

with X=phenyl, ligands 53 and 58 with X=trifluoromethyl had very similar results, 

regardless of the conformation.  Cone compound 53 had a Hg2+ extraction efficiency of 

89% and a pH0.5 value of 2.3, while 1,3-alternate compound 58 had a total loading of 84% 

and a pH0.5 value of 2.0.  The extraction of Hg2+ does not seem to be heavily favored by 

one conformation over another, but the 1,3-alternate conformers did exhibit a slightly 

higher overall loading than the cone conformers.  

 The fact that the N-(X)sulfonyl carboxamides showed such an improvement in 

Hg2+ extraction over the dicarboxylic acids strongly suggests interaction with the softer 
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nitrogen and sulfur atoms present in these pendant groups.  The results showing that the 

conformation of the ligand is not a major factor in Hg2+ extraction also suggest that very 

little interaction takes place between the metal ion and the butoxy groups on the lower 

rim or the aryl groups in the calix[4]arene frame, as the spatial arrangement between 

these groups and the ionizable groups does not appear to affect the ligands’ propensity for 

Hg2+.   

The results for the competitive extraction of alkali metal cations for 25,27-

dibutoxy-p-tert-butylcalix[4]arenes in the cone (Figure 2.41) and 1,3-alternate (Figure 

2.42) conformations are shown below.   
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Figure 2.41. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
25,27-dibutoxy-p-tert-butylcalix[4]arenes 49-53.  Aqueous phase, 10 mM in each alkali 
metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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Figure 2.42. Competitive solvent extraction of alkali metal cations by 1,3-alternate di-
ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arenes 54-58.  Aqueous phase, 10 mM in 
each alkali metal cation; Organic phase, 1.00 mM ligand solution in chloroform.   
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The results of the extraction of alkali metal cations by dicarboxylic acid 25,27-

dibutoxy-p-tert-butylcalix[4]arenes show that a change in ligand conformation does have 

some effect on alkali metal cation complexation.  Compound 49 in the cone conformation 

had slightly higher loading of alkali metal cations at 200% than the 1,3-alternate 

compound 54 did at 176%.  There was not a change in ligand acidity, as both compounds 

had pH0.5 values of 6.8.  The largest difference is seen in the ion selectivity of the ligands.  

Cone conformer 49 extracted significant amounts of both Li+ and Na+.  When the 

conformation was changed to 1,3-alternate, however, ligand 54 extracted Na+ and K+ in 

the pH range 6.0-8.0.  Above pH 8.0, the extraction of K+ decreased significantly, and the 

ligand had a strong selectivity ratio of Na+/K+=5.0 at pH 12.0.    

The N-(X)sulfonyl carboxamides 50-53 and 55-58 also showed high extraction 

efficiency for alkali metal cations.  Cone compounds 51 and 53 with X=phenyl and 

trifluoromethyl both showed the maximum possible loadings of 200% for a monovalent 

metal ion.  Compounds 50 and 52 with X=methyl and 4-nitrophenyl both had slightly 

lower alkali metal cation loadings at 169 and 182%, respectively.  Ligands 55-58 in the 

1,3-alternate conformation all showed full alkali metal cation loading of 200%, regardless 

of the identity of the X-group.   

 The ligand conformation had a minimal effect on the acidity of most of the N-

(X)sulfonyl carboxamides.  The pH0.5 values for the cone compounds 50-53 as X was 

changed from methyl to phenyl to 4-nitrophenyl to trifluoromethyl were 5.7, 5.5, 4.7, and 

7.2, respectively.  For the 1,3-alternate compounds 54-58, the pH0.5 value for ligands with 

X=methyl, phenyl, 4-nitrophenyl, and trifluoromethyl were 6.2, 5.9, 5.0, and 1.9.  The 
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largest difference in acidity between the two conformations was seen in compounds 53 

and 58 with X=trifluoromethyl.  For these ligands, the 1,3-alternate conformation 

produced a much more acidic extractant than the cone comformation.   

 All of the 25,27-dibutoxy-p-tert-butylcalix[4]arene N-(X)sulfonyl carboxamides 

showed a selectivity for Na+ in the competitive extraction of alkali metal cations.  For 

both the cone and 1,3-alternate conformations, ligands with X=methyl and phenyl 

extracted 3-4 times as much Na+ as any other ion.  When the X-group was 4-nitrophenyl, 

the cone compound 52 (Na+/K+=5.0) showed slightly better Na+ extraction than the 1,3-

alternate compound 57 (Na+/K+=3.2).  A larger effect of conformation was again seen in 

the compounds with X=trifluormethyl.  The cone compound 53 extracted significant 

amounts of both Li+ and Na+, and had a Na+/Li+ loading ratio of 1.3. Compound 58 in the 

1,3-alternate conformation extracted no appreciable amounts of Li+, and the loading ratio 

of Na+/Cs+,K+,Rb+ were in the range of 2.5-3.5.   

 Although the effect of the ligand conformation was small for most of the N-

(X)sulfonyl carboxamides, the 1,3-alternate conformation compounds were slightly better 

at extracting alkali metal cations than the cone compounds, especially when 

X=trifluoromethyl.   

Results for the competitive solvent extraction of alkaline earth metal cations by 

25,27-dibutoxy-p-tert-butylcalix[4]arenes in the cone (Figure 2.43) and 1,3-alternate 

(Figure 2.44) conformations are shown below.   
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Figure 2.43. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arenes 49-53.  Aqueous phase, 2.0 mM in 
each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in chloroform.  
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Figure 2.44. Competitive solvent extraction of alkaline earth metal cations by 1,3-
alternate di-ionizable 25,27-dibutoxy-p-tert-butylcalix[4]arenes 54-58.  Aqueous phase, 
2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.  
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Results for the extraction of alkaline earth metal cations by dicarboxylic acid 

compounds 49 and 54 show that the change in conformation does have some impact on 

the metal ion extraction abilities of the ligands.  In this case, the cone conformer 49 

exhibited a higher total alkaline earth metal cation loading of 100%, compared to a 

loading of 83% for the 1,3-alternate compound 54.  The 1,3-alternate conformation, on 

the other hand, resulted in better ion selectivity.  Both compounds extracted Ba2+ better 

than any other ion, but 1,3-alternate compound 54 extracted Ba2+ almost exclusively 

while cone compound 49 also exhibited appreciable extraction of Ca2+ and Sr2+.  The 

acidities of the two compounds were very similar, with both ligands showing alkaline 

earth metal extraction beginning at a pH of 8.0.   

 For the N-(X)sulfonyl carboxamides 50-53 and 54-58, the ligand conformation 

had a profound effect on the extraction of alkaline earth metal cations.  All of the 1,3-

alternate N-(X)sulfonyl carboxamides showed full loading of 100% alkaline earth metal 

cations.  Among the cone conformers, only compound 52 with X=4-nitrophenyl exhibited 

100% loading.  Loading was slightly lower for compound 50 with X=methyl at 85% and 

for compound 51 with X=phenyl at 75%.  The lowest extraction efficiency was seen for 

compound 53 with X=trifluoromethyl at 44%.   

 The effect of conformation on ligand acidity was small for most of the N-

(X)sulfonyl carboxamides.  Both compounds 50 and 55 with X=methyl had pH0.5 values 

of 9.0.  Cone compound 51 with X=phenyl extracted alkaline earth metal cations at pH 

7.0 and the 1,3-alternate compound 56 did so at pH 8.0.  Compounds 52 and 57 with 

X=4-nitrophenyl both extracted alkaline earth metal cations at pH values in the range of 
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7.0-7.5.  There was a very large effect on ligand acidity for compounds 53 and 58 with 

X=trifluoromethyl.  While the cone compound 53 did not extract alkaline earth metal 

cations all all below a pH of 8.0, compound 58 in the 1,3-alternate conformation 

exhibited 100% loading of Ba2+ at all pH values studied.   

 The 1,3-alternate conformation did result in much better ion selectivity over the 

cone conformation for alkaline earth metal cations.  None of the cone N-(X)sulfonyl 

carboxamides 50-53 showed good extraction selectivity.  In contrast, all of the 1,3-

alternate compounds 55-58 were selective for Ba2+.  Compound 55 with X=methyl 

initially extracted primarily Ca2+ at pH<8.0.  At higher pH values, however, the 

selectivity of the ligand switched to Ba2+ and the compound had a Ba2+/Ca2+ loading ratio 

of 4.2 at a pH of 10.0.  Even better selectivity for Ba2+ was observed for compounds 56 

and 57 with X=phenyl and 4-nitrophenyl.  Neither of these ligands extracted a significant 

amount of any ion other than Ba2+.  The best extractant for Ba2+ by far was compound 58 

with X=trifluoromethyl, which extracted only Ba2+ and did so at 100% even at very low 

pH values.  Overall, the 1,3-alternate ligands were more favorable extractants for alkaline 

earth metal cations over the cone ligands, both in terms of total extraction efficiency and 

ion selectivity.   
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2.3.7 Calix[4]arene Compounds with Di-ionizable Groups on the Upper Rim 

 

2.3.7.1 Di-ionizable 1,3-Upper Rim-Functionalized 25,26,27,28-

tetramethoxycalix[4]arenes 

 

 Previous metal ion extraction studies using di-ionizable calix[4]arenes have 

focused primarily on ligands that contain ionizable groups on the lower rim of the 

calix[4]arene structure.   However, it is also possible to modify calix[4]arenes to include 

ionizable groups on the upper rim.  Novel conformationally mobile di-ionizable 1,3-

upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-63 and 64-68 

(Figure 2.45) by Mr. Gaurav Arora, a former member of the Bartsch Research Group.  

