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1Chapter 1 

An introduction to hydrogels
In this chapter the field of hydrogelators based on cyclohexane triamides and benzene triamides 
will be reviewed. Several systems and their unique properties will be discussed. An overview of the 
techniques that are useful for analysing gels at different length scales will be reported. This chapter 
concludes with a brief discussion on the challenges faced in developping new hydrogelators and an 
overview of the topics discussed in each chapter.
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Introduction
Gels are as much a part of our day-to-day life as any other state of matter. We recognize a material 
as being a gel intuitively; however, take a moment to think about what a gel is – to define it – set 
boundary conditions. Therein lies the challenge as the boundaries of what is and is not a gel go 
beyond composition and physical properties; one has to delve deeper into how gels ‘work’. In reality 
the term gel covers a wide and diverse range of materials and substances and is in some ways impos-
sible to define rigorously. Despite this, I still have to define what a gel is since the rest of this thesis 
is focused on gels! 

Luckily others have, in the past, thought deeply about this overtly simple problem on many occa-
sions. As early as 1861 Thomas Graham stated: “while the rigidity of the crystalline structure shuts out 
external expressions, the softness of the gelatinous colloid partakes of fluidity and enables the colloid 
to become a medium for liquid diffusion, like water itself.”1 This definition is not particularly clear, 
however. Dorothy Jordon Lloyd proposed: “only one rule seems to hold for all gels and that is that 
they must be built from two components, one which is a liquid at the temperature under consideration 
and the other which, the gelling substance proper, often spoken of as the gelator, is a solid. The gel itself 
has the mechanical properties of a solid, i.e. it can maintain its form under stress of its own weight and 
under any mechanical stress it shows the phenomenon of strain.”2 In the end the easiest definition to 
go by is the shorter definition by Dorothy Jordon Lloyd: “if it looks like a gel it must be a gel”. One 
might add to this: if it cannot be proven to not be a gel, then it must be a gel.

The basis for any type of gel is that a compound is dissolved in a liquid and upon a trigger, e.g. 
cooling, light, pH, vibration, etc. the dissolved gelator forms a network.3 This network gelates the 
solvent, turning the free flowing solution to a solid-like material. Gelators that gelate water are called 
hydrogelators. Gelators can be divided into two classes, chemical and physical. Chemical gels under-
go aggregation driven by covalent cross-links, leading to irreversible gelation. Physical gels undergo 
aggregation driven by non-covalent cross-links, leading to reversible gelation. All gelators described 
in this introduction and the rest of the thesis are physical gels.

Gelators are based on any of three distinct classes of building blocks: polymers4,5, colloids,6 and small 
molecules. In the case of polymer gels the long chains directly form an interconnected network, 
while, for colloidal and small molecule gelators aggregation into stacks precedes formation of a 
network; a process that should not result in flocculation or crystallization. The focus of this thesis is 
on small molecules for gelling water, the so called low molecular weight hydrogelators (LMWHGs).

This introduction will not give an comprehensive overview of all LMWHGs and the interested read-
er is directed to the many excellent reviews on this topic.7–12 Instead the focus will be on a specific 
class of hydrogelators and consideration of design aspects. It is known that LMWHGs first aggregate 
into stacks and then form a fibrous network. Once a gel has formed, its formation can be rational-
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Figure 1. Basic structures of hydrogelators used in this thesis.
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ized by analysis of intermolecular interactions between the individual building blocks. Designing 
and predicting the gelation properties of LMWHGs beforehand, however, is not trivial. The design 
of most LMWHG often relies on a method of unidirectional stacking, which can be achieved by 
incorporating hydrogen bonding units, e.g., ureas or amides, or by π-π-stacking, using benzene or 
pyridine rings. Another key aspect is solubility. If a compound is too soluble it will never form a gel 
and if it is to highly insoluble it will immediately precipitate or crystallize. Therefore, the gelators 
intramolecular interactions must be balanced with solvent molecule interactions. This process is 
mostly trial and error and typically requires synthesis of a series of structurally varied compounds.

The LMWHGs used in this thesis have a characteristic cyclohexane core or benzene core with three 
amide bonds at the 1-, 3-, and 5-positions in an all cisoid arrangement, and with amino acids at-
tached to the amides (Figure 1). The cyclohexane core provides a hydrophobic rigid (due to confor-
mational effects) core, which is an ideal starting point for stacking. The amides are hydrophilic and 
can potentially form multiple unidirectional hydrogen bonds. The R group of the amino acid can 
range from hydrophobic to hydrophilic thereby determines/influences the hydrogelator’s (relative) 
solubility, precipitation and gelation properties. The peripheral carboxylic acid group is hydrophilic, 
aiding dissolution of the compound at high pH and triggering gelation or precipitation at low pH.

Cyclohexane based hydrogelators 
In this section the previous work on cyclohexane based hydrogelators will be discussed and list pre-
viously found correlations between molecular structure and gelling properties. The key structural 
feature of the cyclohexane amide based gelators is the cyclohexane core that positions three amides 
to drive planar aggregation as opposed to linearly linked ureas or amides.13 The crystal structure of 
1 (Figure 2) shows that all three amides can be involved in intermolecular hydrogen bonding in a 
linear fashion. Each pyridine hydrogen/proton is directed towards the π-face of its neighbour. Com-
pounds 2-5 (Figure 2), which vary in alkyl chain lengths show are able to gel a wide range organic 
solvents, and are the first organogelators of this type.14 Compound 2 has the shortest alkyl tails and 
shows limited gelation properties, while 3 and 4 show gelation in a wide range of solvents, explained 
by an increased possibility for intermolecular hydrophobic interactions between gelators with larger 
alkyl chains. The hydrogen bonding of the amides is manifested in the shift in their respective bands 
by FTIR spectroscopy, and such bonding is noticeably absent for 5 in THF in which it does not form 
a gel.

These organogelators formed the basis for the design of hydrogelators in which amino acid groups 
replace the alkyl chains.15 Compounds 6-8 (Figure 4) can gelate water with high salt concentra-
tions and show that when surfactants are added that both the gel and the surfactant self-assemble 
orthogonally.16 The surfactants used include the anionic sodium dodecyl sulfate (SDS), cationic 
cetyltrimethylammonium bromide (CTAB) and nonionic n-octyl-β-D-glucopyranoside (OG) both 
below and above their respective critical micelle concentrations (CMC) (Figure 3). The only combi-
nation where the gel was not formed was with 7 with CTAB where strong electrostatic interactions 
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Figure 2. Structures of compounds 1-5.
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induced precipitation. Cryo/TEM measurements does not reveal a difference between 6 without 
and with surfactant, indicating that the structure of the gel is not disturbed. Micelle formation with 
8-anilino-1-naphthalenesulfonic acid (ANS, Figure 3), which fluoresces weakly in water but strong-
ly in the less polar micelle environment, shows increased fluorescence upon an increase in the con-
centration of OG above its CMC, indicating that micelles still form in the gel state. This orthogonal 
self-assembly makes this system an ideal model to investigate the factors controlling self-assembly 
in complex systems. 

A series of gelator compounds (6, 8-15, Figure 4) were prepared to explore the effect of variation in 
the side groups attached to the cyclohexane core.17 Compounds 14 and 15 do not form gels, which 
was ascribed to insufficient hydrophobic shielding by the side groups and hence the compound 
was too soluble. Compound 13 does not form gels either, however crystals of sufficient quality for 
single crystal X-ray diffraction were obtained and present a closer analogue to the compounds that 
do form gels than 1. The crystal structure of 13 shows linear stacking of the cyclohexane core with 
all amides engaging in intermolecular hydrogen bonding as was presupposed. The peripheral acid 
groups are reported to be arranged around a chloride anion (presumed by the authors to be retained 
from the preparation procedure) but on closer inspection of the X-ray data reported, the ion could 
in fact be potassium cation, which is iso-electronic and of similar size. Together with the consid-
eration that the crystal was grown from potassium phosphate buffer, and the unlikelihood of an 
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anion present at low concentrations being surrounding by carboxylates, it can be concluded that 
the assignment was erroneous and it is in fact a potassium cation is present in the structure. The 
presence of the cation, as we will discuss in chapter 4, is of importance in understanding the effect of 
salts on gel stability. The phenol side groups of the tyrosine residue also show packing in a hexagonal 
manner providing an hydrophobic pocket for the side groups. 

Compounds 6, 8-12 all form hydrogels at mM concentrations following heating and cooling cycles. 
FTIR spectroscopy of powder and freeze dried gels led to the conclusion that all the C=O and N-H 
bonds were hydrogen bonded. TEM showed long fibrous structures or fibre networks for all six 
compound indicating that they all form long linear stacks when gelled. 8 and 9 were stable at up to 
at least 130 °C; the limit of the dropping ball method. A point of note regarding these gelators is that 
they were one of the first systems to show reversible pH switching. 6 and 9 are gels when in acidic 
media but dissolve when the pH is raised while 11 and 12 are gels at high pH but dissolve when the 
pH is decreased. They also show that there is a balance between the extent of deprotonation of acid 
groups and the attractive forces between gelator molecules, in the case of 6 only one carboxylic acid 
need be deprotonated for the gel structure to collapse while for 9 a more extensive deprotonation is 
required due to the extra amide hydrogen bonds.17

 
The gelators in this class all used L-amino acids as side groups, due to their ready availability. A 
series of compounds with phenyl alanine sided groups (16, Figure 5) showed that the pure LLL 
and DDD systems did not hydrogelate upon pH switching, instead they formed microcrystalline 
needles, however, the LLD and DDL systems showed hydrogelation under the same conditions.18 
Breaking the symmetry of the compound changes its solubility and enforces different packing that 
inhibits crystallization or at least slows crystallization sufficiently for gels to form. Crystallization 
can be inhibited also by increasing the chain length by attaching hydrophilic moieties (8-10) or 
extra amino acids (17-19, Figure 5). For 17-19, diminishing stereochemical purity had no effect on 
gelation properties. Gels based on 16 were studied by CD spectroscopy and the LLD and DDL gels 
show opposite CD. The intensity of the CD decreases as the temperature is raised but even at 90 °C 
a residual signal is present indicating that aggregates are still present. 

Compound 20 (Figure 6) was designed so that the glycol tails would induce gelation and the phe-
nylalanine side group was labile towards enzymatic cleavage by α-chymotrypsin releasing 6-amino-
quinoline.19 6-Aminoquinoline is used a model for certain drugs and is fluorescent. When attached 
to the gelator, it is non-fluorescent providing a switch-on mechanism to study its release from the 
gel. In the presence of α-chymotrypsin, 6-aminoquinoline is released over time and by increasing 
the temperature closer to the gel-sol transition the rate of cleavage increases due to the presence of a 
greater proportion of dissolved monomer. This indicates that the release has a two-step mechanism, 
first the release of monomer from the fibres and second the enzymatic cleavage. This observation 
is important as it indicates that gels of this type are not static but that there is dynamic exchange of 
gelator molecules between the gel fibres and solution.

It was already shown that these types of gelators were able to form gels in the presence of micelle 
forming surfactants and that the surfactants form micelles within the gel fibre matrix. Compounds 
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10, 20-22 (Figure 6) can also gelate in the presence of surfactants increasing the scope of these sys-
tems to seven different compounds.20 Cryo-TEM micrographs show fibre formation inside micelles, 
forming so called gellosomes. The formed gel fibres then distort the shape of the liposomes from 
circular to elongated shapes, and as the properties of liposomes change upon deformation this sys-
tem can be used to change the properties in, for example, cases where a switching function is built 
into the gel. The structures formed were likened to the cytoskeleton. 

Mixing 10 and cetyl-N,N,N-trimethylammonium tosylate (CTAT, Figure 6), a surfactant that forms 
cylindrical micelles, led to the formation of two interpenetrating fibre networks.21 Again self-aggre-
gation is preferred over mixing. The viscoelastic properties can be tweaked to be between those of 
the pure 10 or CTAT by varying the ratio of the two components.

A variation on 21 with an added alkyl tail, 23 (Figure 6), was prepared to examine the difference be-
tween mixing 21 with soap5 (Figure 6) or using an covalently linked analogue.22 Whereas a mixture 
of 21 and Soap5 shows orthogonal assembly, it is not observed in the case 23. The multi-segment 
amphiphile 23 showed higher thermal stability then its parent 21. Cryo-TEM micrographs show 
that 23 forms 9 nm and 3 nm fibres at 0.25 mM while at higher concentrations 50-200 nm diameter 
tapes are formed consisting of 3 nm fibrils, that indicates that the gel part is spatially constrained by 
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the covalent connection to the surfactant. The assembly can be disrupted or stabilized by mixing 23 
with molecular chaperones.23 The CGC of 23 decreases in the presence of CTAB and the gels formed 
turn clear compared to the opaque gels formed from 23 alone. This decrease in CGC indicates that 
the gelator co-aggregates with micelles of CTAB. The gels are weakened or do not form in the pres-
ence of urea or hexafluoroisopropyl alcohol (HFIP, Figure 6) due to hydrogen bond formation with 
the gelator disrupting stacking.

20 can be cleaved by α-chymotrypsin to release a fluorescent dye (vide supra).19 This release can 
be triggered by encapsulation of the α-chemotrypsin in micelles formed from phospholipids, as 20 
has been shown to be compatible with such micelles.20,24 The enzymes loaded in the micelles can be 
released by heating the samples to 42 °C for 5 min. After this trigger, release of 6-AQ is manifested 
in an increase in fluorescence intensity. This combination of orthogonal selfassembly and catalytic 
cleavage of gels modified with drug like molecules could be of interest for making implants that 
release drugs upon a certain trigger.

26 is a gelator which forms by mixing the precursor 24 and 25 with a catalytic amount of acid or 
aniline (Figure 7).25 This in situ formation of gelator can be used to make patterns by using a photo 
switchable catalyst or diffusion of the two solutions both containing one reagent.26,27 The strength of 
the gels can be increased by combining this system with small amounts of cross-linked aldehydes, 
glycol chains, or DNA.28 In the case of the crosslinking, the system first forms spherical aggregates 
which decrease in size as the fibre network grows. Another system with in situ triggering of gel for-
mation is based on a system that is a non gelator when it bears a carboxylate, 27, and gelates when 
the acid is methylated, 28 (Figure 7).29 The system uses a strong methylating agent, dimethylsulfate, 
as a fuel for forming the gels in an alkaline solution. The alkaline solution continuously demethyl-
ates the acid, and when the fuel runs out the equilibrium shifts back to the fully dissolved state. In 
this system the growth of fibres and their concomitant destruction was observed by optical micros-
copy and represents an out of equilibrium dynamic system.
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Table 1. The critical gelation concentration all variants of cyclohexane triamide gelators in mM and 
w/v%.

