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Abstract 

A selection of amino acid functionalised calix[4]arenes was studied. Acidic amino 

acid functionalised calixarenes were investigated as crystal growth modifiers. The 

self-assembly behaviour of proline functionalised calixarenes were also examined. 

Calix[4]arenes functionalised at the wide-rim with acidic amino acids were 

investigated as potential crystal growth modifiers on model mineral systems and 

were compared with previously investigated narrow-rim analogues. This study found 

that the wide-rim aspartic acid and glutamic acid functionalised calix[4]arenes had an 

impact on the morphology of calcium carbonate and barium sulfate. The 

iminodiacetic acid calix[4]arene was found to have minor impact on the morphology 

of calcium carbonate. In comparison with the narrow-rim analogues, the wide-rim 

and narrow-rim aspartic acid calix[4]arenes had similar potency on calcium 

carbonate while the wide-rim glutamic acid calix[4]arene appeared to be more potent 

than the narrow-rim calix[4]arene. Calcium carbonate crystallised in the presence of 

wide-rim aspartic acid and glutamic acid calix[4]arenes and their narrow-rim 

analogues had stepped edges which resembled calcium carbonate found in 

biomineral systems (e.g. mollusc shells). Desupersaturation experiments showed the 

wide-rim aspartic acid calix[4]arene to be a more potent inhibitor of barium sulfate 

crystallisation than the wide-rim glutamic acid calix[4]arene.  

An aqueous solution of L-proline calix[4]arene exhibited surfactant-like properties. 

The self-assembly behaviour of L-proline calix[4]arene in solution was characterised 

by UV-visible and NMR spectroscopy. The critical aggregation concentration of 

L-proline calix[4]arene was determined to be 4–9 mM by monitoring a selection of 

dye compounds using UV-visible spectroscopy. The interaction of L-proline 

calix[4]arene with small molecules and in the presence of electrolytes was also 

characterised by NMR spectroscopy. The 1H NMR spectra of L-proline calix[4]arene 

in the presence of small molecules (tetrahydrofuran, 1-methyl-2-pyrrolidinone, and 

tert-butyl alcohol) suggested that the calixarene was either acting as a host or self-

assembling into larger aggregates. Variable temperature NMR experiments showed 

that these interactions were thermoreversible. 



 Abstract ii 

 

The formation of a hydrogel by proline calix[4]arenes in the presence of electrolytes 

was a serendipitous discovery. Investigations with selected electrolytes showed that 

the anion was the dominant factor in determining if a hydrogel formed, with lesser 

influence from the cation. The thermostability of the calixarene-electrolyte hydrogels 

tended to follow the Hofmeister series, where more stable hydrogels formed in the 

presence of anions towards the chaotropic end of the series. A racemic mixture of the 

proline calixarenes gave a less stable hydrogel compared with hydrogels of the 

enantiopure compounds. The calixarene-electrolyte hydrogels had a fibrous 

appearance, as characterised by atomic force microscopy. Some hydrogels collapsed 

slowly and deposited crystals of sufficient quality for single crystal x-ray 

crystallography. These structures gave some insights into how intermolecular forces 

may give rise to the fibrous gel structures; in particular hydrogen bonds between 

proline moieties, and the inclusion of a proline group into the cavity of a 

neighbouring calixarene, leading to spiral-like structures. A sarcosine functionalised 

calix[4]arene also formed hydrogels upon addition of some electrolytes, whereas the 

proline-functionalised calix[5]arene analogue did not. 

Since a range of hydrogels have been used as matrices to control crystal growth, a 

proline calix[4]arene-lithium nitrate hydrogel was used as a potential template for 

barium sulfate crystallisation. The results suggested that lithium nitrate was the main 

factor in modification of the barium sulfate morphology. The hydrogel did have a 

minor impact by slowing the diffusion of sulfate anions into the barium-containing 

gel phase resulting in smaller particles. 

The versatility of amino acid functionalised calix[4]arenes has been highlighted here. 

Wide-rim functionalised acidic amino acid calix[4]arenes were found to be effective 

crystal growth modifiers; having an impact on the morphology and growth kinetics 

of model crystallisation systems, calcium carbonate and barium sulfate. Interesting 

supramolecular chemistry was observed with proline functionalised calix[4]arenes; 

the proline calixarene interacts with small molecules in solution and either act as a 

host or self-assembles into large aggregates. The formation of proline calix[4]arene 

aggregates is interesting as they give rise to hydrogels in the presence of selected 

electrolytes. 
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1 Calixarenes, Crystallisation, and 
Low Molecular Weight Gelators—an Overview 

1.1 Calixarenes 

1.1.1 Background on calixarenes 

Calixarenes are a class of cyclic oligomers, [1n] metacyclophanes, formed by a 

condensation reaction between a phenol and an aldehyde (Figure 1.1).1–3 Since the 

seminal works by Gutsche,4 there have been numerous publications involving 

calixarenes, including several books devoted to calixarenes.1, 2, 4–11 Furthermore, 

calixarenes can vary in size (by the number of arene units), adopt different conform-

ations, and be readily functionalised. Their structure also allows for some degree of 

control over the spatial arrangement of functional groups or moieties of interest in 

solution. 

 

Figure 1.1 General scheme for the preparation of calix[n]arenes by based condensation of tert-
butylphenol and formaldehyde. M+ is typically an alkali metal such as Na+ or K+. 

Much of the literature involving calixarenes typically employ the more synthetically 

accessible calix[n]arenes, where n = 4, 6, 8. Odd numbered calixarenes (especially 

calix[5]arenes12, 13) and higher calix[n]arenes (where n7) have also been reported. 

It was realised during early research into calixarenes that they could be isolated as 
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different conformational isomers (i.e. conformers).14 Gutsche later coined the terms 

cone, partial cone, 1,3-alternate, and 1,2-alternate (Figure 1.2) to describe the four 

main conformers of calix[4]arenes.4 Calix[4]arenes can be immobilised into these 

conformers by introducing sufficiently large groups to restrict exo- and endo-

intraannular rotation.15, 16 This allows further control over the spatial arrangements of 

functional groups. 

 

Figure 1.2 The main conformational isomers (‘conformers’) of calix[4]arenes: (a) cone; (b) partial 
cone; (c) 1,3-alternate; and (d) 1,2-alternate, where R is a sufficiently bulky group. 

1.1.2 Graphical representation of calixarenes 

There are many schematic representations of calixarenes in the literature. Some of 

the more common forms for the calix[4]arene are shown in Figure 1.3. The bracketed 

forms without a loop (Figure 1.3a) and with a loop (Figure 1.3b) are commonly used 

in the literature. However, the bracketed form without a loop can be confused for the 

acyclic oligomer by readers not familiar with the literature. The three-dimensional 

(Figure 1.3c) and ‘flattened’ (Figure 1.3d) structures are particularly useful for chiral, 

partially substituted, and intra- and intermolecular bridged calixarenes, however it 

becomes cumbersome to draw when the calixarenes are functionalised with large 

bulky substituents. This thesis will primarily use the bracketed form with a loop 

(Figure 1.3b), although other representations of calixarenes will be used where 

appropriate. 
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Figure 1.3 Graphical structural representation of tert-butylcalix[4]arene 1: (a) bracketed form; (b) 
bracketed form with loop to represent cyclic structure of calixarenes; (c) three-
dimensional representation; and (d) ‘flattened’ structure. 

1.1.3 Nomenclature of calixarenes 

The nomenclature of calixarenes in this thesis will follow the International Union of 

Pure and Applied Chemistry’s (IUPAC) recommendations for the nomenclature of 

phanes.17, 18 The phane parent hydride is simplified and numbered according to the 

following precedence rules (taken from IUPAC’s Phane Nomenclature, Part II18) to 

give the lowest locant set: 

1. numbering of the phane parent hydride 

2. heteroatoms introduced by skeletal replacement (‘a’) nomenclature 

3. indicated hydrogen 

4. nondetachable ‘hydro-’/‘dehydro-’ prefixes 

5. principal characteristic group (named as suffix) 

6. unsaturation (‘-ene’/‘-yne’ endings and ‘hydro-’/‘dehydro-’ prefixes) 

7. substituents named as prefixes (alphabetised substituents) 

The following is an example whereby the calix[4]arene 1 (Figure 1.3) is named using 

the phane nomenclature rules. The calix[4]arene 1 is simplified (Figure 1.4) and the 

resulting skeleton is named, cyclooctaphane, and numbered. The atoms of the 

amplificants (the result of amplification of the superatoms) are then numbered to 

give the lowest attachment locant set with preference for the lowest attachment 

locant to be adjacent to the lower amplificant locant. This gives a phane parent 

hydride name of 1,3,5,7(1,3)-tetrabenzenacyclooctaphane. 
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Figure 1.4 Numbering of the phane parent hydride using the recommendations from IUPAC’s Phane 
Nomenclature, Part II.18 Each black circle (●) represents a superatom (a phenarene 
moiety). Bold numbers are for the phane parent hydride and smaller numbers are for the 
amplificants. 

The characteristic groups are then appended to the name by skeletal replacement 

nomenclature.19 Here, the –OH, the principal characteristic group, is the suffix while 

the tert-butyl group is a prefix. The locant of the characteristic group is denoted in 

superscript after the amplificant locant to which it is attached (Figure 1.5). The full 

name of the calix[4]arene 1 (Figure 1.6) is 15,35,55,75-tetra-tert-butyl-1,3,5,7(1,3)-

tetrabenzenacyclooctaphane-12,32,52,72-tetrol. The parent hydride name, 1,3,5,7(1,3)-

tetrabenzenacyclooctaphane, can be substituted with ‘calix[4]arene’ to give a more 

recognisable name, 15,35,55,75-tetra-tert-butylcalix[4]arene-12,32,52,72-tetrol. IUPAC 

nomenclature can become unwieldy, especially for macrocyclic structures, so the use 

of the full IUPAC name will be limited in preference for the numbered structures. 

15,35,55,75-tetra-tert-butyl-1,3,5,7(1,3)-tetrabenzenacyclooctaphane-12,32,52,72-tetrol

characteristic group characteristic groupattachment locant

amplificant locants

15,35,55,75-tetra-tert-butyl-1,3,5,7(1,3)-tetrabenzenacyclooctaphane-12,32,52,72-tetrol

characteristic group characteristic groupattachment locant

amplificant locants

 
Figure 1.5 The constituents of an IUPAC name (using phane nomenclature) for calix[4]arene 1. 
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Figure 1.6 The IUPAC name for calix[4]arene 1, based on phane nomencalture. Substitution of the 
phane parent name with ‘calix[4]arene’ gives a more familiar calixarene name. 

The IUPAC nomenclature system for phanes had not been developed during the early 

days of calixarene research, therefore much of the literature still uses the original 

numbering system applied by Gutsche (Figure 1.7).1 This numbering scheme was 

based on that used by the Chemical Abstracts Service (CAS). The recent systematic 

name assigned to calix[4]arene 1 by CAS is pentacyclo[19.3.1.13,7.19,13.115,19]-

octacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-dodecaene-25,26,27,28-

tetrol, 5,11,17,23-tetrakis(1,1-dimethylethyl) (for CAS registry number 60705-62-6). 

 

Figure 1.7 Gutsche’s1 numbering scheme for calixarene 1. 

Although a calixarene resembles a Greek calyx krater (a vase), it is not always 

practical to refer to the ‘upper-rim’ and ‘lower-rim’ of a calixarene (Figure 1.8). The 

upper-rim and lower-rim are also designated exo-rim (away from the annulus) and 

endo-rim (towards the annulus) respectively. Böhmer20 introduced orientation-

independent terms ‘wide-rim’ and ‘narrow-rim’ in place of upper-rim and lower-rim 
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respectively to avoid confusion. Therefore, ‘wide-rim’ and ‘narrow-rim’ are the 

preferred terms in this thesis. 

 

Figure 1.8 Designation of the rims of a calix[4]arene. The preferred terminology in this thesis is 
‘wide-rim’ and ‘narrow-rim’. 

1.1.4 Selected methods of functionalising calixarenes 

Borrowing from Gutche’s idea of embroidering calixarene ‘baskets’,1 some literature 

examples of functionalising calixarenes will be presented here. The examples will 

explore functionalising the calixarene at both the wide- and narrow-rims of the 

calix[4]arenes in the cone conformation and to a lesser extent at the methylenes. 

Calixarenes are derived from phenols and they inherit many of the chemical 

characteristics of phenols. Therefore, calixarenes can be functionalised much like a 

phenol (Scheme 1.1) by electrophilic aromatic substitution (EAS) and esterification 

and alkylation of the phenol.21 Because most calixarenes are prepared from p-tert-

butylphenol, the tert-butyl group is removed to allow EAS to occur at the para 

position. Functional groups can also be introduced onto the methylene bridges of 

calixarenes. Similar to phenols, the arene groups of calixarenes can be oxidised 

under mild conditions. 
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Scheme 1.1 Generic schemes for the main methods of functionalising calixarenes: electrophilic sub-
stitution at the wide-rim, nucleophilic substitution at the methylene, and esterification 
and etherification of the phenols. 

It is not practical to review all the synthetic methodologies which have been used for 

the functionalisation of calixarenes. More detailed reviews of synthetic strategies can 

be found elsewhere.1, 11, 21, 22 Scheme 1.2 illustrates a small selection of the large 

number of possible functionalities that can be introduced on to debutylated 

calix[4]arene 2. The phenolic moieties can be oxidised to their para-quinones under 

mild oxidising conditions. Electrophilic aromatic substitutions at the position para to 

the phenol gives access to a wide range of compounds, including sulfonates, azo 

compounds, and amines (via reduction of a nitrated calix[4]arene) at the wide-rim. 

Methylation of the aminomethylene gives a good leaving group which allows for 

nucleophilic substitution of the ammonium group. Alkylation of the phenol with an 

allyl group allows access to alkene chemistry23 at the narrow-rim. A Claisen-Cope 

rearrangement24 will allow the same at the wide-rim. Alkylation of the phenol with 

ethyl haloacetate followed by hydrolysis of the ester introduces carboxylic acid 

chemistry at the narrow-rim (refer to section 1.1.4.2 for carboxylic acids at the wide-
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rim). Alkylation of the phenols with a sufficiently bulky group locks the 

conformation of the calix[4]arene and protects the phenol at later stages of the 

synthesis. 
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CH2
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R2 = alkyl
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2

 

Scheme 1.2 Potential reactions of debutylated-calixarenes at the wide- and narrow-rims. 
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1.1.4.1 Reactions at the phenol: narrow-rim functionalisation 

Alkylation of the phenol groups of calix[4]arenes allows the calixarene to be 

immobilised in a particular conformation, alters the calixarene’s solubility in 

solvents, or direct attachment of more complex molecules to the narrow-rim. 

Typically, a calixarene is alkylated using an alkyl halide in the presence of a base 

(Scheme 1.3). The base used is dependent on the desired conformer25 or degree of 

alkylation.26 Iwamoto and Shinkai25 also found that the proportions of the various 

conformers obtained (cone, partial cone, and 1,3-alternate) were dependent on the 

solvent, temperature of the reaction, reaction time, and the alkali cation.27 The 

1,2-alternate conformer is the least accessible28 of the four conformers of 

calix[4]arenes, however Lhoták et al.29 have described multi-gram scale preparations 

for the 1,2-alternate conformers of the tert-butylcalix[4]arene 1 (Scheme 1.4). The 

phenol groups can also be esterified by treatment with acid chlorides or anhydrides. 

Esterification is commonly used to protect the phenols (for example, Scheme 1.8). 

 

Scheme 1.3 Direct alkylation of calix[4]arenes 1 and 2 with ethyl bromoacetate or propyl bromide. 
Refer to references for base, solvent, and full reaction conditions.25, 27 

 

Scheme 1.4 Selected reaction condition (not the optimal condition but financially sound) 
investigated by Lhoták et al.29 for the preparation of the 1,2-alternate conformation of a 
calix[4]arene. 
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Lalor et al.30 prepared ‘multi-calixarenes’ 55a,b and 56a (refer to Figure 1.22, for full 

structures) by linking calix[4]arenes through the phenols at the narrow-rim and 

exploiting some of the conformers of calix[4]arenes. The selectively tris-alkylated31 

calix[4]arene 6 was alkylated with N-(3-bromopropyl)phthalimide in the presence of 

NaH to give the cone calix[4]arene 7. Ipso-nitration of the para-position of the arene 

unit followed by reduction of p-nitrocalix[4]arene 8 gave the p-aminocalix[4]arene 9. 

The wide-rim amines were protected with a Boc group or functionalised with Boc-

protected glycine to give calix[4]arenes 10a and 10b respectively. The narrow-rim 

monoalkylamine was then deprotected to give calixarenes 11a,b. Further 

functionalisation gave the desired multi-calixarenes. 

 

Scheme 1.5 Part of a synthetic sequence used in the preparation of dendritic ‘multi-calixarenes’ 
55a,b and 56a by Lalor et al.30 (refer to Figure 1.22 for the full chemical structure). 
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1.1.4.2 Functionalisation of the wide-rim 

Nearly all the chemistry of the calixarenes of interest in this work occurs at the wide-

rim. As such, more attention will be paid to synthesis at the wide-rim, in particular 

with protected phenols. From the handful of reactions shown in Scheme 1.6, it is 

evident that a range of synthetic chemistry can occur at the wide-rim of calixarenes 

giving access to a wide range of molecular functionality. The tetraalkylated 

calixarene can be halogenated at the para-position. Substitution of the para-

halogenated calixarene with copper(I) cyanide gives a nitrile32 which allows access 

to tetrazoles.33, 34 Like other aryl halides, the halogenated calixarene can undergo 

cross-coupling reactions.35 Likewise, potential boronic acid-functionalised calix-

arenes can also undergo cross-coupling reactions. Lithiated calixarenes can undergo 

nucleophilic substitution and are used to prepare boronic acids. Reaction of lithiated 

calixarenes with carbon dioxide give carboxylic acids.36 Carboxylic acids can also be 

prepared by hydrolysis of a nitrile or oxidation37, 38 of an aldehyde39 (prepared by a 

Duff reaction40 from the tetraalkylated calixarene). The remainder of this section 

explores more specific examples of chemistry at the wide-rim of calixarenes. 
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Scheme 1.6 Potential reactions at the wide-rim of phenol-protected calixarenes. 
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Amphiphilic calix[4]arenes 13a,b and 14a,b were prepared by Strobel et al.36 using 

different methods at the wide-rim. Calix[4]arenes 13a,b (with ammonium groups) 

were prepared by first generating the chloromethyl calix[4]arene and then a 

nucleophilic substitution with trimethylamine. This two-step method allows for 

aminomethylation of phenyl alkyl ethers whereas no product is obtained under 

Mannich conditions (refer to section 2.3 for more information). Calix[4]arenes 14a,b 

(with carboxylic acid groups at the para-position) were prepared by reacting carbon 

dioxide with lithiated calix[4]arene. 

 

Scheme 1.7 Chloromethylation of calix[4]arene 12a,b followed by an SN2 substitution by trimethyl-
amine to give the ammonium calix[4]arene 13a,b. Bromination of calix[4]arene 12a,b 
followed by lithiation and reaction with carbon dioxide gave the carboxylated 
calix[4]arene 14a,b.36 

Martin and Raston41 prepared a series of p-phosphonic acid calix[n]arenes (where 

n = 4, 5, 6, 8). An example of the calix[4]arene is shown in Scheme 1.8 (this scheme 

is applicable to the other calix[n]arenes). Here, the authors brominated the wide-rim 

of calix[4]arene 2 then protected the phenols of 15 as acetates. This allowed the 

phosphonate to be introduced onto the aromatic ring 16 via a nickel-catalysed42 

Arbuzov reaction43 (84% yield). The phenols of calix[4]arene 17 were then 

deprotected followed by removal of the esters from the phosphonate 18 to give the 

final product 19 (with a 98% yield after both deprotection steps). Phosphonates44, 45 

have been shown to have an impact on crystallisation of inorganic minerals such as 

barium sulfate (refer to section 3.1.1). 
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Scheme 1.8 Preparation of phosphonate calix[4]arene.41 This scheme was also applied to other 
calix[n]arenes (where n = 5, 6, 8). 

In contrast to phosphonates, sulfonates and nitrates can be introduced on the aromatic 

ring of calixarenes more directly (Scheme 1.9). Shinkai et al.46 prepared sulfonated 

calix[n]arenes (where, n = 4, 6, 8; 78% yield for n = 4), which could then be 

converted to nitro calix[n]arenes by treating the sulfonated calixarenes with nitric 

acid (obtained in a low yield of 21%). It should be noted that the parent tert-

butylcalixarene can be nitrated directly as demonstrated by Lalor et al.30 

(Scheme 1.5). Like the phosphonate calixarene 19, sulfonated calix[4]arene 22 has 

also been studied44 as a crystal growth modifier (refer to section 3.1.1). 

 

Scheme 1.9 Direct substitution of calix[n]arenes (2, 20, 21) allows access to calix[n]arene-p-
sulfonates (22–24) and p-nitrocalix[n]arenes (25–27).46 

A series of amphiphilic calix[4]arenes (Scheme 1.10) were prepared by Rodik et al.47 

as gene delivery vehicles. Chloromethylation of calixarenes 28 or 12a gave 29a,b in 

good yields (80%). It should be noted that chloromethyl methy ether is classified as a 

human carcinogen48 and is highly flammable and highly volatile.49 Others50 have 

substituted the volatile chloromethyl methyl ether for the less volatile chloromethyl 
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octyl ether as a safer alternative. Calix[4]arenes 30a–c were then prepared by 

nucleophilic substitution of 29a,b by tertiary amines or an imidazole with yields for 

30b and 30c reported as 75% and 93% respectively. 

 

Scheme 1.10 Example of chloromethylation and controlling solubility (thus, c.m.c.) by altering 
chain length at narrow-rim.47 

Using a chloromethyl calixarene as a starting point, Bew et al.51 have successfully 

attached a variety of amino acids to calix[4]arenes via a 1,2,3-triazole linker 

(Scheme 1.11). Nucleophilic substitution of the chloromethyl calix[4]arene 29a by a 

microwave-assisted reaction gave the azide calix[4]arene 31. They then used 

microwave-assisted ‘click’ chemistry (a copper(I)-catalysed [3 + 2] dipolar cyclo-

addition) to prepare the triazole link to give the amino acid substituted calix[4]arenes 

32a–d as a single regioisomer in good yields (40–89%). The authors further noted 

that heat-labile groups, trityl (triphenylmethyl) and Boc (tert-butoxycarbonyl) 

protecting groups, survived the microwave-assisted reactions. 
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Scheme 1.11 Example of wide-rim click chemistry using microwave-assisted reactions.51 

An alternative method for preparing para-functionalised carboxylic acids (refer to 

Scheme 1.6 for additional methods) was utilised by Conner et al.52 The ketone 33 

was prepared by Friedel-Crafts acylation of 12a. Subsequent oxidation with sodium 

hypobromite gave the amphiphilic calixarene 34. 

 

Scheme 1.12 Method of functionalisation of the wide-rim used by Conner et al.52 

1.1.4.3 Chemistry at the methylene bridge 

Once the methylene bridge of the calixarene has been substituted with a halide 

(typically radical bromination),53, 54 it allows for the replacement of the bromide by 

nucleophilic substitution (Scheme 1.13). Much of the work on methylene functional-

isation of calixarenes has been published by Biali, et al55, 56 including synthesis from 

bisphenol57 and partial substitution58 at the methylenes. Tetrasubstitution at the 

methylenes was also investigated by Biali and Columbus.59, 60 
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Scheme 1.13 Radical bromination followed by nucleophilic substitution at the methylene bridge. 

1.1.5 Selected potential applications of calixarenes 

Calixarenes have been investigated for a range of potential applications, many of 

which exploit their cavities for host-guest chemistry and/or their ability to act as 

scaffolds for various functionalities. Here, selected potential applications of 

calixarenes from the literature based on cation and anion receptors, recognition of 

small molecules and biomolecules, and catalysis will be highlighted. 

1.1.5.1 Cation receptors 

Many calixarene-based receptors for ions61–64 have been investigated and have 

potential in applications in electrochemical sensors,65, 66 fluorescence-based 

sensors,67–70 chemical sensors,71 and biomedicine.72 The following section explores a 

small selection of chemistry based on calixarene-cation interactions, including 

sensors, solvent extraction, and luminescence. 

Chang et al.73 prepared calix[4]arene 35 and investigated its potential for the 

chromogenic sensing of cations. The design of this sensor molecule involved the use 

of the calixarene as a scaffold for distal 1,2,3-triazoles as binding sites at the narrow-

rim for cations and distal azoanisole moieties at the wide-rim as chromophores. 

Calix[4]arene 35 was found to be selective towards Ca2+ and Pb2+ (from the group 

1A and 2A and transition metals surveyed). Upon binding by calix[4]arene 35, the 

UV-visible absorption maxima of the cations shift from 365 nm to longer 

wavelengths by ~175 nm. 
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Figure 1.9 Chromogenic calix[4]arene 35 investigated by Chang et al.73 for cation sensing. 

Lee et al.74 showed the potential of calix[4]arene 36 as a Hg2+ sensor. Calix[4]arene 

36 (Figure 1.10) was appended with pyrene and rhodamine moieties and Hg2+-

binding azacrown moiety. Unlike previous work with a bridged calixarene system 

(also appended with pyrene and rhodamine),75 the authors exploited the 1,3-alternate 

conformation of calix[4]arene 36 to orientate the chromophores. Fluorescence was 

observed for the 36•Hg2+ complex in an acetonitrile solution, however, weak 

fluorescence was also observed in the presence of Pb2+. The authors attributed this 

reduction of fluorescence intensity to the coordination of Pb2+ to the amides—not 

competition with the complexed Hg2+. 

Calixarenes have also been extensively explored as ionophores for ion-selective 

electrodes. Calixarene-based ISEs (ion-selective electrodes) have been aimed at the 

detection of cations including potassium,76 sodium,77 silver,78–80 cadmium,81, 82 

mercury,83, 84 thallium,80, 82, 85 and lead.86, 87 The ability to selectively functionalise 

and orientate cation-binding moieties (particularly carboxylates) is of importance for 

such applications. 

Calixarenes can be functionalised such that they are good ligands for metal cations.8 

As a result of this, there is strong interest in applying calixarenes to the extraction of 

toxic metals88–91 and metals associated with radioactive wastes.92–96 Calixarene 

receptors 37a,b were investigated by Ohto et al.97 for the extraction of alkali metal 

cations. The authors found that calix[4]arene 37a selectively extracted sodium ions at 

low pH (1–3) in single-ion experiments but not lithium or potassium ions. In contrast 
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calix[6]arene 37b and analogous acyclic oligomers (monomer and trimer) did not 

show any ability to extract the ions investigated. Further experiments showed that 

two sodium ions were extracted simultaneously. Interestingly, competitive extraction 

experiments showed that potassium ions were also co-extracted with sodium ions at 

low pH (< 3). The authors proposed that the first sodium ion was an ‘allosteric 

trigger’ for the second ion leading to simultaneous uptake of both cations (as 

opposed to sequential complexation of two individual cations). 

 

Figure 1.10 A 1,3-alternate calix[4]arene-based fluorescence resonance energy transfer sensor (36) 
for Hg2+.74 

 

Figure 1.11 Calixarenes 37a,b investigated for extraction of alkali metals.97 
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Adhikari et al.98 prepared a series of methylene cross-linked calixarene resins bearing 

pyridyl groups for silver extraction from photographic wastes. The authors prepared 

the resins with variable loadings of calixarene 38, cross-linked via the position para 

to the phenoxide with s-trioxane. The calixarene resins were able to extract Ag+ 

efficiently over a pH range of 1–3. The resins were also selective for Ag+ over Na, K, 

Fe, and Pb at pH < 3. In addition, >90% of the silver could be stripped from the 

resins with 3 M HCl, demonstrating potential for silver recovery from contaminated 

waters and photographic wastes. 

 

Figure 1.12 Calixarene 38 was cross-linked in resins as selective chelates for silver ions.98 

The complex formed between calixarene 39 and terbium(III) was found to be 

luminescent.99 The authors extended this to the preparation of transparent 

luminescent materials. This was achieved by cross-linking calixarene 40 with 

poly(methyl methacrylate) (PMMA) followed by uptake of Tb3+ into the polymer 

which was then coordinated by the calixarene ionophore. Solid state characterisation 

of the luminescent polymers showed similar emission profiles to that of 39•Tb3+ 

complex in solution. This method overcomes issues with solubility of inorganic 

compounds during polymer preparation and the polymer itself does not appear to 

interfere with the luminescent properties of the calixarene-lanthanide complex.  

 

Figure 1.13 Tris-functionalised ethyoxyamide calix[4]arenes produces luminescent compounds 
when chelated with lanthanides (39). Cross-linking 40 with PMMA produced lumines-
cent polymers.99 
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1.1.5.2 Anion receptors 

The application of calixarenes as anion receptors are not as widely reported 

compared with cation receptors. Troisi et al.100 investigated a series of aramido-

calix[4]arenes (41a–d) as anion receptors. Results from NMR titration experiments 

showed that calixarenes 41b,c had selectivity towards planar nitrates and benzoate 

anions; reduced binding by 41c was observed due to steric hindrance from the trityl 

groups. Computational studies suggested favourable hydrogen bonding between the 

nitrate and N–H of the amides while benzoate showed additional CH–π and π–π 

interactions with the calixarene host. 

 

Figure 1.14 Calixarene-based anion receptors 41a–d investigated by Troisi et al.100 

Casnati et al.101 reported wide-rim distal fluorinated calix[4]arenes 42a,b and 43 as 

potential anion receptors. NMR titration experiments with these calixarenes against a 

variety of anions such as Br−, CN−, CH3COO−, PhCOO−, H2PO4
−, and HSO4

− (as 

Bu4N
+ salts) showed a preference for carboxylates and dihydrogen phosphate with 

little binding towards Br−, CN−, and HSO4
−. Their results also showed that the more 

mobile calixarenes 42a,b were more efficient than the crown-functionalised 43. In 

addition, the racemate 42a was more efficient than meso-42b, in particular when 

binding carboxylates. 
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Figure 1.15 2,2,2,-Trifluoroethanol functionalised calix[4]arenes (42a,b and 43) as potential anion 
receptors.101 

A fluorescent phenylalanine-functionalised calixarene (C-linked) was reported by 

Miao et al.102 as a selective anion sensor for the fluoride anion. The fluorescence of 

calixarene 44 (at 521 nm with excitation at 340 nm) was quenched by the addition of 

fluoride ions. Small increases in fluorescence intensity was observed with AcO−; 

other anions such as NO3
−, Cl−, Br−, I− and HSO4

− showed minimal quenching of the 

fluorescence intensity while H2PO4
− showed no change in the fluorescence intensity. 

 

Figure 1.16 Fluorescent phenylalanine-functionalised calix[4]arene (44) as an anion receptor.102 

A rather unusual application based on calixarene-anion interactions, is that of inverse 

phase transfer catalysis in C- and O-alkylations.103 The authors showed that calix[n]-

arenes 45–47 perform better than β-cyclodextrin, tetrabutylammonium bromide, or 
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hexadecyltributylphosphonium bromide in model reactions with higher yields of 

unsymmetrical ether products (in the case of O-alkylations). The authors proposed 

that at the interface between the organic and aqueous phases, the water-soluble 

calix[n]arenes formed host-guest complexes with either the carbanion (for 

C-alkylations) or alkoxides (for O-alkylations) after deprotonation by aqueous 

sodium hydroxide. This then allows for nucleophilic substitution of the alkyl halide 

at the interface. As a consequence, calixarenes with a larger cavity are more active 

(i.e. gives higher yield of the desired product) as they are better able to accommodate 

larger substrates. 

 

Figure 1.17 Calix[n]arenes 45–47, where n = 4, 6, 8 respectively, applied to as an inverse phase 
transfer catalysis for alkylation reactions.103 

1.1.5.3 Small and neutral molecule-based applications 

Early work by Bauer and Gutsche104 showed that alkylamines could associate with 

calixarenes by forming an inclusion complex [assisted by protonation of the amine 

by the most acidic phenol of the calixarene leading to an ion pair (the phenolic 

protons on calixarenes have different pKa values105)]. McKervey et al.106 later 

reported the inclusion of acetonitrile into the cavity of calixarene 3b (functionalised 

with ethoxycarbonyl at the narrow-rim). Calixarene-based receptors for small 

molecules such as amino acids61, 107–109 are known. Other groups have also utilised 

the host-guest chemistry and scaffold provided by calixarenes for other small 

molecules. 

Work by Arena et al.110 investigated water-soluble calix[4]arenes, 48a–d and 22 

(Figure 1.18), as hosts for small molecules such as alcohols, ketones, and nitriles. 

The charged wide-rim (due to the presence of sulfonate groups) and the conformation 

of the calixarenes (and by extension the cavity space) were found to be important to 

the inclusion of small molecules. Calixarene 48a adopted a conformation with a 
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reduced cavity and did not allow inclusion of any small molecules, consistent with 

the authors’ previous work.109 Similarly, calixarene 48b, in a ‘pinched cone’ 

conformation, had reduced access for small guests to the cavity (although host-guest 

activity was observed). Calixarene 48c only included acetonitrile in water (without 

the assistance of the charged sulfonate groups). Calixarenes 48d and 22 were capable 

of binding all the guests studied. The authors proposed that the guests were oriented 

such that its non-polar hydrocarbon portion was situated within the calixarene cavity 

while its polar portion was aligned towards the charged sulfonate groups. 