Solvent extraction studies were carried out to determine whether these upper rim 

functionalized ligands are efficient at complexing monovalent and divalent metal ions.  

Compounds 64-68 have the ionizable groups placed further from the calix[4]arene 

framework with the addition of an extra methylene group between the aryl rings and the 

pendant ionizable group.   
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Compound Z Compound 

59 OH 64 
60 NHSO2CH3 65 
61 NHSO2C6H5 66 
62 NHSO2C6H4-4-NO2 67 
63 NHSO2CF3 68 

 
Figure 2.45. Structures of di-ionizable 1,3-upper rim-functionalized 25,26,27,28-
tetramethoxycalix[4]arenes 59-63 and 64-68.  
 

 The results for the extraction of Pb2+ by di-ionizable 1,3-upper rim-functionalized 

25,26,27,28-tetramethoxycalix[4]arenes 59-63 and 64-68 are shown in Figure 2.46.  

Because of low ligand solubility, the extraction procedure for compound 68 was modified 

to use a 0.10 mM solution of the ligand in chloroform.  All other solution concentrations 

used were the same as that for other experiments.  
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Figure 2.46. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-
63 (left) and 64-68 (right) in chloroform.  Aqueous phase, 1.0 mM Pb2+; Organic phase, 
0.50 mM ligand for 59-63 and 64-67, 0.10 mM ligand for 68. , Z=OH, , 
Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , Z=NHSO2CF3. 
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The dicarboxylic acid 1,3-upper rim-functionalized 25,26,27,28-

tetramethoxycalix[4]arenes 59 and 64 both showed good ability to extract Pb2+ into the 

aqueous phase.  Both compounds showed full Pb2+ loading of 100%.  Compound 64 

containing the longer ionizable side arm was more acidic, extracting Pb2+ at a pH of 3.0, 

which was almost a full pH unit lower than the pH value at which compound 59 showed 

appreciable extraction of Pb2+.  While both ligands are strong extractants for Pb2+, the 

increased acidity of compound 64 shows that the longer side arms do have a positive 

effect on the Pb2+ extraction ability of the ligand when the ionizable group is the 

dicarboxylic acid functionality.    

 For the N-(X)sulfonyl carboxamides 60-63 with X=methyl, phenyl, and 4-

nitrophenyl, Pb2+ loading was low.  Compound 60 (X=methyl) had a total loading of 13% 

and compound 61 (X=phenyl) had a similar loading value of 9%.  Compound 62 (X=4-

nitrophenyl) had slightly higher Pb2+ loading at 33%.  When the X-group was changed to 

trifluoromethyl, a very significant improvement in Pb2+ extraction was seen, as 

compound 63 had full Pb2+ of 100%, with a pH0.5 of 3.4.  These results show that the 

identity of the ionizable group has a large effect on the ligand’s ability to extract Pb2+, 

and increasing the acidity by employing the highly electron-withdrawing trifluoromethyl 

group can lead to a high affinity for Pb2+ even when similar ligands showed no such 

affinity.  

 Addition of a methylene bridge between the upper rim of the calix[4]arene and 

the ionizable group led to a significant increase in Pb2+ extraction for the N-(X)sulfonyl 

carboxamides 65-67 with X=methyl, phenyl, and 4-nitrophenyl.  All three of these 
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ligands showed full Pb2+ loading of 100%.  Compound 68 with X=trifluoromethyl, 

however, did not exhibit full Pb2+ extraction, with a total loading of only 66%.  This 

compound did have a low solubility in chloroform, which required a procedural 

modification to carry out the extraction, and this could have had an impact on the results.  

The acidity of ligands 65-68 was not strictly consistent with the trend expected based on 

the electron-withdrawing power of the X-group.  Compounds 65 (X=methyl), 67 (X=4-

nitrophenyl), and 68 (X=trifluoromethyl) all showed similar ligand acidity, beginning 

extraction of Pb2+ at a pH of 3.0.  Compound 66 (X=phenyl), which we would expect to 

have an acidity similar to 65 with X=methyl, instead showed much less acidity, 

extracting Pb2+ only at pH values above 4.0.  Except for the compounds with 

X=trifluoromethyl, the N-(X)sulfonyl carboxamides with the longer side arms showed 

much better extraction ability for Pb2+.  This result could stem from any number of 

factors.  If the complex is formed with the Pb2+ resting within the “pocket” formed by the 

calix[4]arene framework with the ionizable groups wrapping over the top, the 

improvement in Pb2+ extraction seen with the longer side arms could be due to the size of 

this pocket being more suited to Pb2+.  It is also possible that the complexed Pb2+ interacts 

primarily with the ionizable chain and not with the phenolic rings, in which case the 

longer side arms would place the Pb2+ further away from the rest of the ligand structure, 

and this could be the preferable arrangement for optimal complexation of Pb2+.   

 `The results for the extraction of Hg2+ by di-ionizable 1,3-upper rim-

functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-63 and 64-68 are shown in 

Figure 2.47.  Because of low ligand solubility in chloroform, the extraction procedure for 
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compound 68 was modified to use a 0.10 mM solution of the ligand in chloroform as the 

organic phase and a 0.10 mM Hg(NO3)2 solution as the aqueous phase.  The remainder of 

the procedure was unchanged for this compound.   
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Figure 2.47. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-
63 (left) and 64-68 (right) in chloroform.  Aqueous phase, 0.25 mM Hg2+ for 59-67 and 
0.10 mM Hg2+ for 68; Organic phase, 0.25 mM ligand for 59-67 and 0.10 mM ligand for 
68. , Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , 
Z=NHSO2CF3. 
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The additional methylene bridge between the upper rim of the calix[4]arene and 

the carboxylic acid functions had a moderate impact on the extraction of Hg2+ for 

compounds 59 and 64.  Neither ligand loaded the maximum possible amount of Hg2+, but 

the 69% loading seen for compound 59 with the shorter side arms was significantly 

higher than the 22% loading exhibited by compound 64 with the longer side arms.  

Regarding the ligand acidity, the pH0.5 values for both compounds were the same at 2.7.  

However, the difference in total loading makes the pH0.5 values less useful in determining 

ligand acidity.  Compound 64 containing the longer side arms did not load Hg2+ at all 

below pH 2.0, while compound 59 with the shorter side arms loaded Hg2+ at a pH slightly 

above 1.0 and had a loading of 15% at pH 2.0.  Thus, even though the pH0.5 values were 

similar, ligand 59 appears to be more acidic.   

 For the 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arene N-

(X)sulfonyl carboxamides 60-63 with the shorter side arms, the extraction of Hg2+ 

depended heavily on the identity of the X-group.  Compound 60 with X=methyl extracted 

half of the maximum possible amount of Hg2+ with 50% loading.  Compounds 61 and 62 

with X=phenyl and 4-nitrophenyl had slightly higher Hg2+ extraction with loading values 

of 76% and 71%, respectively.  Changing the X-group to trifluoromethyl increased the 

Hg2+loading to 90% for compound 63.  Compounds 61 (X=phenyl), 62 (X=4-

nitrophenyl), and 63 (X=trifluoromethyl) exhibited similar ligand acidities with pH0.5 

values in the range of 2.2-2.6.  Compound 60 with X=methyl had a significantly lower 

pH0.5 value of 1.5.  Because the Hg2+ loading for 60 was lower than the other ligands in 

the series, the pH0.5 value alone does not necessarily mean that this compound was more 
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acidic.  However, 60 did show extraction of Hg2+ at 10% at a pH of 0.5, which was not 

seen in the other ligands.  Therefore, even though 60 did not extract Hg2+ as well as 

ligands with other X-groups, it does appear to be the most acidic ligand of the series.   

 Lengthening of the ionizable side arms in compounds 65-68 does appear to have a 

positive effect on Hg2+ extraction efficiency.  Compound 65 with X=methyl had a total 

Hg2+ loading of 84%, significantly higher than the 50% loading seen for compound 60 

with the shorter side arms.  Compounds 66 (X=phenyl) and 67 (X=4-nitrophenyl) also 

had high Hg2+ loading of 93-94%, higher than was seen for the shorter side armed 

compounds with those X-groups.  Compound 68 with X=trifluoromethyl  had full Hg2+ 

loading of 100%, slightly higher than the 90% loading exhibited by compound 63 with 

the shorter side arms.  Along with their very similar loading values, compounds 66 and 

67 with X=phenyl and 4-nitrophenyl also had very similar acidities with pH0.5 values of 

1.9 and 2.1, respectively.  Compound 68 with X=trifluoromethyl had a pH0.5 value of 3.2, 

higher than that of the short-armed 63.  The ligand with X=methyl again had the lowest 

pH0.5 value of the series, at 1.4.  In fact, this compound exhibited Hg2+ loading of around 

20% at the lowest pH value tested, which was about 0.5.  Overall, the compounds with 

the longer side arms were better extractants for Hg2+.   