Compound CGC mM CGC w/v %
1 crystal
214 Organogelator
314 Organogelator
414 Organogelator
514 Organogelator
 66,17 0,98 0.06
716 3.00 0.23
816–18 0.76 0.07
917,18 0.97 0.08
1017,18 0.36 0.03
1117 11.75 1.25
1217 4.72 0.42
1317 Crystal, Non gelator
1417 Non gelator
1517 Non gelator
1618

LLL/DDD
LLD/DDL

non gelator
0.5 0.03

1718 1 0.09
1818 0.75 0.07
1918 1 0.09
2020 1.18 0.1
2120 0.84 0.1
2220 1.14 0.1
2322 5 0.65
2625–28 Dynamic system
2729 Non gelator
2829 Dynamic system
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Three fold symmetric gelators based on the benzene tricarboxylic acid core
The benzene triamide (BTA) motif A is a scaffold similar to that of the cyclohexane triamides, how-
ever, most supramolecular structures and gels with this core are formed in organic solvents, for 
which an extensive review is available.30 Nevertheless the structures 29-33 (Figure 8) were investi-
gated for hydrogelation. 29 and 32-33 showed excellent hydrogelation and form fibrous structures 
that can be observed by TEM. 29 only forms weak gels but the dimeric structure of 32 and 33 in-
creased the stability of the gels by two orders of magnitude in rheology. These systems also showed 
helicity in their packing manifested in their CD spectra. This type of packing is a common feature 
in all BTA supramolecular structures. The helical stacking is a result of the 45° angle in hydrogen 
bonding with respect to the benzene ring between layers of monomers.31 

Two variations of 29, one with a methyl group on the third carbon 34, creating a stereogenic  centre, 
and one with an methylated amide 35, give insight into the packing of these structures (Figure 9).32 
The chiral variant 34 shows preferred helicity in fibre formation. The chiral side groups, however, 
decrease solubility and hence methanol is required as a co-solvent. Methylation of the amide, 35, 
prevents gel formation which in combination with the ability of HFIP to break up the gel fibres, 
demonstrates that hydrogen bonding involving the amides is essential to fibre formation. Two vari-
ants of 34 were prepared by adding a green (36) or red dye (37) which could be used to study the 
exchange of monomers using STORM microscopy (Figure 9).33 Mixing the variants with the mother 
monomer green or red fluorescent fibres could be formed. Upon mixing, exchange between the 
fibres was observed, however, it did not follow the expected pathways of fibre end exchange or 
breaking and reattaching. The exchange proceeded by a full monomer monomer exchange without 
breaking the fibres; indicating that these systems are highly mobile.

Linear hydrogelators based on amino acids
Hydrogelation based on amino acids is not limited to 3 fold symmetric systems. Of the many sys-
tems reported those based on aromatic protected di- and tri- peptides are perhaps the most stud-
ied.34 In these systems self-assembly is driven by hydrogen bonding of the amides combine with 
the π-π stacking of aromatic groups (Figure 10). The tripeptides KYF, KYY, KFF and KYW form 
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hydrogels.35 46 is of especial interest as it is part of a series of self-replicating fibre structures.36 Under 
oxidative conditions the thiols form disulfide bonds and also they form macrocycles. Macrocycles 
with 6 monomers catalyse their own formation creating large fibrous structures. The fibres formed 
by this process formed a hydrogel.

Techniques
The hierarchal nature of the interactions involved in gelation requires a set of analytical techniques 
and methods that are not used commonly in, e.g., the field of synthetic organic chemistry. The tech-
niques used are described here briefly so that readers less familiar with the topics covered in this 
thesis can understand how these measurements are performed or what can be learned from them 
(Figure 11). For a detailed overview of the techniques and their uses the reader is referred to the se 
excellent reviews.7,37 

The simplest test performed on gels is the vial inversion test. In this test a gel is formed inside a small 
vial (4 mL) and after gel formation the vial is inverted. If the gel remains in place upon inversion and 
flow is not observed then the system is considered a gel. This test however does not give insight into 
strength or other qualitative properties. Another drawback with this method is that the sample can 
simply be very viscous and does not show flow during observation.

The mechanical properties of a gel can be determined by oscillatory rheology. During an experi-
ment the gel is subjected to rotational forces by a pair of oscillating plates, the oscillation rate (ω) is 
increased in steps and the response is measured. The data provides the storage modulus G’(ω) and 
the loss modulus G” (ω) as a function of the oscillation rate. If the storage modulus is higher than 
the loss modulus the system is solid, and vice versa the system is liquid like. A system that shows a 
G’ greater than G” is considered a gel. Most systems have a breaking point during this measurement 
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where the G’ drops below the G” which corresponds to the force needed to break a gel. 

The dropping ball experiment is used to measure the temperature stability of a gel. In the measure-
ment, gels are prepared in vials and when fully formed a small metal ball is placed on top of the gel. 
If the gel is strong enough the ball remains on top of the gel. The vial is heated slowly and once the 
temperature required to melt the gel is reached the ball drops through the solution. The point at 
which the ball reaches the bottom of the vial is recorded as the temperature for gel collapse.

Gels generally consist of large fibrous networks, the thickness of these fibres can range between a 
couple of nanometers (single molecule stacks) to micrometers (an ensemble of molecules stacking). 
The fibres can be imaged by a number of techniques. (Cryogenic) Transmission Electron Micros-
copy, (cryo) TEM, can image samples in dried and vitrified states giving a good overview of the 
structures formed in the gel down to the nanometer range. It should be noted, however, that these 
images are static and almost no insight can be gained as to the formation of the fibres.
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Optical microscopy, either bright field or fluorescence, are used to image systems on a micrometer 
scale, and the resolution is limited by the diffraction limit (Abbe’s limit). In contrast to electron mi-
croscopy, optical microscopes operate under ambient conditions and can be used to study changes 
in samples over time giving insight into the dynamics of the gel. Microscopy measurements often 
require a reporter molecule as the system under study does not give high enough contrast or is non 
fluorescent. The introduction of these reporter compounds is not necessarily an innocent process 
and can potentially influence the gel properties.38

In this thesis dark field microscopy is employed to study gel formation. Dark field microscopy is a 
technique that uses illumination under an acute angle such that the light does not enter the optical 
path (i.e. reach the camera). If the samples scatters light, this light is observed by the camera yield-
ing bright object on a dark background. A caveat is that the refractive index of an object should be 
different from that of the surrounding solvent for it to scatter and hence be observed. 

Information on the stacking at single fibre level has been measured using a wide range of techniques. 
CD spectroscopy can be used to show supramolecular helicity and give insight in the packing. This 
technique generally requires low concentrations, often below the gel formation point. IR spectros-
copy can show changes in vibrational bands due to hydrogen bonding and conformational changes, 
however measuring in the gel state is limited by the low concentration and the overlap with absorp-
tion by water. Small Angle X-Ray scattering can be used to analyse the size of fibres and the packing, 
this technique suffers from the fact that the largest structure will be sampled and that small crystals 
can dominate the data sets. 

Molecular interactions can be analysed by NMR spectroscopy showing exchange between certain 
parts of the gel or between solution and fibres.
 
Single crystals of gelators or analogues can be used as a start for modelling molecular packing, how-
ever, proving that the molecular arrangements in the crystals are relevant to the gel fibres is chal-
lenging. The orientation of bonds with respect to fibre axes can be inferred from polarized Raman 
spectra. In Raman spectroscopy the vibrational modes of a molecule that undergo a change in po-
larizability during the vibration induce inelastic (Raman) scattering. The polarizability is often not 

Figure 11. Analytical techniques applied to investigating gelation at different scales.
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isotropic and hence the magnitude to scattering depends on the correspondence of the polarization 
of the excitation laser and the alignment of the bond (Figure 12). By either rotating the sample or 
the laser polarization (using a half wave plate) a correlation between angle and signal intensity can 
be made. In highly aligned samples, such as crystals or fibres, this allows for linking the measured 
orientation to the orientation in the sample. The underlying mathematics, detailed explanations and 
examples can be found elsewhere.39–45 

Challenges and Chapters
The series of cyclohexane triamide hydrogelators has been investigated for decades and insights on 
the effect of substituents and additives have been gained. Despite that, of the simple modifications of 
the hydrogels that can be made with the 26 canonical amino acids only 5 have been synthesized so 
far: Met, Phe, Gly, Ser and Tyr. From the many reports made on these gels some information can be 
gained on how the gel forms and looks like when fully formed, however insight into the steps lead-
ing up to gel formation is lacking. By understanding the mechanism involved in the gel formation 
new gels and directed assembly can possibly be reached.

In Chapter 2 we describe the synthesis of new variations on the cyclohexane triamide gelators. Then 
we focus on the effect of salts and D2O on the gel stability.

In Chapter 3 we will continue with these gelators and describe the steps in the self-assembly of the 
hydrogelators that lead to gel formation.

In Chapter 4 we investigated a tyrosine based variant on the cyclohexane triamide structure as a 
possible reporter compound and its gel properties.

In Chapter 5 we describe how to use these gelators as a scaffold for gold and silver nanoparticles, to 

Figure 12. Illustration of Polarized Raman excitation parallel (top) and orthogonal (bottom) to the 
bond axis.
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use the gel as a substrate for surface enhanced Raman scattering (SERS) spectroscopy.

In Chapter 6 the knowledge gained is applied to the rational design of a new gelator based on the 
cyclohexane triamides but with a benzene triamide core instead.
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Chapter 2

Remarkable solvent isotope 
dependence on gelation strength 
in low molecular weight 
hydrogelators
Abstract
A delicate interplay of anisotropic hydrophobic/hydrophilic, π-π stacking, ionic and hydrogen bond 
interactions determine the strength of hydrogelators and are considered key factors in efforts to 
design potent small molecule hydrogelators. Here we show that solvent deuteration and electrolytic 
strength affect the strength of hydrogels formed from amino acid modified C3-symmetric cyclo-
hexane triamides profoundly. Gels formed by self-assembly through heating/cooling solutions or by 
pH switching show up to a 30 °C increase in their melting temperatures in D2O compared to H2O. 
The unusually large solvent isotope effect on gel formation and thermal properties indicates that, 
in contrast to expectations, hydrogen bonding is not the primary determinant of gel strength but 
instead that hydrophobic interactions between the gelator molecules and the terminal carboxylic 
acid units are of greater importance. A conclusion that is supported by a similarly large effect of 
electrolytes on gel strength.

This chapter has been as published:
Canrinus, T. R.; Cerpentier, F. J. R.; Feringa, B. L.; Browne, W. R. Remarkable Solvent Isotope De-
pendence on Gelation Strength in Low Molecular Weight Hydro-Gelators. Chem. Commun. 2017, 
53 (10), 1719–1722 DOI: 10.1039/C7CC00017K.
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Introduction
Hydrogels are applied widely as biocompatible materials in medical, biological and the pharmaceu-
tical applications and their use has increased dramatically in recent years.1–7 Hydrogel either small 
molecule8 or polymer based,9,10 when present in minor amounts in water can form 3D networks to 
form a solid like material consisting of > 95% water by mass. Low molecular weight hydrogelators 
(LMWGs) are a subclass of hydrogelators, which aggregate anisotropically to form fibres and then 
bundles of fibres and finally the 3D network that holds water in place (Scheme 1).11–15

Scheme 1. Hierarchical levels of interactions in the formation of gels from disc like low molecular 
weight gelators: stack, fibre and intertwined network.

The utility of amino acids as a structural motif in LMWGs design is attractive not least because of 
their availability and synthetic versatility. Over the last decade, Feringa, van Esch and co-work-
ers reported a cyclohexane based C3 symmetric hydrogelator modified with three amino acid side 
groups (A),16–20 and Meijer and co-workers reported analogous systems with a benzene core (B), 
Figure 1.12,21–24

More recently, Ulijn and co-workers showed that linear Fmoc protected peptide chains (C),25–28 and, 
together with Tuttle and co-workers even small tripeptides (D) can form hydrogels. The latter sys-
tems (D)  demonstrated the potential of a combined molecular dynamics/quantum chemistry ap-
proach to rationally design gelators based on tripeptides.29 All systems show that they are reliable in 
driving anisotropic fibre growth (Figure 1) ascribed primarily to the triple set of anisotropic amide 
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amide H-bonds interactions.17,30 In all systems, variation of the amino acid side chains, e.g., in A, 
methionine and norleucine derivatives form hydrogels, whereas those based on glycine do not. The 
end capping group used has a pronounced effect on gelation confirming that H-bond interactions 
are not the sole intermolecular forces involved.

Beyond structural modifications, changes in solvent properties influence gel properties through the 
addition of co-solutes, pH and isotope exchange. Indeed an ion specific influence (ΔTm ca. 12 °C) 
on gel strength in the Fmoc protected dipeptides (C), Fig. 1, that follows the Hofmeister series was 
reported.27,31,* AFM studies indicated that the effect was due to changes in fibre morphology and 
not salting out. Solvent isotope effects (i.e. H2O/D2O) have received only limited attention to date 
despite the opportunities it presents to disrupt hydrogen bonding driven assemblies. The effects on 
gelation that have been report are however modest with a number of reports on poly(N-isopropy-
lacrylamide) (E), that show an increase of 0.6 °C in gel melting point, and for F a 50% reduction in 
G’.32–36

Here we report that for a series of cyclohexane core based LMWGs (A, Fig. 2) both solvent deutera-
tion and ionic strength have a profound influence on gel properties with as much as a 30 °C increase 
in melting temperature. Hence, although anisotropic hydrogen bonding interactions between am-
ides in the C series of LMWGs has been focused upon to rationalize their gelation properties,17 the 
unexpected and unprecedented major increase in gel strength upon substitution of H2O with D2O or 
the addition of electrolytes indicates that amide H-bonding is in fact of minor importance. 

Eleven LMWGs were prepared (Fig. 2) using both natural and unnatural amino acids and their 
hydrogelation behaviour determined from both heat/cool and pH-jump formation thermotropic 
properties, rheological properties and TEM analysis (for synthesis  and spectroscopic data see ap-
pendix B).

The two approaches taken to form gels from C were to dissolve the LMWGs in water with heat or 
high pH (ca. 10) and then form gels by cooling or pH jumping† (to below the isoelectric point, ca. pH 
3), respectively (Table 1). Although both methods lead to the formation of gels, for several CH-Gly 
and CH-Ala based compounds solutions were obtained only and for CH-Val, CH-Phe and CH-Trp 
based compounds crystallization was observed instead of gelation. For CH-Leu, gels formed only 
upon pH jumping; cooling from hot solutions led to crystal growth. By contrast CH-Ile formed a 

* The salts examined range from chaotropic (water structure breaking) to kosmotropic (water struc-
true making) salts.
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precipitate with pH jumping but gels upon heating/cooling, which indicates that heating and cool-
ing allows for anisotropic growth to take place whilst the sudden pH switching results in flash pre-
cipitation. These variations in behaviour indicate that gel fibre growth may proceed differently with 
heat/cool cycles than by pH jumping. Gels with CH-Abu form slower (min vs s) upon pH switching 
compared to the other gelators. The differences in the CGC of CH-Abu and CH-Nle, and of CH-Ile 
and CH-Leu indicate that CGCs decrease with an increase in alkyl chain length and increases with 
branching. Furthermore the lack of gelation by CH-Gly and CH-Ala indicate that hydrogen bond-
ing is not the sole determinant of gelation properties.