 

Figure 1.18 Water-soluble calix[4]arenes as hosts for small neutral organic molecules.110 

Baldini et al.111 investigated a series of calixarenes, 49–51 (Figure 1.19), for the 

capture of carbon dioxide. The principle idea here is the reaction between carbon 

dioxide and alkylamines to form alkylammonium and alkylcarbamate groups. As 

such, the narrow-rim tetrasubstituted calixarenes (49a–c) were found to accom-

modate two molecules of carbon dioxide while disubstituted calixarene 50 could bind 

a single carbon dioxide molecule. Calix[4]arene 51 was proposed to form adducts 

with CO2, however this adduct was labile. Further work showed calix[4]arene 50 

could have potential as a sensor for quartz crystal microbalance devices due 

primarily to its fast response to the presence of CO2. 
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Figure 1.19 Calixarenes 49–51 were investigated as potential CO2 traps.111 

Bandela et al.112 prepared a lower-rim dinaphthalimide calix[4]arene, 52, for 

recognition of polycyclic aromatic hydrocarbons. The authors proposed that 

recognition occurs by π···π interactions between the naphthalimide groups from two 

different calixarene units and aromatic molecules which results in quenching of the 

fluorescence from the calixarene at 378 nm. Strong quenching was observed for 

polycyclic aromatic compounds (such as naphthalene- and anthracene-based 

compounds) while compounds with a single aromatic ring (i.e. phenyl-based 

compounds) showed minimal quenching. Quenching was further enhanced by 

electron-withdrawing or polar functional groups (such as hydroxyl groups). 
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Figure 1.20 Distal, lower-rim–functionalised dinaphthalimide calix[4]arene for the recognition of 
polycyclic hydrocarbons.112 

1.1.5.4  ‘Larger’ molecule-based (biochemical) applications 

Many calixarene-based compounds have been designed with biomedical applications 

in mind.113–116 One of the main features of calixarenes is the ability to spatially direct 

functional groups or other small molecules such that desired interactions with 
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biological materials of interest (e.g. proteins, cell surfaces) are achieved. Some 

examples include polyanionic calix[4]arenes117 for anti-HIV activity; guanidinium-

functionalised calixarenes118, 119 for antibacterial activity; and calixarene-based 

glycoclusters for trypanocidal activity.120 Selected examples of calixarenes for 

biomedical applications are examined in the following section. 

Sansone et al. have investigated guanidinium-functionalised calixarenes as potential 

cell transfection agents.121–124 Initial work121 with wide-rim guanine-functionalised 

and narrow-rim alkylated calixarenes showed that they could interact with DNA. A 

follow-up122 study with a wider array of wide-rim guaninine-functionalised calix-

arenes, including 53a–c, revealed that three factors impacted on the type of 

interactions with DNA: calix[4]arenes in the cone conformer interacted by electro-

static interactions; conformationally mobile calix[6]arene and calix[8]arene formed 

aggregates with DNA filaments; and calixarenes in the 1,3-alternate conformation 

condensed DNA by charge-charge interactions. Bagnacani123 later prepared narrow-

rim substituted guanidinium calixarenes. They showed that calixarenes 54a–c could 

be efficient cell transfection agents with reduced cytotoxicity compared to the wide-

rim derivatives.122 

 

Figure 1.21 Guanidinium-functionalised calix[4]arenes investigated by Ungaro et al.122, 123 Here, 
53a is conformationally mobile, 53b is in the 1,3-alternate conformation, and 53c and 
54a-c are in the cone conformation. 
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Along similar lines, Lalor et al.30 investigated ammonium-functionalised dendritic 

calixarenes (Figure 1.22) as potential gene transfection agents. The authors found 

that all the ‘multicalixarenes’ (55a,b and 56a) bound to DNA (by neutralising the 

negative charges on the DNA) and were not cytotoxic to the human cells studied. 

Interestingly, the control calixarene (57a) was found to be cytotoxic to the human 

cells. The glycine moiety improved DNA binding of both 55b and 57b. However, 

effective gene transfection was only observed with calix[4]arene 55b and not the 

other multicalixarenes. 

 

Figure 1.22 ‘Multicalixarenes’ investigated by Lalor et al.30 for cell transfection. 

Tsuo et al.125 functionalised calixarenes 58a–g (Figure 1.23) with amino acids and 

tested them against HIV and the hepatitis C virus. They determined the impact of the 

shape and functionality on HIV, hepatitis C virus and cytotoxicity. 
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Figure 1.23 Amino acid functionalised calix[4]arenes investigated by Tsuo et al.125 for activity 
against HIV and hepatitis C virus. 

Carbohydrate-functionalised calix[4]arenes have been applied by Křenek et al.126 as 

stimulants of natural killer cells to illicit response to tumour cells. The calixarenes 

59a,b (Figure 1.24) performed better than the monomeric sugar and were comparable 

to the dendritic octaglycan studied previously by the authors.127 The tetrasubstituted 

calix[4]arene 59a performed better than the 1,3-alternate conformer 59b and the bis-

substituted 59c. Thus, the multivalency of carbohydrates is important for binding to 

the natural killer cells (as demonstrated by 59a in the cone conformer). 

 

Figure 1.24 Glucopyranose-functionalised calix[4]arenes as stimulators for anti-tumour response.126 

Lalor et al.128 appended a fluorescent probe to a calixarene (Figure 1.25) with the aim 

of applying it in cell imaging. Calix[4]arene 60 was made water-soluble with 

ammonium groups and the fluorescent probe, 4-chloro-7-nitrobenzofurazan, attached 

at the narrow-rim. The authors found that calix[4]arene 60 was taken up into the 
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cytoplasm in Chinese Hamster Ovary cells and 60 exhibited low levels of 

cytotoxicity. 

 

Figure 1.25 Application of calix[4]arene, functionalised with a fluorescent probe, to cell 
imaging.128 

Guo et al.129 investigated a series of sulfonate-functionalised calixarenes (61–63, 

Figure 1.26) as potential biosensors. Taking into account the commercialisation 

potential of their sensors, the authors chose to utilise commercially available 61 and 

fluorescent dye lucigenin for further biosensing studies. The authors employed a 

tandem assay (Figure 1.27) using a neurotransmitter, acetylcholine. If a strong 

competitor such as acetylcholine is introduced, the dye will be displaced from the 61 

leading to a fluorescent response. However, a fluorescent response was not exhibited 

until choline is converted to the weaker binding betaine. The authors proposed that 

such a molecule could be applied to monitoring acetylcholinesterase (an enzyme 

involved in Alzheimer’s dementia) during treatment for Alzheimer’s dementia. 
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Figure 1.26 A series of calixarenes investigated by Guo et al.129 as potential sensors with fluor-
escence probe, lucigenin. 
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Figure 1.27 A series of enzyme-mediated reactions; the acetylcholine hydrolysis of acetylcholine to 
choline followed by oxidation to betaine.129 

Much of the work on cation and amino acid sensing using calixarenes has been by 

Rao, et al.130, 131 In one of their works,131 the authors reported amino acid recognition 

events by a highly fluorescent calixarene complex (64•Zn2+, Figure 1.28). The 

complex 64•Zn2+ was found to respond to natural amino acids (e.g. aspartic acid), 

amino acids of peptides (e.g. glutathione), and proteins rich in α-helices or β-sheet. 

The authors proposed that on recognition by the complex 64•Zn2+, Zn2+ is released 

and chelated by the recognised amino acid, therefore quenching the fluorescence. 

The calixarene 64 itself was reported earlier132 and found to be selective for Zn2+. 

 

Figure 1.28 A calix[4]arene•Zn2+ complex investigated as an amino acid sensor by Chinta et al.131 

1.1.5.5 Calixarenes and catalysis 

Calixarenes have been investigated as catalysts for synthesis (in particular metal-

based catalysis133). The appeal of calixarenes in catalysis is largely due to the 

scaffold it provides for the pre-organisation of molecular fragments central to 

catalysis. Furthermore, the cavities of the calixarenes can also assist in catalysis 

reactions. The following section examines some calixarene-based catalysts from the 

literature. 
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Proline is a well-known organocatalyst, particularly for aldol and Mannich 

reactions.134–137 Li et al.138 investigated prolinamide calix[4]arenes 65a–e and 66a–e 

(Figure 1.29) as potential organocatalysts for direct asymmetric aldol reactions. Tests 

on a model aldol reaction between an aromatic aldehyde and ketone (Scheme 1.14) 

under solventless conditions gave a range of results. The authors determined that 

calix[4]arene 65b gave the best results and the additional hydroxy group on calix[4]-

arenes 66a–e did not appear to improve catalytic activity. The calixarene scaffold 

was demonstrated to be important as the monomeric analogue of calix[4]arene 65b 

gave reduced diastereoselectivity and enantioselectivity in the model aldol reaction. 

 

Figure 1.29 Prolinamide calix[4]arenes 65 and 66 investigated by Li et al.138 for aldol catalysis. 

 

Scheme 1.14 Model aldol reaction for screen prolinamide calixarene catalysts 65 and 66.138 
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Carbon-carbon bond forming reactions are important in organic synthesis, thus 

calixarene-based N-heterocyclic carbenes palladium complexes (Figure 1.30) have 

been investigated as catalysts for Suzuki-Miyaura cross coupling reactions.139–141 For 

example, Fahlbusch et al.141 prepared distal-functionalised imidazolium calixarenes 

(71) as palladium complexes [amongst other complexes with silver(I), mercury(II), 

platinum(II), iridium(I), ruthenium(II)]. The authors found that both cis-71 and 

trans-71 gave similar yields on a model Suzuki-Miyaura reaction, suggesting that 

one of the imidazole units dissociated from the palladium during the catalytic cycle. 

Further experiments showed that there was no cis-to-trans isomerisation. 

 

Figure 1.30 Examples of calixarene-based N-heterocyclic carbene palladium catalysts (68–72) for 
Suzuki-Miyaura cross-coupling.139–141 

Monnereau et al.142, 143 looked at the Suzuki-Miyaura reaction from another per-

spective and investigated phosphorane-functionalised calixarenes (Figure 1.31). In 

recent work, Monnereau et al.142 utilised bis(iminophosphorane)-functionalised 

calixarenes (74a–e) in Suzuki-Miyaura cross-coupling of aryl bromides and chlorides 

with phenylboronic acid. The authors found that calixarenes 74a–e generally 

performed well, with catalytic activity detected as low as 0.001 mol% Pd loading. 
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Figure 1.31 Examples of calixarene-based monophosphoranes143 (73a–d) and bis(iminophosphor-
anes)142 (74a–e) palladium catalysts (generated in situ) for Suzuki Miyaura cross-
coupling. 

1.2 Crystallisation 

Crystallisation is a fascinating phenomenon in Nature and is of great importance to 

many industrial processes. It is of no surprise that crystallisation is a highly active 

area of research for both natural and artificial systems. Additives are one of the many 

methods used by industry to control crystallisation of desired inorganic 

products144, 145 and inhibit unwanted scale formation.146 However, Nature has had a 

much longer time to adapt biomineralisation processes to changing functions of 

various biominerals and can control biomineral formation with much greater 

finesse.147, 148 Studying how Nature produces such intricate biominerals may provide 

strategies in preparing new and improved materials.149–152 

1.2.1 Concise overview of biomineralisation 

Biomineralization covers a wide range of topics of which a small selection will be 

discussed here. Other topics such as the mineral form, formation mechanism, etc are 

discussed elsewhere.150, 153–158 Biominerals can be formed by ‘biologically induced 

mineralisation’ or ‘biologically controlled mineralisation’.159, 160 Biologically induced 

mineralisation is where the organism interacts with the environment within which the 

crystal is forming but has little control over crystallisation of the mineral. 

Biologically controlled mineralisation148 (the idea most commonly associated with 
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biomineralisation) involves direct control of crystallisation by the organism. Here, 

the organism controls the location of nucleation, size and shape, orientation, 

morphology, and composition of the crystal. 

There is a vast amount of literature describing a variety of biomineral systems, 

however a complete biomineralisation mechanism is elusive. Many biomineral 

systems have been studied, including: avian egg shells,161–163 mollusc shells,164–170 

coccoliths,171, 172 crustaceans,173, 174 shells of cephalopods,175 skeletal tissues in 

sponges,176 shells of gastropods,177 fish otoliths,178, 179 bone,180 and lenses of 

brittlestars (echinoderms).181 It is remarkable that a small amount of organic material 

(comprising proteins and polysaccharides) can have such a large influence over the 

mineral formation and properties. For example, mollusc shells have ~5% organic 

content182, 183 which exerts control over the crystallisation of calcium carbonate182, 184 

and gives nacre its unusual mechanical properties185. It has also been noted that 

crystallisation can be influenced by both inorganic ions and organic molecules.145, 186 

One of the emerging themes in biomineralisation is that the proteins and organic 

matrices involved in the formation of biominerals, particularly those associated with 

calcium carbonate minerals, are above of average acidity. 

A study by Marin et al.187 of mollusc shells led to the distinction of acidic proteins 

between ‘moderately acidic’ (pI 4.5–7) and ‘extremely acidic’ (pI <4.5). The acidity 

of proteins primarily arises from the larger proportion of acidic amino acids (mainly 

aspartic acid and glutamic acid) and to a lesser extent phosphorylated (serine, threo-

nine, tyrosine) or sulfated (tyrosine) amino acid residues.188 Marin and Luquet188 

further noted that even proteins with pI ~7 may have acidic domains which are offset 

by basic domains. Acidic proteins (and other macromolecules) have been reported to 

control nucleation and crystal growth;189, 190 select polymorphs191 (such as aragonite 

in the nacre layer and calcite in the prismatic layer of mollusc shells)167, 192–194 shape 

crystals;175, 195 and reinforce crystals (i.e. occluded within the crystal).177 

Many of the acidic proteins associated with calcium carbonate biominerals have 

enriched aspartic acid and glutamic acid residues. Interestingly, some biomineral 

systems appeared to have a preference for aspartic acid over other acidic amino 

acids.168, 196, 197 Much of the work with mollusc shells have identified proteins (or 
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peptide fragments) associated with the prismatic (calcite) layer198, 199 or the nacre 

(aragonite) layer.189, 191, 200-202 A group of aspartic acid-rich proteins, ‘Asprich’, in the 

prismatic layer of the shell of the mollusc Atrina rigida were studied by Gotliv et 

al.168 They noted that proteins in the prismatic layer consisted of 53 mol% aspartic 

acid and 11 mol% glutamic acid. In contrast, earlier studies by Gotliv et al.169 

showed that proteins in the nacre layer contained 45 mol% acidic residues (as Asx 

and Glx). Gotliv et al.168 proposed that the Asprich proteins, containing amino acid 

sequences bearing similarities to calcium-binding proteins,203 may take part in Ca2+ 

transportation and creating localised supersaturation of calcium carbonate. Therefore, 

much of the crystallisation literature concerns the impact of acidic amino acids (or 

analogous compounds) on the crystallisation of inorganic minerals. 

1.2.2 Model mineral systems of interest 

1.2.2.1 Calcium carbonate 

Calcium carbonate is a well studied mineral.204 It has six known mineral phases: 

amorphous calcium carbonate (ACC), calcium carbonate hexahydrate (ikaite), 

calcium carbonate monohydrate (monohydrocalcite), calcite, vaterite, and arag-

onite.205, 206 Calcite is the thermodynamically stable polymorph (at room temperature 

and atmospheric pressure). In the absence of additives, rhombohedral calcite forms 

from amorphous calcium carbonate via vaterite.207 

Calcium carbonate is the most commonly encountered of the biominerals208 and it is 

notable as a common component of industrial scale.146 It can be found in biominerals 

as calcite (e.g. molluscs,164–170 coccolithophores,171, 172, 209, 210 foraminifera,211 avian 

egg shells,161–163 fish212), magnesian calcite (e.g. echinoderms213), aragonite (e.g. 

molluscs,164–170 cephalopods175), vaterite (e.g. ascidians214), and amorphous calcium 

carbonate (e.g. coccoliths213). It is not surprising then that calcium carbonate bio-

minerals (particularly aragonite and calcite) are also associated with much of the 

marine fossil record.215 Calcium carbonate also presents a notable problem as 

industrial scale146 in areas such as industrial water treatment,216 oil fields,217 and heat 

exchangers.218 The majority of calcium carbonate-based scale is calcite, the 

thermodynamically stable polymorph.219 Calcium carbonate is thus an important 
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mineral in Nature and industry, and hence it is a widely studied mineral both 

experimentally and by computational modelling.  

1.2.2.2 Barium sulfate 

Barium sulfate is another well studied mineral. Unlike calcium carbonate, it has a 

single known phase. It occurs as a biomineral and is found in some algae and 

Xenophyophore (as a gravity sensor).220, 221 Barium sulfate also occurs as scale222 

and has spurred interest into potential crystallisation inhibitors.223–226 

1.2.3 Additives to control crystallisation 

The crystallisation of minerals can be influenced by various additives (or impurities), 

both inorganic and organic in nature. Inorganic ions are known to impact the 

crystallisation of minerals, such as calcium carbonate227–230 and barium 

sulfate,145, 231–234 however, they will not be considered further in this thesis. There is 

no shortage of literature on the impact of organic additives on the crystallisation of 

inorganic minerals.144, 145, 159 Many types of additives have been investigated 

including synthetic peptides,235, 236 peptide fragments from proteins,191 and block 

copolymers.237–240 Smaller molecules, such as amino acids,241, 242 benzoic acids,243 

tetrazoles244 (often used as carboxylic acid analogues in medicinal chemistry245), and 

alcohols,246 are often used as models for larger complex macromolecules, but are also 

of interest as readily accessible scale inhibitors. Macrocyclic-based additives, such as 

calixarenes, are discussed in section 3.1. 

The impact of acidic residues, such as aspartic and glutamic acids, and other organic 

acids have been studied. Dalas et al. found that aspartic acid247 and glutamic acid248 

could initiate the formation of critical nuclei of Ca2+ and CO3
2− and stabilise vaterite. 

Later work by Wu et al.249 with a selection of amino acids (e.g. aspartic acid, 

glutamic acid) and organic acids (e.g. succinic acid, acetic acid, glutaric acid) 

showed the impact of these additives on etch pit morphology (during the dissolution 

of calcite). Their results suggested that the geometry of the additives was important, 

in particular the distance between calcite surface binding groups (ammonium and 

carboxylic acid). Some researchers have also considered the impact of inorganic 

additives in addition to organic additives in the same system. Meldrum and Hyde250 
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investigated Mg2+ incorporation into calcium carbonate in the presence of organic 

additives (Figure 1.32), D/L-malic acid (75) and sodium citrate (76). At high Mg2+ 

concentrations (Ca/Mg ratio ≤ 0.26 in solution), aragonite was observed along with 

calcite (in the presence and absence of the organic additives). The presence of both 

Mg and organic additives gave calcite with a variety of shapes including dumbbells, 

spherical particles and polycrystalline aggregates. Interestingly, the authors found 

that the organic additives alone were able to retard nucleation and growth, however 

malic acid appeared to elongate the calcite rhomb while citric acid at high 

concentrations gave triangular prism clusters of calcite rhombs. 

 

Figure 1.32 Organic additives, D/L-malic acid (75) and sodium citrate (76), investigated by 
Meldrum and Hyde.250 

Many researchers have used artificial polymers to mimic natural biomacromolecules. 

Chen et al.251 investigated the impact of a double-hydrophilic block copolymer on the 

crystallisation of calcium carbonate. They observed stacked pancake-like calcite 

structures which resembled the layered structure of aragonite tablets in nacre of red 

abalone. In another study, Song et al.252 found that a commercial co-polyelectrolyte 

gave platonic calcite mesocrystals. Based on the unusual acidity exhibited by many 

proteins in biomineralisation systems, Sonnenberg et al.238 utilised a diblock 

copolymer comprising poly(ethylene oxide) and poly(L-glutamic acid) to study the 

interaction between polymers and calcite by AFM. The authors found that the 

interaction forces varied with changes in pH and concentration of Ca2+. Furthermore, 

the authors proposed that polypeptide-mineral interactions involved adsorption of the 

polypeptide on the mineral surface, transient desorption of the polypeptide, and 

rearrangement of the polymer. 

Polymeric molecules have been used to investigate the impact of molecular weight of 

the additive on crystallisation. The higher molecular weight of a polymeric additive 

will have a lower diffusion coefficient compare to smaller molecules. However, 

macromolecular additives will generally have more functional groups which can 
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interact with the growing crystal surface. Aschauer et al.253 found that poly(aspartic 

acid), poly-Asp, had a great impact on calcite crystal growth (particle size and 

morphology) than poly(acrylic acid), PAA, and both polymers had a much greater 

effect than succinic and glutaric acids. This was complemented with molecular 

dynamic simulations of PAA and poly-Asp on the surface of calcite.254 The 

simulations suggested that the rigid backbone of PAA and the formation of stable 

complexes with Ca2+ reduced its availability for adsorption to the crystal surface. In 

contrast, poly-Asp was found to approach the surface in an upright manner, creating 

steric hindrance, and the nitrogen of the amide increased the strength of the attraction 

to the crystal surface. 

Biomolecules, like proteins and macromolecules from biomineralization systems, 

can have an impact on the nucleation and growth, size and shape, orientation, 

morphology, and composition of inorganic crystals. These biomolecules typically 

affect several of these parameters during crystallisation and these parameters are 

often difficult to investigate independent of one another. Despite this, small molecule 

additives are often used as models for proteins and macromolecules255 and typically 

to study an aspect of interest (for example, the impact of acidic amino acids on 

mineral morphology). 

1.2.4 Templated crystallisation 

Biominerals, composites of inorganic minerals and biological macromolecules, have 

a variety of forms, functions, and properties. Despite some of the elaborate structures 

(e.g. coccoliths256) and enhanced properties (e.g. nacre183, 185) engineered by organ-

isms, biominerals are largely produced at room temperature.206 Therefore, it is 

desirable to be able to prepare materials with similar properties using similar 

strategies. One such strategy is using organic molecules to ‘template’ crystallisation 

of minerals.149, 206, 257, 258 By drawing inspiration from Nature, inorganic materials can 

be synthesised reproducibly with the desired orientation, size, shape, and 

polymorph.259 Furthermore, by studying the interactions between the template, the 

inorganic mineral, and their environment, insight may be gained into the processes 

which occur in biomineralisation (especially ‘organism-mediated’ processes). 
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Templated crystallisation involves heterogeneous nucleation,260 typically by organic 

molecules or an organic framework. The incorporation of macromolecules into the 

crystal may give a composite material with new properties superior to those of the 

mineral alone. Various ‘templates’ have been investigated, some of which are derived 

from biomineralization systems while others are non-natural and attempt to mimic 

the chemistry in biomineralisation systems (i.e. ‘designer’ molecules206). Examples 

of templates from the literature will be examined here. 

Organic templates can be sourced from biomineralisation systems. Meldrum et al.261 

used apoferritin (ferritin with the ferric hydroxide core removed) to crystallise 

nanoparticulate iron sulfide, manganese oxide, and uranyl oxyhydroxides. In this 

case, the apoferritin protein shell was used as a confined space to direct the growth of 

the crystal and limit particle size. On a slightly larger scale, many researchers have 

demineralised the biomineral and remineralised the residual organic scaffold in an 

artificial system. Watabe et al.262 removed calcium carbonate mineral from spicules 

of gorgorian Leptogorgia virgulata using ethylenediaminetetraacetic acid (EDTA) 

then remineralised the organic matrix in artificial sea water. The remineralised 

organic frameworks showed hollow tubular structures comprised of calcite. The 

authors suggested that either the aspartic acid residues or glycoproteins in the organic 

framework provided nucleation sites for calcium carbonate to form. This does not 

agree with observations by Keene et al.202 where the absence of ‘soluble’ proteins 

from a mollusc gave rhombohedral calcite on a chitin framework. Heinemann, et 

al.184 demineralised abalone nacre with EDTA to leave organic matrix comprising 

β-chitin, silk-fibroin-like protein, and aspartic acid-rich proteins. Crystallisation of 

calcium carbonate using the EDTA-insoluble material gave aragonite plates along the 

surface of the EDTA-insoluble matrix, as in natural nacre.191 In contrast, crystal-

lisation using cellulose and chitosan gave calcite and vaterite. In some cases, the 

authors were also able to obtain a composite material comprising the EDTA-

insoluble matrix with layers of aragonite plates, similar to natural nacre.191 

Non-natural templates generally consist of self-assembled monolayers258, 263, 264 or 

gel materials.149, 206, 259 Popescu et al.265 have used self-organising surfactants 

(Figure 1.33) to investigate ‘structural adaptation’ of templates. Spacing between 

molecules in the self-assembled monolayer was controlled by surface pressure and 
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limited by the head group size (i.e. glycine, alanine, valine, and leucine). The glycine 

(77a) and alanine (77b) derived surfactants formed relatively rigid monolayers and 

gave mainly calcite rhombs. The valine (77c) and leucine (77d) derived surfactants 

formed more flexible monolayers and appear to adapt to the presence of Ca2+ ions. 

Both surfactants resulted in calcite crystals with modified habits. Furthermore, 

surfactant 77d also gave a significant amount of aragonite and the authors observed 

that smaller calcite crystals, attributed to the nucleation of calcite at a later stage, 

compared with the aragonite. However, unlike calix[4]arene-based monolayers,266 

the charge densities of the surfactant monolayers do not appear to direct the 

orientation of the calcium carbonate crystals. Alternatively, gels have also been used 

as templates for crystallisation (refer to section 5.1 for more information). 

 

Figure 1.33 A series of bis-urea amino acid functionalised surfactants investigated by Popescu et 
al.265 as self-assembled monolayers for templated crystallisation of calcium carbonate. 

1.3 Small molecule gelators 

1.3.1 Introduction to molecular gels 

‘The colloidal condition, the ‘gel’, is one which it is easier to recognise than to define 

…’267 Although gel materials are difficult to define, Smith268 defines a gel as ‘a 

colloidal form of mater in which a “solid-like” network is suspended within a 

“liquid-like” continuous phase.’ The idea that gels comprise two components (a 

‘solid’ and ‘liquid’) is a central theme among many of the different definitions of a 

gel.269–272 Gels are colloids but not all colloids are gels.273 

Gels can be classified by their ‘solid-like’ component or their ‘liquid-like’ phase 

(Figure 1.34).274 In chemical gels, the solid network is bound by covalent bonds 
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cross-linking the network (e.g. polymers). This results in robust gels but the solid 

network cannot break down into its constituent monomers. Physical gels in contrast, 

typically comprise self-assembled small molecules (in the case of supramolecular 

gels) linked together by non-covalent bonds (e.g. hydrogen bonds, π-π stacking, 

hydrophobic effect275). As a result of non-covalent bonding, physical gels can 

transform back into a free-flowing liquid. Gels can also be classified by their 

continuous phase. Traditionally, the liquid continuous phases considered were water 

and organic solvents, which gave hydrogels and organogels respectively. Some 

gelators are capable of gelling both water and organic phases separately.276–278 More 

recently gels comprising ionic liquids (‘ionogels’) have been reported.279, 280 Gels 

with a continuous phase comprising a gaseous phase was also possible if the organic 

solvent or supercritical fluid was removed, giving xerogels and aerogels281 

respectively. Of particular interest here, are low molecular weight hydrogels. 
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Figure 1.34 General classification scheme for gels. 

Many gelators have been (and still are) discovered by serendipity282–286. In light of 

potential applications of gels,270, 287–291 recent efforts have been directed towards the 

rational design of low molecular weight gelators270, 282, 292, 293 which are primarily 

based on known gelator structural motifs such cholesterol294 (Figure 1.35) and C3-

symmetric cores with hydrogen bonding motifs295 (Figure 1.36). Physical gels or 

supramolecular gels296 can be considered to be comprised of supramolecular 
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polymers297, 298 thus, designing self-assembly299, 300 would aid in the synthesis of 

potential gelator molecules. This section will explore examples of low molecular 

weight gelators from literature, selected methods of characterising gelators and gel 

materials, and their potential applications. 

 

Figure 1.35 Examples of cholesterol-based organogelators.301, 302 
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Figure 1.36 Examples C3-symmetric gelators.303, 304 

Gels, particularly those based on small molecule-based gelators, have generated 

much interest recently with a range of potential applications.270, 274, 279, 291, 305, 306 

Much of the recent literature shows that research efforts are being directed at 

biomedical applications287, 288, 307, 308 (drug delivery, tissue engineering, regenerative 

medicine), smart materials and sensors (which are responsive to external 

stimuli),303, 309, 310 and templates for crystallisation (as biomimics of organic matrices 

in biominerals). Other possible applications explored include using gels as reaction 

media,311 for catalysis,312–315 and water purification.316 Some gels, albeit 

macromolecule-based, have also been applied to art conservation.317, 318 The ready 
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accessibility and wide range of potential applications of supramolecular gels have 

made them a highly active research area. 

1.3.2 Stimuli-responsive low molecular weight gelators 

Low molecular weight gels are formed by supramolecular interactions between gel-

ator molecules. This reduces the mechanical strength of the gels when compared with 

traditional high molecular weight polymer gels (although non-covalent interactions 

can strengthen supramolecular gels319). However, these supramolecular interactions 

allow the gels to be switched ‘on’ or ‘off’. Many gelators are heat-responsive and are 

discovered by heating-and-cooling the gelator in a solvent, presumably by seren-

dipity during recrystallisation (although Velázquez286 has reported organogels which 

form on warming). Despite this, gelators have been reported to be responsive to 

external stimuli320 such as pH, chemical environment,321 cations and anions,322–324 

light (i.e. photo-responsive),325–328 sonication,329 redox,330 and enzymes. The number 

of stimuli to which gels can respond to is primarily limited by the chemistry in which 

the gelator and self-assembled structures can undergo. 

1.3.2.1 Anion-responsive gelators 

Taking a leaf from supramolecular chemistry, researchers have investigated gelator-

anion interactions in order to tune the properties of gels331 or to develop anion-

responsive gels.332 Urea-anion binding333, 334 is well known and thus makes it a good 

functional group to include in anion-responsive gelators.332, 335 Foster et al.336 used 

urea-based anion-responsive gelators (Figure 1.37) to prepare gel media for the 

crystallisation of pharmaceutical drug molecules. The authors prepared the organo-

gels by heating and cooling the gelator and drug of interest in a solvent; drug crystals 

were then recovered by triggering a gel-sol transition using an anion (e.g. acetate) to 

bind to urea and disrupting gelator-gelator interactions. Similarly, Stanley et al.337 

found that a tris(urea) gelator tended to crystallise in the presence of Cl− rather than 

form an organogel. Hseuh et al.338 have reported a [2]rotaxane-urea pair that forms 

an organogel which is responsive to pH changes and anions. Here, the anion 

recognition is proposed to operate on recognition of acetate by the ammonium 

moiety within the urea derivative, thereby preventing the [2]rotaxane from binding 
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with that ammonium group; the gel can be reformed by the addition of perchlorate 

anion. 
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Figure 1.37 Gelators 82–85 (83 forms metallogels with copper) were investigated by Foster et al.336 
for the crystallisation of pharmaceutical drugs.  

1.3.2.2 pH-Responsive gelators 

There are many examples of pH-responsive gelators.339–342 Changes in pH interfere 

with supramolecular interactions between gelator molecules, for example by 

converting an amine to an ammonium or carboxylate to a carboxylic acid, preventing 

the formation of a gel. In the case of peptides, it can prevent folding into secondary 

structures which lead to the formation of a gel. Schneider et al.343 reported a peptide 

which was in an unfolded form at low pH (<5.5) and folded into β-sheets (as 

observed by CD spectroscopy) under alkaline conditions (>9) forming a hydrogel. A 

series of compounds based on a nitrophenyl group and an aromatic dicarboxylic acid 

bridged by a urea (Figure 1.38) were investigated as ‘pH-tuneable’ hydrogelators by 

Wood et al.341 The authors found that the gelators dissolved at high pH (~13) and 

formed a hydrogel when acidified by HCl (~pH 3) or the glucono-δ-lactone protocol 
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(which produces homogenous hydrogels by the controlled reduction of pH);344 the 

authors did not indicate if a gel-sol transition occurred if a gel was made alkaline. 

 

Figure 1.38 A series of urea-based pH-responsive hydrogelators investigated by Wood et al.341 

1.3.2.3 Thixotropic gels 

Some gels may also respond to external mechanical forces. Thixotropic gels become 

liquids when shaken (breaking non-covalent bonds between the gelator), however 

regain their gel state on resting (allowing supramolecular interactions to occur). 

Hamilton et al.345 reported a copper metallogel (Figure 1.39), prepared in water with 

<5% of acetonitrile, which exhibited thixotropic behaviour; the metallogel took 3–4 

hours to recover from mechanical agitation. Sobczuk et al.346 prepared organogels 

from a bis-crown ether molecule hosting chiral ammonium molecules. The authors 

did not observe helical twists or coils by microscopic methods, however chirality of 

the self-assembled fibres was supported by CD spectroscopy. Remarkably, the 

chirality was lost through thixotropic behaviour, but recovered upon heating and 

cooling; the authors proposed the loss of chirality was due to mechanical disruption 

of anisotropic packing of the crown ether-ammonium system (although this did not 

prevent a gel from forming). Other organogel systems exhibiting thixotropic 

behaviour have been reported, such as dendritic-based347 and anthracene-fullerene 

systems.348 

 

Figure 1.39 A metallogel investigated by Hamilton et al.345 which exhibited thixotropic behaviour. 
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1.3.2.4 Enzyme-responsive gelators 

A class of gelators exists which do not self-assemble until unmasked by enzymes349 

(these are also referred to as ‘pre-cursors’). Hirst et al.309 investigated a masked 

Fmoc-protected (9-fluorenylmethoxycarbonyl) peptide ester which transformed into 

the gelator upon hydrolysis by the enzyme subtilisin. Similarly, Toledano et al. 

examined a peptide hydrogelator formed by the action of protease on the masked 

gelator.350 Yang et al.351 reported a compound in which the gelator was masked by a 

phosphate group. The addition of phosphatase removed the phosphate group, altering 

the hydrophobicity of the molecule, leading to the formation of a hydrogel. The 

authors then triggered a gel-sol transition by reattaching a phosphate group using a 

kinase. Likewise, Yang et al.352 reduced the solubility of their masked hydrogelator 

(thus, favouring hydrophobic interactions) by the addition of β-lactamase to their 

compound which lead to self-assembly into nanofibrils followed by formation of a 

hydrogel. These examples demonstrate how enzymes offer a more controlled way of 

accessing higher-ordered structures which can lead to gel formation. 

1.3.3 Selected techniques for characterising gelators and gels 

There are a number of methods for characterising gelators and gel materials. 

Molecular Gels by Weiss and Terech271 is a good resource for methods available for 

characterising gel materials. Techniques employed by researchers include scattering 

techniques (e.g. SAXS, WAXS, small angle neutron scattering, DLS); spectroscopy 

(e.g. UV-visible, IR, NMR, circular dichroism); microscopy (both optical and 

electron microscopies); calorimetry (e.g. thermogravimetric analysis, differential 

scanning calorimetry, differential thermal analysis); rheometry; and scanning probe 

microscopy. Selected methods of interest are highlighted in this section. 

