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UREA-BASED SUPRAMOLECULAR GELATORS: MOLECULAR STRUCTURE-

GELATION RELATIONSHIP AND SENSING OF ORGANOPHOSPHORUS 

COMPOUNDS 

Francesca Piana 

The aim of this thesis was to study the phenomenon of supramolecular gelation of urea-based 

gelators and their application as sensors for neutral organophosphorus species such as nerve agents. 

The work was therefore naturally divided into two major parts. 

The first part consisted in an investigation of the structure-gelation relationship of a series of urea 

gelators, in an effort to overcome the serendipitous approach that is widely applied to their 

discovery. Among the components of the common gelator scaffold that were optimised to deliver 

the best gelation performance, particular attention was given to the role of the head substituent on 

its benzene ring. Crystal structure prediction calculations together with liquid- and solid-state NMR 

were used to understand the molecular reasons behind the observed macroscopic properties of 

supramolecular gels formed either by nitro- or methoxy-substituted gelators. Remarkably, this 

approach demonstrated that, rather than electronic effects, it was the nitro substituent’s ability to 

interfere with the urea hydrogen bond network to cause the differences observed in the gel 

formation experiments, when compared to the methoxy-analogue. 

The second part focused on the possible application of bis/tris(urea)-based supramolecular gels as 

organophosphorus warfare agents’ sensors. After the development of a fast and easily interpretable 

in-house test, it was possible to observe the effectiveness of different candidates in responding to 

the presence of either the nerve agent Soman or its simulant dimethyl methyl phosphonate. It was 

observed that in the presence of the guest molecules gelation could be delayed or even suppressed, 

suggesting the formation of hydrogen bonds between guest and host that were interfering with the 

self-assemble of the gelator molecules. Conversely it was also found that, if present in lower 

amount, dimethyl methyl phosphonate could instead induce a detectable thermo-mechanical 

reinforcement of the gel network, as confirmed by rheology and calorimetry results, which was 

ascribed to solvophobic effects. 
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Thesis outline 

This thesis is presented in five chapters.  

This first introductory chapter aimed to provide an insight on the general literature 

background regarding supramolecular gels and their formation. Going into more specific 

detail, useful for the discussion of the results in this thesis, an overview on the molecular 

structure requirements for urea-based supramolecular gels and their use as responsive 

materials towards neutral chemical species was provided. Finally, basic information on 

some of the experimental techniques used for characterisation and on OPCWAs was 

reported. 

The second chapter consists of an investigation on the role of some chosen structural 

components of a simple urea scaffold with respect to the gelation process, with focus on 

the differences expressed by an electron-withdrawing and an electron-donating head 

substituent. Thanks to dedicated experiments, NMR observations and molecular modelling, 

this represents a contribution aimed to surpass the serendipitous nature that characterises 

the discovery of new gelators, while trying to correlate between structural modifications 

and gelation properties. 

The third chapter focuses on a new sensing application for OPCWAs performed by urea-

based supramolecular gels, capable of being perturbed by the presence of both nerve agent 

Soman and its simulant DMMP. This is achieved taking advantage of specific gelation 

tests, devised to study the macroscopic effects of the presence of organophosphorus neutral 

guests on the gelation process. 

Subsequently in the fourth chapter, a thermo-mechanical and spectroscopic investigation is 

carried out in an effort to understand the nature of the observed sensing phenomenon. 

Understanding the kind of interactions taking place between the guest and the gel network 

can, in fact, potentially help the design of a second generation of supramolecular gel 

sensors for OPCWAs, capable of taking full advantage of these interactions. 

Finally, the fifth chapter provides details on the experimental methods, synthetic 

procedures and characterisation data, while in the appendices are collect useful background 

data sets on gelation tests and instrumental characterisation of the gels. 
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Chapter 1:  Introduction 

 

Part of the results detailed in this chapter have been submitted for publication as:  

“Piana, F.; Case, D. H.; Ramalhete, S.; Pileio, G.; Facciotti, M.; Day, G. M.; Khimyak, 

Y.; Brown, R. C. D.; Gale, P. A. Investigation on the role of scaffold components in 

designing mono-urea based supramolecular gelators.” 

 

1.1 Gels 

A gel is a jelly-like material, solid in its rheological behaviour and characterised by a 

colloidal structure. Its colloidal nature derives from the dispersion of a continuous solid 

phase, constituted of self-aggregated gelator molecules, into a solvent that represents the 

major component (by weight) of the material. In other words, the formation of a stable 

molecular network traps the solvent by capillary forces and prevents the liquid bulk from 

flowing.1 This definition describes both polymer and supramolecular gels, which namely 

differ only for their molecular size as the latter are based on low molecular weight gelators 

(LMWG, < 2 kDa) instead of macromolecules. Supramolecular gels, the subject of this 

thesis, can also be defined as “physical gels”, since their constituents are held together by 

non-covalent interactions in contrast with “chemical gels”, where covalent bonds sustain 

the network.2 Notably, these systems became increasingly popular only in the past decade, 

after many years investigating mainly polymer gels.3,4 

1.1.1 Inter-molecular interactions in supramolecular gels 

In supramolecular gels, the formation of the network is a consequence of the  

self-recognition and self-assembly of LMWG molecules through non-covalent interactions. 

In particular, the main driving forces for supramolecular gelation can be considered  

hydrogen bonding, hydrophobic interactions or solvophobic effects, π-π stacking and van 

der Waals interactions. A brief description of these fundamental weak forces is provided 

below. 
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Hydrogen bonds 

A hydrogen bond is an attractive interaction between two species that arises from a link of 

the form D–H···A, where both D (donor) and A (acceptor) are highly electron negative 

elements and A possesses a lone pair of electrons. Hydrogen bonding is conventionally 

regarded as being limited to N and O, however if A is anionic, it may also participate in 

this interaction.5 Among all other weak forces that will be described in this section, 

hydrogen bonds are the one with the most pronounced directionality,6 which made them so 

desirable to be exploited in gelation processes. In this thesis, particular attention was 

reserved to the hydrogen bonds involving urea functionalities, which were shown to be 

successfully used to form strong complexes (usually including multiple functionalities 

within the same molecule), despite their rather weak nature. However, it needs to be taken 

into account that in the case of D/A groups located close to one another within a molecule, 

hydrogen bonds can be mutually strengthened or weakened depending on their relative 

positions. Homogeneous combinations (e.g. AA–DD, AAA-DDD) are favoured 

energetically, since an array of donors facing acceptors is characterised only by attractive 

interactions between adjacent groups.7 In such a situation hydrogen bonds are enhanced, 

while conversely mixed D/A arrays suffer due to repulsion forces, caused by partial 

charges of the same sign brought into close proximity. Their energy is in the range of 8–

125 kJ mol–1.6,8 

Solvophobic effects 

It is known that apolar solutes partially dissolve even in polar solvents but, since strong 

mutual interactions are not possible, solvent molecules tend to form cages surrounding 

each individual solute molecule,5 thus making it more “compatible” with the bulk matrix. 

Although this effect is more pronounced in water, as it is smaller and its hydrogen bonds 

stronger than in any other organic solvent, the latter can nonetheless exhibit this effect. An 

example of the way in which solvophobic effect can help explain the gelation behaviour of 

LMWGs in different organic solvents will be further discussed in Chapter 4:  

π-π and van der Waals interactions  

π-π interactions (or stacking) is defined as an inter- or intra-molecular alignment of 

aromatic groups within molecules induced by the interactional overlap of their π-orbitals, 

in the Angstrom range, becoming stronger as the number of the π-electrons increases. The 

attraction between the aromatic groups derives from the polarisation of the π-electrons’ 

cloud on the two opposite faces of the ring. Their energy is in the range of 0–42 kJ mol–1.9  
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Finally, van der Waals interactions are described as attractive interactions between closed-

shell molecules that depend on their separation as the inverse sixth power (V ∝ 1/r6), 

although this precise criterion is often relaxed to include all non-bonding interactions. This 

kind of attraction mostly relies on the interactions between instantaneous dipoles generated 

by random fluctuations in the electronic distribution of neighbouring species. Their energy 

is in the range of 0.4–4 kJ mol–1.5 

Notably, the molecular systems detailed in the following chapters were designed to take 

advantage, although to a different extent, of all of these inter-molecular interactions. 

1.1.2 Formation of supramolecular gels 

Supramolecular gels consist of a kinetically trapped and thermodynamic metastable state 

of matter, sometimes defined as the product of “a failed crystallisation”.4 Normally, when 

molecules start to aggregate in a solvent, either crystallisation or precipitation occurs, none 

of which results in the formation of a gel phase. Additionally, even in conditions in which 

a gel does form, crystallisation can still eventually occur, leading to the collapse of a gel 

network over time.10 In fact, it is known that many gels suffer from long-term instability, 

since they are thermodynamically driven to slowly convert into stable crystals via 

intermediate heterogeneous states, where the two phases can even coexist together.11 

Notably, it is rare for gelation to happen simply as a consequence of the addition of a solid 

gelator into a solvent. Often heat is required to reach complete dissolution, only to then 

cool below the gelation temperature (Tgel) and obtain the phase change. Clearly in this 

case, the ability of a molecular gel to reach and remain in this metastable state strongly 

depends on the rate of cooling.10 Additionally, metastability is also influenced by the 

choice of the solvent and the ability of the gelator molecules to interact with it. In fact, if 

the gelator is too soluble in a given solvent, a gel will not form; the solvent should 

therefore prevent the gelator from fully dissolving, while still allowing a network to 

form.12–14 Finally, the minimum gelation concentration (MGC) represents the essential 

requirement for gelation to occur in any suitable given solvent. Generally, a gelator with 

the smallest MGC value is considered superior. 

The general scheme of supramolecular gelation proceeds through these steps (Figure 1):15 

1. Complete dissolution of the gelator into the solvent, often facilitated by heat; 

2. Cooling of the resulting homogeneous supersaturated solution; 

3. Initial nucleation of small aggregates; 

4. Anisotropic growth of molecular-sized fibres (primary structure); 
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5. Nano-fibres bundling (secondary structure); 

6. Formation of the 3D network through entanglement of the fibre bundles 

(tertiary structure). 

 

Figure 1: Graphical representation of the steps involved in supramolecular gelation of a 

hypothetical LMWG containing a main core (brown) and side chains (green). 

As it can be seen above, gels have a hierarchical structure, comparable to proteins. The 

primary structure, which promotes 1D-2D anisotropic aggregation, is formed thanks to 

inter-molecular recognition phenomena involving the gelator molecules through non-

covalent interactions. The secondary structure, directly influenced by the molecular 

structure,16 is naturally manifested as the aggregates assume a more defined morphology 

(e.g. fibres, micelles, vesicles, ribbons or sheets), often a self-assembled fibrillar network 

(SAFIN). Finally, the tertiary structure arises when a supramolecular entangled 3D 

network is formed, the stability of which determines the macroscopic behaviour of the gel 

material (e.g. rheological properties). Normally long, thin, flexible fibres are desired to trap 

the solvent more efficiently, thus maximising the chances of gelation. Interestingly, it is the 

type of interactions that can occur among the fibres that influences the transition from 

secondary to tertiary structure (cross-linking) most significantly.17 

The initial formation of fibres however does not necessarily lead to a stable gel, an 
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eventuality referred to as “partial gel” in the context of this thesis. A combination of 

kinetic and thermodynamic phenomena needs to occur in order to guarantee a certain level 

of aggregation, which can entrap the solvent and ultimately rigidify the solution. In fact, 

when the solution is cooled below the Tgel, the initial self-assembly process can be assumed 

as thermodynamically controlled, although the kinetics of the inter-molecular and solvent 

interactions are also essential to allow the system to form a gel, rather than “degenerate” to 

a crystal.  

Finally, it must be highlighted that not all the gelator molecules are incorporated in 

network-forming assemblies, i.e. the gel fraction, but a certain percentage of the gelator is 

also generally present in solution, i.e. the sol fraction. This fact therefore determines the 

possibility of an exchange, whether experimentally observable or not, occurring between 

gel and sol states.10 

1.1.3 Urea-based supramolecular gels 

The gelator molecules investigated in this project are all urea-based, hence an introduction 

on this class of gelators is provided here. In addition, a number of examples from the 

literature are discussed below, although without the aim of delivering a comprehensive 

picture of the vast amount of research carried out on this topic, but a representative one. 

In the context of gels, the key supramolecular interaction of the urea group is primarily its 

ability to act both as donor and acceptor of hydrogen bonds. It is this reason why it has 

been described as the molecular equivalent of a Velcro® type hook-and-loop fastener. 

Forming six-membered hydrogen bond rings, in fact, the two urea N–H hydrogens (D) can 

both establish hydrogen bonds with the carbonyl (A) of adjacent ureas in an infinite 

linkage, called the urea α-tape motif (Figure 2).18 The peculiar unidirectionality of this 

resulting structure explains the main reason why the urea functionality has been so largely 

utilised in the design of LMWGs. Notably, thioureas can also be used as gelators, however 

they are less efficient than their urea analogues, as a consequence of their weaker hydrogen 

bonds and their incapability to form such a regular supramolecular structure.19 

	  

Figure 2: Urea hydrogen bonds α-tape motif. 
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Bis(urea) gelators 

In 1990, an example of molecular solids based on ureylenedicarboxylic acids was reported, 

where the bifurcated urea hydrogen bonds were exploited to induce highly ordered 

molecular architectures. In fact, the ureylenedicarboxylic acids were chosen as they were 

predicted to form a 2D hydrogen bonded network. This peculiar ability was ascribed to the 

presence of two orthogonal linear arrays of self-complementary hydrogen bonded 

functionalities, the dicarboxylic acids and the ureas, being present in the same molecule 

(Figure 3).20  

 

Figure 3: 2D hydrogen bond network formed by ureylenedicarboxylic acids. 

As a consequence of preliminary studies such as this one, in 1996 the pioneering work of 

Hanabusa et al. showed how bis(ureylene) gelators were able to cause physical gelation 

attributed to hydrogen bonding inter-molecular interactions between the ureylene units.21  

Following up on this, the importance of having multiple urea groups in the structure of a 

gelator was investigated to understand how to improve rigidity, strength and directionality 

of the inter-molecular hydrogen bonds. Of course, in the case of bis(urea) gelators, a 

primary role is played by the nature of the spacer followed only by the lateral substituents. 

This is why a variety of simple bis(urea) compounds 1.1–1.6, with spacer of different 

lengths were developed. Interestingly, 1.2 showed to be very effective in inducing the 

gelation of various organic solvents at very low concentration (< 3 mg mL–1). 
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Notably, these gelators self-assembled to form thin, flat fibres once cooled from hot 

homogeneous solutions, forming extended 3D networks, leading to efficient gelation in 

organic solvents. These results indicated that the bis(urea) compounds presented had the 

ability to aggregate through formation of multiple inter-molecular hydrogen bonds between 

the urea moieties, which resulted also in the exceptional long-term thermal stability of the 

assembly.22,23 Interestingly, the presence of two urea groups was also shown to increase the 

long-range order of molecular self-assemblies (e.g. charge transport)24 or improving 

specific properties of solid matrices.25  

Even though 1.1–1.6 presented a well-ordered supramolecular arrangement, it was 

underlined that if the packing of the alkyl chains was distorted, as in non-symmetric 

compounds, less regular 2D structures were obtained. The decrease in regularity was 

hypothesised to be due to the conformational flexibility of the alkyl spacer, which could 

give ureas the freedom to aggregate along different directions, which would have 

otherwise been hindered by aromatic or aliphatic cyclic spacers. 

 
Bis(urea)s 1.7 and 1.8, based on more rigid scaffolds, were found to be very potent gelators 

for a wide range of apolar and polar solvents, even though a clear relationship was not 

found between variations in the chemical structures and the gelation ability.26 Since 

analogues of 1.7 were revealed to be an excellent model system to study gelation 

phenomena, it was also used to investigate the solvent effects in more detail, especially for 

alcohols.27,28 The resulting gels were found to be thermo-reversible, viscoelastic solids 

with a thixotropic behaviour. In particular, an increasing thermal and rheological stability 

was shown to be associated with the increasing polarity of the alcohols, which was 

considered counterintuitive, as the main gelation driving force was believed to be the urea 

α-tape motif. The observed property enhancements were tentatively explained 

hypothesising an increased strength of the junction zones (3D connections between fibres), 

most likely induced by solvophobic forces. In fact, it was modelled that this kind of gelator 

could indeed self-assemble through urea hydrogen bonding, while the cyclohexyl groups 

and the aliphatic chains were exposed to the fibre-solvent interface. According to this 

model, two or more fibres could join to form a junction, which was stabilised not only by 

van der Waals interactions but also by the hydrophobic forces expressed by the solvent.27 

NH
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Finally, an initial study on the kinetics of the gelation process was conducted and the same 

dependence on the polarity of the solvents found with differential scanning calorimetry and 

rheology was confirmed.27 

Interestingly, structure 1.7 was also modified and adapted to gelate in water instead of 

organic solvents, by introducing hydrophilic hydroxyl and amino functionalities on the 

peripheral substituents. Cyclohexane bis(urea) dialkanol and diaminoalkane analogues 1.9 

and 1.10 were therefore synthesised and positively tested for gelation in water and aqueous 

solutions.29  

 
Studies were also carried out on geminal bis(urea) compounds such as 1.11. This class of 

compounds was again found to be able to gelate in a wide variety of organic solvents and 

to behave very similarly to the systems 1.7 and 1.8. Again, the concept that strong 

unidirectional inter-molecular interactions are essential to trigger gelation was confirmed, 

while molecular modelling and NMR studies were shown able to deliver valuable insights 

into gel formation and gel structure.30 

 
Additionally, an attempt to use an azobenzene unit as a spacer in bis(urea) gelators 1.12 

and 1.13 was reported. 

 
Interestingly, gelation behaviour of 1.12 and 1.13 were very different, as a sole 

consequence of the relative position of the alkyl urea moieties on the azobenzene unit. 
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While 1.12 expressed rather poor gelation performance, similar to that of some other 

structures featuring linear spacers, gelator 1.13 showed excellent gelation in a wide range 

of solvents, even at extremely low concentration (< 0.2 mg mL–1). Moreover, electronic 

and infrared spectroscopic data indicated that 1.13 could form two types of supramolecular 

aggregates depending on the polarity of the solvent, which differed in the stacking of the 

chromophores as well as the hydrogen bonding pattern. This was also the first remarkable 

example of polymorphism in gels, a phenomenon before reported only for crystals.31 

Further investigating the role of the spacer in bis(urea) gelators, pyridine-containing 1.14 

was reported to show an unusual self-assembling behaviour, as the pyridyl unit was able to 

act as an hydrogen bond acceptor forming intra-molecular hydrogen bonds with one of the 

two ureas.  

 
This led to the partial deformation of the typical urea α-tape motif resulting in good 

gelation ability, thus representing the first reported example of good cooperation between 

inter- and intra-molecular hydrogen bonds (Figure 4).32 

	  

Figure 4: Representation of cooperative inter- and intra-molecular hydrogen bonds in 

1.14. 

In an effort to facilitate the urea α-tape motif, different pyridyl gelators were tested in the 

presence of a series of carboxylic acids with the aim of either protonating the pyridine 

nitrogen or establishing competitive hydrogen bonds. Gelation properties of a series of 

bis(3-pyridyl urea) with either an aliphatic (1.15) or diphenyl methylene spacer (1.16) were 

then studied in water and other polar organic solvents. Analogues of 1.16 were shown to be 

able to gelate forming neutral complexes with the carboxylic acids, while those of 1.15 

mainly precipitated. Moreover, experimental NMR evidence indicated a lack of proton 
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transfer and the presence of a carboxylic acid-pyridyl interaction together with the urea α-

tape motif formation.33 

 
Finally, the possibility of having “multi-gelator” gels containing components featuring a 

bis(urea) core was also explored, while highlighting the sensitivity of the gel state to 

difference in gelators’ structures either forming an orthogonal self-sorted self-assembly or 

a blended one.34 The possible outcomes of these experiments will also be discussed in 

more details in the next chapter. 

Tris/mono(urea) gelators 

After having investigated mainly bis(urea) structures, tris(urea) compounds were also 

investigated as potential gelators, since they were already known to be strong complexing 

agents for phosphates and metal ions. For example, gelation abilities of analogues of 1.17 

were tested assuming that (1) an additional urea group could have altered the strength and 

the morphology of the hydrogen bonded aggregates; (2) that the complexing ability of the 

tripodal structure could have helped in controlling the morphology of the gels and (3) that 

the polarity of the compounds could have been tuned through protonation or alkylation of 

the central amine.  

 
Notably, it was found that the introduction of the additional urea group did not 

significantly increase the stability of the gels when compared with their bis(urea) 

analogues. In fact, X-ray studies revealed the possible formation of intra-molecular 

hydrogen bonds, which obviously reduced the number of hydrogen bonds used towards 

inter-molecular aggregation.35 

Other (and more complex) tripodal structures with different central groups, but maintaining 

the C3-symmetry, were also implemented in the design of other tris(urea) gelators. For 

example, it was reported compounds with an aryl core such as 1.18 or analogues 1.19. 
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Once again, the urea hydrogen bonds were fundamental for the gelation process even 

though many other different effects, often specific for the systems investigated, could also 

be isolated (i.e. nature of the Y linker, effect of the R substituent on the core aromatic ring 

and effect of the position of the urea moiety on the peripheral rings).36,37 

 
Also mono(urea) structures were reported in the literature as effective gelators. Of course, 

due to the almost infinite possibilities varying the urea substituents, an enormous variety of 

candidates can be generated. In fact, while conserving the peculiar ability of originating the 

desired urea motif, aliphatic, aromatic and heterocyclic groups were extensively used to 

exploit any additional advantageous supramolecular interaction.38–42 

1.2 Supramolecular gels responsive to neutral chemical 

species 

Thanks to their non-covalent and reversible nature, supramolecular gels are largely applied 

in many applications and extensive efforts have been made to prepare stimuli-responsive 

materials.1,43,44 External stimuli can be classified as physical (e.g. temperature,45–47 

mechanical stress,48 ultrasound49–51) or chemical (e.g. pH,52–56 anion,57–61 metal-ions,62 

redox reagents,63 neutral species).  

In this thesis, an application of urea-based supramolecular gels responsive to neutral 

organophosphorus compounds is described in Chapters 3-4 and for this reason, a few 

examples of gel systems responding to neutral guests are discussed below in more details. 

Specifically, a selection of works from the literature are discussed regarding 

supramolecular gels capable of responding to external stimuli, somehow affecting the gel 

network, as a consequence of 1) a chemical reaction or 2) the establishment of new non-

covalent interactions. To conclude this section, a summary of the most recent work carried 
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out by our group on gel systems responsive towards organophosphorus compounds of 

interest is reported. 

Supramolecular gels’ responsiveness through chemical reactions  

The first example reported is the cholesterol-malemide gelator 1.20 (Scheme 1), reported 

by Zhang et al.64 The gelation ability of 1.20 was tested in several organic solvents and it 

was found able to form transparent gels in cyclohexane with a rather small MGC value (5 

mg mL–1). Conversely, the resulting Michael’s adduct 1.21 (Scheme 1) proved to be a less 

efficient gelator, presenting a higher MGC value (10 mg mL–1). Interestingly, when added 

to the top of gel 1.20 in cyclohexane, n-hexylthiol and triethylamine caused ≈ 25% of the 

gel volume to turn into a solution after a few minutes, while the phase transition was 

completed within two hours (Scheme 1). This could happen because of the Michael 

reaction occurring between the maleimide moiety of 1.20 and the thiol, which perturbed 

the inter-molecular arrangement in the gel phase and, at the same time, yielded gelator 

1.21. In fact 1.21, having a higher MGC value, could not form a gel under these conditions. 

Notably, it was observed that the presence of the triethylamine helped the reaction and that, 

in its absence, the degeneration of the gel network was not observed, even after several 

days. 

	  

Scheme 1: Chemical structures of 1.20 and 1.21 and the chemical reaction causing gel-sol 

transition. 

In a similar fashion, again Zhang et al.,65 proposed a selective cysteine responsive 

saccharide-hydrogel. In order to demonstrate the selective response to cysteine, they tested 
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solutions of every amino acids to the top of the gels. After four hours of incubation at  

37 ºC, only the sample in contact with cysteine showed a total gel-sol transition, while 

none of the other gels were affected. Such selective responsiveness was attributed to the 

reaction of the aldehyde functionality of 1.22 with cysteine, to form the thiazolidine 

derivative 1.23 (Scheme 2), this was not possible with any other amino acid. It was 

suggested that the exchange of the aldehyde group with the carboxy-thiazolidine could 

modify the pre-existing inter-molecular interactions and arrangement of the network, 

causing its instability. 

	  

Scheme 2: Chemical structures of 1.22 and 1.23 and the chemical reaction causing gel-sol 

transition. 

Another example of a supramolecular gel, which covalently interact with external neutral 

species was that described by George and Weiss.66,67 They presented the interesting case of 

aliphatic amine analogues 1.24 (Scheme 3), known to be very poor gelators for organic 

solvents, which could be reversibly transformed in alkylammonium alkylcarbamates 

analogues 1.25 (Scheme 3) by the uptake of gaseous CO2.  
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Scheme 3: Generalised chemical reaction of the reversible in situ gelation cycle. 
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Remarkably, these showed to be good LMWGs, and their gelation properties were 

demonstrated to be a direct consequence of the exposure of the amine’ solutions to CO2. 

Moreover, N2 and heat were reported to regenerate the amines’ solutions, causing the gel-

sol transition to occur. The reversible in situ gelation cycle could be repeated many times 

without detectable degradation of the systems, by simple sequential bubbling of either CO2 

or N2 (Scheme 3).	  

Supramolecular gels’ responsiveness through non-covalent interactions  

In all examples discussed so far, it was shown that gels could be responsive as a 

consequence of a chemical reaction with neutral guests species. However, it was already 

mentioned that this is not the only phenomenon that can cause a response, since also non-

covalent interactions between gel network and guests can potentially result in the same 

outcome.  

For example, Shinkai et al.68 described how 1.26 was able to form a robust 1D gel 

superstructure because of its propensity to form π-π stacking interactions, by the 

naphthalenediimide moiety. 

 
Gelator 1.26 was also found to be very versatile, able to form gels in a wide variety of 

organic solvents. Interestingly, this gel showed an easily observable molecular recognition 

ability, differentiating among different classes of electron-deficient and electron-rich 

naphthalene compounds such as dihydroxynaphthalenes from alkoxy- and 

hydroxynaphthalenes. In fact, colour changes in the visible spectrum were observed as a 

consequence of the guest being incorporated into the gel matrix (but not in solution) and 

therefore, due to the interactions established between host and guests. 

Similarly, the same group69 also reported of a series of Zn(II) porphyrin-appended 

cholesterol gelators (1.27), gelation properties of which were demonstrated to be stabilised 

by the addition of [60]fullerene. In particular, spectroscopic studies showed that this 

reported gel strengthening was caused by the unique Zn(II) porphyrin/[60]fullerene 

“sandwich” complex formation in the self-assembly system, with a 2:1 ratio. 
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Another example is that reported by Ajayaghosh et al.,70,71 which extensively studied the 

gel formation of oligo(p–phenylenevinylene) analogues 1.28, a class of molecules 

characterised by the cooperative effect of hydrogen bonds and π-π interactions in the 

formation of the supramolecular gel nanostructures. Interestingly, they also found that their 

self-assembly was accelerated through physical interactions with carbon nanotubes (CNTs) 

in hydrocarbon solvents leading to the formation of hybrid π-conjugated gels. In fact, when 

CNTs were dispersed in the solvents they could align within the oligo(p–

phenylenevinylene) gel phase without loosing their electronic properties, thereby 

reinforcing its supramolecular tapes acting as physical cross-linkers. 

 
More relevant for the applications discussed in the following chapters of this thesis are the 

most recent findings of our group.72–74  
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In 2014, we reported how some gels based on bis(amide) analogues 1.29 could undergo 

selective gel-sol transition in pyridine, together with a colour change, in the presence of 

toxic organophosphorus compounds such as diethyl chlorophosphate (DCP). 

Similarly, they showed that the binary gelator decylammonium anthracene-9-carboxylate 

1.30 was also able to respond to the presence of the chemical warfare agent Soman (GD) 

and its less toxic simulants DCP and dimethyl methyl phosphonate (DMMP) through a gel-

sol transition. Interestingly, they observed that DCP was able to increase the gel 

breakdown rates, possibly due to its enhanced reactivity caused by the presence of a good 

leaving group (Cl–). This peculiar structural feature and behaviour were not present in 

either GD or DMMP, therefore demonstrating the intrinsic unsuitability of DCP as 

simulant for GD. Finally in 2015, we reported on how gels based on 1.29 could be used to 

absorb/neutralise or detect organophosphorus simulants DCP and DMMP. This was 

achieved including oximate 1.31, a reactive GD decontaminant, within the solution to be 

gelled.  

 
When the optimal ratio between the three components (gelator, simulant and 

decontaminant) was found, it was possible to obtain a stable gel network, thus yielding an 

efficient nerve agent deactivating absorbent and a sensing material suitable even for vapour 

detection. 

1.3 Techniques for the characterisation of supramolecular 

gels 

In order to evaluate the properties and the structure of supramolecular gels (qualitatively 

and quantitatively) many different approaches can be undertaken. These strategies allow 

the characterisation of these soft molecular materials in a broad range of length-scales, 

from the macroscopic to the molecular level.75 Among these, rheology, differential 

scanning calorimetry, thermogravimetric analysis, scanning electron microscopy, 

molecular modelling, NMR and fluorescence spectroscopy were used in this thesis. Some 

of these experimental techniques, perhaps less familiar to traditionally trained chemists, are 

described below for the benefit of the reader. 
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1.3.1 Table-top and instrumental rheology 

The simplest and quickest way to assess whether the gelation of a sample occurred is the 

“tube inversion test” which, together with the “dropping ball method”, is often referred to 

as “table-top rheology”. The tube inversion test simply involves inverting a vial containing 

the sample believed to be a gel, while monitoring whether any flow occurs. It is, in fact, a 

measure of the point at which the yield stress exerted by the gel under the force of gravity 

prevents the material from becoming self-supporting. Notably, it is important to point out 

that any comparative study is strongly dependent on the geometry of the vials used and the 

mass of the sample, which need to be kept carefully controlled and constant. Performing 

multiple tests at variable concentrations also allows the identification of the MGC value of 

a gelator in a particular solvent, which is defined as the minimum concentration of gelator 

required to form a sample-spanning, self-supporting gel at a given temperature (usually 

room temperature).76 

However, when a more quantitative evaluation of the mechanical properties of a gel 

material is necessary, instrumental rheological measurements can be performed to assess 

the response of the sample to an applied shear stress. The various possible experimental 

methods are normally aimed towards the definition of selected quantifiable viscoelastic 

properties, such as storage (G′) and loss (G′′) moduli or the yield stress value of the gel 

samples. Specifically, G′ represents the elasticity associated with the energy stored in 

elastic deformation, while G′′ represents the ability of the system to flow under stress and 

is associated with energy dissipation.76 The region in which both G′ and G′′ are 

independent of the frequency and stress range investigated is referred to as linear 

viscoelastic region (LVER), and its identification is often the most time-consuming task to 

be performed. The last informative quantity that can be rheologically determined is the 

yield stress value, which represents the maximum amount of stress that a material can 

withstand without breaking down. 

