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A water-soluble, chiral calix[4]arene has been found to form 
hydrogels when triggered by the presence of specific anions, with 
efficacy linked to the Hofmeister series; the gel properties are 
modified by the associated cations, and gelation can be reversibly 
switched off by increasing pH. 10 

Low molecular weight hydrogelators have received significant 
attention recently.1-3 The range of possible applications drives 
much of this effort; stimuli responsive gels are of particular 
interest for applications such as drug-release formulations and 
sensors, with low molecular weight gelators having some 15 

advantages in terms of potential applications compared to the 
much more common polymeric gelators. Gelators responsive 
to light, heat, and chemical environment have been reported. 4-

7 Despite this activity, molecular hydrogelators are not 
common, and the range of stimuli responsive systems known 20 

is very limited. Macrocyclic hydrogelators appear to be 
limited to an iminodiacetate resorcinarene,8 and the very 
recently reported behaviour of cucurbit[7]uril,9 and a modified 
β-cyclodextrin10, 11. Gelation of the resorcinarene and 
cucurbituril occurs at acidic pH (< 2.5), and is switched off 25 

with addition of metal cations that bind to the macrocycle. 
The cyclodextrin system is based on covalent attachment of a 
guest moiety leading to self-inclusion resulting in gelation. 
Addition of a guest results in a gel-sol transformation. In 
contrast, the proline-functionalised calix[4]arene 1 reported 30 

here acts as a hydrogelator only in the presence of specific 
anions, with fine-tuning of the gel properties induced by 
varying the associated cation. In addition, the gels are stable 
over a pH range of 0-7, and are reversibly disassembled by 
increasing the pH above ~7.  35 
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 Proline is added to the upper rim of calix[4]arene in a 
single step by reaction with formaldehyde in acetic acid, using 
methodologies similar to those reported previously for 40 

reaction of calixarenes, formaldehyde and secondary 
amines.12, 13†  
 The proline functionalised calixarene is significantly water 

soluble (up to ~500 g L-1). The resonances in the 1H NMR 
spectrum broaden significantly as concentration increases, 45 

suggesting that molecular assemblies are forming. A critical 
concentration of 5.6 mM was determined by monitoring the 
absorbance of Rhodamine 6G as a function of calixarene 
concentration (Fig S1).14 Gel formation was not observed at 
any accessible concentration in experiments with solutions of 50 

1 alone. 
 While studying the interaction of 1 with cations in aqueous 
solution, gel formation was observed upon the addition of 
lithium chloride to the solution. Upon investigation of this 
phenomenon, it was found that the gel formation was most 55 

dependent on the anion added to the solution, with variations 
in the cation having a lesser but notable impact. Gel formation 
was most facile with nitrate anions, with bromide and chloride 
also successful with specific cations. Where gelation failed, 
the mixture either remained as a solution, or formed a 60 

transient gel, which subsequently transformed to a 
microcrystalline needle- or plate-like precipitate. Control 
experiments with proline at equivalent concentrations did not 
form gels. Table 1 provides an overview of the results 
obtained to date; Fig. 1 shows some images of the products.  65 

Table 1 Results of hydrogel formation experiments for a 0.4 mol L-1 
solution of 1 in the presence of different electrolytes. 

Cation Anion [Salt] (mol L-1) Result a 
Na+ SO4

2- 0.10 L 
Na+ Cl- 0.10 L 
Na+ NO3

- 0.10 G 
Na+ Br- 0.10 G 
Na+ I- 0.10 TG(14) 
Na+ ClO4

- 0.10 TG(0) 
H+ SO4

2- 0.05 C 
H+ Cl- 0.05 L 
H+ Br- 0.05 G 
H+ NO3

- 0.05 G 
H+ ClO4

- 0.05 TG(0) 
Li+ Cl- 1.26 G 
Na+ Cl- 1.26 IG 

Mg2+ Cl- 0.04 G 
Ca2+ Cl- 1.25 C 
La3+ Cl- 0.05 L 
Li+ NO3

- 0.12 G 
Ca2+ NO3

- 0.05 G 
Mn2+ NO3

- 0.05 G 
La3+ NO3

- 0.05 G 
La3+ NO3

- 0.01 G 
La3+ NO3

- 0.007 IG / TG(2) 
a G = stable gel (at least 7 days), TG(X) = transient gel (followed by 
crystallisation commencing after ~X hours), IG = incomplete gelation 
(not stable to inversion), L = liquid, C = crystallisation 70 
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Fig. 1 Images of products formed with 0.4 mol L-1 solutions of 1, and 

salts. (a) LiCl. 1.26 mol L-1, stable gel, (b) NaCl, 1.26 mol L-1, incomplete 
gel, (c) La(NO3)3, 0.01 mol L-1, stable translucent gel, and (d) NaI, 0.10 

mol L-1, transient gel (crystallisation has commenced in this image). 
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Fig. 2 Atomic force micrographs of hydrogels deposited as thin films on 5 

mica and imaged immediately, formed from 1 and (a) MgCl2, (b) 
Mn(NO3)2, and (c) La(NO3)3. All images show topography aside from the 
bottom right image which is phase contrast, to better reveal the internal 

structure. 