1.3.3.1 Rheology 

The rheological properties of soft glassy materials (such as gels, foams, and colloidal 

suspensions) are of interest. Gel materials possess viscoelastic properties with the 

storage moduli (G′) and loss moduli (G″) reflecting the elastic and viscous properties 

respectively.353 Smith354 proposed a relationship which forms the basis of a 

quantitative definition of a gel where by ‘... G′ should exceed G″ by about one order 
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of magnitude’. This definition has the advantage of avoiding confusion between gels 

with substances that have high viscosity or low yield-stress.355 

Although G′ and G″ are readily measured by a rheometer, ‘tabletop rheology’ 

techniques355 are more accessible. One of the most basic tests for a gel is the ‘tube 

inversion’ test. Here, a tube of the test substance is inverted, the material is 

considered a gel if it does not flow. Care must be taken with interpreting these results 

(refer to previous paragraph). Alternatively, the bulk gel phase can be characterised 

by the ‘dropping ball’ method.356, 357 In this method, a small dense sphere (e.g. 

stainless steel ball) is placed above the gel in a vial. The vial is then heated and the 

gel-sol transition temperature (Tgel–sol), effectively a ‘melting point’ for the gel, is 

taken at the point where the dense ball reaches the bottom of the vial. The dense ball 

should be placed carefully on top of the gel (and not dropped onto the gel) to avoid 

the effects of sheer thinning.355 In addition, potential interactions between the dense 

ball and the vial walls can be eliminated by using a sufficiently large vial, however 

the availability of the gelator must also be considered. By determining Tgel-sol at 

various concentrations of gelators, a phase diagram for the gel system can be 

constructed. 

1.3.3.2 Circular dichroism spectroscopy 

Circular dichroism spectroscopy358 is a technique often applied to the measurement 

of asymmetric structures of chiral molecules and chiral nanostructures. The basic 

principle of this technique centres on the difference in the absorption of left- and 

right-circularly polarised light by chiral species.359, 360 CD spectroscopy is most 

widely known as a technique for the investigation of biomolecules361 (in particular 

structures of peptides and proteins), however it has also been applied to self-

assembled systems.362 In gel systems, gelator molecules can self-assemble into chiral 

structures which are then detected by CD spectroscopy where the signal is typically 

more intense than the gelator itself.363–365 Although most chirality detected in gel 

systems arises from chiral gelator molecules or substrates,366 chiral self-assembled 

structures have been reported for achiral gelators367 Chirality of self-assembled 

structures can also be induced by a guest, as demonstrated by work from Sobczuk et 

al.346 CD spectroscopy has also been used to monitor the chirality of photoresponsive 
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organogel systems,368 recognition of chiral molecules by platinum-based metallo-

gels,369 and even the controversial topic of chirality induced by mechanical means370 

(i.e. stirring clockwise and counterclockwise). 

1.3.3.3 Atomic force microscopy 

Atomic force microscopy371 is a technique well suited to the characterisation of soft 

matter in situ. The ability of atomic force microscopes (AFM) to image samples at 

high resolution in the liquid state or dry state with environmental control (such as 

temperature and humidity), gives it a significant advantage over other imaging 

methods such as scanning electron microscopy (SEM). Furthermore, the little sample 

preparation involved for AFM does not damage or alter the sample (e.g. drying 

samples for SEM). AFM is primarily used to image gel nanostrucutres, both dried 

and wet with solvent.372–374 Dimensions of gel fibres are often derived from AFM 

micrographs which can provide information regarding the likely packing mode of 

gelator molecules that give rise to gel fibres.375 Furthermore, AFM can be used to 

image a sol-gel transition (after heating to convert the gel to a sol) as demonstrated 

by Wang et al.376 In addition, there are non-imaging applications such as work by 

Ikeda et al.377 who determined the mechanical strength of gel fibres by using force 

curves derived from tip indentation onto fibres. 

1.3.3.4 Cryo-electron microscopy 

Another imaging technique is cryo-electron microscopy (cryo-EM). Sample prep-

aration for cryo-EM (central to this method) involves vitrification of samples (i.e. 

rapid freezing to prevent crystalline ice from forming). Cryo-EM is a technique most 

widely known for obtaining micrographs of cellular structures378–380 and coupled 

with 3D reconstruction allows for tomographic images of cellular and sub-cellular 

structures.381–383 This technique has also been used for imaging self-assembled 

structures,384–386 sections of nacre from mollusc shells,387 and nanoparticles in studies 

of pre-nucleation clusters of calcium phosphate crystallisation.388 

1.3.4 Chirality of gelators and its nanostructures 

Chiral gels are of interest as templates for helical nanostructures.389 Chiral gelators 

usually behave differently depending on whether it is a pure enantiomer or a racemic 
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mixture.366 Smith354 noted that when one enantiomer of a chiral gelator was in the 

presence of the other enantiomer, one of the following three scenarios typically 

occurred: 

1. one enantiomer interfered with the self-assembly of the other leading to the 

dissolution of the gel (and usually followed by precipitation); 

2. the enantiomer in excess imposes its chirality on the other (by a ‘majority rules’ 

or ‘sergeants-and-soldiers’ principles);390-396 or 

3. the enantiomers ‘self-sort’ into homochiral self-assembled structures.363, 397–400 

Many of the examples of chiral gelators from literature typically form self-assembled 

fibres comprising a single enantiomer401 and are more stable than their racemic 

mixture402 (in addition, other properties such as gel fibre morphology are also 

affected). With racemic mixtures of gelators, crystallisation403 is a common 

occurrence and sometimes a gel phase does not form.404 In some cases a racemic 

mixture of the gelator can act synergistically to give better gels than the pure 

enantiomers. For example, Džolić and Žinić405 found that homochiral two-

component chiral leucine-and leucinol-based dipeptides (88 and 89 respectively, 

Figure 1.40) could gel more solvent than a heterochiral pair (e.g. (S,S)-88) with 

(R,R)-89) or with a racemate of one compound (e.g. (S,S)-88) with rac-89). Frkanec 

and Žinić277 later found that rac-89 formed stable gels with toluene but unstable gels 

with dichloromethane (with the tendency to crystallise). They proposed that rac-89 

self-sorted into separate enantiomers in toluene whereas rac-89 formed a meso-

bilayer in dichloromethane (thereby reducing the stability of the gel-phase). 

 

Figure 1.40 Synergistic chiral organogelators investigated by Džolić et al.405 

Chiral synergistic effects were also observed by Friggeri et al.406 who found that 

homochiral 90a (either DDD or LLL), Figure 1.41, crystallised from water, however 
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hydrogels were obtained with the heterochiral derivatives (DDL-90a or LLD-90a). 

Surprisingly, a mixture of the homochiral and heterochiral derivatives (i.e. LLL-90a 

or DDD-90a with DDL-90a or LLD-90a) gave a higher Tgel-sol than an equivalent 

concentration of the heterochiral derivative. The authors suggested that incorporation 

of the homochiral derivative into the fibres of the heterochiral gelator could improve 

the thermostability of the hydrogel. Furthermore, work with similar homochiral 

analogues (90b–g) with substitution at the carboxylic acids supported the idea that 

the effects of chirality could be ‘overcome’. Watanabe et al.407 observed improved 

thermostability with diastereomixtures of myo-inositol derivatives over comparable 

levels of homochiral isomers. 

 

Figure 1.41 Chiral 1,3,5-substituted cyclohexane-based hydrogelators studied by Friggeri et al.406 

Interest in the helical structures formed by gelators is driven by the ability to 

transcribe (or template) the helical patterns to inorganic nanostructures408–410 (also 

refer to section 5.1.2). Many chiral gelators self-assemble into helical or coiled 

structures411–413 In some cases helical twists in the fibres are not observable by 

electron microscopy,414 while CD spectroscopy indicates the formation of chiral 

supramolecular structures. Smith268 suggested that although gelators may self-

assemble into chiral nanostructures, the chirality may not be reflected at larger scales 
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(e.g. gel fibres) or that sample preparation has altered the fine structure (e.g. 

removing solvent from sample in preparation for SEM). Helical or coil structures are 

not limited to chiral gelators, achiral gelators can also give rise to chiral 

nanostructures by the way they self-assemble,415, 416 however some helices were 

difficult to observe by microscopy techniques.295 Alternatively, racemic mixtures 

(such as 91 in the presence of a racemic mixture of tartrate, Figure 1.42) may 

produce gel fibres without helices or coils whereas the enantiopure gelators produced 

gels with helical fibres in water and chloroform.417 

 

Figure 1.42 Gemini surfactant 91 forms helical gel fibres in the presence of a single enantiomer of 
tartrate, however non-helical fibres results if a racemic mixture of tartrate is present.417 

1.4 Objectives and outline of this research project 

Amino acid functionalised calixarenes have been shown to have a wide range of 

interactions and properties. This thesis aims to investigate some of these properties. 

Of particular interest is the gelation ability of proline functionalised calixarenes and 

crystal growth modification by L-aspartic acid, L-glutamic acid, and iminiodiacetic 

acid functionalised calix[4]arene on model systems such as calcium carbonate and 

barium sulfate. 
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2 Synthesis and characterisation of calixarenes 

2.1 Amino acid-functionalised calixarenes 

There are many strategies for functionalising calixarenes.1, 2 The vast majority of the 

literature involves attachment at the wide-rim (particularly at the position para to the 

phenol) or narrow-rim of calixarenes. Functionalisation of calixarenes at the methyl-

ene bridges has also been reported but to a lesser extent.3–5 Details and specific 

examples are provided in section 1.1. 

2.1.1 Anchoring amino acids to calix[4]arenes via an amide linkage 

A reliable method of attaching amino acids and peptides to calixarenes is via an 

amide linkage. Amino acids and peptides can be linked through the amine (N-linked) 

or the carboxylic acid (C-linked) groups. The choice of whether an amino acid is N- 

or C-linked to the calixarene will depend on the desired chemistry. In this case the 

interest is in having free carboxylate groups, thus aspartic acid, glutamic acid, and 

iminodiacetic acid were N-linked to the calix[4]arene at the wide-rim. There are 

many strategies available6 for amide bond formation and peptide coupling including 

more novel approaches.7 Generally, a carboxylic acid group is introduced on to the 

calix[4]arene (refer to section 1.1.4.2 for methods of introducing carboxylic acid 

groups at the wide-rim of calixarenes) then converted to an acid chloride and coupled 

with the C-protected amino acid. Alternatively, the carboxylic acid can be directly 

coupled with C-protected amino acid using peptide coupling reagents (Scheme 2.1). 

Both direct and indirect routes can be applied to carboxylic acid groups at the wide- 

and narrow-rims. 
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Scheme 2.1 General scheme for attaching N-linked amino acids and peptides via an amide linkage 
to a calix[4]arene. Here the circle represents an amino acid or peptide. 

The formation of an amide via an acid chloride is accomplished in a two-step 

reaction. The acid halide is readily prepared by a reaction between the carboxylic 

acid and an acid halogenation reagent (Scheme 2.2). The most common reagents 

used for preparing acid chlorides at the wide-rim are thionyl chloride8–10 and oxalyl 

chloride with a catalytic amount of DMF11–13 (Figure 2.1). N,N-Diethylaminosulfur 

trifluoride (DAST) has also been used to prepare an acid fluoride.14 The acid halide 

and the amine component are then coupled in the presence of a non-nucleophilic base 

to give the amide (Scheme 2.2).8, 11–13 For example, Tsuo et al.12 prepared a series of 

amino acid functionalised calix[4]arenes (Figure 1.23) to test for biological activity 

against HIV and hepatitis C by coupling the acid chloride calix[4]arene (prepared 

from oxalyl chloride/DMF) with C-protected amino acids in the presence of triethyl-

amine. Using a similar strategy, Moridi et al.11 prepared amphiphilic calix[4]arenes 

by coupling the calixarene acid chloride with the regioisomers of aminophenol in the 

presence of pyridine. Using a different base, Troisi et al.15 coupled carboxylic acid 

calix[4]arene 92 with a 1,4-diaminobenzene fragment in the presence of 4-(N,N-

dimethylamino)pyridine (DMAP), Scheme 2.3, to give the amide 93a,b. 

 

Scheme 2.2 General reaction scheme for the attachment of an amino acid or peptide to a calix[4]-
arene via an acid halide. 
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Figure 2.1 Acid halogenation reagents used to form acid halide calixarenes at the wide-rim reported 
in literature. Refer to main text for more details. 

 

Scheme 2.3 Amide bond formed between a carboxylic acid and 1,4-diaminobenzene derivatives.15 

A more direct method for amide formation can be found in peptide coupling 

chemistry. This section will focus on peptide coupling reagents (Figure 2.2) reported 

in the literature for preparing amide linkages at the wide-rim of calixarenes. The 

reader is directed to recent reviews16–19 for general information on peptide coupling 

reagents. Sansone et al.20 investigated various methods of attaching amino acids and 

short peptides to calix[4]arene 92 (Scheme 2.4). The coupling reagent N,N’-dicyclo-

hexylcarbodiimide (DCC), Figure 2.1, was used to prepare activated esters with 

1-hydroxybenzotriazole (HOBt) or N-hydroxysuccinimide (HOSu) and the carboxy-

lic acids (Scheme 2.5). The activated esters are then reacted with the amino acids or 

peptides to give the amide product. Preparations using DCC/HOBt gave a 35% yield 

while DCC/HOSu gave 33% yield. These yields improved to 60% when O-

(benzotriazol-1-yl)-N,N,N’,N’-bis(pentamethylen)uronium tetrafluoroborate (TBPU) 

was used. An alternative coupling reagent, O-(benzotriazol-1-yl)-N,N,N’,N’-tetra-

methyluronium hexafluorophosphate (HTBU), was used to prepare distal N-linked 

and C-linked amides (Scheme 2.6) with 40–70% yields.21 Another coupling reagent, 

benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), was 

found to give a good yield (~80%) when used to couple two alanine amino acids to 

proximal positions on a calix[4]arene.22 In comparison, the indirect acid chloride 
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method investigated by Sansone et al.20 gave overall yields of 60%. Alternatively, 

Phipps and Beer23 prepared the active ester 99 from calix[4]arene 98 using DCC and 

perfluorophenol (PFP), Scheme 2.7, which gave a purified yield of 85%. Coupling 

99 with amine 100 gave amide 101 with a purified yield of 50%. Although the direct 

coupling of the carboxylic acid and amine can give better yields than indirect 

methods, they tend to require expensive coupling reagents. 

 

Figure 2.2 Examples of peptide coupling reagents used for preparing amides at the wide-rim.20, 21, 23 
DCC is often used with an additive to prepare an ‘active ester’ which is then coupled 
with the amine. 

 

Scheme 2.4 Methods used by Sansone et al.20 and Baldini et al.21 for attaching C-protected amino 
acids and short peptides (represented by the circle) to calix[4]arene 92. 
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Scheme 2.5 Preparation of activated ester using DCC and HOSu then coupling with amino acid or 
peptide.20 

 

Scheme 2.6 Preparation of N-linked and C-linked amides by Baldini et al.21 

Schadël et al.24 attached aminoglucose derivatives to distal positions on calix[4]-

arenes with an amide linkage. The authors found that the direct attachment of the 

aminoglucoside to the calix[4]arene 95 using HBTU/Et3N did not proceed due to 

steric hindrance between the carboxylic acid and the aminoglucoside, thus they 

introduced spacer groups (Scheme 2.8). One of the spacers, L-aspartic acid, was 

introduced onto the calixarene using HBTU/Et3N with subsequent coupling of the 

aminoglycoside to the L-aspartic acid spacer. The overall yield was 68% for 103b 

when the carboxylic acid calixarene 95 was coupled to the spacer-attached glycoside. 

However, the authors found that the reaction between calix[4]arene 102 and the 

aminoglycoside gave a complex mixture and the desired calix[4]arenes 103a,b could 

not be isolated. 
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Scheme 2.7 Preparation of activated ester using DCC and PFP then coupling with amine 100.23 

 

Scheme 2.8 Attachment of aminoglycoside to distal positions on calix[4]arene with an L-aspartic 
acid spacer.24 
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2.1.2 Attachment of amino acids to calix[4]arenes by aminomethylation 

Where an amide is not desired, amines and amino acids can be attached to the wide-

rim of calixarenes via a methylene. General methods to achieve this at the wide-rim 

of calixarenes include the Mannich reaction and halomethylation followed by a 

nucleophilic substitution of the halide (Scheme 2.9). 

 

Scheme 2.9 General scheme for attaching amino acids to calixarenes via methylene linkage. 

Halomethylation followed by nucleophilic substitution has been utilised for 

functionalisation of calixarenes at the wide-rim. Yang et al.25 bromomethylated 

calix[4]arene 2 using paraformaldehyde and AcOH/HBr then investigated 

nucleophilic substitution of bromomethylated 104 by a variety of nucleophiles 

including small alcohols (e.g. MeOH), thiols (e.g. PhSH), and carboxylic acids (e.g. 

AcOH), Scheme 2.10. The authors achieved nucleophilic substitutions with yields of 

75–85% for calixarene 106. Cho et al.26 prepared an amphiphilic calix[4]arene using 

a similar strategy (Scheme 2.11). They chloromethylated the calix[4]arene using 

chloromethyl octyl ether then substituted the chloride for D-alanine ethyl ester in the 

presence of triethylamine. The substitution step was achieved with a product yield of 

48%. Further alkylation of the phenol with 1-bromododecane and deprotection gave 

the amphiphile 108. 
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Scheme 2.10 Bromomethylation followed by nucleophilic substitution of bromomethylcalix[4]arene 
104 by Yang et al.25 The authors investigated various nucleophiles (Nu) including 
small alcohols, thiols, and carboxylic acids. 

 

Scheme 2.11 Attachment of C-protected alanine to calix[4]arene.26 

The Mannich reaction27, 28 is a reaction between a C–H activated compound (such as 

a phenol), a primary or secondary amine, and a non-enolisable aldehyde or ketone.29 

The Mannich reaction is not limited to just amines. The review by Agababyan et al.30 

showed that amino acids could be used as the amine component in a variety of 

Mannich reactions. Gutsche and Nam31 have previously prepared Mannich bases 

(109a–e) from calixarenes and secondary amines (Scheme 2.12). This method was 

extended to functionalisation of calixarenes with piperazine-based compounds.32, 33 

 

Scheme 2.12 Selected calix[4]arene Mannich prepared by Gutsche and Nam.31 
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Gutsche and Nam31 also found that quaternising the Mannich adducts 109 with 

methyl iodide (without alkylation of the phenols) allowed for nucleophilic 

displacement of the ammonium moiety by a nucleophile (via a p-quinonemethide 

intermediate). Gutsche and Alam34, 35 later applied this method to attach 

2-ethylcarboxy moieties to the wide-rim of calix[n]arenes (n = 5–8) and these 

calix[n]arenes were investigated for complexation of aromatic hydrocarbons and 

catalytic studies. Interestingly, Cho et al.26 were able to alkylate calix[4]arene 107 

(Scheme 2.11) in the presence of NaH with no reported displacement of the alanine 

moiety from the calix[4]arene. 

A similar reaction to the Mannich reaction, reductive amination, has also been 

applied to calixarenes. Shirakawa et al.36 prepared inherently chiral calix[4]arenes 

(112) by reductive amination between a monoformylated calix[4]arene (110) and 

selected amines (Scheme 2.13). The chiral calixarenes (112) were then investigated 

as catalysts for Michael-type addition reactions and chiral NMR resolution of 

mandelic acid. 

 

Scheme 2.13 Reductive amination between monoformylcalix[4]arene 110 and selected amines.36 

Resorcinarenes have also been used as the C–H active compound in Mannich 

reactions. Of particular interest are those which involve amino acids as the amine 

component. Sulfonated resorcinarene 113 was used as the scaffold for preparing a 

variety of water soluble aminomethylated resorcinarenes (114a–i). The reaction 

proceeded under Mannich conditions in the presence of resorcinarene 113, aqueous 

formaldehyde, and the amine compound (Scheme 2.14) without the need for an 

added protic acid catalyst (unlike with calix[4]arenes, Scheme 2.12). Matsushita and 
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Matsui37 reported a method for aminomethylation of resorcinarene 113 under 

Mannich conditions which gave good yields (64–83%); this included D-proline (not 

shown) and L-proline resorcinarene 114a. Wenzel et al.38–41 later extended this 

method to various proline derivatives (114a–e), pyrrolidine (114f) and piperidine 

derivatives, and other amino acids (114g–i) for the preparation of potential chiral 

NMR resolving agents. Wenzel et al.38–41 reported yields of 95% for 114a–d,f with 

the exception of 114e (yield of 29% after a reaction time of two weeks or more under 

‘classical’ Mannich conditions). Other proline (116a) and sarcosine (116b) 

functionalised resorcinarenes have been prepared in the presence of acetic acid with 

yields of 78% and 83% respectively (Scheme 2.15).42 

 

Scheme 2.14 Selected aminomethylated resorcinarenes prepared by the Mannich reaction.38–41 

 

Scheme 2.15 Proline and sarcosine functionalised resorcin[4]arenes prepared by Schnieder and 
Schnieder.42 
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Despite the good yields reported, some amine compounds may require much longer 

reaction times39 to give a Mannich base with resorcinarenes while other amines38 do 

not give a Mannich base. Thus far, the examples of octahydroxyresorcinarenes are 

sufficiently acidic to undergo Mannich reactions in the absence of added protic acid 

catalysts. If the acidity of the resorcinarene is reduced (such as with 117), the 

Mannich reaction will not proceed at room temperature (under the so called 

‘classical’ condition). Despite this, Buckley et al.43, 44 and Schmidt et al.45 were able 

to prepare chiral resorcinarenes in the absence of a protic acid catalyst; of particular 

interest is the preparation of benzoxazines by a double Mannich reaction. The 

racemic benzoxazine 118 was not obtained under ‘classic’ Mannich conditions at 

room temperature, however good yields were achieved by heating the reaction at 

reflux in toluene (118 obtained in 74% yield) or by pre-forming the iminium 

intermediate and then heating the reaction at reflux in 1,2-dichloroethane (118 

obtained in 80% yield), Scheme 2.16.43 A similar yield was obtained by microwave-

assisted reactions (118 obtained in 82% yield), however this was achieved with a 

much shorter reaction time. Although the ‘classic’ Mannich reaction can give 

aminomethylated products readily under mild conditions, it may sometimes require 

encouragement. 

 

Scheme 2.16 Preparation of aminomethylated chiral resorcinarenes.43  
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2.2 Preparation of amino acid-functionalised calixarenes 
for crystal growth modification 

2.2.1 Inspiration for amino acid-functionalised calix[4]arenes 

In this work, wide-rim analogues of narrow-rim substituted calix[4]arenes 143 and 

144 (refer to section 3.1.2) were prepared with the aim of investigating their impact 

on calcium carbonate and barium sulfate crystallisation. The wide-rim analogues are 

expected to have a different spatial arrangement of the attached amino acids, 

therefore altering their crystal growth modification behaviour relative to the narrow-

rim derivatives. The acidic amino acids were attached to the calix[4]arene via an 

amide linkage. Another analogue of 143 was prepared by substituting L-aspartic acid 

for iminodiacetic acid; the L-aspartic acid derivative is linked by a secondary amide 

while the iminodiacetate is linked by a tertiary amide. 

2.2.2 Building the calixarene scaffold 

The calixarene scaffold was readily prepared by literature methods (see 

Scheme 2.17). The parent p-tert-butylcalix[4]arene (1) was synthesised according to 

the method by Gutsche;46 the 1H NMR spectrum and mp were consistent with 

Gutsche’s data. To allow functionalisation at the wide-rim, the tert-butyl group was 

removed47 by a Friedel-Crafts dealkylation48 with AlCl3 (Lewis acid) to give 2. The 

absence of the tert-butyl group and appearance of doublet and triplet (integrating for 

two and one proton(s) respectively) in the aromatic region of the 1H NMR confirmed 

this. The phenols of 2 were alkylated49 with propyl bromide in the presence of a 

catalytic amount of imidazole and excess sodium hydride. The absence of the O–H 

stretch in the IR spectrum confirmed that tetraalkylation was achieved. Alkylation of 

the phenols served two functions: (i) protection of phenols in subsequent steps and 

(ii) immobilisation of the calix[4]arene 28 in a cone conformer.50 

The calix[4]arenes were confirmed to be in the cone conformation by NMR 

spectroscopy. Two doublets in the 1H NMR spectrum at ~4.5 ppm and 3.3 ppm (Ar–

CH2–Ar) indicates that the calix[4]arenes are in a cone conformation. The other 

calix[4]arene conformers have recognisable patterns for the protons on the methylene 

bridge.51 This is further supported by the 13C NMR spectrum of Ar–CH2–Ar (δ 

approximately 31 ppm) which is consistent with a set of ‘rules’ proposed by de 



 Chapter 2 79 

 

Mendoza.52 The conformation of the calixarene can be determined by the 13C 

chemical shift of the Ar–CH2–Ar carbon in the 13C NMR spectrum (calixarenes in 

the partial cone or 1,3-alternate conformations have 13C chemical shifts at ~37 ppm). 

This effect is independent of substituents at the para-position or the phenolic group 

and solvent.53 

The amino acids were to be attached to the calix[4]arene via the amine group with an 

amide linkage, so a carboxylic acid group was introduced on the wide-rim of the 

calix[4]arene. The para position of 28 was readily formylated49, 54 by a Duff 

reaction55 to give 119 and selectively oxidised under mild conditions49, 56 to the 

tetracarboxylic acid 92. The formyl group in 119 (conjugated with an aromatic ring) 

was detected by IR spectroscopy (Ar–C=O stretch at 1685 cm−1) and the aromatic 

region of the 1H NMR spectrum showed a singlet at 7.15 ppm. Compound 92 is 

practically insoluble in most common laboratory solvents (with limited solubility in 

methanol). The carboxylic acid group was detected by IR spectroscopy (Ar–C=O 

stretch at 1694 cm−1 and broad O–H stretch, 3600–2400 cm−1) and the absence of the 

aldehydes determined by TLC (visualised by Brady’s reagent57—aldehydes and 

ketones react with 2,4-dinitrophenylhydrazine to form a yellow or orange coloured 

hydrazone). 

 

Scheme 2.17 Preparation of calix[4]arene scaffold for further functionalisation with amino acids. 
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2.2.3 Attaching amino acids to calixarenes via an amide linkage 

L-Aspartic acid, L-glutamic acid, and iminodiacetic acid functionalised calix[4]arenes 

were synthesised as outlined in Scheme 2.18. Conversion of the tetracarboxylic acid 

92 to the tetraacid chloride 94 (which was not isolated or characterised) allowed the 

amino acids of interest (120–122) to be attached to the calixarene as amides (123a–

c).49 Calix[4]arenes 123a–c were initially obtained as a glass-like solid, which 

crystallised on standing at room temperature for several months. 

The 1H NMR spectrum of amino acid functionalised calix[4]arene 123a showed two 

signals for the aromatic protons and a doublet for the amide proton (Figure 2.3). The 

two separate aromatic protons for the calix[4]arene is indicative of the attachment of 

a chiral substituent.20 The signal at 4.6 ppm was assigned as the bridge methylene 

proton in the axial position while the signal at 3.3 ppm was assigned to the proton in 

the equatorial position. This assignment was consistent with those made by other 

groups for similar calixarenes.20, 58 Signals attributed to the propoxy group were also 

identified at 3.9, 1.9, and 1.0 ppm. The signal at 4.9 ppm was assigned to the proton 

at the asymmetric carbon of the aspartic acid moiety with the vicinal diastereotopic 

protons59 at 3.1–2.9 ppm (appears as two distorted doublet of doublets). The complex 

signal at 4.3–4.1 ppm was assigned to the diastereotopic protons on OCH2CH3 with 

the OCH2CH3 protons at 1.3–1.2 ppm. The 1H NMR spectrum for 123b was similar 

with the following main differences: the signal for the proton on the asymmetric 

carbon is at 4.6 ppm and for the vicinal diastereotopic protons at 2.30–2.15 ppm and 

2.12–1.99 ppm; the methylene protons adjacent to the distal carboxylate appears as a 

complex signal at 2.5–2.3 ppm; the diastereotopic protons of OCH2CH3 appears as 

two nearly resolved set of complex signals at 4.3–4.0 ppm. Calix[4]arene 123c has a 

tertiary amide and has no amide proton in the 1H NMR spectrum. Being achiral, the 

Ar–H signal appears as a singlet. Also, the protons of NCH2COO and OCH2CH3 

appear as an overlapped signal at 4.3–4.0 ppm. 
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Scheme 2.18 Preparation of wide-rim, amino acid functionalized calix[4]arene as additives for 
crystal growth modification. 

Deprotection60 of the esters was conducted at room temperature to avoid 

racemisation61 of the amino acids (and to avoid hydrolysis of the amides). 1H NMR 

spectra (Figure 2.3) of the octacarboxylic acid calixarenes, 124a–c, showed complex 

and slightly broadened signals suggesting that some sort of aggregation is occurring. 

The absence of a quartet and a triplet corresponding to the ethyl esters confirmed that 

selective hydrolysis was achieved. The signal in the 1H NMR spectra (Figure 2.4) of 

calix[4]arenes 124a–c sharpened slightly by changing the solvent from CD3SOCD3 

to CD3OD in order to reduce the formation of aggregates22 which can broaden 1H 

NMR signals. The IR spectrum of 124a showed the C=O stretch for the carboxylic 

acid at 1720 cm−1 and C=O stretch for the amide at 1626 cm−1. Similar C=O 

stretches were observed for 124b (1731 cm−1 for the carboxylic acid and 1633 cm−1 

for the amide). However, in the IR spectrum for 124c only the C=O stretch for the 

carboxylic acid (1726 cm−1) was visible with the C=O stretch for the amide 

presumably overlapped with the aromatic ring stretch signal at 1598 cm−1. A signal at 

169.8 ppm in the 13C NMR spectrum confirmed the presence of the amide carbonyl 

for 124c. 
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Figure 2.3 1H NMR (400 MHz) spectra of amino acid functionalised calix[4]arenes as protected 

esters, 123a–c (in CDCl3) and octacarboxylic acids, 124a–c (at ~6 mg mL−1 in 
CD3SOCD3), with the OH signals shown as an inset. 
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Figure 2.4 1H NMR (400 MHz) spectra of amino acid functionalised calix[4]arenes as the octa-

carboxylic acids, 124a–c (at 8–9 mg mL−1 in CD3OD). 

A direct method for amide bond formation using a peptide coupling reagent was also 

investigated. The model calixarene 123a was prepared using the coupling method 

described by Sansone et al.20 and substituting DCC for 1-ethyl-3-(3'-(dimethyl-

amino)propyl)carbodiimide hydrochloride (EDC•HCl), Scheme 2.19. The reader is 

referred to reviews by Valeur and Bradley18 and Montalbetti and Falque6 for the 

chemistry of carbodiimide reagents and active ester formation with HOBt. A product 

yield of 27% was obtained after two successive purifications by column 

chromatography [silica gel, dichloromethane/acetone (4:1, v/v)]. An unidentified 

material eluted just prior to 123a which could have contained a calix[4]arene with 

both the amide and HOBt active ester attached. The 1H NMR spectrum of this 

fraction was complex and had broadened signals; these signals were tentatively 

assigned to the methylene of the calixarene, aromatic signals to HOBt and calixarene 

and alkyl signals to the ethyl esters and propoxy groups. In contrast a yield of 44% 

for 123a was obtained by the acid chloride method (Scheme 2.18) and the crude 

compound required only a single purification step (column chromatography). Even 

though the coupling method was more direct and EDC was readily removed by 

work-up with water, the two-step acid chloride method gave a better yield and the 

crude material was less difficult to purify. 
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Scheme 2.19 Attaching protected aspartic acid 120 to carboxylic acid 92 using EDC•HCl. 

2.3 Calixarene-based Mannich adducts 

Calix[4]arenes which do not have substituents at the position para to the phenol can 

be readily functionalised at the wide-rim in a single step by a Mannich reaction. 

Proline was attached to the calix[4]arene 2 by the Mannich reaction in good yield. 

The calix[5]arene 126 was prepared as outlined in Scheme 2.20. The preparation of 

calix[5]arene 125 proceeded according to literature.62 The product gave an 1H NMR 

spectrum and mp consistent with Bew.63 The Friedel-Crafts dealkylation was 

performed by a modified procedure from Bell et al.64 and Coruzzi et al.65 and 126 

was obtained in 66% yield. As with calix[4]arene 2, the absence of the tert-butyl 

group and the appearance of a doublet and triplet (integrating for two and one 

proton(s) respectively) in the aromatic region of the 1H NMR spectrum confirmed 

the formation of 126. The Friedel-Crafts dealkylation reaction of 125 should not be 

heated as this gave a brown oil upon work-up, from which only a small amount of 

126 was isolated (~15% yield). 

 

Scheme 2.20 Synthesis of penta-tert-butylcalix[5]arene and de-butylation to calix[5]arene. 
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Proline readily formed a Mannich base with calix[4]arene and calix[5]arene 

(Scheme 2.21). Proline calixarenes 127a,b and 128 precipitated from the biphasic 

reaction mixture and deposited on the reaction flask wall. This allowed for a 

relatively simple isolation, however removing residual proline (<5 mol%, estimated 

from 400 MHz 1H NMR spectrum; residual proline was not visible in 200 MHz 

NMR 1H spectrum) from the proline functionalised calixarenes proved to be more 

difficult. Residual proline was removed by trituration of 127a,b in methanol; 

suspension of 127a,b in methanol gave a milk-like mixture which was slow to filter. 

The 1H NMR spectrum of 127a showed a broadened singlet in the aromatic region 

and significantly broadened signals in the 4.5–1.5 ppm region (refer to 2.4.2 for 

assignment of the 1H NMR signals). The presence of a signal, in the 13C NMR 

spectrum, at 30.4 ppm for Ar–CH2–Ar indicates that the calix[4]arene 127a is in a 

cone conformer (at room temperature).52 Calix[4]arene 127a also had a very high 

solubility in water which was estimated to be approximately 0.5 g mL−1. 

 

Scheme 2.21 Attaching proline to the wide-rim of calix[n]arenes with a modified Mannich reaction. 

The calix[5]arene analogue of calix[4]arene 127a was also prepared to investigate 

the effect of the calixarene ring size, and as a consequence, the spatial arrangement 

of the proline moieties, on the self-assembly properties of such motifs. In contrast to 

127a, proline calix[5]arene 128 separated as a viscous phase on the reaction flask 

wall which became a white solid when treated with acetone. The purification of 128 

was difficult (and only partially achieved) as 128 had appreciable solubility in 

methanol which prevented methanol from being used as a trituration solvent to 
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remove residual proline. The crude product was used for preliminary experiments 

(see section 4.5). 

Under similar conditions, calix[6]arene 20 did not give the hexa-substituted product 

129 as expected (Scheme 2.22). This was suspected to be a result of the lower 

solubility of the partially substituted calix[6]arene in the tetrahydrofuran-water 

solvent system. The calix[6]arene analogue was not pursued further as preliminary 

experiments with the calix[5]arene analogue 128 suggested that the increased ring 

size does not lead to the formation of a hydrogel under similar conditions used for 

compound 127. 