1.3.2 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry provides an instrumental way of directly measuring the 

temperature at which the gel-sol transition and/or other thermal events happen, which can 

help understand more about the nature of the supramolecular assembly. In a typical 

measurement, the heat flux to and from a sample of a known mass is measured, with 

respect to a reference, as a function of temperature. This manifests itself as the appearance 

of positive or negative peaks corresponding to exothermic and endothermic processes 
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respectively, when plotting the heat flux versus the temperature. Using this technique, it is 

possible to determine the characteristic value of the gel-sol transition temperature (Tgel) of 

a gel sample with high accuracy. The Tgel corresponds to the temperature at which the 

structural integrity of the gel is compromised, even though some supramolecular 

aggregates might still be present (although not able to sustain its network). 

1.3.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a very well known technique in polymer characterisation 

and it is primarily used for determining their thermal stability. Similarly, the thermal 

stability of any material, i.e. supramolecular gels, can be studied by means of TGA. In a 

typical experiment a sensitive thermo balance continuously measures the weight of the 

sample, as its temperature is increased in air or in inert atmosphere. Data are then reported 

as a thermogram of weight versus temperature.77 

1.3.4 Environmental scanning electron microscopy (ESEM) 

In scanning electron microscopy a fine electron beam is used to scan the surface of a 

sample, while a series of detectors collect all reflected signals and process them into 

images that can carry either morphological or compositional information. This technique 

works under high vacuum conditions and on samples that are conductive (or become 

conductive after metal coating). The morphological information is carried by secondary 

electrons (SE), characterised by an energy < 50 eV and emitted by the close surface of the 

sample. A particular mode of analysis (environmental) also allows the measurement to take 

place in the presence of a partial pressure of water in the analysis chamber. Thanks to this 

feature, ESEM is often used in the analysis of organic non-conductive samples such as 

gels, without the need of a conductive coating that could interfere with their original 

network morphology. 

1.4 Organophosphorus chemical warfare agents (OPCWAs) 

Organophosphorus chemical warfare agents (OPCWAs), also called nerve agents, are a 

class of phosphorus-containing organic compounds that are classified by the United 

Nations as chemical weapons of mass destruction.  

Their extreme toxicity is related to their inhibition activity towards the enzyme 

acetylcholinesterase (AChE), which plays a crucial role in the human body, regulating the 
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concentrations of the neurotransmitter acetylcholine within the synaptic cleft of the 

nervous system. When AChE is functioning properly, the serine esterase hydrolyzes 

acetylcholine yielding acetate and choline, to then regenerate the active enzyme. This 

hydrolysis process results in a lowered level of acetycholine, and ultimately the 

termination of nerve impulses. OPCWAs can instead covalently bind the serine residue of 

the active site of AChE through a nucleophilic substitution to produce a serine–

phosphoester adduct. This irreversible inactivation leads to increased acetylcholine levels, 

which can cause a cholinergic overstimulation culminating in death caused by respiratory 

failure.78,79 

Nerve agents are alkylphosphonic acid esters that contain at least one carbon-phosphorus 

bond. However, it is mainly their additional functionalities that contribute to their unique 

properties (e.g. resistance to hydrolysis, solubility and stability), thus defining three 

different classes of nerve agents:78,80 

1. O-alkyl alkylphosphonofluoridates (G-agents, e.g. Sarin, Soman, cycloSarin)  

2. O-alkyl S-(2-dialkylaminoethyl) alkylphosphonothiolates (V-agents, e.g. VX, 

RVX) (less volatile) 

3. O-alkyl N,N-dialkylphosphoramidocyanidates (e.g. Tabun). 

A common feature shared by all the three classes is the presence of a stereogenic 

phosphorus atom, which leads to the presence of an equal amount of enantiomers. In this 

work, particular attention has been given to the G-agent Soman (GD), which is a liquid 

under standard conditions, and it is used aerosolised on the battlefield (LCt50 inhalation ≈ 

35 mg min m–3).81 Soman exists as four stereoisomers, since the 1,2,2-trimethylpropyl 

moiety also has another stereogenic centre, each of which expresses different inhibitory 

potency towards AChE.82,83  

 
In general due to the grave toxicity of the nerve agent class, various comparatively less 

toxic compounds are frequently used as simulants in “nerve agent” research. As the nerve 

agents themselves, they are mostly phosphorus (V)-centred and many possess one or more 

alkoxyl groups. Among several possible candidates, DMMP surely represents the work-

horse in nerve agent research and the work discussed in this thesis is no exception.84 
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Chapter 2:  Molecular structure-gelation 

relationship of urea-based gelators 

 

Part of the results detailed in this chapter have been submitted for publication as:  

“Piana, F.; Case, D. H.; Ramalhete, S. M.; Pileio, G.; Facciotti, M.; Day, G. M.; 

Khimyak, Y.; Angulo, J.; Brown, R. C. D.; Gale, P. A. Substituent interference on 

supramolecular assembly in urea gelators: synthesis, structure prediction and NMR. 

Submitted 2015” 

 

2.1 Background and aims of the chapter 

Gel systems formed by polymers, proteins or inorganic substances, such as silica or clays 

in water and organic solvents have been well studied and are widely used for various 

applications.85 Since the early 2000s, LMWGs have started to attract the attention of the 

scientific community, as they exhibit stunning physical and mechanical properties with 

respect to the self-assembly process. In fact, both molecular organogels and their inorganic 

and macromolecular counterparts are able to form a continuous 3D network in organic 

solvents, which prevents the bulk solvent component from flowing. In supramolecular gels 

the network is held together solely through non-covalent interactions, which makes the 

self-assembly process totally reversible and at the same time able to sustain itself 

efficiently, since most of the gelators are able to gelate at remarkable low concentration. 

Overall, the formation of supramolecular gels by LMWGs is a complex process, regulated 

by both thermodynamic and kinetic aspects, which is still not totally understood.86 In 

particular, the causal correlation between the precursor composition, assembly conditions 

and self-assembled structure remains mostly unclear. As a consequence, the serendipitous 

discovery of new structural classes of molecular gelators still dominates the field.87 

Nonetheless, some examples of the design of new molecules able to gelate under specific 

conditions have been reported in the literature and some of them will be discussed below.  

In Science, Beckman, Hamilton et al.88 described a simple route to obtain low-density bulk 

microcellular materials. To achieve their goal, they needed to synthesise molecules both 
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able to dissolve in CO2 and to associate in solution to form gels. The chemical structure of 

the compounds had therefore to feature a CO2-philic group and a functional group able to 

guarantee the self-association in solution. They decided to add fluorinated groups to 

promote solubility in CO2 at moderate pressures and one or two urea groups to induce the 

formation of aggregates through non-covalent interactions. The resulting compounds were 

able to dissolve very well in CO2 and to form opaque gels upon cooling of the solution.  

In a similar way, Hamilton et al.89 reported that it was possible to obtain a new class of 

hydrogelators 2.1 and 2.2 simply by adding carboxyl groups to the chemical structure of 

known bis(urea) gelators previously shown to efficiently gelate in a variety of apolar 

solvents, thus guaranteeing their solubility in water and pH control. 

 
Furthermore, Shinkai et al.90 exploited gelators featuring saccharides, readily available in 

nature and easily functionalised, as the hydrogen bond forming segment. In particular, they 

reported the synthesis of α- and β-isomers of glucose and galactose derivatives and 

observed how their gelation properties strongly depended on the saccharide configuration. 

In fact this largely influenced the solubility, the gelation ability and the superstructure of 

the gel fibres.  

 
Interestingly, when –OH groups were equatorial and all remaining –OR substituents were 

axial, the candidate 2.4 was found to be an optimal gelator followed by 2.7. These good 

results were ascribed to the presence of the ensemble of two conditions, which created 

optimised opposite effects. It was shown that the axial –OR substituent could force the 
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pyranose and the benzene ring to be almost perpendicular to each other, thus enhancing 

steric hindrance while the two equatorial groups favoured inter-molecular hydrogen bond 

interactions, promoting aggregation. Supporting this, they also noticed that when the 

molecular structure was flat and the two –OH groups were both equatorial in 2.6, the inter-

molecular interactions were too favourable and precipitation occurred. In contrast, when 

one of the –OH occupied the more sterically crowded axial position in 2.5, solubility was 

too high. In good agreement with this trend, gelator 2.3 was found to have intermediate 

solubility and gelation properties when compared to 2.6 and 2.5. As a result, they proposed 

the following design guideline: if the inter-molecular interactions are too strong the 

gelators can precipitate, while if they are too weak the gelators are too efficiently 

solubilised. This very same concept was that underpinning the work in this thesis. 

Feringa et al.,26 after exploiting alkyl-linked bis(urea) gelators to form extended chains of 

hydrogen bonds, started optimising their molecular structures by reducing the 

conformational flexibility of the linker using cyclic compounds instead of alkyl chains, 

also thanks to predictive molecular modelling. 

Finally, Hanabusa et al.91 showed how a simple diamide compound with long hydrocarbon 

tails could be designed to form gels as a result of two cooperating non-covalent forces: the 

inter-molecular hydrogen bonds between the amide groups and the hydrophobic 

interactions between the alkyl chains (Figure 5). This led to the explicit formulation of 

more general molecular design criteria for the development of new organogelators. 

	  

Figure 5: Intermolecular hydrogen bonds between the diamide gelator molecules. 

Thanks to the pioneering work and experience gathered by this group and many others, it 

was possible to formulate the following three important requirements:15,92 

1. The presence of strong self-complementary and unidirectional inter-molecular 

interactions to enforce the one-dimensional self-assembly.  

2. The control of fibre-solvent interfacial energy to manipulate solubility and to 

prevent crystallisation. 
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3. A factor to induce fibres cross-linking for network formation. 

This last rule is, perhaps, the less intuitive and therefore it requires a more detailed 

explanation: fibre entanglement leads to the formation of a 3D network containing long-

order fibres in a disordered array, which intersect at junction zones to create small pockets 

to trap the solvent. Without these junction zones, the solvent would remain mobile and a 

solid gel would not be formed.93 

Despite all reported accomplishments, the design of new gelators continues to be largely an 

empirical trial an error process,85 mostly focused on exploiting the less specific first 

criterion. However, some combinatorial approaches were recently implemented for this 

purpose, in an effort to move past the more fortuitous ways to discover new gelators. This 

could potentially accelerate the discovery of new candidates allowing the fast screening of 

many different compounds sharing the desired features. Notably, these were of particular 

use for the discovery of new multi-component gelators, which could be prepared in situ 

and easily tested for gel formation, although proving more challenging in other contexts.15 

Classical examples were the development of in situ gel formation methods to obtain urea-

based gelators94,95 or bile acids/ aliphatic amines-based gelling salts.96 Another 

combinatorial approach consisted of searching for new scaffolds within the Cambridge 

Structural Database (CSD), and subsequently modifying them to limit crystallisation in 

favour of gelation.86  

Alternatively, instead of focusing on the gelator chemical structure, it was attempted to 

predict the gelation behaviour of potential new scaffolds by studying their interactions with 

the solvent system, considering the critical role of solvent-gelator interactions by means of 

some parameters.97 As an example, Weiss reported the use of Hansen’s solubility 

parameters (HSPs) to predict how 1,2,3,4-dibenzylidene sorbitol would behave in different 

solvents. HSPs were used to quantify the cohesive energy density of a solvent in terms of 

its contribution towards three types of weak interactions: van der Waals, dipole-dipole and 

hydrogen bonds. Interestingly, the method was reported to be potentially applicable to all 

gelators and solvents (with known HSPs), albeit with some limitations.98 

Unfortunately, most of these combinatorial strategies may lead to slightly derivatised or 

modified known compounds and still require the collection of comparative experimental 

evidence, which does not reduce the importance of empirical approaches. 

Appreciating the state of the art detailed above, the aim of the work reported in this chapter 

was to increase the understanding of the molecular structure-gelation relationship of a 

model urea system. It consisted in a series of systematic variations of four chosen moieties 

of a common scaffold, in order to isolate and optimise their unique contribution (Figure 6). 
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The model chemical structure was chosen to be rather simple, thus maximising the chances 

of achieving the desired goal. Once the most favourable combination of 1) Cn alkyl chain, 

2) hydrogen bond donor/acceptor group and 3) benzene ring was defined, the role and the 

effects of common electron-withdrawing (EW) and electron-donating (ED) groups (i.e.  

–NO2 and –OCH3) in the gelation process were investigated. 

 

Figure 6: Schematic representation of the four key structural features of urea gelators 

targeted in this study.  

Gelation test outcomes have driven the series of structural modifications, which led to the 

synthesis of a total of thirty-one analogues. As a consequence of the peculiar observations 

made and in an effort to understand them, the two representative gelators (14 and 15) of 

the study underwent more comprehensive thermo-mechanical characterisation, molecular 

modelling and NMR experiments. 
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2.2 Synthesis of the gelators 

Compounds 1–31 were prepared (see 5.1) and all products precipitated as solids and were 

isolated in moderate to very good yields (50–100%). Their chemical structures are shown 

below. 

 

1 R = H; n = 5 
2 R = p–NO2; n = 5 
3 R = p–OCH3; n = 5 
4 R = H; n = 10 
5 R = p–NO2; n = 10 
6 R = p–OCH3; n = 10 
7 R = H; n = 11 
8 R = p–NO2; n = 11 
9 R = p–OCH3; n = 11 
10 R = H; n = 12 
11 R = p–NO2; n = 12 
12 R = p–OCH3; n = 12 
13 R = H; n = 13 
14 R = p–NO2; n = 13 
15 R = p–OCH3; n = 13 
18 R = p–CF3; n = 13 
19 R = p–SCH3; n = 13 
20 R = p–CH3; n = 13 
21 R = p–N(CH3)2; n = 13 
30 R = o–OCH3; n = 13 
31 R = m–OCH3; n = 13 

 
16 
 

 
17 

 
25 
 

 
22 R = H; R′ = tetradecyl 
23 R = p–NO2; R′ = tetradecyl 
24 R = p–OCH3; R′ = tetradecyl 
26 R = p–OCH3; R′ = pentadecyl 
27 R = p–OCH3; R′ = pentadecan-8-yl 
28 R = p–OCH3; R′ = octadecyl 
29 R = p–OCH3; R′ = (Z)-octadec-9-en-1-yl 

2.3 Gel formation studies  

Gel formation studies (see 5.2.1) were performed in fifteen solvents, chosen in order to 

cover a wide range of polarity from hexane to water. Gelators were tested at nine different 

concentrations (5, 10, 15, 20, 30, 40, 50, 100, 150 mg mL–1). The threshold concentration 

of 20 mg mL–1 was that from which all gel formation studies commenced. If a gel was 

formed at this concentration, further tests at lower concentration (15, 10, 5 mg mL–1) were 

performed. If the result was the formation of a partial gel, more tests were conducted at 

higher concentration (30, 40, 50, 100, 150 mg mL–1) in an attempt to form a gel. No further 

tests were carried out when no gel formation or insolubility was observed. Although a wide 

range of gelation solvents was tested, solvent polarity was found not to directly affect (or at 

least straightforwardly) gelation performance. For this reason, it was decided to 

concentrate on only two solvents: toluene and tetralin. Gelation performance of 1–31 was 

then ranked with respect to the MGC values in these two solvents (Table 1). The full set of 

results is reported in Appendix A. 
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 MGC (mg mL–1)   MGC (mg mL–1) 

Gelator Toluene Tetralin  Gelator Toluene Tetralin 
1 n.g.* n.g.  17 n.g. n.g. 
2 n.g. n.g.  18 40 40 
3 n.g. n.g.  19 i. 40 
4 i.* > 150  20 i. 100 
5 i. 20  21 i. 50 
6 30 30  22 40 30 
7 100 100  23 5 5 
8 30 i.  24 5 5 
9 i. 15  25 20 15 
10 i. 40  26 10 5 
11 i. 30  27 n.g. 5 
12 20 15  28 30 5 
13 10 15  29 i. i. 
14 20 20  30 40 20 
15 5 5  31 >150 >150 
16 i. i.     

*n.g. = no gel; i. = insoluble. 
Table 1: Minimum gelation concentration values for gelators 1–31 in toluene and tetralin.  

Gelators 1–3, bearing short alkyl chains, did not form any gels due to their high solubility, 

indicating that solute-solvent interactions prevailed over the solute-solute interactions.98,99 

Evidently, the relatively short alkyl chain (C6) was insufficient to provide enough 

solvophobic drive, with a weak contribution to chain packing through van der Waals 

interactions. 

In an effort to optimise the gelation performance, the number of carbon atoms of the chain 

was increased (C11–C14) in 4–15. Notably, it was found more difficult to obtain gels in 

toluene in the presence of an odd numbered alkyl chain, while the presence of the even 

numbered C14 chain yielded the best performance in both solvents. Consequently, C14 alkyl 

chains were used in all further structural modifications.  

Since the inclusion of the C14 apolar moiety in 13–15 was shown to be enough to promote 

lower MGC values and literature reports show that long n-alkanes can provide gels of 

remarkable stability in organic solvents,100 gelator 25 was designed and found to exhibit 

rather good MGC values (15–20 mg mL–1). Here, it was thought that chain linearity was 

required to ensure the well-ordered packing of the molecules and perhaps 

branched/unsaturated chains could lead to poorer results. To confirm this hypothesis, 
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analogues 26–29a 101*were synthesised. Indeed, it was observed that 27 could not gelate as 

easily as its linear counterparts and 29 proved to be insoluble both in toluene and tetralin. 

Interestingly, gelator 27 was found able to form highly transparent gels in tetralin down to 

5 mg mL–1 (while it could not gelate in toluene), probably because of the formation of 

smaller and less ordered nano-scale structures (unable to scatter visible light) as a 

consequence of the its irregular steric hindrance.97,102  

Finally, to confirm the importance of the urea hydrogen bonding motif for this scaffold, 

one or both urea hydrogen bonding donor sites were removed in 16 (amide) and 17 (ester). 

The poor gelation observed was attributed to extremely low or high solubility of 16 and 17, 

respectively, incompatible with the required balance between solute-solute and solute-

solvent interactions.98 Inspection of the MCG values for gelators 13–15 indicated that the 

presence of the head substituent –OCH3 led to better performance (5 mg mL–1) when 

compared to the –NO2 (20 mg mL–1).  

Gelation driven by cooperative hydrogen bonding between urea functional groups in 

gelators 13–15 was expected to be reinforced by electron-withdrawing substitution of the 

aromatic head group, with improved gelation. However, the reverse was observed and gel 

formation studies on gelators 14 and 15 showed that only the presence of –OCH3 could 

significantly improve the gelation performance. This empirical observation suggested that 

the effect of the ring substituent could go beyond, or perhaps mask, electronic influences of 

the substituent. 

Additionally, more derivatives were prepared to include various head substituents, 

therefore –CF3 (18), –SCH3 (19), –CH3 (20) and –N(CH3)2 (21) were selected in order to 

cover a rather broad range of resonance and electronic effects.103,104 Candidates 18–21 

showed to be all quite poor gelators (MGC ≥ 40 mg mL–1) and no significant influence on 

the gelation performance was observed as a consequence of the different effect that would 

be expected from these head substituents. Moreover, the ortho (30) and meta (31) isomers 

of gelator 15 were also tested and it was found that the methoxy group could lead to very 

low MGC values only when present in the para position. In fact, gel formation was 

observed at 40 and 20 mg mL–1 in toluene and tetralin respectively for 30, while 31 did not 

gelate even at 150 mg mL–1.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a*C14 could not be used due to commercial unavailability of suitable starting materials. C15,18 were 
used instead, as it was reported in a fundamental study on crystals that the differences between odd 
and even alkyl chains become less evident as their lengths increase. 
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Furthermore, the benzyl analogues 22–24 were synthesised including a methylene spacer, 

meant to break the electron delocalisation. Remarkably, gelation performance was largely 

improved for the –NO2 analogue 23 (5 mg mL–1 vs. 20 mg mL–1 of 14). 

2.3.1 Attempt to form bi-component gels 

Bi-component gels were prepared mixing –NO2 and –OCH3 gelators forming 14–15 and 

23–24 pairs in different molar ratios (1:3, 1:2, 1:1, 2:1, 3:1) (Figure 7, Figure 8). Their 

gelation performance was tested only at the gelation concentration of 20 mg mL–1 (see 

5.2.1). The idea behind this experiment was to understand if the simultaneous presence of 

head substituents expressing opposite inductive effects could somehow affect gelation. In 

fact, considering their single gelation performance, it was questioned if synergistic or 

antagonistic effects could have been seen on gel formation, when they were mixed 

together.  

Because of the preliminary and qualitative nature of the gel formation studies carried out it 

was not possible to understand whether such bi-component systems, when gels were 

formed, included either co-gelating components (blended),34,105,106 separate dominions 

constituted of each single gelator’s aggregates (orthogonal or self-sorted)106–111 or mixture 

of gel and crystals.112 For the same reasons, it was not possible to study how the gel 

network and its strength was affected by the co-presence of the two molecules. 

When gelators 14 and 15 were mixed together it was noticed that increasing the  

–OCH3:–NO2 ratio (below 1:1) seemed to have helped gelation independently from the 

polarity of the solvent. Interestingly, when the –OCH3:–NO2 ratio increased even more 

(above 1:1) gel formation became more challenging, as more partial gels were obtained 

(arrow in Figure 7). Conversely for the benzyl analogues, starting from the remarkable 

performance of gelator 23, the progressive addition of the –OCH3 analogue led to more 

insolubility, especially when more polar solvents were used (arrow in Figure 8). Given all 

these observations, a further quantitative investigation would be required to understand the 

reasons behind the trends emerged from gel formation studies. 
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Figure 7: Results of gel formation studies for bi-component gels 14–15 (increasing 

amount of gelator 15 from left to right). 

	  

Figure 8: Results of gel formation studies for bi-component gels 23–24 (increasing 

amount of gelator 24 from left to right). 
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2.4 Thermo-mechanical and morphological characterisation 

of the gels 

In order to complete the macroscopic characterisation of gels 14, 15, 23 and 24, additional 

studies were conducted to explore whether a simple correlation existed between the 

gelation performance of a compound and the thermo-mechanical characteristic of the 

resulting gel.  In other words, it was investigated if, for example, poorly performing 

gelators (e.g. 14) also produced poorly stable gels and vice versa.  

The gel-sol transition temperatures (Tgel) were obtained by differential scanning 

calorimetry (DSC) measurements (see 5.2.3). For all samples, characteristic thermal events 

were present only in the first heating ramp and, in agreement with the hypothesised 

correlation, Tgel values were ranked 14 < 15 < 23 = 24 (Figure 9). The full set of results is 

reported in Appendix A. 

	  

Figure 9: Comparison of the Tgel values for gels 14, 15, 23 and 24. 

Rheological tests performed on gels 14, 15, 23 and 24 (see 5.2.5) showed behaviour 

consistent with solid-like materials, where storage moduli (G') were systematically larger 

than loss moduli (G'') by roughly one order of magnitude and parallel to each other with 

respect to angular frequency (Figure 10).  
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Figure 10: Angular frequency sweeps of gels 14, 15, 23 and 24, showing the storage 

moduli (G') and the loss moduli (G''). 

	  

Figure 11: Oscillation stress sweeps of gels 14, 15, 23 and 24 with average phase angle 

value. 

In oscillation sweep experiments, the phase angle δ that measures the delay between stress 

and strain was found always around 10º, close enough to the value of 0º for ideal elastic 

solid (Figure 11). Additionally, the phase angle showed no significant variation across the 
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frequency range investigated (Figure 12), indicating the ability of all gels to withstand 

stresses below their yield stress value without showing signs of mechanical fatigue.113 

	  

Figure 12: Angular frequency sweeps of gels 14, 15, 23 and 24. 

	  

Figure 13: Oscillation stress sweeps of gels 14, 15, 23 and 24. 

The oscillation stress sweep experiment (Figure 13) also demonstrated that the strength of 

the material was increasing in the sequence 14 < 15 < 24 < 23, as confirmed by both 

relative order and position of the curves. It was not possible to extrapolate the yield stress 
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values at δ = 45º since G' and G'' data sets never crossed each other, as the structure broke 

down suddenly before the final data point could be collected. 

Rheology measurements, in accordance with DSC outcomes, showed the existence of a 

correlation between the gelation performance and the thermo-mechanical properties of the 

gels materials. 4-Nitrophenyl urea 14, a gelator with higher MGC values and therefore 

poorer tendency to self-assemble, also resulted in a less stable network and consequently in 

a weaker material when compared to 4-methoxy phenyl urea derived gel 15 and 4-nitro 

benzyl analogue 23. 

Furthermore, environmental SEM was used to investigate morphological differences in the 

xerogels networks obtained from gels 14, 15, 23 and 24 (see 5.2.7). Two kinds of 

morphologies were observed, possibly reflecting the influence of the head substituents  

–NO2 and –OCH3 in the supramolecular packing of the corresponding gelators. 

Interestingly, xerogels 15 and 24 presented a more fibrillar network, when compared to 

xerogels 14 and 23 (Figure 14). 

	  

Figure 14: ESEM images at 500x magnification for xerogels 14, 15, 23 and 24. 

2.5 Molecular modelling 

The calculations detailed in this section were designed and performed by Dr D. H. Case 

and Prof G. M. Day at University of Southampton. The full set of experimental details is 

reported in Appendix A. 
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To help interpret the observed differences in gelation between 14 and 15, electronic-

structure calculations were performed on both isolated molecules, as well as crystal 

structure prediction (CSP) calculations on both molecules. However, it was not possible to 

pursue calculations on 23 and 24 due to the additional degrees of liberty (flexibility and 

rotation) introduced by the methylene spacer, which made the modelling task too complex.  

Important developments have been made in computational methodologies for CSP over the 

past few years,114–117 allowing their application to fairly challenging molecules.118,119 

However, due to the size and possible conformational flexibility of these molecules, the 

extent to which their crystal packing possibilities could be sampled is limited. Moreover, 

CSP generates perfect crystalline arrangements of the molecules, which might not 

correspond to the packing that present in gel fibres. Therefore, the realistic goal of this 

study was not to determine the packing of the molecules in the gel fibres, but to understand 

the molecules’ preferred inter-molecular arrangements, and the influence on solid-state 

packing of changing the substitution of the aromatic ring. 

The initial motivation for investigating different substitutions on the aromatic ring 

stemmed from the potential ability of electron withdrawing or donating substituents to tune 

the acidity of the urea group. Single molecule density functional theory (DFT) calculations 

were performed using DMol3120 at the B3LYP/DNP level of theory to investigate the 

electrostatic potential around 14 and 15. 

	  

Figure 15: Calculated molecular electrostatic potentials of 14 (a-c) and 15 (d-f). The 

potentials are plotted on the 0.02 a.u. electronic isodensity surface. The red patches of 

positive electrostatic potential in b) and e) correspond to the urea hydrogen atom positions. 

c) and f) show the view down the urea oxygen atom, highlighting its negative electrostatic 

potential. 
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These calculations revealed a slightly more positive electrostatic potential at the polar 

hydrogen atoms of the urea in 14 compared to 15 (Figure 15) and a more negative 

electrostatic potential in the π-electron region of the aromatic ring for 15. These changes 

reflected the expected influence of the EW and ED substituents. However, the more 

conspicuous difference between the molecules was the introduction of a region of negative 

charge at the –NO2 substituent in 14. The oxygen atoms in the –NO2 group of 14 are 

particularly accessible, so are positioned to easily compete with the urea oxygen as 

hydrogen bond acceptors for the protons of the urea group. Similarly, the oxygen of the  

–OCH3 substituent in gelator 15 also introduced a region of negative charge, but one that 

was less strong and was shielded by the steric bulk of the methyl. 

These details of the electrostatic potential were considered significant, as they could affect 

the disruption of the urea “zipping”, which was associated with good gelation properties.18 

In a study of the effects of anions on urea gelators, Steed et al. reported that only anions of 

sufficient hardness can disrupt this pattern.121 When comparing 14 to 15, the increased 

acidity of the urea hydrogen atoms could enhance the formation of urea tapes in 14, while 

the presence of competing hydrogen bond acceptors might have interfered with their 

formation. Therefore, the purpose of performing CSP calculations was to explore the 

overall influence of the aromatic substituents on the preferred arrangement of these 

molecules. 

Putative crystal structures were generated using the Global Lattice Energy Explorer 

software,122,123 performing quasi-random crystal structure generation, followed by lattice 

energy minimisation in a chosen set of space groups. An initial study was performed with 

rigid, gas phase molecular geometries, generating 5000 crystal structures in each of 16 

common space groups for organic molecules, for both 14 and 15 (rigid searches were 

performed with two orientations of the –OCH3 group on 15, which differed by only 1.2  

kJ mol–1). All crystal structures were lattice energy minimised combining an empirically 

parameterised model of exchange-repulsion and dispersion interactions with an accurate 

atomic multipole model for inter-molecular electrostatic interactions.124 This rigid 

molecule approach allowed a fairly rapid exploration of crystal packing phase space, due to 

the reduced dimensionality of the search space, only considering inter-molecular 

interactions when assessing the relative stabilities of the predicted structures. 

These initial calculations displayed a clear difference in the predicted crystal packing 

behaviours of gelators 14 and 15. The low energy predicted structures of gelator 15 

displayed hydrogen bonding between urea groups, predominantly forming the 1D urea 

chains or tapes (Figure 16 d, f) that were associated with gel fibre formation. The  
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–OCH3 did not participate in hydrogen bonding. In contrast, the low energy structures of 

14 lacked the N-H···Ourea hydrogen bonding linking urea into 1D chains or tapes. As a 

consequence, the CSP results suggested that the urea tape formation was disrupted by the 

presence of the –NO2 group, which preferentially acted as a hydrogen bond acceptor 

amongst the low energy predicted crystal structures (Figure 16 b). 

	  

Figure 16: Molecular packing in representative low energy predicted crystal structures of 

14 (a, b, c) and 15 (d, e, f). a) and d) are the global minimum energy crystal structures that 

have been located for each molecule. Calculated lattice energies of each structure are 

shown. Hydrogen bonds are shown as dashed blue lines. Hydrogen atoms on the alkyl 

chains are hidden in (f) for clarity. 
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In order to verify that these findings were not biased by the simplification of using rigid 

molecular geometries in the crystal structure search, further CSP calculations were 

performed with flexibility of the molecular geometry allowed during structure generation 

and lattice energy minimisation. These more demanding calculations provided the 

opportunity for molecules to explore packing arrangements, which are inaccessible in their 

gas phase geometries, as well as to optimise their hydrogen bonding networks, which can 

be very sensitive to small changes in molecular geometry. Another 5000 crystal structures 

were generated and minimised in each of the same 16 space groups for each molecule, with 

flexibility in the two dihedral angles around N–C bonds connecting the urea to the 

aromatic ring and alkyl chain. Flexibility of the dihedral connecting the –NO2 or –OCH3 

group to the aromatic ring was also included. Molecular distortion corresponding to up 22 

kJ mol–1 was allowed during the search, as this is the largest strain seen in crystalline 

molecular geometries of small organic molecules.125  

Unlike inter-molecular interactions, atom-atom force fields to describe intra-molecular 

energies lack the accuracy required for CSP. However, modern methods combine atom-

atom inter-molecular models with a DFT description of intra-molecular geometry and 

energy.115 Here, a new method developed by Day’s group was applied, in which the intra-

molecular energies and atomic partial charges were modelled with a Gaussian process 

regression model fitted to DFT data.126 All structures generated with the flexible search 

had their final energies calculated with the same atomic multipole inter-molecular energy 

model used in the rigid structure search. 