The temperature dependence of the mechanical stability of the gels was determined by dropping ball 
measurements. In H2O, gels formed by CH-Ile (7.5 mg/mL), CH-Nva (5.0 mg/mL) and CH-Nle (2 
mg/mL) do not melt below 130 °C.‡ The CH-Met and CH-Abu gels show an increase in melting 
point with an increase gelator concentration, 50-110 °C (7.5 – 12 mg/mL) for CH-Abu and 45-100 
°C (2 – 7.5 mg/mL) for CH-Met. As the other gelators melt only at high temperatures further studies 
on the effect of salts and D2O focused on CH-Abu and CH-Met. 

Both CH-Met and CH-Abu gels prepared by pH jumping show an 45 °C increase in melting point 
compared with those prepared by a heating/cooling cycle. (Table 2) However, a gel prepared ther-
mally from H2O containing 0.1 M NaCl(aq) (a neutral salt on the Hofmeister series27,31) showed the 
same melting temperature as the pH jump prepared samples confirming that the increase was due 
to differences in electrolytic strength. Gels formed by heat/cool cycling with 0.1 M of kosmotropic 
(Na2SO4, CaCl2) and chaotropic (NaI, NH4Cl) salts as well as smaller and larger alkali salts of chlo-
ride (RbCl, KCl, LiCl), showed that the increase in melting temperature was approximately constant 
at 40 °C for CH-Abu and 20 °C for CH-Met, regardless of the salt used. The only exceptions were 
LiCl and RbCl, which yielded a gel melting point 8 °C lower than with all other salts. These data 
can be rationalized by a model in which the the cation occupies the space between the fibres and 
stabilizes the carboxylate groups. The concentration of salt used, however, was 100 times higher 
than the concentration of CH-Met and 8 times higher than CH-Abu. This prompted us to assess 

† Gelation of the C series LMWGs based gelators is pH dependent by virtue of the terminal acid 
groups, which disrupt aggregation when deprotonated through charge repulsion.
‡ The thermal stability of CH-Ile, CH-Nva and CH-Nle is greater than highest reported by Friggeri 
et al.18

Table 1. Appearance in water after heating/cooling or pH jumping. S: Solution, P: Precipitate, C: Crys-
tal, G: Gel, value between bracket CGC in mg/mL

Compound Heat/cool pH
CH-Gly S S
CH-Ala S S
CH-Val C C
CH-Leu C G (5.0)
CH-Ile G (7.5) P
CH-Met G (0.6) G (0.6)
CH-Phe C C
CH-Trp C C
CH-Abu G (6.0) G (7.5)
CH-Nva G (5.0) P
CH-Nle G (0.6) G (0.6)
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Figure 3. Representative TEM images of CH-Met and CH-Abu made by heating/cooling cycle in H2O, 
pH jumping in H2O, heating/cooling cycle in D2O and  heating/cooling in 0.1 M NaCl(aq) in H2O. Scale 
bar 0.5 µm.
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the effect where salt concentrations approached the gelator concentration. With 0.33 eq. and 1 eq. of 
salt with respect to the gelator, the melting point was the same as that of 0.1 M, however, with 5 eq. 
the melting temperature decreased again, in contrast to CH-Abu which showed an increase as the 
amount of salt added increased.

A priori it is expected that hydrogen bonding makes a significant contribution to hydrogelation. 
Hence weakening the hydrogen bonds with H-D exchange would be expected to suppress the gels’ 
melting points. Surprisingly in 100 % D2O an increase in melting point by ~50 °C for CH-Met and 
CH-Abu was observed. FTIR and Raman spectra of lyophilized gelators confirmed that rapid ex-
change of the amide hydrogens occurred when dissolved in D2O, manifested in a shift of the amide 
bands. The ratio of the intensity of N-H and N-D bands were used to quantify exchange, with the 
C-H stretch at 3000 cm-1 as an internal standard. A full exchange to N-D was observed (Figure S1-3 
at the end of the chapter) and can be reversed by rehydrating in H2O. TEM analysis shows that fibres 
formed in D2O are similar to fibres formed in H2O.

The storage (G’) and loss (G”) modulus for gels formed by CH-Met and CH-Abu in H2O and D2O 
were essentially the same as were the breaking points where G” becomes greater than G’. § These 
data indicate that the structure formed in both solvents is in fact the same and that the change in 
hydrogen bonding does not affect the network. It should be noted that although the solvents differ 
in viscosity over the range of electrolyte concentrations used, the solvent viscosity does not change 
significantly37 and the 20% increase of viscosity in D2O vs H2O does not contribute substantially to 
the rheology since the viscosity increase due to the gel is much greater than the increase due to D2O.

§ Gel preparation on the plates of the rheometer preclude use of heating and cooling to from gels 
for these experiments.

Table 2. Melting points of CH-Met and CH-Abu LMWGs under various conditions

Condition CH-Met (2 mg/mL) CH-Abu (8 mg/mL)

Heat gel 45 56

pH jump 65 99.5
0.1 M NaCl 64 105
0.33 eq. NaCl 65 25
1 eq. NaCl 63.5 27.5
5 eq. NaCl 50 38
0.1 M LiCl 50 88
0.1 M KCl 64 90.5
0.1 M RbCl 55 76
0.1 M NH4Cl 61 97
0.1 M CaCl2 64 95
0.1 M Na2SO4 61 90
0.1 M NaI 58 94
25 % D2O 79.5 79
50 % D2O 86.5 96
75 % D2O 92 101
100 % D2O 96 103
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TEM analysis of gels formed with CH-Met and CH-Abu by heat/cool cycling and pH jumping, 
Figure 3, indicates that for CH-Met, pH jumping provides for a decrease in order compared to gels 
formed by heating and cooling. Notably, CH-Abu gels formed by either method do not show dif-
ferences in morphology, which reflects the slower formation of gel fibres compared to CH-Met. The 
interlocking network of CH-Met shows more crosslinks in the pH gel than in the heat gel which, 
considering the increase in melting point with the former method, suggests that gel stability is a 
result of the interlocking fibres. In the TEM images of gels formed in the presence of NaCl spherical 
objects are observed attached to the fibres in CH-Met, which are most likely salt crystals.

In conclusion fibres formed by the C3-symmetric A series hydrogelators show a decrease in CGC 
with longer linear alkyl chains, however, branched alkyl chains disrupt aggregation. The effect of 
ionic strength on gelation by A-type LMWGs is equally pronounced, however, the magnitude of the 
effect and the lack of specificity contrast sharply with observations made by Ulijn et al. for gels of 
C-type LMWGs.27 The lack of a dependence of the effect on the electrolyte used, with the notable 
exceptions of LiCl and RbCl, indicates that a reduction in carboxylate-carboxylate repulsion may 
play a role. Taken together with the remarkable and unprecedented increase in gel strength upon 
solvent deuteration, the data indicate that amide H-bonding is not the dominant interaction in 
driving anisotropic fibre growth but instead side chain hydrophobic interactions dominate. These 
observations and the differences in effects observed for A and C-type hydrogelators hold consider-
able implications in regard to efforts to develop general rules for the rational design of low molecular 
weight hydrogelators.

Supporting Information
Materials and instrumentation is available in Appendix A. Synthesis and analysis of all compounds 
is available in Appendix B.
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Supporting figures

Figure S1: FTIR spectrum of a freeze dried gel of CH-Abu formed in H2O (red) or D2O (black)

Figure S2: FTIR spectrum of a freeze dried gel of CH-Met formed in H2O (red) or D2O (black)
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Figure S3: FTIR spectrum of a freeze dried gel of CH-Nle formed in H2O (red) or D2O (black)
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Chapter 3 

Label free spectroscopic determi-
nation of formation of and mole-
cular packing in cyclohexane ba-
sed  hydrogelator fibres

Abstract
Gelation of water with small molecules (hydrogelators) sees continued interest ranging from biolog-
ical and medical applications to soft robotics. The design of hydrogelators is largely hit and miss and 
largely focuses on the serendipitous balancing of the multiple intra- and inter-molecular interac-
tions. Achieving specific properties by design however is still well beyond the state of the art. Ratio-
nal design of gelators requires understanding both the interactions involved at multiple hierarchical 
levels and the actual dynamic processes involved. Typically the low concentrations of gelator mol-
ecules necessitates the use of molecular probes, often based on fluorescence, however these probes 
can disrupt the processes being studied. Here we report the elucidation of the mechanism by which 
C3-symmetric hydrogels form using a combination of dark field microscopy, cryo-TEM, small angle 
X-ray scattering, polarized Raman and single crystal X-ray structures the gelation can be followed 
from microscopic to macroscopic growth. The aggregate data allows for validation of a postulated 
mechanism and model which will form the basis of a more rational approach to gelator design.
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Introduction
Hydrogels are ubiquitous and are the basis for materials with applications as diverse as soft robotic 
materials, sensing and smart drug delivery, and of course life.1–5 Synthetic hydrogels can enable 
building in of response to external stimuli such as pH change, light, foodstuffs and shock, to name 
but a few.6–9 Hydrogels based on low molecular weight compounds (hydrogelators) are especially at-
tractive since they are intrinsically well-defined in composition, toxicity profile and enable tuning of 
properties through systematic structural variations. The design of potential hydrogelators typically 
focuses on anisotropic supramolecular stacking directed by H-bonding (e.g., amide or urea groups), 
Van der Waals (stacking of aliphatic chains) and π-π interactions.10–14 These anisotropic intermolec-
ular interactions result in the growth of fibre like structures and from which an interlocking three 
dimensional matrix of fibres can form that shuts down convective mass transport.

Prediction of the behaviour of compounds that have the potential to form hydrogels through such 
anisotropic interactions is still at best intuitive. A rational approach necessitates understanding why 
some compounds gelate water while analogues, with only minor structural differences, do not form 
hydrogels.15–17 Indeed, models for the arrangement of molecules in gel fibres available are essentially 
all based on analogy to the structure of the same or similar compounds as single crystals (deter-
mined by X-ray diffraction) rather than direct structural analysis of the gel fibres. For example, 
models for the packing in BTA (benzene triamide),  cyclohexane triamide, and Fmoc based supra-
molecular polymers and gels are based on crystal structures of the compounds BTA-Me, CH-Tyr 
(Figure 1) and Fmoc-F, respectively.15,18,19 It is notable that none of these model compounds have 
been reported to form gels and, as we will show here, such analogies between crystal structures and 
molecular arrangement in gel fibres can prove false.

The low concentration of hydrogelating compounds in gels (typically < 1 % by mass) presents a cen-
tral challenge to direct efforts. Nevertheless assembled supramolecular structures can be probed by 
circular dichroism spectroscopy, wide field, super resolution, and fluorescence microscopy, and DFT 
methods.20 For emission based methods the reporter molecules (e.g., fluorophores) can potentially 
disrupt the delicate gelation and self-assembly process.21 Furthermore, although the intermolecular 
alignment and interactions in gel fibres is modelled largely on by analogy with interactions found 
in single crystal X-ray structures of analogues, to the best of our knowledge a direct correlation 
between the structures adopted in single crystals and gel fibres has not been made. Furthermore, 
the mechanism by which gel fibres form to gelate the solvent is largely perceived to be kinetically 
driven, i.e. fibres form depleting the solution of non-aggregated monomers more rapidly than single 
crystal growth can take place. This model may not hold in all cases. Hence, evidence based models 
for the driving forces behind gelation and the intramolecular interactions responsible are essential 
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Figure 1. Structures of compounds described in the text.
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to prediction and rational design of hydrogelators.

The hydrogelators used here are based on a cyclohexane core were first reported in 2002.22 Subse-
quent studies focused on the effect of variation in molecular structure on gelation properties.19,23–26 
This class of gelators has since shown utility in dissipative systems in which formation and destruc-
tion proceed concomitantly to create a dynamic gel matrix.27,28 Efforts at real time studies of gel 
formation by fluorescence microscopy to date have necessitated the use of additives and co-solvents 
that can be expected to perturb the system also and indeed, as shown in the present study, co-sol-
vents have a significant effect on the gel formation times.29

 
The key structural motifs in these gelators are the cyclohexyl-triamide core and interactions be-
tween the amino acid based side groups, suggesting a stacking arrangement where the acid groups 
are in proximity and anionic repulsion is mitigated by protonation and/or cation binding.19 Indeed 
gel fibre formation occurs only under mildly acidic conditions. The single crystal X-ray structure of 
CH-Tyr, which was reported earlier not to engage in solvent gelation, indicates that linear stacking 
of the cyclohexane units forms the core structure with intermolecular hydrogen bonding of the 
amides. Recently we reported that D2O and salts have a substantial impact on gel properties through 
perturbing intermolecular forces,17 which highlight the complexity of the interactions that lead to 
anisotropic growth of fibres. The central challenge faced in the design of gelators is to establish the 
packing of the gelator molecules in the gel fibres, however, to date models have drawn on analogy 
and best guess rather than direct evidence. This dearth of information is unsurprising considering 
that the gelators under investigation here, CH-Abu and CH-Leu, show critical gelation concentra-
tions (CGC) of 7.5 and 6 mg/mL respectively, and do not show UV-Vis absorbance, CD signals, nor 
are they detectable by FTIR spectroscopy in the gelled state.

Here, we show through a combination of label free techniques that the correspondence between 
crystal structures and molecular packing in the gel fibres is coincidental but that direct spectro-
scopic analysis using polarisation dependent Raman microspectroscopy can confirm the molecular 
packing state. Through a combination of techniques we probe the time dependence of hydrogelation 
by CH-Abu and CH-Leu, from the micron scale using darkfield microscopy to the nm range using 
cryo-TEM and SAXS, which together allow us to establish a model for gel formation including pos-
sible off paths, e.g. crystallization, amorphous precipitation, etc.