 

Scheme 2.22 Mannich reaction did not proceed with calix[6]arene 20 under similar conditions. 

Proline (and its derivatives) has been utilised as a catalyst in many Mannich 

reactions.66–68 It was hypothesised that proline may self-catalyse the Mannich 

reaction between it and the calixarene. In an attempt to selectively functionalise 

calix[4]arene with proline moieties (Scheme 2.23), the dipropoxy calix[4]arene 13053 

was also subjected to the Mannich reaction with proline but this did not yield any 

product; the starting material was recovered. Van Loon et al.69 used harsh conditions 

(at reflux in dioxane for 66 h) for a Mannich reaction with the dimethylated analogue 

of 130 and obtained a product yield of 91%. However, using similar reaction 

conditions, Nam and Yoon70 did not obtain a product when the narrow-rim 

substituents were benzyl or allyl groups. This suggested that the hydrogen bonding 

between adjacent phenolic moieties was required to activate the para Ar-H for the 

Mannich reaction to proceed readily. This is consistent with Gutsche71 who proposed 

the greater acidity of the free phenol calixarenes resulted in a greater reactivity of the 

para aromatic proton under Mannich conditions. 
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Scheme 2.23 Mannich reaction did not proceed with the dipropoxy calix[4]arene 130. 

 

Scheme 2.24 Reaction conditions attempted for Mannich reaction between sarcosine and 
calix[4]arene 2. 

Since the Mannich reaction provided relatively easy access to amino acid 

functionalised calixarenes, other secondary amino acids were investigated. One of 

the targeted analogues of proline calix[4]arene 127 involved substituting proline for 

sarcosine. An attempt to prepare the sarcosine functionalised calix[4]arene 132 using 

similar reaction conditions as those used for 127 (Scheme 2.24) did not give a 

Mannich adduct detectable by 1H NMR spectroscopy; the starting calixarene 2 was 

recovered. Some of the desired product 132 was obtained when the solvent system 

was altered to tetrahydrofuran-methanol to improve solubility of the reactants and the 

reaction solution heated at reflux. The reaction product precipitated from the reaction 

solution as a white solid. Interestingly, not all of the white powder was water soluble. 

The D2O-soluble component gave a 1H NMR spectrum consistent with the desired 

product: a singlet for the calixarene Ar–H; a broad methyl group for the sarcosine 

moiety; and two broad overlapped CH2 groups corresponding to the methylene on 

the sarcosine and the newly formed methylene between the calix[4]arene and 

sarcosine. The crude product was used for preliminary experiments (see section 4.5). 
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2.4 Self-assembly behaviour of L-proline calix[4]arene 

An aqueous solution of proline calix[4]arene 127 formed a foam on shaking. This 

behaviour is similar to detergents and suggests that 127 may be self-assembling into 

micelle-like structures in solution. Investigations into the self-assembly of calix[4]-

arene 127 in solution were thus warranted and the results of these investigations are 

discussed here. 

2.4.1 UV-Visible spectroscopy 

Given that L-proline calix[4]arene 127a exhibited surfactant-like properties, it was 

appropriate to investigate its aggregation behaviour using techniques applied to 

common surfactants. The ‘critical aggregation concentration’ (c.a.c.) can be 

determined by monitoring the shift of λmax of a probe molecule by UV-visible 

spectroscopy.72 One of the many appeals of calixarenes is the ability to include 

smaller molecules within their cavities or bind small molecules with appended 

functionality. As such, determination of the c.a.c. using a molecular ‘probe’ may give 

erroneous results if the probes preferentially included within the calixarene cavity or 

bind to the proline moieties. This method gave c.a.c. values ranging from 4 to 9 mM 

(Figure 2.5) with various dyes. 

A variety of dyes were investigated (Figure 2.6); these include cationic (methylene 

blue and rhodamine 6G), anionic (methyl orange), and uncharged (dimethyl yellow) 

dyes. Methylene blue and rhodamine 6G gave c.a.c. values of 4 and 5 mM 

respectively while methyl orange and dimethyl yellow both gave higher c.a.c. values 

at 9 mM. It was not clear from this experiment alone, what role the charge on the dye 

played or whether the shift in λmax was a result of the probe molecule interacting with 

the calix[4]arene itself (e.g. absorption onto the surface of aggregated structures73) or 

including within calix[4]arene aggregates. Similar experiments were also attempted 

with non-dye probes. 4-Nitroanisole was investigated but the λmax ~300 nm for 

4-nitroanisole was overlapped by the calix[4]arene absorptions at <400 nm. Dimethyl 

yellow, being neutral, was insoluble in water. Therefore, each of the calixarene 

solutions at the desired concentration were sonicated for 5 min. with ~5 mg of 

dimethyl yellow solid (then filtered) prior to UV-visible measurements.74 It was 

noted that if the probe (in this case the methylene blue solution) was added 
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immediately prior to UV-visible measurement, the c.a.c. was determined to be 

16 mM. Preparing the stock solutions of calix[4]arene with the probes present may 

allow time for the system to equilibrate. Therefore, the c.a.c. values may reflect 

aggregation processes under kinetic and thermodynamic control. 

 

Figure 2.5 Determinations of the critical aggregation concentration by monitoring the shift of the 
dye’s maxima at 400–700 nm in UV-visible spectroscopy. Various probes were 
investigated: (a) methylene blue (c.a.c. = 4 mM); (b) rhodamine 6G (c.a.c. = 5 mM); (c) 
methyl orange (c.a.c. = 9 mM); (d) dimethyl yellow (c.a.c. = 9 mM); and (e) methylene 
blue, dye added immediately prior to UV-visible measurement (c.a.c. = 16 mM). 

(a) (b)

(c) (d)

(e) 
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Figure 2.6 Dyes used for the determination of the c.a.c of L-proline calix[4]arene in water. 

Characterisation of the size of L-proline calix[4]arene aggregates in the absence of 

molecular probes was performed by dynamic light scattering (DLS). The c.a.c. 

determined by DLS (Figure 2.7) was 11 mM. The average particle size distribution of 

the aggregates was approximately 1.5 nm when the solution was at a concentration 

below the c.a.c., but this increases to approximately 3 nm when the concentration of 

calixarene was greater than 20 mM and 4–5 nm when the concentration was at 

40 mM. DLS instruments typically model particle size with the assumption that the 

particle is spherical. If the aggregates were assumed to be spherical, then this could 

fit six calix[4]arene units assembled into a cube-like structure (~3 nm) with a 

hydration shell of 1–2 nm. 

 
Figure 2.7 Determination of the c.a.c. by dynamic light scattering (c.a.c. = 11 mM). 

Studies on the self-assembly behaviour of calixarene 127a were based on material 

thought to be ‘pure’ based on analysis by on a 200 MHz NMR spectrometer. Analysis 

of the same material on a 400 MHz NMR spectrometer showed that small quantities 
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of residual solvent were present. Further studies by NMR spectroscopy showed that 

the self-assembly of calixarene 127a could be influenced by small molecules. 

2.4.2 NMR spectroscopy studies of self-aggregation 

The aggregation behaviour of L-proline calixarene was further studied by nuclear 

magnetic resonance (NMR) spectroscopy. 1H NMR spectra of L-proline calix[4]arene 

127a from 0.25 to 100 mg mL−1 in D2O at 298 K (Figure 2.8) indicated that 

aggregation initiated at 8 mg mL−1 as evidenced by the formation of new peaks (3.5–

2.2 ppm) and broadening of peaks in the 1.5–4.5 ppm and aromatic (7.5–7.0 ppm) 

regions. With the aid of 1H–1H COSY (correlation spectroscopy), 1H–13C HSQC 

(heteronuclear single quantum coherence), and 1H–13C HMBC (heteronuclear 

multiple bond correlation) at selected concentrations, signals at 3.3, 2.8, and 2.5 ppm 

were assigned to the proline moiety. At 15 mg mL−1, the signals in the 4.5–1.5 ppm 

region broadened and the new signals increased in intensity. The Ar–H signal also 

broadened at concentrations >8 mg mL−1, consistent with the signals in the 4.5–

1.5 ppm region. A small peak, ~0.05 ppm upfield of the Ar–H, increased in intensity 

until 50–100 mg mL−1 where these signals in the aromatic region coalesced into three 

broad peaks (7.35–7.05 ppm). 

Broadened signals indicated that the thermal motion of the aggregates were now 

slower on the NMR time scale. Broad signals are typical of aggregation of smaller 

molecular units into larger structures and larger structures typically have shorter T2 

relaxation times (leading to broad signals).75, 76 An analysis of the normalised total 

integral of signals from 9–0 ppm (Figure 2.9), excluding HOD, showed the total 

integration increasing linearly with the concentration of 127a up until ~10 mg mL−1. 

Beyond this, the integration appeared to plateau and not increase linearly as expected 

with the increase in concentration in the solution. If the T2 relaxation times of larger 

structures became too short, the signals from the larger aggregate structures would 

not be ‘NMR-visible’ (under the standard experimental parameters used), therefore 

decreasing the number of 1H observed. 
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Figure 2.8 1H NMR (400 MHz) spectra of 127a at selected concentrations from (i) 0.25 to (ix) 

100 mg mL−1 in D2O. The residual acetate signal (*) at ~2 ppm shifted 1.5 ppm upfield 
and broadened. The residual THF signals (#) shift upfield and new signals also 
appeared downfield at 127a concentrations greater than 8 mg mL−1. Due to changes in 
intensities, the spectra were scaled for clarity. 
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Figure 2.9 Analysis of normalised integrals from δ 9–0 ppm as the concentration of calixarene 

127a was increased. 

Impurities were identified in the sample (residual L-proline, THF, and acetate). The 

signals from these impurities responded to changes in their environment so, they can 

be used to ‘probe’ interactions with the calix[4]arene (i.e. inclusion within the 

calix[4]arene cavity) or aggregated structures. The THF signals at 3.75 ppm (CH2, 

C1,5) and ~1.88 ppm (overlapped, CH2, C3,4) were consistent with THF in D2O.77 

The signals at 3.75 and 1.88 ppm, followed with the aid of 1H–1H COSY 

experiments (Figure 2.10a), shifted upfield to 2.36 and −0.16 ppm respectively as the 

concentration of 127a was increased from 0.50 to 100 mg mL−1. An interesting result 

from the 1H–1H TOCSY (TOtal Correlation SpectroscoY) experiments 

(Figure 2.10b) for the same sample, suggested that the two signals at 5.47 and 

3.56 ppm (currently unassigned) were in the same spin system as the two signals 

2.36 and −0.16 ppm (assigned to THF). This was in contrast to the COSY 

experiments which suggested that the two pairs of signals were not coupled to each 

other. However, the signal at 5.47 ppm was coupled to the signal at 3.56 ppm. One 

possible explanation for this is that as the concentration of calix[4]arene was 

increased, THF included into the calix[4]arene cavity (related to the upfield shifted 

signals) but a portion of the THF was also aligned with the aromatic plane (the 

downfield shifted signals). As expected, increasing the concentration of calixarene 

also increased the intensity of downfield signal at 5.55 ppm (Figure 2.11). 

Another impurity, acetic acid, also showed signs of inclusion in the calixarene. The 

acetate signal at 2.0 ppm (127a at 0.25 mg mL−1) moved upfield to 0.7 ppm (127a at 

100 mg mL−1). Acetate is typically at 2.1 ppm in D2O.78 This suggested that the 

acetate included in the calixarene cavity as the concentration of 127a in solution was 

increased. 
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Figure 2.10 (a) 1H–1H COSY and (b) 1H–1H TOCSY NMR (400 MHz, D2O) spectra for L-proline 
calix[4]arene at 100 mg mL−1. Residual impurity signals: tetrahydrofuran (#) and 
acetate (*). 

There were also indications that residual proline amino acid interacted with proline 

calix[4]arene as the concentration of the calixarene was increased. The proline amino 

(a) 

(b) 
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acid signal, initially at 1.80–1.65 ppm (8 mg mL−1), moved upfield to 0.95–0.8 ppm 

(100 mg mL−1) at higher concentrations of 127a. This suggested that the proline 

amino acid could be included into the proline calix[4]arene cavity; an upfield shift of 

signals in such systems is typical of inclusion into the cavity. It is unusual for proline 

to include into the calixarene cavity given the high solubility of the amino acid in 

water (162 g/100 mL of water at 25 °C79). However, the high concentration of the 

calixarene in solution could affect the ionic characteristics of the solution therefore 

favouring the inclusion of proline in to the calixarene cavity. This has implications 

for the proposed mechanism of hydrogelation of proline calix[4]arene (refer to 

section 4.7). 

 
Figure 2.11 Analysis of the normalised integrals of the signal at δ 5.5 ppm. 

In an attempt to elucidate the impact of small molecules in solution, a sample of 

calixarene 127a was further purified. The sample was triturated with methanol then 

dissolved in water and concentrated in vacuo and the residue dried under high 

vacuum. The resulting 1H NMR spectra (Figure 2.12) at 20 and 100 mg mL−1 were 

different compared with the previous samples. Under these conditions, the signals at 

100 mg mL−1 were broadened but there were no additional signals at 3.3, 2.8, and 

2.5 ppm from the aggregated proline calixarene 127a. This suggests that small 

organic molecules could induce aggregation of proline calix[4]arene in solution. 
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Figure 2.12 L-Proline calix[4]arene 127a at (i) 20 mg mL−1 and (ii) 100 mg mL−1 (400 MHz, D2O). 

This sample was further purified (refer to the main text above). 
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2.4.3 Interactions of small molecules with proline calix[4]arene 

The interaction of small organic molecules with proline calix[4]arene 127a was 

further investigated with tetrahydrofuran, 1-methyl-2-pyrrolidinone (NMP), and tert-

butyl alcohol (Figure 2.13). THF was of interest as it had a dramatic impact on the 

aggregation of 127a at low concentrations. NMP was selected because of its 

structural similarity to proline, while being more hydrophobic. tert-Butyl alcohol was 

investigated as a potential internal standard however, it too affected the 1H NMR 

spectrum of 127a. 

N

O

MeO Me
Me

Me

OH

(a) (b) (c)  

Figure 2.13 Small organic molecules of interest: (a) tetrahydrofuran, (b) 1-methyl-2-pyrrolidinone, 
and (c) tert-butyl alcohol. 

NMR titration experiments (Figure 2.14) showed that THF had an impact at 

0.01 equivalents. As previously observed, the signals at 3.3, 2.8, and 2.5 ppm 

(assigned to the proline moiety of aggregated calixarenes) increased in intensity as 

THF was added to a fixed concentration of calixarene 127a. The signals due to THF 

moved upfield with the addition of each aliquot of THF. Furthermore, signals at 5.5 

and 3.6 ppm also appeared with the addition of THF, but at a lower intensity. This 

result agreed with that observed previously (see section 2.4.2); the self-assembly of 

the calixarene was influenced by the presence of THF. Examination of the 

normalised integrals of these spectra (Figure 2.15a), showed a slight decrease in the 

aromatic region (7.5–7.0 ppm) and in the 4.5–0.5 ppm region (which included the 

proline moiety and THF). This indicated that there may have been (larger) structures 

that were not ‘NMR visible’. 
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Figure 2.14 Titration of L-proline calix[4]arene 127a (20 mg mL−1 in D2O) against THF (*). An 

initial solution of (i) 127a (20 mg mL−1) in the presence of THF from (ii) 0.01 equiv. to 
(viii) 0.50 equiv. 1H NMR spectra were acquired at 400 MHz. 
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Like many self-assembled systems, the calixarene 127a-THF ‘aggregate’ was also 

reversible. Variable temperature NMR experiments (Figure 2.16) showed that the 

aggregated structures formed in the presence of THF were destroyed on heating to 

55 °C as demonstrated by the disappearance of signals from the proline moiety (3.3, 

2.8, 2.5 ppm) and ‘calixarene-included’ THF (5.5, 1.49 ppm). These signals have a 

low intensity, refer to Figure 2.17 for a scaled version of the 1H NMR spectrum in 

Figure 2.16, (i). Supplementary analysis of the normalised integrals (Figure 2.15b) 

showed that the integrals increased with heating (consistent with the break-down of 

the calixarene aggregates); the cooling cycle did not exhibit any hysteresis. 

Figure 2.15 Analysis of normalised integrals from 1H NMR for proline calix[4]arene 127a-THF 
system. (a) 127a (20 mg mL−1 in D2O) titrated against THF; and (b) variable temp-
erature experiments for calixarene 127a and THF at 0.03 equiv. 

(a) (b)
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Figure 2.16 VT 1H NMR (400 MHz) experiments for a L-proline calix[4]arene 127a (20 mg mL−1) 

and THF (0.03 equiv.) in D2O. The solution was heated, (i) to (iv), and cooled, (v) to 
(vii). 
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Figure 2.17 Scaled 1H NMR (400 MHz) spectrum of 127a (20 mg mL−1 in D2O) and tetrahydro-

furan (0.03 equiv.) in D2O at 30 °C (Figure 2.16). The ‘calixarene-included’ THF 
signals are denoted with (*) and those belonging to the proline moiety with (#). 
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Figure 2.18 Titration of L-proline calix[4]arene 127a against 1-methyl-2-pyrrolidinone, NMP (*) 

with an initial solution of (i) 127a (20 mg mL−1 in D2O) and in the presence of NMP 
from (ii) 0.10 equiv. to (xii) 2.00 equiv. 1H NMR spectra were acquired at 400 MHz. 
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The proline analogue, 1-methyl-2-pyrrolidinone, appeared to have a lesser impact on 

calixarene 127a compared with THF. NMR titration experiments of NMP into a fixed 

concentration of calixarene in solution (Figure 2.18) showed slight broadening of the 

calixarene signals and a similar set of signals (though less intense) at 3.3, 2.8, 

2.6 ppm compared to the 127a-THF system. The normalised integrals (Figure 2.19a) 

also showed a slight decrease with the addition of NMP. However, the integral region 

(3.9–3.7 ppm) is greater than the other two integral regions because of an overlap 

with the broadening signal of the protons of Ar–CH2–Ar. 

The 127a-NMP system also showed reversibility. Variable temperature experiments 

(Figure 2.20) showed that this system was more stable with signals at 3.3, 2.8, and 

2.6 ppm persisting until 50 °C and the other calixarene signals remaining broad until 

70 °C. The 127a-NMP system may be more stable as it may form stronger hydrogen 

bonds between the lactam carbonyl and proline moieties. The normalised integrals of 

these spectra (Figure 2.19b) did not reveal anything different from the 127a-THF 

system. 

Figure 2.19 Analysis of normalised integrals from 1H NMR for proline calix[4]arene 127a–NMP 
system. (a) 127a (20 mg mL−1 in D2O) titrated against NMP; and (b) VT experiments 
for calixarene 127a and NMP at 2.00 equiv. 

(a) (b)



 Chapter 2 104 

 

 
Figure 2.20 VT 1H NMR (400 MHz) experiments for L-proline calix[4]arene 127a (20 mg mL−1) 

and NMP (*) at 2.00 equiv. in D2O. The solution was heated, (i) to (v), and cooled, (vi) 
to (ix). 
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Figure 2.21 Titration of L-proline calix[4]arene 127a against tert-butyl alcohol (*) with an initial 

solution of (i) 127a (20 mg mL−1 in D2O) and in the presence of t-BuOH from (ii) 
0.10 equiv. to (xii) 2.00 equiv. 1H NMR spectra were acquired at 400 MHz. 
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tert-Butyl alcohol initially appeared to have a similar effect as NMP and THF. NMR 

titrations (Figure 2.21) showed familiar signals at 3.3, 2.8, and 2.6 ppm and 

broadening of the calixarene signal (even at 0.1 equiv.). At 0.75 equiv. of tert-butyl 

alcohol, a small signal at ~3 ppm was visible (as a shoulder). The signal at 3 ppm 

was believed to be that of tert-butyl alcohol as it was uncharacteristically sharp 

compared with those of the calixarene. Typically, inclusion of guests within the 

calixarene cavity results in an upfield shift80-82 in the signals of the guest as a result 

of shielding effects of protons positioned over the aromatic rings. It is hypothesised 

that the tert-butyl alcohol may be part of a larger cluster of calixarenes with its 

methyl groups oriented in-plane with the aromatic ring (explaining the downfield 

shift of the tert-butyl alcohol signal). The normalised integrals (Figure 2.22a) of 

these spectra were similar to those of the 127a-THF system where there was a small 

decrease in the normalised integrals. 

Variable temperature experiments of 127a-tert-butyl alcohol system (Figure 2.23) 

showed that it was relatively stable. The signal at 3 ppm had disappeared at 50 °C 

and the calixarene signals sharpened at 65 °C. The normalised integrals 

(Figure 2.21b) were similar to those of the other molecules studied; it increased with 

heating and did not exhibit hysteresis. 

Figure 2.22 Analysis of normalised integrals from 1H NMR for proline calix[4]arene 127a–t-BuOH 
system. (a) 127a (20 mg mL−1 in D2O) titrated against t-BuOH; and (b) variable 
temperature experiments for calixarene 127a and t-BuOH at 2.00 equiv. 

(a) (b)
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Figure 2.23 VT 1H NMR (400 MHz) experiments for a L-proline calix[4]arene 127a (20 mg mL−1) 

and t-BuOH (*) at 2.00 equiv. in D2O. The solution was heated, (i) to (v), and cooled, 
(vi) to (ix). 
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From these NMR experiments, it was shown that small organic molecules can induce 

the self-assembly of calixarene 127a in solution. Variable temperature NMR 

experiments showed that the molecules investigated could stabilise the calixarene 

aggregates. The kinetics of the calixarene aggregates breaking down and reforming 

(on the cooling cycles) was relatively quick. This was in contrast to the calixarene in 

the presence of an electrolyte (see section 4.3). 

2.5 Conclusions 

Amino acid functionalised calix[4]arenes have been successfully synthesised. 

L-Aspartic acid, L-glutamic acid, and iminodiacetic acid were attached to 

calix[4]arenes via an amide linkage. These compounds are targeted for crystal 

growth modification studies (refer to Chapter 3). A proline-functionalised calix[4]-

arene was also prepared. The majority of the characterisation studies discussed herein 

utilised the compound derived from L-proline while the D-proline analogue was used 

later in gelation studies (refer to Chapter 4). UV-visible spectroscopy (with a dye 

molecule) and 1H NMR spectroscopy showed that the L-proline calix[4]arene self-

assembled in water. UV-visible spectroscopy studies were performed on impure 

L-proline calix[4]arene and these impurities were later shown by, 1H NMR 

experiments, to impact the self-assembly of the calixarene. Further 1H NMR studies 

showed that it interacted with small molecules potentially acting as a host or forming 

larger aggregates in the presence of these smaller molecules. 

2.6 Experimental 

2.6.1 General remarks 

Reagents were used as purchased from the manufacturer or supplier. Solvents for 

reactions and column chromatography were purified according to Armarego and 

Chai.83 
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Column chromatography was performed on Merck silica gel 60 (230–400 mesh). 

Reactions were monitored by TLC on aluminium backed Merck silica gel 60 F245 

with detection by UV (for aromatic compounds), 1% FeCl3 solution (for phenolic 

compounds), Brady’s reagent57 (for aldehydes), iodine vapour (general purpose) 

and/or 1% potassium permanganate solution (general purpose). 

Proton and carbon NMR spectra were acquired at room temperature on a Varian 

GeminiTM 200 (1H 200 MHz, 13C 50 MHz) or a Bruker AvanceTM III 400 NanoBay 

(1H 400 MHz, 13C 100 MHz) spectrometer. NMR spectra were referenced to their 

respective solvents:77, 78 chloroform-d (CDCl3, 
1H, δ7.26 ppm; 13C, δ77.16 ppm); 

deuterium oxide (D2O, 1H, δ4.79 ppm); methanol-d4 (CD3OD, 1H, δ3.31 ppm; 13C, 

δ49.00 ppm); acetone-d6 (CD3COCD3, 
1H, δ2.05 ppm; 13C, δ29.84 or δ206.26 ppm); 

dimethyl sulfoxide-d6 (CD3SOCD3, 
1H, δ2.50 ppm; 13C, δ39.52 ppm). NMR signal 

assignments were assisted by literature data, DEPT or DEPTQ-135, and 2-dimen-

sional NMR experiments (1H–1H COSY, 1H–13C HSQC, 1H–13C HMBC, 1H–1H 

TOCSY). Multiplicity is assigned as follows: s = singlet, d = doublet, t = triplet, 

q = quartet, sxt = sextet, br = broad. 

Attenuated total reflectance Fourier Transform infrared (ATR-FT-IR) spectra were 

acquired on a PerkinElmer Spectrum 100 series spectrometer with a Universal ATR 

sampling accessory fitted with a ZnSe/diamond composite crystal. Spectra were 

recorded at a resolution of 4 cm−1 in the range of 4000–650 cm−1 with 16 scans 

accumulated. ATR correction was applied to the spectra. 

Elemental analysis was performed by the Central Science Laboratory, University of 

Tasmania. 

Melting ranges of solid samples were determined using a Barnstead/Electrothermal 

digital melting point apparatus (model 9100) at atmospheric pressure. Melting ranges 

were measured in duplicate then averaged. 
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2.6.2 Preparation of calixarene framework 

2.6.2.1 Preparation of 15,35,55,75-tetra-tert-butylcalix[4]arene-12,32,52,72- 
tetrol (1) 

The calix[4]arene was prepared as described by Gustche.46 Briefly, 

4-tert-butylphenol (150.1 g, 1.00 mol), sodium hydroxide (1.80 g, 

0.045 mol), and formaldehyde solution (37 wt%, 95 mL, 1.28 mol) 

were combined and heated at 90−100 °C for 1 hour. The resulting 

yellow, solid foam was cooled to room temperature, diluted with diphenyl ether 

(1 L), and stirred at room temperature for 1 hour. The reaction mixture was diluted 

with toluene (50 mL) and, under a vigorous stream of nitrogen, heated to 

150−160 °C for 30 minutes then heated at reflux for 2.5 hours. The reaction mixture 

was allowed to cool overnight then diluted with ethyl acetate and stirred for 30 

minutes. The resulting precipitate was filtered at the pump and washed with ethyl 

acetate (2×100 mL), acetic acid (2×100 mL), water (2×100 mL), and ethyl acetate 

(100 mL) to give a cream coloured solid (110.0 g). Recrystallisation of the solid from 

toluene gave white rhomboidal crystals (68.4 g, 0.09 mol, 37%): mp >330 °C dec 

(lit.46 mp 342–344 °C); 1H NMR (200 MHz, CDCl3) δ 10.35 (s, 4H, Ar–OH), 7.36–

7.13 (m, 5H, Ph–H, toluene), 7.05 (s, 8H, Ar–H), 4.26 (br d, 4H, Hax, Ar–CH2–Ar), 

3.49 (br d, 4H, Heq, Ar–CH2–Ar), 2.36 (s, 3H, Ph–CH3, toluene), 1.21 (s, 36H, 

C(CH3)3); IR (ATR) maxν (cm–1) 3170 (O–H), 2954 (C–H). 

2.6.2.2 Preparation of 15,35,55,75,95-penta-tert-butylcalix[5]arene-12,32,52,72,92-
tetrol (125) 

This compound was prepared according to literature.62 A solution of 

potassium hydroxide (5.43 g, 0.14 mol) in water (35 mL) was added 

to a mixture of 4-tert-butylphenol (75.2 g, 0.50 mol) and para-

formaldehyde (50.2 g, 1.67 mol) in 1,2,3,4-tetrahydronaphthalene 

(1 L). The stirring reaction mixture was heated at 80–90 °C for 1.5 hours then rapidly 

heated to 180 °C for 10 minutes then cooled to 160 °C for 3 hours. The reaction 

mixture was cooled to room temperature and the solid filtered. The solid was washed 

with toluene (2×50 mL). The toluene washings were combined with the reaction 

mixture filtrate (1,2,3,4-tetrahydronaphthalene phase) and the organic solvents 

removed by steam distillation. The residue was carefully acidified with hydrochloric 
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acid (37%, 200 mL), chloroform (500 mL) added and the biphasic solution stirred for 

15 minutes. The chloroform phase was separated, filtered through diatomaceous 

earth, dried (Na2SO4), and concentrated in vacuo. Recrystallisation of the residue 

twice from acetone gave an off-white powder (7.67 g, 9.5 mmol, 7.5% yield): mp 

305–311 °C (lit.62 mp 310–312 °C); 1H NMR (200 MHz, CD3COCD3) δ 8.59 (br s, 

5H, Ar–OH), 7.37 (s, 10H, Ar–H), 3.86 (br s, 10H, Ar–CH2–Ar), 1.23 (s, 45H, CH3); 

IR (ATR) maxν (cm–1) 3300 (O–H), 2956 (C–H). 

2.6.2.3 Preparation of calix[4]arene-12,32,52,72-tetrol (2) 

This compound was prepared as described by Strobel.47 Briefly, 1 

(18.2 g, 25 mmol) and phenol (14.0 g, 149 mmol) were suspended in 

toluene (250 mL) heated at 60 °C and stirred for 15 minutes. 

Anhydrous aluminium trichloride (26.3 g, 197 mmol) and toluene (50 mL) were 

carefully added to the reaction mixture and stirred for a further 4 hours at 60−70 °C. 

The reaction mixture was diluted with hydrochloric acid (3 M, 210 mL) and toluene 

(150 mL) and stirred for 1 hour at room temperature. The aqueous phase was 

separated and extracted with toluene (100 mL). The toluene phases were combined, 

dried (Na2SO4), and concentrated in vacuo. Ice-cold methanol was added to the 

residue and the resulting precipitate filtered at the pump. Trituration of the solid with 

methanol afforded a beige crystalline powder (10.3 g, 24 mmol, 98% yield): mp 

301–310 °C (lit.84 mp 315–318 °C); 1H NMR (200 MHz, CDCl3) δ 10.21 (s, 4H, Ar–

OH), 7.05 (d, J = 7.3 Hz, 8H, Ar–H), 6.74 (t, J = 7.3 Hz, 4H, Ar–H), 4.24 (br s, 4H, 

Hax, Ar–CH2–Ar), 3.55 (br s, 4H, Heq, Ar–CH2–Ar; IR (ATR) maxν (cm–1) 3140 (O–

H). 

2.6.2.4 Preparation of calix[5]arene-12,32,52,72,92-pentol (126) 

This compound was prepared from modified procedures from Bell et al.64 and 

Coruzzi et al.65 A solution of 125 (1.005 g, 1.24 mmol), and anhydrous aluminium 
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trichloride (1.630 g, 12.2 mmol) in dry toluene (10 mL) was stirred at room 

temperature for 1 hour. The reaction mixture was cooled in an ice-bath and 

hydrochloric acid (1 M, 20 mL) added dropwise. The reaction mixture was diluted 

with dichloromethane (30 mL) and the aqueous phase separated and extracted with 

dichloromethane (10 mL). The dichloromethane phases were combined, washed with 

hydrochloric acid (1 M, 10 mL), water (10 mL), saturated sodium chloride solution 

(10 mL), dried (Na2SO4), and concentrated in vacuo. The orange solid was dissolved 

in chloroform and precipitated with methanol. The solid was filtered at the pump and 

washed with a minimal amount of diethyl ether (note: diethyl ether removes the 

sticky orange residue, the product is appreciably soluble in diethyl ether). This gave 

an off-white powder (0.438 g, 0.83 mmol, 66% yield): mp 281 °C dec (lit.64 mp 

>275 °C); 1H NMR (400 MHz, CDCl3) δ 8.91 (s, 5H, Ar–OH), 7.21 (d, J = 7.6 Hz, 

10H, Ar–H), 6.84 (t, J = 7.6 Hz, 5H, Ar–H), 3.84 (br s, 10H, Ar–CH2–Ar); IR (ATR) 

maxν (cm–1) 3150 (O–H). 

2.6.2.5 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene (28) 

This compound was prepared from a modified procedure from 

Dondoni et al.49 2 (3.91 g, 9.22 mmol) was added to a stirring 

suspension of sodium hydride (4.20 g, 105 mmol, of a 60% dispersion 

in oil) in N,N-dimethylformamide (80 mL). A few small crystals of 

imidazole were added to the reaction mixture which then was stirred for 1 hour under 

a nitrogen atmosphere. Propyl bromide (8.6 mL, 11.6 g, 94.4 mmol) was added to the 

reaction mixture and was stirred at 60 °C under a nitrogen atmosphere for 18 hours. 

The reaction mixture was cooled to room temperature, quenched with methanol, and 

concentrated in vacuo. The residue was diluted with hydrochloric acid (3 M, 100 mL) 

and extracted with diethyl ether (4×50 mL). The diethyl ether extracts were 

combined, dried (Na2SO4), and concentrated in vacuo. Recrystallisation of the 

orange-brown solid from chloroform/methanol (~6:4, 10 mL) gave an off-white 

powder (4.10 g, 6.9 mmol, 75% yield): mp 186–194 °C (lit.49 mp 197–199 °C); 1H 

NMR (200 MHz, CDCl3) δ 6.67–6.55 (overlapped m, Ar–H, 12H), 4.46 (d, J = 

13.2 Hz, 4H, Hax, Ar–CH2–Ar), 3.85 (t, J = 7.5 Hz, 8H, OCH2), 3.15 (d, J = 13.2 Hz, 
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4H, Heq, Ar–CH2–Ar), 1.93 (apparent sxt, 8H, OCH2CH2), 0.99 (t, J = 7.5 Hz, 12H, 

CH3); IR (ATR) maxν (cm–1) 2962– 2875 (C–H). 

 

2.6.2.6 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetracarbaldehyde (119) 

The calixarene was prepared as described by Dondoni et al.49, 54 

Briefly, a solution of 28 (1.00 g, 1.69 mmol) and hexamethylene-

tetramine (7.14 g, 50.9 mmol) in trifluoroacetic acid (40 mL) was 

heated at reflux overnight. The reaction mixture was diluted with 

dichloromethane (100 mL) and hydrochloric acid (1 M, 100 mL) and 

stirred at room temperature overnight. The aqueous phase was separated and 

extracted with dichloromethane (50 mL). The dichloromethane phases were 

combined, washed with water (2×50 mL) then saturated sodium chloride (60 mL), 

dried (MgSO4), and concentrated in vacuo to give an orange solid. Trituration of the 

solid with methylcyclohexane afforded a beige powder (0.944 g, 1.34 mmol, 79% 

yield): mp >250 °C dec (lit.49 mp 289–290 °C); 1H NMR (200 MHz, CDCl3) δ 9.58 

(s, 4H, Ar–CHO), 7.15 (s, 8H, Ar–H), 4.15 (d, J = 13.9 Hz, 4H, Hax, Ar–CH2–Ar), 

3.93 (t, J = 7.5 Hz, 8H, OCH2), 3.35 (d, J = 13.9 Hz, 4H, Heq, Ar–CH2–Ar), 1.91 

(apparent sxt, 8H, OCH2CH2), 1.01 (t, J = 7.5 Hz, 12H, CH3); IR (ATR) maxν (cm–1) 

2739, 2725 (CHO), 1685 (Ar–C=O). 