These flexible-molecule calculations did not change the overall conclusions from the initial 

calculations: hydrogen bond urea tapes dominated the low energy structures of 15, while 

the low energy structures of 14 were dominated by urea hydrogen bonded to –NO2. 

However, the details of these interactions were modified by giving the molecule freedom 

to distort from its ideal geometry. For 14, a slight reorientation of the alkyl chain allowed 

the alignment of both –NO2 oxygen atoms with urea hydrogen atoms, forming a double 

hydrogen bond (Figure 16 a). This interaction was found in the overall lowest energy 

predicted structures of 14 and provided a significant stabilisation. The total energy of the 

best structure involving the double hydrogen bond (Figure 16 a) was found 9 kJ mol–1 

more stable than the lowest energy structure involving only one –NO2 oxygen in hydrogen 

bonding (Figure 16 b). The lowest energy predicted crystal structure of 14 that displayed 

the urea hydrogen bond tape motif was a further 13 kJ mol–1 higher in energy (Figure 16 

c) giving an indication of the strength of the ability of the oxygen atoms on the –NO2 

group to interfere with the urea-tape packing motif. 
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For gelator 15, the influence of molecular flexibility on the predictions was subtler. In fact, 

freedom of the molecule to distort from its gas phase geometry led to some low energy 

structures with planar urea tapes (Figure 16 e) whereas these interactions were twisted or 

buckled in the best structures generated with the rigid gas phase geometry (Figure 16 d, f). 

The difference in lattice energies of the most stable predicted structures of each (–198.8  

kJ mol–1 for 14 vs. –176.7 kJ mol–1 for 15) further highlighted the strength of the 

urea···O2N interaction. The calculated lattice energies of the lowest energy urea-tape 

structures of each molecule (Figure 16 c vs. Figure 16 d) were remarkably similar. 

There were various types of interaction in these systems, including hydrogen bonding and 

van der Waals interactions, which could be maximised by stacking of the aromatic rings 

and aligning molecular tails. All of the low energy structures in the CSP were densely 

packed. It was seen, though, that in the systems of gelator 15 all of the types of interactions 

were associated within a pair of neighbouring molecules, i.e. they had a tendency to align 

tails, urea groups, and aromatic groups in series, which behaviour is thought to be 

associated with the formation of self-assembled fibrillar network (SAFIN) in gels.4,127 For 

gelator 14, there was instead a strong interaction between the urea and the –NO2 group of 

molecules, but these two molecules could not then align their tails and arrange aromatic 

groups into π-stack (Figure 16 a, b). In a perfect crystal, other tails could mesh into a low 

energy structure, but in aggregates and gels, it would not be expected to see such ordered 

behaviour. The CSP results suggested that, rather than the acidity of the urea group 

determining the difference in behaviour of 14 and 15, it was such compromises between 

sources of strong interaction, which may be behind the differing observations in the gel 

formation experiments. 

This same conclusion was also consistent with what reported by Etter et al.128 In fact, they 

found that the complexing properties of co-crystallised diarylurea hosts with different 

guests could not be explained simply by 1) urea acidity or 2) the steric hindrance expressed 

by head substituents occupying different positions on the ring, as happened here. 

Finally, as a consequence of these computational observations it could be hypothesised the 

reason of the reported improvement in gelation performance of 23 with respect to 14. In 

fact, the additional flexibility derived from the presence of the methylene spacer could 

have allowed the molecules to pack in an even more efficient way, making the most of the 

strong urea···O2N interaction. 
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2.6 NMR spectroscopy 

In an effort to experimentally verify the outcomes of the CSP calculations, which 

suggested divergent influences of –NO2 and –OCH3 head substituents on the way in which 

gelator molecules pack in an ideal crystal, a series of NMR experiments were carried out. 

This was instrumental to the understanding of the different inter-molecular interactions of 

both gelators 14 and 15 in the gel phase, especially given the unsuccessful attempts at 

obtaining crystals for diffraction studies. 

2.6.1 Liquid state NMR studies 

At first, a series of liquid state NMR experiments were carried out taking advantage of the 

facilities available at the University of Southampton, courtesy of Dr G. Pileio (Prof M. H. 

Levitt’s group). 

It was reported by Jamart-Grégoire et al.129 that liquid state NMR experiments could give 

information about molecules undergoing self-association in the gel phase via hydrogen 

bond interactions and π-π stacking. Therefore, in this work, it was sought to observe a shift 

of the urea NH signals, going from the solution to the gel phase, that could help 

understanding the different behaviours of gelators 14 and 15. Here, a shift of the aromatic 

signals was expected, possibly due to inter-molecular stacking effects. However, it was 

also known that to achieve gelation, the gelator was required to have highly mobile 

molecular fragments or that some sort of exchange between the sol and the solid fraction 

could occur on a timescale compatible with the NMR experiment. Taking into account 

these considerations, a series of variable concentration 1H NMR, variable temperature 1H 

NMR and DOSY experiments (see 5.2.8.1) were performed. Unfortunately none of the 

hypothesised shifts were ever observed and the full set of results is reported in Appendix 

A. In particular: 

1. No change in chemical shift was observed as a consequence of gelation in variable 

concentration experiments for both 14 and 15; 

2. Variable temperature experiments on gel 15 showed a slight upfield shift of the 

urea protons with increasing temperature, which was later independently attributed 

to the dependence of the chemical shift with the temperature; 

3. Despite experimental evidence of their different viscosities, none of the samples at 

variable concentration of gelator 15 were able to deliver conclusive DOSY results, 

since a uniform diffusion of all peaks was observed. 
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In conclusion, routine liquid state NMR experiments could not show any significant 

differences between 14 and 15. This suggested that only molecules in the sol fraction of the 

samples, rather than those constituting the network, were observed by these kinds of NMR 

experiments and for this reason, more complex approaches had to be investigated. 

2.6.2 2D 1H–1H NOESY and 1H–13C CP/MAS NMR 

The experiments detailed in this section were designed and performed by Susana M. 

Ramalhete (Prof Y. Khimyak’s group) at University of East Anglia as part of a current 

collaboration with our group. The full set of experimental details is reported in Appendix 

A. 

Seeking experimental evidence of the conclusions drawn as a consequence of the 

molecular modelling, both solution- and solid-state NMR were used on these multiphasic 

materials in order to gain information on either mobile entities or rigid components of the 

gel network, respectively. 

As nuclear Overhauser effect spectroscopy (NOESY) solution-state NMR experiments 

were shown able to provide information on spatial connectivity between molecular regions 

in aggregated states,30 this same approach was used here.  

	  

Figure 17: 2D 1H–1H NOESY spectra of gels 14 and 15 (60 mg mL–1 in DMSO-d6) 

acquired at 25 ºC with a mixing time of 0.5 s using an 800.23 MHz spectrometer. Relevant 

cross-peaks have the corresponding spatial connectivity assigned (coloured lines). 
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Cross-peaks in 2D 1H–1H NOESY spectra of gels 14 and 15 (Figure 17) displayed the 

same phase as the diagonal peaks indicative of negative NOE enhancements, which are 

characteristic of large molecules. Since these systems were exclusively formed of small 

gelator molecules (< 600 Da), these negative enhancements could be attributed to medium 

to large supramolecular aggregates, which are the building blocks required for the gel 

formation to occur. Therefore, NOESY experiments allowed probing interactions 

originating the gel network.  

Cross-peaks between the –CH3 protons of the alkyl chain and the aromatic and urea ones 

were identified in gel 14, whereas they were not detected for gel 15. The presence of such 

cross-peaks in gel 14 revealed a close proximity between the end of the aliphatic chain, the 

benzene ring and the urea moiety (Table 2) belonging either to the same or to surrounding 

molecules. Such an arrangement was suggested by the CSP calculations, whose results 

showed that the urea···O2N interaction led to interdigitation of the aliphatic chains (Figure 

16 a, b), which placed the end of the chain near to the aromatic rings of neighbouring 

molecules. Furthermore, inter-molecular cross-peaks between distant NHa and Hc or Hd 

suggested proximity of the aromatic ring to another molecule with different orientation. 

 r (Å) 

Pair of protons Gel 14 Gel 15 

Hc / Hd (ref) 2.49 2.47 

NHa / NHb 2.85 2.50 

CH3 / Hc 4.24 n/a 

CH3 / Hd 4.11 n/a 

CH3 / NHa 4.03 n/a 

CH3 / NHb 4.31 n/a 

NHa / Hc 3.74 n/a 

NHa / Hd 3.58 n/a 

NHb / Hc 3.16 * 

NHb / Hd 3.40 * 
*Pairs of protons for which cross-peaks were observed only at mixing times longer than 0.25 s, thus 
preventing accurate calculations of distances. 
Table 2: Inter-molecular distances calculated from initial rates of NOE build-up curves 

with mixing time, using the Hc–Hd distance as reference. 

Conversely, the absence of cross-peaks between the alkylic –CH3 protons, the aromatic, 

the urea and the –OCH3 ones in gel 15 suggested a well-organised network in which the 

long aliphatic chains were positioned separately from aromatic and urea groups. Again, 
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this same arrangement was predicted by the molecular modelling studies (Figure 16 d). 

Finally, the absence of cross-peaks between NHa and Hc or Hd was also in agreement with 

the predicted good stacking of the aromatic rings in the 3D network of gel 15.  

The differences identified in the molecular level between gels 14 and 15 could also be 

correlated to their rheological properties. In fact gel 15, featuring well-aligned molecules, 

resulted in a stronger fibrous network, while gel 14, with its interlinked assembly, was 

found weaker. These results were also in accordance with what was observed in the ESEM 

images. 

As 1H–13C cross polarisation magic angle spinning (CP/MAS) experiments can probe rigid 

components of the gel samples, they were used here to study the molecular packing of the 

fibres. Surprisingly for “soft” samples, peaks were observed in 1H–13C CP/MAS NMR 

spectra of gels 14 and 15, even though the presence of high contents of solvent should have 

increased mobility and interfered with the efficiency of the polarisation transfer. Since 

powder X-ray diffractions studies revealed the gels to be amorphous without any residual 

undissolved material, the detection of peaks in 1H–13C CP/MAS spectra of the gels was 

considered indicative of a very rigid 3D fibrous network, with densely packed molecules as 

was predicted by molecular modelling studies. 

For gels 14 and 15 aliphatic carbons appeared as sharp resonances, while low intensity 

peaks were observed for the aromatic and carbonyl carbons (and –OCH3 carbon in gel 15) 

in the spectra acquired at 25 ºC and at 1 kHz MAS rate (Figure 18 a). Lowering the 

temperature to 15, 10, 5, 0 ºC enabled the collection of 1H–13C CP/MAS NMR spectra of 

frozen gel samples at higher MAS rates (Figure 18 b, g). As a consequence, better 

resolution was obtained for the aromatic and carbonyl carbons (and –OCH3 carbon in gel 

15) with spinning sidebands present in accordance with each specific MAS rate. No 

significant variations were observed for the aliphatic carbons and for the chemical shift 

values when the spectra were acquired at lower temperatures.  
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Figure 18: 1H–13C CP/MAS spectra of gel samples (60 mg mL–1 in DMSO-d6) acquired at 

a) 25 ºC at 1 kHz MAS rate; frozen gel samples acquired at b) 15 ºC, c) 10 ºC, d) 5 ºC at 1 

kHz MAS rate; frozen gel samples acquired at 0 ºC at e) 1 kHz, f) 4 kHz, g) 8 kHz MAS 

rates; h) reference solid powder acquired at 25 ºC at 10 kHz MAS rate for 14 and 15. Low-

resolution aromatic peaks are highlighted with triangles (Δ) and spinning sidebands with 

asterisks (*). 
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For comparison, NMR chemical shielding calculations were performed for the two lowest 

energy predicted crystal structures of gelators 14 and 15, using DFT calculations and the 

GIPAW130 methodology. The predicted 13C chemical shift values for the predicted 

structures were found to be in excellent agreement with the 13C chemical shift values 

observed for gel fibres (Figure 19), with root mean standard deviation (RMSD, predicted – 

observed) between 1.8 – 2.1 ppm for 14 and 1.4 – 1.8 ppm for 15. These deviations are as 

low as those seen in comparing observed 13C chemical shifts with those predicted for 

known single crystal structures of small organic molecules.131  

	  

Figure 19: Experimental 13C chemical shift values for frozen gels 14 and 15 acquired at  

0 ºC at MAS rate of 8 kHz vs. calculated values for the first and second lowest energy 

structures (LES) predicted with solid state DFT calculations. The lowest energy structure 

for gelators 14 and 15 correspond to that reported in Figure 16 a, d respectively. 

The 1H–13C CP/MAS NMR spectrum of frozen gel 14 acquired at a MAS rate of 8 kHz 

(Figure 18 g) presented a single peak per carbon, very clear in the aromatic region, 

indicative of one magnetic environment for each carbon. 

 
Peaks at 125.7 and 117.2 ppm resulted from overlapped resonances of carbons C2 and C6, 

and C3 and C5, respectively, as predicted by solid-state DFT calculations. The variation of 

chemical shifts between the reference solid powder 14 (Figure 18 h) and the resulting gel 
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suggested the molecular organisation of the gel fibres was very different from the reference 

solid powder, proving these materials were not solid precipitates of the original phases. 

In contrast to gel 14, frozen gel 15 acquired at MAS rate of 8 kHz (Figure 18 g) showed 

several peaks per carbon, indicating that the same carbon could experience different 

magnetic environments in different molecules. These results suggested the presence of 

multiple symmetrical independent molecules in the structure. Thus, the packing in the gel 

15 fibres could not be perfectly described by any one of the predicted crystal structures, 

since the molecular modelling studies were conducted considering only one molecule in 

the asymmetric unit. The similarity in chemical shifts of reference solid powder 15 (Figure 

18 h) and the resulting gel pointed towards a self-assembled network with a 3D 

organisation similar to that of the crystalline powder. 

Therefore, despite producing peaks on 1H–13C CP/MAS NMR spectra with a great 

agreement with the solid-state DFT calculations, the absence of a pattern in PXRD studies 

of these amorphous gels prevented exact determination of the structure of gels 14 and 15.  

The reported improvement in resolution and the presence of spinning sidebands at higher 

MAS rates indicated that the chemical shift anisotropy tensors for the aromatic and 

carbonyl carbons (and –OCH3 carbon in gel 15) were very significant, even in the gel state. 

These anisotropic contributions were not as evident for the aliphatic carbons.  

Solid state DFT calculations of NMR properties performed for the low energy predicted 

crystal structures for gels 14 and 15 confirmed that the anisotropy of the shielding tensors 

for the aromatic and carbonyl carbon atoms was much larger (in the range from 108 to 192 

ppm) than for the aliphatic carbons (in the range from 19 to 43 ppm), supporting the 

previous conclusions. The –OCH3 carbon in gel 15 was narrower than the aromatic 

carbons, but the peak sharpened as a result of spinning faster, in agreement with the 

calculated intermediate anisotropy of its shielding tensor (∼   70 ppm). This could also 

explain the poor resolution verified for the aromatic and carbonyl carbons (and –OCH3 

carbon in gel 15) in spectra acquired at 25 °C and MAS rate of 1 kHz, which was the 

consequence of a severe line broadening.  

2.7 Conclusions and future work 

After the optimisation of the chosen urea gelator’ scaffold, the aim of this work was to 

study the influence of the electron-withdrawing (–NO2) and electron-donating (–OCH3) 

head substituents on the gelation performance of this class of compounds. In fact, gel 

formation studies revealed the best candidate to be 4-methoxyphenyl urea gelator 15 
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(MGC = 5 mg mL–1), while its 4-nitrophenyl analogue performed worse (MGC = 20 mg 

mL–1). Interestingly, no other significant consequence on gelation were observed in the 

presence of a range of other head substituents, suggesting that their effect could go beyond, 

or perhaps mask, simple electronic phenomena. Remarkably, it was found that the sole 

addition of a methylene spacer between the urea and the benzene ring could cause a 

substantial improvement in the MGC value of 23 (5 mg mL–1) with respect to 14. The 

thermo-mechanical characterisation of selected gels showed Tgel values and solid-like 

rheological behaviour increasing in the order 14 < 15 < 24 < 23. Additionally, the rigidity 

of gels 14 and 15 was later confirmed by 1H–13C CP/MAS solid-state NMR.  

The results of crystal structure prediction calculations on gelators 14 and 15 showed that, 

rather than changes in the acidity of the urea group, it was the presence of strong 

competing interactions between the –NO2 head substituent and the urea behind differences 

observed in their gelation performance. In fact, the crystalline arrangements produced by 

the modelling studies and their molecular contacts detected by NOESY solution-state 

NMR suggested that gelator 15 had a tendency to align tails, urea groups, and aromatic 

rings in series. Conversely, such an ordered supramolecular assembly was not observed in 

gelator 14, due to the perturbing influence of the –NO2 on the formation of the urea tape 

motif.  

Finally, despite the limitations of molecular modelling studies on gels, when validated by 

solid-state NMR experiments, these showed a great potential in unravelling structure of 

supramolecular gels, suggesting likely motifs of intermolecular packing. 

In order to achieve a comprehensive explanation of the observed gelation results, future 

work should expand the reported modelling effort and its NMR validation. Calculations 

will have to be performed on the gelators presenting different head substituents (18–21) 

and on positional isomers of gelator 15 (30, 31) to understand how they influence the 

supramolecular packing, as found for 14 and 15. Additionally, an improved computational 

methodology would have to be devised in order to be able to theoretically study the 

interactions between more flexible molecules, thus clarifying the discussed differences 

between phenyl (14, 15) and benzyl (23, 24) analogues. Finally, it would be really 

interesting to characterise the bi-component gels, on which only gel formation studies were 

performed due to limited access to technical instrumentation together with time and 

economic constraints. 
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Chapter 3:  Initial approach to the detection of 

nerve agent GD via perturbation of 

supramolecular gel formation 

 

Part of the results detailed in this chapter have been previously published as:  

“Hiscock, J. R.; Piana, F.; Sambrook, M. R.; Wells, N. J.; Clark, A. J.; Vincent, J. C.; 

Busschaert, N.; Brown, R. C. D.; Gale, P. A. Detection of Nerve Agent via Perturbation of 

Supramolecular Gel Formation. Chem. Commun. 2013, 49, 9119–9121.” 

Copyright permissions can be found in the Appendix. 

 

3.1 Background and aims of the chapter 

The work outlined in this chapter describes a new potential application of supramolecular 

gels able to respond to neutral organophosphorus species via non-covalent interactions. 

The systems discussed were indeed observed to express sensing capability towards 

organophosphorus compounds by means of supramolecular weak interactions only (no 

reactions occurred between host and guest), validating the original hypothesis and thus 

developing a new potential OPCWAs detection system. In this study, the 

organophosphorus species investigated were OPCWA GD and its less toxic simulant 

DMMP, shown below. 

 
Over the past decade the potential use of stimuli-responsive supramolecular gels as sensors 

has sparked great interest in the scientific community and there is still a continuous effort 

trying to exploit them in real life applications.1,132 

Over the years, our group’s interest in anion binding has led to the design of several urea-

based molecules able to bind phosphates, among other anions.133–137 As a natural 

consequence, this expertise was used as starting point for the development of a new class 
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of sensors for OPCWAs. However, in fundamental contrast with the past, the urea-based 

hosts detailed in this work were required to interact with neutral guests rather than ionic 

ones. This requirement was a source of additional challenges due to the loss of long-range, 

strong electrostatic interactions involving a formally charged species. Therefore, the list of 

association driving forces that could be taken advantage of was limited to weaker forces 

such as the hydrophobic effect, induced dipoles, π-π interactions and hydrogen bonding. 

Unfortunately, this list was shortened further as G-agents (see 1.4) do not express a wide 

variety of functionalities expected to participate in non-covalent interactions. In fact, such 

guests were only able to express hydrophobic effect and/or hydrogen bonds, through the 

alkyl side chain and the P=O double bond respectively.138 In this rather constrained 

context, the ability of the polarised oxygen to act as an acceptor of hydrogen bonds, 

establishing favourable interactions with donor groups such as amides, was particularly 

investigated.  

A previous collaboration between our group and Dstl showed encouraging results when 

diindolylurea-based receptors 3.2–3.5 were found able to form complexes with GD in 

organic solutions. The study indicated that hydrogen bond interactions with nerve agents 

could indeed be successfully established and the affinity between host and guest molecules 

was shown to increase with the number of hydrogen bond donor sites.139  

 
Building on this, Martínez-Máñez’s and our group also reported the use of 3.1–3.4 as 

organocatalysts for the hydrolysis of some OPCWAs simulants, via formation of hydrogen 

bond host-guest complexes.140 As a direct consequence of these studies, which showed the 

remarkable potential for exploiting such interactions in the recognition and deactivation of 

nerve agents, this project was started. 

In this work, the previously documented molecular phenomenon was scaled up to a 

material level. Knowing that a hydrogen bond network holds urea-based supramolecular 

gels together, it was thought worthy to investigate if those interactions, previously 

observed in solution, were retained in the gel phase and therefore could be used to develop 

new sensors for such interesting organophosphorus compounds. In fact, it was postulated 

that the formation of hydrogen bonds between the P-containing guest and the gelator 
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containing urea functionalities could disrupt the pre-existent hydrogen bond gel network, 

perhaps causing a visual response such as a gel-sol phase change. 

In the past Hanabusa,21,94,95 Feringa and Kellogg22,23,26,30,35 extensively explored how urea 

gelators could self-aggregate in extended one-dimensional arrays sustained by hydrogen 

bond interactions, and they exploited this knowledge in designing many new gelators. 

Three out of four gelators tested in this chapter and some experimental procedures were, in 

fact, direct products of the pioneering work of these research groups. Being able to focus 

on such well-known systems allowed an easier observation and evaluation of the sensing 

phenomenon to be investigated.  

3.2 Synthesis of the gelators 

Four gelators 32–35 were synthesised by reaction between either benzyl or hexyl 

isocyanate and various amines in dichloromethane (see 5.1). This resulted in the synthesis 

of two bis(urea) gelators with C6 and C9 methylene spacers and two gelators with three 

urea groups appended from a tripodal scaffold. The urea-products precipitated as white 

solids and were isolated in good yields (84–94%). Gelators 32–34 were already known to 

be potent gelators for some organic solvents22 and therefore they were re-made in order to 

test their suitability for the sensing application being investigated. Similarly, gelator 35 

was originally synthesized in our group for a different purpose, as transmembrane anion 

transporter. Since analogous derivatives were already known to be good gelators, 35 was 

investigated due to its foreseen interesting structural features, derived from its tripodal 

nature and its aliphatic side chains.35 

 

3.3 Gel formation studies and in situ gelation 

Gel formation studies (see 5.2.1) were carried out with gelators 32–35 at four different 

gelation concentrations (20, 15, 10, 5 mg mL–1) in different solvents. The full set of results 

is reported in Appendix B. 

Gel formation tests were treated as a preliminary screening tool to explore the gelation 

ability of the gelator candidates and therefore show which systems should be studied in 

greater detail. Gelators unable to deliver satisfactory gelation performances were discarded 
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as a consequence of these tests. For example, gelator 32 was found to be the worst among 

the candidates investigated in this project, since it was observed to gelate only in tetralin, 

and therefore it was abandoned at this early stage. On the contrary, gelators 33–35 were 

able to gelate in a considerably wider variety of solvents. It was also observed that the only 

common gelation solvents between gelators 33–35 were tetralin and toluene, which were 

therefore used to obtain their MGC values (Table 3). Toluene was then chosen as solvent 

to test the sensing ability of these molecules. 

MGC (mg mL–1) 

Solvent Gelator 33 Gelator 34 Gelator 35 

Toluene 10 15 15 

Tetralin 5 15 10 

Table 3: MGC values for gelators 33–35 in toluene and tetralin. 

Lower MGC values were obtained when gels 33–35 were prepared in situ (see 5.2.1) in 

toluene at room temperature. When compared to previous results (Table 3), gelators 34 

and 35 showed ability to gelate in situ at a MGC as low as 5 mg mL–1, while gelator 33 

performed similarly, regardless of the gelation procedure. The full set of results is reported 

in Appendix B. In situ gelation followed an established procedure developed for the first 

time by Hanabusa et al.94,95 The in situ approach allows the reaction to synthesise the 

gelator molecule and the formation of the gel to occur simultaneously. This results in the 

reduction of the duration of the sol-gel phase change from tens of minutes to an almost 

instantaneous transformation. It is accepted that instant gelation indicates that the energy 

barrier to solubilisation and self-assembly is very low and therefore the gel state is more 

likely to be accessed even at room temperature. In fact, dissolution is required of a 

powdered gelator in order to gelate in an organic solvent, so that all the interactions present 

in the solid state can be broken using the energy provided by heating. Only at this point, 

free molecules dispersed in the solvent can start to self-organize in nano-fibres due to a 

metastable and delicate balance of poor solubility and non-covalent interactions. The 

dissolution and therefore the heating are not required when gelation occurs in situ since 

gelators are never in the solid form.76,94  

Clearly, instant gelation achievable at room temperature represented a convenient feature 

worth pursuing for the perspective application of these sensing materials, ideally designed 

to return a fast and unambiguous response that could be appreciated with the naked eye.  
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3.4 Gel perturbation tests  

As stated above, the in situ gelation approach yielded instant gelation at room temperature 

for candidates 33–35. To study the potential sensing ability of the obtained gels further 

experiments were devised, specifically designed to assess the impact of guest molecules on 

the in situ gelation process. Due to the risks involved in handling nerve agents all tests with 

GD were performed at Dstl by specialised personnel and all the proof of concept studies 

and their optimization had to be performed using a less toxic simulant (i.e. DMMP in place 

of GD). Following a reverse logic than that used for the in situ gelation studies, these tests 

were named “perturbation tests”. Their aim was to monitor either delay or total suppression 

of the gelation process as a consequence of the guest addition (Figure 20). 

	  

Figure 20: Schematic representation of the tests carried out. 

In theory, the organophosphorus compounds should interfere or prevent the formation of 

interactions between the gelator molecules, establishing competitive hydrogen bonds, thus 

perturbing their assembly into a gel network. In principle, the ideal sensing system should 

consist in the most efficient gel (i.e. lowest MGC) being able to be perturbed by the lowest 

amount of nerve agent in a reasonable time frame, here set at 10 minutes. In specific terms 
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of sensitivity, this means that the sol-gel transition of the sensing material should be 

perturbed in the presence of the smallest guest to gelator ratio. 

DMMP was systematically added to either the amine or isocyanate solutions in 0.100, 

0.050, 0.025 or 0.010 mL aliquots before being mixed with an equal volume of the second 

precursor (see 5.2.2). The experiments were always repeated twice and the results were 

found in good agreement. The full set of results is reported in Appendix B. 

The experiments did indeed show perturbation of the gel formation in the presence of 

DMMP. In most cases, the addition of DMMP to either one of the gel precursors solutions 

extended the time required for the gel to form. Additionally, higher amounts were observed 

to yield longer delays in gel formation. It was also noticed that in the presence of DMMP, 

candidates with lower MGC values were more perturbed, probably due to a more 

favourable DMMP to gelator ratio. In general, the combination of lowest MGCs and 

highest amounts of simulant led to longest gelation delays, as expected. Gelator 34 was 

found the least affected by the presence of DMMP in fact, when tested at lower 

concentrations (10, 5 mg mL–1) and in the presence of the largest aliquots of DMMP 

(0.100, 0.050 mL), it resulted in instantaneous partial gel formation. This meant that a full 

suppression of the sol-gel transition was not achieved within the time constraints of the 

tests (10 min). The total absence of delay for 34 in the presence of the organophosphorus 

guest appeared to be closely related to its bis(urea) structure. Supporting this, the gel 

formation of its tris(urea) analogue 33, at concentration as low as 10 mg mL–1, was found 

perturbed to a much greater extent, as delayed by over three minutes in the presence of 

0.100 mL DMMP. Furthermore, gel formation of tris(urea) gelator 35 was perturbed even 

more significantly than 33.  

The formation of gel 35 (5 mg mL–1) was delayed by almost four minutes upon the 

addition of only 0.010 mL DMMP (corresponding to 10 equivalents of guest to gelator). 

Upon addition of 0.100 mL DMMP under the same conditions gel formation did not occur 

at all, while gelation was almost instantaneous in the absence of DMMP. 

Gelator 35 (5 mg mL–1) and 0.100 mL DMMP (corresponding to 100 equivalents of guest 

to gelator) represented the system that better matched the requirements originally 

formulated for a fast and clear on-off responsive material. In other words, although 0.100 

mL was not the lowest amount of DMMP able to perturb the formation of gel 35, it was 

nevertheless selected as the best condition. In fact it caused total suppression of gelation, 

thus minimising the risk of ambiguous results due to potentially inconsistent responses of 

the material in the time frame of 10 minutes.  
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After being proved effective, evidence in support of the formulated hypothesis of a fully 

non-covalent sensing material was required and therefore 31P-{1H} NMR experiments were 

performed. Results confirmed that no reaction occurred after 10 minutes between either the 

tris(2-aminoethyl)amine or hexyl isocyanate and the DMMP (Figure 21). This 

experimentally reinforced that the mechanism of perturbation, and therefore the basis of 

the sensing capabilities of these gel systems, was indeed ascribable to non-covalent 

supramolecular interactions only. 

 

Figure 21: 31P-{1H} NMR spectra of DMMP in toluene (externally locked to D2O) alone 

and in the presence of the precursors solutions for gel 35 (5 mg mL–1).  

As explained before, the experiments with the simulant DMMP were instrumental in 

selecting the most suitable candidate to be tested with the nerve agent guest. The in situ 

formation of gel 35 in toluene from its precursors was tested at the Dstl in the presence of 

the G-agent GD.  

Gel 35 (10, 5 mg mL–1) was tested in the presence of 0.025 and 0.010 mL of GD, 

corresponding to the lowest aliquots of DMMP used in the previous tests carried out (see 

5.2.2). Interestingly, GD was found to be more effective than DMMP in perturbing the gel 

formation. With the lowest gel concentration tested (5 mg mL–1) no gelation was observed 

in the presence of both 0.025 and 0.010 mL of GD after 10 minutes. Delays in gel 

formation of 1.5 and 5 minutes were observed with higher gel concentration (10 mg mL–1) 

upon addition of 0.010 and 0.025 mL of GD respectively (Figure 22). The full set of 

results is reported in Appendix B. 
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Figure 22: Time required for gel formation to occur for gelator 35 in the presence of GD 

(0.010, 0.025 mL). 