 Results for the extraction of alkali metal cations by di-ionizable 1,3-upper rim-

functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-63 and 64-68 are shown in 

Figures 2.48 and 2.49.  Because of low ligand solubility in chloroform, the extraction 

procedure for compound 68 was modified to utilize a 0.10 mM ligand solution in 

chloroform as the organic phase.  All other aspects of the procedure were unchanged. 
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Figure 2.48. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-63.  Aqueous 
phase, 10 mM in each alkali metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.   
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Figure 2.49. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 64-68.  Aqueous 
phase, 10 mM in each alkali metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform for 64-67, 0.10 mM ligand solution in chloroform for 68.   
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The length of the ionizable side arms on the upper rim of the 25,26,27,28-

tetramethoxycalix[4]arene dicarboxylic acids 59 and 64 had a profound effect on the 

extraction of alkali metal cations.  While compound 59 with the shorter side arms 

exhibited no appreciable extraction of alkali metal cations, compound 64 with the longer 

side arms had a loading of 164%.  Despite the relatively high alkali metal cation loading, 

compound 64 exhibited no ion selectivity, extracting almost equal amounts of all of the 

metal ions.   

 The 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arene  

N-(X)sulfonyl carboxamides 60-63 with the shorter side arms had varied results for the 

extraction of alkali metal cations, depending on the identity of the X-group.  There was 

no appreciable alkali metal cation loading for compound 60 with X=methyl.  Compounds 

62 (X=4-nitrophenyl) and 63 (X=trifluoromethyl) exhibited approximately half of the 

maximum possible alkali metal cation extraction, with total loading values of 102% and 

118%, respectively.  Compound 61 with X=phenyl had the highest alkali metal cation 

extraction efficiency, with a total loading of 184%.  The acidity of compounds 61-63 

increased with the electron-withdrawing power of the X-group.  The pH0.5 values as the 

X-group was changed from phenyl to 4-nitrophenyl to trifluoromethyl were 8.2, 7.4, and 

4.3, respectively.  These three ligands also exhibited very little ion selectivity.  

Compound 61 with X=phenyl extracted Li+ more than the other ions, but also had an 

appreciable amount of Rb+ extraction.  The loading ratio of Li+/Rb+ was 1.7.  Compound 

63 with X=trifluoromethyl exhibited a similar level of selectivity for Cs+, with a Cs+/Rb+ 

ratio of 1.8.  There was practically no selectivity seen for compound 62 with  
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X=4-nitrophenyl, with roughly equal amounts of K+, Cs+, and Rb+ extracted, and no 

appreciable loading of Na+ or Li+.   

 The 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arene  

N-(X)sulfonyl carboxamides 65-68 with the longer side arms had higher alkali metal 

cation loading than the analogous shorter side arm compounds for all except one of the 

X-groups.  There was a large increase in alkali metal cation loading for compound 65 

(X=methyl) over 60, with a total alkali metal cation loading of 83%.  Loading for 

compound 66 with X=phenyl was the same as the shorter side arm compound 60, at 

182%.  The longer side arms resulted in a significant improvement in extraction 

efficiency for compound 67 (X=4-nitrophenyl), which loaded fully to 200%.  There was 

also an increase in loading to 161% for compound 68 over the shorter side arm 

compound 63.  The acidities of these ligands was also consistent with the electron-

withdrawing power of the X-group, with compounds 65 and 66 with X=methyl and 

phenyl showing similar pH0.5 values of 7.6 and 7.8, respectively.  This value for 66 

represents very little change in acidity from 61 with the shorter side arms.  Compound 67 

with X=4-nitrophenyl was slightly more acidic with a pH0.5 value of 7.2, also very similar 

to the shorter side arm compound 62.  Compound 68 with X=trifluoromethyl was the 

most acidic of the series with a pH0.5 of 6.6, which was significantly higher than the 4.3 

value for compound 63 with the shorter side arms.  None of the longer side arm 1,3-upper 

rim-functionalized 25,26,27,28-tetramethoxycalix[4]arene N-(X)sulfonyl carboxamides 

65-68 exhibited any appreciable ion selectivity, with no loading ratios exceeding 1.5.  In 

regards to extraction efficiency, the longer side arm compounds do appear to be more 
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favorable for alkali metal cation extraction.  There was no significant difference in ligand 

acidity between the two series of compounds, and neither showed good ion selectivity, 

but the longer side arm compounds had even lower selectivity than those with the shorter 

side arms.   

 Results for the extraction of alkaline earth metal cations by 1,3-upper rim-

functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-63 and 64-68 are shown in 

Figures 2.50 and 2.51.  As with the other metal ion extractions, the procedure for 

compound 68 was modified because of low ligand solubility in chloroform.  The organic 

phase for this compound consisted of a 0.10 mM solution of the ligand in chloroform, 

and no other procedural changes were made. 
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Figure 2.50. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 59-63.  
Aqueous phase, 2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform. 
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Figure 2.51. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable 1,3-upper rim-functionalized 25,26,27,28-tetramethoxycalix[4]arenes 64-68.  
Aqueous phase, 2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform for 64-67 and 0.10 mM ligand solution in chloroform for 
68. 
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Neither of the 1,3-upper rim-functionalized 25,26,27,28-

tetramethoxycalix[4]arene dicarboxylic acids exhibited good loading of alkaline earth 

metal cations.  Compound 64 with the shorter side arms had no appreciable alkaline earth 

metal cation loading at all, while compound 59 with the shorter side arms did begin to 

extract alkaline earth metal cations around a pH of 7.5, reaching a total loading of 26%.   

 The N-(X)sulfonyl carboxamides 60-63 with the shorter side arms also exhibited 

poor extraction efficiency for alkaline earth metal cations, with none of the compounds 

loading more than 40%.  The total loading values for these compounds were 25% 

(X=methyl), 39% (X=phenyl), 34% (X=4-nitrophenyl), and 35% (X=trifluoromethyl).  

The ligand acidity for these compounds did increase with the electron-withdrawing 

power of the X-group, with the pH at which appreciable extraction was seen decreasing 

as the X-group was changed from methyl (6.5) to phenyl (6.3) to 4-nitrophenyl (6.0) to 

trifluoromethyl (3.0).  None of the compounds exhibited any ion selectivity. 

 The extraction efficiency for alkaline earth metal cations of the N-(X)sulfonyl 

carboxamides 65-68 with the longer side arms was even lower than the compounds with 

the shorter side arms, with the exception of compound 68 with X=trifluoromethyl.  

Compound 65 with X=methyl had no alkaline earth metal cation loading at all.  

Compounds 66 and 67 with X=phenyl and 4-nitrophenyl did begin to extract small 

amounts of alkaline earth metal cations at high pH values, both reaching loading values 

between 20-25%.  A notable exception to this trend was seen for compound 68 with 

X=trifluormethyl, which loaded fully to 95%.  This ligand also displayed remarkable ion 

selectivity, with the only ion extracted being Ca2+.  While neither the short or long side- 
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armed compounds in these series were good extractants for alkaline earth metal cations, 

the shorter side arm compounds 59-62 were slightly better than their long side arm 

counterparts.  In contrast, the longer side arm compound 68 with X=trifluormethyl was a 

much better extractant for alkaline earth metal cations than the shorter side armed 

compound 63.   

 

2.3.7.2 Di-ionizable 1,3-Upper Rim-Functionalized Calix[4]arene-1,3-crown-5 

Compounds  

 

   Investigation of calix[4]arene ligands with ionizable groups on the upper rim 

continued with the synthesis of novel conformationally mobile 1,3-upper rim 

functionalized calix[4]arene-1,3-crown-5 compounds 69-73 by Mr. Yangfei Yang and 

Mr. Gaurav Arora, former members of the Bartsch Research Group.  The ionizable 

groups include a carboxylic acid functionality and the N-(X)sulfonyl carboxamide 

functionality with the X-group varied from methyl to phenyl to 4-nitrophenyl to 

trifluoromethyl.  The structures for compounds 69-73 are shown in Figure 2.52.  
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Compound Z 

69 OH 
70 NHSO2CH3 
71 NHSO2C6H5 
72 NHSO2C6H4-4-NO2 
73 NHSO2CF3 

 
Figure 2.52. Structures of di-ionizable 1,3-upper rim-functionalized calix[4]arene-1,3-
crown-5 compounds 69-73.   
 

 Results for the extractions of Pb2+ by di-ionizable 1,3-upper rim-functionalized 

calix[4]arene-1,3-crown-5 compounds 69-73 are shown in Figure 2.53.   
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Figure 2.53. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 compounds 69-
73 in chloroform.  Aqueous phase, 1.0 mM Pb2+; Organic phase, 0.50 mM ligand. , 
Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , 
Z=NHSO2CF3. 
 
 The results for the extraction of Pb2+ by 1,3-upper rim functionalized 

calix[4]arene-1,3-crown-5 compounds 69-73 indicate that the identity of the ionizable 

group on the upper rim plays a significant role in determining the extraction efficiency of 

the ligand.  The dicarboxylic acid compound 69 exhibited strong affinity for Pb2+ with a 

total loading of 100% and pH0.5 of 4.7.  The N-(X)sulfonyl carboxamide compound 73 

with X=trifluoromethyl was also able to extract Pb2+, although less efficiently than the 
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dicarboxylic acid, with a total loading of 87%.  Compound 73 was also more acidic than 

the carboxylic acid, as would be expected from a N-(X)sulfonyl carboxamide with a 

highly electron-withdrawing X-group.  The pH0.5 value of compound 73 was 3.9.  Despite 

these two compounds showing a propensity for Pb2+ extraction, the other N-(X)sulfonyl 

carboxamides in the series 70-72 with X=methyl, phenyl, and 4-nitrophenyl exhibited 

poor extraction efficiency for Pb2+ with loading below 15% for all three ligands.   