Results
Gelation of this class of compounds can be achieved by first dissolving the monomers in water, 
either by heating or at a high pH (Figure 2). Then a trigger is needed for the gelation to occur, e.g. 
cooling or a pH drop upon adding acid (Figure 2, lower pathway). In this path, first small fibres and 
amorphous precipitation form. The small fibres grow over time creating a gel fibre network and 
thereafter the fibres enlarge, either by incorperating more monomer or by entanglement. However, 
when subjected to this trigger the gelator can also precipitate (Figure 2 top right) or form crystals 
(Figure 2, top left) and hence gel formation requires a balance between the extent of precipitation/
crystallization and gel fibre formation. In the case of the gels discussed here stable gels form readily 
by either pathway but with small amount of amorphous precipitation.

Label free analysis of gelators is crucial because adding even small amounts of other components 
can affect drastically gelation properties and formation times.21 We have shown earlier that adding 
salts and D2O leads to changes in melting points and CGCs for CH-Abu and CH-Leu.17 DMSO, 
used commonly to solubilise hydrophobic probes, does not disrupt gelation but delays the onset 
of opacity (Figure 3) manifested in a non-linear increase in light scattering after a delay. The delay 
is dependent on the vol% DMSO present (Figure 3). The influence of DMSO on gelation kinetics 
precludes the use of common additives that need prior dissolution in co-solvents.
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Figure 2. Proposed model for all possibilities during dissolving and gel triggers.

Figure 3. Scattering profile of a) CH-Abu with 0v/v% DMSO (black), 5 v/v% DMSO (red), and 10 
v/v% (blue) b) CH-Leu with 0v/v% DMSO (black) and 5 v/v% DMSO (red).
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Although in the gel state the monomers contained within the fibres are not free to diffuse and hence 
their signals are absent in the 1H-NMR spectrum, the unbound monomer is observed readily. Gels 
were prepared by addition of DCl(aq) to CH-Abu (8 mg/mL) or CH-Leu (7.5 mg/mL) in NaOD in 
D2O with 0.05 vol. % DMSO as an internal reference. Addition of D2O in place of DCl(aq) provided 
a fully dissolved reference sample. In all samples, the expected 1H NMR spectra of the fully dis-
solved monomers were observed, however, for both gelators the signal intensity was only 10% that 
of the reference samples. These data are consistent with 90% of the gelator molecules immobilized 
within the gel fibres. DOSY 1H NMR spectroscopy confirms that the diffusion rate constant of the 
monomers is the same in gels as in the reference samples ca. 5 x 10-6 cm2 s-1. Furthermore, these data 
indicate that dissolved monomers present in the gel state, i.e. those not incorporated in the gel fibres, 
exchange between monomers in the gel fibres slowly (i.e. > 5 ms), which is consistent with the linear 
growth of the fibres observed macroscopically (vide infra). 

Dark field microscopy
The difference in refractive index between the gel fibres and solvent enable real time observation of 
gel formation by dark field microscopy. Addition of acid to a basic solution of monomers results in 
immediate formation of particles as bright spots (ø < 200 nm, supporting video 1 and 2, Figure 4 
A/D). These particles show translational motion due to convection (video 3 and 4). After a certain 
time they slow and eventually their translational movement appears to be confined to within a rel-
atively small region, typically ca. 4 µm box (supporting video 5 and 6), indicating that translation 
motion (convection) has ceased and the solution has become a gel. However, the fibres are not yet 
visible by microscopy. Only after the particles’ translational freedom has been restricted do fibres 
appear as fast growing structures; the bright lines, through the field of view (supporting video 7 and 
8, Figure 4 B, C, E & F). The growth of the fibres observed by dark field microscopy is anisotropic 
(linear, 7.4 µm/s ) with long fibrous structures formed with no apparent branching for CH-Abu. 
In contrast, for CH-Leu a highly branched network is formed (2.7 µm/s) with fibres extending 
outwards from a core bundle. This difference in structure may be related to the increase in steric 
hindrance from the leucine side groups. However, it is of note that in all of the experiments fibre 
growth was not initiated (nucleated) at a particle. 

The appearance of the fibre like structures only after the translational motion of the particles be-
comes restricted indicates strongly that initially a network of thinner fibres (i.e. too narrow to pro-
vide significant scattering of light) is formed. It is these thinner fibres that are, at least initially, 
responsible for gelation of the solution, with the thicker (observable) fibres forming later either 
reinforcing the gel structure or replacing the initially formed scaffold. 

Cryo-TEM of CH-Leu and CH-Abu at time interval
The formation of thin fibres in the initial stages of gelation was confirmed by Cryo-TEM stud-
ies. Samples of solutions of CH-Leu were frozen in liquid ethane over a range of times following 
addition of acid (Figure 5). Samples frozen immediately after acidification (< 10 s, Figure 5 A/B) 
presented short fibres with an average thickness of around 21 (+/- 5 nm). The thickness of the fibres 
increased with time delay before freezing to 28.5 and 32 nm (+/- 4 nm), at 20 and 120 s (Figure 5 
C-F), respectively. Gels allowed to mature overnight presented fibres with a thickness of 135 nm (+/- 
29, Figure 5 G-H). It is notable that the sample frozen within 10 s presented amorphous particles 
with a diameter of ca. 304 (+/- 50) nm that were absent entirely in samples at a later stage. These 
spherical objects correspond to those observed by dark field microscopy.

Diffraction patterns measured from the fibres observed in the 24 h matured gel of CH-Leu by cryo-
TEM show the two ring diffractions expected from amorphous water,30 which provide a reference 
for the packing distance of a repeating unit in the fibres (Figure 5 I). The repeat distance is 4.9 Å, 
which corresponds to the inter ring distance observed in the single crystal structure of CH-Tyr of 
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4.9 Å and not the inter ring distance of 6.5 Å for the CH-Abu single crystal structure (vide infra). 
These data support that the packing of CH-Leu in the fibres is similar to the packing of CH-Tyr in 
the crystal.19

Cryo-TEM images of CH-Abu present star burst patterns of fibres when frozen within 2 min while 
samples frozen at 10 min show only dense organic matter consistent with radiation damage. Radia-
tion damage and interference from the blotting and freezing process due to the length of time taken 
for CH-Abu to form a gel on the TEM-grid reduces the quality of gel fibres formed and cause pre-
cipitation. These effects precluded time dependent analysis. Cryo-TEM analysis of matured (over-
night) CH-Abu gels show 147 nm (+/- 50) diameter fibres. 

Figure 4. Dark field microscope images of CH-Abu and CH-Leu a) CH-Abu just after mixing (44 s) 
b) CH-Abu at the start of fibre formation (264 s) c) CH-Abu at the point were no more movement is 
observed (352 s). d) CH-L.eu just after mixing (49 s). e) CH-Leu at the start of fibre formation (150 s).  
f) CH-Leu at the point were no more movement is observed (180 s). Scale bar is 10 µm.
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The fibres present at any stage are of uniform thickness over their whole width as well as length, con-
sistent with flat ribbon structures rather than cylinders. Synchrotron small-angle X-ray scattering 
(SAXS) was employed to follow gelation by CH-Leu in real time. 

Time profile of SAXS of  CH-Leu
SAXS profiles over time (Figure 6 A) show that a signal for q values below 0.2 nm-1 at 30 s. The inten-
sity shows a power law decay with a mild inflexion at the low angles in the log(I) vs log(q) plot. This 
is indicative of the presence of nanostructure in the probed range. Analysis of the scattering curve 
with a Debye-Bueche model for nanostructures with spherical symmetry provides a characteristic 
length scale for the scattering objects of about 38 nm (Figure 6 B). Interestingly, within only 5 s a 
drastic intensity increase together with a pronounced change of curve shape occur. The SAXS curve 
at t = 35 s shows a different slope in the log-log plot at the lowest q values, together with one distinct 
oscillation in the intermediate explored q range. This large change is due to the formation of elongat-
ed objects. With time, the intensity at low q values increases steadily, while the intensity oscillation 
moves towards small q values and becomes less pronounced. The calculated slope at t = 35 s is -1.9. 

Figure 5. Cryo-TEM images of CH-Leu after a) 10 s b) 10 s c) 20 s d) 20 s e) 120 s f) 120s g) 24 h h) 24 
h i) electron diffraction of CH-Leu after 25 h, Scale bar for all cryo-TEM images 100 nm.
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Usually, a slope of -1 is expected for rod-like objects with circular cross-section while anisotropic flat 
objects show a -2 slope in the log-log plot. The intermediate slope suggests the presence of elongated 
objects (in agreement with TEM measurements discussed above) with non-circular cross-section 
(elliptical or rectangular). The SAXS intensity for both 35 s and 695 s was modelled to extract the 
size of the scattering objects. Figure 6 C/D show the best fit curves obtained using analytical models 
for elongated objects with circular and elliptical cross-section. The model using elliptical cross-sec-
tion provides consistently better agreement with respect to the experimental data, especially in the 
low q region. The short and long semi axis of the aggregate cross-section are calculated to be about 
15 and 24 nm at 35 s, respectively. Over time, the aggregates grow reaching a dimension of about 18 
x 70 nm after 695 s. 

In both cases, the length of the elongated aggregates is larger than the maximum distance observed 
by SAXS as visible in the DFM and cryo-TEM (>200 nm). These values suggest that the molecules 
aggregate in a 3D fashion but exhibit preferential 1D aggregation, with higher aggregation in the 
direction of the intermolecular hydrogen bonds of the amide bonds. The SAXS fitting also shows 
how the elongated aggregates have very uniform cross-section at the beginning (t = 35 s) and more 
heterogeneous cross-sectional dimensions at the end of the aggregation process. The results of the 
SAXS modelling are in agreement with the shape and dimensions observed by TEM and can be 
further validated by Guinier analysis of the cross-section.31,32 The cross-sectional radius for the ag-

Figure 6. a) SAXS intensity evolution as a function of time. Three critical time values are highlighted 
in grey (30s), red (35s) and blue (695s). b) SAXS profile at 30s together with the best fit using a De-
bye-Bueche model plus a constant background. The inset shows the SAXS intensity and the fit multi-
plied by the q4 to highlight the shape of the scattering curve at the lowest q values. c) SAXS profile at 
695s together with the best fit using rod-like shape objects with circular cross-section (red curve) and 
elliptical cross-section (blue curve). d) SAXS profile at 35s together with the best fit using rod-like shape 
objects with circular cross-section (red curve) and elliptical cross-section (blue curve). 
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gregates at t = 35 s is Rc = 18.5 nm as calculated from the slope of the data in the Ln[I(q)q2] vs q2 
plot in the range qRc < 1 (see Figure 6), in close agreement to the value found by best fit using the 
elliptical cross-section (Rc = 19 nm).

Dark field microscopy, cryo-TEM and SAXS support a model in which initially small fibres ap-
pear followed by growth of larger (thicker) fibres. The molecular packing with these structures is 
key to the success of these gelators and insight into possible packing arrangements can be gleaned 
from single crystal X-ray analysis. We obtained single crystals of CH-Abu suitable for diffraction 
from aqueous solutions below the critical gelation concentration (CGC), which, considering that it 
forms gels under these conditions, should provide insight into intermolecular packing within the 
gel fibres. However, connecting the X-ray structure with packing in gel fibers requires comparison 
of spectral and especially anisotropic character of the spectral properties of the crystal and fibers.
Polarization dependent Raman spectroscopy proved invaluable in determining the conformation 
and orientation of the building blocks within the crystal and dried gel fibres.

Figure 7. a) Crystal packing of four monomers of CH-Abu. b) Schematic crystal packing in a her-
ringbone fashion of CH-Abu. c) Schematic crystal packing of stacked discs of CH-Tyr. d) Crystal pack-
ing of four monomers of CH-Tyr.
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Crystal structure and its relation to gel fibres for CH-Abu 
The single crystal X-ray structure for CH-Abu shows packing in a herringbone fashion in contrast 
to the two crystal structures reported earlier for structurally related cyclohexane core and benzene 
core compounds (Figure 7).19,33 The structures reported previously all show stacking of the core (cy-
clohexane or benzene) in a linear manner with three equivalent intermolecular hydrogen bonds to 
the same neighbour in the stack. In the present case, CH-Abu, the hydrogen bonding and stacking 
arrangement is different. The unit cell contains two monomer units and only one amide in each of 
the monomers engages in hydrogen bonding to the other monomer in the unit cell (Figure 7). The 
other hydrogen bonding interactions are either to one of the carboxyl groups or to water of crystal-
lization. The distance between the rings is 6.573 Å and is further that for the structures of analogues 
reported earlier, e.g. 4.972 Å in the structure of CH-Tyr.19 

Raman of CH-Tyr and CH-Abu crystals and CH-Abu fibres
Raman spectra were recorded using polarized laser excitation to determine the orientation 
of bonds within the fibre through the dependence of Raman scattering intensity on polariza-
tion direction with respect to the crystal or fibre axes of CH-Abu. Three N-H stretching bands 
(~3200 cm-1) and three amide I (~1600 cm-1) bands are observed in the spectra of the single crys-
tal while only one N-H stretch and one amide I band in the gel (Figure 8 A/B). These data show 
that the molecular packing in the crystal is different from that in the fibre. The reduced number 
of bands is consistent with an increase in symmetry in the case of the gel fibres. The gel fibres 
show a response to the polarization with a period of 180°. Both amine and amide peaks show po-
larization dependence on the intensity of the bands indicating that they are aligned in the same 
direction. The maximum of the amide bands is not coincident with fibre long axis but instead at 

Figure 8. Polarized Raman Spectra of a) CH-Abu fibres b) CH-Abu crystal c) CH-Tyr crystal d) CH-
Leu fibre, black maximum intensity N-H stretch, red minimum intensity N-H stretch.
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20° indicating that the amides are not fully aligned in the direction of the long axis of the fibre.  

The polarization dependence of the Raman spectra of the single crystal shows three amide N-H 
bands consistent with the three distinct amides present in the unit cell. The edge of the crystal 
corresponds to the b axis in the crystal and was taken as the reference (i.e. 0o). Most of the amide I 
and N-H stretch bands show highest intensity when excited along this axis, which corresponds to 
their orientation in the crystal, while the band at 1687 cm-1, corresponding to an amide I stretch is 
oriented differently. 

For CH-Leu gel fibres we observe only a single N-H stretch and C=O stretch, indicating similar 
packing to that in the CH-Abu fibres (Figure 8 D). the packing model in the present case is based 
on crystal structures for two analogues of the cyclohexane based gelators.19,33 Our crystals prepared 
from CH-Tyr, using the procedure reported earlier,19 have the same unit cell and packing. The po-
larized Raman spectra of these crystals show a single N-H stretching bands and one C=O Amide I 
band, which indicate that the fibres of CH-Abu and CH-Leu stack in a similar manner to that in the 
CH-Tyr crystal than in the single crystal obtained for CH-Abu (Figure 8 C).