2.6.2.7 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetracarboxylic acid (92) 

This compound was prepared according to literature.20, 56 A freshly 

prepared solution of sodium chlorite (80%, 1.23 g, 10.88 mmol) and 

sulfamic acid (1.28 g, 13.18 mmol) in water (5 mL) was added 

immediately to a stirring solution of 119 (0.70 g, 0.99 mmol) 

dissolved in acetone (30 mL) and chloroform (30 mL) at −5 °C. The 

turbid reaction mixture was stirred at room temperature for two days. A second 

aliquot of sodium chlorite (80%, 1.245 g, 11.0 mmol) and sulfamic acid (1.24 g, 

13.2 mmol) dissolve in water (5 mL) was added to the reaction mixture. After 24 

hours, a third aliquot of sodium chlorite (80%, 1.24 g, 10.9 mmol) and sulfamic acid 
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(1.28 g, 13.2 mmol) dissolve in water (5 mL) was added to the reaction mixture 

along with acetone (10 mL) and chloroform (10 mL). The reaction mixture was 

stirred for a further five days. The reaction mixture was concentrated in vacuo. The 

residue was diluted with methanol (10 mL) and hydrochloric acid (3 M, 10 mL) and 

stirred at room temperature for two days. The precipitate was filtered and washed 

with hydrochloric acid (3 M) then cold methanol. This gave a beige solid (0.714 g, 

0.93 mmol, 93% yield): mp >360 °C (lit.20 mp >360 °C); 1H NMR (200 MHz, 

CD3OD) δ 7.38 (s, 8H, Ar–H), 4.53 (d, J = 13.6 Hz, 4H, Hax, Ar–CH2–Ar), 3.97 (t, J 

= 7.5 Hz, 8H, OCH2), 3.36 (d overlapped with CD3OD, Heq, Ar–CH2–Ar), 1.97 (m, 

8H, OCH2CH2), 1.05 (t, J = 7.5 Hz, 12H, CH3); IR (ATR) maxν (cm–1) 3065s (O–H), 

1694 (Ar–C=O), 1202 (C–O). 

2.6.2.8 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetracarbonyl chloride (94) 

This calixarene was prepared according to literature.20 N,N-Dimethyl-

formamide (1 drop) was added to a stirring solution of oxalyl chloride 

(3.4 mL, 4.9 g, 38.6 mmol) and 92 (376 mg, 0.49 mmol) in dichloro-

methane (25 mL). The reaction solution was heated at reflux under an 

argon atmosphere overnight. The reaction solution was concentrated 

in vacuo and the residue used immediately without further purification or 

characterisation. 

2.6.3 Preparation of protected amino acid fragments 

2.6.3.1 Preparation of L-aspartic acid diethyl ester hydrochloride (120) 

Thionyl chloride (19.3 mL, 31.6 g, 265 mmol) was added dropwise to 

a cold stirred suspension of L–aspartic acid (5.73 g, 43 mmol) in 

ethanol (150 mL) and stirred at room temperature for one week. The reaction mixture 

was concentrated in vacuo to give a pale-brown oil which solidified on cooling. 

Trituration of the solid with diethyl ether to gave white fine needle-like crystals 

(9.15 g, 40 mmol, 93% yield): mp 107–110 °C (lit.85 mp 109–110 °C); 1H NMR 

(400 MHz, CDCl3) δ 8.79 (br s, 3H, NH3), 4.55 (apparent t, 1H, NCH), 4.34–4.22 

(m, 2H, OCH2), 4.18 (q, J = 7.1 Hz, 2H, OCH2), 3.30 (dd, J = 5.1, 17.8 Hz, 1H, H′, 
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NCHCH2), 3.20 (dd, J = 5.4, 17.8 Hz, 1H, H″, NCHCH2), 1.27 (t, J = 7.1 Hz, 3H, 

CH3), 1.25 (t, J = 7.1 Hz, 3H, CH3); 
13C NMR (100 MHz, CDCl3) δ 170.1 (C=O), 

168.1 (C=O), 63.1 (OCH2), 61.9 (OCH2), 49.8 (NCH), 34.2 (NCHCH2), 14.2 (CH3), 

14.1 (CH3); IR (ATR) maxν (cm–1) 3129 (N–H), 1747 (C=O), 1712 (C=O), 1245, 

1231, 1216 (C–O). 

2.6.3.2 Preparation of L-glutamic acid diethyl ester hydrochloride (121) 

Thionyl chloride (8.3 mL, 13.60 g, 114 mmol) was added dropwise 

to a cold stirred suspension of L–glutamic acid (5.52 g, 38 mmol) 

in ethanol (70 mL). The reaction mixture was stirred at room temperature overnight 

then concentrated in vacuo to give a pale-yellow oil which crystallised on standing. 

Trituration of the solid with diethyl ether gave a white crystalline powder (8.99 g, 

37 mmol, 97% yield): mp 112–114 °C (lit.86 mp 113–114 °C); 1H NMR (400 MHz, 

CDCl3) δ 8.83 (br s, 3H, NH3), 4.27 (overlapped, apparent t, 1H, NCH), 4.27 (q, J = 

7.1 Hz, 2H, OCH2), 4.12 (q, J = 7.1 Hz, 2H, OCH2), 2.77–2.55 (m, 2H, CH2C=O), 

2.48–2.32 (m, 2H, NCHCH2), 1.30 (t, J = 7.1 Hz, 3H, CH3), 1.24 (t, J = 7.1 Hz, 3H, 

CH3); 
13C NMR (100 MHz, CDCl3) δ 172.4 (C=O), 169.1 (C=O), 62.9 (OCH2), 61.0 

(OCH2), 52.7 (NCH), 30.1 (CH2C=O), 25.6 (NCHCH2), 14.3 (CH3), 14.16 (CH3); IR 

(ATR) maxν (cm–1) 3459 (N–H), 1732 (C=O), 1224, 1198, 1185 (C–O). 

2.6.3.3 Preparation of 2,2’-[(carbonyl)imino]diacetic acid diethyl ester 
hydrochloride (122) 

Thionyl chloride (7 mL, 11.5 g, 96 mmol) was added dropwise to a 

stirred suspension of iminodiacetic acid (5.23 g, 39 mmol) in ethanol 

(50 mL). The reaction mixture was stirred at room temperature overnight. More 

thionyl chloride (14 mL, 22.9 g, 193 mmol) was added to the reaction mixture and 

then heated at reflux. The reaction mixture was concentrated in vacuo to give a 

brown oil which crystallised on standing. Trituration of the solid with diethyl ether 

gave a pale-brown powder (8.91 g, 39 mmol, quantitative yield): mp 60.7–71.0 °C 

(lit.87 mp 73–75); 1H NMR (400 MHz, CDCl3) δ 4.27 (q, J = 7.2 Hz, 4H, OCH2), 

4.01 (s, 4H, CH2C=O), 1.29 (t, J = 7.2 Hz, 6H, CH3); 
13C NMR (100 MHz, CDCl3) δ 
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166.2 (C=O), 62.8 (OCH2), 47.0 (CH2C=O), 14.1 (CH3); IR (ATR) maxν (cm–1) 3346 

(N–H), 1741 (C=O), 1220, 1202 (C–O). 

2.6.4 Preparation of amino acid functionalised calixarenes for crystal growth 
modification studies 

2.6.4.1 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetrakis-{(2S)-2-[(carbonyl)amino]}butanedioic acid diethyl ester 
(123a) 

A solution of 120 (502 mg, 2.22 mmol) and triethylamine 

(0.61 mL, 440 mg, 4.35 mmol) dissolved in dichloromethane 

(15 mL) was added dropwise to a cold stirring solution of the 

acid chloride 94 (413 mg, 0.49 mmol) dissolved in dichloro-

methane (15 mL) over 15 minutes. The reaction mixture was 

stirred at room temperature under an argon atmosphere over the weekend. The 

reaction mixture was diluted with hydrochloric acid (1 M, 30 mL) and stirred for 30 

minutes. The organic phase was separated and washed with hydrochloric acid 

(2×15 mL) then saturated sodium chloride (30 mL), dried (MgSO4), and concentrated 

in vacuo. Purification of the brown residue by column chromatography 

[dichloromethane/acetone (9:1, v/v)] afforded a glassy yellow solid (318 mg, 

0.22 mmol, 44% yield) which crystallised on standing: mp 120–130 °C (material 

crystallised from glassy material); 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 2.1 Hz, 

4H, Ar–H), 7.04 (d, J = 2.1 Hz, 4H, Ar–H), 7.01 (d, J = 7.9 Hz, 4H, N–H), 4.88 

(apparent dt, 4H, NCH), 4.46 (d, J = 13.6 Hz, 4H, Hax, Ar–CH2–Ar), 4.25–4.09 

(overlapped m, 16H, OCH2CH3), 3.88 (t, J = 7.5 Hz, 8H, OCH2CH2), 3.27 (d, J = 

13.6 Hz, 4H, Heq, Ar–CH2–Ar), 3.02 (dd, J = 4.4, 16.7 Hz, 4H, H′, CH2C=O), 2.94 

(dd, J = 5.4, 16.7 Hz, 4H, H″, CH2C=O), 1.90 (sxt, J = 7.5 Hz, 8H, OCH2CH2), 1.25 

(overlapped, apparent q, 24H OCH2CH3), 0.99 (t, J = 7.5 Hz, 12H OCH2CH2CH3); 
13C NMR (100 MHz, CDCl3) δ 171.4 (C=O, ester), 171.2 (C=O, ester), 167.0 (C=O, 

amide), 159.6 (C–O, Ar), 135.0 (C–CH2, Ar), 134.8 (C–CH2, Ar), 128.3 (C–C=O, 

Ar), 128.1 (C–H, Ar), 127.2 (C–H, Ar), 77.2 (overlapped with CDCl3, OCH2CH2), 

61.8 (OCH2CH3), 61.1 (OCH2CH3), 49.3 (NCH), 36.5 (CH2C=O), 31.2 (Ar–CH2–

Ar), 23.3 (OCH2CH2), 14.30 (OCH2CH3), 14.25 (OCH2CH3), 10.4 (OCH2CH2CH3); 

IR (ATR) maxν (cm–1) 3347 (N–H), 1732 (C=O, ester), 1657 (C=O, amide), 1197 (C–
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O). Anal. Calcd for C76H100N4: C, 62.80; H, 6.93; N, 3.85%). Found: C, 62.54; H, 

6.75; N, 3.64%. 

2.6.4.2 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetrakis-{(2S)-2-[(carbonyl)amino]}pentanedioic acid diethyl ester 
(123b) 

This compound was prepared according to the procedure 

described for 123a. A solution of 121 (978 mg, 4.08 mmol) and 

triethylamine (1.40 mL, 1060 mg, 10.48 mmol) dissolved in 

dichloromethane (15 mL) was added dropwise to a cold stirring 

solution of 94 (519 mg, 0.62 mmol) dissolved in dichloro-

methane (20 mL) over 15 minutes. The reaction mixture was stirred a room 

temperature under a nitrogen atmosphere for six days. The reaction mixture was 

diluted with dichloromethane (25 mL) and washed with hydrochloric acid (3×25 mL) 

then saturated sodium chloride (25 mL), dried (MgSO4), and concentrated in vacuo. 

Purification of the brown residue by column chromatography (dichloromethane/ 

acetone (9:1, v/v) and 0.5 v/v% triethylamine) afforded a glassy yellow solid 

(320 mg, 0.21 mmol, 34% yield) which crystallised on standing: mp 121–136 °C 

(material crystallised from glassy material); 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J 

= 2.2 Hz, 4H, Ar–H), 7.10 (d, J = 2.2 Hz, 4H, Ar–H), 6.83 (d, J = 7.0 Hz, 4H, N–H), 

4.59 (apparent dt, 4H, NCH), 4.46 (d, J = 13.6 Hz, 4H, Hax, Ar–CH2–Ar), 4.27–4.15 

(m, 8H, OCH2CH3), 4.15–4.02 (m, 8H, OCH2CH3), 3.38 (t, J = 7.5 Hz, 8H, 

OCH2CH2), 3.26 (d, J = 13.6 Hz, Heq, Ar–CH2–Ar), 2.50–2.34 (m, 8H, CH2C=O), 

2.31–2.17 (m, 4H, H′, NCHCH2), 2.12–1.99 (m, 4H, H″, NCHCH2), 1.90 (sxt, J = 

7.5 Hz, 8H, OCH2CH2), 1.28 (t, J = 7.1 Hz, 12H, OCH2CH3), 1.21 (t, J = 7.2 Hz, 

12H, OCH2CH3), 0.99 (t, J = 7.5 Hz, 12H, OCH2CH2CH3); 
13C NMR (100 MHz, 

CDCl3) δ 173.4 (C=O, ester), 172.1 (C=O, ester), 167.3 (C=O, amide), 159.4 (C–O, 

Ar), 135.0 (C–CH2, Ar), 134.9 (C–CH2, Ar), 128.5 (C–C=O, Ar), 127.8 (C–H, Ar), 

127.7 (C–H, Ar), 77.2 (overlapped with CDCl3, OCH2CH2), 61.6 (OCH2CH3), 60.7 

(OCH2CH3), 52.5 (NCH), 31.2 (Ar–CH2–Ar), 30.6 (CH2C=O), 27.4 (NCHCH2), 23.3 

(OCH2CH2), 14.30 (OCH2CH3), 10.4 (OCH2CH2CH3); IR (ATR) maxν (cm–1) 3382 

(N–H), 1733 (C=O, ester), 1645 (C=O, amide), 1190 (C–O). Anal. Calcd for 

C80H108N4: C, 63.64; H, 7.21; N, 3.71%. Found: C, 63.48; H, 7.53; N, 3.66%. 
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2.6.4.3 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetrakis-2,2’-[(carbonyl)imino]diacetic acid diethyl ester (123c) 

A solution of 122 (1.27 g, 5.65 mmol) and triethylamine (2.00 mL, 

1.52 g, 15.0 mmol) dissolved in dichloromethane (15 mL) was 

added dropwise to a cold stirring solution of 94 (565 mg, 

0.67 mmol) dissolved in dichloromethane (10 mL) over 15 minutes. 

The reaction mixture was stirred at room temperature under a 

nitrogen atmosphere over three days. The reaction mixture was 

diluted with dichloromethane (25 mL) and washed with hydrochloric acid (1 M, 

3×25 mL), saturated sodium chloride (25 mL), dried (Na2SO4), and concentrated in 

vacuo. Purification of the brown residue by column chromatography 

[dichloromethane/acetone (9:1, v/v)] afforded a glassy yellow solid (296 mg, 

0.20 mmol, 30% yield) which crystallised on standing: mp 110–121 °C (material 

crystallised from glassy material); 1H NMR (400 MHz, CDCl3) δ 6.95 (s, 8H, Ar–H), 

4.46 (d, J = 13.3, 4H, Hax, Ar–CH2–Ar), 4.33–4.07 (overlapped m, OCH2CH3 and 

NCH2), 3.90 (t, J = 7.7 Hz, 8H, OCH2CH2), 3.17 (d, J = 13.3 Hz, 8H, Heq, Ar–CH2–

Ar), 1.92 (sxt, J = 7.7 Hz, 8H, OCH2CH2CH3), 1.27 (apparent br t, 24H, OCH2CH3), 

0.99 (J = 7.7 Hz, 12H, OCH2CH2CH3); 
13C NMR (100 MHz, CDCl3) δ 171.6 (C=O), 

169.6 (C=O), 169.2 (C=O), 158.3 (C–O, Ar), 134.7 (C–CH2, Ar), 128.2 (C–C=O, 

Ar), 128.3 (C–H, Ar), 61.7, 61.1 (OCH2CH3), 77.2 (overlapped with CDCl3, 

OCH2CH2), 52.2, 48.1 (NCH2C=O), 31.4 (Ar–CH2–Ar), 23.2 (OCH2CH2CH3), 14.5, 

14.3 (OCH2CH3), 10.4 (OCH2CH2CH3); IR (ATR) maxν (cm–1) 1738 (C=O, ester), 

1645 (C=O, amide), 1183 (C–O). Anal. Calcd for C76H100N4: C, 62.80; H, 6.93; N, 

3.85%. Found: C, 62.80; H, 7.00; N, 3.68%. 

2.6.4.4 Preparation of 12,32,52,72-tetrapropoxycalix[4]arene-15,35,55,75-tetrakis-
{(2S)-2-[(carbonyl)amino]}butanedioic acid (124a) 

A solution of potassium carbonate (350 mg, 2.53 mmol) in water 

(2 mL) was added to a stirred solution of (123a) (286 mg, 

0.20 mmol) in methanol (25 mL) at 40–50 °C. The reaction 

mixture was stirred for 2 hours, cooled to room temperature, and 
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concentrated in vacuo. The residue was diluted with water (30 mL), acidified with 

hydrochloric acid (3 M, ~2 mL) to pH ~1, and extracted with ethyl acetate 

(4×15 mL). The ethyl acetate extracts were combined, washed with water (30 mL) 

then saturated sodium chloride (30 mL), dried (Na2SO4), and concentrated in vacuo. 

This gave a solid (160 mg, 0.13 mmol, 66% yield): mp >240 °C dec; 1H NMR 

(400 MHz, CD3SOCD3) δ 12.50 (br s, 5H, COOH),* 8.74–8.24 (m, 4H, N–H), 7.59–

7.19 (m, 8H, Ar–H), 4.74–4.54 (m, 4H, NCH), 4.43, (d, J = 12.9, 4H, Hax, Ar–CH2–

Ar), 4.02–3.92 (m, 4H, OCH2), 3.36 (overlapped with HOD, Heq, Ar–CH2–Ar), 2.93–

2.55 (m, NCHCH2C=O), 1.92 (sxt, J = 7.5 Hz, 8H, OCH2CH2CH3), 1.04–0.90 (m, 

12H, CH3); 
13C NMR (100 MHz, CD3SOCD3) δ 172.6 (C=O, carboxylic acid), 172.0 

(C=O, carboxylic acid), 165.7 (C=O, amide), 158.7 (C–O, Ar), 134.0 (C–CH2, Ar), 

128.1 (overlapped, C–H, Ar and C–C=O, Ar), 76.7 (OCH2), 49.3 (NCH), 35.9 

(CH2C=O), 30.7 (Ar–CH2–Ar), 22.7 (OCH2CH2), 10.1 (CH3); IR (ATR) maxν (cm–1) 

3340 (O–H), 1720 (C=O, carboxylic acid), 1626 (C=O, amide), 1205 (C–O). 

2.6.4.5 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetrakis-{(2S)-2-[(carbonyl)amino]}pentanedioic acid (124b) 

An aqueous solution of potassium hydroxide (1.92 M, 925 μL, 

1.78 mmol) was added to a solution of 123b (320 mg, 

0.21 mmol) in methanol (20 mL) and stirred at room 

temperature for 6 hours. The reaction mixture was acidified 

with hydrochloric acid (3 M, ~1 mL), concentrated in vacuo, 

and the residue was diluted with water (10 mL) and ethyl acetate (10 mL). The 

aqueous phase was separated and extracted with ethyl acetate (3×10 mL). The ethyl 

acetate extracts were combined, washed with saturated sodium chloride (20 mL), 

dried (Na2SO4), and concentrated in vacuo. This gave a yellow solid (273 mg, 

0.21 mmol, >98%): mp 121–140 °C; 1H NMR (400 MHz, CD3SOCD3) δ 12.40 (b s, 

4H, COOH),* 8.55–8.08 (m, 4H, N–H), 7.60–7.20 (m, 8H, Ar–H), 4.44 (d, J = 

12.8 Hz, 4H, Hax, Ar–CH2–Ar), 4.35–4.17 (m, 4H, NCH), 4.02–3.81 (m, 8H, OCH2), 

                                                 
* Dimethyl sulfoxide-d6 is prepared from dimethyl sulfoxide by base-catalysed exchange of the 

protons with deuterium from deuterium oxide.88 It is suspected that the under-integration of the 
protons of the carboxylic acid a result of residual D2O in CD3SOCD3 and the small quantity of 
sample used. 



 Chapter 2 120 

 

3.37 (overlapped with HOD, Heq, Ar–CH2–Ar), 2.45–2.27 (m, 8H, CH2C=O), 2.12–

1.83 (overlapped m, 16H, NCHCH2 and OCH2CH2), 1.06–0.90 (m, 12H, CH3); 
13C 

NMR (100 MHz, CD3SOCD3) δ 173.3 (C=O, carboxylic acid), 172.9 (C=O, 

carboxylic acid), 166.4 (C=O, amide), 158.6 (C–O, Ar), 134.0 (C–CH2, Ar), 128.3 

(C–C=O, Ar), 128.1 (C–H, Ar), 76.7 (OCH2), 52.1 (NCH), 30.6 (Ar–CH2–Ar), 30.2 

(CH2C=O), 25.9 (NCHCH2), 22.7 (OCH2CH2), 10.1 (CH3); IR (ATR) maxν (cm–1) 

3352 (O–H), 1731 (C=O, carboxylic acid), 1633 (C=O, amide), 1202 (C–O). 

2.6.4.6 Preparation of 12,32,52,72-tetra-n-propoxycalix[4]arene-15,35,55,75-
tetrakis-2,2’-[(carbonyl)imino]diacetic acid (124c) 

A solution of potassium carbonate (212 mg, 1.53 mmol) in water 

(2 mL) was added to a stirred solution of 123c (178 mg, 

0.12 mmol) in methanol (25 mL) at 40–50 °C. The reaction mixture 

was stirred for 2 hours, cooled to room temperature, and 

concentrated in vacuo. The residue was diluted with water (30 mL), 

acidified with hydrochloric acid (3 M, ~1.5 mL) to pH ~2, and 

extracted with ethyl acetate (4×15 mL). The ethyl acetate extracts were combined, 

washed with saturated sodium chloride (30 mL), dried (Na2SO4), and concentrated in 

vacuo. This gave a solid (140 mg, 0.11 mmol, 85% yield): mp >245 °C; 1H NMR 

(400 MHz, CD3SOCD3) δ 12.76 (br s, 4H, COOH),* 7.48–6.30 (m, 8H, Ar–H), 4.36 

(d, J = 13.2 Hz, 4H, Hax, Ar–CH2–Ar), 4.20–3.59 (overlapped m, 24H, NCH2 and 

OCH2), 3.28 (overlapped with HOD, Heq, Ar–CH2–Ar), 2.02–1.79 (m, 8H, 

OCH2CH2), 1.14–0.79 (m, 12H, CH3); 
13C NMR (100 MHz, CDCl3) δ 170.3 (C=O, 

carboxylic acid), 169.8 (C=O, amide), 157.7 (C–O, AR), 134.5 (C–CH2, Ar), 128.0 

(C–C=O, Ar), 127.2 (C–H, Ar), 76.7 (OCH2), 48.3 (NCH2), 30.4 (Ar–CH2–Ar), 22.7 

(OCH2CH2), 10.1 (CH3); IR (ATR) maxν (cm–1) 3460 (O–H), 1725 (C=O, carboxylic 

acid), 1196 (C–O). 

                                                 
* Dimethyl sulfoxide-d6 is prepared from dimethyl sulfoxide by base-catalysed exchange of the 

protons with deuterium from deuterium oxide.88 It is suspected that the under-integration of the 
protons of the carboxylic acid a result of residual D2O in CD3SOCD3 and the small quantity of 
sample used. 
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2.6.5 Preparation of amino acid functionalised calixarenes for gelation 
studies 

2.6.5.1 Preparation of 12,32,52,72-tetrahydroxycalix[4]arene-15,35,55,75-tetrakis-
(2S)-1-methylenepyrrolidine-2-carboxylic acid (127a) 

This compound was prepared according to literature.89 A biphasic 

solution of L-proline (2.41 g, 20.9 mmol), 2 (2.00 g, 4.7 mmol), 

formalin (37 wt%, 2.15 mL, 0.86 g, 28.6 mmol), and acetic acid 

(5 mL) in tetrahydrofuran (45 mL) and water (5 mL) was stirred at 

room temperature for 2 days. The precipitated solid was filtered and 

triturated with acetone then methanol to give a white powder (3.47 g, 3.45 mmol, 

73% yield): mp 340 °C dec (lit.89 mp 340 °C); 1H NMR (400 MHz, D2O, 6 mg mL−1) 

δ = 7.23 (s, 8H, Ar–H), 4.16 (d, J = 13.0 Hz, 4H, H′, Ar–CH2–Pro), 4.11 (d, J = 13.0 

Hz, 4H, H″, Ar–CH2–Pro), 3.95 (br s, 8H, Ar–CH2–Ar), 3.81 (dd, J = 7.0, 9.2 Hz, 

4H, ProH2), 3.53–3.41 (m, 4H, H′, ProH5), 3.15–3.04 (m , 4H, H″, ProH5), 2.20–

2.04 (m, 4H, H′, ProH3), 1.93–1.79 (m, 4H, H″, ProH3), 1.78–1.62 (m, 8H, ProH4); 
13C NMR (100 MHz, D2O, 6 mg mL−1) δ 173.4 (C=O), 151.3 (C–O, Ar), 131.0 (C–

H, Ar), 129.6 (C–CH2, Ar–CH2–Ar), 122.6 (C–CH2, Ar–CH2–Pro), 67.8 (ProC2), 

57.5 (Ar–CH2–Pro), 53.9 (ProC5), 30.4 (Ar–CH2–Ar), 28.5 (ProC3), 22.5 (ProC4); 

IR (ATR) maxν (cm–1) 3380 (O–H), 1613 (C=O). 

2.6.5.2 Preparation of 12,32,52,72-tetrahydroxycalix[4]arene-15,35,55,75-tetrakis-
(2R)-1-methylenepyrrolidine-2-carboxylic acid (127b) 

This compound was prepared according to the procedure for the 

L-proline isomer above. A biphasic solution of D-proline (303 mg, 

2.63 mmol), 2 (249 g, 0.59 mmol), formalin (37 wt%, 265 μL, 

106 mg, 3.53 mmol), and acetic acid (650 μL) in tetrahydrofuran 

(6 mL) and water (650 μL) was stirred at room temperature for 2 

days. The solid was filtered and triturated with acetone then methanol to give a white 

powder (475 mg, 0.47 mmol, 80% yield): mp 330 °C dec; spectroscopic data 

identical to that obtained for the L-proline isomer. Anal. Calcd for 

C52H60N4O12.6H2O: C, 59.99; H, 6.97; N, 5.38%. Found: C, 59.70; H, 6.93; N, 

5.23%. 
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2.6.5.3 Preparation of 12,32,52,72,92-pentahydroxycalix[5]arene-15,35,55,75
,9

5-
pentakis-(2S)-1-methylenepyrrolidine-2-carboxylic acid (128) 

A biphasic solution of L-proline (155 mg, 1.35 mmol), 126 (121 mg, 

0.23 mmol), formalin (37 wt%, 125 μL, 134 mg, 4.45 mmol), and 

acetic acid (0.5 mL) in tetrahydrofuran (5 mL) and water (0.5 mL) 

was stirred at room temperature overnight. The reaction solution was 

decanted and the remaining viscous phase which settled on the flask 

wall was treated with acetone. The resulting solid was filtered at the pump, giving a 

white powder (261 mg): 1H NMR (400 MHz, D2O, 7 mg mL−1) δ 7.24 (s, 10 H, Ar–

H), 4.31–4.00 (m, 10H, Ar–CH2–Pro), 3.95–3.84 (m, 5H, ProH2), 3.84–3.70 (br s, 

10H, Ar–CH2–Ar), 3.57–3.47 (m, 5H, H′, ProH5), 3.24–3.05 (m, 5H, H″, ProH5), 

2.42–2.26 (m, 5H, H′, ProH3), 2.06–1.89 (overlapped m, 10H, H″, ProH3 and H′, 

ProH4), 1.89–1.74 (m, 5H, H″, ProH4); 13C NMR (100 MHz, 7 mg mL−1) δ 173.4 

(C=O), 152.8 (C–O, Ar), 131.1 (C–H, Ar), 129.3 (C–CH2, Ar–CH2–Ar), 122.2 (C–

CH2, Ar–CH2–Pro), 67.9 (ProC2), 57.7 (Ar–CH2–Pro), 54.2 (ProC5), 30.9 (Ar–CH2–

Ar), 28.7 (ProC3), 22.7 (ProC4); IR (ATR) maxν (cm–1) 3370 (O–H), 1612 (C=O). 

Signals in the 1H and 13C NMR spectra have been assigned to the protons and 

carbons attributable to the product (estimated at not more than 85 wt% from the 1H 

NMR spectrum) with residual L-proline as the major impurity. 

2.6.5.4 Preparation of 12,32,52,72-tetrahydroxycalix[4]arene-15,35,55,75-tetra-
[(methylene)(methyl)amino]acetic acid (132) 

A solution of 2 (99 mg, 0.23 mmol), N-methylglycine (91 mg, 

1.02 mmol), formalin (37 wt%, 80 μL, 32 mg, 1.07 mmol), and 

acetic acid (100 μL) in tetrahydrofuran (10 mL) and methanol 

(10 mL) was heated at reflux over the weekend. The solid was 

filtered at the pump and washed with a solution of methanol/acetone (1:1, v/v) to 

give a white solid (70 mg) which was found to be a mixture containing not more than 

90 wt% of the desired product, 132 (estimated from the 1H NMR spectrum): 1H 

NMR (200 MHz, D2O) δ = 7.20 (br s, Ar–H), 4.36–3.73 (m, Ar–CH2–Ar overlapped 

with Ar–CH2–N), 3.47 (br s, NCH2COOH), 2.64 (br s, CH3). Other major signals at 

3.61 (s, CH2) and 2.72 (s, CH3) were attributed to the free N-methylglycine. 
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3 Amino acid-functionalised crystal growth modifiers 

3.1 Calixarene- and resorcinarene-based crystal growth modifiers 

Crystallisation is an extremely large field of research. A short introduction to 

biomineralisation, calcium carbonate, barium sulfate, and crystal growth additives 

has been briefly discussed in section 1.2. Therefore, this section will be restricted to 

calixarene- and resorcinarene-based compounds that have been applied as crystal 

growth modifiers of inorganic minerals. 

3.1.1 Additives with calixarene and resorcinarene frameworks 

Calixarene and resorcinarene frameworks have previously been used as crystal 

growth modifiers. Volkmer et al.1–4 crystallised calcium carbonate underneath 

monolayers of amphiphilic resorcinarenes and calixarenes (Figure 3.1) at the air-

water interface. At high surface pressures (20 mN m−1), calcium carbonate crystal-

lised underneath monolayers of 133 with aragonite being the major phase, calcite as 

a minor phase and trace amounts of vaterite. An increase in the latter two phases was 

observed with a reduction of surface pressures, which became dominated by vaterite 

at 0–2 mN m−1.3 In contrast, crystallisation of calcium carbonate underneath mono-

layers of resorcinarene 134 and calixarenes 135 and 136 gave truncated rhombo-

hedral shaped single calcite crystals (no other phases observed) and orientated 

crystals (at the monolayer) at low surface pressure (0.1 mN m−1).1–4 Further 

investigation by Volkmer et al.5 showed that calcium carbonate crystallised as 

vaterite rosettes underneath dendron-calix[4]arene 137 monolayers (0.5 mN m−1). 

The authors noted that the higher charge density of 137 monolayers were able to 
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induce and stabilise the metastable polymorphs such as vaterite—possibly by kinetic 

control. From these experiments Volkmer et al.5 proposed that by varying the charge 

densities of the monolayers, the desired polymorph of calcium carbonate could be 

selectively crystallised. Crystallisation of inorganic minerals underneath monolayers 

is of interest as biomimetics for oriented crystallisation at the biomineral–organic 

matrix interface.6–9 

 

Figure 3.1 Resorcinarenes (133 and 134) and calixarenes (135 and 136) where investigated by 
Volkmer et al.1–4 as potential templates (Langmuir monolayers) for calcium carbonate 
crystallisation. 

 

Figure 3.2 Stable monolayers formed by dendron-calix[4]arene 137 were investigated by Volkmer 
et al.5 as templates for calcium carbonate crystallisation. 

Calixarenes are good scaffolds for other functional groups. Baynton et al.10 

functionalised the wide-rim of calix[4]arenes with sulfonate and phosphonate groups 

(Figure 3.3). The phosphonate derivative 19 was found to be more potent than the 

sulfonate derivative 22. This was expected since phosphonates are typically potent 

crystal growth modifiers for barium sulfate.11, 12 They noted that the phosphonate 19 

was able to inhibit barium sulfate crystallisation (at supersaturation S = 25) 
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completely with as little as 13–14 μM while the sulfonate 22 only achieved 34% 

inhibition at 200 μM. The ability of calix[4]arene 19 to direct all its phosphonate 

groups along a surface contributes to its potency and its efficacy is comparable to 

other small molecule phosphonate inhibitors (Figure 3.4); hydroxyethylenediphos-

phonic acid (HEDP), 138, and ethylenediaminetetraphosphonic acid (EDTP), 139, 

can achieve complete inhibition of barium sulfate at 24 μM and 1 μM respectively 

(S = 25).12 Additionally, barium sulfate particles crystallised at higher calixarene 

concentrations (~10 μM) of 19 were shown to be mesocrystals rather than single 

crystals. Bayton et al.13 later showed that 22 could also form barium sulfate 

mesocrystals (at S = 5), however the nanoparticles comprising the mesocrystals fused 

readily. They also noted that the calixarene additives 22 and 19 were incorporated 

within the mesocrystals. Furthermore, these additives were shown to impact on the 

(001) face promoting both nucleation at the surface and growth of this face leading to 

elongated particles. 