Even in this case, 31P-{1H} NMR experiments confirmed that no reaction occurred after 10 

minutes between either the tris(2-aminoethyl)amine or hexyl isocyanate and GD (Figure 

23). 

Interestingly, significantly lower concentrations of GD (6 equivalents of guest to gelator) 

compared to DMMP (100 equivalents of guest to gelator) were required to perturb gelation 

of 35 (5 mg mL–1). This was probably due to the higher degree of polarity of GD, when 

compared to DMMP, potentially resulting in stronger hydrogen bond interactions. 

Moreover, the fluorine group of GD itself constituted an additional hydrogen bond 

acceptor site available for interactions with the gelator molecules, although such 

interactions were probably weaker and less likely to happen than the one between the urea 

protons and the phosphoryl group.141 However it has to be considered that, since no inert 

atmosphere was ever used, also small quantities of fluoride could generate from the partial 

hydrolysis of GD, which could perturb the hydrogen bond network. Finally, the bulky alkyl 

side chain of GD (absent in DMMP) could perhaps interfere with the supramolecular 

arrangement and packing that precedes gelation, due to its steric hindrance. 
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Figure 23: 31P-{1H} NMR spectra of GD in toluene-d8 alone and in the presence of the 

precursors solutions for gel 35 (10 mg mL–1). Spectra were recorded 10 minutes after the 

solutions were dosed with GD. 

3.5 Scanning electron microscopy (SEM)  

SEM was used to asses the morphology of xerogel 35, obtained from its corresponding 

toluene gel, which was shown to be the most promising system in this study (see 5.2.7). A 

xerogel with a rather well-defined branching fibrillar network structure was observed for 

35 (Figure 24), which Smith et al. have previously related to the presence of the most 

stable gel phase assembly (thermodynamic product).142  

	  

Figure 24: SEM images of xerogel 35 at a) 10000x magnification; b) 22000x 

magnification. 

a) b) 
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3.6 Conclusions and future work  

This chapter reported how the formation of supramolecular gels containing multiple urea 

groups could be influenced by the presence of either the G-agent GD or its simulant 

DMMP. It was proposed that the guest-stimulated response was caused by the perturbation 

of hydrogen bond interactions between the gelator molecules, due to the competitive 

binding tendency of the phosphoryl group shared by both guests. Evidence of the absence 

of chemical reactions was collected with 31P-{1H} NMR. After the promising results with 

DMMP, gel 35 (5 mg mL–1 in toluene) was found able to respond with complete 

suppression of its gelation (up to 10 min delay) in the presence of as little as 0.010 mL GD, 

corresponding to the remarkable guest / gelator ratio of 6.  

In an effort to better understand the effects of the supramolecular interactions between 

neutral organophosphorus guests and urea-based gelators on the gel network, potentially 

opening the way to new strategies in sensors design, further studies will be detailed in the 

next chapter on structurally similar gelator molecules. 

Further work could be towards testing of similar supramolecular systems with different 

OPCWAs, possibly developing materials with a selective response for different classes of 

nerve agents. Additionally, in order to exploit this fundamental study in a technological 

application certain aspects would need to be optimised. Firstly, a reduced response time in 

the presence of the analyte would be required together with the ability to cope with 

environmental variables without loosing their properties (e.g. moisture). Secondly, it would 

be preferred to use a less toxic solvent (ideally water) being able to produce larger amounts 

of gel material, more compatible with the potential needs of a field application. 
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Chapter 4:  Understanding the effects of 

organophosphorus guests on supramolecular gels 

 

Part of the results detailed in this chapter have been previously published as:  

“Piana, F.; Facciotti, M.; Pileio, G.; Hiscock, J. R.; Van Rossom, W.; Brown, R. C. D.; 

Gale, P. A. Organophosphorus Chemical Warfare Agent Simulant DMMP Promotes 

Structural Reinforcement of Urea-Based Chiral Supramolecular Gels. RSC Adv. 2015, 5, 

12287–12292.” 

Copyright permissions can be found in the Appendix. 

 

4.1 Background and aims of the chapter 

The history of the development and use of chemical warfare agents is well documented in 

the literature and a significant body of understanding of their physical properties and 

chemical reactivity has been built.84,143 Most of the knowledge of their covalent chemistry, 

beyond the synthetic routes for their preparation, was built through the development of 

their formulations or decontamination and detoxification strategies.144 Despite this rather 

vast background on the physical and chemical properties of these compounds, there is still 

a lack of available data on their supramolecular characteristics.138 Knowledge of their non-

covalent chemistry, and how they can interact with certain hosts, could potentially lead to 

the development of new molecular systems capable of exploiting these interactions 

(Chapter 3). Moreover, their supramolecular characterisation could provide additional 

ways, other than chemical reactivity, in order to minimise or even eliminate risks possibly 

related to harmful consequences of reacting chemical warfare agents.  

More generally, supramolecular interactions can be roughly divided in two major groups 

(although clear boundaries do not really exist), as complexation events can lead to the 

modification of either the host’s or the guest’s structure, thus causing different responses. 

For example, the perturbation of the host’s structure can be used for the detection of target 

guest analytes in stimuli-responsive materials, while complexation events that perturb the 

guest’s molecular structure can be used, for example, in catalysis and/or agent 
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sequestration processes (Figure 25).138 Certainly, the work described in the previous 

chapter represents an explicit example of the first family, host perturbation, which showed 

how supramolecular chemistry could be used for OPCWAs’ sensing. 

	  

Figure 25: Schematic representation of the two possible subsets of supramolecular 

interactions. 

The following work was undertaken to address the previously discussed lack of 

understanding of the supramolecular properties of this class of compounds, and in an effort 

to clarify how they could influence physical and chemical properties of urea-based gels. 

Specifically, the goal was to pinpoint the effects of the presence of neutral 

organophosphate molecules such as DMMP on some selected bis/tris(urea)-based gel 

networks. 

As described in 1.1.2, gels are hierarchical self-assembled materials constituted of 

molecular building blocks able to self-assemble through controlled non-covalent 

interactions. This assembly can result in a molecular-scale fibrillar structure, which can in 

turn bundle into nano-scale fibres. These fibres can then interact at the macro-scale level, 

giving rise to an entangled network that prevents the flow of the bulk solvent. It is this 

latter phenomenon that causes the observed gel-type macroscopic behaviour of the 

material.76 As consequence of their hierarchical nature, gels can be characterised following 

a top-down methodology, which aims to study different features at various length scales. 

This same approach, used in the study of the “anatomy of gels”,2 was applied in this work 

with the aim of gaining the best possible insight on how the OPCWA simulant DMMP 

interacts with urea-based supramolecular gels (Figure 26). 
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Figure 26: Top-down methodology for the characterisation of supramolecular gels listing 

the techniques used in this work. 

4.2 Synthesis of the gelators 

Three enantiomerically pure (R,R) urea-based gelators 36–38 were used to investigate the 

interactions between their gels and DMMP. They were synthesised in dichloromethane by 

reaction of (R)-(–)-1-(1-naphthyl)ethyl isocyanate with hexamethylendiamine, 1,9-

diaminononane and tris(2-aminoethyl)amine respectively (see 5.1). Products were isolated 

as white solids in good yields (80–87%). 

 
Notably, the molecular structure of 36–38 was very similar to some other gelators studied 

extensively by Steed et al.102,121 As in the previous chapter, optimising a performing 

gelator with all the desired structural features was not central to the scope of this study and 

it was decided to closely mimic known gelators. As a consequence, educated gelation 

predictions could be made taking advantage of the pre-existing knowledge in the literature. 

In doing so, it was possible to focus all the attention towards the study of their interactions 
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with DMMP. Steed et al. reported many interesting observations on such similar molecular 

systems,102,121 which inspired gelators 36–38.  

Firstly, the presence of even numbered all trans alkyl spacer was found able to be able to 

promote gelation in a wide variety of solvents, while the presence of odd numbered spacer 

did not yield any gels. Further crystallographic investigations were able to provide an 

explanation of this observed phenomenon, as the expected six membered urea tape motif 

was indeed found to be the driving force for crystal growth in all systems. For this reason, 

the direct consequence of having even or odd spacers was shown to be the formation of 

antiparallel or co-aligned urea tapes respectively, with the latter inducing the formation of 

a polar and chiral lattice (and no gels).  

Secondly, in an effort to hinder crystallisation, a chiral napthylethyl substituent was also 

included. In fact, non racemic chiral systems are known to crystallise less easily than their 

racemic or achiral analogues because of the limitations on the possible space group 

symmetry caused by the asymmetric centre.145 

Their experimental results led to the conclusion that a much larger influence on gelation 

was expressed by the length of the spacer, influencing the symmetry of the urea tape, 

rather than poor crystallinity and 3D packing, a consequence of the chirality. In fact, 

antiparallel urea hydrogen bonded chains were related to good gelation results, normally 

shared by tris(urea)s.26,146 

This study also included in situ gelation experiments that introduced some differences in 

the behaviour of gelators previously reported. Therefore, some conclusions in the literature 

were questioned again. As a consequence, gelators 36–38 included both even (C6) and odd 

(C9) numbered methylene spacers together with a tripodal scaffold and a chiral, bulky and 

fluorescent naphthyl group. Exploring such molecular structures, rich in many different 

features, was ideal for using a range of instrumental techniques, necessary to obtain as 

much information as possible on their interactions with DMMP. 

4.3 Macroscopic level characterisation 

4.3.1 Gel formation studies and in situ gelation 

As discussed in the previous chapter, gel formation studies were carried out, initially as a 

screening tool, to gain a general understanding on the gelation behaviour of 36–38. They 

were tested in a wide variety of solvents at four different concentrations (20, 15, 10, 5 mg 

mL–1) and their MGC values obtained (Table 4). The experimental procedure, the list of 
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solvents used and explanation on how to interpret the tests outcomes are detailed elsewhere 

(see 5.2.1).  

 MGC (mg mL–1) 

Solvent Gelator 36 Gelator 37 Gelator 38 

Tetralin 20 10 15 

Chloroform 5 5 insoluble 

Dichloromethane 5 5 insoluble 

Table 4: MGC values for gelators 36–38 obtained in gel formation studies. 

Gelator 37 was found to be the most effective system, gelating in the largest number of 

solvents. Conversely, gelator 38 was only found to gelate in tetralin and only at a 

concentration above 15 mg mL–1. It was also observed that the only gelation solvent in 

common between the three systems was tetralin, henceforth it was used across all 

comparative studies. The full set of results for gel formation studies is reported in 

Appendix C. 

Since gelators 34 and 35 (Chapter 3) showed ability to gelate in situ94,95 at a lower MGC 

compared to the correspondent gel formation studies, it was decided to shift the gelation 

concentration range for gelators 36–38 towards even lower values (MGC ≤ 5 mg mL–1).	  

In situ MGC (mg mL–1) 

Gelator Gel concentration Solvent 

36 5 3.5   2.5b* 1.5 

Tetralin 37 5 3.5 2.5   1.5b* 

38 5   3.5b* 2.5 – 

Table 5: List of in situ gelation conditions highlighting MGC values for gelators 36–38. 

Consequently, gelators 36–38 were gelated in situ (see 5.2.1) in tetralin at 5, 3.5, 2.5, 1.5 

mg mL–1 and the correspondent MGC values were obtained (Table 5). The full set of 

results is reported in Appendix C. 

Gelator 37, which was previously found to gelate in the largest number of solvents, was 

confirmed to be the most efficient gelator among the three investigated in tetralin, having 

the lowest MGC (1.5 mg mL–1). Similarly, reinforcing the trend from gel formation 

studies, gelator 38 was the worst while gelator 36 showed again an intermediate behaviour. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
b*These values were previously published as 2.3, 1.7, 3.7 mg mL–1. 
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Surprisingly, in contrast to the previously discussed study by Steed et al., gelator 37 

performed better than 36, despite the presence of odd and even numbered methylene 

spacers respectively, which should have determined the opposite outcome. 

The results for these systems confirmed that the in situ gelation approach could generally 

lead to lower MGCs (Chapter 3), which made use of this method even more convenient 

and efficient. Remarkably, being able to obviate the heating-dissolution process, gelation 

was also faster and achievable at room temperature. 

Now, it is important to reiterate that 36–38 were gels expected to express supramolecular 

chirality since they were generated from (R,R) enantiomerically pure gelators. 

Supramolecular chirality is not only dependent on the chirality of the molecules, but also 

largely on the spatial arrangements of the molecular components.  

In the case of a gel purely composed of chiral gelators, chiral characteristics (e.g. chiral 

twists, tubes…) are known to be induced on their self-assembled aggregates by the 

asymmetric building blocks through non-covalent interactions, during the assembly 

process.147 Conversely when it comes to racemic gelators, there are several possible 

outcomes that could be expected.  

Smith et al. observed that gelation of racemic mixtures of gelators could be suppressed and 

the thermal stability of the gels formed significantly reduced. They found out that this 

behaviour at the macroscopic level was a consequence of a molecular scale phenomenon. 

In fact, circular dichroism (CD) spectroscopy results revealed that the addition of even a 

small amount of one of the two enantiomers to the other’s assembly could influence 

gelation. Additionally, the fibres observed with an electron microscope for the racemic 

systems were significantly wider and less entangled than those observed for individual 

enantiomers.148,149  

Perhaps surprisingly, Žinić et al. reported the unusual case of a racemic gel performing 

significantly better in toluene than its enantiomerically pure counterpart. To explain this, 

the racemate was hypothesised to self-assemble in two distinct fashions. Firstly, in the 

form of symmetric meso bilayers, consisting of one S and one R counterpart, characterised 

by instability and tendency to crystallise. Secondly, in form of enantiomeric bilayers with a 

stability comparable to (or even better than) the enantiomerically pure system. It was the 

occurrence of this second arrangement that was postulated to be the reason of the observed 

peculiar behaviour.150  

Similarly, in different work, Smith et al. reported an example of mixtures of peptide 

enantiomers where the two components could only “recognise themselves”. The self-

assembly process was shown to take place with the two enantiomers “ignoring” one 
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another. In this case, the molecular recognition pathway that led to the supramolecular gel 

was based on inter-molecular hydrogen bonds patterns between the peptides. In support of 

this, they proved that by adding the diastereomeric mixture to one of the two enantiomers 

gelation was prevented. In this case, the self-organisation could not take place because 

only partial molecular recognition processes could occur between the different building 

blocks. In fact, when the opposite chiral head group of the diastereomer happened to be 

inserted, the self-assembly process stopped, resulting in a mismatch of hydrogen bonds 

patterns and thus preventing gelation.151 

Building upon this knowledge, it was considered worthwhile to investigate if having either 

enantiomerically pure or mixed stereoisomeric building blocks could have led to a different 

response of the gels to the presence of the simulant DMMP. 

Therefore gels 39–41, stereoisomeric mixture analogues of (R,R) gels 36–38, were also 

prepared in situ in tetralin (see 5.2.1). The same amines were used as precursors while (±)-

1-(1-naphtyl)ethyl isocyanate was used instead of (R)-(–)-1-(1-naphthyl)ethyl isocyanate 

(Table 6).  

Gel Amine Isocyanate 

36 hexamethylendiamine 

(R)-(–)-1-(1-naphthyl)ethyl isocyanate 37 1,9-diaminononane 

38 tris(2-aminoethyl)amine 

39 hexamethylendiamine 

(±)-1-(1-naphtyl)ethyl isocyanate 40 1,9-diaminononane 

41 tris(2-aminoethyl)amine 

Table 6: Overview of the precursors for in situ gels 36–41. 

 
In order to verify if both enantiomerically pure and mixed stereoisomeric gels shared the 

same MGC values, in situ gelation was performed on the latter ones under the same 

conditions used previously (Table 5). At first, gels 39–41 were prepared at a concentration 

of 5 mg mL–1 and also at the MGC value found for their corresponding enantiomerically 
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pure systems. Results confirmed that there were no significant differences in MGC values 

between the pairs of analogues. Again, in situ gelation occurred almost instantaneously 

both at 5 mg mL–1 and at the MGC. The full set of results for in situ gelation is reported in 

Appendix C. 

4.3.2 Gel perturbation tests 

Gel perturbation tests were devised in the previous chapter, to assess the sensing ability of 

gels 33–35. As previously discussed, they were used to monitor either the delay or the total 

suppression of the gelation process due to the presence of DMMP and GD, using gelation 

as a visual response (see 3.4). Here, to study the effect of the presence of DMMP on the 

gel network, the formation of a stable gel was essential. Consequently, gel perturbation 

tests were used to define the maximum amount of DMMP that gels 36–41 (in tetralin) 

could tolerate before gelation was totally suppressed. In practice, the amount of DMMP 

had to be optimised in order to express maximum interactions with the gel network without 

disrupting it. For this purpose, DMMP was added in different amounts (1.0 µL, 2.5 µL, 5.0 

µL, 0.010 mL, 0.025 mL, 0.050 mL, 0.100 mL) to either of the reagent solutions (see 

5.2.2). The gel concentrations used were again 5 mg mL–1 and the MGC of each of the 

gelators investigated. Notably, smaller volumes of DMMP were used here compared to the 

previous chapter. In fact, 36–41 were found to be able to gelate at much lower MGC values 

than 33–35, therefore the guest / gelator ratio could have been potentially unfavourable. 

The full set of results for gel perturbation tests is reported in Appendix C. 

Gel MGC (mg mL–1) DMMP (mL) DMMP:gelator (eq) Delay in gel formation (s) 

36 2.5 

0.010 

19:1 0 

37 1.5 35:1 0 

38 

39 

40 

41 

3.5 20:1 20 

2.5 19:1 n/a (>600) 

1.5 35:1 150 

3.5 20:1 n/a (>600) 

Table 7: Effects of the presence of 0.010 mL DMMP on 36–41 gelation times.  

Remarkably, as a consequence of the optimisation driven by perturbation tests, it was 

possible to form stable gels with DMMP to gelator ratios between 19 and 35, thus 

maximizing the chances of instrumental detectability of their interactions (Table 7). 
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Although gels were found to be stable even with lower amounts, 0.010 mL of DMMP was 

chosen as the preferred volume in order to maximise the chances of observing host/guest 

interactions. Higher amounts of DMMP tested, perturbed the gel formation to a much 

greater extent and therefore they were abandoned as unsuitable for the scope of this work.  

Upon addition of 0.010 mL of DMMP, gels 36–38 exhibited no significant delay in gel 

formation. Conversely, gels 39–41 were more greatly affected by the presence of DMMP. 

Considering that all six gels formed immediately when their precursors were mixed 

together, it was clear that the mixed stereoisomeric gels were considerably weaker and less 

stable in the presence of DMMP when compared to their enantiomerically pure analogues. 

Additionally, reinforcing the previously reported unexpected gelation performance of gel 

37 (featuring odd numbered methylene spacers), this system was also found to be the one 

that could more easily tolerate the presence of the organophosphorus guest (DMMP / 

gelator = 35). Even its corresponding mixed stereoisomeric gel 40 proved to be superior to 

all other mixture. In fact, it was the only mixed stereoisomeric system able to gelate in the 

presence of DMMP, albeit after a rather long delay. 

4.3.3 Differential scanning calorimetry (DSC) 

The thermal characterisation of gels 36–41 in tetralin was performed to obtain their gel-sol 

transition temperature (Tgel). To reiterate, this temperature is characteristic of the material 

and reflects its structural stability. It corresponds to the temperature at which the gel looses 

its structural integrity152 as at this point, only small aggregatesc*unable to sustain the 

network remain.15 Consequently, Tgel could be monitored to determine the effect of guest 

molecules (i.e. DMMP) on the network connectivity.  

Each gel sample underwent a heating-cooling-heating cycle, even though thermal events 

for all gels were later found to be present only in the first heating ramp, possibly due to 

incomplete sealing of the aluminium pans (see 5.2.3). 

The first heating ramp of each of the DSC traces of gels 36–38 was observed to feature up 

to three main events (Figure 28): Tgel ∼ 110 ºC, degradation of gelator ∼ 200 ºC (see m.p. 

of gelators 36–38 in 5.1.2) and evaporation of tetralin ∼ 230 ºC (Figure 27). The full set of 

results is reported in Appendix C. 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
c*When all the aggregates are completely dissolved in the solvent, the temperature reached is 
instead the Tm (melting point of the gel). 
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Figure 27: DSC trace of tetralin. 

	  

Figure 28: DSC trace of gel 37 in tetralin. 

Interestingly, in two out of three cases it was not possible to identify the Tgel transition for 

mixed stereoisomeric gels 39–41, thus eliminating the most prominent means of 

comparison with their enantiomerically pure analogues in the presence of DMMP. This 

fact was probably due to their early thermal degradation compared to their 

enantiomerically pure counterparts, which yielded rather featureless DSC traces for mixed 
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stereoisomeric samples (Figure 29). Given the difficulty in determining their Tgel values, 

together with the much poorer results shown by mixed stereoisomeric gels in the 

perturbation tests with DMMP, these systems were discarded.  

	  

Figure 29: DSC trace of gel 40 in tetralin. 

Notably, small typically amber-coloured residues were found in the DSC pans after the 

measurements of 36–38. For completeness, thermogravimetric analyses (see 5.2.4) were 

performed on enantiomerically pure gels 36–38 in order to understand how these residues 

compared to the original mass of the gels.  
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Figure 30: Comparison between thermogravimetric traces of gels 36–38. 

Additionally, this allowed checking whether heating alone could promote substantial 

volatilisation of the gels. An almost total weight loss (> 99%) was experienced by all 

samples (Figure 30) as a consequence of heating in the absence of physical barriers to 

volatilisation, assumed to be present in properly sealed pans (not used in 

thermogravimetric analyses), thus explaining the lack of thermal events during the cooling 

and the second heating ramp in DSC measurements. 

A comparison between the Tgel values for gels 36–38 together with the effects of the 

presence of 0.010 mL of DMMP was performed (Figure 31). Interestingly, it was observed 

that not all the gels responded in the same way to the presence of the organophosphorus 

guest. Both gels 36 and 38 showed a very limited variation of the Tgel transition maximum 

(< 10 ºC). A significant improvement in thermal stability and therefore strength of the 

network was observed for gel 37, which experienced a 26 ºC increase in the Tgel. 

Apparently, gel 37 seemed not only able to tolerate higher amounts of DMMP in its 

network (see 4.3.2) but even to be reinforced to some extent. 
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Figure 31: Comparison of the variations of Tgel in the presence and absence of DMMP for 

gels 36–38. 

In order to verify if even lower amounts of guest could induce the enhancement in thermal 

stability observed for gel 37, Tgel values in the presence of 2.5 and 5.0 µL of DMMP were 

measured. However, no substantial differences in the Tgel value were observed (Figure 32).	  

	  

Figure 32: Comparison of the variations of Tgel in the presence and absence of DMMP for 

gel 37, showing a shift only upon addition of 0.010 mL. 
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4.3.4 Rheology of gels 

It was previously mentioned that the thermal stability enhancement could manifest together 

with a strengthening of the gel network in the presence of DMMP. To test the hypothesised 

reinforcement, a series of rheological tests were performed on gels 36–38 in tetralin in 

order to study their mechanical properties in the presence and absence of 0.010 mL of 

DMMP (see 5.2.5). Storage (G′) and loss (G″) moduli were calculated for all gels and from 

their values it could be seen how all materials were characterised by a solid-like behaviour. 

In fact, G′ always presented larger values than G″ by at least an order of magnitude and 

both were also found to be consistently parallel to each other.113 Initially, frequency sweep 

rheometry results showed that the presence of DMMP had an effect only on the moduli G′ 

and G″ of gels 36 and 38, although opposite in nature (Figure 33). It was noteworthy that 

the highest G′– G″ pair of values was that of gel 37. 

The gels investigated expressed behaviour very close to that of elastic solids, as shown by 

oscillation sweep experimental results (Figure 34). The phase angle δ, which measures the 

strain delay as a consequence of an applied stress, was found to have values around 3º that 

are comparable to the ideal elastic solid (δ = 0º). 

	  

Figure 33: Frequency sweep rheometry in the presence and absence of DMMP for gels 

36–38, showing G′ and G″. 
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Figure 34: Stress sweep rheometry of gels 36–38 in the presence and absence of DMMP, 

showing average phase angle. 

Moreover, δ did not appear dependent on frequency in the range investigated (Figure 35). 

This indicated the ability of all gels to withstand stresses below their yield stress value 

without showing signs of mechanical fatigue. 

	  

Figure 35: Angular frequency sweeps of gels 36–38 in the presence and absence of 

DMMP. 
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Additionally, it was noticed that the curves related to gels 36 and 37 shifted at higher stress 

values upon addition of DMMP (Figure 34). At this point, both frequency and stress 

sweep results suggested that the strongest supramolecular material was gel 37, followed by 

36 and 38. The results reinforced the observation that the strength of the material was 

increasing in the sequence 38 < 36 < 37, as confirmed by both intensity and position of the 

curves (Figure 36). 

	  

Figure 36: Stress sweeps of gels 36–38 in the presence and absence of DMMP. 

Consistent with previous results (Figure 34), in all reported cases the presence of 0.010 

mL of DMMP caused a shift of the curves towards higher oscillation stress values, 

suggesting a strengthening of the gel network promoted by the presence of DMMP; this is 

particularly evident for gel 37. Further quantitative evidence of the strengthening of the gel 

structure by DMMP could be seen in the yield stress values (Figure 37), confirming again 

the ranking already discussed. This showed an appreciable structural reinforcement of the 

network of gel 37, evidenced by an almost 80% increase of its yield stress value. 
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Figure 37: Comparison of yield stress values for gels 36–38 in the presence and absence 

of DMMP. 

The occurrence of modifications in the rheological properties of gels in the presence of 

guests’ molecules is not a new concept. The presence of charged species such as anions 

was already observed to affect gelation of similar molecules, decreasing their storage 

modulus (G′) and yield stress values. This phenomenon was documented both when the 

charged guests were added to the upper surface of preformed gels or to the hot solution, 

although its effect on the stability of the gel network was larger in the latter case.121 This 

particular approach to the understanding of the effects that guests have on supramolecular 

gelation, incorporating the guest before the gels were formed, was the same concept on 

which perturbation tests were designed in this work.  

It is known that anions are able to compete with the urea self-association as they can take 

the place of the urea carbonyl as hydrogen bond acceptors, disturbing the urea self-

assembly and hence the bulk behaviour of the gels. In the case of neutral guests such as 

DMMP however, the effect can be completely different. For example, a bis(urea) was 

reported in the literature to form gels with significantly increased yield stress in the 

presence of 1% by weight of a neutral species.60 

This concluded the characterisation of the gel systems at the macroscopic level, even 

though at this point there still was not a clear understanding of the reasons why different 

amounts of DMMP could either prevent gelation altogether or allow a stronger gel to form. 
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4.4 Nano-scale level characterisation 

4.4.1 Environmental scanning electron microscopy (ESEM)  

In this section gels 39–41, from the stereoisomeric mixture of gelators, were re-included in 

an effort to clarify the reasons behind their poorer performance. In fact, the investigation 

carried out at the macroscopic level revealed that mixed stereoisomeric gels were the 

weakest materials. Additionally, it was thought that the direct visualisation of the gel fibres 

could help understanding if DMMP promoted any structural modifications of the network. 

Thus ESEM of gels 36–41 was performed (see 5.2.7) and the full set of results is reported 

in Appendix C. 

Indeed, differences in the gel network structure between the mixed stereoisomeric and 

enantiomerically pure gels were distinctly visible. Gels 39–41 always appeared as more 

amorphous materials lacking features such as fibrils, which are visible in their 

enantiomerically pure analogues. Interestingly, an enhancement in the definition of these 

fibrillar features was also noticed when DMMP (0.010 mL) was present, particularly for 

gels 36 and 37 (Figure 24).  

Since the constituents of gels 36–38 had defined absolute configurations, it was expected 

to see fibres with particular helicity, originating from the chirality of the gelators. No such 

features were observed however, it was believed to be due to the resolution limitations of 

the equipment available. Despite the absence of these features, it was still possible to 

conclude that both the absolute configuration of the molecular building blocks and the 

presence of DMMP caused some modifications to the gel network morphology, perhaps 

influencing macroscopic properties and performance. 
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Figure 38: ESEM images at 10000x magnification for xerogels from: a) gel 40; b) gel 37; 

c) gel 37 in the presence of DMMP. 

4.5 Molecular level characterisation 

4.5.1 Proposed theory based on electrostatic potential surfaces and 31P-{1H} NMR 

As already established, supramolecular gels are a clear manifestation of supramolecular 

chemistry since they are held together by non-covalent inter-molecular interactions.15 As 

gelation depends on the self-association tendency of the gelator molecules interacting in a 

solvent, the formation of supramolecular gels requires a balance between solubility and 

insolubility of the gelator in the solvent.98 This tendency can be thought of as regulated by 

two main cooperative driving forces, which are firstly solute-solute interactions and 

secondly the solvophobic effect. Specifically, the latter is manifested as a consequence of 

poorly soluble moieties within the gelator, which contribute to gelation by reducing its 

overall solubility in the solvent to be gelled. In other words, the solvophobic effect helps 

gelation by favouring the homo-molecular interactions of the solvent, hence pushing 

gelator molecules to interact (Figure 39). In fact, if a gelator is too soluble in a solvent 

because it is too similar or compatible with it, solubilisation becomes favourable over 
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gelation. Conversely, when solute and solvent are too different and incompatible, 

precipitation occurs. In between these two extreme conditions, when the gelator is just 

moderately incompatible with the solvent, gelation occurs. For these reasons, it could be 

said that a good gelator only exists in a delicate dichotomy between solubility and 

insolubility.98  

	  

Figure 39: Competition between solute-solvent interactions, which form a solution, and 

solute-solute/solvent-solvent interactions that cooperatively help gelation. 

In the attempt to explain why DMMP reinforced the gel network when present in low 

quantities and why it prevented gelation if dosed in higher amounts, a quantitative 

evaluation of the inter-molecular interactions was attempted exploiting the method 

described by Hunter.99 This simple method was based on the assumption that it is 

electrostatics that dominates the inter-molecular interactions. In fact, while formulating and 

contextualising his model, the author demonstrated that repulsion, induction and dispersion 

contribute only negligibly to the inter-molecular interactions. This approach, which holds 

for a remarkable range of functional groups, allowed assimilation of almost all inter-

molecular interactions to hydrogen bonds, based on these two assumptions:  

1) The maximum in the electrostatic potential (𝐸!"#) is usually located near a 

hydrogen atom and the minimum (𝐸!"#) over a lone pair of electrons or π-

electrons.  

2) The dominant electrostatic interactions between two molecules are established 

between these maxima and minima. 

Hunter observed that both 𝐸!"# and 𝐸!"#, even calculated by means of simple models, 

correlated very well to values of his proposed hydrogen bond donor/acceptor constants (𝛼; 
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𝛽) for solute molecules, experimentally determined with respect to CCl4. These constants 

could also be used to predict the free energy of hydrogen bond interactions (∆Δ𝐺!!!"#$) as 

shown below, where 𝛼! and 𝛽! are the constants relative to the solvent. 