 Characterisation of the gels was achieved using atomic 10 

force microscopy; a thin film of the wet gel was placed on 
freshly cleaved mica, and imaged in tapping mode. A fibrous 
network structure was clearly observed (Fig. 2), the density of 
which depended on the particular electrolyte; the denser 
networks correlated qualitatively with the more robust 15 

hydrogels. Phase imaging was required to discern the structure 
of the denser gels (Fig. 2(c)), and also enabled imaging of the 
needle-like crystals formed as a gel collapsed on the mica 
substrate (Fig. S2), supporting observations of the bulk 
systems, which were observed to transform from gel to a 20 

crystalline precipitate in some cases. The smallest fibres that 
could be measured in cross section were 7 nm in diameter for 
the MgCl2 based gel (Fig. S3), suggesting the assemblies are 
not linear assemblies of single molecules, although this 

possibility cannot be completely ruled out, as the smallest 25 

measurable fibres may be linear agglomerates of smaller units.  
 Our initial hypothesis was that the gel formation was 
related to selective binding of the anion or ion pair by the 
calixarene. Anion binding has been reported to inhibit gel 
formation as a result of specific binding interactions.15, 16 1H 30 

NMR spectra were, however, not significantly perturbed by 
the addition of any of the salts. The fact that the anion effect 
was found to be much stronger than the influence of cations 
led us to consider the Hofmeister or specific ion effect, which 
typically behaves in this way.17, 18 The typical Hofmeister 35 

series is: 
 I- < ClO4

- < NO3
- < Br- < Cl- < SO4

2- 
Strongly hydrated anions (to the right) are referred to as 
salting-out or kosmotropic ions, and the less hydrated anions 
are salting-in or chaotropic ions. Ion specificity of electrolytes 40 

has been found to apply in many areas of polymer, colloid and 
interface science, although the origin of the effect remains an 
active area of investigation.19, 20 In the present case, it appears 
that the tendency to form gels increases from right to left 
across the series, with the kosmotropic ions resulting in a 45 

liquid phase, whereas the more chaotropic ions tend to induce 
gelation. Superimposed on this trend is crystallisation of the 
mixture, which is presumably driven by factors such as 
solubility and lattice energy. Thus, the strongly chaotropic 
ions, which are less hydrated, do form gels but this is 50 

followed by crystallisation and collapse of the gel. Between 
these extremes is a range where a more stable hydrogel is 
formed. The series of sodium salts studied illustrates this 
trend (Table 1). The kinetic stability with respect to 
crystallisation varies as a function of the cation present and 55 

the salt concentration. Redetermination of the critical 
concentration for aggregation in the presence of electrolytes 
indicated that aggregation is occurring before gelation takes 
place, suggesting that the electrolytes influence further 
agglomeration of the units that are spontaneously formed in 60 

the presence and absence of added electrolyte (Fig. S1). The 
gelation induced by acids is notable (Table 1), given that low 
pH was required to activate two of the previously reported 
macrocyclic hydrogelators mentioned above. While the 
previous work reported no selectivity as a function of the acid 65 

used, here a stable hydrogel is only formed upon addition of 
nitric or hydrobromic acids. Modification of the anion-
induced gelation can be achieved by altering the electrolyte 
cation or total concentration. This is illustrated by the results 
obtained with the series of chloride and nitrate salts reported 70 

in the lower section of Table 1. 
 Amino acid surfactants have been reported to form 
hydrogels, although at intermediate pH values where partial 
deprotonation of the carboxylic acid groups is proposed to be 
important.1, 21 The behaviour of 1 is different in that gelation 75 

occurs over a pH range of approximately 0-7, but fails at 
higher pH values, suggesting that protonation of the tertiary 
amine groups is the key structural requirement, and the 
protonation state of the carboxylic group is not significant. 
Protonation of amino acid esters of cholesterol has been 80 

shown to trigger gelation, although no anion specific 
behaviour was reported.5 



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

 Hofmeister effects are well known in polymeric systems, 
and are reported to change the temperature of transition in 
surfactant-based coagels for example.22 Specific ion 
accumulation on microgel particles has also recently been 
reported as a means to study the origins of Hofmeister 5 

effects.23 To our knowledge, however, a sol-gel transition 
induced by a specific ion effect appears to be a new 
observation, and is particularly notable in a low molecular 
weight system. It is possible that such effects have been 
overlooked in previous work, since the impact of factors such 10 

as ionic strength, for example, is often tested with only a 
single electrolyte. The results reported here suggest that 
greater control of hydrogel formation may be achieved by 
considering specific ion effects, even with low molecular 
weight hydrogelators. Work is underway to probe the 15 

physicochemical properties of 1 in more detail, and to extend 
these studies to other calixarene and amino acid derivatives.   
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