 

Figure 3.3 Sulfonate (22) and phosphonate (19) functionalized calix[4]arenes investigated by Massi 
et al.14 

N
N
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H2O3P
PO3H2
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Figure 3.4 Example of organophosphonate barium sulfate inhibitors.12 

Heywood and Ovens15 previously studied the impact of O-alkylated derivatives 

(Figure 3.5) of calix[4]arene 22, as the water soluble sodium salt, on calcium 

carbonate. The authors found that calix[4]arenes 140a–c formed a mixture of 

polymorphs, calcite and vaterite, with vaterite being the dominant phase with shorter 

alkyl chains on the calix[4]arene 140. As the alkyl chain length increased to butyl 

and octyl chains, 140d,e, calcite became the dominant phase. The authors noted that 



 Chapter 3 129 

 

all calcite particles grown in the presence of 140a–e had marked alterations of their 

morphology and were oriented. They suggested that the sulfonated calix[4]arenes 

had sufficient amphiphilic property to aggregate at the liquid/gas interface (in 

particular 140d,e) which allowed oriented calcite to crystallise along the <10.0> or 

<1.2> plane as a results of matching sulfonate functional groups with these lattice 

planes. However, unlike work by Volkmer et al.,1–4 Heywood and Ovens indicated15 

that there was no evidence for the formation of air/water monolayers by 

calix[4]arenes 140a–e. 

 

Figure 3.5 Sulfonate-functionalised calix[4]arenes investigated by Heywood15 on calcium carbonate 
crystallisation. 

3.1.2 Bio-inspired calixarene crystal growth modifiers 

Bioinspired approaches to crystallisation are not new.16 Continuing with the theme of 

using calixarenes as scaffolds, Bartlett et al.17 showed that amino acid functionalised 

calix[4]arenes (141–143) were more effective crystal growth modifiers of calcium 

carbonate and calcium oxalate than the equivalent concentration of the amino acid 

monomers. Furthermore, the aspartic acid derivative (143) was more potent than the 

alanine (141) or the sarcosine (142) calix[4]arene derivatives. Following from this 

earlier work, Jones, et al.,18 investigated the impact of aspartic acid (143) and 

glutamic acid (144) functionalised calix[4]arenes on calcium carbonate, barium 

sulfate, and calcium oxalate. Calix[4]arenes 143 and 144 were found to have an 

impact on the morphology and crystallisation kinetics of the model minerals 

investigated at very low concentrations (<1.5 μM); the aspartic acid derivative 143 

was more potent than the glutamic acid derivative 144. 
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Figure 3.6 Narrow-rim functionalised calix[4]arene investigated by Bartlett, et al.17 (141–143) and 
Jones, et al.18 (143, 144) for crystal growth modification properties of inorganic 
minerals. 

3.1.3 Amino acids at the wide-rim 

Calixarenes can also be functionalised at the wide-rim (in addition to the narrow-

rim). Attachment of amino acids at the wide-rim of calix[4]arenes may allow for 

increased flexibility in the spatial arrangement of amino acids compared to 

attachment at the narrow-rim of calix[4]arenes. Wide-rim amino acid functionalised 

calix[4]arenes (Figure 3.7) were synthesised as detailed in Chapter 2. Calixarenes 

124a and 124b are functionalised with aspartic acid and glutamic acid respectively. 

Calixarene 124c, functionalised with iminodiacetic acid, is a structural isomer of 

124a, which lacks chirality and has a tertiary amide linkage. The impact of the amino 

acid functionalised calixarenes on model mineral systems, calcium carbonate and 

barium sulfate, were investigated and the results are presented here. 

 

Figure 3.7 Wide-rim functionalised calix[4]arene used in this project to study the effects of acidic 
amino acids on the crystallisation of inorganic minerals. Here, the calixarenes were 
functionalised with aspartic acid (124a), glutamic acid (124b), and imino diacetic acid 
(124c) and locked in the cone conformer with propyl chains. 
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The crystal growth modification properties of proline calix[4]arene 127a (and similar 

aminomethylated calix[4]arenes) on barium sulfate was previously investigated by 

Oliveira (Oliveira, A. Curtin University, Bentley, Western Australia. Unpublished 

work, 1997). The results suggested that calix[4]arene 127a had a similar level of 

impact as a single amino acidic acid (such as aspartic acid). Therefore, the crystal 

growth modification properties of proline calix[4]arene 127a and proline-derived 

analogues will not be pursued in this thesis. 

3.2 Results from calcium carbonate crystallisation 

Calcium carbonate was crystallised using the gas-diffusion method.19 In this method, 

ammonium carbonate decomposes to give carbon dioxide and ammonia, which 

dissolve into the calcium chloride solutions; this is the source of carbonate and the 

ammonia increases the pH of the solution. This method of calcium carbonate 

crystallisation has a well known sequence progressing from the crystallisation of 

spherical vaterite or needle-like aragonite, which subsequently undergoes a solution-

mediated transformation to rhombohedral calcite.20 In the absence of additives, 

calcium carbonate precipitated predominantly as calcite (Figure 3.8a) with the typical 

rhombohedral shape; however, vaterite was observed in a few instances 

(Figure 3.8b). The spherical vaterite was likely a result of the calcium carbonate not 

having enough time to transform to calcite. This is consistent with literature where 

calcite is shown to form from amorphous calcium carbonate via less stable 

polymorphs such as vaterite and aragonite.21 The calixarene additives, 124a–c, 

altered the morphology of calcite, even at concentrations less than 1 ppm. 

The L-aspartic acid additive 124a was more potent than 124b and 124c. The impact 

of the additive was evident, even at the lowest concentration investigated (0.4 μM). 

The calcite particles (Figure 3.8c–e) had the general rhombohedral profile, which 

was lost at higher concentrations of the additive. Similarly, the edges became more 

rounded with increasing additive concentrations as found for Asprich-c protein.22 The 

authors suggested that for ‘slow growth’ calcium carbonate in the presence of 

mollusc shell protein, Asprich-c, (similar to the conditions used here) the rounded 
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morphology was possibly caused by irreversible adsorption of the protein at step and 

kink sites. In contrast to calcite particles grown in the presence of the narrow-rim 

analogue 143 (Figure 3.6), the calcite particles here did not exhibit notches along the 

edges of the rhombohedron. 

The L-glutamic derivative 124b appeared to have less impact on the morphology of 

the calcite particles than 124a. The calcite particles grown in the presence of 124b 

showed notches along one corner (Figure 3.8f) or edge (Figure 3.8h) of the rhomb 

and had microsteps along the faces. At the highest concentration (1.2 μM) studied 

(Figure 3.8h), the calcite rhomb retained much of its edges with mild stepped faces 

like those grown in the presence of the narrow-rim analogue 144 at 1.4 μM. However, 

the wide-rim calix[4]arene 124b appears to be more potent than the narrow-rim 

calix[4]arene 144 (where the lowest concentration reported for 144, 1.4 μM, was 

greater than the highest concentration studied for 124b). The stepped morphology 

resembles that of calcite grown in the presence of nacre proteins (isolated from the 

aragonitic layer of red abalone, Haliotis rufescens), in particular the aspartic 

acid/asparagine- and glycine-rich protein ‘AP8’.23, 24 

The iminodiacetic acid derivative 124c appeared to require a greater concentration to 

have an impact on the calcite morphology. At concentrations of 0.8 μM of 124c, 

stepped faces begin to appear on the calcite particles (Figure 3.8j); at lower 

concentrations, the calcite particles appeared to retain the typical rhombohedral 

shape (not shown here). Interestingly, spherical particles (Figure 3.8i), presumably 

vaterite, were also observed for calcium carbonate grown in the presence of 124c 

(0.4 μM). Vaterite phases have been known to be stabilised by aspartic acid,25 

glutamic acid,26 poly(aspartic acid)27 and egg ovalbulmin28 preventing it from 

transforming into calcite. Calixarene 124c was not used in the original work by Jones 

et al.,18 so no comparison can be made to the narrow-rim analogue. 
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Figure 3.8 SEM micrographs of calcium carbonate in the absence of additives: (a) calcite (major 
polymorph) and (b) vaterite (observed occasionally). Calcite morphology in the presence 
of amino acid functionalised calix[4]arene: L-Asp 124a at (c) 0.4 μM, (d) 0.8 μM, (e) 
1.2 μM; L-Glu 124b at (f) 0.4 μM, (g) 0.8 μM, (h) 1.2 μM; iminodiacetate 124c at (i) 
0.4 μM, (j) 0.8 μM, (k) 1.2 μM. 

3.3 Results from barium sulfate crystallisation 

3.3.1 Impact on crystallisation kinetics—crystal growth 

The impact of calix[4]arene additives 124a and 124b on barium sulfate was 

determined by desupersaturation experiments.29 In these experiments, the 

conductivity of the reaction solution (barium chloride, sodium sulfate, and additives) 

was logged over time; starting with an initial barium sulfate concentration of 0.25 

(c) (d) (e)

(f) (g) (h)

(i) (j) (k)

(a) (b)
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mM (giving an approximate supersaturation of 25). The desupersaturation rate could 

then be determined from the linear region of the desupersaturation curve. From these 

experiments (Figure 3.9), the aspartic acid derivative 124a was approximately ten 

times more potent than the glutamic acid derivative 124b at inhibiting barium sulfate 

crystallisation. The calixarene 124a was able to achieve complete inhibition (over the 

time scale of the experiment) at 0.3 μM whereas 124b required 3.9 μM to do the 

same. The glutamic acid derivative 124b was comparable to the narrow-rim 

derivative 143 (which achieved complete inhibition at 3.6 μM). The aspartic acid 

derivative 124a was more potent than its narrow-rim analogue 144 (which achieved 

complete inhibition at 3.6 μM). Calix[4]arene 124a was slightly more potent than the 

phosphonate calixarene 19 (complete inhibition at 13–14 μM) and is approaching the 

efficacy of some organophosphonate inhibitors (Figure 3.4); under the conditions 

used here, HEDP (138) can achieve complete inhibition at 24 μM while 

ethylenediaminetetraphosphonic acid (139) only requires levels at 1 μM.12 

 
Figure 3.9 Desupersaturation experiments to assess the impact of upper-rim amino acid function-

alised cailx[4]arene on the growth of barium sulfate. 

While aspartic and glutamic acids are often associated as ‘acidic components’ in 

proteins associated with biominerals,30 some authors have observed differences in the 

impact of the amino acids31 and their oligomers.32 The greater potency of aspartic 

acid calixarene 124a could be attributed to the greater flexibility of the side-chain 
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carboxylate of the glutamic acid moieties at the wide-rim of calixarene 124b. The 

slightly longer side-chain could promote intramolecular hydrogen bonding (for 

example with the amide linkage) thus, reducing the availability of the side-chain 

carboxylate for binding to the crystal surface. This would also account for the similar 

potency of glutamic acid calix[4]arenes 124b and 144 (irrespective of whether the 

glutamate is at the wide- or narrow-rim of the calixarene). 

3.3.2 Impact on barium sulfate morphology 

Barium sulfate particles were obtained from desupersaturation experiments.18 A 

supersaturated solution of barium sulfate was obtained by mixing barium chloride 

and sodium sulfate to give initial barium sulfate concentrations of 0.25 mM (giving 

an approximate supersaturation of 25). In low ionic strength solutions, the 

supersaturation, S, can be approximated as S = c/c0, where c is the initial concentra-

tion of barium sulfate in solution and c0 is the equilibrium solubility concentration at 

25 °C.33 The equilibrium solubility concentration for BaSO4 at 25 °C was taken as 

9.82×10−11 mol2 L−2.34 

In the absence of any additives, the barium sulfate particles had the expected ‘pillow-

shaped’ morphology with rounded (hk0) faces and (001) ends (Figure 3.10a). The 

two additives investigated here, 124a and 124b, showed some impact on the 

morphology of barium sulfate but were highly potent in the inhibition of barium 

sulfate crystallisation. 

Barium sulfate grown in the presence of 124a was found to form polycrystalline 

assemblies. These crystals (Figure 3.10) were isolated at the end of the 

desupersaturation experiments. At additive levels of 0.16 μM and less, some of the 

clusters appeared lengthened along the c-axis exceeding the typical 2:1 c/a aspect 

ratio (refer to Jones et al.33 for micrographs of control barium sulfate particles at 

S = 25). At higher concentrations the barium sulfate particles are smaller and have 

distorted morphologies; this is especially true at additive levels of 0.8 μM 

(Figure 3.10h). This is consistent with the inhibitory effect of the additive. Where the 

desupersaturation experiments did not result in a precipitate at the end of the 

experiment (at additive levels greater then 0.8 μM), an aliquot of the solution was 

allowed to stand for up to 15 days over a microscope slide. Only at additive levels of 
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0.16 μM (Figure 3.10d,e) were polycrystalline ‘ribbons’ observed. The ‘ribbons’ 

appeared to be comprised of smaller orthorhombic-like particles. These poly-

crystalline ‘ribbons’ resemble results obtained by Heywood and Mann35, 36 who 

crystallised barium sulfate underneath compressed n-eicosyl sulfate monolayers (43–

47 mN m−1) with the (100) face parallel to the monolayer. However, it is not clear 

from the micrographs (Figure 3.10d,e) if there is selectivity for a particular crystal 

face. The morphology of barium sulfate crystallised in the presence of 124a retained 

its typical rectangular shape (at concentrations less than 0.31 μM): in contrast barium 

sulfate crystallised in the presence of the narrow-rim analogue 143 had elongated 

morphologies. Both aspartic acid-based additives resulted in polycrystalline barium 

sulfate particles. 

 

Figure 3.10 SEM micrographs showing the impact on the morphology of barium sulfate by L-Asp 
calix[4]arene at, (a) 0 μM (control), (b) 0.04 μM, (c) 0.08 μM, (d) 0.16 μM, (e) 0.16 μM 
close-up, (f) 0.31 μM, (g) 0.49 μM, and (h) 0.81 μM. At L-Asp calix[4]arene 
concentrations of 0.16–0.81 μM, the filtrates from the conductivity experiments were 
allowed to stand for 5–14 days over coverslips. 

The morphology of barium sulfate grown in the presence of the glutamic acid 

derivative 124b was similar to those grown in the presence of 124a. This was true for 

(a) (b) (c)

(d) (e) (f)

(g) (h)
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low concentrations of the additive (<0.39 μM) where the barium sulfate was 

polycrystalline and the constituents of the clusters had a lengthened c-axis 

(Figure 3.11a–c). Similar to 124a, the barium sulfate particles grown with higher 

levels of additives (>0.78 μM) were rounded and did not have a rectangular shape 

(Figure 3.11d–e). At low concentrations (≤0.39 μM), barium sulfate crystallised in the 

presence of 124b were similar to those crystallised presence of the narrow-rim 

analogue 144; the barite particles had a rectangular shape (like in the control 

experiments) and were polycrystalline. At higher concentrations (>0.39 μM), barium 

sulfate crystallised in the presence of 144 were polycrystalline and had elongated 

morphologies (similar to the aspartic acid analogue 143), however 124b resulted in 

smaller rounded barite particles. 

Figure 3.11 SEM micrographs showing the impact on the morphology of barium sulfate by L-Glu 
calix[4]arene at, (a) 0 μM (control), (b) 0.08 μM, (c) 0.39 μM, (d) 0.78 μM, (e) 0.78 μM, 
and (f) 2.33 μM. Where the L-Glu calix[4]arene concentration was at 2.33 μM, the 
filtrate from the conductivity experiments were allowed to stand over a coverslip for 14 
days. 

3.3.3 Impact on crystallisation kinetics—nucleation 

The induction period can not be reliably determined from the desupersaturation curve 

as it is often shorter than the latent period (though the latent period can sometimes be 

indistinguishable from the induction period).37 Therefore, the induction period for 

barium sulfate crystallisation was determined by a light scattering method.38 Here, 

the turbidity of the solution was monitored (using a UV-visible spectrophotometer) 

and the induction period defined as the time where the turbidity increased above the 

(a) (b) (c)

(d) (e) (f)
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background turbidity.39 This was achieved by monitoring the absorbance (i.e. 

scattering of light by the barium sulfate particles) of the reaction solution at 900 nm 

(the calixarene additives do not absorb at this wavelength). The results indicated that 

the presence of additives lengthened the induction period compared with control 

experiments. Mullin37 defines the induction time to include the time taken to form 

stable nuclei and the growth of the nuclei to a measurable size. Therefore, an increase 

in the induction time can be an indication of an increase in time required to form 

stable nuclei and/or time required for the nuclei to grow to a detectable size. 

The results (Table 3.1) showed that the amino acid functionalised calixarene 

additives lengthened the induction period of barium sulfate. The aspartic acid 

derivative 124a (Figure 3.12) doubled the induction period for barium sulfate at a 

concentration of 0.04 μM. The gluatmic acid derivative 124b (Figure 3.13) was less 

potent requiring ten times the additive level of 124b to induce a doubling of the 

induction period. These additives had an impact on both the nucleation events and 

crystal growth phase of barium sulfate. This suggests that both the L-aspartic acid 

and L-glutamic calixarene additives acted as inhibitors of both bulk nucleation and 

crystal growth. 

Table 3.1 Approximate induction times for the autonucleation of BaSO4 in the presence of calix-
arene additives determined by UV-visible spectroscopy. 

Additive Concentration 
/ μM 

Approximate 
induction time 

/ s 

None (control) — 100 

L-Asp calix[4]arene 124a 0.04 200 

L-Glu calix[4]arene 124b 0.39 250 

L-Glu calix[4]arene 124b 0.58 700 

L-Glu calix[4]arene 124b 0.78 900 
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Figure 3.12 Determination of induction time for autonucleated barium sulfate in the presence of 

L-aspartic acid functionalised calix[4]arenes (124a). Absorbance of reaction solution 
measured overtime with additive levels at 0 μm of additive (control) and 0.04 μM 
(0.05 ppm). 

 
Figure 3.13 Determination of induction time for autonucleated barium sulfate in the presence of 

L-glutamic acid functionalised calix[4]arene (124b). Absorbance of reaction solution 
measured overtime with additive levels from 0 μM (0 ppm) of additive (control) to 
0.78 μM (1 ppm). 
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3.4 Conclusions 

The amino acid functionalised calixarenes, 124a–c, had an impact on the 

crystallisation of model mineral systems, calcium carbonate and barium sulfate. The 

aspartic acid functionalised calixarene 124a appeared to affect the morphology of 

calcium carbonate more than the glutamic acid derivative 124b. Whilst 124b 

appeared to behave similarly to its narrow-rim counter part in the crystallisation of 

calcium carbonate, 124a resulted in a different calcite morphology compared with its 

narrow-rim analogue. The iminodiacetic acid derivative 124c required a higher 

additive level to alter the calcite morphology. Barium sulfate grown in the presence 

of 124a and 124b gave similar morphologies. The kinetics of crystallisation, 

however suggested that the aspartic calixarene 124a was a more potent crystal 

growth inhibitor than the glutamic calixarene 124b. The aspartic derivative 124a was 

also a more potent barium sulfate growth inhibitor than the narrow-rim analogue; 

124b showed similar potency to its narrow-rim analogue. 

3.5 Experimental 

3.5.1 General remarks 

Reagents were used as purchased from the manufacturer or supplier. MilliQ water, 

having a resistance of 0.055 cm/Ω, was used throughout crystallisation experiments. 

The calixarene-based additives used in these experiments (124a, 124b, and 124c) 

were prepared by methods described in Chapter 2. 

3.5.2 Calcium carbonate 

The impact of the synthesised crystal growth modifiers on morphology of calcite was 

investigated using literature methods.18, 19 Briefly, glass vials containing calcium 

chloride (7 mmol, 20 mL) with the appropriate concentration of additives and a 

microscope coverslip (10 mm diameter), were placed in a sealed desiccator (20 cm) 

along with a vial of ammonium carbonate. The vials were covered with Parafilm®, 

with pinholes to allow the diffusion of ammonia and carbon dioxide. After seven 
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days, the microscope coverslips were recovered and dried. After gold coating, the 

crystals were examined under a scanning electron microscope (Zeiss Evo 40XVP). 

3.5.3 Barium sulfate 

The impact of the synthesised additives on autonucleated desupersaturation rate and 

morphology of barium sulfate were investigated by literature methods.12, 18 Briefly, 

barium chloride (0.100 M, 500 μL, final Ba2+ concentration 0.249 mM) and the 

additive (as a solution, neutralised with sodium hydroxide) were added to milliQ 

water (200 mL) and allowed to equilibrate at 25 °C while stirred. Equivalent sodium 

sulfate (0.100 M, 500 μL) was added to initiate autonucleation and the conductivity 

meter (WTW model LF 197) set to measure (the data was recorded by a computer). 

After 3–5 hours, the reaction mixture was filtered through a 0.2 μm filter membrane. 

If there was no decrease in the conductivity over the experiment period, the solution 

was placed in a vial with a microscope coverslip and allowed to crystallise for 5 to 

14 days. Filter membranes and microscope coverslips were dried, gold coated, and 

the morphology examined under a scanning electron microscope (Zeiss Evo 40XVP). 

The desupersaturation rate was determined from the linear region of the 

desupersaturation curve. 

Induction times were determined by a similar set-up to the desupersatuaration 

experiments. Barium chloride (0.100 M, 500 μL, final Ba2+ concentration 0.249 mM) 

and the additive (as a solution, neutralised with sodium hydroxide) were added to 

milliQ water (200 mL) and allowed to equilibrate at 25 °C while stirred. Equivalent 

sodium sulfate (0.100 M, 500 μL) was added to initiate crystallisation. The reaction 

mixture was pumped through Masterflex® Tygon® tubing (no. 14) by a Masterflex® 

L/S® Easy-Load® pump head (model 7518-00) at 250 rpm into a quartz flow cell. 

The absorbance at 900 nm was recorded by a GBC UV/VIS 916 spectrometer at 10 s 

intervals over 2 hours. The reaction mixture was filtered through a 0.2 μm filter 

membrane. Filter membranes were dried, gold coated, and the morphology examined 

under a scanning electron microscope (Zeiss Evo 40XVP). Induction times were 

determined from graphs of absorbance versus time. 
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4 Proline-functionalised calixarene 
low molecular weight hydrogelators* 

4.1 Calixarene- and resorcinarene-based gelators 

A large number of gelators have been reported in the literature, however only a 

handful of these are macrocycles, the majority of which are calixarene- or 

resorcinarene-based. This section will discuss calixarene- and resorcinarene-based 

gelators; an introduction to small molecule gelators is provided in section 1.3. All the 

known calixarene-based gelators published in the literature thus far (aside from work 

associated with proline-functionalised calixarenes and one report of an ammonium-

triazole calixarene) are organogelators. In contrast, all the known resorcinarene-

based gelators reported are hydrogelators. 

4.1.1 Calixarene-based gelators 

Some early examples of calixarene-based gelators were reported by Aoki et al.1, 2 

Calixarenes 145–147 (Figure 4.1) were acylated at the wide-rim with variable length 

alkyl chains. The best gelators were found to be 145c and 147b,c and were capable 

of gelling solvents such as carbon disulfide, hexane, decane, butanol, and isopropyl 

alcohol (by heating and cooling the gelator in the solvent). The authors proposed that 

C=O···HO(calixarene) hydrogen bonds and C=O···C=O dipole-dipole interactions 

                                                 
* Some of this work is based on work previously published: Becker, T.; Goh, C. Y.; Jones, F.; 

McIldowie, M. J.; Mocerino, M.; Ogden, M. I., Chem. Commun. 2008, (33), 3900–3902; Goh, C. 
Y.; Becker, T.; Brown, D. H.; Skelton, B. W.; Jones, F.; Mocerino, M.; Ogden, M. I., Chem. 
Commun. 2011, 47 (21), 6057–6059. 
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were the key in inducing self-assembly in organic solvents; the strength of the 

C=O···HO(calixarene) interactions were sufficient to overcome C=O···HO(alcohol) 

interactions to gel alcohols. 

 

Figure 4.1 Calixarene-based organogelators investigated by Shinkai’s group.1, 2 

In some cases, the gelator formed a gel in the presence of a second component 

(Figure 4.2). Xing et al.3 showed that extended polymeric networks could be formed 

by coordination of the 3-pyridylazo moiety of calix[4]arene 148 to [Pd(en)(H2O)2]-

(NO3)2 forming a metallogel. A metallogel was observed for a range of organic 

solvents such as dimethylsulfoxide, tetrahydrofuran, acetic acid, chloroform, and 

dichloromethane. The metallogel formed in dimethylsulfoxide showed remarkable 

stability over a wide pH range (pH 1–13) and high temperatures (100 °C). In 

addition, the authors found that the metallogel could ‘uptake’ toluene from an 

aqueous solution with performance comparable to activated carbon. 

 

Figure 4.2 Calixarene 148, functionalised with pyridyl-azobenezene moieties, formed metallogels 
with [Pd(en)(H2O)2](NO3)2, where en = ethylenediamine ligand.3 

New gelators can be designed incorporating functionalities known to facilitate gel 

formation.4 Cholesterol-based organogelators are well known5 and cholesterol has 

been appended to the narrow-rim of calix[4]arenes by Cai et al6 (Figure 4.3). 

Calix[4]arene 149 was found to form gels (>1.0 wt/vol%) in a mixed solvent system, 

acetonitrile/decane, however the acetonitrile content must be 10–60 vol/vol%. 
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Further investigation by the authors showed that the gel was like an ‘oil-in-oil’ 

emulsion where acetonitrile was trapped within the 149-decane gel; calix[4]arene 

149 is soluble in decane. In addition, the 149 organogel was found to posses 

thixotropic properties. 

 

Figure 4.3 Cholesterol-functionalised calix[4]arene investigated by Cai et al.6 as an organogelator. 

Zheng et al.7 investigated the formation of organogels by amine functionalised 

calix[4]arenes 150a–d (Figure 4.4). The authors found that calix[4]arenes 150a and 

150b could enantioselectively form a gel in the presence of 2,3-dibenzoyltartaric acid 

151 (i.e. 150a–D-151 and 150b–L-151). Gels could be formed in a variety of solvents 

such as dichloromethane and benzene but not in solvents that can form hydrogen 

bonds (e.g. diethyl ether, acetone). Characterisation of the organogels by atomic 

force microscopy and scanning electron microscopy (of the xerogel) showed that the 

gelators and tartaric acid self-assembled into fibrils. Further investigations by the 

group showed that achiral calix[4]arene 150c did not form a gel whereas 

calix[4]arene 150d formed a gel although it was not enantioselective. 
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Figure 4.4 Chiral calix[4]arenes investigated by Zheng et al.7. 150a–b,d formed organogels in the 
presence of 151. 

Zhou et al.8 extended their investigation into calix[4]arenes 150a–d by substituting 

the tert-butyl substituent with long alkyl chains. Calix[4]arenes 152a–c (Figure 4.5) 

and 2,3-dibenzoyltataric acid 151 also formed organogels. The authors found that a 

solid mixture of 152a and L-151 (produced by dissolving both compounds in 

chloroform followed by removal of the solvent) dissolved in cyclohexane formed a 

gel after heating to 60 °C then cooling to 20 °C (like many gelators published in 

literature). However, heating a solid mixture of 152a and D-151 in cyclohexane 

formed a gel at 60 °C but the gel returned to a solution when cooled to 20 °C. Similar 

observations were made for 152b,c with L- and D-151. Interestingly, 152 and L-151 

organogels formed fibres whereas 152 and D-151 organogels formed a mixture of 

fibres and vesicles. The calix[4]arene 152 and D-151 formed vesicles in cyclohexane 

solution (as opposed to fibrous structures). They suggested that the mixed chirality 

between 152 and D-151 led to the formation of unstable fibres, therefore heat was 

required to destabilise the more stable vesicles. 

 

Figure 4.5 Chiral calix[4]arenes investigated by Zhou et al.8 152 formed organogels in cyclohexane 
with L-151 after heat and cooling. 152 and D-151 formed organogels when heated to 
60 °C but formed a solution on cooling to 20 °C. 
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Zheng et al.9 further examined chiral amine interactions with 2,3-dibenzoyltartaric 

acid by exchanging it with the narrow-rim substituted amine. The authors attached 

L-2,3-dibenzoyltartaric acid via a hydrazide to the narrow-rim of a calix[4]arene to 

give 153 (Figure 4.6). Calix[4]arene 153 formed an organogel with amine (R)-154 in 

1,2-dichloroethane whereas (S)-154 remained a solution. The calix[4]arene 153 did 

not form gels or exhibit chiral recognition with amines 155–157 in 1,2-dichloro-

ethane. However, altering the solvent to a mixture of 1,2-dichloroethane and 

cyclohexane gave an organogel with calix[4]arene 153 and amino alcohol (S)-155. 

Calix[4]arene 153 with amino alcohol (1R,2S)-156, and diamine (1S,2S)-157 gave a 

suspension in mixtures of 1,2-dichloroethane and cyclohexanol. Characterisation of 

the gels and suspensions showed solid spherical structures unlike the fibrils observed 

with organogels of calix[4]arenes 150a,b and 152. 

 

Figure 4.6 Calix[4]arene 153 investigated by Zheng et al. for gel formation with chiral amines.9 

Another two-component organogel system was reported by Vreekamp et al.10 

Calix[4]arene 158 (Figure 4.7) substituted with 1,3,5-triazine at the wide-rim formed 

an organogel in the presence of an equimolar equivalent of barbituric acid 159 in 

chloroform. This serendipitous discovery was made during NMR experiments and 

the organogel was not further characterised. 
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Figure 4.7 Calix[4]arene 158 forms a two-component organogel with 159.10 

Dudic et al.11 may have unintentionally prepared a hydrogelator during their 

investigation of guanidinium-functionalised calix[4]arenes for binding to plasmid 

DNA. They noted that calix[4]arene 160 formed ‘a gelatinous macroscopic aggregate 

in water’ whereas the other calixarenes under investigation did not show signs of 

micellar aggregation by 1H NMR spectroscopy. 

 

Figure 4.8 Potential hydrogelator prepared by Dudic et al.11 

An amphiphilic calixarene-based hydrogel was briefly mentioned by Fujii et al.12 

(Figure 4.9) amongst their studies of calixarene-based micelles. The authors noted 

that an aqueous solution of 161 in sodium chloride formed spheres at pH <6 and 

cylindrical structures at pH >10 (and a mixture of structures at intermediate pH). It 

was not surprising that a macroscopic gel formed at pH >10. The gel phenomenon 

was not reported for the propyl and nonyl alkyl derivatives studied. 
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Figure 4.9 An amphiphilic calix[4]arene-based hydrogel investigated by Fujii et al.12 

Zhang et al.13 recently reported that proline calix[4]arene 127a formed hydrogels in 

the presence of basic amino acids at low pH. The authors found that calix[4]arene 

127a (5 mM) formed hydrogels in the presence of arginine, histidine, or lysine 

(20 mM) at pH 3 (pH adjusted with hydrochloric acid). The hydrogel consisted of 

nanofibres, however the xerogel morphology ranged from fibres to plate-like or 

ribbon-like structures (dependent on the amino acid). Although the authors did not 

report this, it would be of interest to see if 127a could enantioselectively form 

hydrogels with the basic amino acids, and also if gels would form if the pH was 

adjusted with phosphoric acid rather than hydrochloric acid. 

 

Figure 4.10 Proline calix[4]arene 127a formed hydrogels with basic amino acids at pH 3.13 

4.1.2 Resorcinarene-based gelators  

Resorcinarenes have also been shown to form gels. Haines and Harrison14 showed 

that a resorcinarene functionalised with iminodiacetate 162 (Figure 4.11) formed 

hydrogels under acidic conditions. The gel was found to be pH-responsive and the 

gelation ability was diminished in the presence of Fe2+ and Co2+ and suppressed by 

Cu2+ (presumably by the preference for coordination to copper, however this was not 

indicated in the paper). 
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Figure 4.11 Resorcinarene-based hydrogelator 162.14 

Amino-amide functionalised resorcin[4]arene 163c also formed hydrogels under 

acidic conditions.15 The primary amines appeared to be important for gelation as 

163d did not form a gel. Similarly, the long alkyl chains appear to be involved in 

gelation since 163a,b were not reported by the authors to form gels. 
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Figure 4.12 Resorcinarene-based hydrogelator 163a–d.15 

4.1.3 Other macrocyclic gelators 

A structural analogue of calixarenes, calix[4]pyrrole 164, formed hydrogels in the 

presence of tetramethylammonium chloride and an alkali hydroxide.16 The authors 

found that hydrogels formed with sodium hydroxide but not with lithium or 

potassium hydroxides. However, reducing the pH of the solution to neutral by 

exposure to CO2 gave hydrogels with all of the alkali hydroxides (not just sodium 

hydroxide). 
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Figure 4.13 Calix[4]pyrrole 164 formed hydrogels in the presence of tetramethylammonium 
chloride and an alkali hydroxide.16 

Cucurbit[n]urils17, 18 are another class of macrocycles. Hwang et al.19 reported a 

cucurbit[7]uril-based hydrogel which was not only pH- and thermo-responsive, the 

hydrogel underwent a gel-sol transition in the presence of Na+ and K+ cations (with 

the cucurbit[7]uril binding to the cations). Furthermore, the inclusion of trans-4,4′-

diaminostilbene dihydrochloride guest within the cucurbit[7]uril host (165, 

Figure 4.14) allowed the authors to switch between gel and sol states by UV-

irradiation; a gel was formed in the presence of trans-4,4′-diaminostilbene 

dihydrochloride while the cis-isomer disrupted the formation cucurbit[7]uril fibrils. 

 

Figure 4.14 Cucurbit[7]uril-based hydrogelator 165 investigated by Hwang et al.19 

4.2 Anion-triggered gelation with proline-functionalised 
calixarenes 

Proline calix[4]arene (127a) (Figure 4.15) hydrogels were discovered by serendipity. 

The discovery was made during NMR titration experiments to study cation binding 

by 127a (McIldowie, M. J. Curtin University, Perth, Australia. Personal commun-

ication, 2008). It was initially hypothesised that the cation had a dominant influence 

on gel formation with calixarene 127a through cation-carboxylate interactions. 
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However, further investigation (Table 4.1) showed that gelation was dominated by 

the nature of the anion with some influence from the cation. The ability of the anion 

to trigger gelation was later shown to correlate with the Hofmeister series (see 

section 4.2.2). 

 

Figure 4.15 Proline calix[n]arenes investigated as potential hydrogelators. 

Table 4.1 Summary of selected electrolyte effect on gel formation by L-proline calix[4]arene 
(20 mM, final solution), where G = stable gel; TG(x) transient gel (followed by 
crystallisation after x hours or ‘w’ for one week); I = incomplete gel (i.e. not stable to vial 
inversion); L = liquid; and C = crystallisation. The concentrations listed refer to the final 
concentration of the electrolyte (and not individual ions). 