 These results are remarkably similar to those seen for compounds 59-63, which 

lack the crown-5 ring on the lower rim.  For both series, significant Pb2+ extraction was 

seen only for the dicarboxylic acid and the N-(X)sulfonyl carboxamide with 

X=trifluoromethyl.  This similarity suggests that the metal ion interacts primarily with the 

ionizable groups on the upper rim, and the addition of a crown-ether functionality to the 

lower rim does not significantly enhance the ligands’ ability to extract Pb2+.   

 Results from the extractions of Hg2+ vs. the equilibrium pH of the aqueous phase 

for 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 compounds 69-73 are shown 

in Figure 2.54. 
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Figure 2.54. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 compounds 69-
73 in chloroform.  Aqueous phase, 0.25 mM Hg2+; Organic phase, 0.25 mM ligand. , 
Z=OH, , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , 
Z=NHSO2CF3. 
 
 Extraction profiles for Hg2+ indicate that the identity of the ionizable group is also 

an important factor in the extraction of Hg2+, as was seen for Pb2+.  The dicarboxylic acid 

compound 69 extracted Hg2+ to approximately half of the maximum possible, with a total 

loading of 45% and a pH0.5 value of 1.2.  Among the N-(X)sulfonyl carboxamides, 

compound 70 with X=methyl and 72 with X=4-nitrophenyl exhibited Hg2+ similar to that 

of the dicarboxylic acid, both with total Hg2+ loading of 52%.  The other two N-
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(X)sulfonyl carboxamides 71 and 73 with X=phenyl and trifluoromethyl had higher Hg2+ 

extraction efficiencies of 74% and 79%, respectively.  All of the N-(X)sulfonyl 

carboxamides 70-73 had similar acidities with pH0.5 values is the range of 2.1-2.8.  These 

results indicate that the 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 

compounds do have the ability to extract Hg2+, but do not do so as efficiently as some 

previously studied calix[4]arene-crown ligands with ionizable groups on the lower rim, 

such as compounds 44-48 discussed previously in this chapter.   

 The addition of a crown-ether ring did not increase the ligands’ propensity for 

Hg2+ extraction when compared to 59-63.  In fact, the total Hg2+ loading was lower for 

the crown-5 dicarboxylic acid and the N-(X)sulfonyl carboxamides with X=4-nitrophenyl 

and trifluoromethyl.  As was seen with Pb2+, this lack of improvement in Hg2+ extraction 

suggests that the crown-5 ring does not participate in the metal ion complexation, and 

may actually inhibit extraction to some extent, perhaps by decreasing the flexibility of the 

ligand.   

 Results for the competitive extraction of alkali metal cations by 1,3-upper rim-

functionalized calix[4]arene-1,3-crown-5 compounds 69-73 are shown in Figure 2.55. 
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Figure 2.55. Competitive solvent extraction of alkali metal cations by di-ionizable 1,3-
upper rim-functionalized calix[4]arene-1,3-crown-5 compounds 69-73.  Aqueous phase, 
10 mM in each alkali metal cation; Organic phase, 1.00 mM ligand solution in 
chloroform.   
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For alkali metal cations, the extraction efficiency of the 1,3-upper rim-

functionalized calix[4]arene-1,3-crown-5 compounds 69-73 depends heavily on the 

ionizable groups on each ligand.  The dicarboxylic acid 69 extracted about half of the 

maximum possible of 200% for monovalent ions, with a total alkali metal cation loading 

of 95% and a pH0.5 value of 8.7.  Compound 69 did exhibit selectivity for K+, with Na+ 

being the only other alkali metal cation that showed any extraction.  The K+/Na+ loading 

ratio for compound 69 was 4.1.  The only 1,3-upper rim functionalized calix[4]arene-1,3-

crown-5 N-(X)sulfonyl carboxamide that showed any appreciable extraction of alkali 

metal cations was compound 72 with X=4-nitrophenyl.  This ligand loaded fully to 200% 

and had a pH0.5 value of 6.2.  However, compound 72 exhibited no selectivity, extracting 

equal amounts of K+ and Rb+ with a significant amount of Cs+ being extracted as well.  

This lack of selectivity would seem to limit possible applications of this otherwise 

efficient alkali metal cation extractant.   

 The results for this calix[4]arene-1,3-crown-5 ligand were significantly different 

than those for the non-crown ligands 59-63, although the differences were very 

inconsistent.  The calixcrown performed better than the non-crown compound for the 

dicarboxylic acid and the N-(X)sulfonyl carboxamide with X=4-nitrophenyl.  Conversely, 

the non-crown N-(X)sulfonyl carboxamides with X=phenyl and trifluoromethyl were 

better extractants for alkali metal cations than the crown-5 ligands.  The cause of these 

differences in extraction is unclear.   
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 Results for the competitive solvent extraction of alkaline earth metal cations by 

1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 compounds 69-73 are shown in 

Figure 2.56. 
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Figure 2.56. Competitive solvent extraction of alkaline earth metal cations by di-
ionizable 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 compounds 69-73.  
Aqueous phase, 2.0 mM in each alkaline earth metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform.  
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Di-carboxylic acid 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 69 

exhibited excellent affinity for alkaline earth metal cations, extracting the maximum 

possible of 100%.  Extraction began at a pH of about 6.0, and the pH0.5 value was 6.7.  

Compound 69 showed moderately good selectivity for Mg2+, with an appreciable amount 

of Ca2+ also being extracted.  The loading ratio of Mg2+/Ca2+ was 1.5.   

 All of the 1,3-upper rim-functionalized calix[4]arene-1,3-crown-5 N-(X)sulfonyl 

carboxamides 70-73 also exhibited full loading of 100% alkaline earth metal cations.  

The acidity of the ligands was consistent with the expected increase in acidity as the 

electron-withdrawing power of the X-group increased.  Compounds 70 with X=methyl 

and 71 with X=phenyl had similar pH0.5 values of 7.4 and 7.5 respectively.  Compounds 

72 and 73, which contained the more electron-withdrawing 4-nitrophenyl and 

trifluoromethyl groups were more acidic, with pH0.5 values of 4.1 and 4.0, respectively.  

In contrast to the dicarboxylic acid 69, the N-(X)sulfonyl carboxamides exhibited good 

selectivity for Ba2+.  The loading ratios for Ba2+ ranged from 2.0-3.3 for compounds 70-

73.  The alkaline earth metal cations were the only metal ions that were consistently 

extracted fully by this series of ligands.  This suggests that a divalent, relatively hard ion 

is best suited for complexation by these compounds.    

 Unlike the other metal ions studied, the results for the extraction of alkaline earth 

metal cations clearly demonstrate that the crown-5 ring on the lower rim of the ligand 

structure resulted in a significant improvement in ligand performance.  All of the 

calix[4]arene-1,3-crown-5 compounds had full loading of alkaline earth metal cations 

with good ion selectivity, while the non-crown ligands 59-63 exhibited poor alkaline 
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earth metal extraction with no selectivity.  This strongly suggests that the metal ions 

interact significantly with the crown ether ring when complexed by 69-73.   

 

2.3.7.3 Di-ionizable 1,3-Upper Rim-Functionalized 25,26,27,28-

Tetrabutoxycalix[4]arenes and Di-ionizable 1,3-Upper Rim-Functionalized 25,26,27-

tributoxy-28-methoxycalix[4]arenes 

 

 Another group of upper rim-functionalized calix[4]arene ligands containing 

butoxy groups on the lower rim was synthesized by Mr. Pillhun Son in the Bartsch 

Research Group.  Compounds 74-78 in the cone conformation contained four lower-rim 

butoxy groups.  Compounds 79-83 also contained four butoxy groups, but these ligands 

were in the partial cone conformation with one ionizable group pointing down.  An 

additional ligand 84 in the cone conformation contained three butoxy groups and one 

methoxy group on the lower rim.  The ionizable groups for compounds 74-78 and 79-83 

included a carboxylic acid functionality and the N-(X)sulfonyl carboxamide functionality 

with X=methyl, phenyl, 4-nitrophenyl, and trifluoromethyl.  Only the dicarboxylic acid 

84 was available for that ligand seires.  The structures for compounds 74-84 are shown in 

Figure 2.57.  
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Compound Z Compound  Compound 

74 OH 79  84 
75 NHSO2CH3 80   
76 NHSO2C6H5 81   
77 NHSO2C6H4-4-NO2 82   
78 NHSO2CF3 83   

 

Figure 2.57. Structures of di-ionizable 1,3-upper rim-functionalized 25,26,27,28-
tetrabutoxycalix[4]arenes 74-78 and 79-83 and  di-ionizable 1,3-upper rim-functionalized 
25,26,27-tributoxy-28-methoxycalix[4]arene 84.   
 
 The results for the extractions of Pb2+ by dicarboxylic acids 74, 79, and 84 are 

shown in Figure 2.58.  Extraction results for Pb2+ by N-(X)sulfonyl carboxamides 75-78 

and 80-83 are shown in Figure 2.59.   
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Figure 2.58. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by dicarboxylic acids 74 (), 79 (), and 84 ().  Aqueous phase, 1.0 mM Pb2+; 
Organic phase, 0.50 mM ligand.   
 