∆Δ𝐺!!!"#$ = − 𝛼 − 𝛼! + 𝛽 − 𝛽!  

Due to the different permutations that the relative values of these constants have, two pairs 

of different conditions could occur. Each one of these pairs could cause either a positive or 

negative value of ∆Δ𝐺!!!"#$, corresponding to unfavourable or favourable functional 

group interactions respectively. Additionally, whenever the constants for the solvent were 

larger than the corresponding constant for the gelator, homo-molecular interactions were 

predominant and vice versa. These concepts can also be imagined, in a hydrogen bond 

interactions space, as four distinct regions (Figure 40). 

	  

Figure 40: Generalised hydrogen bond interactions space, function of the hydrogen bond 

donor (𝛼) and hydrogen bond acceptor (𝛽) constants with respect to a solvent (𝛼!;  𝛽!). 

In this work, both the values of (𝛼; 𝛽) and (𝛼!;  𝛽!) were obtained for gelators 36–38 and 

solvents (tetralin and DMMP) by means of the equations below. 

𝛼 =
𝐸!"#

52  𝑘𝐽𝑚𝑜𝑙!! = 4.1 𝛼!! + 0.33  

𝛽 = −
𝐸!"#

52  𝑘𝐽𝑚𝑜𝑙!! = 10.3 𝛽!! + 0.06  

Being that 𝛼!! and 𝛽!! were unknown for the systems investigated, the simplified relation 

using normalised 𝐸!"#  and 𝐸!"# were forcibly used. The maximum and minimum energies 

values were obtained from the molecular electrostatic potential surfaces for gelators 36–38, 
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DMMP and tetralin (Figure 41). This was carried out by means of the semi-empirical 

model AM1 (Austin model 1) using Spartan10. 

  

 

  

Figure 41: Electrostatic potential surfaces for: a) gelator 36; b) gelator 37; c) gelator 38; d) 

DMMP; e) tetralin. 

The obtained values for the hydrogen bond constants were then plotted in the hydrogen 

bond interactions space considering tetralin and DMMP as solvents. The results showed 

that solute-solute interactions were preferred in tetralin while conversely solvent-solvent 

interactions prevailed in DMMP, thus indicating the predominant driving forces that could 

trigger gelation in the two solvents (Figure 42). As a consequence of these observations, a 

postulation on the reasons behind the observed strengthening of gels in the presence of 

DMMP was formulated.  
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Figure 42: Hydrogen bond interaction space for gelators 36–38 with respect to tetralin 

(black) and DMMP (red). 

The addition of the highly polar organophosphorus species to the solution of precursors in 

tetralin did apparently change significantly the overall gelation solvent system. Tetralin 

could already guarantee sufficient solute-solute interactions, as gels were indeed formed in 

this solvent alone. However, the additional solvophobic effect, expressed by small aliquots 

of DMMP added to this system, could drive the gelator molecules to interact and self-

associate. Interestingly enough, larger amounts of DMMP were found detrimental to the 

stability of the gel network, causing perturbation/delay in the gel formation (see 4.3.2). 

Even though in situ gelation using 1 mL of DMMP as solvent for gelators 36–38 at a 

concentration of 20 mg mL–1, well above their MGC values in tetralin, did not result in 

instantaneous gelation, in accordance with Figure 42 gelation of 37 and partial gelation of 

36 occurred after 24 hours, while it was totally suppressed for 38, again confirming the 

trend in performance 37 > 36 > 38. 

Finally, 31P-{1H} NMR spectroscopy (see 5.2.8.2) was used to investigate whether only 

molecular interactions existed between DMMP and gelator 37, which could help in 

understanding both the reinforcement of the gel network and the suppression of gelation.  

It was previously hypothesised (Chapter 3) that P=O containing guests could establish 

hydrogen bonds with the urea moiety of the gelators investigated. To confirm this, the 

effect of the presence of DMMP on urea-based gelators was compared to the effect on urea 

alone. For this reason, urea was also analysed in the same ratios with DMMP.  
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Figure 43: Stacked 31P-{1H} NMR spectra of DMMP in the presence of gelator 37 and 

urea. 

It was found that the majority of DMMP molecules did not establish hydrogen bonds with 

gelator 37 when present in small amounts in the gel phase. In fact, no significant difference 

in the 31P chemical shift of DMMP was observed until the gel phase was stable (Figure 

43). This supported the hypothesis formulated as a consequence of the theoretical 

calculations that, when present in small amount, DMMP only influenced the solvation 

properties of the system without directly interacting with the gelator molecules. 
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Conversely, when enough DMMP to prevent gel formation was used, a clear shift of the 
31P signal of + 0.8 ppm was observed, both with 37 and urea, confirming that the 

establishment of hydrogen bonds between the organophosphorus guest (P=O) acceptor and 

the urea (N–H) donor could be considered the root cause of the perturbation phenomenon. 

It was also incontrovertibly confirmed that it was indeed the urea moiety of the gelator that 

participated in the interactions with the organophosphorus guest, although it has to be 

underlined that urea did not form a gel, only clear homogeneous solutions at room 

temperature. 

4.5.2 Attempts to exploit fluorescence spectroscopy 

As discussed initially (see 4.2), the presence of many different features in the molecular 

structure of the gelators was pursued in order to allow the broadest possible insight on the 

interactions involved between the DMMP and the gel network.  

It was observed in the literature that gelation could result in a change in fluorescence 

response of fluorophore moieties (i.e. the naphthyl group), which could give information 

about the mode of aggregation of the gel.121,153 In particular, fluorescence was shown to 

increase the intensity of the emission band and be subject to a red shift. In fact, the 

aggregation of the gelator molecules and their self-assembly into gel fibres was postulated 

to lead to the decrease of the molecular motion, which consequently limits the possible 

decay pathways of the fluorophore’s excited states. Eliminating the dynamic relaxation 

pathways, in fact, the radiative ones were favoured, resulting in an observed increase in the 

fluorescence intensity. The slight red shift was instead attributed to the establishment of 

more efficient π-π stacking in the gel phase. This phenomenon, which was already known, 

is called aggregation-induced enhanced emission (AIEE).121 

Taking advantage of this knowledge, it was considered worthy having a naphthyl 

fluorescent moiety in the molecular structures of 36–38 in order to investigate if and how 

DMMP could influence their fluorescence (possibly paving the way to the design of 

specific OPCWA photo-responsive gels).  

Since fluorescence measurements were shown to be generally affected by micro-

environment and micro-viscosity changes around the fluorophore, both solutions and gel 

phases were analysed for completeness (see 5.2.9).55 Methanol was chosen as solvent in 

which all fluorescence experiments were carried out, since it was believed to be the best 

compromise in terms of solubility and gelation performance. Choosing methanol also 

eliminated any potential emission band quenching/enhancement issues due to the use of a 

fluorescent solvent. As a consequence, gelator 38 could only be analysed in solution and 
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not in the gel phase, since it could gelate only in tetralin (which is fluorescent and was 

therefore discarded). 

Firstly, DMMP was titrated into the methanol solutions of gelators 36–38 (Figure 44). No 

variations, both in the intensity and position of the emission band (λ = 335 nm) were 

observed for any of the gelators. It seemed that DMMP could not significantly influence 

the fluorescence of the gelators in solution. 

  

 

Figure 44: Fluorescence spectra of methanol solutions of gelators 36–38 upon addition of 

DMMP. 

Experiments at variable temperatures were then carried out on gels 36 and 37 in methanol 

(Figure 45, Figure 46). Their emission spectra were obtained as the gels were heated to 

undergo the gel-sol transition. Gel 37 behaved according to the literature,121 since its 

emission band decreased in intensity with a slight blue shift and a gain in fine structure 

going from gel to sol phase (Figure 46). Conversely, gel 36 showed a decreasing intensity 

until 40 ºC, but between 40 ºC and 50 ºC the emission band started to increase to exceed 

the maximum fluorescence detectable at 60 ºC (Figure 45). Similarly, no shift was 

observed for gel 36 as well as no change in the band shape. Since both gels were analysed 

under the same conditions, the difference in behaviour was not easily ascribable to the 
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experimental procedure, therefore the reason behind the observed phenomenon remains 

unknown. 

	  

Figure 45: Fluorescence spectra of gel 36 in methanol undergoing a gel-sol transition upon 

heating. 

	  

Figure 46: Fluorescence spectra of gel 37 in methanol undergoing a gel-sol transition upon 

heating. 

Even if it was not possible to clarify what was observed during the variable temperature 

experiments, it was decided to run the DMMP titrations on gels 36 and 37 anyway. The 
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experiment was carried out under the same conditions used for samples in solution, only 

adding time as a variable. This was necessary for the diffusion phenomena of the 

organophosphorus guest into the gels to be taken into account. After the addition of every 

equivalent of DMMP, spectra were continuously recorded every 60 s for 120 minutes 

(Figure 47 and Figure 48, top). Additionally, a representation of the variation of 

fluorescence intensity after 1, 20, 40 and 120 minutes was also reported (Figure 47 and 

Figure 48, bottom).  

	  

Figure 47: Effect of the additions of DMMP on the intensity of the fluorescence intensity 

of gel 36 in methanol at variable times after DMMP additions (bottom), and detail of the 

evolution of the spectra after 120 min (top). 

The trend showed by gel 37 after 120 minutes appeared fairly straightforward compared to 

that of gel 36. The first three additions, of 1 equivalent each of DMMP, caused a 

progressive overall increase in the fluorescence intensity, with an apparent plateau between 

three and six. Conversely, gel 36 presented a more erratic behaviour and it was not 

possible to extract meaningful information from the data collected. Interestingly, no 

significant contribution of DMMP diffusion phenomena into the gel were observed since 

an almost superimposable trend was found for fluorescence regardless of the time past 

from the addition (i.e. 1, 20, 40 or 120 min). Therefore, it was not possible to give a 

conclusive and comprehensive explanation for the observed increase of fluorescence 

intensity of gel 37 upon addition of the DMMP. 
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Figure 48: Effect of the additions of DMMP on the intensity of the fluorescence intensity 

of gel 37 in methanol at variable times after DMMP additions (bottom), and detail of the 

evolution of the spectra after 120 min (top). 

Nonetheless, the fluorescence enhancement was hypothesised to be attributable to the 

disruption of the gel phase caused by competitive hydrogen bonds between the 

organophosphorus guest and the gelators forming the network. It must be said however that 

the experimental procedure used to perform the guest additions should also be critically 

evaluated. In fact, the insertion of the syringe needle into the gel network to perform the 

addition could have most likely added a source of uncertainty to the measurements, as it 

could have progressively jeopardised the integrity of the gel network. Unfortunately, 

simply depositing a drop of guest on the surface of the gel inside the cuvette was not 

considered a feasible approach for two main reasons. Firstly, the amount of guest to be 

added (3.0 µL) was deemed too small to be able to penetrate the bulk of the gel since 

diffusion phenomena seemed to be very slow, as already discussed. Secondly, the toxicity 

of DMMP freely exposed to atmosphere was not deemed to be safe, especially if the 

volume was to be increased.  

4.6 Conclusions and future work 

Three enantiomerically pure gels 36–38 and their mixed stereoisomeric counterparts 39–41 

were obtained in situ in tetralin at remarkable low MGC values, as low as 1.5 mg mL–1 for 

gel 37 (and always below 5 mg mL–1). A comparative study on the effects of chirality of 
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the building blocks on gelation performance was carried out, which was instrumental to the 

aim of understanding the effect of the presence of organophosphorus guest DMMP on the 

gel network. Mixed stereoisomeric gels proved to be unsuitable for this purpose, as they 

were found to be less stable in the presence of very low amounts of DMMP, making the 

study of their mutual interactions not possible. This was also aggravated by the difficulty 

in determining their Tgel by means of DSC, which finally led to their discarding. 

Interestingly, DSC and rheology measurements provided evidence of an unexpected 

reinforcement, taking place at the macroscopic level, of the enantiomerically pure gels 36–

38 in the presence of DMMP. This was particularly significant for gel 37, which saw an 

increase in Tgel of 26 ºC (enhanced thermal stability) paired with an increased yield stress 

of almost 80% (enhanced mechanical properties) in the presence of only 0.010 mL of 

DMMP.  

More generally, gels 36–38 appeared structurally reinforced by the presence of small 

amounts of the neutral organophosphorus guest, most likely due to the solvophobic effect 

expressed by the solvent system, modified in its properties as a consequence of the 

addition of DMMP (much more polar than tetralin). Finally, larger amounts of DMMP 

were observed to be detrimental for the gel network stability, due to possible hydrogen 

bond formation between DMMP and the urea moiety of the gelator, as reinforced by 

considerations on simple electrostatic potential surfaces and experimental 31P-{1H} NMR 

evidence. 

Possible future work could be aimed to a more detailed study on the molecular-scale 

phenomena occurring as the gel phase is reinforced by the DMMP. In particular, attention 

could be focused on the reciprocal molecular geometry of the guest with respect to the host 

(i.e. gel network), by means of NOESY and CP/MAS NMR studies, taking advantage of 

the successful collaboration with Prof Y. Khimyak’s group at the University of East 

Anglia. 
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Chapter 5:  Experimental 

Due to differences in their characterisation procedures, this experimental chapter has been 

divided in two sections listing data for gelators and gels separately. 

5.1 Gelators 

5.1.1 General methods 

Chemicals were purchased from Sigma-Aldrich or TCI UK Ltd. All solvents and reagents 

were used as supplied. Where appropriate, CH2Cl2 was distilled from CaH2 before use. 

Air/moisture sensitive reactions were carried out under an inert atmosphere, in oven-dried 

glassware.  

TLC was performed on aluminium-precoated plates coated with silica gel 60 containing 

F254 indicator; visualised under UV light (254 nm) and/or by staining with ninhydrin. Flash 

column chromatography was performed with Merck Kieselgel 60 silica gel.  

Melting points were determined in open capillary tubes on a Gallenkamp Electrothermal 

apparatus and are uncorrected. 

Fourier-transform infrared (FT-IR) spectra are reported in wavenumbers (cm–1) and were 

registered on solids using a Thermo Scientific Nicolet 380 fitted with an ATR Smart Orbit 

Goldengate accessory using OMNIC software package. 
1H NMR, 13C NMR and 19F NMR spectra were recorded in CDCl3 or DMSO-d6 solutions 

(purchased from either Sigma-Aldrich or Cambridge Isotope Laboratories, Inc.) at 298K 

using either a Bruker AC300, AV300 (300 and 75 MHz respectively) or Bruker DPX400, 

AVII400, AVIIHD400 (400, 100 and 376 MHz respectively) spectrometer. Chemical shifts 

values (δ) are reported in parts per million (ppm) relative to residual chloroform (δ 7.27 

ppm for 1H, δ 77.00 ppm for 13C) or dimethyl sulfoxide (δ 2.50 ppm for 1H, δ 39.51 ppm 

for 13C). All spectra were reprocessed using ACD/Labs 12.1. Coupling constants (J) were 

recorded in Hz. The following abbreviations were used for the multiplicity of the peaks: s 

(singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m (multiplet) and br (broad 

signal). 

Low-resolution mass spectra (LRMS) were recorded on a Waters (Manchester, UK) TQD 

mass spectrometer equipped with a triple quadrupole analyser.  Samples were introduced 

to the mass spectrometer via an Acquity H-Class quaternary solvent manager (with TUV 

detector at 254 nm, sample and column manager). Ultra-performance liquid 
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chromatography was undertaken via a Waters BEH C18 column (50 mm x 2.1 mm, 1.7 

µm). Low-resolution mass spectra were recorded using positive ion electrospray ionisation 

(ES+) with a gradient 20% acetonitrile (0.2% formic acid) to 100% acetonitrile (0.2% 

formic acid) in five minutes at a flow rate of 0.6 mL min–1.  

High-resolution mass spectra (HRMS) were recorded using positive ion electrospray 

ionization (ES+). Samples were analysed using either a MaXis (Bruker Daltonics, Bremen, 

Germany) mass spectrometer equipped with a Time of Flight (TOF) analyser or a SolariX 

(Bruker Daltonics, Bremen, Germany) mass spectrometer equipped with a 4.7 T magnet 

and FT-ICR cell. To the first spectrometer, samples were introduced via a Dionex Ultimate 

3000 autosampler and an uHPLC pump. Ultra performance liquid chromatography was 

undertaken via a Waters uHPLC BEH C18 (50 mm x 2.1 mm, 1.7 µm) column. It was used 

with a gradient 20% acetonitrile (0.2% formic acid) to 100% acetonitrile (0.2% formic 

acid) in five minutes at a flow rate of 0.6 mL min–1. To the second spectrometer, samples 

were introduced via infusion at a flow rate of 5 µL min–1. 

5.1.2 Procedures and characterisation data 

Gelator 1 - 1-Hexyl-3-phenylurea 

 

A solution of hexyl isocyanate (1.50 g, 11.79 mmol) and aniline (1.10 g, 11.79 mmol) in 

dichloromethane (20 mL) was stirred in a sealed vial for 12 h. Hexane was added to the 

solution until a white solid was formed, which was collected by filtration and dried under 

high vacuum (2.39 g, 10.85 mmol, 92%). 

M.p. 73–75 ºC. 

FT-IR (neat) νmax 3332 (N–H), 1632 (amide-I), 1552 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.86 (3H, t, J = 6.7 Hz, CH3), 1.27 (6H, br, CH3-

CH2-CH2-CH2-CH2-CH2-NH), 1.37-1.42 (2H, m, CH3-CH2-CH2-CH2-

CH2-CH2-NH), 3.06 (2H, q, J = 6.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-

NH), 6.09 (1H, t, J = 5.4 Hz, CH3-CH2-CH2-CH2-CH2-CH2-NH), 6.87 

(1H, t, J = 7.3 Hz, ArHp), 7.20 (2H, t, J = 7.9 Hz, ArHm), 7.36 (2H, d, J = 

7.7 Hz, ArHo), 8.35 (1H, s, NH-Ar) ppm. 

N
H

N
H

O

C13H20N2O
Molecular Weight: 220.32
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13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 14.0 (CH3), 22.1 (CH2), 26.1 (CH2), 29.8 (CH2), 

31.1 (CH2), 39.5 (CH2), 117.6 (ArC), 121.0 (ArC), 128.7 (ArC), 140.6 

(ArCq), 155.3 (CO) ppm. 

LRMS (ES+) m/z 221 [M+H]+, 243 [M+Na]+. 

HRMS (ES+) for C13H21N2O+ [M+H]+, calculated 221.1648 found 221.1651. 

 

Gelator 2 - 1-Hexyl-3-(4-nitrophenyl)urea 

 

A solution of 4-nitrophenyl isocyanate (3.00 g, 18.28 mmol) and hexylamine (1.85 g, 

18.28 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately, which was collected by filtration and dried under high vacuum 

(2.42 g, 9.14 mmol, 50%). 

M.p. 112–113 ºC. 

FT-IR (neat) νmax 3374 (N–H), 1611 (amide-I), 1546 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.86 (3H, t, J = 6.7 Hz, CH3), 1.26 (6H, br, CH3-

CH2-CH2-CH2-CH2-CH2-NH), 1.39-1.44 (2H, m, CH3-CH2-CH2-CH2-

CH2-CH2-NH), 3.09 (2H, td, J = 6.7, 5.6 Hz, CH3-CH2-CH2-CH2-CH2-

CH2-NH), 6.48 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-NH), 

7.61 (2H, d, J = 8.4 Hz, NH-ArHo), 8.12 (2H, d, J = 8.3 Hz, NH-ArHm), 

9.28 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 14.0 (CH3), 22.1 (CH2), 26.1 (CH2), 29.5 (CH2), 

31.0 (CH2), 39.6 (CH2), 116.8 (ArC), 125.2 (ArC), 140.3 (ArCq-NH), 

147.3 (ArCq-NO2), 154.5 (CO) ppm. 

LRMS (ES+) m/z 266 [M+H]+. 

HRMS (ES+) for C13H20N3O3
+ [M+H]+, calculated 266.1499 found 266.1504. 

 

 

N
H

N
H

O
O2N

C13H19N3O3
Molecular Weight: 265.31
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Gelator 3 - 1-Ethyl-3-(4-methoxyphenyl)urea 

 

Hexyl isocyanate (1.50 g, 11.80 mmol) and p-anisidine (1.45 g, 11.80 mmol) were stirred 

for 12 h at room temperature in dichloromethane (20 mL). Hexane was added to the 

solution until a purple precipitate was formed, which was collected by filtration and dried 

under high vacuum (2.81 g, 11.21 mmol, 95%). 

M.p. 97–98 ºC. 

FT-IR (neat) νmax 3376 (N–H), 1626 (amide-I), 1548 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.86 (3H, t, J = 6.9 Hz, CH3), 1.26 (6H, br, CH3-

CH2-CH2-CH2-CH2-CH2-NH), 1.37-1.40 (2H, m, CH3-CH2-CH2-CH2-

CH2-CH2-NH), 3.04 (2H, td, J = 6.7, 5.9 Hz, CH3-CH2-CH2-CH2-CH2-

CH2-NH), 3.68 (3H, s, OCH3), 5.97 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-

CH2-CH2-CH2-NH), 6.79 (2H, d, J = 8.1 Hz, NH-ArHm), 7.26 (2H, d, J = 

8.1 Hz, NH-ArHo), 8.15 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 14.0 (CH3), 22.1 (CH2), 26.1 (CH2), 29.8 (CH2), 

31.1 (CH2), 39.0 (CH2), 55.2 (CH3), 113.9 (ArC), 119.4 (ArC), 133.8 

(ArCq-OCH3), 153.9 (ArCq-NH), 155.5 (CO) ppm. 

LRMS (ES+) m/z 251 [M+H]+, 273 [M+Na]+, 501 [2M+H]+, 523 [2M+Na]+. 

HRMS (ES+) for C14H23N2O2
+ [M+H]+, calculated 251.1754 found 251.1758. 

 

Gelator 4 - 1-Phenyl-3-undecylurea 

 

A solution of phenyl isocyanate (0.35 g, 2.94 mmol) and undecylamine (0.50 g, 2.94 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was collected by filtration and dried under high vacuum (0.59 

N
H

N
H

O
O

C14H22N2O2
Molecular Weight: 250.34

N
H

N
H

O

C18H30N2O
Molecular Weight: 290.45
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g, 2.03 mmol, 69%). 

M.p. 86–89 ºC. 

FT-IR (neat) νmax 3328 (N–H), 1625 (amide-I), 1557 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (16H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.39-1.42 

(2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

3.05 (2H, td, J = 6.7, 6.0 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 6.08 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.87 (1H, dd, J = 7.1, 1.1 Hz, NH-

ArHp), 7.20 (2H, dd, J = 8.4, 7.5 Hz, NH-ArHm), 7.37 (2H, dd, J = 8.6, 

1.0 Hz, NH-ArHo), 8.34 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 14.0 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.8 (CH2), 31.3 (CH2), 

39.3 (CH2), 117.6 (ArC), 121.0 (ArC), 128.7 (ArC), 140.6 (ArCq-NH), 

155.3 (CO) ppm. 

LRMS (ES+) m/z 291 [M+H]+, 313 [M+Na]+, 581 [2M+H]+, 603 [2M+Na]+. 

HRMS (ES+) for C18H31N2O+ [M+H]+, calculated 291.2431 found 291.2431. 

 

Gelator 5 - 1-(4-Nitrophenyl)-3-undecylurea 

 

A solution of 4-nitrophenyl isocyanate (2.00 g, 12.19 mmol) and undecylamine (2.09 g, 

12.19 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a yellow solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (2.95 g, 8.78 mmol, 

72%). 

M.p. 117–119 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1633 (amide-I), 1549 (amide-II) cm–1. 

N
H

N
H

O

C18H29N3O3
Molecular Weight: 335.45

O2N
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1H NMR (400 MHz, DMSO-d6) δ 0.84 (3H, t, J = 6.7 Hz, CH3), 1.24 (16H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.41-1.45 

(2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

3.09 (2H, td, J = 6.7, 6.0 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 6.41 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 7.61 (2H, d, J = 8.2 Hz, NH-ArHo), 

8.12 (2H, d, J = 8.2 Hz, NH-ArHm), 9.19 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 

28.7 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.5 (CH2), 31.3 (CH2), 

39.6 (CH2), 116.7 (ArC), 125.1 (ArC), 140.3 (ArCq-NH), 147.3 (ArCq-

NO2), 154.3 (CO) ppm. 

LRMS (ES+) m/z 336 [M+H]+, 671 [2M+H]+. 

HRMS (ES+) for C18H30N3O3
+ [M+H]+, calculated 336.2282 found 336.2286. 

 

Gelator 6 - 1-(4-Methoxyphenyl)-3-undecylurea 

 

A solution of undecyl isocyanate (1.50 g, 7.60 mmol) and p-anisidine (0.90 g, 7.60 mmol) 

in dichloromethane (20 mL) was shaken in a sealed vial and a purple solid was formed 

immediately, which was collected by filtration and dried under high vacuum (2.08 g, 6.50 

mmol, 86%).  

M.p. 114–115 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1626 (amide-I), 1557 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (16H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.38-1.41 

(2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

3.04 (2H, td, J = 6.7, 5.9 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 3.68 (3H, s, OCH3), 5.96 (1H, t, J = 5.6 Hz, CH3-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.79 (2H, d, J = 

N
H

N
H

O
O

C19H32N2O2
Molecular Weight: 320.48
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9.2 Hz, NH-ArHm), 7.25 (2H, d, J = 9.1 Hz, NH-ArHo), 8.14 (1H, s, NH-

Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 14.0 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.7 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.8 (CH2), 31.3 (CH2), 

39.5 (CH2), 55.1 (CH3), 113.8 (ArC), 119.2 (ArC), 133.7 (ArCq-OCH3), 

153.8 (ArCq-NH), 155.4 (CO) ppm. 

LRMS (ES+) m/z 321 [M+H]+, 343 [M+Na]+, 641 [2M+H]+, 663 [2M+Na]+. 

HRMS (ES+) for C19H33N2O2
+ [M+H]+, calculated 321.2537 found 321.2537. 

 

Gelator 7 - 1-Dodecyl-3-phenylurea 

 

A solution of phenyl isocyanate (1.20 g, 10.07 mmol) and dodecylamine (1.87 g, 10.07 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was collected by filtration and dried under high vacuum (3.07 

g, 10.07 mmol, 100%). 

M.p. 85–87 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1626 (amide-I), 1560 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (18H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.39-

1.42 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 3.05 (2H, q, J = 6.7 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 6.08 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.87 (1H, t, J = 7.3 

Hz, NH-ArHp), 7.20 (2H, t, J = 7.9 Hz, NH-ArHm), 7.37 (2H, d, J = 7.9 

Hz, NH-ArHo), 8.34 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 14.0 (CH3), 22.1 (CH2), 26.4 (CH2), 28.8 (CH2), 

28.8 (CH2), 29.1 (CH2), 29.1 (CH2), 29.1 (CH2), 29.1 (CH2), 29.8 (CH2), 

31.3 (CH2), 39.3 (CH2), 117.6 (ArC), 121.0 (ArC), 128.7 (ArC), 140.6 

N
H

N
H

O

C19H32N2O
Molecular Weight: 304.48



Experimental 

	   96 

(ArCq-NH), 155.3 (CO) ppm. 

LRMS (ES+) m/z 305 [M+H]+, 327 [M+Na]+, 609 [2M+H]+, 631 [2M+Na]+. 

HRMS (ES+) for C19H33N2O+ [M+H]+, calculated 305.2587 found 305.2591. 

 

Gelator 8 - 1-Dodecyl-3-(4-nitrophenyl)urea 

 

A solution of 4-nitrophenyl isocyanate (2.10 g, 12.80 mmol) and dodecylamine (2.37 g, 

12.80 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a yellow solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (2.64 g, 7.55 mmol, 

59%). 

M.p. 122–124 ºC. 

FT-IR (neat) νmax 3377 (N–H), 1613 (amide-I), 1549 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.84 (3H, t, J = 6.6 Hz, CH3), 1.24 (18H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.41-

1.44 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 3.09 (2H, td, J = 6.7, 5.9 Hz, CH3-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.41 (1H, t, J = 5.6 Hz, CH3-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 7.61 (2H, d, J = 

9.4 Hz, NH-ArHo), 8.12 (2H, d, J = 9.3 Hz, NH-ArHm), 9.19 (1H, s, NH-

Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 

28.7 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.5 (CH2), 

31.3 (CH2), 39.6 (CH2), 116.7 (ArC), 125.1 (ArC), 140.3 (ArCq-NH), 

147.3 (ArCq-NO2), 154.4 (CO) ppm. 

LRMS (ES+) m/z 350 [M+H]+, 699 [2M+H]+. 

HRMS (ES+) for C19H32N3O3
+ [M+H]+, calculated 350.2438 found 350.2439. 

N
H
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Gelator 9 - 1-Dodecyl-3-(4-methoxyphenyl)urea 

 

A solution of dodecyl isocyanate (2.00 g, 9.46 mmol) and p-anisidine (1.17 g, 9.46 mmol) 

in dichloromethane (20 mL) was shaken in a sealed vial and a purple solid was formed 

immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white solid 

obtained was collected by filtration and dried under high vacuum (2.81 g, 8.42 mmol, 

89%). 

M.p. 114–116 ºC. 

FT-IR (neat) νmax 3336 (N–H), 1631 (amide-I), 1558 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.9 Hz, CH3), 1.24 (18H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.38-

1.41 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 3.04 (2H, td, J = 6.7, 6.0 Hz, CH3-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.68 (3H, s, OCH3), 5.96 (1H, t, J = 

5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 6.79 (2H, d, J = 8.1 Hz, NH-ArHm), 7.26 (2H, t, J = 8.1 Hz, NH-

ArHo), 8.14 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.8 (CH2), 

31.3 (CH2), 39.5 (CH2), 55.1 (CH3), 113.8 (ArC), 119.2 (ArC), 133.7 

(ArCq-OCH3), 153.8 (ArCq-NH), 155.4 (CO) ppm. 

LRMS (ES+) m/z 335 [M+H]+, 357 [M+Na]+, 670 [2M+H]+, 692 [2M+Na]+. 

HRMS (ES+) for C20H35N2O2
+ [M+H]+, calculated 335.2693 found 335.2697. 
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Gelator 10 - 1-Phenyl-3-tridecylurea 

 

A solution of phenyl isocyanate (1.20 g, 10.07 mmol) and tridecylamine (2.01 g, 10.07 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was collected by filtration and dried under high vacuum (3.21 

g, 10.07 mmol, 100%).  

M.p. 93–94 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1625 (amide-I), 1560 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.6 Hz, CH3), 1.24 (20H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

1.39-1.42 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 3.05 (2H, td, J = 6.7, 5.9 Hz, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.07 (1H, t, J = 5.6 

Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 6.87 (1H, dd, J = 7.1, 1.2 Hz, NH-ArHp), 7.20 (2H, dd, J = 8.4, 7.6 

Hz, NH-ArHm), 7.36 (2H, dd, J = 8.6, 1.1 Hz, NH-ArHo), 8.34 (1H, s, 

NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.7 (CH2), 31.3 (CH2), 39.5 (CH2), 117.5 (ArC), 120.8 (ArC), 128.6 

(ArC), 140.6 (ArCq-NH), 155.1 (CO) ppm. 