  Anion

  SO4
2− H2PO4

− F− Cl− Br− I− NO3
− ClO4

− SCN− 

C
at

io
n 

Al3+    0.05 M 
G 

  0.05 M 
G 

  

Mg2+    0.08 M 
G 

  0.05 M 
G 

  

Ca2+    0.05 M 
G 

  0.05 M 
TG(12) 

  

H+ 0.05 M 
L 

0.05 M 
L 

 0.05 M 
L 

0.05 M 
G 

0.05 M 
G 

0.05 M 
G 

0.05 M 
TG(<0.1) 

 

Li+    0.05 M 
L 

  0.12 M 
G 

  

Na+ 0.05 M 
L 

0.05 M 
L 

0.05 M 
L 

0.05 M 
L 

0.05 M 
IG 

0.05 M 
TG(1) 

0.05 M 
TG(w) 

0.05 M 
TG(0.1) 

0.05 M 
TG(2) 

K+    0.05 M 
L 

  0.05 M 
TG(108) 

  

NH4
+    0.05 M 

L 
  0.05 M 

TG(w) 
  

NBu4
+       0.05 M 

G 
  

In order to form gel fibres, gelators typically have limited solubility in a solvent and 

self-assemble in one direction.20 The solubility of gelator 127a was determined to be 

in excess of 0.5 g/mL. This is unusual in that there is generally a balance between the 
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solubility of the gelator in the solvent (the gelator will not form the solid-like 

structures if it is highly soluble in the solvent) and the ability to precipitate from 

solution (if the gelator has low solubility then it can not be dissolved). The high 

solubility of compound 127a in water and its ability to form a hydrogel is a puzzle. It 

is possible that the electrolyte may modify the solubility of the gelator 127a in 

solution. The solubility of a gelator in a solvent is known to have an impact on gel 

formation21–23 and Muro-Small et al.24 have suggested that the thermodynamic 

parameters for dissolution (solvent-dependent) are also related to gel formation. Salts 

have been reported to alter the gelation ability of some molecules, such as guanosine-

based25 and calix[4]pyrrole16 gelators. 

4.2.1 Gel-sol transition temperature 

The gel-sol transition temperature (Tgel-sol) was determined for L-proline calix[4]-

arene hydrogels formed with selected electrolytes. Tgel-sol was determined by the 

‘dropping ball’ method modified from that described by de Loos.26 The hydrogels 

typically formed rapidly when the electrolyte solutions were added to solutions of 

127a (at the concentrations of interest); there were concerns that the gels may not be 

homogenous for the ‘dropping ball’ (or ‘falling spheres’) experiments. To overcome 

concerns with the homogeneity of the hydrogels, the initial hydrogels (formed by the 

addition of the electrolyte solution to 127a solution) were heated briefly in an oven at 

100 °C then allowed to cool to room temperature. 

Preliminary dropping ball experiments with selected lanthanide nitrates (Figure 4.16) 

showed that this process had minimal impact on the Tgel-sol determination. However, 

the heating and cooling cycle did lead to precipitation in some gel systems. A 

compromise between homogeneity and crystallisation was made by allowing the gel 

to stand at room temperature for a period of time before commencing Tgel-sol 

measurements. The equilibration time period is variable (due to potential for the gel 

to crystallise) and depended on the electrolytes under investigation. It was also 

observed that the hydrogel was not necessarily a liquid, even though the ball had 

reached the bottom of the vial. Therefore, the dropping ball experiment was 

supplemented with the ‘tube-inversion’ method; both of these methods give a 

qualitative indication of the yield stress of the hydrogel.27, 28 
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Figure 4.16 Comparison of the effect of sample preparation on Tgel–sol determination (a) at room 
temperature and (b) heated in an oven at 100 °C for 5 min. with both ‘dropping ball’ 
and ‘tube inversion’ methods. The effective atomic radii are for lanthanides with 
coordination 6 in the solid state.29 

The effect of gelator concentration on Tgel-sol was investigated using 127a-La(NO3)3 

hydrogel system. As the concentration of gelator was increased with a fixed 

concentration of La(NO3)3, Tgel-sol increased nearly linearly (Figure 4.17). The 

experiments were stopped at Tgel-sol at approximately 80 °C for safety reasons. The 

linear increase in Tgel-sol with increasing concentration of gelator was consistent with 

observations by de Loos26 for urea-based organogels. Furthermore, Figure 4.17 

shows a gel-sol phase boundary for this specific system. 

 
Figure 4.17 Effect of L-proline calix[4]arene concentration (127a) on thermostability of hydrogels, 

La(NO3)3 at 20 mM. 

4.2.2 The Hofmeister series 

The Hofmeister series (also referred to as the lyotropic series or specific ion effect) 

was named after Franz Hofmeister30–36 who first studied specific ion effects. 

Hofmeister’s original papers, written in archaic German, are not well read37 but a 

translation of his second and third publications are available.37 The Hofmeister series 

is better defined for anions (Figure 4.18) than cations;38 the sequence of anions in the 

series is often varied slightly to suit the system under consideration. Anions to the 

left are known as kosmotropes while those to the right are chaotropes. Traditionally 

(a) (b)
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the Hofmeister series was thought to operate on the ions’ ability to influence ‘bulk 

water’ structure thus, kosmotropes are associated with ‘water structure making’ while 

chaotropes are associated with ‘water structure breaking’.38 The chloride anion is 

generally considered to be the pivotal point of the Hofmeister series, having little 

effect on the water-structure.39 Despite the early observations by Hofmeister, 

research into Hofmeister effects has not reached a consensus on the underlying 

mechanism (although it is believed to be more than just the ion’s impact on ‘bulk 

water’ structure) and it is quite possible that there may be more than one factor 

responsible.38, 40-47 Furthermore, the sequence has been known to invert due to 

changes in concentration48, 49 or the pH of proteins relative to the pI.50 Regardless, 

the Hofmeister effect has been observed in many biological, supramolecular, and 

colloidal systems.51, 52 

 
Figure 4.18 A typical Hofmeister series for anions.38 

The Hofmeister effect is typically observed over moderate concentrations, 0.01–

1.0 M.53–55 Here, experiments with sodium salts of anions in the Hofmeister series 

showed that the Tgel-sol generally increased (Figure 4.19) as the anion is situated 

towards the chaotropic end of the series. However, at the chaotropic end of the series 

(in particular perchlorate and thiocyanate) the hydrogels were found to have lower 

thermostability and a tendency to crystallise, thereby rapidly decomposing the 

hydrogel. The addition of sodium perchlorate to a solution of 127a led mainly to 

precipitation with the formation of some clumps of gel-like material. The 127a-

NaSCN hydrogels had lower yield stress with some samples not able to hold the steel 

ball at the surface of the hydrogel (although they were self-supporting to tube 

inversion). The anions towards the middle of the Hofmeister series (nitrate, bromide, 

and iodide) formed relatively more thermostable hydrogels with 127a. Both the 

127a-NaBr and 127a-NaI samples precipitated on cooling after the gel-sol transition 

while the 127a-NaNO3 reformed the hydrogel then crystallised on standing 

overnight. The 127a-NaCl sample formed a hydrogel (stable to vial inversion) when 

cooled in a fridge (~5 °C) but not at room temperature; Tgel-sol was estimated from the 
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127a-NaCl solution on warming to room temperature. This lower Tgel-sol value is 

consistent with chloride being the ‘pivot’ of the Hofmeister series. The 127a-NaCl 

sample formed thin crystals after the gel-sol transition. From this experiment, it was 

observed that the Tgel-sol and the tendency to crystallise generally correlated with the 

Hofmeister series for anions. 

 
Figure 4.19 The effect of the anion on the L-proline calix[4]arene hydrogel thermal stability. Here 

the gels were composed of L-proline calix[4]arene at 20 mM and sodium salts at 
50 mM. Lyotropic number (derived from impact of electrolytes on the cloud point of a 
surfactant) obtained from Schott.56 

No attempts were made to measure the cation effect by the ‘dropping ball’ method. 

However, it has been observed that hydrogels formed from electrolytes of alkali salts 

are generally less stable hydrogels than di- and trivalent cation salts, and in cases 

where hydrogels are formed, the hydrogels had a tendency to crystallise. Trivalent 

lanthanides generally formed the most stable gels. Divalent cations showed mixed 

results with calcium salts being much less stable than magnesium salts. This 

difference between Ca2+ and Mg2+ electrolytes could be due to differences in their 

surface charge densities.57 In addition, differences between the hydration of Ca2+ and 

Mg2+ have been shown to have an impact on crystallisation;58 Ca2+ is easier to 

dehydrate (requiring less energy compared to Mg2+). In this case, the interaction 

between Ca2+ and the carboxylates of 127a may tip the delicate balance (between a 

gel phase and solid) towards crystallisation. Unfortunately, crystals formed from 

127a-Ca2+ hydrogels were very thin plate-like crystals, and diffracted weakly, or not 

at all, in attempts to obtain a single crystal x-ray structure determination. 

Gel-sol transition temperatures determined for hydrogels formed from 127a and 

lanthanide nitrates (Figure 4.20) gave an unexpected result. The Tgel-sol was generally 

higher for hydrogels formed in the presence of Ce3+, Pr3+, Nd3+, Eu3+, and Gd3+ and a 
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lower in the presence of Dy3+ and Er3+. 127a-Yb(NO3)3 had a transient hydrogel 

phase which led to crystallisation within half an hour. These results could suggest 

that charge density reaches an optimum value for gel formation in the middle of the 

lanthanide series. Alternatively, there may be a structural change in the metal 

complexation with the heavier lanthanides, which impacts negatively on the gel 

stability. Certainly, structural changes across the lanthanide series have been reported 

for other calixarene ligands.59 

 
Figure 4.20 Tgel–sol determined for lanthanide nitrates by the ‘dropping ball’ and ‘tube inversion’ 

methods. The effective atomic radii are for lanthanides with coordination 6 in the solid 
state.29 

Bulk water structure ‘breaking’ and ‘making’ was thought to be central to the 

mechanism of the Hofmeister effect. Recent work has shown that this may not be the 

case and it has been hypothesised that the ion-specific effects are a result of ion 

interactions at the macromolecule/water interface.60 Omta et al.61 have shown that the 

effect of the ions does not extend beyond the first hydration shell, and thus does not 

affect hydrogen bonding network of water molecules in the immediate vicinity. 

Collins and Washabaugh39 have shown that ion effects are at the interface and on 

bulk water. Recently, Parsons et al.48 noted that the Hofmeister effect involved 

complex interactions between ion polarisabilities, ion size, nonelectrostatic 

potentials, and specific surface chemistry. Furthermore, Hofmeister described his 

observations for electrolytes37 not individual ions in solution (which is not practical 

in any case). Recent tetrahertz and femtosecond infrared spectroscopic results by 

Tielrooij et al.62 indicated that there may be a ‘cooperative’ effect between hydrated 

cations and anions in solution which are interdependent and not additive. This makes 

it difficult to interpret the impact of individual cations and anions on the self-

assembly (and by extension, the gel formation) of proline calix[4]arene 127. 
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The role of the anion in gel systems can be broadly placed into two groups: anions 

can behave as in the Hofmeister series or participate more directly by supramolecular 

anion-binding.63, 64 Liu et al.65 noted that kosmotropic anions reduced the heat 

capacity of hydroxypropylmethylcellulose (promoting gelation) and increased the 

storage moduli; an opposite trend was observed towards the chaotropic end of the 

Hofmeister series. In contrast, Steed et al.66, 67 reported organogels which formed 

from supramolecular anion-binding by urea-based gelators. Similarly, supramolec-

ular interactions between protonated melamine and selected anions were reported to 

form hydrogels.68 Regardless of the precise mechanism, the impact of anions is of 

interest as noted by Lloyd and Steed69 who suggested that anions may be used to 

chemically tune the properties of gels. 

4.3 Characterisation of self-assembled structures in the presence 
of electrolytes 

4.3.1 Physical characterisation of gel phase structures 

The structures formed by proline calix[4]arene 127 in the gel phase were visualised 

by physical characterisation methods. Some methods gave results indicating fibrous 

structures in the hydrogel while other methods were limited by issues with sample 

preparation or interference from the sample matrix. 

4.3.1.1 Scanning electron microscopy 

Initial attempts to visualise hydrogel structures under scanning electron microscopy 

(SEM) proved unsuccessful. The sample preparation procedure for SEM (air drying 

then drying in vacuo to remove water) resulted in a structureless mass. Removal of 

water from hydrogels is known to cause collapse of the gel,70, 71 primarily by surface 

tension acting on the gel fibres.72 Hydrogels have been imaged by SEM, however 

lengthy sample preparation is required (e.g. freeze drying or chemical fixation)13, 73 

or requires variable pressure SEM instrumentation.74 Alternatively, gel fibre morph-

ology can be visualised in situ by atomic force microscopy (AFM). 
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4.3.1.2 Atomic force microscopy 

A selection of hydrogels prepared from 127a and selected electrolytes (LiCl, NaBr, 

NaNO3, CaCl2, and La(NO3)3) were imaged by AFM (Figure 4.21). The nature of the 

electrolyte appears to have had an impact on the morphology of the gel fibres with 

chloride electrolytes generally resulting in shorter and thinner fibres with 127a than 

nitrate electrolytes. The diameter of the hydrogel fibres was estimated from AFM 

micrographs. 

 
 

 

Figure 4.21 AFM micrographs of L-proline calix[4]arene 127a (20 mM) in the presence of (a) LiCl 
(25 mM), (b) NaBr (25 mM), (c) NaNO3 (25 mM), (d) CaCl2 (25 mM), and (e) La(NO3)3 
(25 mM). 

Height measurements of selected (observable) gel fibres of 127a-La(NO3)3 

(Figure 4.22) revealed that the fibre bundles have diameters ranging from 5 to 40 nm 

(Table 4.2) and with increments of the fibre diameters of 5 ± 2 nm. In contrast, 

results from 127a-LiCl hydrogel (Figure 4.23) showed that the gel fibres were 

generally more uniform with diameters of 2–6 nm. High resolution images to resolve 

the superstructures of the gel fibres were not readily achieved. Since the 

calix[4]arenes 127a,b are chiral, the gel fibre morphology was expected to exhibit 

some chirality (i.e. twist in the fibres). However, this was not apparent from the AFM 

micrographs of the gels. In some cases the chirality of the gelator is not translated to 

(a) (b) (c)

(d) (e)
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the supramolecular structure or altered during sample preparation (though less likely 

when analysed by AFM).20 Alternatively, the pitch may be too close to be observed 

under the conditions used; pitch of fibres can vary over several orders of magnitude 

from 10 nm to 1 mm for twisted fibres or helices.75 

 

Figure 4.22 Estimation of gel fibre diameter from height profiles, L-proline calix[4]arene 127a 
(20 mM) and La(NO3)3 (25 mM), from an (a) AFM micrograph and (b, c) associated 
line profiles. 

Table 4.2 Height measurement from line profiles from selected gel fibres from an AFM micrograph 
in Figure 4.22. Height measurements are ±0.2 nm. 

Profile Height 
(nm) 

Profile Height 
(nm) 

1 39 7 16 

2 39 8 25 

3 21 9 7 

4 21 10 3, 5 

5 31 11 3, 4 

6 21 12 6 

 

 

(a) (b)

(c)
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Figure 4.23 Estimation of gel fibre diameter from height profiles, L-proline calix[4]arene (20 mM) 
and LiCl (25 mM), from an (a) AFM micrograph and (b, c) associated line profiles. 

4.3.1.3 Cryo-transmission electron microscopy 

The absence of a hydrogel at the macroscale, does not exclude the formation of 

fibrous structures at the microscale by 127a in the presence of electrolyte. 

Investigations using cryogenic-transmission electron microscopy (cryo-TEM) 

showed fibres in solutions of 127a-electrolyte systems that were known to form 

hydrogels at room temperature (Figure 4.24). By reducing the concentration of the 

electrolyte, the formation of a hydrogel was avoided. Cryo-TEM micrographs of 

127a in the presence of selected electrolytes (LiCl, NaBr, CaCl2, and La(NO3)3) all 

showed the formation of long fibrous structures despite a free flowing solution at the 

macroscale level. No fibrous structures were observed in the absence of an 

electrolyte, however Zhang et al.13 reported the formation of nanoscale spherical 

micelles for 127 (at pH 3) in the presence of hydrochloric acid. These micrographs 

(Figure 4.24) suggest that 127a formed fibres in the presence of electrolytes, 

although there may not be enough fibres present to entangle and trap the water to 

form a hydrogel. It should be noted that the samples were cooled to 5 °C prior to 

vitrification. Cooling 127a-electrolyte solutions can lead to the formation of a gel 

(which forms a solution on warming to room temperature). 

(a) (b)

(c)
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Figure 4.24 Cryo-TEM micrographs of calix[4]arene 127a (~20 mM) in the presence of (a) LiCl 
(20 mM), (b) NaBr (10 mM), (c) CaCl2 (21 mM), and (d) La(NO3)3 (5 mM). All samples 
were blotted for 5 s (except 127a-LiCl sample, 30 s) at 5 °C. Dark round structures are 
crystalline ice. 

4.3.1.4 Circular dichroism spectroscopy 

Self-assembled chiral nanostructures tend to have much more intense absorptions in 

CD spectroscopy (refer to section 1.3.3.2 for a brief overview of CD spectroscopy) 

compared to that of the chiral monomer.76 This is a good method for detecting 

chirality in the solid-like structures of gels, even if the gel fibres do not reveal any 

helices or coils by microscopy methods. Preliminary experiments with gelator 127a 

in the presence of La(NO3)3 and NaBr showed that the features of interest coincided 

with the background UV-absorption of these anions (especially from the nitrate anion 

absorbing at less than 240 nm77, 78). Unfortunately this prevented extraction of any 

information regarding the chirality of the self-assembled structures. Zhang et al.13 

(a) (b)

(c) (d)



 Chapter 4 164 

 

showed that there was a change in the ellipticity for 127 above its c.a.c. at pH 3, 

suggesting that 127 could self-assemble into chiral structures. 

4.3.2 Characterisation of behaviour in solution and gel phase 

4.3.2.1 UV-visible spectroscopy 

The self-assembly of proline calixarene 127a was investigated by measuring the 

critical aggregation concentration using a probe molecule and by UV-visible 

spectroscopy (refer to section 2.4.1). A relatively ‘weak’ gel-inducing electrolyte, 

MgCl2, was selected for further investigation with 127a and with rhodamine 6G as 

the ‘probe’ molecule. The results (Figure 4.25) suggested a c.a.c. value close to 

where the solution appeared viscous on the bulk scale. The c.a.c. values obtained for 

127a-MgCl2 system were greater than that for 127a in the absence of MgCl2 

(c.a.c. = 5 mM). This suggests that the shift in the maxima of the wavelength of 

rhodamine 6G may be due to interactions with self-assembled structures formed by 

127a-MgCl2. Care is required in interpreting these results since small molecules can 

interfere with the self-assembly of 127a (see section 2.4.3). However, rhodamine 6G 

did not prevent the formation of a gel by 127a-MgCl2. 

Figure 4.25 Critical aggregation concentration of L-Pro calix[4]arene determined with a rhodamine 
6G probe/UV-visisble spectroscopy method. The c.a.c. values were determined in the 
presence of MgCl2 at (a) 25 mM (c.a.c. = 9 mM) and (b) 50 mM (c.a.c. = 16 mM). 

4.3.2.2 Zeta-potential by dynamic light scattering 

The charge distribution on the surface of particles can be determined by measuring 

their zeta-potential.79 This zeta-potential would have indicated if the electrolyte was 

localised along the surface of the calixarene aggregates. An attempt was made to 

measure the zeta-potential of 127a alone, however the concentration range of interest 

was below the sensitivity of the instrument. A similar attempt was made to measure 

(a) (b)
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the zeta-potential of the 127a in the presence of LiCl, this resulted in a redox reaction 

at the copper contacts of the zeta-potential cell. Zeta-potential measurements for 

127a were not pursued any further. 

4.3.2.3 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) was used to study self-assembly of 

proline calix[4]arene 127 in the presence of an electrolyte. The addition of small 

aliquots of La(NO3)3 to a solution of 127a (20 mg mL−1 in D2O) led to a broadening 

of signals in the 1H NMR spectra (Figure 4.26). On the addition of 0.15 equiv. of 

La(NO3)3 to the solution of 127a, the sample appeared more viscous in the NMR 

tube and small air bubbles trapped near the top of the sample27—an indication of a 

gel. Amanokura et al.80 attributed broadening of 1H NMR signals of an organogelator 

to changes in the molecular motion in different environments. The authors found that 

the relatively sharp 1H NMR signal of a phenol broadened when the sample cooled 

below the Tgel-sol. 

Analysis of the integrals of calix[4]arene 127a–La(NO3)3 titration NMR spectra 

showed that as more La(NO3)3 was added, the intensity of the signals attributed to 

the calixarene were reduced compared with the HOD signal (Figure 4.29a). The 

signals were normalised against the HOD signal and the number of protons in the 

integral region. Aggregation of the calixarenes will result in a larger structure and 

consequently reduced spin-spin relaxation times (T2). The reduced T2 of the larger 

aggregates were presumably less than the delay time of ~10 μs (the delay time for the 

zg pulse sequence used). Therefore, the larger structures were not detected during the 

experiments (since bulk magnetisation was lost). Reduction in T2 for some 

compounds leads to the broadening of signals in the NMR spectrum.81 From the 

analysis, the intensities reduced rapidly after 0.13 equiv. of La(NO3)3 was added to 

the calixarene solution. Furthermore, the intensity of the aromatic signal at 

~7.25 ppm decays at the same rate as the other signals 4.5–1.5 ppm (Ar-CH2-Ar, Ar-

CH2-Pro, and proline moiety), suggesting that the entire calixarene molecule was 

effectively part of the aggregated structure. 
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Figure 4.26 Titration of L-proline calix[4]arene (20 mg mL−1 in D2O) against La(NO3)3. An initial 

solution of (i) 127a (20 mg mL−1) in the presence of La(NO3)3 from (ii) 0.01 equiv. to 
(vi) 0.30 equiv. 1H NMR spectra were acquired at 400 MHz. 
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Variable temperature NMR experiments of 127a (20 mg mL−1) and La(NO3)3 at 

0.15 equiv., indicated that the majority of aggregated structures had disassembled at 

approximately 50 °C (Figure 4.27). The signals in the 1H NMR spectrum sharpened 

on heating and broadened on cooling. The integrals of these spectra (Figure 4.29b) 

showed hysteresis—the rate in reduction in the intensities on cooling of the sample 

was slower compared with the increase in intensity on the heating cycle. This ‘lag’ 

suggests that the aggregation of the calixarene molecules in solution is under kinetic 

control. 

The variable temperature experiments were repeated after a further 0.15 equiv. of 

La(NO3)3 was added to the gel sample in the NMR tube (taking the total La(NO3)3 

content to 0.3 equiv.). Here, the NMR sample was briefly heated to 60 °C to convert 

the gel to a liquid and the aliquot of La(NO3)3 added, homogenised, and allowed to 

stand overnight. The VT-NMR experiments (Figure 4.28) showed similar results as 

before. The maximum temperature for the signals to sharpen (and aggregates to 

disassemble) was now 70 °C. Increasing the La(NO3)3 content appears to have a 

stabilising effect on the aggregates. Similar to previous VT experiments at 

0.15 equiv. La(NO3)3, there was a lag in the decrease in the intensity of the signals on 

the cooling cycle (Figure 4.29c). 
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Figure 4.27 VT 1H NMR (400 MHz) experiments for a gel composed of L-proline calix[4]arene 

(20 mg mL−1) and La(NO3)3 (0.15 equiv.) in D2O. 1H NMR signals for 127a sharpened 
on heating, (i) to (v), and the same features broaden on cooling, (vi) to (ix). 
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Figure 4.28 VT 1H NMR (400 MHz) experiments for a gel composed of L-proline calix[4]arene 

(20 mg mL−1) and La(NO3)3 (0.30 equiv.) in D2O. The gel was heated, (i) to (v), and 
cooled, (vi) to (ix). 
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Figure 4.29 Analysis of normalised integrals from 1H NMR for proline calix[4]arene 127a–
La(NO3)3 system. (a) 127a (20 mg mL−1 in D2O) titrated against La(NO3)3; (b) 
variable-temperature experiments for 127a (20 mg mL−1 in D2O) and La(NO3)3 at 
0.15 equiv.; and (c) variable-temperature experiments for 127a (20 mg mL−1 in D2O) 
and La(NO3)3 at 0.30 equiv. 

Previous investigations have shown that small molecules can induce the aggregation 

of calix[4]arene 127a (refer to section 2.4.3). The ability of small organic molecules 

to interfere with the gel formation of 127a was investigated using the same 127a-

THF sample from section 2.4.3. A 0.30 equiv. aliquot of La(NO3)3 was added to the 

sample of calixarene 127a (20 mg mL−1) and THF (0.50 equiv.). The sample formed 

a hydrogel. VT-NMR experiments of this gel (Figure 4.30) showed broad signals 

consistent with the 127a-THF system (Figure 2.14) at 30 °C (the peaks were much 

broader as a result of the presence of La(NO3)3). The calixarene signals sharpened at 

60 °C on heating compared with 70 °C in the absence of THF (Figure 4.28). Like the 

127a-La(NO3)3 system, the normalised integrals showed that the 127a-THF-

La(NO3)3 system exhibited hysteresis. This indicated that THF could compete with 

La(NO3)3 for calixarene 127a and the system existed in an equilibrium of THF-

induced aggregates and gel fibres. 

(a) 

(b) (c)
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Figure 4.30 VT 1H NMR (400 MHz) experiments for a gel composed of calix[4]arene 127a 

(20 mg mL−1), tetrahydrofuran (0.50 equiv.) (*), and La(NO3)3 (0.30 equiv.) in D2O. 
The gel was heated, (i) to (iv), and cooled, (v) to (vii). 
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Figure 4.31 Analysis of normalised integrals from VT-NMR experiments for a gel composed of 

calix[4]arene 127a (20 mg mL−1), tetrahydrofuran (0.50 equiv.), and La(NO3)3 
(0.30 equiv.) in D2O. 

Nitric acid was a useful electrolyte to investigate the effect of the nitrate anion. NMR 

titration experiments (Figure 4.32) showed little change with the addition of HNO3 

(as a solution prepared from HNO3 70 wt/wt% in D2O). The Ar–H signal exhibited 

little broadening unlike the Ar–CH2–Pro (δ 4.1 ppm) and proline moieties (2.2–

1.6 ppm). Analysis of the normalised integrals (Figure 4.33) showed that the 

intensities of the signals had decreased as HNO3 was added. Like the bulk gel 

experiments, the 127a-HNO3 system was expected to gel then crystallise. However, 

thin plates were observed at the bottom of the NMR tube and a gel phase was not 

observed during the course of this experiment. Despite the sample crystallising from 

solution, there was sufficient sample dissolved in solution for subsequent 1H NMR 

experiments. The addition of each aliquot of HNO3 and agitation of the sample in the 

NMR tube, could have favoured crystallisation over gelation (i.e. the expected gel 

phase was not observed).  
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Figure 4.32 Titration of L-proline calix[4]arene (20 mg mL−1 in D2O) against HNO3. An initial 

solution of (i) 127a (20 mg mL−1) in the presence of HNO3 from (ii) 0.025 equiv. to (xi) 
0.250 equiv. 1H NMR spectra were acquired at 400 MHz. 
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Figure 4.33 Analysis of normalised integrals from 1H NMR for proline calix[4]arene 127a-HNO3 
system. 127a (20 mg mL−1 in D2O) titrated against HNO3. 

4.4 Racemate gels 

The racemate hydrogels, comprising mixtures of L-proline calix[4]arene (127a) and 

D-proline calix[4]arene (127b), were observed to form hydrogels, albeit less stable 

one than the pure enantiomers. The gel-sol transition temperature for racemate 

proline calix[4]arene hydrogels is reduced by up to ~10 °C for a 1:1 mixture of the 

each enantiomer. Tgel-sol and general stability for the racemate gel (Figure 4.34) is 

dependent on the ratio of L-proline calix[4]arene to D-proline calix[4]arene. The 

maximum Tgel-sol was obtained with enantiopure compounds while the minimum 

Tgel-sol was obtained with the racemate.20, 82 

 
Figure 4.34 Tgel–sol determined for racemate proline calix[4]arene hydrogels. Proline calix[4]arene 

(10 mM) and La(NO3)3 (20 mM). 

Initially, all the proline calix[4]arene hydrogels had a transparent appearance 

(Figure 4.35), however they became slightly cloudy on standing. The racemate 

hydrogel readily collapsed and transitioned from the gel phase to the solid phase 

(precipitating as a white solid). Examination of the gels under AFM (Figure 4.36) 

revealed that the racemate hydrogels had a different fibre morphology compared with 
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the hydrogels of a single enantiomer. The racemate hydrogels were composed of 

shorter fibres. The reduced stability and changes in gel fibre morphology of racemic 

mixtures of gelators compared with the pure enantiomers is consistent with results 

reported for many racemate gels.82–85 However, some racemic mixtures of chiral 

gelators are known to form stronger gels compared with their enantiomers86 or self-

sort into their enantiomers.87, 88 In some cases, racemic mixtures did not form gels 

whereas the enantiopure compounds were gelators.89 Brizard et al.75 noted that the 

tendency of racemic mixtures of gelators to crystallise was likely a result of the 

greater number ways of packing the racemic mixture of molecules in a crystal. An 

x-ray single crystal structure was obtained for a viable crystal formed from a 127a,b-

La(NO3)3 hydrogel with equimolar portions of each enantiomer (refer to the next 

section for more information). 

 
Figure 4.35 Images of hydrogels prepared from proline calixarenes 127a,b (20 mM) in the presence 

of La(NO3)3 (20 mM). (Left) D-proline calix[4]arene, (centre) racemate, L-Pro:D-Pro 
calix[4]arene ratio = 1:1, (right) L-proline calix[4]arene. 

Figure 4.36 AFM micrographs of (a) L-proline calix[4]arene (20 mM), (b) 1:1 mixture of 
D-/L-proline calix[4]arene (20 mM), (c) D-proline calix[4]arene (20 mM) in the pres-
ence of La(NO3)3 (25 mM). 

(a) (b) (c)
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4.5 Analogous compounds 

Attempts were also made to develop other anion-responsive gelators based on proline 

calix[4]arene gelators, 127. The proline moiety was thought to be central to gel 

formation, hence the proline calix[5]arene (128) was prepared. Preliminary gelation 

studies with crude 128 did not show signs of increased viscosity of the solution or gel 

formation at the macroscopic scale, thus further experiments were not pursued. 

Another target analogue was the sarcosine-functionalised calix[4]arene 132. 

Preliminary experiments with 132 showed that an aqueous solution of 132 and 

selected electrolytes produced viscous solutions or clumps of gel-like material. 

However, it did produce a reasonably stable opaque gel with Cu(NO3)2. Since 

calix[4]arene 132 did not appear to be a better gelator than 127 and had issues with 

its synthesis, compound 132 was not further pursued in this study. 

4.6 From the gel phase to the solid state 

It is often difficult to obtain crystals of a gelator from a gel phase that are of 

sufficient quality for single crystal x-ray crystallography.90, 91 Many crystals formed 

within a variety of 127a-electrolyte hydrogels were not viable for x-ray 

crystallography (mainly because they were poor quality crystals or were very thin 

plates). Despite this, two crystal structures were obtained from crystals grown from 

hydrogels; 127a-MgCl2 and racemate 127a,b-La(NO3)3. In addition, a crystal 

structure of the gelator 127a was obtained by diffusion of tetrahydrofuran into an 

aqueous solution of 127a. This particular calixarene had a long history of forming 

crystals that did not diffract well enough to resolve the crystal structure (McIldowie, 

M. J. Curtin University, Perth, Australia. Personal communication, 2008). 

The crystal structure of L-proline calix[4]areneTHF 127a (Figure 4.37) shows the 

carboxylate groups of the proline moieties oriented away from the calixarene cavity. 

Here, the calix[4]arene adopted a cone conformation. In contrast, Zheng et al.13 

reported a pinched cone structure for 127a with the carboxylates of two distal proline 

moieties pointed away from the cavity (at low pH and in the presence of 

hydrochloric acid). A disordered THF molecule is situated over the cavity, however 
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O···N distances between THF and proline (>4 Å) suggests that the THF is a solvent 

of crystallisation and is not included within the calixarene cavity. An interesting 

cubic structure was observed in the extended crystal structure (Figure 4.38). Here, an 

oxygen atom from the carboxylate could hydrogen bond to an ammonium group on a 

proline moiety on an adjacent calixarene molecule (N41···O42, 2.896 Å). The dist-

ances between the centroid of the aromatic rings of adjacent calixarene molecules 

(>4 Å) did not support the presence of π···π stacking. 

 

 

Figure 4.37 Crystal structure obtained from diffusion of tetrahydrofuran into an aqueous solution of 
127, viewed from (a) the side and (b) top of the calixarene. A tetrahydrofuran molecule 
sits above the cavity of the calixarene (omitted from these figures) though is not 
included within the cavity. Potential hydrogen bonds are depicted between the phenols. 
Ellipsoid probability at 25%. 

(a) 

(b) 
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Figure 4.38 Crystal packing of 127a shows six calixarene molecules arranged in a cube with 

hydrogen bonding between the carboxylate and ammonium groups of the proline 
moieties on adjacent calixarenes. Here the blue ribbon represents the calixarene 
structure and protons have been omitted for clarity. 

The crystal structure of 127a-MgCl2 contrasted with the previous crystal structure of 

127a. In this case, the carboxylates of all four proline moieties were coordinated to 

Mg2+ (Figure 4.39) with four equivalent Mg1···O141 distances (2.039 Å). The radius 

of an Mg2+ cation (0.860 Å for coordination number 6)92 is small enough for this 

divalent cation to fit over the cavity of the calixarene. Like the previous 127a crystal 

structure, there is likely to be intramolecular hydrogen bonding between adjacent 

proline moieties (N241···O242, 2.764 Å). The packing structure showed that there 

may be π···π interactions between adjacent calixarenes (distances between the cent-

roid of aromatic rings, C1–C6, of 3.639 Å). 
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Figure 4.39 Single X-ray crystal structure obtained from a 127a-MgCl2 hydrogel gave a crystal, 
viewed from the (a) side and (b) top of the calixarene. Ellipsoid probability at 25%. 

The other crystal structure was obtained from the racemate 127a,b-La(NO3)3 

hydrogel. Racemates tended to crystallise more readily compared with the pure 

enantiomer and contributes to the reduced thermostability of the hydrogels (refer to 

section 4.4). The two main features of this crystal structure (Figure 4.40) are that a 

lanthanum cation bridges two calixarene units by coordination to the proline 

carboxylates (Figure 4.40a) and the intermolecular inclusion of the proline into a 

calixarene cavity (Figure 4.40b). The size of the La3+ cation (with a radius of 1.045 Å 

for coordination number 6)29 may prevent it from coordinating to proline moieties 

over the calixarene cavity like Mg2+ in the 127a-MgCl2 structure. The La atoms is 

disordered over two sites in the crystal structure and each La atom appears to be 

coordinated to proline moieties of two different calixarene molecules (Figure 4.40a). 