Discussion
The cumulative data described earlier17,19 and here provides for a detailed model of both the mo-
lecular structures that form gel fibres and the mechanism and factors that drive their formation.  
Acidification of basic solutions results in a sudden order of magnitude decrease in solubility due to 
protonation of the gelator molecules and the formation of amorphous aggregates (< 200 nm). The 
formation of a network of fibres is manifest in the loss of linear translational (convection) motion 
of the particles. Initially the network is comprised of thin fibres, which, although not observable by 
optical microscopy, are observed by SAXS and in cryo-TEM micrographs. Furthermore, the cryo-
TEM micrographs and SAXS data are consistent with formation of tape-like structures rather than 
cylinders/tubes. After a time a relatively sudden second process occurs in which a network of thick-
er fibres forms, which are observable by optical (dark field) microscopy, as well as cryo-TEM and 
SAXS.

The molecular arrangement within gelator fibres is a perennial point of discussion and for the most 
part analogy to known single crystal X-ray structures, either of the gelator itself or structural an-
alogues is made. Indeed, the expected packing of molecules within the fibres is of stacks where all 
three amides form intermolecular hydrogen bonds as observed in the crystal structure reported for 
CH-Tyr. Experimental evidence in support of such a model for the arrangements of monomer in 
the gel fibres comes from the diffraction pattern obtained by cryo-TEM and the similarity in the 
polarization dependence of the Raman spectra of the fibres and crystals of CH-Tyr. 

The formation of fibres occurs only above the CGC. Below this concentration precipitation and/or 
crystallization prevails, consistent with fibre formation favoured kinetically and the crystallization 
the thermodynamic product. The fibres when formed continue to grow in thickness by laterally in 
addition to rapid longitudinal extension, as apparent from cryo-TEM micrographs where ribbons 
are seen with uniform intensity over the breadth and the improved fit of SAXS data using a tape 
model over a cylindrical model. This increase in breadth over time can be ascribed to Ostwald 
ripening at the expense of smaller fibres by dissolution and crystallization on the main fibre or, less 
probable, by zipping of small fibres together. This model is consistent with the broad distribution 
of fibre widths after 24 h (over 50 nm). Notably however, the dissolved monomers present in the 
formed gels (ca. 10%) do not show broadening, indicating interchange of monomer in and out of 
the gel fibres is slow with respect to the NMR timescale and hence dissolution and regrowth is at 
most slow. The cause of the preferred direction of growth (i.e. anisotropic along all three axes) may 
arise from the involvement of the carboxylic acid groups at the periphery of the gelator, which bind 
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to cations in the gel (Na+) with the periphiral acid groups. Indeed the importance of this interaction 
to gel strength was highlighted earlier by us in the correlation between cation size and gel strength,17 
and the crystal structure of CH-Tyr, in which two K+ ions stabilize the packing and the increase in 
symmetry observed in the polarized Raman spectra of the fibres. 

Conclusion
The rational design of functional molecular systems requires that interactions between components 
are understood at several length scales, from molecular packing to inter-fibre interactions. However, 
the dynamic nature of self-assembled systems and especially the importance of meta-stable states 
means that design must consider kinetic aspects of the processes involved also. The use of molecular 
probes and especially luminescent compounds to follow these processes has the key drawback that 
they can disturb the very supramolecular interactions that are under study, i.e. they are not neces-
sarily innocent reporters. In this study, the direct observation of self-assembly without the use of 
such probes (i.e. label free) using a combination of DFM to follow the gelation of CH-Abu and CH-
Leu from dissolved state to fully formed gels was coupled with analysis of growth at the nanometer 
scale by cryo-TEM (static) and SAXS (dynamic). The combination of techniques reveal that short 
thin fibres form almost immediately after pH jumping and only later does an increase in length 
and thickness occur forming the stable gel. Molecular packing in the gel fibres was confirmed by 
comparison of single crystals, for which the structures have been determined, and polarized Raman 
microspectroscopy. The latter confirmed that the gelator molecules pack in the fibres in a similar 
(stacked) manner as found in crystals of CH-Tyr but notably do not pack in the same manner as 
in crystals of CH-Abu itself. This difference highlights the risk in drawing analogy between crystal 
structures and packing in supramolecular systems without additional direct evidence. The combi-
nation of techniques used gives us direct evidence for the gelation mechanism and a total overview 
of all the processes that can happen during the transistion from soluble and insoluble. In the present 
system the key observation is that precipitation precedes the growth of the stable gel fibre bundles, 
which is counter to expectations for a kinetically controlled process. These data indicate that the 
anisotropy in the strength of intermolecular interactions can overcome precipitation and that gel 
formation can proceed through several stages before the final stable form is obtained.
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Chapter 4 

Tyrosine based cyclohexane 
triamide hydrogelators 
Abstract
Adding functionality to a gelator such that it becomes addressable/responsive to external stimuli 
in the gel state is a major challenge.  Gelation is achieved by balancing hydrophobic, hydrophilic 
and aromatic π-π stacking interactions and the addition of, for example, an aromatic compound as 
fluorophore can interfere with these interactions and potentially prevent the compound from form-
ing a gel. An alternative approach is to mix structurally analogous gelators in which the primary 
motifs responsible for intermolecular interactions are retained but where one or more components 
contains functional units. Here we show that a gelator based on cyclohexane triamides with three 
tyrosine amino acids shows UV absorbance and fluorescence. Hydrogels that absorb UV and/or 
visible light and that are intrinsically fluorescent are of interest as these techniques can be used to 
study both the gels formed and the mechanisms by which they form without the need for additional, 
potentially disruptive, components. We show that the tyrosine based hydrogelators undergoes pho-
to-oxidation upon prolonged irradiation to yield, potentially, crosslinking biphenols. Spectroscopic 
data, however, indicates that when mixed with structurally related gelators the gel fibres remain 
homogenous in composition, i.e. that fibres form from each gelator compound orthogonally.
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Introduction
Low molecular weight hydrogelators, small molecules that are capable of anisotropic self-assem-
bly into a network of fibres that disrupts convective solvent flow, see increasing application in a 
wide range of functional materials, in particular for biomedical applications. The precise control 
over molecular structure that is possible with LMWHGs, as opposed to polymer based gels, opens 
opportunities to introduce functionality to a gelator. In this way the gelator and gel formed can be 
addressable/responsive to external stimuli in the gel state. In the triamide cyclohexane based gela-
tors the presence of the carboxylic acid provides pH-responsivity for example. A simple strategy is 
to add a responsive compound that will interact strongly with the assembled gelators; an approach 
often taken with hydrophobicity sensitive switchable dyes such as Nile Red. Gelation is achieved by 
balancing hydrophobic, hydrophilic and aromatic π-π stacking interactions and the addition of, for 
example, an aromatic compound as fluorophore can interfere with these interactions and potentially 
prevent the compound from forming a gel. 

Introducing functionality into hydrogelators can take two approaches. The first approach is to add 
an extra group to some of the carboxylic acid units, for example, to modify one carboxylic acid with 
another moiety which would essential dangle from the gel fibre. However, this approach runs the 
risk of interfering with the stacking and the formation with the gel fibres, since although the unit 
may ‘dangle’ from one fibre, the fibres assemble further into bundles and hence the appendage may 
prevent or inhibit this assembly or the assembly process may lead to the units expulsion from the 
supramolecular polymer. Furthermore the ability of gel fibres to tolerate errors, such as inhomoge-
neity caused by a gelator molecule that is different, is not well established.
 
An alternative approach is to mix structurally analogous gelators in which the primary motifs re-
sponsible for intermolecular interactions are retained but where one or more components contains 
functional units. Indeed use can be made of the natural amino acids available and their intrinsic 
functionality, chief among which are the canonical aromatic amino acids phenylalanine, histidine, 
tryptophan, and tyrosine. Tyrosine is particularly interesting because it is fluorescent, it’s redox ac-
tive and can engage in other reactions such as oxidation to form dopamine, allowing for post mod-
ification of the gel fibres, or C-C coupling to form biphenols, which potentially lead to crosslinking 
in the gel fibre and strengthening or changing the gel fibres in situ.1–8

Several hydrogels that incorporate tyrosine in their structure have already been reported. Fmoc-Y 
(Figure 2) has been shown to form hydrogels when released into solution slowly by deprotection of 
the alcohol group in Fmoc-Y-phosphate (Figure 2) using a phosphatase.2 The phosphate protected 
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tyrosine has also been used in gelation by Nap-FFGEY (Figure 2), the gelation is induced by the 
deprotection of the tyrosine.3 The slow release of gelator compound can also be achieved by low-
ering the pH using Glucone-ð-lactone as is shown for Fmoc-Y (Figure 2).8 PBI-Y (Figure 2) uses 
the tyrosine to make an insoluble PBI core into a hydrogel, which shows interesting spectroscopic 
properties and semiconducting behaviour in the gel state.5 Fmoc-FFY and Fmoc-FFGGGY (Figure 
2) are two gelators where by irradoating with a broad ban visible light source in the presence of 
Ru(bpy)3 generates dityrisone crosslinks by photo redox catalysis.6 The crosslinking increases the 
strength of the formed gels. Pyr-YL and Fmoc-YL (Figure 2) show hydrogelation in combination 
with Pyr-S and Fmoc-S (Figure 2) respectively.7 

In this chapter, we will focus on Tyrosine based cyclohexane triamide hydrogelators (CH-Tyr). We 
will first establish whether the packing is the same as in the other related hydrogelators by compar-
ing polarized Raman spectral data from single crystals with that from gel fibres. The photochemistry 
upon UV excitation of the tyrosine unit in solution (dissolved) and in the gel fibre will be investigat-
ed use of fluorescence spectroscopy. CH-Tyr will then be investigated as a probe for analysing gel 
fibres and protonation state when mixed with CH-Nle and CH-Abu (Figure 3). The central question 
that will be addressed is to whether homo- or heterogeneous fibre compositions are obtained. 
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Results

Synthesis
CH-Tyr was synthesised following literature procedure, as white powders with a yield of ~25%.9 
Detailed description of synthesis and spectroscopic data is available in Appendix B.

Spectroscopic properties
The UV-Vis absorption spectrum of CH-Tyr is dominated by the phenol chromophore and varies 
with pH. At high pH bands are observed at 300, 250 and 210 nm. The bands at 250 and 300 nm shift 
to 225 and 275 nm, respectively, upon protonation of the phenolate (Figure 4). Similarly the weak 
CD signal of CH-Tyr undergoes a blue shift. A heat cool cycle from 80 and 20 °C, does not lead to a 
change in the UV/Vis absorption or CD spectrum of solutions of CH-Tyr below the critical gelation 
concentration (vide infra).10 

The fluorescence of CH-Tyr in water shows pH dependent changes concomitant with those ob-
served by UV/Vis absorption spectroscopy. With excitation at 266 nm, maxima at 303 nm and 350 
nm were observed under acidic and basic conditions, respectively, as expected for tyrosine.11 Nota-
bly, UV irradiation leads to the appearance of an emission band at 405 nm over time, with the extent 
and rate of change greater at higher pH (pH=10). The emission is assigned to photo oxidation of 
tyrosine to form L-dopa or biphenol by radical dimerisation.12,13 The UV-Vis spectrum of solutions 
after prolonged irradiation show a minor red-shift under acid conditions and a more pronounced 
band at 350 nm under basic conditions (Figure 4). 

CH-Tyr can from gels in water with a critical gelation concentration (CGC) of 35 mg/mL (3.5 wt%) 
by heating and cooling. The gels formed are opaque and thermally stable to 96 °C. The gel has a low 
G’ of 28 Pa but this is still higher than the G” of 5.5 Pa at low strain indicating that it is a gel like 
structure. In contrast to other gelators with this structure, it does not form gels by pH switching. In 
the gelled state the fluorescence of the CH-Tyr is retained. With excitation at 266 nm, maxima at 303 
nm, 350 nm and 405 nm were observed in the gelled state which is a combination of the bands ob-
served under acidic and basic conditions in solution. Notably, UV irradiation leads to the decrease 
of the bands at 303 nm and 350 nm. The band at 405 nm remains unchanged during irradiation 
which is similar to the change observed under acidic conditions in solution.

Analysis of single crystals:
As reported earlier the packing in single crystals of CH-Tyr reveals linear stacking of the cyclohex-
ane core with all amides engaging in intermolecular hydrogen bonding.9 The peripheral acid groups 
were assumed to be arranged around a chloride anion (presumed by the authors to be retained from 
the preparation procedure). Upon revisiting the X-ray data reported it is clear that the chloride 
anion is in fact more likely to be a potassium cation, which is iso-electronic and of similar size. The 
presence of potassium was confirmed from analysis of crystals grown from potassium phosphate 
buffer by elemental and ICPAA analysis. The crystalline material contains 4.53 % potassium, 56.26 
% carbon, 5.46 % nitrogen, and 5.23 % hydrogen, which corresponds to 16 K+ ions per 18 CH-Tyr 
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Figure 4. a) UV-Vis absorption spectrum of CH-Tyr (0.1 mg/mL) under acidic and basic conditions 
before irradiation at 266 nm - from deprotonated (black) to protonated (red) and after irradiation with 
266 nm deprotonated (blue) and protonated (grey). b) Fluorescence spectrum of CH-Tyr at pH 2 in 
water, initial spectrum (black) and after half an hour of irradiation at 266 nm (red). c) CD spectrum of 
CH-Tyr (1 mg/mL) in a 1 mm cuvette at 85 °C (black) and 20 °C (red) 240-300 cm-1. d) CD spectrum 
of CH-Tyr (1 mg/mL) in a 1 mm cuvette at 85 °C (black) and 20 °C (red) 220-250 cm-1.  e) Fluorescence 
spectrum of CH-Tyr at pH 10 in water, initial spectrum (black) and after 30 min of irradiation at 266 
nm (red). f) Fluorescence spectrum of CH-Tyr in gelled state, initial spectrum (black) after 30 min of 
irradiation at 266 nm (red). 
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and 27 water molecules. The deviation in composition from that expected from a perfect single 
crystal is rationalized by partial protonation. The data confirms that the crystals contain potassium 
and not chloride ions. 

Polarized Raman
The fibres formed in CH-Tyr gels show polarization dependent Raman signals similar to the polar-
ization dependency in CH-Tyr crystals. The band at 3400 cm-1 is the N-H stretching vibration of 
the amides, this band completely disappears when the excitation laser is aligned orthogonal to the 
long axis of the fibres. The oscillation of the 3400 cm-1 band is completely in phase with the band at 
1642 cm-1, this band is from the Amide II vibration of the amide. The alignment in amides is similar 
to that of the CH-Abu and CH-Leu gels.chapter 3 The bands at 1050 cm-1 also show a dependence on 
polarization. These bands are due to the C=C vibrations in the phenol ring structure. This indicates 
that the side groups of CH-Tyr are aligned and that the phenol rings are not randomly oriented, i.e. 
they contribute to intermolecular interactions in the fibres. The band at 906 cm-1 is completely out of 
phase with the amides which confirms that the oscillation is not due to power variations 

That the Raman spectra of the fibres is essentially identical to that Raman spectra of the crystal in-
dicates that the packing is the same in both cases. Combined with the fact that the CGC is high and 
it structural stability is poor, these data indicate that the gel mainly consists of microcrystals and is 
a borderline case of gel versus crystal state of the material.