 
 All three of the dicarboxylic acid ligands exhibited significant extraction of Pb2+, 

but there were some differences in the extraction efficiency among the compounds.  Cone 

tetrabutoxy compound 74 had the best total extraction of Pb2+ at 91%.  There was a 

decrease in Pb2+ extraction when one lower-rim butoxy group was replaced with a 

methoxy group to form compound 79, resulting in a total Pb2+ loading of 71%.  The 

partial cone compound 84 had the lowest Pb2+ loading of the three, at 61%.  All of the 

79 

74 

84 
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dicarboxylic acid ligands had similar acidities, with extraction of Pb2+ beginning at a pH 

of about 4.0. 
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Figure 2.59. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arenes 75-78 
(left) and 80-83 (right) in chloroform.  Aqueous phase, 1.0 mM Pb2+; Organic phase, 0.50 
mM ligand. , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , 
Z=NHSO2CF3. 

 



Texas Tech University, Jennifer Crawford, December 2010 
 

166 

For the N-(X)sulfonyl carboxamides, the cone conformation was cleary favored 

for Pb2+ complexation.  All of the cone compounds 75-78 had total Pb2+ loading values 

between 90-100%.  The highest loading for the partial cone compounds was 67% for 80 

(X=methyl).  Extraction of Pb2+ decreased as the X-group was changed to phenyl (45%) 

to trifluoromethyl (22%) to 4-nitrophenyl (2%).  The cone ligands were also more acidic 

than their partial cone counterparts.  The partial cone compounds 80 (X=methyl) and 81 

(X=phenyl) showed no loading of Pb2+ below pH 5.5.  Compound 83 with 

X=trifluormethyl was slightly more acidic, extracting some Pb2+ at pH 5.0.   Cone 

compounds 75-77 with X=methyl, phenyl, and 4-nitrophenyl all began to extract Pb2+ at 

pH values between 4.5-5.0.  Compound 78 with X=trifluoromethyl was the most acidic, 

extracting Pb2+ at pH 3.0.   

 Results for the extraction of Hg2+ are shown in Figure 2.60 for dicarboxylic acid 

compounds 74, 79, and 84 and Figure 2.61 for N-(X)sulfonyl carboxamides 75-78 and 

80-83.  
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Figure 2.60. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by dicarboxylic acids 74 (), 79 (), and 84 ().  Aqueous phase, 0.25 mM Hg2+; 
Organic phase, 0.25 mM ligand.   
 
 
 While all three of these dicarboxylic acid ligands extracted appreciable amounts 

of Hg2+, none showed full Hg2+ loading.  The best extractor of Hg2+ was the cone 

tetrabutoxy compound 74, which had a total loading of 66%.  The cone monomethoxy 

compound 84 had a slightly lower Hg2+ loading of 51%.  The partial cone ligand 79 had 

the lowest Hg2+extraction at only 23%.  In terms of ligand acidity, there was not much 

variation between the three ligands.  All of them began to extract Hg2+ at a pH slightly 

74 

79 

84 
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above 2.0, and the extraction levels for each began to level off at a pH of 3.0.  The two 

compounds in the cone conformation, 74 and 84, had very similar pH0.5 values of 3.0 and 

2.8, respectively.  As was seen in the extraction of Pb2+, the cone conformation appears to 

be preferable for Hg2+ extraction, and the ligand with four lower-rim butoxy groups 

resulted in higher loading of Hg2+ than the ligand with three butoxy groups and one 

methoxy group on the lower rim.   
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Figure 2.61. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable 1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arenes 75-78 
(left) and 80-83 (right) in chloroform.  Aqueous phase, 0.25 mM Hg2+; Organic phase, 
0.25 mM ligand. , Z=NHSO2CH3, , Z=NHSO2C6H5, , Z=NHSO2C6H4-4-NO2, , 
Z=NHSO2CF3. 
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The extraction of Hg2+ by cone N-(X)sulfonyl carboxamides 75-78 varied with 

the identity of the X-group.  Compound 75 with X=methyl exhibited relatively poor Hg2+ 

extraction, with a total loading of only 36%.  The Hg2+ loading increased significantly 

when the X-group was changed to phenyl in compound 76, which loaded to 74%.  

Compound 77 with X=4-nitrophenyl had even higher Hg2+ of 92%, and compound 78 

with X-trifluoromethyl had full loading of 100%.  The acidity of the ligands also 

increased with the increasing electron withdrawing power of the X-group.  The pH0.5 

values for 75-78 were all in the range of 2.3-3.0, but did decrease slightly as the X-group 

varied from methyl (2.9) to phenyl (2.8) to 4-nitrophenyl (2.5) to trifluoromethyl (2.3).  

The partial cone compounds 80-83 were poor extractants for Hg2+ compared to their cone 

counterparts.  Compound 80 with X=methyl had a total Hg2+loading of 20%, while 

compounds 81-83 with X=phenyl, 4-nitrophenyl, and trifluoromethyl, respectively, all 

had Hg2+ loading values of 42%.  The poor performance of the partial cone ligands may 

be explained by the placement of the ionizable groups on this conformation.  Because one 

of the upper rim ionizable groups is pointing down in the partial cone ligands, it is less 

likely that the metal ion can interact with both ionizable groups, which could likely 

diminish the ability of the ligand to form a complex with divalent ions.   

  Results for the extraction of alkali metal cations by dicarboxylic acid compounds 

74, 79, and 84 are shown in Figure 2.62.  Because of low solubility in chloroform of 

compound 84, the extraction was performed using a 0.5 mM solution of the ligand.  The 

remainder of the extraction procedure was unchanged. 
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Figure 2.62. Competitive solvent extraction of alkali metal cations by di-ionizable 1,3-
upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene dicarboxylic acids 74, 79, 
and 84.  Aqueous phase, 10 mM in each alkali metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform for 74 and 79, 0.50 mM ligand solution in chloroform for 
84. 
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None of the dicarboxylic acid ligands showed appreciable extraction of alkali 

metal cations at pH values below 9.0, although the results do show some extraction at 

higher pH values.  Cone tetrabutoxy compound 74 exhibited a significant increase in 

loading at higher pH values, reaching a maximum alkali metal cation loading of 131%.  

Cone monomethoxy compound 79 and partial cone compound 84 also had increases in 

extraction at pH>10.0, but the maximum loading value for these ligands was only 40%.  

There was no cation selectivity seen for any of the compounds.  These results would 

indicate that the cone tetrabutoxy ligand is a relatively good extractor for alkali metal 

cations, especially in comparison to the cone monomethoxy and partial cone ligands, but 

it is also possible that the higher loading results seen for 74 were actually due to 

precipitation of the metal ion hydroxides at high pH values.  The sharp increase in 

extraction above pH 9.0 and the lack of metal selectivity would also support this 

reasoning.  It is clear, however, that the cone monomethoxy and partial cone tetrabutoxy 

dicarboxylic acids 79 and 84 are poor extractors of alkali metal cations.   

 Results for the extraction of alkali metal cations by N-(X)sulfonyl carboxamides 

are shown in Figure 2.63 for cone compounds 75-78 and 2.64 for  partial cone 

compounds 80-83.   



Texas Tech University, Jennifer Crawford, December 2010 
 

173 

 
Figure 2.63. Competitive solvent extraction of alkali metal cations by cone di-ionizable 
1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene N-(X)sulfonyl 
carboxamides 75-78.  Aqueous phase, 10 mM in each alkali metal cation; Organic phase, 
1.00 mM ligand solution in chloroform. 
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Figure 2.64. Competitive solvent extraction of alkali metal cations by partial cone di-
ionizable 1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene N-
(X)sulfonyl carboxamides 80-83.  Aqueous phase, 10 mM in each alkali metal cation; 
Organic phase, 1.00 mM ligand solution in chloroform. 
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The extraction of alkali metal cations by the cone N-(X)sulfonyl carboxamides 

75-78 varied somewhat, depending on the X-group.  Compound 75 with X=methyl and 

compound 76 with X=phenyl both exhibited full alkali metal cation loading of 200%.  

Compounds 77 and 78 with X=4-nitrophenyl and trifluorometyl both had a slightly lower 

total loading value of 182%.   The identity of the X-group also had an effect on ligand 

acidity.  Compound 76 (X=phenyl) was the least acidic, with a pH0.5 value of 11.5, 

followed by compound 75 (X=methyl), which had a pH0.5 value of 8.9.  Even though the 

extraction efficiencies of compounds 77 and 78 were lower, these ligands were more 

acidic, with pH0.5 values of 7.4 and 4.6, respectively.  All of these ligands showed similar 

selectivity for Cs+, with Cs+/Rb+ loading ratios in the range of 1.5-2.0.   

 The partial cone N-(X)sulfonyl carboxamides 80-83 exhibited less propensity to 

extract alkali metal cations than their cone counterparts.  Compounds 81 with X=phenyl 

and 82 with X=4-nitrophenyl had similar total loading values of approximately 45%.  