LRMS (ES+) m/z 319 [M+H]+, 341 [M+Na]+, 638 [2M+H]+, 660 [2M+Na]+. 

HRMS (ES+) for C20H35N2O+ [M+H]+, calculated 319.2744 found 319.2750. 
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Gelator 11 - 1-(4-Nitrophenyl)-3-tridecylurea 

 

A solution of 4-nitrophenyl isocyanate (1.60 g, 9.75 mmol) and tridecylamine (1.94 g, 9.75 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a yellow solid was 

formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (2.23 g, 6.14 mmol, 

63%). 

M.p. 124–126 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1633 (amide-I), 1550 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.8 Hz, CH3), 1.23 (20H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

1.41-1.45 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 3.09 (2H, td, J = 6.7, 6.0 Hz, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.41 (1H, t, J = 5.5 

Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 7.61 (2H, d, J = 9.3 Hz, NH-ArHo), 8.12 (2H, d, J = 9.3 Hz, NH-

ArHm), 9.19 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 

29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.5 (CH2), 31.3 (CH2), 39.6 (CH2), 116.7 (ArC), 125.1 (ArC), 140.3 

(ArCq-NH), 147.3 (ArCq-NO2), 154.3 (CO) ppm. 

LRMS (ES+) m/z 364 [M+H]+, 386 [M+Na]+, 728 [2M+H]+. 

HRMS (ES+) for C20H34N3O3
+ [M+H]+, calculated 364.2611 found 364.2609. 
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Gelator 12 - 1-(4-Methoxyphenyl)-3-tridecylurea 

 

A solution of 4-methoxyphenyl isocyanate (1.50 g, 10.06 mmol) and tridecylamine (2.01 

g, 10.06 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately, which was collected by filtration and dried under high vacuum 

(3.51 g, 10.06 mmol, 100%).  

M.p. 118–121 ºC. 

FT-IR (neat) νmax 3337 (N–H), 1630 (amide-I), 1559 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) (gel formation in the NMR tube, broad peaks, 

correct integration, multiplicity not observable) δ 0.85 (3H, br, CH3), 1.24 

(20H, br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 1.39 (2H, br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 3.04 (2H, br, CH3-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.68 (3H, br, OCH3), 5.97 (1H, 

br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 6.80 (2H, br, NH-ArHm), 7.26 (2H, br, NH-ArHo), 8.14 (1H, br, 

NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) (gel formation in the NMR tube, peaks from ArCq-

NH and CO not observed) δ 14.0 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 

(CH2), 28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 

(CH2), 29.8 (CH2), 31.3 (CH2), 39.5 (CH2), 55.1 (CH3), 113.8 (ArC), 

119.3 (ArC), 133.7 (ArCq-OCH3) ppm. 

LRMS (ES+) m/z 349 [M+H]+, 371 [M+Na]+, 698 [2M+H]+, 720 [2M+Na]+. 

HRMS (ES+) for C21H37N2O2
+ [M+H]+, calculated 349.2850 found 349.2848. 
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Gelator 13 - 1-Phenyl-3-tetradecylurea 

 

A solution of phenyl isocyanate (1.12 g, 9.40 mmol) and tetradecylamine (2.00 g, 9.40 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was collected by filtration and dried under high vacuum (3.07 

g, 9.20 mmol, 98%). 

M.p. 93–95 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1626 (amide-I), 1557 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.39-1.42 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 3.05 (2H, td, J = 6.7, 6.0 Hz, CH3-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.07 

(1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 6.86 (1H, dd, J = 7.3, 1.1 Hz, NH-ArHp), 7.20 

(2H, t, J = 7.9 Hz, NH-ArHm), 7.36 (2H, dd, J = 7.9, 1.2 Hz, NH-ArHo), 

8.34 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.7 (CH2), 31.3 (CH2), 39.5 (CH2), 117.5 (ArC), 120.8 

(ArC), 128.6 (ArC), 140.6 (ArCq-NH), 155.1 (CO) ppm. 

LRMS (ES+) m/z 333 [M+H]+, 355 [M+Na]+, 666 [2M+H]+, 688 [2M+Na]+. 

HRMS (ES+) for C21H37N2O+ [M+H]+, calculated 333.2900 found 333.2900. 
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Gelator 14 - 1-(4-Nitrophenyl)-3-tetradecylurea 

 

A solution of 4-nitrophenyl isocyanate (1.50 g, 9.14 mmol) and tetradecylamine (1.95 g, 

9.14 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a yellow solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (2.93 g, 7.77 mmol, 

85%). 

M.p. 125–128 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1633 (amide-I), 1549 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.9 Hz, CH3), 1.23 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.41-1.45 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 3.09 (2H, q, J = 6.7 Hz, CH3-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.41 (1H, t, 

J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-NH), 7.61 (2H, d, J = 9.4 Hz, NH-ArHo), 8.13 (2H, d, J = 9.4 

Hz, NH-ArHm), 9.19 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 

29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.5 (CH2), 31.3 (CH2), 39.6 (CH2), 116.7 (ArC), 125.1 

(ArC), 140.3 (ArCq-NH), 147.3 (ArCq-NO2), 154.3 (CO) ppm. 

LRMS (ES+) m/z 378 [M+H]+, 400 [M+Na]+. 

HRMS (ES+) for C21H36N3O3
+ [M+H]+, calculated 378.2751 found 378.2747. 
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Gelator 15 - 1-(4-Methoxyphenyl)-3-tetradecylurea 

 

A solution of 4-methoxyphenyl isocyanate (1.40 g, 9.39 mmol) and tetradecylamine (2.00 

g, 9.39 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a purple solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (3.33 g, 9.19 mmol, 

98%). 

M.p. 118–121 ºC. 

FT-IR (neat) νmax 3329 (N–H), 1630 (amide-I), 1558 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) (gel formation in the NMR tube, broad peaks, 

correct integration, multiplicity not observable) δ 0.85 (3H, br, CH3), 1.24 

(22H, br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-NH), 1.39 (2H, br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.03 (2H, br, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.68 (3H, br, 

OCH3), 5.96 (1H, br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 6.79 (2H, br, NH-ArHm), 7.26 (2H, br, NH-

ArHo), 8.14 (1H, br, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) (gel formation in the NMR tube, peaks from ArCq-

OCH3, ArCq-NH and CO not observed) δ 14.0 (CH3), 22.1 (CH2), 26.4 

(CH2), 28.7 (CH2), 28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 

(CH2), 29.0 (CH2), 29.0 (CH2), 29.8 (CH2), 31.3 (CH2), 39.5 (CH2), 55.1 

(CH3), 113.8 (ArC), 119.3 (ArC) ppm. 

LRMS (ES+) m/z 363 [M+H]+, 385 [M+Na]+, 748 [2M+Na]+. 

HRMS (ES+) for C22H39N2O2
+ [M+H]+, calculated 363.3006 found 363.3002. 
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H
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Gelator 16 - N-(4-Methoxyphenyl)pentadecanamide 

 

To a solution of pentadecanoic acid (4.00 g, 16.50 mmol) in dichloromethane (50 mL) at 0 

ºC under N2 were added oxalyl chloride (2.09 g, 16.50 mmol) and DMF (3 drops) 

dropwise. The reaction mixture was stirred for 30 min at 0 ºC then allowed to warm to 

room temperature and stirred until gas evolution ceased (ca. 2 h).  

To a solution of p-anisidine (2.03 g, 16.50 mmol) in dichloromethane (150 mL) at 0 ºC 

under N2 was added triethylamine (1.67 g, 16.50 mmol) dropwise over 15 min. The 

reaction mixture was stirred for 30 min at 0 ºC before the dropwise addition of the freshly 

prepared acid chloride over 30 min. The reaction mixture was stirred for 30 min at 0 ºC 

and then allowed to warm to room temperature and stirred for 3 h. The mixture was poured 

into sat. aq. NH4Cl (150 mL) and stirred for 15 min. Phase separation occurred; the 

organic phase was washed with sat. aq. brine (2x 150 mL), while the aqueous phase was 

washed with dichloromethane (2x 100 mL). The organic phase was combined, dried with 

MgSO4 and concentrated under vacuum to yield a brown solid. Purification by 

recrystallisation from ethyl acetate afforded the final product as a white solid (4.42 g, 

12.71 mmol, 77%). 

M.p. 108–110 ºC. 

FT-IR (neat) νmax 3324 (N–H), 1651 (amide-I), 1563 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 

1.54-1.58 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2), 2.24 (2H, t, J = 7.4 Hz, CH3-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 3.70 (3H, s, OCH3), 6.85 

(2H, d, J = 9.1 Hz, NH-ArHm), 7.48 (2H, d, J = 9.2 Hz, NH-ArHo), 9.68 

(1H, s, NH) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 25.2 (CH2), 28.6 (CH2), 

28.7 (CH2), 28.8 (CH2), 28.9 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.0 (CH2), 31.3 (CH2), 36.2 (CH2), 55.1 (CH3), 113.7 

O

N
H

O

C22H37NO2
Molecular Weight: 347.54
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(ArC), 120.5 (ArC), 132.5 (ArCq-OCH3), 154.9 (ArCq-NH), 170.7 (CO) 

ppm. 

LRMS (ES+) m/z 348 [M+H]+. 

HRMS (ES+) for C22H38NO2
+ [M+H]+, calculated 348.2897 found 348.2902. 

 

Gelator 17 - 4-Methoxyphenyl pentadecanoate 

 

To a solution of pentadecanoic acid (2.50 g, 10.31 mmol) in dichloromethane (25 mL) at 0 

ºC under N2 were added oxalyl chloride (1.31 g, 10.31 mmol) and DMF (3 drops) 

dropwise. The reaction mixture was stirred for 30 min at 0 ºC then allowed to warm to 

room temperature and stirred until gas evolution ceased (ca. 2 h).  

To a solution of 4-methoxyphenol (1.28 g, 10.31 mmol) in dichloromethane (75 mL) at 0 

ºC under N2 was added triethylamine (1.04 g, 10.31 mmol) dropwise over 15 min. The 

reaction mixture was stirred for 30 min at 0 ºC before the dropwise addition of the freshly 

prepared acid chloride over 30 min. The reaction mixture was stirred for 30 min at 0 ºC 

and then allowed to warm to room temperature and stirred for 3 h. The mixture was poured 

into sat. aq. NH4Cl (150 mL) and stirred for 15 min. Phase separation occurred; the 

organic phase was washed with sat. aq. brine (2x 150 mL) while the aqueous phase was 

washed with dichloromethane (2x 100 mL). The organic phase was combined, dried with 

MgSO4 and concentrated under vacuum. Purification by column chromatography eluting 

ethyl acetate:hexane (5:95) afforded the final product as a white solid (2.59 g, 7.42 mmol, 

72%). 

M.p. 61–62 ºC. 

FT-IR (neat) νmax 1746 (C=O stretch) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 

1.58-1.65 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2), 2.53 (2H, t, J = 7.3 Hz, CH3-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 3.74 (3H, s, OCH3), 6.94 

O

O

O

C22H36O3
Molecular Weight: 348.53
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(2H, d, J = 9.2 Hz, CO-O-ArHm), 7.01 (2H, d, J = 9.1 Hz, CO-O-ArHo), 

ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 24.3 (CH2), 28.4 (CH2), 

28.6 (CH2), 28.7 (CH2), 28.8 (CH2), 28.9 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.0 (CH2), 31.3 (CH2), 33.4 (CH2), 55.4 (CH3), 114.4 

(ArC), 122.5 (ArC), 143.8 (ArCq-OCH3), 156.8 (ArCq-O-CO), 172.1 

(CO) ppm. 

HRMS (ES+) for C22H37O3
+ [M+H]+, calculated 349.2737 found 349.2740. 

 

Gelator 18 - 1-Tetradecyl-3-(4-(trifluoromethyl)phenyl)urea 

 

A solution of 4-(trifluoromethyl)phenyl isocyanate (2.20 g, 11.76 mmol) and 

tetradecylamine (2.51 g, 11.76 mmol) in dichloromethane (20 mL) was shaken in a sealed 

vial and a white solid was formed immediately, which was collected by filtration and dried 

under high vacuum (4.61 g, 11.52 mmol, 98%). 

M.p. 118–120 ºC. 

FT-IR (neat) νmax 3335 (N–H), 1635 (amide-I), 1563 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.40-1.44 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 3.07 (2H, td, J = 6.7, 6.0 Hz, CH3-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.25 

(1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 7.55 (2H, d, J = 9.1 Hz, NH-ArHm), 7.57 (2H, 

d, J = 9.1 Hz, NH-ArHo), 8.81 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) (peaks from ArCq-CF3 and CF3 not observed; 

when higher concentrations were tried to show these peaks and obtain 

their JC-F values, gel formation in the NMR tube occurred) δ 13.9 (CH3), 

F3C

N
H

N
H

O

C22H35F3N2O
Molecular Weight: 400.53
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22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 28.7 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.6 (CH2), 31.3 (CH2), 

39.5 (CH2), 117.1 (ArC), 125.9 (ArC, JC-F = 3.7 Hz), 144.3 (ArCq-NH), 

154.8 (CO) ppm. 

19F NMR (376 MHz, DMSO-d6) δ –60.0 ppm. 

LRMS (ES+) m/z 401 [M+H]+, 423 [M+Na]+, 802 [2M+H]+. 

HRMS (ES+) for C22H36F3N2O+ [M+H]+, calculated 401.2774 found 401.2782. 

	  

Gelator 19 - 1-(4-(Methylthio)phenyl)-3-tetradecylurea 

 

A solution of 4-(methylthio)phenyl isocyanate (2.00 g, 11.03 mmol) and tetradecylamine 

(2.35 g, 11.03 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white 

solid was formed immediately, which was collected by filtration and dried under high 

vacuum (4.13 g, 10.92 mmol, 99%). 

M.p. 114–115 ºC. 

FT-IR (neat) νmax 3328 (N–H), 1626 (amide-I), 1555 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.5 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.39-1.42 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 2.40 (s, 3H, SCH3), 3.07 (2H, q, J = 6.6 

Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 6.07 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 7.15 (2H, d, J = 8.7 Hz, NH-

ArHm), 7.34 (2H, d, J = 8.7 Hz, NH-ArHo), 8.37 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 16.3 (CH3), 22.1 (CH2), 26.3 (CH2), 

28.7 (CH2), 28.7 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.0 (CH2), 29.7 (CH2), 31.3 (CH2), 39.5 (CH2), 118.3 

(ArC), 128.0 (ArC), 128.6 (ArCq-CH3), 138.5 (ArCq-NH), 155.1 (CO) 

S

N
H

N
H

O

C22H38N2OS
Molecular Weight: 378.62
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ppm. 

LRMS (ES+) m/z 379 [M+H]+, 401 [M+Na]+. 

HRMS (ES+) for C22H39N2OS+ [M+H]+, calculated 379.2778 found 379.2785. 

 

Gelator 20 - 1-Tetradecyl-3-(p-tolyl)urea 

 

A solution of p-tolyl isocyanate (1.60 g, 12.02 mmol) and tetradecylamine (2.57 g, 12.02 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was collected by filtration and dried under high vacuum (3.83 

g, 11.06 mmol, 92%). 

M.p. 110–112 ºC. 

FT-IR (neat) νmax 3331 (N–H), 1629 (amide-I), 1557 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.6 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.38-1.41 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 2.20 (s, 3H, CH3), 3.07 (2H, td, J = 6.7, 

5.9 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-NH), 6.01 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 7.00 (2H, d, J = 8.2 Hz, 

NH-ArHm), 7.24 (2H, d, J = 8.4 Hz, NH-ArHo), 8.22 (1H, s, NH-Ar) 

ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 20.3 (CH3), 22.1 (CH2), 26.3 (CH2), 

28.7 (CH2), 28.7 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.0 (CH2), 29.8 (CH2), 31.3 (CH2), 39.5 (CH2), 117.6 

(ArC), 129.0 (ArC), 129.5 (ArCq-CH3), 138.0 (ArCq-NH), 155.2 (CO) 

ppm. 

LRMS (ES+) m/z 347 [M+H]+, 369 [M+Na]+. 

N
H

N
H

O

C22H38N2O
Molecular Weight: 346.56
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HRMS (ES+) for C22H39N2O+ [M+H]+, calculated 347.3057 found 347.3063. 

 

Gelator 21 - 1-(4-(Dimethylamino)phenyl)-3-tetradecylurea 

 

A solution of 4-(dimethylamino)phenyl isocyanate (1.00 g, 6.17 mmol) and 

tetradecylamine (1.30 g, 6.17 mmol) in dichloromethane (20 mL) was shaken in a sealed 

vial and a white solid was formed immediately, which was collected by filtration and dried 

under high vacuum (2.29 g, 6.11 mmol, 99%). 

M.p. 112–115 ºC. 

FT-IR (neat) νmax 3336 (N–H), 1630 (amide-I), 1555 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.5 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.37-1.40 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 2.79 (s, 6H, N(CH3)2), 3.07 (2H, q, J = 6.7 

Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 5.89 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.64 (2H, d, J = 8.9 Hz, NH-

ArHm), 7.17 (2H, d, J = 8.9 Hz, NH-ArHo), 7.96 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.9 (CH2), 31.3 (CH2), 39.5 (CH2), 40.8 (CH3), 113.3 

(ArC), 119.5 (ArC), 130.7 (ArCq-N(CH3)2), 145.9 (ArCq-NH), 155.6 

(CO) ppm. 

LRMS (ES+) m/z 376 [M+H]+. 

HRMS (ES+) for C23H42N3O+ [M+H]+, calculated 376.3322 found 376.3316. 
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Gelator 22 - 1-Benzyl-3-tetradecylurea 

 

A solution of benzyl isocyanate (1.86 g, 13.97 mmol) and tetradecylamine (2.98 g, 13.97 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (4.47 g, 12.90 

mmol, 93%). 

M.p. 104–107 ºC. 

FT-IR (neat) νmax 3352 (N–H), 1618 (amide-I), 1575 (amide-II) cm–1. 

1H NMR (400 MHz, CDCl3) δ 0.89 (3H, t, J = 6.7 Hz, CH3), 1.26 (22H, br, CH3-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

1.45-1.49 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 3.15 (2H, t, J = 7.2 Hz, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 4.37 (2H, s, NH-

CH2-Ar), 7.25-7.36 (5H, m, ArH) ppm. 

13C-{1H} 

NMR 

(100 MHz, CDCl3) δ 14.1 (CH3), 22.7 (CH2), 26.8 (CH2), 29.3 (CH2), 

29.3 (CH2), 29.5 (CH2), 29.6 (CH2), 29.6 (CH2), 29.6 (CH2), 29.7 (CH2), 

29.7 (CH2), 30.0 (CH2), 31.9 (CH2), 40.8 (CH2), 44.7 (CH2), 127.4 

(ArC), 127.4 (ArC), 128.7 (ArC), 138.8 (ArCq-CH2), 158.3 (CO) ppm. 

LRMS (ES+) m/z 347 [M+H]+, 369 [M+Na]+. 

HRMS (ES+) for C23H39N2O+ [M+H]+, calculated 347.3057 found 347.3059. 

	  

Gelator 23 - 1-(4-Nitrobenzyl)-3-tetradecylurea  
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C22H38N2O
Molecular Weight: 346.56
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4-nitrobenzylamine hydrochloride (3.00 g, 15.91 mmol) was dissolved in pyridine (40 

mL), spiked with dimethylformamide (1 mL) to help dissolution, and stirred for 15 min 

under N2. Then tetradecyl isocyanate (3.81 g, 15.91 mmol) was added and the reaction 

mixture was stirred for 12 h and a yellow solid was formed. The mixture was poured into 

water (50 mL) and stirred for 30 min. The white solid afforded was collected by filtration 

and dried under high vacuum (5.36 g, 13.68 mmol, 86%). 

M.p. 128–130 ºC. 

FT-IR (neat) νmax 3333 (N–H), 1621 (amide-I), 1577 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.89 (3H, t, J = 6.7 Hz, CH3), 1.23 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.34-1.37 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 2.99 (2H, td, J = 6.5, 4.4 Hz, CH3-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 4.31 

(2H, d, J = 5.9 Hz, NH-CH2-Ar), 6.03 (1H, t, J = 4.4 Hz, CH3-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.46 (1H, t, 

J = 5.9 Hz, NH-CH2-Ar), 7.49 (2H, d, J = 8.7 Hz, NH-CH2-ArHo), 8.18 

(2H, d, J = 8.7 Hz, NH-CH2-ArHm) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.9 (CH2), 31.3 (CH2), 39.8 (CH2), 42.4 (CH2), 123.4 

(ArC), 127.8 (ArC), 146.2 (ArCq-CH2), 149.6 (ArCq-NO2), 158.0 (CO) 

ppm. 

LRMS (ES+) m/z 392 [M+H]+. 

HRMS (ES+) for C22H38N3O3
+ [M+H]+, calculated 392.2908 found 392.2904. 

	  

Gelator 24 - 1-(4-Methoxybenzyl)-3-tetradecylurea 

 

A solution of 4-methoxybenzyl isocyanate (1.00 g, 6.13 mmol) and tetradecylamine (1.31 

N
H

N
H

O

O

C23H40N2O2
Molecular Weight: 376.59
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g, 6.13 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid obtained was collected by filtration and dried under high vacuum (1.87 g, 4.97 mmol, 

81%). 

M.p. 126–130 ºC. 

FT-IR (neat) νmax 3353 (N–H), 1616 (amide-I), 1578 (amide-II) cm–1. 

1H NMR (400 MHz, CDCl3) δ 0.88 (3H, t, J = 6.5 Hz, CH3), 1.25 (22H, br, CH3-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

1.46-1.49 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 3.15 (2H, t, J = 7.1 Hz, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.80 (3H, s, 

OCH3), 4.31 (2H, s, NH-CH2-Ar), 6.87 (2H, d, J = 8.7 Hz, NH-CH2-

ArHm), 7.23 (2H, d, J = 8.6 Hz, NH-CH2-ArHo) ppm. 

13C-{1H} 

NMR 

(100 MHz, CDCl3) (missing (ArCq-OCH3), (ArCq-CH2), (CO)) δ 14.1 

(CH3), 22.7 (CH2), 26.7 (CH2), 29.2 (CH2), 29.3 (CH2), 29.5 (CH2), 29.6 

(CH2), 29.6 (CH2), 29.6 (CH2), 29.6 (CH2), 29.7 (CH2), 29.7 (CH2), 30.9 

(CH2), 31.9 (CH2), 44.3 (CH2), 55.3 (CH3), 114.2 (ArC), 128.8 (ArC) 

ppm. 

LRMS (ES+) m/z 377 [M+H]+. 

HRMS (ES+) for C23H41N2O2
+ [M+H]+, calculated 377.3163 found 377.3170. 

 

Gelator 25 - 1-Ethyl-3-tetradecylurea 

 

A solution of ethyl isocyanate (2.30 g, 32.36 mmol) and tetradecylamine (6.91 g, 32.36 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was collected by filtration and dried under high vacuum (9.21 

g, 32.36 mmol, 100%). 

M.p. 95–97 ºC. 
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FT-IR (neat) νmax 3327 (N–H), 1618 (amide-I), 1579 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.7 Hz, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 0.96 (3H, t, J = 

7.2 Hz, CH3-CH2-NH), 1.24 (22H, br, CH3-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.29-1.34 (2H, m, CH3-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

2.91-3.01 (4H, m, CH3-(CH2)12-CH2-NH, CH3-CH2-NH), 5.66-5.72 (2H, 

m, CH3-(CH2)12-CH2-NH, CH3-CH2-NH) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 15.7 (CH3), 22.1 (CH2), 26.4 (CH2), 

28.7 (CH2), 28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.0 (CH2), 30.0 (CH2), 31.3 (CH2), 34.0 (CH2), 39.7 (CH2), 

160.0 (CO) ppm. 

LRMS (ES+) m/z 285 [M+H]+, 307 [M+Na]+, 569 [2M+H]+, 591 [2M+Na]+. 

HRMS (ES+) for C17H37N2O+ [M+H]+, calculated 285.2900 found 285.2900. 

 

Gelator 26 - 1-(4-Methoxybenzyl)-3-pentadecylurea 

 

A solution of 4-methoxybenzyl isocyanate (2.12 g, 12.99 mmol) and pentadecylamine 

(2.95 g, 12.99 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white 

solid was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The 

white solid afforded was collected by filtration and dried under high vacuum (4.67 g, 

11.95 mmol, 92%). 

M.p. 130–132 ºC. 

FT-IR (neat) νmax 3353 (N–H), 1615 (amide-I), 1578 (amide-II) cm–1. 

1H NMR (400 MHz, CDCl3) δ 0.89 (3H, t, J = 6.7 Hz, CH3), 1.26 (24H, br, CH3-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.46-1.49 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.15 (2H, t, J = 7.2 Hz, CH3-CH2-

N
H
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C24H42N2O2
Molecular Weight: 390.61
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CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

3.81 (3H, s, OCH3), 4.31 (2H, s, NH-CH2-Ar), 6.88 (2H, d, J = 8.7 Hz, 

NH-CH2-ArHm), 7.24 (2H, d, J = 8.6 Hz, NH-CH2-ArHo) ppm. 

13C-{1H} 

NMR 

(100 MHz, CDCl3) (peaks from ArCq-OCH3, ArCq-CH2, CO not 

observed) δ 14.1 (CH3), 22.7 (CH2), 26.8 (CH2), 29.3 (CH2), 29.4 (CH2), 

29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 

29.7 (CH2), 29.7 (CH2), 31.9 (CH2), 40.9 (CH2), 44.3 (CH2), 55.3 (CH3), 

114.2 (ArC), 128.8 (ArC) ppm. 

LRMS (ES+) m/z 391 [M+H]+, 413 [M+Na]+. 

HRMS (ES+) for C24H43N2O2
+ [M+H]+, calculated 391.3319 found 391.3323. 

 

Gelator 27 - 1-(4-Methoxybenzyl)-3-(pentadecan-8-yl)urea 

 

A solution of 4-methoxybenzyl isocyanate (0.72 g, 4.41 mmol) and 1-heptyloctylamine 

(1.00 g, 4.41 mmol) in dichloromethane (10 mL) was shaken in a sealed vial and a white 

solid was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The 

white solid afforded was collected by filtration and dried under high vacuum (1.41 g, 3.62 

mmol, 82%). 

M.p. 128–131 ºC. 

FT-IR (neat) νmax 3310 (N–H), 1620 (amide-I), 1573 (amide-II) cm–1. 

1H NMR 

 

(400 MHz, CDCl3) δ 0.89 (6H, t, J = 6.9 Hz, H1), 1.25 (20H, br, H2), 1.45 

(4H, br, H3), 3.60-3.62 (1H, m, H4), 3.80 (3H, s, OCH3), 4.31 (2H, s, NH-

CH2-Ar), 6.87 (2H, d, J = 8.9 Hz, NH-CH2-ArHm), 7.24 (2H, d, J = 8.6 

Hz, NH-CH2-ArHo) ppm. 
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13C-{1H} 

NMR 

(100 MHz, CDCl3) (peaks from ArCq-OCH3, ArCq-CH2, CO not 

observed) δ 14.1 (2xCH3), 22.6 (2xCH2), 25.7 (2xCH2), 29.2 (2xCH2), 

29.6 (2xCH2), 31.8 (2xCH2), 35.5 (2xCH2), 44.4 (CH2), 51.1 (CH), 55.3 

(CH3), 114.2 (ArC), 128.7 (ArC) ppm. 

LRMS (ES+) m/z 391 [M+H]+, 413 [M+Na]+. 

HRMS (ES+) for C24H43N2O2
+ [M+H]+, calculated 391.3319 found 391.3320. 

 

Gelator 28 - 1-(4-Methoxybenzyl)-3-octadecylurea 

 

A solution of 4-methoxybenzyl isocyanate (1.80 g, 11.03 mmol) and octadecylamine (2.97 

g, 11.03 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid afforded was collected by filtration and dried under high vacuum (4.30 g, 9.93 mmol, 

90%). 

M.p. 129–130 ºC. 

FT-IR (neat) νmax 3353 (N–H), 1615 (amide-I), 1578 (amide-II) cm–1. 

1H NMR (400 MHz, CDCl3) δ 0.89 (3H, t, J = 6.7 Hz, CH3), 1.26 (30H, br, CH3-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 1.46-1.49 (2H, m, CH3-CH2-CH2-CH2- CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.16 

(2H, t, J = 7.1 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.81 (3H, s, OCH3), 4.32 

(2H, s, NH-CH2-Ar), 6.88 (2H, d, J = 8.6 Hz, NH-CH2-ArHm), 7.24 (2H, 

d, J = 8.6 Hz, NH-CH2-ArHo) ppm. 

13C-{1H} 

NMR 

(100 MHz, CDCl3) (peaks from ArCq-OCH3, ArCq-CH2, CO not 

observed) δ 14.1 (CH3), 22.7 (CH2), 26.7 (CH2), 29.2 (CH2), 29.4 (CH2), 

29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 

29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 29.7 (CH2), 31.9 (CH2), 
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41.0 (CH2), 44.4 (CH2), 55.3 (CH3), 114.2 (ArC), 128.8 (ArC) ppm.  

LRMS (ES+) m/z 433 [M+H]+, 455 [M+Na]+. 

HRMS (ES+) for C27H49N2O2
+ [M+H]+, calculated 433.3789 found 433.3791. 

	  

Gelator 29 – (Z)-1-(4-Methoxybenzyl)-3-(octadec-9-en-1-yl)urea 

 

A solution of 4-methoxybenzyl isocyanate (1.80 g, 11.03 mmol) and oleylamine (2.95 g, 

11.03 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately. It was triturated in ethyl acetate (40 mL) under reflux. The white 

solid afforded was collected by filtration and dried under high vacuum (4.13 g, 9.60 mmol, 

87%). 

M.p. 108–110 ºC. 

FT-IR (neat) νmax 3353 (N–H), 1617 (amide-I), 1578 (amide-II) cm–1. 

1H NMR 

 

(400 MHz, CDCl3) δ 0.89 (3H, t, J = 6.5 Hz, H6), 1.27 (22H, br, H3), 

1.46-1.49 (2H, m, H2), 1.98-2.02 (4H, m, H4), 3.15 (2H, t, J = 7.1 Hz, 

H1), 3.80 (3H, s, OCH3), 4.31 (2H, s, NH-CH2-Ar), 5.34-5.39 (2H, m, 

H5), 6.88 (2H, d, J = 8.7 Hz, NH-CH2-ArHm), 7.23 (2H, d, J = 8.0 Hz, 

NH-CH2-ArHo) ppm. 