Figure 5. a) Polarized Raman spectra of a single CH-Tyr crystal. b) intensity profile of the bands at 
1649 (black) 905 (red) and 3304 (blue) cm-1 as a function of polarization direction. c) polarized Ra-
man spectra of CH-Tyr fibres. d) intensity of the bands at 1642 (black) 906 (red) 3296 (blue) cm-1 as a 
function of polarization direction.
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Analysis of mixtures of gelators 
The spectroscopic properties of CH-Tyr would make it an ideal reporter compound when added 
to similar gelators that lack discernible spectroscopic signals. Mixing CH-Tyr with CH-Nle (1 mg/
mL) provided translucent gels that show the same absorption spectra as CH-Tyr in acidic water, as 
the gel only forms below pH 3.14 The fluorescence properties unaffected by the presence of CH-Nle 
and the shift from 303 nm to 350 nm is observed upon irradiation at 266 nm. 1H NMR spectra ob-
tained before and after gelation of Nle shows that the integrals for tyrosine signals, with reference to 
the internal standard DMSO, are unaffected by gelation and tyrosine is not taken up in the gel but 
remains in solution at the original concentrations. 

Mixing CH-Abu and CH-Tyr above the CGC of CH-Abu resulted in the formation of gels. Mi-
croscopy revealed that these gels form a fibrous network and on top of which nodes of material are 
formed (Figure 6). Raman microspectroscopy reveals that the fibres formed in this gel consist solely 
of CH-Abu (Figure 6). The nodes have the same Raman spectrum as pure CH-Tyr fibres. This in-
dicates that the gelators do not mix and phase separate upon gel formation. This is in line with the 
results of the CH-Nle mixed systems.

Figure 6. a) UV-Vis absorption spectrum of CH-Tyr in a CH-Nle gel, before irradiation (black) and 
after irradiation (red) at 266 nm. b) Fluorescence spectrum of CH-Tyr in CH-Nle gel before irradiation 
(black) after irradiation (red) at 266 nm. c) Raman of pure CH-Tyr (gray), pure CH-Abu (blue), fibres 
in a mixed 1:1 gel of CH-Tyr and CH-Abu (red) and nodes in a mixed 1:1 gel of CH-Abu and CH-Tyr 
(black). Spectra are at the same intensity scale but offset for clarity. Microscope image of a mixed 1:1 gel 
of CH-Abu and CH-Tyr. d) Black circle is the node and the red circle fibre.
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In both cases of mixing CH-Tyr with other gelators does not result in formation of mixed fibres. 
These data indicate that the side group of these gelators play a major role in the stacking, and that the 
gels are conservative in homogeneity of the interactions permitted inside the gel fibres.

Conclusion and Outlook
CH-Tyr forms weak gels on its own and has spectroscopic properties, i.e. UV-Vis absorption and 
fluorescence, that could be useful as a probe. The tyrosine unit retains its redox properties in solu-
tion and in gel form, which could potentially lead to crosslinking or metal binding. However, when 
mixed with the analogous gelators, CH-Nle and CH-Abu, the UV/vis absorption, fluorescence, 
NMR and Raman spectra show that the gelators do not form mixed fibres, making it a poor probe 
compound. The reduction in difference, where only one of the side groups of e.g., CH-Abu, is re-
placed by Tyrosine may allow incorporation of this probe into the gel fibres. 
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Chapter 5 

Supramolecular Low Molecular 
Weight Hydrogelator Stabiliza-
tion of SERS Active Aggregated 
Nanoparticles for Solution and 
Gas Sensing
Abstract
The potential of surface enhanced Raman scattering (SERS) spectroscopy in both laboratory and 
field analyses depends on the reliable formation of so called ‘SERS hot spots’, such as those formed 
during gold or silver nanoparticles aggregation. Unfortunately such aggregates are not stable in 
solution, since they typically grow until they precipitate. Here we describe the use of low molecular 
weight hydrogels formed through pH triggered self-assembly that occurs at a rate which matches 
well the rates of aggregation of Au or Ag colloids, allowing them to be trapped at the SERS-active 
point of the aggregation process. We show that the colloid-containing gels give SERS signals similar 
to the parent colloid but are stable over several months. Moreover, lyophilized gels can be stored 
as dry powders for subsequent use in the analyses of gases and dissolved analytes by contact with 
either solutions or vapours. The present system shows how the combination of pH switchable low 
molecular weight gelators and pH induced colloid aggregation can be combined to make a highly 
stable and low cost SERS platform for the detection of volatile organic compounds and microvolume 
analysis of solutions.

This chapter has been published as:
Canrinus, T. R.; Lee, W. W. Y.; Feringa, B. L.; Bell, S. E. J.; Browne, W. R. Supramolecular Low-Molec-
ular-Weight Hydrogelator Stabilization of SERS-Active Aggregated Nanoparticles for Solution and 
Gas Sensing. Langmuir 2017, 33 (35), 8805–8812 DOI: 10.1021/acs.langmuir.7b01445.
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Introduction
Surface enhanced Raman scattering (SERS) is characterized by increased Raman scattering by mole-
cules situated near to or on rough metal surfaces. Numerous materials have now been shown to give 
SERS enhancement, including sophisticated systems which, for example, attempt to create uniform 
plasmonic enhancements over large areas by controlling the nanostructure.1–6 However, for many 
practical applications aggregated metal nanoparticles continue to be of interest, both because of 
their low cost and simplicity and the large plasmonic enhancements they provide.7,8 Indeed the 
first single molecule SERS measurements used aggregated particles.9 It is now widely accepted that 
particle aggregation is necessary to create the so called “hot spots” of high local field intensities that 
are situated at the points where particles almost touch.8,9 Unfortunately, it is difficult to create stable 
aggregates of a given size and most experiments on aggregated colloids are therefore carried out in 
the time window where sufficient aggregation has occurred to give SERS enhancement but before 
the aggregates grow so large that they precipitate out of the suspension. This aspect has led to con-
siderable work over the past decade aimed at controlling and stabilizing aggregates by trapping them 
within hydrogel hosts that act as particle scaffolds. The primary requirement is to trap the aggregates 
while still allowing access by the target molecules which must reach the surface to be enhanced. 
Many groups have focused on stabilizing aggregated particles in aqueous solutions by introducing 
(natural and synthetic) polymer based hydrogels.10–16 Stabilization of particles held within low mo-
lecular weight hydrogelators (LMWG) has been achieved through the use of gelators that interact 
strongly with aggregates, however, this approach resulted in enhancement of the Raman scattering 
of the gelator rather than the detection of added molecular targets.17,18

In this contribution we demonstrate the use of a simple, biocompatible, pH switchable hydrogel, 
based on the self-assembly of a low molecular weight hydrogelator composed of a cyclohexane core 
decorated with three amino acid chains (Figure 1), as a new scaffold for colloidal SERS. Previous 
studies have shown that these gels are quite versatile, are tolerant to high concentrations of salts, 
are thermostable, non-toxic and environmentally benign.19–21 In principle, these LMWGs should be 
ideal scaffold materials since the gelation process can be switched, allowing the particle aggregation 
and trapping processes to be synchronized and controlled. Moreover, the gelators are expected to 
have relatively weak interactions with Ag or Au surfaces, so they should also allow analytes to ac-
cess the particles. The model compounds used in this paper are thiophenol, chosen because it is a 
well-known SERS test material, which will allow ready comparison with other enhancing materials 
and aminothiophenol, because it is a solid with a low vapor pressure, which is useful for situations 
where evaporation/head space analysis is concerned. Aminothiophenol is used as a corresponding 
non-volatile analog. 
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Figure 1. Structure of low molecular weight hydrogelators CH-Met and CH-Nle and a representation 
of trapped aggregated nanoparticles.
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Results and Discussion
In the present study thiophenol and aminothiophenol were selected as test analytes due to their 
chemical (both are aurophillic) and spectroscopic similarity and their volatile and non-volatile 
character, respectively. The Raman spectra of both compounds show a series of sharp, character-
istic bands (Figure S1 and S2 at the end of the chapter), which are readily distinguishable from the 
Raman bands of other components, such as the LMWGs, citrate and inorganic anions employed in 
the present study. 

Aggregation of Ag and Au colloid upon addition of inorganic acids resulted in a transient increase in 
SERS activity for aryl-thiols, which decreased concomitant with the subsequent precipitation of the 
colloid as expected. Under the present conditions, concentrations of ca. 10 µM gave strong signals 
for both thiophenol and aminothiophenol (Figure S3 and S4 at the end of the chapter) and hence 
this was used as the standard concentration throughout.

Addition of gold or silver colloid to solutions of either low molecular weight gelator (CH-Met or 
CH-Nle) at pH 10 did not result in significant changes to their colour (visible absorption) indi-
cating that aggregation was not induced by the LMWGs. Addition of sufficient inorganic acid to 
the mixtures of colloid and LWMG to decrease the pH to 3 resulted in both the aggregation of the 
colloid (manifested in a change in colour and an increase in SERS scattering) concomitant with a 
dramatic increase in viscosity, indicating formation of a hydrogel. The Raman spectra of thiophenol 
and aminothiophenol obtained in the presence of the gelator are identical to those recorded with 
simple Ag and Au colloids aggregated by addition of acid to reduce the pH to 3 (Figure S5 and S6 
at the end of the chapter). However, whereas the enhancement is lost as the particles settle in the 
absence of the LMWGs, the SERS spectrum obtained with the hydrogel present persists unchanged 
for at least several days.

Figure 2. UV-vis absorption spectra of (NaOH/HNO3) aggregated colloid; (red) CH-Met (2 mg cm-3) 
hydrogel alone, (orange) gold colloid prior to precipitation, (light blue) colloid 10 s after addition of 
HNO3 (to pH 3), and (dark blue) colloid held in hydrogel several minutes after addition of HNO3. 
Spectra were recorded in 1 mm path length cuvettes positioned directly in front of the entrance to an 
integrating sphere to gather scattered as well as transmitted light. The NP concentration is estimated at 
1.66*1012 non-aggregated particles per 1 mL of gel.
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Consistent with the SERS measurements, the absorption spectra of the Ag and Au colloids undergo 
a substantial red-shift and broadening upon a drop in pH to 3 (Figure 2 and Figure S7). The shifts are 
characteristic of the changes in surface plasmon resonance energy upon aggregation, and continue 
over time, ultimately leading to precipitation of the colloid. The opacity of the hydrogels due to scat-
tering necessitated the use of an integrating sphere to record absorption spectra, however, similar 
initial changes to the visible spectrum upon aggregation (and gelation) were observed. Although 
the spectra of the silver colloid in the presence and absence of gelator are both broad, the spectra of 
the Au colloid shows a reduced extent of aggregation (less red-shift in surface plasmon resonance), 
which stops changing once the solution had undergone gelation, confirming that gelation inhibits 
further aggregation. The spectra of both Ag and Au colloids when trapped in the hydrogels did not 
undergo further change over several hours, whereas the spectra in the absence of the hydrogelators 
showed that the colloid underwent relatively rapid precipitation. 
 
As reported earlier,19 the addition of salts to solutions containing the hydrogelators results in a sub-
stantial increase in the thermal stability of the hydrogels. The presence of the gold or silver colloids 
affected neither the melting temperature nor the rheological properties (G’ and G”) of the gels sig-
nificantly (Figure S8), indicating a relatively weak interaction between the gel fibres and the colloidal 
particles. However, it should be noted that the concentration of gold nanoparticles is low (0.007 
wt%), and hence any interaction between the gel fibres and gold nanoparticles is unlikely to impact 
substantially on the gels macroscopic properties. The thioether unit of the CH-Met gelator is unlike-
ly to interact significantly with the gold nanoparticles, and indeed other related gelator structures 
such as CH-Nle gels show the same properties in terms of the SERS spectra obtained with silver and 
gold colloids and stability (Figure S9 and S10).

Distribution of aggregated colloid in hydrogel matrices 
A key challenge in the application of SERS spectroscopy lies in quantitative analysis. In solution the 
time-averaged spectrum is essentially constant due to Brownian motion. In the gel state, the partial-
ly aggregated gold colloid is trapped spatially within the hydrogel fibre matrix and the strength of 
the SERS spectrum is dependent on the number of aggregated particles within the confocal volume. 
Hence, the spatial uniformity, which is dependent on the rate of gel fibre formation relative to the 
rate of colloid aggregation following the pH jump, will determine the reproducibility of SERS signal 
intensity. Mapping of Ag and Au colloid trapped within a hydrogel containing aminothiophenol 
(10 µM) in a 1 cm cuvette with 0.1 mm steps (over an area of 8 by 9 mm) was carried out and the 
absolute intensity of the band at 1550 cm-1 used to generate heat plots (maps using other bands are 
essentially identical). The heat plot obtained with Ag colloid indicated that the spatial distribution 
was not uniform, especially in comparison to the heat plot obtained with the Au colloid, which in-
dicates that aggregation of the Au colloid is slower and therefore suspended at an earlier stage than 
for Ag colloid (Figure 3). The average intensity is ca. 47 % (stdev 10%) and 69% (stdev 3.6%) of the 
maximum intensity for hydrogel stabilized Ag and Au colloids, respectively. These data are consis-
tent with the absorption spectra of the colloids also (vide supra). The difference in uniformity of the 
hydrogel stabilized Ag and Au nanoparticles in the present case highlights a general challenge in us-
ing absolute intensity in quantitative work. The flexibility of the present system in terms of the acids 
used to the gel forming pH jump does offer the prospect of using the inorganic anions as internal 
reference signals which could correct for changes in focus or laser power, but of course for critical 
quantitative analysis a SERS-active internal standard is preferable since it could also correct for 
differences in the number average of Raman hotspots with the confocal volume.5 Furthermore, over 
long periods of laser excitation, local heating induces movement of the colloidal particles through 
the gel matrix and hence a minor drift in signal intensity over extended periods of irradiation (vide 
infra, Figure 4). 
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Detection of gases by hydrogel stabilized colloids through reversible gas uptake 
and release. 
The open hydrogel scaffold provides for a sufficiently rigid matrix to prevent/limit  convection and 
translation movement of the aggregated nanoparticles but simultaneously is a primarily aqueous 
state that allows diffusion of molecules partitioning from the head space. Their stability allows even 
relatively slow processes such as diffusion of gas into the matrix to be measured. The spatial distri-
bution of the SERS spectrum obtained from a hydrogel stabilized gold colloid after saturation of 
the headspace above the gel with thiophenol gas was determined. The Raman bands of thiophenol 
increased in intensity steadily and eventually levelled off over a period of 5 h. Measurement of the 
spatial distribution of the Raman spectrum from 0 to 1 cm depth shows clearly the penetration 
depth of the thiophenol over this period. As expected for mass transfer by diffusion only, the signal 
is highest at the surface of the gel in contact with the gas and, after a certain depth, gradually de-
creases. Release of the gas from the cuvette when opened occurred slowly when uncapped but held 
overnight within a closed sampling compartment (ca. 35 L) and more quickly when the cuvette was 
placed in an air flow with eventual near complete loss of the signal of the analyte. 