Extraction was higher for compounds 80 with X=methyl (84%) and 83 with 

X=trifluoromethyl (75%).  The majority of the extraction for this series occurred at pH 

values above 10.0.  Compounds 80-82 with X=methyl, phenyl, and 4-nitrophenyl, 

respectively, showed no selectivity for any of the alkali metal cations.  While compound 

83 did not exhibit selectivity for any single alkali metal cation, this ligand extracted only 

Na+ and K+, with no appreciable extraction of the other ions.   

These results clearly indicate that the partial cone conformation is not favorable 

for the complexation of alkali metal cations.  Because the alkali metal cations are 

monovalent, the fact that the ionizable groups are positioned away from each other in the 
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partial cone conformation would likely prevent the formation of a 2:1 complex between 

the ligand and the metal ions.  This would explain why none of the partial cone ligands 

exhibited alkali metal cation loading above 100%.  The fact that none of the compounds 

were able to fully extract the levels of alkali metal cations that would be expected for a 

1:1 complex, however, suggest that there may be additional factors that cause these 

ligands to be poor extractants.   

Results for the extraction of alkaline earth metal cations by dicarboxylic acids 74, 

79, and 84 are shown in Figure 2.65. Because of low solubility in chloroform of 

compound 84, the extraction was performed using a 0.5 mM solution of the ligand.  The 

remainder of the extraction procedure was unchanged.   
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Figure 2.65. Competitive solvent extraction of alkaline earth metal cations by di-
ionizable 1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene dicarboxylic 
acids 74, 79, and 84.  Aqueous phase, 2.0 mM in each alkaline earth metal cation; 
Organic phase, 1.00 mM ligand solution in chloroform. 
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The results indicate that the conformation of the ligand had a profound effect on 

the extraction of alkaline earth metal cations.  Cone compounds 74 and 84 both exhibited 

full loading of 100%, while partial cone compound 79 had no appreciable alkaline earth 

metal cation loading.  The lower-rim alkoxy groups had a very small effect on ligand 

acidity. The tetrabutoxy ligand 74 began to extract Ca2+ around pH 6.0, while the slightly 

more acidic monomethoxy ligand 84 exhibited Ca2+ extraction beginning at pH 5.0.  Both 

of the cone compounds showed initial selectivity for Ca2+ below pH 8.0.  Tetrabutoxy 

compound 74 showed almost equal extraction of Ca2+ and Mg2+ above pH 8.0.  Similarly, 

monomethoxy compound 84 began to extract Ba2+ around pH 8.0, but the Ca2+/Ba2+ 

loading ratio was 2.0 even at this higher pH value.   

 Results for the extraction of alkaline earth metal cations by di-ionizable 1,3-upper 

rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene N-(X)sulfonyl carboxamides are 

shown in Figure 2.66 for cone compounds 75-78 and in Figure 2.67 for partial cone 

compounds 80-83.   
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Figure 2.66. Competitive solvent extraction of alkaline earth metal cations by cone di-
ionizable 1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene N-
(X)sulfonyl carboxamides 75-78.  Aqueous phase, 2.0 mM alkaline earth metal cation in 
each; Organic phase, 1.00 mM ligand solution in chloroform. 
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Figure 2.67. Competitive solvent extraction of alkaline earth metal cations by partial cone 
di-ionizable 1,3-upper rim-functionalized 25,26,27,28-tetrabutoxycalix[4]arene N-
(X)sulfonyl carboxamides 80-83.  Aqueous phase, 2.0 mM alkaline earth metal cation in 
each; Organic phase, 1.00 mM ligand solution in chloroform. 
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All of the cone compounds 75-78 loaded alkaline earth metal cations to the 

maximum possible of 100% except for compound 75 with X=methyl.  The loading for 75 

was only 60%, most of which occurred only at pH values above 7.0.  Among the three 

compounds with 100% loading, the ligand acidity increased with the electron 

withdrawing power of the X-group.  The pH0.5 values were 6.7 (X=phenyl), 5.1 (X=4-

nitrophenyl), and 3.8 (X=trifluoromethyl).  The three compounds did exhibit different 

degrees of selectivity, although all of them extracted Ba2+ more than any other ion.  

Compound 76 with X=phenyl extracted approximately twice as much Ba2+ as Sr2+.  The 

selectivity was lower for compound 77 with X=4-nitrophenyl, which extracted only 

slightly more Ba2+ than Sr2+, with a Ba2+/Sr2+ ratio of 1.2.  Compound 78 with 

X=trifluoromethyl exhibited good Ba2+ selectivity, extracting more than three times more 

Ba2+ than Sr2+.   

 Unlike their cone counterparts, the partial cone compounds 80-83 showed no 

appreciable extraction of alkaline earth metal cations.  The poor extraction efficiency of 

these partial cone ligands for all of the studied divalent metal ions when compared to 

ligands in the cone conformation strongly suggests that both of the upper-rim ionizable 

groups need to be oriented in the same direction in order to form a complex with the 

metal ions.  This result also suggests that the metal ions interact primarily with the upper 

rim of the calixarene structure, where the ionizable groups are located in the cone 

conformers.   
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2.4 Chapter Summary 

 

 Solvent extraction studies were carried out to determine the effect of structural 

properties on the ability of calix[4]arenes to extract lead, mercury, alkali metal, and 

alkaline earth metal cations into chloroform.  Using a series of systematic structural 

variations, novel di-ionizable calix[4]arene ligands were investigated in order to elucidate 

the effect of lower and upper rim functionalization, ligand conformation, and ionizable 

pendant group identity on metal ion extraction efficiency.   
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CHAPTER 3 

METAL ION EXTRACTION WITH DI-IONIZABLE LIPOPHILIC ACYCLIC 

POLYETHERS 

 

3.1 Introduction 

 

 The Bartsch Research Group has previously investigated several acyclic polyether 

dicarboxylic acid ligands with various end groups as potential extractants for metal ions.  

These studies indicate that compounds containing four oxygen atoms in the polyether 

chain exhibit high extraction propensity for alkaline earth metal cations with good 

selectivity for Ba2+.1,2  Other similar ligands have also shown a high extraction ability for 

Ra2+, indicating a potential application for the treatment of nuclear waste material.3,4 

 In order to further investigate the potential for this class of ligands as extractants 

for divalent metal ions, three series of novel di-ionizable lipophilic polyethers were 

utilized in solvent extraction studies of Pb2+, Hg2+, and alkaline earth metal cations.  

These ligands involved various ionizable groups, including a dicarboxylic acid 

functionality and the acidity “tunable” N-(X)sulfonyl carboxamide group with X varied 

from methyl to phenyl to 4-nitrophenyl to trifluoromethyl.  The effect of the end group on 

ligand efficiency was also investigated.   
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3.2 Experimental 

 

3.2.1 Solvent Extraction of Lead(II) and Mercury(II) 

 

 The procedures utilized for the extraction of Pb2+ and Hg2+ from aqueous solution 

into chloroform by the lipophilic acyclic polyethers were identical to those employed for 

the calix[4]arenes, as described in Chapter 2.  Measurement of Hg2+ concentration was 

performed using the atomic absorption spectrophotometric method as described in 

Section 2.2.3.4.  

 

3.2.2 Competitive Solvent Extraction of Alkaline Earth Metal Cations Combined with 

Ion Chromatography 

 

3.2.2.1 Reagents 

 

 Strontium chloride hexahydrate (99%), and barium chloride were purchased from 

Acros. Magnesium chloride hexahydrate (99%), and calcium chloride dihydrate (98+%) 

were obtained from Aldrich.  Barium hydroxide octohydrate was obtained from MCB 

reagents.  A laboratory built system of three Barnstead combination ion-exchange 

cartridges in series was used to produce deionized water.  Hydrochloric acid was obtained 

from Fisher and diluted using DI water.  Chloroform (ACS grade) was obtained from 

EMD and shaken with deionized water to extract water-soluble contaminants prior to use.   
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3.2.2.2 Extraction Method 

 

Thirteen samples were prepared in conical polypropylene tubes (15 mL, Becton 

Dickinson) with 2.0 mL of organic phase made (a 1.0 mM solution of the ligand in 

chloroform) and 2.0 mL of an aqueous phase that was pH adjusted according to Table 

3.1.   The alkaline earth metal cation mixtures were 40 mM in MgCl2, CaCl2, SrCl2, and 

BaCl2 (AEMC Mixture 4) or 40 mM in MgCl2, CaCl2, and SrCl2 and 20 mM in BaCl2 

(AEMC Mixture 3).   