13C-{1H} 

NMR 

(100 MHz, CDCl3) δ 14.1 (CH3), 22.7 (CH2), 26.8 (CH2), 27.2 (CH2), 

29.2 (CH2), 29.3 (CH2), 29.3 (CH2), 29.4 (CH2), 29.5 (CH2), 29.6 (CH2), 

N
H

N
H

O

O

C27H46N2O2
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29.7 (CH2), 29.7 (CH2), 29.8 (CH2), 29.9 (CH2), 31.9 (CH2), 40.9 (CH2), 

44.3 (CH2), 55.3 (CH3), 114.1 (ArC), 128.8 (ArC), 129.8 (CH), 130.0 

(CH), 130.4 (ArCq-OCH3), 158.4 (ArCq-CH2), 159.1 (CO) ppm. 

LRMS (ES+) m/z 431 [M+H]+, 453 [M+Na]+. 

HRMS (ES+) for C27H47N2O2
+ [M+H]+, calculated 431.3632 found 431.3634. 

	  

Gelator 30 - 1-(2-Methoxyphenyl)-3-tetradecylurea 

 

A solution of 2-methoxyphenyl isocyanate (2.50 g, 16.76 mmol) and tetradecylamine (3.58 

g, 16.76 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately, which was filtered, washed with ethyl acetate and dried under 

high vacuum (6.01 g, 16.59 mmol, 99%). 

M.p. 107–110 ºC. 

FT-IR (neat) νmax 3326 (N–H), 1641 (amide-I), 1553 (amide-II) cm–1. 

1H NMR 

 

(400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.6 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.38-1.41 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 3.05 (2H, td, J = 6.6, 5.8 Hz, CH3-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.82 

(3H, s, OCH3), 6.80 (1H, br, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.81-6.87 (2H, m, H2, H3), 6.94 (1H, 

dd, J = 6.0, 2.0 Hz, H4), 7.83 (1H, s, NH-Ar), 8.07 (1H, dd, J = 7.6, 2.1 

Hz, H1) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.4 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 
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29.0 (CH2), 29.7 (CH2), 31.3 (CH2), 39.4 (CH2), 55.6 (CH3), 110.5 

(ArC), 117.8 (ArC), 120.4 (ArC), 120.7 (ArC), 129.6 (ArCq-OCH3), 

147.2 (ArCq-NH), 155.1 (CO) ppm. 

LRMS (ES+) m/z 363 [M+H]+, 385 [M+Na]+, 748 [2M+Na]+. 

HRMS (ES+) for C22H39N2O2
+ [M+H]+, calculated 363.3006 found 363.3012. 

 

Gelator 31 - 1-(3-Methoxyphenyl)-3-tetradecylurea 

 

A solution of 3-methoxyphenyl isocyanate (2.50 g, 16.76 mmol) and tetradecylamine (3.58 

g, 16.76 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid 

was formed immediately, which was filtered, washed with ethyl acetate and dried under 

high vacuum (5.53 g, 15.25 mmol, 91%). 

M.p. 93–94 ºC. 

FT-IR (neat) νmax 3316 (N–H), 1625 (amide-I), 1568 (amide-II) cm–1. 

1H NMR 

 

(400 MHz, DMSO-d6) δ 0.85 (3H, t, J = 6.9 Hz, CH3), 1.24 (22H, br, 

CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.39-1.42 (2H, m, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 3.05 (2H, q, J = 6.6, CH3-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 3.69 (3H, s, 

OCH3), 6.07 (1H, t, J = 5.6 Hz, CH3-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.45 (1H, dd, J = 8.2, 2.5 Hz, H1), 

6.83 (1H, dd, J = 8.1, 1.1 Hz, H3), 7.09 (1H, t, J = 8.1 Hz, H2), 7.13 (1H, 

t, J = 2.3 Hz, H4), 8.36 (1H, s, NH-Ar) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.3 (CH2), 28.7 (CH2), 

28.8 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 29.0 (CH2), 

29.0 (CH2), 29.7 (CH2), 31.3 (CH2), 39.4 (CH2), 54.8 (CH3), 103.3 
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(ArC), 106.3 (ArC), 109.9 (ArC), 129.3 (ArC), 141.8 (ArCq-NH), 155.1 

(CO), 159.6 (ArCq-OCH3) ppm. 

LRMS (ES+) m/z 363 [M+H]+, 385 [M+Na]+, 726 [2M+H]+. 

HRMS (ES+) for C22H39N2O2
+ [M+H]+, calculated 363.3006 found 363.3015. 

 

Gelator 32 - 1,1'-(Hexane-1,6-diyl)bis(3-benzylurea) 

 

A solution of benzyl isocyanate (1.15 g, 8.64 mmol) and hexamethylendiamine (0.50 g, 

4.32 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was filtered, washed with ethyl acetate and dried under high 

vacuum (1.39 g, 3.63 mmol, 84%). 

M.p. 223–225 ºC. 

FT-IR (neat) νmax 3346 (N–H), 1618 (amide-I), 1572 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 1.24 (4H, br, NH-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.36 (4H, br, NH-CH2-CH2-CH2-CH2-CH2-CH2-NH), 2.99 (4H, q, J 

= 6.2 Hz, NH-CH2-CH2-CH2-CH2-CH2-CH2-NH), 4.19 (4H, d, J = 5.9 

Hz, NH-CH2-Ar), 5.89 (2H, t, J = 5.5 Hz, NH-CH2-CH2-CH2-CH2-CH2-

CH2-NH), 6.24 (2H, t, J = 5.5 Hz, NH-CH2-Ar), 7.19-7.32 (10H, m, ArH) 

ppm.  

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 26.1 (CH2), 30.0 (CH2), 39.7 (CH2), 42.9 (CH2), 

126.5 (ArC), 126.9 (ArC), 128.1 (ArC), 141.0 (ArCq-CH2), 158.0 (CO) 

ppm. 

LRMS (ES+) m/z 383 [M+H]+. 

HRMS (ES+) for C22H31N4O2
+ [M+H]+, calculated 383.2442 found 383.2447. 
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Gelator 33 - 1,1',1''-(Nitrilotris(ethane-2,1-diyl))tris(3-benzylurea)  

 

A solution of benzyl isocyanate (1.36 g, 10.21 mmol) and tris(2-aminoethyl)amine (0.50 g, 

3.40 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid had 

formed immediately, which was filtered, washed with ethyl acetate and dried under high 

vacuum (1.63 g, 2.99 mmol, 88%). 

M.p. 197–200 ºC. 

FT-IR (neat) νmax 3327 (N–H), 1621 (amide-I), 1571 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 2.47 (6H, t, J = 6.5 Hz, N-CH2-CH2-NH), 3.07 

(6H, q, J = 6.2 Hz, N-CH2-CH2-NH), 4.17 (6H, d, J = 6.0 Hz, NH-CH2-

Ar), 5.98 (3H, t, J = 5.5 Hz, N-CH2-CH2-NH), 6.40 (3H, t, J = 5.9 Hz, 

NH-CH2-Ar), 7.18-7.30 (15H, m, ArH) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 37.8 (CH2), 42.9 (CH2), 54.3 (CH2), 126.5 

(ArC), 126.9 (ArC), 128.2 (ArC), 140.8 (ArCq-CH2), 158.2 (CO) ppm. 

LRMS (ES+) m/z 546 [M+H]+. 

HRMS (ES+) for C30H40N7O3
+ [M+H]+, calculated 546.3187 found 546.3191. 

 

Gelator 34 - 1,1'-(Nonane-1,9-diyl)bis(3-benzylurea)  

 

A solution of benzyl isocyanate (0.84 g, 6.31 mmol) and 1,9-diaminononane (0.50 g, 3.16 

mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 
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formed immediately, which was filtered, washed with ethyl acetate and dried under high 

vacuum (1.25 g, 2.94 mmol, 93%). 

M.p. 201–204 ºC. 

FT-IR (neat) νmax 3318 (N–H), 1619 (amide-I), 1568 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 1.24 (10H, br, NH-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 1.34-1.37 (4H, m, NH-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 2.99 (4H, q, J = 6.4 Hz, NH-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 4.18 (4H, d, J = 6.0 Hz, NH-

CH2-Ar), 5.87 (2H, t, J = 5.6 Hz, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-NH), 6.24 (2H, t, J = 6.1 Hz, NH-CH2-Ar), 7.19-7.32 (10H, m, 

ArH) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) (peaks from CH2, CH2, CH2, ArCq-CH2, CO not 

observed; gel formation in the NMR tube) δ 26.4 (CH2), 28.7 (CH2), 42.9 

(CH2), 126.5 (ArC), 127.0 (ArC), 128.2 (ArC) ppm. 

LRMS (ES+) m/z 425 [M+H]+, 447 [M+Na]+. 

HRMS (ES+) for C25H37N4O2
+ [M+H]+, calculated 425.2911 found 425.2912. 

 

Gelator 35 - 1,1',1''-(Nitrilotris(ethane-2,1-diyl))tris(3-hexylurea) 

 

A solution of hexyl isocyanate (1.30 g, 10.22 mmol) and tris(2-aminoethyl)amine (0.50 g, 

3.41 mmol) in dichloromethane (20 mL) was shaken in a sealed vial and a white solid was 

formed immediately, which was filtered, washed with ethyl acetate and dried under high 

vacuum (1.69 g, 3.21 mmol, 94%). 

M.p. 138–139 ºC. 
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FT-IR (neat) νmax 3322 (N–H), 1625 (amide-I), 1573 (amide-II) cm–1. 

1H NMR (400 MHz, DMSO-d6) δ 0.85 (9H, t, J = 6.5 Hz, NH-CH2-CH2-CH2-CH2-

CH2-CH3), 1.25 (18H, br, NH-CH2-CH2-CH2-CH2-CH2-CH3), 1.33-1.36 

(6H, m, NH-CH2-CH2-CH2-CH2-CH2-CH3), 2.41 (6H, t, J = 5.9 Hz, N-

CH2-CH2-NH), 2.93-3.01 (12H, m, N-CH2-CH2-NH, NH-CH2-CH2-CH2-

CH2-CH2-CH3), 5.80 (3H, t, J = 5.2 Hz, NH-CH2-CH2-CH2-CH2-CH2-

CH3), 5.87 (3H, t, J = 5.2 Hz, N-CH2-CH2-NH) ppm. 

13C-{1H} 

NMR 

(100 MHz, DMSO-d6) δ 13.9 (CH3), 22.1 (CH2), 26.1 (CH2), 30.0 (CH2), 

31. 0 (CH2), 37.7 (CH2), 39.8 (CH2), 54.4 (CH2), 158.2 (CO) ppm. 

LRMS (ES+) m/z 528 [M+H]+. 

HRMS (ES+) for C27H58N7O3
+ [M+H]+, calculated 528.4596 found 528.4590. 

 

Gelator 36 - 1,1'-(Hexane-1,6-diyl)bis(3-((R)-1-(naphthalen-2-yl)ethyl)urea) 

 

A solution of (R)-(–)-1-(1-naphthyl)ethyl isocyanate (0.33 g, 1.67 mmol) and 

hexamethylendiamine (0.10 g, 0.84 mmol) in dichloromethane (20 mL) was shaken in a 

sealed vial and a white solid was formed immediately. It was triturated in ethyl acetate (40 

mL) under reflux. The white solid afforded was collected by filtration and dried under high 

vacuum (0.37 g, 0.73 mmol, 87%). 

[α]22
D Not measurable due to partial gel formation. 

M.p. 193–197 ºC. 

FT-IR (neat) νmax 3322 (N–H), 1619 (amide-I), 1573 (amide-II) cm–1. 

1H NMR (300 MHz, DMSO-d6) δ 1.21 (4H, br, NH-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 1.31 (4H, br, NH-CH2-CH2-CH2-CH2-CH2-CH2-NH), 1.45 (6H, d, J 

= 7.0 Hz, NH-CH(CH3)-Ar), 2.97 (4H, q, J = 6.6 Hz, NH-CH2-CH2-CH2-

CH2-CH2-CH2-NH), 5.54 (2H, quin, J = 7.3 Hz, NH-CH(CH3)-Ar), 5.77 

(2H, t, J = 5.5 Hz, NH-CH2-CH2-CH2-CH2-CH2-CH2-NH), 6.39 (2H, d, J 

N
H

N
H

O
H
N

H
N

O

C32H38N4O2
Molecular Weight: 510.68
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= 8.1 Hz, NH-CH(CH3)-Ar), 7.45-7.57 (8H, m, ArH), 7.79 (2H, dd, J = 

6.2, 2.2 Hz, ArH), 7.92 (2H, dd, J = 8.4, 2.2 Hz, ArH), 8.13 (2H, d, J = 

8.1 Hz, ArH) ppm. 

13C-{1H} 

NMR 

(75 MHz, DMSO-d6) δ 22.4 (CH2), 26.1 (CH2), 30.0 (CH3), 39.1 (CH2), 

44.6 (CH), 121.9 (ArC), 123.3 (ArC), 125.4 (ArC), 125.5 (ArC), 126.0 

(ArC), 127.0 (ArC), 128.6 (ArC), 130.4 (ArCq), 133.4 (ArCq), 141.4 

(ArCq-CH(CH3)), 157.2 (CO) ppm. 

LRMS (ES+) m/z 511 [M+H]+, 533 [M+Na]+, 1022 [2M+H]+, 1044 [2M+Na]+. 

HRMS (ES+) for C32H39N4O2
+ [M+H]+, calculated 511.3068 found 511.3065. 

 

Gelator 37 - 1,1'-(Nonane-1,9-diyl)bis(3-((R)-1-(naphthalen-2-yl)ethyl)urea)  

 

A solution of (R)-(–)-1-(1-naphthyl)ethyl isocyanate (0.33 g, 1.67 mmol) and 1,9-

diaminononane (0.13 g, 0.84 mmol) in dichloromethane (20 mL) was shaken in a sealed 

vial and a white solid was formed immediately. It was triturated in ethyl acetate (40 mL) 

under reflux. The white solid afforded was collected by filtration and dried under high 

vacuum (0.39 g, 0.71 mmol, 85%). 

[α]22
D Not measurable due to partial gel formation. 

M.p. 212–213 ºC. 

FT-IR (neat) νmax 3314 (N–H), 1615 (amide-I), 1568 (amide-II) cm–1. 

1H NMR (300 MHz, DMSO-d6) δ 1.20 (10H, br, NH-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 1.30-1.34 (4H, m, NH-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-NH), 1.45 (6H, d, J = 6.6 Hz, NH-CH(CH3)-

Ar), 2.97 (4H, q, J = 6.6 Hz, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-NH), 5.54 (2H, quin, J = 6.6 Hz, NH-CH(CH3)-Ar), 5.76 (2H, 

t, J = 5.7 Hz, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-NH), 

6.38 (2H, d, J = 8.1 Hz, NH-CH(CH3)-Ar), 7.44-7.57 (8H, m, ArH), 7.80 

(2H, dd, J = 7.3, 1.8 Hz, ArH), 7.92 (2H, dd, J = 8.4, 2.2 Hz, ArH), 8.13 

N
H

N
H

O

N
H

N
H

O

C35H44N4O2
Molecular Weight: 552.76
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(2H, d, J = 7.7 Hz, ArH) ppm. 

13C-{1H} 

NMR 

(75 MHz, DMSO-d6) δ 22.4 (CH2), 26.3 (CH2), 28.7 (CH2), 29.0 (CH2), 

30.0 (CH3), 39.1 (CH2), 44.6 (CH), 121.9 (ArC), 123.3 (ArC), 125.4 

(ArC), 125.5 (ArC), 126.0 (ArC), 127.0 (ArC), 128.6 (ArC), 130.4 

(ArCq), 133.4 (ArCq), 141.4 (ArCq-CH(CH3)), 157.2 (CO) ppm. 

LRMS (ES+) m/z 553 [M+H]+, 575 [M+Na]+, 1106 [2M+H]+, 1128 [2M+Na]+. 

HRMS (ES+) for C35H45N4O2
+ [M+H]+, calculated 553.3537 found 553.3526. 

 

Gelator 38 - 1,1',1''-(Nitrilotris(ethane-2,1-diyl))tris(3-((R)-1-(naphthalen-2-

yl)ethyl)urea)  

 

A solution of (R)-(–)-1-(1-naphthyl)ethyl isocyanate (0.33 g, 1.67 mmol) and tris(2-

aminoethyl)amine (0.08 g, 0.56 mmol) in dichloromethane (20 mL) was shaken in a sealed 

vial and a white solid was formed immediately. It was triturated in ethyl acetate (40 mL) 

under reflux. The white solid afforded was collected by filtration and dried under high 

vacuum (0.33 g, 0.45 mmol, 80%). 

[α]22
D Not measurable due to partial gel formation. 

M.p. 203–205 ºC. 

FT-IR (neat) νmax 3316 (N–H), 1618 (amide-I), 1568 (amide-II) cm–1. 

1H NMR (300 MHz, DMSO-d6) δ 1.42 (9H, d, J = 7.0 Hz, NH-CH(CH3)-Ar), 2.44 

(6H, t, J = 6.2 Hz, N-CH2-CH2-NH), 3.04 (6H, br, N-CH2-CH2-NH), 5.53 

(3H, quin, J = 7.0 Hz, NH-CH(CH3)-Ar), 5.86 (3H, t, J = 5.5 Hz, N-CH2-

CH2-NH), 6.53 (3H, d, J = 8.1 Hz, NH-CH(CH3)-Ar), 7.40-7.55 (12H, m, 

N
H

N
H

O

N
N
H

N
H

O

NH

NH

O

C45H51N7O3
Molecular Weight: 737.95



Experimental 

 125 

ArH), 7.78 (3H, dd, J = 8.1, 1.0 Hz, ArH), 7.91 (3H, dd, J = 8.4, 2.2 Hz, 

ArH), 8.10 (3H, d, J = 7.7 Hz, ArH) ppm. 

13C-{1H} 

NMR 

(75 MHz, DMSO-d6) δ 22.4 (CH3), 37.7 (CH2), 44.6 (CH), 54.4 (CH2), 

121.9 (ArC), 123.2 (ArC), 125.4 (ArC), 125.5 (ArC), 126.0 (ArC), 127.0 

(ArC), 128.5 (ArC), 130.3 (ArCq), 133.4 (ArCq), 141.2 (ArCq-CH(CH3)), 

157.3 (CO) ppm. 

LRMS (ES+) m/z 738 [M+H]+. 

HRMS (ES+) for C45H52N7O3
+ [M+H]+, calculated 738.4126 found 738.4108. 

 

 

 

NB It is important to reiterate that gelators 39–41 were never isolated as they were only 

used to form, in situ, mixed stereoisomeric gels 39–41 (see Chapter 4). This is the reason 

why characterization data were not reported. 
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5.2 Gels 

The comparison between performances of different gelators was always based on weight 

concentration values (mg mL–1). Since all gelators studied in each chapter have similar 

molecular weights, a comparison of gelation performance based on weight rather than 

molar concentrations was considered acceptable. 

5.2.1 Gel formation studies and in situ gelation 

Each gelator was weighted in a 3 mL glass vial and 1 mL of solvent was added (see Table 

8 for details). The vial, closed with a screw cap, was heated with a heat gun until a 

homogeneous and clear solution was formed. It was then allowed to stand at room 

temperature for gelation to occur. Gel formation was confirmed by an inversion test. 

Gelator Gel concentration (mg mL–1) Solvent tested 
 

  

1–31 

150 
100 
50 
40 
30 
20 
15 
10 
5 

hexane 
toluene 
tetralin 
chloroform 
ethyl acetate 
tetrahydrofuran 
dichloromethane 
1-octanol 
2-octanol 
cyclohexanone 
acetone 
ethanol 
methanol 
dimethyl sulfoxide 
water 

   

32–35 

20 
15 
10 
5 

hexane 
toluene 
tetralin 
ethyl acetate 
dichloromethane 
2-octanol 
cyclohexanone 
ethanol 
dimethyl sulfoxide 
water 

   

   

Continues in the next page  
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Gelator Gel concentration (mg mL–1) Solvent tested 

   

36–38 

20 
15 
10 
5 

hexane 
toluene 
tetralin 
chloroform 
ethyl acetate 
dichloromethane 
1-octanol 
2-octanol 
cyclohexanone 
acetone 
ethanol 
methanol 
dimethyl sulfoxide 
water 

 

  

Table 8: Summary of conditions used in gel formation studies of 1–38. 

Bi-component gels, detailed in Table 9, were prepared to obtain a final combined gelation 

concentration of 20 mg mL–1. The calculated amounts of each of the gelator components 

were weighted in the same 3 mL glass vial and 1 mL of solvent was added. To form the 

gels, the same procedure described above was used. 

Bi-component gel (20 mg mL–1)   
1st gelator 2nd gelator Ratio  Solvent tested 

14 15 

1:3 
1:2 
1:1 
2:1 
3:1 

hexane 
toluene 
tetralin 
chloroform 
ethyl acetate 
tetrahydrofuran 
dichloromethane 
1-octanol 
2-octanol 
cyclohexanone 
acetone 
ethanol 
methanol 
dimethyl sulfoxide 
water 

23 24 

Table 9: Summary of conditions used in bi-component gel formation studies. 

Gels 33–41 were also prepared in situ. This method consisted in mixing two aliquots (0.5 

mL) of solutions of an isocyanate and an amine, precursors of the gelator, at the desired 

concentration in a 3 mL vial. The solutions were rapidly introduced into the vial using 1 

mL plastic syringes. Since the order of addition of the precursors did not seem to play any 

role, the two possible permutations were treated as replicates to test the consistency of the 
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results. The gelation time was recorded with a stopwatch starting from the mixing of the 

two precursors and the maximum test time was set as 10 min. Gel formation was 

confirmed by an inversion test. In all the cases when gelation was not instantaneous, 

samples were allowed to stand and inverted every 30 s for the first five minutes and then 

left untouched until the test time run out. When gelation did not occur at a given 

concentration, tests with lower amounts of precursors were considered not necessary. All 

experiments were carried out at room temperature (i.e. 20–21 ºC). 

A “traffic light coding system” was used to facilitate a quick analysis of the results of gel 

formation studies, in situ gelation and also gel perturbation tests (see 5.2.2) listed the 

Appendix. The colours were paired to the results following the logic exemplified below: 

• Green  à  positive result 

• Yellow  à  intermediate result 

• Red  à  negative result 

• Black  à  insolubility 

Of course, depending on the tests considered, the occurrence of gelation could be 

considered either a positive or a negative result and therefore the interpretation of the 

outcomes needs to be carried out carefully. A summary to help interpretation is provided in 

Table 10. 

Test Colour-coded outcome Phase 

Gel formation studies  

/  

in situ gelation 

n Gel 

n Partial gel§ 

n No gel 

n Insoluble* 

   

Gel perturbation 

n No gel 

n Partial gel 

n Gel 
§Defined as an intermediate phase comprising both gel and solution domains. 
*Insoluble at all temperatures or soluble at high temperature but precipitates upon cooling (instead 
of gelating). 

Table 10: Guide on “traffic light coding system” interpretation. 
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5.2.2 Gel perturbation tests 

DMMP (1.0 µL, 2.5 µL, 5.0 µL, 0.010 mL, 0.025 mL, 0.050 mL, 0.100 mL) and GD 

(0.010 mL, 0.025 mL) were added in either one of the precursor solutions and then the in 

situ gelation procedure detailed in 5.2.1 was followed. 

In case in situ gelation was not observed in the absence of guests no gel perturbation tests 

could be performed. Similarly in Chapter 3, as soon as instantaneous gelation was 

observed in the presence of the guest, gel perturbation tests with lower amounts of guests 

were considered not necessary. The gels were tested with decreasing amounts of guests. 

Conversely, in Chapter 4, the aim of the tests was to establish the maximum amount of 

guest the gel network could tolerate. As a consequence, the gels were tested with 

progressively increasing amounts of DMMP instead. 

5.2.3 Differential scanning calorimetry (DSC) 

Measurements on gels 14, 15, 23 and 24 (20 mg mL–1) were carried out under N2 

atmosphere using a Perkin Elmer DSC7. Each sample (around 20 mg) underwent a 

heating-cooling-heating cycle from 30 to 180 ºC at a rate of 10 ºC min–1. All gels were 

prepared in toluene following the procedure described in 5.2.1. 

Measurements on gels 36–41 (5 mg mL–1) were carried out under N2 using a Mettler 

Toledo DSC821e. Each sample (around 20 mg) underwent a heating-cooling-heating cycle 

form –20 to 280 ºC at a rate of 10 ºC min–1. All gels were prepared in tetralin following the 

in situ preparation procedure described in 5.2.1. In the tests with DMMP (2.5 µL, 5.0 µL, 

0.010 mL) gels 36–38 were prepared at the gelation concentration of 5 mg mL–1.  

Sealed aluminium pans were used in both cases. 

5.2.4 Thermogravimetric analysis (TGA) 

Measurements on gels 36–38 (20 mg mL–1) were carried out using a Perkin Elmer Pyris 1 

Thermogravimetric Analyzer. All gels were prepared in tetralin following the in situ 

preparation procedure described in 5.2.1. Each gel sample (around 30 mg) underwent a 

heating ramp from room temperature to 230 ºC at a rate of 10 ºC min–1 in aluminium pans 

under a N2 rate flow of 20 mL min–1. 
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5.2.5 Rheological measurements 

Rheology experiments on gels 14, 15, 23, 24, 36–38 were performed using an AR2000EX 

rheometer. Gels 14, 15, 23, 24 (20 mg mL–1) were prepared in toluene while gels 36–38 (5 

mg mL–1) were prepared in situ in tetralin according to the procedures in 5.2.1. In the tests 

with DMMP (0.010 mL) gels 36–38 were prepared at the same gelation concentration of 5 

mg mL–1. Gels were measured using 40 mm crosshatched stainless steel plates with a gap 

of 1000 µm. Stress sweep experiments were carried out to identify the boundaries of the 

linear viscoelasticity region (LVER) and dynamic stress yield values of all the gels 

(angular frequency = 6.28 rad s–1 = 1 Hz, oscillatory stress = 0.1–10000.0 Pa). In the 

LVER, a constant oscillatory shear stress of either 0.4 Pa (gels 14, 15, 24) or 2.0 Pa (gels 

23, 36–38) was applied to monitor its dependence on angular frequency, ranging between 

6.28 and 628.00 rad s–1 (1-100 Hz). Rheological experiments were carried out at room 

temperature. Storage (G′) and loss (G″) moduli were also obtained from sweep 

measurements. 

5.2.6 Viscosity measurements 

Viscosity measurements were performed on pure DMSO (cP = 1.91 ± 1%) and DMSO 

solutions of gelator 15 using a Gilmont Instruments falling ball-type viscometer (GV-

2100) equipped with two high precision balls (stainless steel and tantalum), which allowed 

determination of viscosity in the range of 1.0 to 20.0 cP. The gelator solutions were 

prepared at three different concentrations (0.2, 2, 5 mg mL–1) with a final volume of 7 mL 

(sample volume required approx. 5 mL). Dissolution was facilitated using a heat gun and 

the samples were allowed to cool down to room temperature before the measurement was 

performed. After the viscometer was filled with the liquid to be tested, the chosen ball was 

carefully added and allowed to drop and reach the bottom of the tube. Additional liquid 

was pipetted to fill the tube completely before the viscometer was securely closed with its 

screw cap. The instrument filled with the sample was inverted until the ball was returned to 

its housing in the cap. At this point, the instrument was inverted again and was ready to 

take a reading. The time of descent between the two sets of fiduciary lines was measured 

with a stopwatch. Up to five repeated measurements were performed at room temperature 

on the same sample with good reproducibility (average variation of 1.7%). The time of 

descent, for a falling ball viscometer, was related to the viscosity of the sample by the 

equation below: 
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𝜇 = 𝐾 𝜌! − 𝜌 𝑡 

Where 𝜇 is the viscosity (cP), 𝜌! is the density of the ball (8.02 and 16.60 g mL–1 for 

stainless steel and tantalum respectively), 𝜌 is the density of the sample (g mL–1), 𝑡 is the 

time of descent (min). 𝐾 is the tabulated viscometer constant obtained by measuring the 

time of descent using a standard liquid (𝐾 = 0.3). 

5.2.7 Scanning electron microscopy (SEM) 

SEM images were taken on xerogels obtained from the gels listed in Table 11. 

Gels 14, 15, 23, 24, 35 and gels 36–41 (in situ) were prepared according to the procedures 

detailed in 5.2.1.  

Xerogels were obtained drying gels under high vacuum. Xerogels from gels in tetralin (b.p. 

= 207 ºC) were harder to obtain due to the solvent boiling point that made it impractical to 

dry the gels at the vacuum pump. Nonetheless, it was believed that the exposure of the pre-

dried samples to the vacuum level inside the microscope analysis chamber was enough to 

strip away all remaining traces of tetralin.  

 Gel Gel concentration (mg mL–1) Solvent 

Chapter 2 

14 

15 

23 

24 

20 toluene 

Chapter 3 35§ 15 toluene 

Chapter 4 
36–38* 

36–41 
5 tetralin 

§Analysis not performed in environmental mode. 
*In the presence of 0.010 mL DMMP. 

Table 11: Summary of gels analysed with electron microscopes. 

The environmental SEM instrument used was a Philips XL–30. Samples were analysed 

together using a multiple pin sample holder and no conductive coating was necessary. 

Accelerating voltage was set at either 10.0 kV or 12.0 kV, while GSE (Gaseous Secondary 

Electrons) were collected in environmental imaging mode at different magnification. 

Vacuum was considered established after six flushes of water vapour. WD (Working 
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Distance) varied between 4.5 and 8.3 mm and spot size parameter varied between 3.5 and 

5.0. Partial pressure of water in the chamber was kept between 0.7 and 0.9 Torr. 

Conventional SEM images were taken only of xerogel 35 using a JEOL JSM5910. The 

sample was goal-coated to an approximate thickness of 20 nm using an Anatech Hummer 

6.2 Sputter Coater and secured using self-adhesive carbon tape. The accelerating voltage 

for the experiment was between 5 and 7 kV, while SE (Secondary Electrons) were 

collected in imaging mode at different magnification. WD was 10.0 mm and spot size 

parameter varied between 38 and 40. 

In all cases contrast and brightness were adjusted accordingly while no significant 

stigmatism was observed. 

5.2.8 NMR spectroscopy 

5.2.8.1 Liquid state NMR studies 

Liquid state NMR experiments were carried out on a Bruker Advance III 500 MHz 

spectrometer using a 5 mm triple resonance broad band (TBO) probe. The experiments and 

the samples investigated are listed in Table 12. All samples had a final volume of 0.5 mL 

in DMSO-d6. 

Experiment Notes Gelator Sample concentration 
(mg mL–1) Phase 

1H NMR – 
variable 

concentration 
see 1 

14 

0.2 
2 
5 
60 

liquid 
partial gel 
partial gel 

gel 

15 

0.2 
2 
5 
30 

liquid 
partial gel 
partial gel 

gel 

1H NMR – 
variable 

temperature 
see 2–3 15 

5 
30 

partial gel 
gel 

DOSY see 4 15 

0.2 
2 
5 
30 

liquid 
partial gel 
partial gel 

gel 

Table 12: Summary of liquid state NMR studies. 