Long term stability of SERS scaffolds 
The stability of gels containing colloids stored in sealed vials at ambient temperatures was apparent 
from the absence of changes in morphology (e.g., crystallization or the appearance of fluid) over at 
least a 3 month period. The SERS response to injection of thiophenol gas into the headspace above 
the gel was qualitatively similar in all cases (using the strong nitrate band as a pseudo-internal ref-
erence, Figure S11 and S12). However, for longer term storage lyophilization of the gel was explored 
as a means of preserving the stabilized aggregates in a dry form, which can be reconstituted before 
use, mixed directly with analyte solutions or used as dry powder for gas analysis. 

Figure 3. Hydrogel containing aggregated (a) Ag and (b) Au colloid; the areas imaged by Raman spec-
troscopy are indicated by a red square. (c) SERS spectrum of aminothiophenol at 785 nm. Intensity 
maps (at 1550 cm-1) for (d) Ag and (e) Au colloid containing hydrogels.
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SERS activity before and after reconstitution of lyophilized gels. 
The hydrogels discussed in the present contribution have previously been shown19 to be stable upon 
lyophilization, so that subsequent reconstitution of the gel by addition of pure water followed by a 
heating/cooling cycle restores the gel’s original properties (e.g., rheology, melting point etc.). How-
ever, with the particle containing lyophilized gels, although the gel properties recovered fully, the 
blue colour of the colloid/gel mixture was lost upon heating, presumably due to increased aggre-
gation when the gel structure was disrupted at high temperature. The SERS spectra obtained (after 
addition of thiophenol through exchange from the head space to the gel) from colloid containing 

Figure 4. (a) Intensity of four Raman bands of thiophenol over time in a cuvette with 1 mL of CH-Met 
hydrogel containing aggregated gold colloid with a droplet of thiophenol placed in the headspace above 
the gel. After 5 h the cap and thiophenol droplet were removed, and after 21 and 22 h (†) the cuvette 
placed open in a fume hood for a few min and after 23 h left to stand in a fume hood for 1 h (‡). (b) 
Signal intensity as a function of depth into the hydrogel before removal of cap. (c) Raman intensity at 
1550 cm-1 within the hydrogel. *changes in intensity are due to repositioning cuvette.



Chapter 5

76

5

hydrogel reconstituted by heating and cooling, showed primarily bands due to SERS enhancement 
of the Raman scattering of citrate (Figure S13), present as a stabilizer of the gold colloid, in addition 
to that of the thiophenol. The pronounced surface enhancement, even after reconstitution by heat-
ing/cooling, albeit marginally weaker than for the original gel, together with the change in colour 
indicate that further aggregation of the colloid has occurred but not precipitation. However, the 
rapid heating cooling cycle is unlikely to be easily reproducible, from a quantitative perspective, 
which together with interference from enhancement of scattering from citrate, make this approach 
less useful. More significantly, however, addition of a drop of water containing the analyte (thiophe-
nol) directly to the lyophilized (dried) gels resulted in the appearance of a strongly enhanced SERS 
signal (Figure 5).

Similarly, the spectra obtained from lyophilized hydrogels containing Ag and Au colloid upon addi-
tion of 100 µL of aqueous aminothiophenol (10 µM) are similar to those obtained with aggregated 
Au colloid alone (figure 6). Furthermore, the presence of water is not essential for SERS spectra to 
be obtained from the lyophilized gels, as demonstrated by the intense SERS spectrum obtained from 
a sample stored in a seal box in which the head space was saturated by thiophenol gas and subse-
quently removed to air for analysis (Figure 7). The ready uptake and retention of thiophenol by the 
lyophilized hydrogel via the head space resulting in a substantial SERS enhancement is unexpected 
but likely reflects the open porous structure of the hydrogel frame work facilitating gas ingress. This 
property is important as it opens the opportunity to use this class of support for long term gas anal-
ysis by SERS since the colloid is locked in its partially aggregated state by the absence of solvent but 
is still accessible to gaseous as well as liquid analytes 

Figure 5. Raman spectrum of (ca. 1 µM) thiophenol in (black) CH-Met hydrogel with NaNO3 aggre-
gated gold colloid (the glass background signal has been removed by scaled subtraction), (red) Raman 
spectrum obtained by addition of 10 ml of aqueous thiophenol (5 µM) placed on top of a lyophilized 
gold colloid containing hydrogel powder, and (blue) reconstituted  hydrogel with thiophenol (ca. 1 µM) 
* SERS bands of citrate. (spectra are obtained at lexc 785 nm, with 4x 5, 10 and 10 s acquisitions, 
respectively).
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Conclusion
The organic gelators shown here are excellent as scaffolds for nanoparticle aggregates since the pH 
switching that induces supramolecular aggregation and thereby gelation also induces particle aggre-
gation concomitantly. The rate of particle aggregation is on a similar timescale as gel fibre formation 
and hence the colloid is trapped in the aggregated state but precipitation is prevented.  The hydrogel 
scaffolds may interact with the colloid through its carboxylic acid groups in the same manner as 
citrate stabilizes gold colloids, however, the similar behaviour of the CH-Met and CH-Nle hydro-
gelators indicate that the sulphur unit in the former is not involved. Importantly the hydrogel gives a 
low SERS response and hence interference with the spectra of analytes is minimized. The stability of 
the hydrogel colloids to lyophilization and its open structure are important in the analysis of volatile 

Figure 6. Raman spectra of a 100 µL droplet of water contain (10 µM) aminothiophenol placed on a 
lyophilized gel containing (a) Au colloid, (b) Ag colloid and (c) Raman spectrum of (10 µM) aminothio-
phenol obtained in aggregated gold colloid with HNO3.

Figure 7. SERS spectrum at 632.8 nm of Au colloid stabilized in a lyophilized CH-Met hydrogel which 
has been exposed to thiophenol vapour.
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target molecules. For the materials in the hydrogel state the ability of the target molecules to access 
the enhancing surface is not unexpected since the aggregates are held within an open hydrogel fibre 
network (with 0.1 wt% of the structure comprising of the gel fibres) and hence although convection 
is precluded, diffusion is unaffected. More importantly for practical purposes, the accessibility of the 
surface is retained even after the gels have been lyophilized and hence have a substantially long life-
time. Rehydration with analyte containing solution brings the analyte molecules directly in contact 
with the released particles, allowing SERS detection. Finally, the ability to take up analytes from the 
headspace, reversibly, in the hydrogel and the detection using a lyophilized powder opens up many 
opportunities for application in long term real-time air analysis.

Supporting information
The Supporting Information containing the preparation of gold and silver colloids, TEM images, 
SERS and Raman spectra, and UV−vis spectra, is available free of charge on the ACS Publications 
website at DOI: 10.1021/acs.lang- muir.7b01445.
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Supporting Figures

Figure S1. (a) Raman spectrum of a neat solution of thiophenol. SERS spectra of 10 µM thiophenol (b) 
in the absence of colloid, (c) in Ag colloid and (d) in Au colloid. 

Figure S2. (a) Raman spectrum of solid aminothiophenol. SERS spectra of 10 µM aminothiophenol (b) 
in the absence of colloid, (c) in Ag colloid and (d) in Au colloid.
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Figure S3. SERS spectra in Au colloid of thiophenol (concentration in µM). Spectra were normalized 
to the NO3

- band at 1075 cm-1.

Figure S4. SERS spectra in Au colloid of aminothiophenol (concentration in mM), normalized to the 
NO3

- band at 1075 cm-1.
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Figure S5. Raman spectra of 10 µM of thiophenol in CH-Met hydrogel with (a) silver and (b) gold 
colloid, (c) without colloid.

Figure S6. Raman spectra of 10 µM of aminothiophenol in CH-Met hydrogel with (a) silver and (b) 
gold colloid, (c) without colloid.

a

b

c

a

b

c



Supramolecular Low Molecular Weight  Hydrogelator Stabilization of 
SERS Active Aggregated Nanoparticles for Solution and Gas Sensing

83

5

Figure S7. UV-vis absorption spectra of (NaOH/HNO3) aggregated colloid; (black) CH-Met (2 mg/
mL) hydrogel alone, (blue) silver colloid prior to precipitation, (cyan) colloid 10 s after addition of 
HNO3 (to pH 3), and (red) colloid held in hydrogel several minutes after addition of HNO3. Spectra 
were recorded in 1 mm path length cuvettes positioned directly in front of the entrance to an integrating 
sphere to gather scattered as well as transmitted light.

Figure S8. Rheology of CH-Met hydrogel formed by pH switching with (black) and without (red) Au 
colloid
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Figure S9. Raman spectra of CH-Nle (2 mg/mL, NaOH, HNO3) hydrogel with gold colloid (a) 10 µM 
aminothiophenol, (b) 10 µM thiophenol, and (c) no additive.

Figure S10. Raman spectra of CH-Nle (2 mg/mL, NaOH, HNO3) hydrogel with silver colloid (a) 10 
µM aminothiophenol, (b) 10 µM thiophenol, and (c) no additive. Note that the Raman bands of citrate 
are more pronounced than in the case of gold colloid.
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Figure S11. Raman spectra obtained from CH-Met gel (NaOH, HNO3) hydrogel stabilized Au colloid 
(left to stand in a sealed vial for 4 months) (black) before and (red) after  exposure to thiophenol vapour.

Figure S12. Raman spectra obtained from CH-Met gel (NaOH, HNO3) hydrogel stabilized Ag colloid 
(left to stand in a sealed vial for 4 months) (black) before and (red) after exposure to thiophenol vapour.
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Figure S13. Raman spectra (785 nm) of (black) citrate heated in water and added to Au colloid fol-
lowed by aggregation with NaNO3, (red) hydrogel stabilized Au colloid following reconstitution by 
heating and cooling and addition of thiophenol, and (blue) lyophilized hydrogel stabilized Au colloid 
after addition of 10 μL of aqueous thiophenol. In all cases the concentration of thiophenol is ca. 5 μM.
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Chapter 6 

Benzene triamide amino acid 
hydrogelators

Abstract
The rational design of a new hydrogelators is a long standing aspiration in the field that has re-
lied, with few exceptions, on trial and error as well as serendipity to date.1,2 The experience gained 
and understanding developed in previous studies based on the triamide-cyclohexane/amino acid 
combinations in previous chapters, should form the basis for a rational approach to designing new 
hydrogelators. In this chapter we show that a new hydrogelators can be obtained by combining key 
motifs used in two distinct classes of low molecular weight hydrogelators. We test the hypothesis: 
key structural motifs from benzenetriamides and cyclohexanetriamides can form the basis of a nov-
el hydrogelator. 
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Introduction
The benzene triamide core (BTA, Figure 1), which is typically the basis for organogelators, has been 
used in hydrogelation also.3 In the latter case,  supramolecular polymerization in water it requires 
large hydrophobic and hydrophilic tails to thaachieve gelation.4–6 While the cyclohexane triamide 
core (CH, Figure 1), used thus far in this thesis, can form gels with simple amino acid side groups.7–9 
However, the cyclohexane core is less suitable for applications than the BTA core due to cost and the 
stereochemical demands it introduces.* Furthermore, the BTA core is spectroscopically useful due 
to its moderate absorption in the UV region.

The supramolecular packing in the gel fibres in both classes differs slightly. The accepted model for 
packing in BTA gels is based on the crystal structure of 1 (Figure 1), which shows helical stacking 
of the core structure with hydrogen bonding of the amides at a 45° angle with respect to the core 
benzene.10 In contrast to this the packing of CH gels is based on the crystal structure of CH-Tyr 
(Figure 1), which show linear stacking of the cyclohexanes and hydrogen bonding of the amides at 
90° with respect to the core.7 The helical twist in BTA that accompanies supramolecular assembly 
provides for an often strong CD signal that is a powerful probe in investigating the temperature 
dependence of stacking.3

In this chapter we show a compound based on the BTA core and the amino acid groups, used in CH 
gels, to engage in hydrogelation. We report two compounds that show promising gelation behaviour. 
The methionine based gelator with a cyclohexane core discussed in earlier chapters is the gelator 
with the lowest CGC and was therefore used as a starting point. Valine was chosen also as, although 
it does not form gels with the CH core, its analogue leucine does. The BTA core is expected to be  
more hydrophobic than, and present π-π interactions absent in, the cyclohexane core and hence an 
amino acid that is less hydrophobic than leucine will balance the effect on solubility and allow for 
gelation. The gels obtained were characterized by dropping ball, rheology, UV-Vis absorption, CD 
and polarized Raman spectroscopy.

Synthesis
Two variations on the BTA core with aminoacid tails were synthesized, BTA-Val and BTA-Met (Fig-
ure 2), as white powders with a yield of ~25%. Detailed description of synthesis and spectroscopic 
data is available in Appendix B.

* At current specialty chemical prices (Sigma Aldrich) 1 g of 1,3,5-Cyclohexanetricarboxylic acid is 
€115, while a 100 g  of Benzene-1,3,5-tricarboxylic acid is €74.80.
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Gel Properties
BTA-Val forms stable hydrogels at 5 mg/mL and BTA-Met forms hydrogels at 15 mg/mL however, 
the gels formed of BTA-Met deteriorate within 12 h. BTA-Val shows thermal stability up to 120 °C 
and has a G’ of 1610 Pa and a G” of 574 Pa, the formed gels showed no visible deterioration over 
a month. Both compounds do not form gels with pH switching from basic to acidic solutions but 
instead undergo precipitation. 1H-NMR spectra of the compounds in basic or acidic water show 
that for Met 32% at 15 mg/mL stays in solution upon acidification and for Val only 8% at 5 mg/mL. 
The substantially lower solubility of BTA-Val compared to BTA-Met is likely key to gel formation, 
as for systems with a cyclohexane core 10% solubility is observed for gel forming compounds.chapter 3

A band at 210 nm with a shoulder at 250 nm is observed in the UV-Vis absorption spectra of BTA-
Val and BTA-Met. This absorption band does not show a CD signal over the range of 20 to 90 °C. 
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Figure 2. Structures of BTA-Val and BTA-Met. 