The remaining proline units (not coordinated to La) show inclusion into a 

neighbouring calixarene cavity (Figure 4.40b). The bond distances (Figure 4.40c) 

supported the possibility of hydrogen bonds between the carboxylate of the proline 

and the electron deficient methylene of Ar–CH2–Pro and C–H···π interactions 

between hydrophobic ring of proline and the aromatic rings of the calixarene. 

(a) (b)
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Figure 4.40 Single crystal X-ray crystal structure obtained from a 127a,b-La(NO3)3 hydrogel. (a) 
Two lanthanum atoms dislocated over two sites coordinated to four calix[4]arene units, 
with 127a (L-proline) on the left and 127b (D-proline) on the right. (b) The proline 
moieties not coordinated to lanthanum appear to be self-included within another 
calixarene molecule with the same stereochemistry (c) Distances for points of interest 
in the crystal structure (between the centroid of the aromatic ring, smaller red sphere, 
and the nearest carbon of included-proline). Here the protons have been omitted for 
clarity. 

(b) 

(c) 

(a) 
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What was remarkable about the 127a,b-La(NO3)3 crystal structure was that the self-

inclusion appeared to be self-sorting into the two stereoisomers. An L-proline moiety 

includes into another calixarene cavity where the calixarene is functionalised with 

L-proline and likewise with calixarenes functionalised with the D-proline moiety. The 

crystal packing structure (Figure 4.41) showed the two stereoisomers self-sorted into 

two helical strands and the two strands are bridged by two La3+ ions. Self-sorting of 

chiral supramolecular systems from racemates into aggregates of each enantiomer is 

known.20, 93 This arrangement of calixarenes could provide some insight into how the 

calix[4]arene molecules self-assemble into fibrous structures to form a hydrogel 

(discussed in section 4.7). 
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Figure 4.41 Crystal packing of 127a,b-La(NO3)3 showing self-sorted calixarenes helices (with 

L-proline on the left helix and D-proline on the right helix) bridged by the lanthanum 
ions. Here the blue ribbon represents the calixarene structure and protons have been 
omitted for clarity. 
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4.7 Proposed mechanism of gelation 

The theories for the formation of fibrils from molecules and formation of the gel-

phase from the solution phase are described in detail elsewhere.94–96 This section will 

be concerned with how the calixarene units can possibly be assembled into fibrils 

and eventually the fibrous structures observed in the presence of electrolytes.  

A possible arrangement of proline calix[4]arene 127 into self-assembled fibres in the 

presence of an electrolyte can be carefully extrapolated from the crystal structure of 

127a,b-La(NO3)3 (Figure 4.41). Assuming the calix[4]arene adopts a cone 

conformation, it is possible for the proline moieties from one calixarene molecule to 

include within the cavity of another calixarene molecule. Hydrogen bonds between 

the carboxylate of the proline and the electron deficient methylene of Ar–CH2–Pro97 

and C–H···π interactions between hydrophobic ring of proline and the aromatic rings 

of the calixarene (Figure 4.40) could aid the self-inclusion process (especially in an 

aqueous solution). The resulting fibrils could then be bundled into fibres mediated by 

carboxylate-cation binding of the fibrils. Although the anions have not been 

explicitly observed during this investigation (including x-ray crystal structures), the 

anions must be involved in the self-assembled structures as the nature of the anion 

dictates if a gel will form and exerts influence over the hydrogel fibre morphology. 

The amine/ammonium centre of the proline is also of importance as this would 

explain the pH-responsive ability (i.e. gel-sol transition at high pH) of proline 

calixarene 127. Further work is required to elucidate the role of the anion and proline 

calix[4]arene 127 in the formation of gel fibres. 

4.8 Conclusions 

A specific ion effect has been observed for the formation of hydrogels by proline 

calix[4]arene 127. Further investigation has shown that the ability to form a hydrogel 

and the thermostability of the hydrogels formed correlated with the Hofmeister series 

for anions. Hydrogels were formed by 127 in the presence of chaotropic anions 

including chloride, however the most stable hydrogels were those formed with nitrate 

and bromide anions (both of which are chaotropes). 
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Characterisation of the hydrogels by AFM showed that calix[4]arene 127 self-

assembled into fibres and that the morphology was dependent on the electrolyte. In 

addition, cryo-TEM showed that a solution of 127, in the presence of selected anions 

below the minimum gelation concentration, self-assembled into fibres. The 127-

electrolyte hydrogels were largely thermoreversible and pH-responsive. Investig-

ations into the self-assembly behaviour of 127 in the presence of lanthanum nitrate 

revealed that the self-assembly process was most likely under kinetic control. 

A racemate of L-proline calix[4]arene (127a) and D-proline calix[4]arene (127b) 

produced a hydrogel of lower stability than the pure enantiomers. A 1:1 ratio of each 

enantiomer produced the least stable hydrogel, leading to the crystallisation of the 

gel. Remarkably, the x-ray crystal structure of 127a,b-La(NO3)3, crystallised from 

the hydrogel, revealed self-sorting of the enantiomers: each enantiomer self-

assembled into helical strands with lanthanum atoms bridging the strands. A 

preliminary mechanism for the formation of the hydrogel was presented based on 

this crystal structure, however further investigation is required to elucidate a more 

complete mechanism. 

4.9 Experimental 

4.9.1 General remarks 

Reagents were used as purchased from the manufacturer or supplier. Experimental 

details for the synthesis of L-proline calix[4]arene (127a) and D-proline calix[4]arene 

(127b) are described in Chapter 2. 

4.9.2 Gelation in the presence of electrolytes 

The gelation ability of calix[4]arene 127a in the presence of select electrolytes was 

investigated by the tube inversion method.98 In a typical experiment, an aqueous 

solution of the electrolyte (stock solution, 0.1 M) was added to an equal volume of an 

aqueous solution of 127a (stock solution, 0.04 M). Samples were prepared in a glass 

vial (2 mL, outer diameter = 0.5 cm). 
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4.9.3 Gel-sol transition studies 

The gel-sol transition temperature (Tgel-sol) was determined by the dropping-ball 

method26, 98 with each system determined in duplicate. Gels were prepared in a glass 

vial (7 mL, outer diameter 2 cm). A steel ball (110 mg, 3 mm diameter) was carefully 

placed on top of the gel to avoid disturbing the surface. The vials were then placed in 

a thermostated water bath (17 cm evaporating dish) heated on a Torrey Pines 

Scientific hot plate stirrer (model HS30-2) at 10 °C/hour from room temperature to a 

maximum of 85 °C. 

4.9.4 Physical characterisation 

Atomic force microscopy micrographs were obtained by Dr Thomas Becker. Thin 

films of hydrogels were placed onto freshly cleaved mica discs (Grade V-4, SPI 

Supplies, Pennsylvania, USA). The samples were imaged with Tapping Mode at 

room temperature using a Dimension 3100 Atomic Force Microscope (Bruker, Santa 

Barbara, USA) with standard silicon Tapping Mode cantilevers (type NSC-15, 

Mikromasch, Spain and type NCH, NanoWorld, Switzerland). The cantilevers were 

cleaned with an UV/ozone cleaner (BioForce Nanosciences, Iowa, USA) 

immediately prior to measurements. AFM data were processed using Gwyddion99 

version 2.26. 

Cryo-transmission electron microscopy micrographs were obtained with the 

assistance of Dr. Matthias Floetenmyer, Centre for Microscopy and Microanalysis, 

University of Queensland. Samples were placed on to a copper grid, (coated with a 

carbon film) vitrified in liquid ethane using a Vitrobot Mark IV (FEI Company) and 

cryogenically transferred in liquid nitrogen to the cryo-TEM holder, which was then 

inserted into the microscope (FEI Tecnai G2). The temperature of the sample was 

maintained at approximately −175 °C to prevent crystallisation of ice. Data was 

processed using IMOD version 3.4.7.100 

Variable temperature experiments were acquired on a Bruker AvanceTM III 400 

NanoBay (1H 400 MHz, 13C 100 MHz) spectrometer. 
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Diffraction patterns of crystals of 127a, 127a-MgCl2, and 127a,b-La(NO3)3 were 

obtain and analysed by Dr Brian W. Skelton at the School of Biomedical, 

Biomolecular and Chemical Sciences, University of Western Australia, Australia. 

UV-visible spectra were acquired on a GBC UV/VIS 916 spectrometer. 
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5 Templated crystallisation in hydrogels 

5.1 Crystallisation in gels 

Templated crystallisation of inorganic materials under the influence of organic and 

bioorganic structures has been studied previously1–3 and a short overview of 

templated crystallisation is covered in section 1.2.4. Of the many ‘templates’ 

available (e.g. monolayers, polymers, surfactants), gels are of interest here as both a 

template and medium for crystallising inorganic minerals. This could potentially lead 

to new materials and a better understanding of biomineralisation processes. 

5.1.1 Crystallisation in hydrogels 

5.1.1.1 Calcium carbonate 

Hydrogels have been shown to play an important role in biomineralisation systems. 

Investigations by Levi-Kalisman et al.4 on the nacreous layer of the shell of Atrina 

serrata (a bivalve mollusc) by cryo-TEM led to the proposal of a model for the 

nacreous layer. This model depicted layers of the β-chitin framework incorporating 

Asprich glycoproteins alternating with silk fibroin gel phases. Keene et al.5 showed 

that the addition of silk fibroin hydrogels to a crystallisation system (comprising 

nacre specific peptide and β-chitin) changed the environment in which the calcium 

carbonate crystallised. The addition of silk fibroin hydrogel to the nacre specific 

peptide and β-chitin crystallisation system gave particles of amorphous calcium 

carbonate and vaterite (with habits resembling the shape of ‘sunny-side up’ fried 

eggs) adhered to the β-chitin; in the absence of the hydrogel, polycrystalline 
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aragonite was obtained. The authors proposed that the hydrogel modulated the 

activity of the peptide (or a component in the natural system was missing). Silk 

fibroin is known to have inhibitory effects on calcium carbonate crystallisation,6 

however, the diffusion control exerted by silk fibroin hydrogels should also be 

considered.7 Recent work by Khalifa et al.8 on the operculum of Balanus amphitrite 

suggests that a hydrogel matrix is important for the mineralisation of calcium 

carbonate. Here, the authors showed that the hydrogel occupied the space in which 

calcite particles were to form; as the particles grew they excluded water and 

compressed gelator molecules. The nucleating agents were believed to be the gelator 

molecules and the low concentration of highly acidic proteins (rich in Asx and Glx). 

From this, they also postulate that hydrogels may play a wider role in 

biomineralisation in general. 

It is of no surprise that much of the literature on crystallisation in hydrogels (in the 

laboratory) has been extensively focused on the application of hydrogels as mimics 

for organic matrices in biomineralization systems. In ‘biologically-controlled’9, 10 or 

‘matrix-mediated’11 biomineralisation processes, organisms use organic frameworks 

to control the orientation, size, and shape of the biomineral. Calcium carbonate, one 

of the most common and widely studied biominerals,12 has been crystallised in a 

variety of gels including carrageenan;13 agarose;14–16 agarose with poly(aspartic 

acid), aspartic acid, and ethylenediaminetetraacetic acid inhibitors;17 agarose on self-

assembled monolayers (to direct orientation of crystals);18 agar;19 gelatin xerogels 

entrapped with poly(L-aspartic acid) or poly(L-glutamic acid);20 polyacrylamide 

hydrogels;21 sodium acrylate hydrogels (seeded with calcium carbonate);22 sodium 

alginate nanospherical hydrogels;23 self-assembled collagen;24 hydrogels comprised 

of a hydrogelator with Ca2+-binding domains (i.e. carboxylates);25 porous 

poly(hydroxyethylmethyacrylate) hydrogels templated on sea urchin spines;26 and 

silica hydrogels containing chromium(VI)27 and magnesium.28 Most of these gels are 

composed of macromolecular gelators and were shown to impact the morphology, 

polymorph, particle size, and orientation on the calcium carbonate. 

As crystals grow within a gel, they may incorporate or exclude the gel fibres. 

Building on their earlier work,15 Li et al.14 showed that calcite single crystals grown 

in agarose hydrogel had a continuous three-dimensional network of nanofibres 
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throughout the crystal. This is similar to the occlusion of organic macromolecules 

(particularly proteins) into biominerals.29–32 Li et al. proposed that a physical 

mechanism (rather than a chemical mechanism such as epitaxial matching) was 

operating at the organic fibre-inorganic mineral interface. In this case, high- and low-

energy facets of calcite surrounded the curved fibres. 

5.1.1.2 Calcium phosphate 

Crystallisation of calcium phosphate in hydrogels has also garnered interest. Using a 

model biomineralisation system consisting of propionic acid in polyacrylamide 

hydrogels, Yokoi et al.33 studied the effect of propionic acid (as a simple substitute 

for proteins) on the crystallisation of calcium phosphate. They found that the 

propionic acid adsorbed onto the (100) face where the Ca2+ ions were situated. This 

resulted in spherical particles rather than the fibrous or plate-like morphology 

observed in the absence of propionic acid. 

Wang, et al.34 have successfully prepared composites of bacteriophages layered with 

nanocrystals of hydroxyapatite. A gel-like substance was obtained after CaCl2 was 

added to bacteriophage and centrifuged; the gel-like substance was then added to a 

Na2HPO4 solution. Acidic amino acid residues (Asp and Glu) along the surface of the 

bacteriophage chelated Ca2+ in solution, pre-organising the bacteriophage in to 

fibrous bundles (leading to the gel-like substance) and creating a local super-

saturation of Ca2+ on the bacteriophage surface. This allowed hydroxyapatite to 

crystallise between bacteriophage bundles. The authors also noted that the chirality 

of the helices of the protein coating the bacteriophage was transferred to the 

hydroxyapatite nanocrystals. 

Crystallisation in gels also opens up an avenue for new composite materials. Schnepp 

et al.35 prepared a hydrogel-calcium phosphate composite. The self-assembled 

thermoresponsive hydrogel (prepared by dephosphorylation of 166, Figure 5.1, by a 

phosphatase) was placed into a solution of calcium chloride and calcium phosphate 

and was allowed to mineralise. The authors found that calcium phosphate 

mineralised around the hydrogel fibres and not in the space in between fibres. By 

tuning the level of mineralisation, the viscoelaticity, thermostability, and stiffness of 

the hydrogel-calcium phosphate composite could be tuned. 
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Figure 5.1 A masked gelator. Cleaving the phosphate group leads to a hydrogel.35 

5.1.1.3 Other inorganic minerals 

Despite the recent literature focused on the use of hydrogels as mimics for 

biomineralisation, other authors have investigated other inorganic minerals in 

hydrogels. Sperka conducted an early survey of crystallisation in silica gels (the 

paper did not specify which minerals were studied).36 Later Achilles37 studied the 

crystallisation of calcium oxalate in agar-agar gel matrices with artificial and natural 

urine, mimicking the growth of calcium oxalate in the gel medium along the urinary 

tract. Imai and Oaki38–40 found that crystallisation of K2Cr2O7 in gel media provided 

the ability to tune the chirality of inorganic crystals. The authors postulated that this 

occurred due to the crystal–organic stereochemical recognition. Jiang et al.41 have 

reported the synthesis of silica nanotubes in a hydrogel (although much of the 

literature reports silica nanostructures prepared in organogels, refer to section 5.1.2). 

The chiral features of hydrogel fibres (formed from the self-assembly of 

bolaamphilphile 167, Figure 5.2) were transcribed onto the inside of the nanotubes. 

 

Figure 5.2 Bolaamphiphilic hydrogelator utilised by Jiang et al.41 for sol-gel transcription to silica 
nanotubes. 

5.1.2 Crystallisation in organogels 

Much of the published literature on crystallisation in organogels involved sol-gel 

transcription to synthesise silica nanostructures—in particular nanotubes.2, 42–46 The 

key feature here is the preparation of the organogel from low molecular weight 

organogelators (such as those in Figure 5.3). Typically, tetraethoxysilane is 

condensed in the organogel and calcined to leave the silica nanostructures. Recently 

Lin et al.47 reported chiral double helical strands of silica tubes prepared from sugar-
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lipid-based amphiphilic organogel (168). The twist of the helix was dependant on the 

twist of the gel fibres, hence the enantiomer of the gelator. Kim et al. were also 

successful in preparing single stranded helical silica nanotubes using chiral 

amphiphilic organogelators, 16948, 49 and 170.50 Organogels with chiral fibrils were 

prepared by a 1:1 mixture of the neutral and cationic organogelator with the same 

chirality (e.g. (1S,2S)-169a and (1S,2S)-169b). The neutral organogelators 

determined the rotation of the helix of the fibres. The cationic gelators (with 

diminished gelation ability) provided cationic charge on the surface of the gel fibres. 

This was consistent with the authors obtaining non-helical silica nanotubes if racemic 

neutral organogelator (±)-169a was used in the organogel mixture. Craythorne et al.51 

have also reported silica nanotubes, albeit achiral, prepared from a sugar-based 

gelator (171). Silica nanotubes have potential applications in medicine52, 53(such as 

drug delivery and imaging), hydrogen storage, and sensors.45 
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Figure 5.3 Example of organogelators employed in the production of silica nanotubes by a sol-gel 
transcription process.47, 50, 51 

5.1.3 Motivation for crystallisation in hydrogels 

From the review of literature on crystallisation in hydrogels, it appears that there has 

been little application of low molecular weight hydrogels as templates for controlled 

crystallisation. Hydrogels of proline calix[4]arene 127a had potential as a template 

for crystallisation of inorganic minerals. Calcium carbonate is a well studied mineral 

and would have been a suitable model mineral, however the 127a hydrogels 
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transition into solutions at pH >7. Barium sulfate is another well-studied mineral 

with a single known polymorph. Therefore, barium sulfate was selected as the model 

mineral for crystallisation in a hydrogel. 

5.2 Barium sulfate crystallisation in a hydrogel 

Barium sulfate was crystallised in a 127a-LiNO3 hydrogel. The hydrogel was 

prepared from separate solutions of proline calix[4]arene 127a/BaCl2 and LiNO3. 

Barium sulfate (at a target supersaturation ratio of ~25) was crystallised by diffusing 

sodium sulfate into the hydrogel (Figure 5.4). The supersaturation selected here was 

identical to that used previously in the study of aspartic acid and glutamic acid 

functionalised calix[4]arenes (refer to Chapter 3). The barium chloride levels at the 

supersaturation of interest, was not capable of producing a hydrogel with 127a. 

Hydrogels comprised of chloride as an electrolyte component tended to have lower 

stability—often crystallising as very thin plates. From previous work (refer to section 

4.2.2), the anion that produced the strongest hydrogels was nitrates, thus LiNO3 was 

selected as the electrolyte component of the hydrogel. Lithium cations were shown to 

have minimal impact on the crystallisation of barium sulfate (Jones, F. Curtin 

University, Perth, Australia. Personal communication, 2010). In a typical experiment 

(refer to Table 5.1 for more details), the 127a-LiNO3 hydrogel loaded with barium 

chloride was allowed to stand for two hours before sodium sulfate was allowed to 

diffuse into it. The opaque/cloudy gels phase appeared to remain stable for at least 12 

hours and some gel fragments were observed up to seven days. With slight agitation 

the gels fragments dissolved into solution, allowing for the recovery of the barium 

sulfate precipitate. 
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Figure 5.4 Experiment set-up for crystallisation of barium sulfate in a hydrogel (127a-LiNO3). 

Table 5.1 Concentration of additives used in the crystallisation of barium sulfate in 127a-LiNO3 
hydrogel and associated experiments. Here, c = concentration and I = ionic strength. 

Experimental conditions c / ×10−3 mol L−1 I 

 BaCl2 Na2SO4 127a LiNO3 / ×10−3 

No additives (blank) 0.25 0.25 0 0 1.5 

Solution, 127a 0.25 0.25 20 0 1.5

Solution, LiNO3 0.25 0.25 0 25 26.5 

Solution, LiNO3 0.25 0.25 0 50 51.5 

Hydrogel, 127a-LiNO3 0.25 0.25 20 25 26.5 

Hydrogel, 127a-LiNO3 0.25 0.25 20 50 51.5 

Barium sulfate grown in the presence of 127a (Figure 5.6b) exhibited only small 

changes in morphology compared to the control, with highly twinned particles and 

minor development of the (100) and (210) faces which in control experiments exist 

as rounded (hk0) faces (as shown in Figure 5.6a). When crystallised in the presence 

of LiNO3, barium sulfate crystallised with a hexagonal morphology with more 

rounded (100) and (210) faces and a much shorter c-axis (Figure 5.6c). In contrast, 

work by Jones and Ogden54 showed that monovalent cations such as Na+ and K+ 

lengthened the c-axis. However, this result was obtained at 75 °C and it is unclear 

whether the differences in the morphology observed in this work were a result of the 

temperature or the presence of nitrate anions. It is clear that the presence of LiNO3 

has a similar impact on barium sulfate morphology to that of lowering the 

supersaturation.54 This may also be an ionic strength effect. 

Barium sulfate grown in the presence of 127a-LiNO3 (20:25 mM) hydrogel 

(Figure 5.5f,g) showed well defined (100) and (210) faces unlike the (hk0) face of 

the control experiment (Figure 5.5a). Doubling the concentration of the LiNO3 in the 

127a-LiNO3 hydrogel produced much smaller barium sulfate particles with 
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orthorhombic morphology (Figure 5.5h,i). The barium sulfate particles grown in the 

127a-LiNO3 hydrogel with the lower level of LiNO3, 25 mM, (Figure 5.5d) 

resembled those grown in the absence of the calixarene; some particles had a reduced 

c-axis length. However, barium sulfate crystals grown in the hydrogel with higher 

LiNO3 content, 50 mM, (Figure 5.5e) were much smaller and had a different 

morphology compared to those grown in the absence of calixarene 127a. 

 

 

 

Figure 5.5 SEM micrographs showing barium sulfate grown in a 127a-LiNO3 hydrogel. (a) BaSO4 
grown in the absence of both L-proline calix[4]arene 127a and LiNO3 (control); in the 
presence of (b, c) 127a (20 mM), (d) LiNO3 (25 mM), (e) LiNO3 (50 mM), (f, g) 127a 
(20 mM)/ LiNO3 (25 mM) hydrogel; and (h, i) 127a (20 mM)/LiNO3 (50 mM) hydrogel. 
Here the background of micrographs a–c and f–i are of the filter membrane. 

The SEM micrographs suggested that the hydrogel has some impact on the 

morphology of the barium sulfate with some influence also from the lithium nitrate. 

The morphology observed for barium sulfate crystallised in 127a-LiNO3 (20:25 mM) 

hydrogel was similar to that crystallised in the presence of LiNO3 but the absence of 

the hydrogel. Under these conditions, the similarity between the morphology of 

barium sulfate in the presence of LiNO3 and that in the hydrogel suggested that the 

hydrogel itself did not have a significant impact on the final morphology. Doubling 

(c)(a) (b)(a) 

(d) (e) (f)

(g) (h) (i)
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the LiNO3 level in the hydrogel resulted in particles with orthorhombic morphologies 

and significantly shortened c-axes (Figure 5.6d), which are slightly different to 

barium sulfate crystallised in the presence of an equivalent level of LiNO3 (in the 

absence of the hydrogel). These particles had morphologies resembling the synthetic 

barium sulfate particles produced by Hopwood et al.55 They proposed that the 

observed barium sulfate particles, in the absence of additives, were largely under the 

influence of changes in the ionic strength. However, the bulk ionic strengths 

(Table 5.1) used in this study were lower than those used by Hopwood et al. (I = 

0.6 M). In addition, the morphologies of barium sulfate crystallised in the hydrogels 

(Figure 5.6c,d) resembled barium sulfate crystallised at even lower supersaturation 

(3.63 and 2.14 respectively) by Jones and Ogden.54 This then suggests that the most 

significant impact of the hydrogel is that it reduces the diffusion of ions through the 

aqueous phase, resulting in slower crystallisation kinetics. From previous gel studies 

(as reported in section 4.2.1) it was observed that with a higher concentration of the 

electrolyte, the 127a-electrolyte hydrogel appeared to be stronger, possibly due to the 

increased density of gel fibres. Changes in gel fibre density will affect the mobility of 

ions and therefore the diffusion of sodium sulfate from the aqueous phase into the gel 

phase. The impact of polymer content in a hydrogel on calcium carbonate is 

known;21 the calcium carbonate habit was influenced by diffusion control with no 

specific impact from the polymer itself. This could explain the apparent lower 

supersaturation of the 127a-LiNO3 (20:50 mM) hydrogel compared with the hydrogel 

at half the LiNO3 content. As a consequence the Ba2+:SO4
2− ratio is expected to 

impact on the crystallisation of barium sulfate,56 however it is difficult to determine 

Ba2+:SO4
2− ratio in hydrogel systems. 
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Figure 5.6 Tentative assignment of crystal faces to barium sulfate particles crystallised (a) in the 
absence of any additives and in the presence of (b) 127a, (c) LiNO3 and 127a-LiNO3 
(20:25 mM) hydrogel, (d) 127a-LiNO3 (20:50 mM) hydrogel. 

(a) (b) (c) (d) 
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5.3 Conclusions 

Proline calix[4]arene hydrogels, with lithium nitrate electrolyte, were shown to have 

subtle influence over the final morphology of barium sulfate and the impact related 

to the level of the electrolyte present. With LiNO3 levels at 25 mM, 127a-LiNO3 

hydrogels produced barium sulfate particles with morphology similar to those grown 

in the absence of the calixarene; these particles have a hexagonal morphology. 

However, doubling the LiNO3 content in 127a-LiNO3 hydrogel resulted in smaller 

barium sulfate particles with an orthorhombic morphology. 

5.4 Experimental 

5.4.1 General remarks 

Reagents were used as purchased from the manufacturer or supplier. MilliQ water, 

having a resistance of 0.055 cm/Ω, was used throughout crystallisation experiments. 

Hydrogelators 127a was prepared by methods described in Chapter 2. 

5.4.2 Crystallisation in proline calix[4]arene gels 

Gels were prepared in a 20 mL glass vials. LiNO3 was added to BaCl2 and L-proline 

calix[4]arene (127a) solution to form a hydrogel and allowed to equilibrate for two 

hours. Then a Na2SO4 solution was carefully layered above the gel and the vial 

allowed to stand for seven days. 

5.4.3 Characterisation of barium sulfate 

Gels were carefully dissolved by swirling the vial. The mixture was filtered through a 

0.2 μm filter membrane. Filter membranes were dried, gold coated, and the morph-

ology examined under a scanning electron microscope (Zeiss Evo 40XVP). 
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6 Conclusions and suggestions for future work 

From this project, it has been shown that amino acid functionalised calixarenes are 

versatile molecules with many interesting properties. Two of the three acidic amino 

acid functionalised calix[4]arenes synthesised and investigated, L-aspartic acid and 

L-glutamic acid functionalised calix[4]arenes (124a and 124b respectively), were 

able to alter the morphology of calcium carbonate and barium sulfate. In addition, 

these calix[4]arenes were able to influence the growth kinetics of barium sulfate. The 

iminodiacetic acid functionalised calix[4]arene (124c) showed little activity on 

calcium carbonate compared with the other two calix[4]arenes. 

The L-proline calix[4]arene (127a) exhibited several behaviours of interest in 

supramolecular chemistry. NMR studies showed that the calix[4]arene 127a interacts 

with small molecules such as tert-butyl alcohol, N-methylpyrrolidinone, and 

tetrahydrofuran. Interestingly, calix[4]arene 127a was shown to be capable of 

forming hydrogels in the presence of electrolytes. Further investigations showed that 

gel formation was mainly influenced by the anion and the most thermostable 

hydrogels formed with anions towards the ‘chaotropic’ end of the Hofmeister’s series 

for anions. Characterisation of the hydrogels by AFM showed that calix[4]arene 

127a self-assembles into fibrous structures in the gel phase. Fibrous structures were 

also observed by cryo-TEM for calix[4]arene 127a in the presence of an electrolyte 

under sub-gel conditions. Fortuitously, single crystal structures were obtained for 

material crystallised from the hydrogels including one for a racemic mixture of 

L-proline and D-proline calix[4]arenes in the presence of La(NO3)3. 
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Bridging interests in both crystallisation of minerals and gel materials, an attempt 

was made to utilise L-proline calix[4]arene-LiNO3 hydrogels for template 

crystallisation. Barium sulfate was selected as the model mineral. The results showed 

the lithium nitrate had the dominant impact on the morphology of barium sulfate, 

however the hydrogel did impact the crystallisation of barium sulfate by diffusion 

control of the ions in solution. 

This project has opened some interesting avenues for future work. The application of 

acidic amino acid functionalised calix[4]arenes as crystal growth modifiers can be 

extended to functionalisation with short peptides comprising acid amino acids (e.g. 

Asp-Asp-Asp). This would allow the impact of pre-organisation offered by 

calixarenes to be studied. On the other side of the calix[4]arene, the alkyl chain could 

potentially be lengthened (e.g. octyl chain) or removed. This could potentially alter 

the surfactant properties of the calixarenes and offers the opportunity to tether amino 

acid functionalised calixarenes onto surfaces to allow for study of crystallisation on 

surfaces. With respect to the calixarene scaffold, higher calixarenes (such as 

calix[6]arene and calix[8]arenes) could also be investigated. The increased 

conformational mobility offered by these calixarenes may allow a greater degree of 

freedom for the attached amino acid functionality to interact with the crystal surface. 

Other work in this project on proline and sarcosine functionalised calix[4]arenes 

showed that such motifs are responsive to anions. This could form the basis of anion-

tuneable calixarene hydrogelators. Work by other groups on proline calix[4]arene 

hydrogels (refer to section 4.1.1), showed that single amino acids could influence the 

hydrogel morphology. Further work can extend this to the impact of the 

stereochemistry of the amino acid on the gel morphology and the impact of both the 

amino acid and electrolyte on gel formation and hydrogel properties. 
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Appendix A — Crystal data and structure refinement 
information 

Table A.1 Crystal data and structure refinement information for mmcy04 (127aTHF). 

Identification code  mmcy04 

Empirical formula C56H68N4O13 

Mr / g mol−1 1005.14 

Crystal description block 

Crystal colour colourless 

Crystal dimensions / mm 0.58 × 0.33 × 0.24 

F(000) 12864 

Crystal system cubic 

Space group F432 

Cell parameters a = 36.2659(2) Å, α = 90 ° 

b = 36.2659(2) Å, β = 90 ° 

c = 36.2659(2) Å, γ = 90 ° 

Volume / Å3 47697.5(5) 

Z 24 

Density, calculated / Mg m−3 0.84 

Absorption coefficient, μ / mm−1 0.489 

Temperature / K 150(2) 

Radiation type Cu Kα 

Wavelength, λ / Å 1.54184 

θ range for data collection / ° 3.45 < θ < 67.28 

Index ranges −16 < h < 16, −16 < k < 15, −19 < l < 19 

Reflections collected 144414 

Independent reflections [R(int) = 0.0475] 

Completeness to θ = 67.28 99.9% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission factor 1.000 and 0.859 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2160 / 9 / 172 

Goodness-of-fit on F2 1.363 

Final R indices [I>2σ(I)] R1 = 0.0984, wR2 = 0.3022 

R indices (all data) R1 = 0.1055, wR2 = 0.3121 

Largest diff. peak and hole / e Å−3 0.300 and −0.371 
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Table A.2 Crystal data and structure refinement information for mm39 (127a-MgCl2). 

Identification code  mm39 

Empirical formula C52H96Cl2MgN4O30 

Mr / g mol−1 1352.54 

Crystal description plate 

Crystal colour colourless 

Crystal dimensions / mm 0.46 × 0.25 × 0.15 

F(000) 1444 

Crystal system tetragonal 

Space group P4 

Cell parameters a = 14.12420(10) Å, α = 90° 

b = 14.12420(10) Å, β = 90° 

c = 16.61700(10) Å, γ = 90° 

Volume / Å3 3314.98(4) 

Z 2 

Density, calculated / Mg m−3 1.355 

Absorption coefficient, μ / mm−1 1.728 

Temperature / K 100(2) 

Radiation type Cu Kα 

Wavelength, λ / Å 1.54184 

θ range for data collection / ° 2.66 < θ < 67.13 

Index ranges −25 < h < 25, −30 < k < 30, −43 < l < 43 

Reflections collected 40081 

Independent reflections [R(int) = 0.0278] 

Completeness to θ = 67.13 99.8% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission factor 1.000 and 0.766 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5900 / 3 / 450 

Goodness-of-fit on F2 1.091 

Final R indices [I>2σ(I)] R1 = 0.0826, wR2 = 0.2396 

R indices (all data) R1 = 0.0833, wR2 = 0.2406 

Largest diff. peak and hole / e Å−3 1.074 and −0.852 
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Table A.3 Crystal data and structure refinement information for mm39 (127a-La(NO3)3). 

Identification code  mmcy08 

Empirical formula C52H72.60La0.40N4O18.80 

Mr / g mol−1 1110.10 

Crystal description spear 

Crystal colour pale mauve 

Crystal dimensions / mm 0.32 × 0.15 × 0.07 

F(000) 4694 

Crystal system monoclinic 

Space group C2/c 

Cell parameters a = 35.5856(13) Å, α = 90° 

b = 9.6028(3) Å, β = 99.056(3)° 

c = 35.8812(9) Å, γ = 90° 

Volume / Å3 12108.5(7) 

Z 8 

Density, calculated / Mg m−3 1.219 

Absorption coefficient, μ / mm−1 0.363 

Temperature / K 100(2) 

Radiation type Mo Kα 

Wavelength, λ / Å 0.71073 

θ range for data collection / ° 2.98 < θ < 67.56 

Index ranges −41 < h < 42, −11 < k < 11, −41 < l < 42 

Reflections collected 22605 

Independent reflections [R(int) = 0.0502] 

Completeness to θ = 67.56 97.7% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission factor 1.000 and 0.805 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10475 / 199 / 701 

Goodness-of-fit on F2 1.101 

Final R indices [I>2σ(I)] R1 = 0.1120, wR2 = 0.3427 

R indices (all data) R1 = 0.1864, wR2 = 0.3743 

Largest diff. peak and hole / e Å−3 1.624 and −0.126 

 