1. Dimethyl sulfone was used as standard in each sample at 0.085 M. 

2. Ethylene glycol was used for temperature calibration. 
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3. Spectra were recorded every 5 ºC between 25–40 ºC and every 15 ºC between 40–

85 ºC. The samples were allowed to stand for 10 min for thermal equilibrium to be 

reached. 

4. DOSY spectra were obtained by varying the gradient of the maximum strength (50 

G cm–1) linearly between 2–98% in 16 steps. The diffusion time was Δ = 150 ms. A 

total number of 16 scans were collected for the sample at the lower concentration, 

as opposed to 8 scans for the other samples.  

The samples were prepared following the gel formation procedure outlined in 5.2.1, 

directly in the NMR tube. 

5.2.8.2 31P-{1H} NMR 

31P-{1H} NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer using 

a 10 mm double resonance probe. The NMR samples were analysed using a two concentric 

tube system. The external 10 mm outer diameter (OD) tube was filled with a 4 mM 

solution of POPh3 used for chemical shift reference. The inner 5 mm OD tube was filled 

with the sample under investigation. A Waltz 16 3 kHz decoupling was used in all cases. 

All samples investigated, listed in Table 13, had a final volume of 0.7 mL in toluene-d8. 

Analyte Analyte (mg) DMMP (mL) DMMP:analyte Phase 

blank – 0.0100 – liquid 

37 15 

0.0003 1:10 
gel 0.0030 1:1 

0.0300 10:1 

0.3000 100:1 
liquid  

i.e. suppression 
of gel formation 

urea 
5 

0.0010 1:10 
liquid 0.0100 1:1 

1.6 0.3000 100:1 

Table 13: Summary of the samples analysed with 31P-{1H} NMR. 

The samples were prepared following the gel formation procedure outlined in 5.2.1 directly 

in the NMR tube. DMMP was added together with the gelator and the solvent before the 

tube was heated using a heat gun. 
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5.2.9 Fluorescence spectroscopy 

Fluorescence spectra of solutions of gelators 36–38 and gels 36, 37 were recorded on a 

Varian Cary Eclipse. The solution and gel samples were analysed in a 3 mL and 1 mL 

quartz cuvette (1 cm x 1 cm), respectively. HPLC-grade methanol was used as solvent in 

all cases. The excitation wavelength (determined via UV-Vis spectroscopy) was 223 nm, 

while the emission wavelength of the naphthalene moiety was found to be 335 nm. A 

summary of the three types of experiment carried out is provided in Table 14. 

Experiment Gelator 
Sample 

concentration 
(M) 

Phase Notes 

DMMP titration 36–38 145 10–9 liquid 8x 0.1 µL§ adds 
(=1 eq DMMP / gelator) 

Variable 
temperature 36, 37 3 10–2 gel (to sol) spectra at 

25, 30, 40, 50, 60 ºC 

DMMP titration 36, 37 3 10–2 gel 
8x 3 µL§ adds 

(=1 eq DMMP / gelator) 
every 2 h* 

§A standard 10 µL Hamilton MicroliterTM syringe with cemented needle was used. 
*Additions were made every two hours while spectra were recorded every minute. 

Table 14: Summary of the fluorescence spectroscopy experiments. 
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Authors reusing their own work published by the Royal Society 
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“You do not need to request permission to reuse your own figures, diagrams, 
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article or book chapter published by us in your thesis please ensure that your 
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Appendix A  

Tables for gel formation studies. 
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Differential scanning calorimetry (DSC) 

	  

Figure 49: DSC trace of gel 14 in toluene. 

	  

Figure 50: DSC trace of gel 15 in toluene. 
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Figure 51: DSC trace of gel 23 in toluene. 

	  

Figure 52: DSC trace of gel 24 in toluene. 
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Details on molecular modelling for CSPs 
 
The experimental details discussed below were reported, for the sole benefit of the 

reader, as they were described by Dr Case and Prof Day. 

A computational crystal structure prediction (CSP) study involved surveying the 

landscape of potential crystal structures, which correspond to local minima on the 

lattice energy surface, and calculating the lattice energy of each. A rigid search and 

a flexible search were performed for both gelators 14 and 15. 

To perform the rigid search, the molecular geometry of each molecule was 

optimised with density functional theory (DFT), specifically B3-LYP with 

Grimme’s D3 Becke-Johnson damped dispersion correction, with a 6-311G(d,p) 

basis set, and all DFT calculations were performed with this level of theory using 

the Gaussian09 software. The urea group was constrained to a planar geometry 

throughout, and, by starting with the –OCH3 group of gelator 15 in two positions, 

two energy minima (conformers) were located for this molecule. Both gelator 15 

structures were used as a basis for a rigid search, and including gelator 14 as well, 

this made three independent searches in total. 

The rigid search was based upon Day’s in-house Global Lattice Energy Explorer 

(GLEE) code, which is a quasi-random method, based on Sobol sequences. All 

relevant degrees of freedom for the position and orientation of the molecules in the 

asymmetric unit, and the lengths and internal angles of the unit cell, were sampled. 

5000 structures were generated, for each starting molecule or conformation, in 16 

space groups: P1, P-1, P21, C2, Cc, P21/c, C2/c, P21212, P212121, P41212, 

C2221,Pna21, Pbcn, Pbca,Pnma and R3.  

Using the program DMACRYS, each structure was lattice energy minimised 

according to a quasi-Newton Raphson scheme, keeping the molecular geometry 

rigid. The force field consisted of atomic multipoles (up to hexadecapole on each 

atom) derived from a DFT calculation, by the distributed multipole analysis method 

of Stone, and a Buckingham potential parameterized according to a revision of 

Williams’ methodology. The pair potentials for van der Waals forces and the 

multipole interactions beyond the dipole to dipole summed up to a cut-off of 15 

Angstroms. Duplicate structures were removed by Day’s clustering methodology. 

Longer-range electrostatic interactions were summed using Ewald summation. 

The inclusion of molecular flexibility within the scheme described above required a 

few extensions. In the initial sampling, the Sobol quasi-random variate was 
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lengthened to include three additional variables, which related to the intra-molecular 

degrees of freedom (describing flexibility around the urea group and the –NO2 and  

–OCH3 substituent). The mapping from quasi-random numbers to displacements of 

the molecule was achieved by sampling distortions whose energy did not exceed 22 

kJ mol–1 from the lowest energy conformation of each molecule. The sampling for 

gelator 14 was based on a distorted hypersphere but as it was required to sample a 

space of distortions for gelator 15 which would, approximately, include both 

conformers from the rigid search concomitantly, and therefore a method based 

around a single, distorted hypersphere was inappropriate. So, a training set of 443 

points within the energetically accessible region of space by rejection sampling was 

used, together with a method based on inverse transform sampling to relate 

randomly drawn points of the cumulative probability distribution along each degree 

of freedom to predicted points in the full space of distortions. The model was fitted 

using Gaussian process regression, and improved results were obtained by rotating 

the distribution into the space spanned by the eigenvectors of the (massless) inertia 

matrix. 

The change in intra-molecular energy was taken into account. This was achieved by 

fitting DFT energies of a series of trial geometries with another Gaussian process 

regression model. The number of training points required for the gelator 14 and 15 

models were 900 and 1200 points respectively. The same data sets were used to 

train a model, which related partial charges on each atom, as calculated with the 

Mulfit program, based on the CHELPG procedure, to the intra-molecular degrees of 

freedom. 

Again, 5000 structures were generated per space group in the same space groups as 

the rigid molecule search. By including flexibility around the –OCH3 group, only 

the lower energy conformer was used for gelator 15, rather than both, as was done 

with the rigid search. The crystal structures thus generated were minimised, again 

with DMACRYS, and the same settings as above were used. The differences in the 

schemes were that the force field used an electrostatic model based on fitted partial 

charges, as was described above, and that multiple rigid minimisations were 

performed within the framework of a heuristic scheme. This wrapper sampled intra-

molecular flexibility according to a simplex algorithm, allowing the crystal to relax 

at each stage, and thus converged to minima in both intra- and inter-molecular phase 

space. 
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The lowest, unique, structures from this methodology were re-minimised with 

multipoles up to the rank of hexadecapole; i.e. the final energies were calculated 

with the same force field and settings as were used in the rigid CSP, and hence the 

lattice energies of the flexible and rigid CSP structures were comparable amongst 

each other. 

Periodic DFT geometry optimisations and chemical shift calculations were carried 

out on the two lowest energy predicted crystal structures of 14 and 15 using the 

program CASTEP, using a plane wave basis set, and ultra-soft pseudo-potentials 

generated on-the-fly. The crystal structures were first geometry-optimised, allowing 

all atomic positions and lattice parameters to relax. The GIPAW method was then 

used for the calculation of chemical shielding tensors for all atoms. All calculations 

were performed using the PBE functional, a 700 eV plane wave energy cut-off and a 

Monkhorst–Pack grid of k-points corresponding to a maximum spacing of 0.05 Å–1 

in reciprocal space.  
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Liquid state NMR studies 

	  

Figure 53: 1H NMR – variable concentration experiment of gelator 14 in DMSO-d6 at 25 
ºC. 

	  

Figure 54: 1H NMR – variable concentration experiment of gelator 15 in DMSO-d6 at 25 
ºC. 
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Figure 55: 1H NMR – variable temperature experiment of gelator 15 (5 mg mL–1) in 
DMSO-d6. 

	  

Figure 56: 1H NMR – variable temperature experiment of gelator 15 (30 mg mL–1) in 
DMSO-d6. 
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Figure 57: DOSY experiment of gelator 15 (0.2 mg mL–1) in DMSO-d6 at 25 ºC. 

	  

Figure 58: DOSY experiment of gelator 15 (2 mg mL–1) in DMSO-d6 at 25 ºC. 
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Figure 59: DOSY experiment of gelator 15 (5 mg mL–1) in DMSO-d6 at 25 ºC. 

	  

Figure 60: DOSY experiment of gelator 15 (30 mg mL–1) in DMSO-d6 at 25 ºC. 
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Gelator Concentration (mg mL–1) Viscosity (cP) 

15 

0.2 1.93 

2 2.00 

5 15.52 

Table 15: Viscosity values of DOSY samples of gelator 15. 
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Details on 2D 1H–1H NOESY and 1H–13C CP/MAS NMR 
 
The experimental details discussed below were reported, for the sole benefit of the 

reader, as they were described by S. Ramalhete and Prof Khimyak. 

Hot solutions (60 mg mL–1 in DMSO-d6) were transferred into NMR tubes or plastic 

inserts and allowed to cool down to room temperature, after which gels were 

obtained.  

Solution state NMR experiments were performed at 25 ºC using a Bruker Avance III 

spectrometer at 1H frequency of 800.23 MHz equipped with a 5 mm probe.  

2D 1H–1H NOESY experiments with WATERGATE for solvent suppression 

(noesygpph19), as the samples contained significant amounts of residual DMSO, 

were recorded at variable mixing times, 𝜏! (0.0025, 0.005, 0.01, 0.025, 0.05, 0.1, 

0.25, 0.5, 0.75 and 1 s) with a recycle delay of 2 s and 32 scans. Internuclear 

distances were calculated according to the Initial Rate Approximation, which 

establishes that the initial build-up of NOE enhancements with mixing time is 

approximately linear. The cross-relaxation rate could therefore be determined from 

the initial slope of the build-up curve (𝐼!" as function of 𝜏!), where the NOE 

enhancement (𝐼!") was defined as the ratio between the intensity of the cross-peak at 

a certain mixing time and the intensity of the diagonal peak at zero mixing time 

𝐼!" =
!!
!!"

. In turn, the cross-relaxation rate was proportional to the inverse sixth 

power of the internuclear distance (𝑟!"!!),
 𝜎!" = 𝜁𝑟!"!!. This relationship between 

intensity and distance allowed the observed NOE intensities to be calibrated 

relatively to a known internuclear distance (Hc–Hd) within the supramolecular 

system.  

Solid-state NMR experiments were performed using a Bruker Avance III 

spectrometer at 1H frequency of 400.23 MHz equipped with a 4 mm triple resonance 

probe. 1H–13C CP/MAS NMR experiments of powder references were acquired 

using 256 scans at 25 ºC and a magic-angle spinning (MAS) rate of 10 kHz with a 

recycle delay of 20 s and contact time of 2 ms. The spectra of gel samples were 

acquired using 2048 scans at 25 ºC and MAS rates of 1 kHz with a recycle delay of 

10 s and contact time of 2 ms. The spectra of frozen gel samples were acquired 

using 1024 scans at 0, 5, 10 and 15 ºC and spinning rates of 1, 4 and 8 kHz with a 

recycle delay of 20 s and contact time of 2 ms. 
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Experimental and calculated 13C chemical shifts for gels 14 and 15 are reported in 

the table below. Calculated isotropic chemical shieldings were converted to 

chemical shifts by matching the chemical shift of the –CH3 carbon to that of the gel 

at 0 ºC. 

 

 

 

δ (ppm) 
14 15 

Ref. solid 
powder 

Gel     
0 ºC  

8 kHz 

Calculated 

Ref. solid 
powder 

Gel   
0 ºC  

8 kHz 

Calculated 

Lowest energy 
structure  

(Figure 16 a) 

2nd lowest 
energy 

structure 

Lowest energy 
structure 

(Figure 16 f) 

2nd lowest 
energy 

structure 

C=O 155.5 155.7 149.2 149.9 158.2 154.8 153.6 155.2 
C1 145.5 146.3 148.8 151.4 154.9 131.5 130.9 131.9 
C4 141.2 141.3 137.7 137.5 131.5 158.2 155.2 156.7 
C2 127.7 125.9 127.7 129.5 128.1 127.9 123.2 127.5 
C6 126.4 125.9 126.9 128.1 120.7 120.6 122.0 121.5 
C3 120.1 117.5 118.8 118.8 116.6 117.4 117.0 121.3 
C5 113.5 117.5 118.1 117.4 111.3 111.4 110.1 117.4 

OCH3 n/a n/a n/a n/a 55.1 54.9 54.9 56.1 
C7 42.7 41.7 41.4 41.7 43.9 43.8 40.9 42.7 
C8 33.7 34.4 33.9 34.2 34.7 34.7 34.7 34.1 
C9 25.1 26.3 26.1 27.5 26.3 26.3 26.3 22.7 

CH3 15.9 16.5 16.5 16.5 15.6 15.5 15.5 15.5 
 

Powder X-Ray Diffraction (PXRD) measurements were performed using a Thermo 

Scientific ARL XTRA Powder Diffractrometer by transferring 500 µL of the gel 

onto a stainless steel sample holder. Samples were analysed under a Cu Kα (λ = 1.54 

nm) radiation in the 2θ range of 6 to 36º, a step size of 0.01 and a scan time of 4 s. 
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Figure 61: PXRD patterns of gels a) 14 and b) 15 and reference solid powders of gelators 
c) 14 and d) 15. 
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Appendix B  

Tables for gel formation studies. 
 

Solvent Concentration of gelator 32 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

ethyl acetate n n n n 

dichloromethane n n n n 

2-octanol n n n n 

cyclohexanone n n n n 

ethanol n n n n 

dimethyl sulfoxide n n n n 

water n n n n 
 

Solvent Concentration of gelator 33 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

ethyl acetate n n n n 

dichloromethane n n n n 

2-octanol n n n n 

cyclohexanone n n n n 

ethanol n n n n 
dimethyl sulfoxide n n n n 
water n n n n 
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Solvent Concentration of gelator 34 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

ethyl acetate n n n n 

dichloromethane n n n n 

2-octanol n n n n 

cyclohexanone n n n n 

ethanol n n n n 
dimethyl sulfoxide n n n n 
water n n n n 
 

Solvent Concentration of gelator 35 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

ethyl acetate n n n n 

dichloromethane n n n n 

2-octanol n n n n 

cyclohexanone n n n n 

ethanol n n n n 
dimethyl sulfoxide n n n n 
water n n n n 
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Tables for in situ gelation. 
 
In situ gel 33 in toluene (20 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 33 in toluene (15 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  

 
In situ gel 33 in toluene (20 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 33 in toluene (15 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 33 in toluene (10 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 33 in toluene (5 mg mL–1) – 
isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 33 in toluene (10 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 33 in toluene (5 mg mL–1) – 
amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 34 in toluene (20 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 34 in toluene (15 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 34 in toluene (20 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 34 in toluene (15 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 34 in toluene (10 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 34 in toluene (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 34 in toluene (10 mg mL–1) 
– amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 34 in toluene (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Appendix B 

	   187 

In situ gel 35 in toluene (20 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 35 in toluene (15 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 35 in toluene (20 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 35 in toluene (15 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Appendix B 

	   188 

In situ gel 35 in toluene (10 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 35 in toluene (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  

In situ gel 35 in toluene (10 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
In situ gel 35 in toluene (5 mg mL–1) – 
amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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Tables of guest / gelator equivalents used in the gel perturbation tests. 
  

 
Equivalents DMMP / gelator 33 (20 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) – – 13 25 

 

 
Equivalents DMMP / gelator 33 (15 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) – – 17 35 

 

 
Equivalents DMMP / gelator 33 (10 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) 5 13 26 52 

 

 
Equivalents DMMP / gelator 34 (20 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) – – – 20 

 

 
Equivalents DMMP / gelator 34 (15 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) – – – 27 

 

 
Equivalents DMMP / gelator 34 (10 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) – – 20 39 

 

 
Equivalents DMMP / gelator 34 (5 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) – 20 39 78 

 

 
Equivalents DMMP / gelator 35 (20 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) 2 6 12 25 

 

 
Equivalents DMMP / gelator 35 (15 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) 3 8 17 33 
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Equivalents DMMP / gelator 35 (10 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) 5 12 25 49 

GD 3 7 – – 
 

 
Equivalents DMMP / gelator 35 (5 mg mL–1) 

0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 at 20 ºC) 10 26 52 104 

GD 6 16 – – 
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Tables for gel perturbation tests. 
 

Gel 33 in toluene (20 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5   n n 
1.0   n n 
1.5   n n 
2.0   n n 
2.5   n n 
3.0   n n 
3.5   n n 
4.0   n n 
4.5   n n 
5.0   n n 

10.0   n n 
 
 

Gel 33 in toluene (20 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5   n n 
1.0   n n 
1.5   n n 
2.0   n n 
2.5   n n 
3.0   n n 
3.5   n n 
4.0   n n 
4.5   n n 
5.0   n n 

10.0   n n 
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Gel 33 in toluene (15 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5   n n 
1.0   n n 
1.5   n n 
2.0   n n 
2.5   n n 
3.0   n n 
3.5   n n 
4.0   n n 
4.5   n n 
5.0   n n 

10.0   n n 
 
 

Gel 33 in toluene (15 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5   n n 
1.0   n n 
1.5   n n 
2.0   n n 
2.5   n n 
3.0   n n 
3.5   n n 
4.0   n n 
4.5   n n 
5.0   n n 

10.0   n n 
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Gel 33 in toluene (10 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
 
 

Gel 33 in toluene (10 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
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Gel 34 in toluene (20 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5    n 
1.0    n 
1.5    n 
2.0    n 
2.5    n 
3.0    n 
3.5    n 
4.0    n 
4.5    n 
5.0    n 

10.0    n 
 
 

Gel 34 in toluene (20 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5    n 
1.0    n 
1.5    n 
2.0    n 
2.5    n 
3.0    n 
3.5    n 
4.0    n 
4.5    n 
5.0    n 

10.0    n 
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Gel 34 in toluene (15 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5    n 
1.0    n 
1.5    n 
2.0    n 
2.5    n 
3.0    n 
3.5    n 
4.0    n 
4.5    n 
5.0    n 

10.0    n 
 
 

Gel 34 in toluene (15 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5    n 
1.0    n 
1.5    n 
2.0    n 
2.5    n 
3.0    n 
3.5    n 
4.0    n 
4.5    n 
5.0    n 

10.0    n 
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Gel 34 in toluene (10 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5   n n 
1.0   n n 
1.5   n n 
2.0   n n 
2.5   n n 
3.0   n n 
3.5   n n 
4.0   n n 
4.5   n n 
5.0   n n 

10.0   n n 
 
 

Gel 34 in toluene (10 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5   n n 
1.0   n n 
1.5   n n 
2.0   n n 
2.5   n n 
3.0   n n 
3.5   n n 
4.0   n n 
4.5   n n 
5.0   n n 

10.0   n n 
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Gel 34 in toluene (5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5  n n n 
1.0  n n n 
1.5  n n n 
2.0  n n n 
2.5  n n n 
3.0  n n n 
3.5  n n n 
4.0  n n n 
4.5  n n n 
5.0  n n n 

10.0  n n n 
 
 

Gel 34 in toluene (5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5  n n n 
1.0  n n n 
1.5  n n n 
2.0  n n n 
2.5  n n n 
3.0  n n n 
3.5  n n n 
4.0  n n n 
4.5  n n n 
5.0  n n n 

10.0  n n n 
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Gel 35 in toluene (20 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
 
 

Gel 35 in toluene (20 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
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Gel 35 in toluene (15 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
 
 

Gel 35 in toluene (15 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
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Gel 35 in toluene (10 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
 
 

Gel 35 in toluene (10 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
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Gel 35 in toluene (5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
 
 

Gel 35 in toluene (5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time (min) DMMP (mL) 
0.010 0.025 0.050 0.100 

0.5 n n n n 
1.0 n n n n 
1.5 n n n n 
2.0 n n n n 
2.5 n n n n 
3.0 n n n n 
3.5 n n n n 
4.0 n n n n 
4.5 n n n n 
5.0 n n n n 

10.0 n n n n 
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Gel 35 in toluene (10 mg mL–1) – isocyanate addition to the 
amine and GD solution 

Time (min) GD (mL) 
0.010 0.025 

0.5 n n 

1.0 n n 

1.5 n n 

2.0 n n 

2.5 n n 

3.0 n n 

3.5 n n 

4.0 n n 
4.5 n n 
5.0 n n 

10.0 n n 
 
 

Gel 35 in toluene (10 mg mL–1) – amine addition to the 
isocyanate and GD solution 

Time (min) GD (mL) 
0.010 0.025 

0.5 n n 

1.0 n n 

1.5 n n 

2.0 n n 

2.5 n n 

3.0 n n 

3.5 n n 

4.0 n n 
4.5 n n 
5.0 n n 

10.0 n n 
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Gel 35 in toluene (5 mg mL–1) – isocyanate addition to the 
amine and GD solution 

Time (min) GD (mL) 
0.010 0.025 

0.5 n n 

1.0 n n 

1.5 n n 

2.0 n n 

2.5 n n 

3.0 n n 

3.5 n n 

4.0 n n 
4.5 n n 
5.0 n n 

10.0 n n 
 
 

Gel 35 in toluene (5 mg mL–1) – amine addition to the 
isocyanate and GD solution 

Time (min) GD (mL) 
0.010 0.025 

0.5 n n 

1.0 n n 

1.5 n n 

2.0 n n 

2.5 n n 

3.0 n n 

3.5 n n 

4.0 n n 
4.5 n n 
5.0 n n 

10.0 n n 
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Appendix C  

Tables for gel formation studies. 

Solvent Concentration of gelator 36 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

chloroform n n n n 
ethyl acetate n n n n 

dichloromethane n n n n 

1-octanol n n n n 
2-octanol n n n n 

cyclohexanone n n n n 

acetone n n n n 
ethanol n n n n 

methanol n n n n 
dimethyl sulfoxide n n n n 

water n n n n 
 

Solvent Concentration of gelator 37 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

chloroform n n n n 
ethyl acetate n n n n 

dichloromethane n n n n 

1-octanol n n n n 
2-octanol n n n n 

cyclohexanone n n n n 

acetone n n n n 
ethanol n n n n 

methanol n n n n 
dimethyl sulfoxide n n n n 

water n n n n 
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Solvent Concentration of gelator 38 (mg mL–1) 
20 15 10 5 

hexane n n n n 

toluene n n n n 

tetralin n n n n 

chloroform n n n n 
ethyl acetate n n n n 

dichloromethane n n n n 

1-octanol n n n n 
2-octanol n n n n 

cyclohexanone n n n n 

acetone n n n n 
ethanol n n n n 

methanol n n n n 
dimethyl sulfoxide n n n n 

water n n n n 
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Tables for in situ gelation. 
 
In situ gel 36 in tetralin (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 36 in tetralin (3.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 36 in tetralin (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 36 in tetralin (3.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 36 in tetralin (2.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 36 in tetralin (1.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 36 in tetralin (2.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 36 in tetralin (1.5 mg mL–1) 
– amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 37 in tetralin (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 37 in tetralin (3.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 

In situ gel 37 in tetralin (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 37 in tetralin (3.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 37 in tetralin (2.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 37 in tetralin (1.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 37 in tetralin (2.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 37 in tetralin (1.5 mg mL–1) 
– amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 38 in tetralin (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 38 in tetralin (3.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 

In situ gel 38 in tetralin (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 38 in tetralin (3.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 38 in tetralin (2.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 38 in tetralin (2.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix C 

	   213 

In situ gel 39 in tetralin (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 39 in tetralin (3.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 

In situ gel 39 in tetralin (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 39 in tetralin (3.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 39 in tetralin (2.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 39 in tetralin (1.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 39 in tetralin (2.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 39 in tetralin (1.5 mg mL–1) 
– amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 40 in tetralin (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 40 in tetralin (3.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 

In situ gel 40 in tetralin (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 40 in tetralin (3.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 40 in tetralin (2.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 40 in tetralin (1.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

In situ gel 40 in tetralin (2.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 40 in tetralin (1.5 mg mL–1) 
– amine addition to the isocyanate  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 41 in tetralin (5 mg mL–1) – 
isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 41 in tetralin (3.5 mg mL–1) 
– isocyanate addition to the amine 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 

In situ gel 41 in tetralin (5 mg mL–1) – 
amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
In situ gel 41 in tetralin (3.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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In situ gel 41 in tetralin (2.5 mg mL–1) 
– isocyanate addition to the amine  
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
 
 
	  
	  
	  

In situ gel 41 in tetralin (2.5 mg mL–1) 
– amine addition to the isocyanate 
Time 
(min)  

0.5 n 

1.0 n 

1.5 n 

2.0 n 

2.5 n 

3.0 n 

3.5 n 

4.0 n 
4.5 n 
5.0 n 

10.0 n 
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Tables of guest / gelator equivalents used in the gel perturbation tests. 
 

 
Equivalents DMMP / gelator 36 or 39 (5 mg mL–1) 

1.0 µL 2.5 µL 5.0 µL 0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 
at 20 ºC) 

1 2 5 10 24 49 96 

 

 
Equivalents DMMP / gelator 36 or 39 (2.5 mg mL–1) 

1.0 µL 2.5 µL 5.0 µL 0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 
at 20 ºC) 

2 5 10 19 48 95 191 

 

 
Equivalents DMMP / gelator 37 or 40 (5 mg mL–1) 

1.0 µL 2.5 µL 5.0 µL 0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 
at 20 ºC) 

1 3 5 10 26 53 103 

 

 
Equivalents DMMP / gelator 37 or 40 (1.5 mg mL–1) 

1.0 µL 2.5 µL 5.0 µL 0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 
at 20 ºC) 

3 9 18 35 86 176 345 

 

 
Equivalents DMMP / gelator 38 or 41 (5 mg mL–1) 

1.0 µL 2.5 µL 5.0 µL 0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 
at 20 ºC) 

1 3 7 14 35 69 138 

 

 
Equivalents DMMP / gelator 38 or 41 (3.5 mg mL–1) 

1.0 µL 2.5 µL 5.0 µL 0.010 mL 0.025 mL 0.050 mL 0.100 mL 
DMMP 

(1.1596 g mL–1 
at 20 ºC) 

2 5 10 20 49 99 197 
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Tables for gel perturbation tests. 
 

Gel 36 in tetralin (5 mg mL–1) – isocyanate addition to the amine and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 36 in tetralin (5 mg mL–1) – amine addition to the isocyanate and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 36 in tetralin (2.5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 36 in tetralin (2.5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 37 in tetralin (5 mg mL–1) – isocyanate addition to the amine and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 37 in tetralin (5 mg mL–1) – amine addition to the isocyanate and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 37 in tetralin (1.5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 37 in tetralin (1.5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 38 in tetralin (5 mg mL–1) – isocyanate addition to the amine and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 38 in tetralin (5 mg mL–1) – amine addition to the isocyanate and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 38 in tetralin (3.5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 38 in tetralin (3.5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 39 in tetralin (5 mg mL–1) – isocyanate addition to the amine and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 39 in tetralin (5 mg mL–1) – amine addition to the isocyanate and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 39 in tetralin (2.5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 39 in tetralin (2.5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 40 in tetralin (5 mg mL–1) – isocyanate addition to the amine and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 40 in tetralin (5 mg mL–1) – amine addition to the isocyanate and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 40 in tetralin (1.5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 40 in tetralin (1.5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 41 in tetralin (5 mg mL–1) – isocyanate addition to the amine and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 41 in tetralin (5 mg mL–1) – amine addition to the isocyanate and DMMP solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Gel 41 in tetralin (3.5 mg mL–1) – isocyanate addition to the amine and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
 
 

Gel 41 in tetralin (3.5 mg mL–1) – amine addition to the isocyanate and DMMP 
solution 

Time 
(min) 

DMMP 

1.0 µL 2.5 µL 5.0 µL 0.010 
mL 

0.025 
mL 

0.050 
mL 

0.100 
mL 

0.5 n n n n n n n 
1.0 n n n n n n n 
1.5 n n n n n n n 
2.0 n n n n n n n 
2.5 n n n n n n n 
3.0 n n n n n n n 
3.5 n n n n n n n 
4.0 n n n n n n n 
4.5 n n n n n n n 
5.0 n n n n n n n 

10.0 n n n n n n n 
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Differential scanning calorimetry (DSC) 

	  
Figure 62: DSC trace of gel 36 in tetralin. 

	  

Figure 63: DSC trace of gel 38 in tetralin. 
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Figure 64: DSC trace of gel 39 in tetralin. 

	  

Figure 65: DSC trace of gel 41 in tetralin. 
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Figure 66: DSC trace of gel 36 in tetralin in the presence of 0.010 mL of DMMP. 

	  

Figure 67: DSC trace of gel 37 in tetralin in the presence of 2.5 µL of DMMP. 
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Figure 68: DSC trace of gel 37 in tetralin in the presence of 5.0 µL of DMMP. 

	  

Figure 69: DSC trace of gel 37 in tetralin in the presence of 0.010 mL of DMMP. 
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Figure 70: DSC trace of gel 38 in tetralin in the presence of 0.010 mL of DMMP. 
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Environmental SEM (ESEM) images 

	  

Figure 71: ESEM images at 3500x magnification of xerogels from: a) gel 39; b) gel 36. 

	  

Figure 72: ESEM images at 2000x magnification of xerogels from: a) gel 36; b) gel 36 in 
the presence of DMMP. 

	  

Figure 73: ESEM images at 500x magnification of xerogels from: a) gel 41; b) gel 38. 
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Figure 74: ESEM images at 10000x magnification of xerogels from: a) gel 38; b) gel 38 in 
the presence of DMMP. 
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