Table 3.1. Preparation of samples for alkaline earth metal cation extraction experiments 

 

 

 

 

 

No. 
AEMC 

Mix Used 
(1.00 mL) 

Vol. of HCl 
Vol. of 

H2O 
(mL) 

Vol. of 10 mM 
Ba(OH)2 

(mL) 

Vol. of  10 mM 
BaCl2 
(mL) 

1 4 1.00 mL of 0.01 M ---- ---- ---- 
2 4 0.20 mL of 0.01 M 0.80  ---- ---- 
3 4 ---- 1.00  ---- ---- 
4 3 ---- ---- 0.040 0.96  
5 3 ---- ---- 0.10  0.90  
6 3 ---- ---- 0.16  0.84  
7 3 ---- ---- 0.20  0.80  
8 3 ---- ---- 0.30  0.70  
9 3 ---- ---- 0.34  0.66  
10 3 ---- ---- 0.40  0.60  
11 3 ---- ---- 0.50  0.50  
12 3 ---- ---- 0.60  0.40  
13 3 ---- ---- 0.70  0.30 
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3.2.2.3 Ion Chromatography 

 

The concentrations of the cations in the diluted samples were determined using a 

Dionex DX-120 ion chromatograph with a Dionex CSRS Ultra II 4 mm suppressor and a 

CS12A 4 x 250 mm column.  The eluent was 0.026 M methanesulfonic acid, which was   

filtered and aspirated using a Millipore 0.22 µM membrane. Peaknet software utilizing a 

custom integration method was used to determine the peak areas for each cation.  A 

standard solution of 0.10 mM NaCl, MgCl2, CaCl2, SrCl2, and BaCl2  was used for single 

point calibration of the peak areas to determine the concentrations of the cations.  Sodium 

chloride was added to the standard solution to determine the amount of sodium ion 

contamination in the samples.  Metal loading (ML) of the ligand was calculated using 

Equation 3.1.  The middle portion of the equation was used in all instances for AEMC 

extraction experiments.  

(3.1) 

 

 

 

where nM,org is the final metal ion amount in the organic phase (moles), ni
ligand,org is the 

initial amount of ligand in the organic phase, and ni
M,aq and nM,aq are the initial and final 

metal ion amounts in the aqueous phase, respectively.    
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3.3 Results and Discussion 

 

3.3.1 Compounds 

 

 Novel di-ionizable lipophilic acyclic polyethers were synthesized by Ms. 

Dongmei Zhang, a previous member of the Bartsch Research Group, as potential 

extractants of divalent metal ions.  All of the ligands contained a common polyether unit 

of –O(CH2CH2O)3- between naphthalene-based end groups.  The ligands also contained 

various ionizable groups, including a carboxylic acid function and N-(X)sulfonyl 

carboxamide groups with X=methyl, phenyl, 4-nitrophenyl, and trifluoromethyl.  In order 

to investigate the effect of structural variation in the end group on extraction efficiency, 

systematic changes to the ligand structure were made in for each series.  Series 1 (85-88) 

contained naphthalene end groups that were partially reduced to form the ligands in 

Series 2 (89-93).  For Series 3 (94-98), the attachment site of the naphthalene end groups 

was changed.  Unfortunately, the ligand with X=4-nitrophenyl for Series 1 could not be 

synthesized.  The structures for compounds 85-88, 89-93, and 94-98 are shown in Figure 

3.1.   

 

 

 

 

 



Texas Tech University, Jennifer Crawford, December 2010 
 

189 

 
 

Series 1 

 
 

Series 2 
Z  Z  

OH 85 OH 89 
NHSO2CH3 86 NHSO2CH3 90 
NHSO2C6H5 87 NHSO2C6H5 91 
NHSO2CF3 88 NHSO2C6H4-4-NO2 92 

  NHSO2CF3 93 
 

 
 

Series 3 
Z  

OH 94 
NHSO2CH3 95 
NHSO2C6H5 96 

NHSO2C6H4-4-NO2 97 
NHSO2CF3 98 

 
Figure 3.1. Structures of di-ionizable acyclic polyethers 85-88, 89-93, and 94-98.   
 

3.3.2 Solvent Extraction of Lead(II) into Chloroform by Di-ionizable Acyclic Polyethers 

 

 Results for the extractions of Pb2+ by acyclic polyether dicarboxylic acids 85, 89, 

and 94 are shown in Figure 3.2.   
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Figure 3.2.  Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable acyclic polyether dicarboxylic acids 85 (--), 89 (--), and 94 (--).  
Aqueous phase, 0.50 mM Pb2+; Organic phase, 0.50 mM ligand solution in chloroform.  
 

 For all three ligands, Pb2+ extraction was negligible at pH values below 3.5, 

demonstrating that the neutral ligands are poor extractants for Pb2+.  At higher pH values, 

however, all of the ligands exhibited Pb2+ loading of 100%, consistent with the formation 

of a 1:1 ligand/metal ion complex.  The acidities of the compounds differed slightly, 

however, with compound 89 reaching maximum loading at a pH of approximately 5.8, 

and compound 85 reaching maximum Pb2+ loading at a pH of 4.8.  The best extractant of 

85 

89 

94 
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the three ligands was compound 94, which reached 100% Pb2+ extraction at a pH of 

approximately 4.0.   

 These results indicate that the partial reduction of the naphthalene end groups 

diminishes the ligand’s ability to complex Pb2+ to some extent, as this ligand performed 

the poorest of the three.  The arrangement of the end groups in compound 94 appears to 

be the most favorable for Pb2+ extraction.  All of the ligands, however, are good 

extractants for Pb2+.   

 Results for the extractions of Pb2+ by acyclic polyether N-(X)sulfonyl 

carboxamides 86-88, 90-93, and 95-98 are shown in Figure 3.3.     
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Figure 3.3. Loading of Pb2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable acyclic polyether N-(X)sulfonyl carboxamides 86-88 (--), 90-93  
(--), and 95-98 (--).  Aqueous phase, 0.50 mM Pb2+; Organic phase, 0.50 mM ligand 
solution in chloroform. 
 

  

86-88 90-93 

95-98 
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Overall, the N-(X)sulfonyl carboxamides were poorer extractants for Pb2+ than the 

analogous carboxylic acids.  For the compounds with X=methyl, 95 had the highest Pb2+ 

loading at 77%, and 86 had a slightly lower loading of 67%.  Compound 90 was the 

poorest of the three ligands with a loading of 53%.  All three compounds with X=methyl 

began to extract Pb2+ at pH values between 4.0-4.5.  For compounds with X=phenyl, 87 

had the highest loading at 68%, followed by 96 with a total Pb2+ loading of 60% and 91 

at 44%.  Compounds 87 and 91 had similar acidities, beginning to extract appreciable 

amounts of Pb2+ at a pH of 5.5, and 96 was more acidic, extracting Pb2+ beginning at pH 

4.5.  There was a larger X-group effect seen for the two ligands with X=4-nitrophenyl.  

These ligands had similar total loading values of 75-80%, but compound 97 extracted 

Pb2+  at a pH of 3.5, while 92 did not extract appreciable amounts of Pb2+ below pH 5.5.  

Unlike the other N-(X)sulfonyl carboxamides, the ligands with X=trifluoromethyl 

performed almost as well as the analogous dicarboxylic acids.  The extraction profiles for 

93 and 98 were almost identical, with total Pb2+ loading of 90%, extracting Pb2+ at a pH 

of 3.0.  Compound 98 was the best Pb2+ extractant of all the ligands investigated, with full 

Pb2+ loading of 100% with extraction beginning at pH 3.0.   

 In general, taking into account total Pb2+ loading and ligand acidity, the extraction 

ability of the compounds increased in the order of Series 2 < Series 1 < Series 3, as was 

seen for the dicarboxylic acids.  Again, it appears that the partial reduction of the 

naphthalene end groups results in a less efficient Pb2+ extractant.   
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3.3.3 Solvent Extraction of Mercury(II) Into Chloroform by Di-ionizable Acyclic 

Polyethers 

 

 Results for the extractions of Hg2+ by acyclic polyether dicarboxylic acids 85, 89, 

and 94 are shown in Figure 3.4.   

 

Figure 3.4. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable acyclic polyether dicarboxylic acids 85 (--), 89 (--), and 94 (--).  
Aqueous phase, 0.25 mM Hg2+; Organic phase, 0.25 mM ligand solution in chloroform. 

 

85 

89 

94 



Texas Tech University, Jennifer Crawford, December 2010 
 

195 

None of the dicarboxylic acid ligands showed good propensity for Hg2+ 

extraction.  Compound 94 had the highest Hg2+ loading of 52%.  The extraction of Hg2+ 

was even lower for 85 and 89 with loading values of 15% and 22% respectively.  

Because Hg2+ is a soft metal ion, the lack of soft donor atoms within the ligand structure 

may prevent the formation of a strong complex between the ligand and the metal ion.  

 Results for the extraction of Hg2+ by acyclic polyether N-(X)sulfonyl 

carboxamides 86-88, 90-93, and 95-98 are shown in Figure 3.5.  
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Figure 3.5. Loading of Hg2+ vs. the equilibrium pH of the aqueous phase for extractions 
by di-ionizable acyclic polyether dicarboxylic acids 86-88 (--), 90-93 (--), and 95-98 
(--).  Aqueous phase, 0.25 mM Hg2+; Organic phase, 0.25 mM ligand solution in 
chloroform.  
 
  

86-88 90-93 

95-98 
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The N-(X)sulfonyl carboxamides performed much better as Hg2+ extractants than 

the dicarboxylic acids.  All of the ligands with X=phenyl, 4-nitrophenyl, and 

trifluoromethyl exhibited full Hg2+ extraction of 100%, consistent with a 1:1 complex 

between the ligand and the metal ion.  The total loading for the ligands with X=methyl 

was only slightly lower, at 84% for 86, 87% for 90, and 94% for 95.  The ligand acidities 

for were very similar for Series 1 and Series 2.  The pH0.5 values for Series 1 ligands 

were 2.2 (X=methyl), 1.8 (X=phenyl), and 2.2 (X=trifluoromethyl).  For Series 2, the 

pH0.5 values were 2.3 (X=methyl), 2.2 (X=phenyl), 1.9 (X=4-nitrophenyl), and 2.2 

(X=trifluoromethyl).  Series 3 ligands were significantly more acidic, especially for 

compound 98 with X=trifluoromethyl.  The pH0.5 values for this series were 1.3 for 

compounds 95-97 with X=methyl, phenyl, and 4-nitrophenyl and 0.60 for 98 with 

X=trifluoromethyl.  Additionally, compound 98 reached full Hg2+ loading of 100% at a 

pH of 2.0, making it an exceptionally good extractant for Hg2+ at acidic pH values.   

 As was seen for the extraction of Pb2+, ligand performance of the N-(X)sulfonyl 

carboxamides was best for Series 3, indicating that the arrangement of the naphthalene 

end groups in these ligands provides a favorable arrangement for the complexation of 

Hg2+.  The relatively poor performance of the dicarboxylic acid ligands, however, also 

reveals that the presence of a soft donor atom within the ionizable group is also required 

for the efficient extraction of Hg2+.   
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3.3.4 Competitive Solvent Extraction of Alkaline Earth Metal Cations Into Chloroform 

by Di-ionizable Acyclic Polyethers 

 

 Results for the extraction of alkaline earth metal cations by acyclic polyether 

dicarboxylic acids 85, 89, and 94 are shown in Figure 3.6. 
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85 89 94 

 

Figure 3.6. Loading of alkaline earth metal cations vs. the equilibrium pH of aqueous 
phase for extractions by di-ionizable acyclic polyether dicarboxylic acids (a) 85, (b) 89, 
and (c) 94.  Aqueous phase, 20 mM in each alkaline earth metal cation; Organic phase,  
1.00 mM ligand solution in chloroform.   
 

 Results for the dicarboxylic acids indicate that the identity of the end group has a 

significant effect on the extraction of alkaline earth metal cations, more than was seen for 

the extractions of Pb2+ and Hg2+.  Compound 89 had the highest extraction of alkaline 
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earth metal cations, with a total loading of 100%, consistent with a 1:1 complex between 

the ligand and the divalent metal ions.  Compound 85 had a lower total loading of 82%, 

and compound 94 performed the poorest with a maximum loading of 49%.  Previously, 

Corey-Pauling-Koltum (CPK) space-filling models of the Ba2+ complex with compound 

85 indicated that polyether oxygens surround the metal ion in a “pseudocyclic planar” 

arrangement, with one carboxylic acid group slightly above and below the plane.2  The 

poor performance of compound 94 may indicate that changing the attachment sites of the 

naphthalene group disrupts this favorable conformation, diminishing the ligand’s ability 

to extract alkaline earth metal cations.   

 The acidities of the three ligands were similar, with none of the ligands exhibiting 

significant extraction of alkaline earth metal cations at pH values below 6.0.  Compound 

89 reached its maximum loading at a pH of approximately 7.5 and 94 did so at a more 

acidic pH of 6.5.  Compound 85 reached maximum alkaline earth metal cation extraction 

at a pH of 9.5, above which the loading dropped at pH 10.0, perhaps due to precipitation 

of hydroxides at high pH values.   

 All of the ligands exhibited selectivity for Ba2+ over the other alkaline earth metal 

cations.  Ligand 89 had extremely good Ba2+ selectivity, with a Ba2+/Ca2+ loading ratio of 

25.  Previous studies on similar acyclic polyethers containing two oxygens in the 

polyether chain indicated that these shorter ligands were selective for Ca2+.1 The Ba2+ 

selectivity of all of the current ligands containing four oxygens in the polyether chain 

suggest that the length of the polyether chain may be the most important factor for ion 

selectivity, rather than other aspects of the ligand structure.   
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 Results for the extractions of alkaline earth metal cations by acyclic polyether N-

(X)sulfonyl carboxamides 86-88 (Figure 3.7), 90-93 (Figure 3.8), and 95-98 (Figure 3.9) 

are shown below.  
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Figure 3.7. Loading of alkaline earth metal cations vs. the equilibrium pH of aqueous 
phase for extractions by di-ionizable acyclic polyether N-(X)sulfonyl carboxamides 86-
88.  Aqueous phase, 20 mM in each alkaline earth metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform.   
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Figure 3.8. Loading of alkaline earth metal cations vs. the equilibrium pH of the aqueous 
phase for extractions by di-ionizable acyclic polyether N-(X)sulfonyl carboxamides 90-
93.  Aqueous phase, 20 mM in each alkaline earth metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform.   
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Figure 3.9. Loading of alkaline earth metal cations vs. the equilibrium pH of the aqueous 
phase for extractions by di-ionizable acyclic polyether N-(X)sulfonyl carboxamides 95-
98.  Aqueous phase, 20 mM in each alkaline earth metal cation; Organic phase, 1.00 mM 
ligand solution in chloroform.   
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 Results for the N-(X)sulfonyl carboxamides indicate that the identity of the X-

group plays a major role in the performance of the ligands for the extraction of alkaline 

earth metal cations.  For Series 1, the extraction of alkaline earth metal cations improved 

as the X-group was changed from trifluoromethyl < phenyl < methyl.   The highest 

loading seen in this series was 86% for 86.  All of the ligands in Series 1 exhibited 

selectivity for Ba2+, but 86 and 88 also showed significant extraction of Mg2+ at higher 

pH values.  The best Ba2+ selectivity was seen for 88 with X=trifluoromethyl below pH 

10.0, with a Ba2+/Sr2+ loading ratio of 12, but this selectivity was lost above pH 10, which 

a Ba2+/Mg2+ ratio of only 1.5 at pH 10.0.  The acidities of 86 and 87 were similar, with 

significant extraction seen at pH 8.0.  Compound 88 was more acidic, extracting 

significant amounts of alkaline earth metal cations at a pH of 4.2.   

 For Series 2, there was less of an effect seen as the X-group was varied.  

Compounds 90, 91, and 92 with X=methyl, phenyl, and 4-nitrophenyl, respectively, all 

had similar loading values of 85-90%.   Compound 93 with X=trifluoromethyl was a 

better extractant, with a maximum loading of 100%.   All of the ligands had an ion 

selectivity order of Ba2+ > Ca2+ > Sr2+ > Mg2+.  The Ba2+ selectivity was best for 

compound 92 with X=4-nitrophenyl, which had a Ba2+/Sr2+ ratio of 15.  For this series, 

the ligand acidities increased as the electron-withdrawing power of the X-group 

increased, with the most acidic ligand 93 exhibiting significant ion loading at a pH of 5.0.   

 For Series 3, the N-(X)sulfonyl carboxamides performed better than their 

dicarboxylic acid counterpart, a result that was not seen for Series 1 or 2.   The ligands 

containing aromatic functionalities in the ionizable groups exhibited the best extraction 
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propensities for alkaline earth metal cations, with total loading values of 100% for 96 

(X=phenyl) and 97 (X=4-nitrophenyl).  These compounds also had very good selectivity 

for Ba2+, with Ba2+/Sr2+ loading ratios of 25.  These results indicate that for this series, 

there is a special interaction between Ba2+ and the aromatic ring in the ionizable group, 

increasing the ligand selectivities.  The extraction efficiency of compound 98 with 

X=trifluoromethyl was also high, with a total loading of 100%.  The selectivity of this 

ligand, however, was not as good as those of 96 and 97, with a Ba2+/Sr2+ ratio of 9.0.  

Interestingly, compound 95 with X=methyl was a poor extractant for alkaline earth metal 

cations, exhibiting a total loading of only 30%.  It is unclear why this compound had such 

a different result from the other ligands in the series.  

 In general, the results for the extraction of alkaline earth metal cations by the 

acyclic polyether N-(X)sulfonyl carboxamides in Series 1, 2, and 3 did not indicate a 

clear trend in the effect of the end group or the X-group identity on ligand performance.  

For compounds with X=phenyl, 4-nitrophenyl, and trifluoromethyl, the ligand efficiency 

increased in the order of Series 1 < Series 2 < Series 3.  The compounds with X=methyl, 

however, showed the opposite trend, with ligand performance increasing from Series 3 < 

Series 2 < Series 1.  It is clear, however, that the ligand conformation when complexing 

Ba2+ is not the same as that proposed for the dicarboxylic acids, as the effect of the end 

group is dramatically different for the N-(X)sulfonyl carboxamides than for the 

dicarboxylic acids.  The N-(X)sulfonyl carboxamides did exhibit the same selectivity for 

Ba2+ as the dicarboxylic acids, further suggesting that the ion selectivity is determined in 

large part by the length of the polyether chain.    
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3.4 Chapter Summary 

 

 The solvent extraction studies included in this chapter indicate that a number of 

factors determine the performance of lipophilic di-ionizable acyclic polyethers in solvent 

extractions of divalent metal ions.  These factors include the structure of the end group 

and the identity of the ionizable group.  Comparison of these results with those from 

previous studies suggests that the length of the polyether chain also plays a large role in 

the selectivity of the ligand in competitive solvent extractions.  The ligands in this study, 

which included four oxygens in the polyether chain, exhibited high selectivity for Ba2+ in 

competitive extractions of alkaline earth metal cations.   Single ion extractions also 

indicate that the ligands studied also have the ability to extract Pb2+ and Hg2+.   Overall, 

the extraction efficiency of the studied ligands increased as the divalent ion was varied 

from Ba2+ < Pb2+ < Hg2+.   
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