Figure 3. UV-Vis absorption spectra of BTA-Met (black) and BTA-Val (red).
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Polarised Raman microspectroscopy
BTA-Val forms long fibrous structures, under a confocal microscope, which show a dependence 
of the Raman spectrum recorded at 785 nm on laser polarization. The band at 1004 cm-1 is due to 
deformation of the aromatic core of BTA-Val and shows a dependence on the direction of laser po-
larization with respect to fibre axis concomitant with that observed for the aromatic ring breathing 
mode at 1591 cm-1. These data indicate that the aromatic rings are aligned as in the crystal of the 
model compound 1.10 The band at 1620 cm-1 corresponds to the amide I vibration and has an angle 

Figure 4. Top left: Raman spectrum BTA-Val. Top Right: Intensities of the bands at 1591 (black), 1257 
(red) and 1004 cm-1 (blue). Middle left: Raman spectrum of BTA-Met. Middle right: intensity profiles of 
the bands at 1748 (black), 1600 (red), 996 (blue) and 652 cm-1 (green). Bottom left: microscope image 
(100x objective) of BTA-Met. bottom right: microscope image (100x objective) of BTA-Val.
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of 45° to the aromatic core in the crystal structure and here we see that the oscillation of this band 
has the same period as the band at 1591 cm-1.
  
BTA-Met forms long fibrous structures which show polarization dependence of the Raman spec-
trum recorded at 532 nm. The band at 996 cm-1 is due to deformation of the aromatic core of BTA-
Met and shows a dependence on polarization concomitant with that observed for the aromatic ring 
breathing mode at 1600 cm-1. These data indicate that the aromatic rings are aligned as in the crystal 
of the model compound 1.10 The band at 1748 cm-1 could correspond to the amide I vibration and 
has an angle of 45° to the aromatic core in the crystal structure and here we see that the oscillation 
of this band is the opposite of the band at 1600 cm-1.  

Conclusion
We have shown that by combining the BTA core with three amino acid side groups from cyclohex-
ane based gelators we can design compounds that form hydrogels. Both BTA-Met and BTA-Val 
form opaque hydrogels. The gels from BTA-Met are unstable and precipitate after 24 hours. BTA-
Val forms stable gels for weeks. From the polarisation dependency of the Raman signals of the 
formed fibres it is shown that the aromatic core is aligned as in the crystal structure of 1.
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Materials and Instrumentation
General remarks. 
All amino acids where obtained from Bachem, 1,3,5-cis,cis-cyclohexanetricarboxylic acid was ob-
tained from TCI, all other chemicals were from Sigma Aldrich and used without further purifica-
tion. Solvents were of reagent grade. Water used for gelation studies was doubly distilled. 

Gelation by heating and cooling cycle. 
In a typical gelation experiment a weighed amount of the compound under investigation and 1.0 mL 
of the solvent are placed in a closed 4 mL vial (D 12 mm). The vial was heated using a heating gun 
for 10 second intervals with shaking until the solid had dissolved. The cap of the vial was wrapped 
with tissue to check for any leaks during heating. The solution was allowed to cool to room tempera-
ture and subsequently examined. Gelation was considered to have occurred when a homogeneous 
substance was obtained that did not exhibit gravitational flow over 24 h. 

Gelation by pH jumping.
In a typical gelation experiment a weighed amount of the compound under investigation was placed 
in a 4 mL vial (D 12 mm) and 100 µL of 1 M NaOH(aq) solution was added to dissolve the gelator. This 
solution was diluted with 800 µL of water and acidified by 100 µL of a 1 M HCl(aq) solution for a total 
of 1.0 mL. Gelation was considered to have occurred when a homogeneous substance was obtained 
that did not exhibit gravitational flow over 24 h. 

Gelation of with Au or Ag nanoparticles.
Preparation of hydrogels: 800 µL of Ag or Au colloid containing solution was added to 100 µL of 
CH-Met (20 mg mL-1) in 1 M NaOH(aq). Addition of 100 µL of 1 N acid(aq) (HNO3, H2SO4, H3PO4 or 
HCl) to the mixture with gentle agitation resulted in a change in colour (from yellow to grey in the 
case of the Ag colloid and red to blue in the case of the Au colloid) concomitant with the formation 
of a hydrogel. For experiments in microtitre (96 well) plates, lower volumes were used with the same 
volume ratios.

NMR
1H-NMR and 13C-NMR spectra were recorded on a Varian AMX400 (operating at 400 and 100 
MHz, respectively) spectrometer or a Bruker AscendTM 600 MHz NMR spectrometer (operating at 
600 and 150 MHz, respectively). 

FTIR
FTIR spectra were recorded on a Perkin Elmer Spectrum 400 spectrometer or on a JASCO FT/
IR-4700.

UV-Vis
UV-vis absorption spectra were recorded using an Analytik Jena Specord 210 plus or on a JASCO 

Circular Dichroism
CD spectra were recorded using a JASCO 810 CD spectrometer.
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Fluorescence
Fluorescence spectra were recorded with 266 nm excitation either with continuous wave excitation 
(0.1 mW at sample, with at 532 nm pumped SpectraPhyics Wavetrain) with emission detected using 
a Shamrock500 spectrograph (500 nm blaze 150 l/mm grating) and idus-420BU CCD camera or 
with pulsed excitation wave excitation (0.1 mJ per pulse, 4th harmonic of a Innolas Spitelight200 
Nd:YAG laser, at 3 Hz repetition rate) with emission detected using a Zolix Omni-300 spectrograph 
(500 nm blaze 150 l/mm grating) and iStar-740 iCCD camera in gated mode. 

Raman
Raman spectra were recorded on a Perkin Elmer Raman station 400F with a RamanMicro 300 mi-
croscope at 785 nm or on an Olympus BX51M upright microscope with excitation at 632.8 nm 
(Thorlabs Hrr 120-1 HeNe laser, 10 mW at sample, with laser line clean up filter from Semrock). 
Excitation was delivered using a dichoric mirror (Semrock) and light collected via a round to line 
multicore fibre (which acted as slit) and delivered to a Shamrock 163 spectrograph and dispersed 
with a SRT-SHT-9003 grating onto a iDus-418 CCD detector (Andor Technology). Calibration was 
performed using the spectrum of polystyrene. 

Dropping Ball
Gels with a volume of 1.0 mL were prepared as described above. A stainless steel ball (63 mg; d 2.5 
mm) was placed on top of the gel and the vial was closed. A series of these samples were placed in 
a heating block that was heated at a 10 °C h-1 while observing the positions of the balls with a video 
camera and concurrently monitoring the temperature by means of a thermocouple placed in the 
heating block. The melting temperature of the gel was taken as the temperature at which the steel 
ball reached the base of the vial. The upper temperature was limited to 130°C.

Rheology
The stress strain behaviour of the gels was analysed using an Anton Paar parallel plate rheometer. 
Gels were prepared on the bottom plate by pH jumping and the top plate was lowered to a 1 mm gap. 
Strain scans were performed with a 50 mm plate from 0.1 % to 100 % with a frequency of 1 rad/s. 
The critical strain was quoted as the point that G’ starts to deviate for linearity and ultimately crosses 
over the G”, resulting in gel breakdown. 

Transmission Electron Microscopy 
TEM images of gels were recorded on a Phillips CM10 with a LaB6 emitter. Samples were prepared 
on a carbon coated copper grid by either forming the gel on the grid by pH jumping or by pipetting 
4 µL out of heat/cool formed gels on the grid. Both type of samples were blotted off after 1 min. The 
grid was stained with 2 µL of Uranylacetate and blotted off after 1 min. 

TEM images of colloidal solutions were recorded on a Phillips CM12 with a LaB6 emitter. Colloidal 
samples were prepared by pipetting 2 µL of colloidal solution on a carbon coated copper grid and 
blotting off after 1 min. Gel samples were prepared on a carbon coated copper grid by forming the 
gel on the grid by pipetting 2 µL out pH jump forming gels before fully set on the grid. Both type 
of samples were blotted off after 1 min. The grid was stained with 2 µL of Uranylacetate and blotted 
off after 1 min.

Cryogenic Transmission Electron Microscopy
Cryo-TEM images were taken with a slow scan CCD camera (Gatan)under low-dose conditions 
on a Tecnai T20 TEM microscope (FEI) operating at 200keV using a Gatan model 626 cryo-stage 
sample holder. Samples were prepared by mixing the gel on a 400 mesh holey carbon TEM grid 
(quantifoil 3.5/1) . The time between mixing and blotting and freezing in liquid ethane, using a 
Vitrobot (FEI) , was varied to get snapshots of different states of the gel.
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Single Crystal X-ray
A single crystal of compound CH-Abu was mounted on top of a cryoloop and transferred into 
the cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture diffractometer. Data collection and 
reduction was done using the Bruker software suite APEX3.1–3 The final unit cell was obtained from 
the xyz centroids of 9951 reflections after integration. A multiscan absorption correction was ap-
plied, based on the intensities of symmetry-related reflections measured at different angular settings 
(SADABS). The structures were solved by direct methods using SHELXT4 and refinement of the 
structure was performed using SHELXL.5 The hydrogen atoms were generated by geometrical con-
siderations, constrained to idealised geometries and allowed to ride on their carrier atoms with an 
isotropic displacement parameter related to the equivalent displacement parameter of their carrier 
atoms.

Dark field microscope
Dark field microscope videos were acquired using a Nikon TI eclipse inverted microscope equipped 
with a 60 times magnification objective. Samples were illuminated with a Nikon Halogen 12V 100W 
lamp and the light was focused using a Nikon dry dark field condenser. Scattered light was collect-
ed by an Andor Clara CCD camera. Wilco wells glass bottom dish (0.17 mm thick) for dark field 
microscopy

Small Angle X-ray Scattering
SAXS was measured on the BL16B1 and BL19U2 (beamline of National Facility of Protein Science 
Shanghai (NFPS)) at Shanghai Synchrotron Radiation Facility. Samples were prepared in 1.5 mm 
diameter quartz capillaries (Hampton research). Best fit of the SAXS experimental data was per-
formed using the Sasfit program.6 The following equations have been used to fit the experimental 
data. The Debye-Anderson-Brumberger model has been used to describe the scattering of spherical 
inhomogeneity’s without spatial arrangement:

I(q) = I(0) / ( 1 + (qξ)2)2 

where  is a scaling factor depending on the electron density difference between the scattering object 
and the surrounding solution and  is the average characteristic dimension of the objects.

Polarized Raman
Polarization dependent Raman spectra at 532 nm were recorded on a Olympus BX51M microscope 
equipped with a long working distance 100 times magnification objective. Excitation was with at 
532 nm (25 mW Samba Laser from Cobolt). Estimated spot size was less than 1 microns (diameter). 
Laser power was controlled by rotation of its polarization using a half-wave plate retarder (Thorlabs) 
followed by a polarizing 50/50 beam splitter. The plane of the linearly polarized output was rotated 
using a second half-wave plate retarder. The laser was reflected into the optical path of the micro-
scope using a long pass dichroic mirror (Semrock) and the collimated reflected Raman scattering 
was passed through a long pass filter and focused into a 50 micron diameter fibre to a Shamrock 163 
spectrograph with a 500 nm blaze 1200 l/mm grating and a Andor iVac-OE CCD camera. UV-vis 
absorption spectra were recorded using an Analytik Jena Specord 210 plus and CD spectra using a 
JASCO 810 CD spectrometer.

Polarization dependent Raman spectra at 785 nm were recorded on an Olympus BX51M micro-
scope equipped with a long working distance 100 times magnification objective. Excitation was with 
at 785 nm (75 mW, Ondax). Estimated spot size was less than 1 microns (diameter). Laser power 
was controlled by rotation of polarization using a half-wave plate retarder (Thorlabs) followed by a 
polarizing 50/50 beam splitter. The plane of the linearly polarized output was rotated using a second 
half-wave plate retarder. The laser was reflected into the optical path of the microscope using a long 
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pass dichroic mirror (Semrock) and the collimated reflected Raman scattering was passed through 
a long pass filter and focused into a 50 micron diameter fibre to a Kymera-163 spectrograph with a 
500 nm blaze 1200 l/mm grating and a Andor iDus-DU416A-LDC-DD camera. 
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Synthesis and Characterisation
The synthesis of all compounds was based on a literature procedure.7 The synthesis of colloidal solu-
tions of Silver and gold nanoparticles was based on literature procedure.8

(1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl trichloride
A white suspension of 9.74 g (45.07 mmol) of 1,2,5-cis,cis-cyclohexane and 26 mL of SOCl2 was 
heated at reflux for 20 h. The formed clear yellow solution was cooled to room temperature (20 °C), 
and excess SOCl2 was removed by evaporation in vacuo. The resulting liquid was stored at 4 °C 
overnight, yielding solids which were isolated by filtration, yielding 11.77 g (43.35 mmol, 96%) of a 
pale yellow powder. 1H-NMR (300 MHz, CDCl3) δ (ppm) 2.87 (tt, J = 12.6, 3.4 Hz, 3H), 2.75 – 2.61 
(m, 3H), 1.69 (dt, J = 13.7, 12.6 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 174.2 (COCl), 52.2 
(CH), 30.3 (CH2).

CH-Gly
Trimethylamine (9 mL) was added to a cooled (0 °C) solution of 4.28 g (24.05 mmol, 3.1 eq.) of 
glycine methyl ester hydrochloride in 300 mL of DCM. 3 g (11.05 mmol, 1 eq.) of 2.01 in 30 mL of 
DCM was added to the solution. Upon mixing the two clear solutions formed an opaque white solu-
tion which was stirred at room temperature (20 °C) for 24 h. The solids were isolated by filtration 
and suspended in 200 mL ethanol. The solids isolated by filtration and dried in vacuo, yielding 5.5 
g of the methyl ester as a white powder (80%). The powder was suspended in 60 mL of methanol 
cooled to 0 °C and 30 mL of 2M NaOH(aq) was added. The suspension was allowed to reach room 
temperature (20 °C) slowly and stirred for 20 h. A clear solution was obtained and diluted with 100 
mL of water. The solution was acidified to pH < 3 using 2M HCl(aq). Gelation was observed and the 
resulting gel was filtered and washed with 2 x 100 mL water. The solids were dried in vacuo (40 °C, 
20 mBar) for 1 h and lyophilized overnight, yielding 1.70 g (4.39 mmol, 50%) of CH-Gly as a white 
powder. Decomposition above 235 °C. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.47 (s, 3H), 8.13 
(t, J = 6.0 Hz, 3H), 3.71 (d, J = 6.0 Hz, 6H), 2.28 (t, J = 12.6 Hz, 3H), 1.94 (d, J = 12.6 Hz, 3H), 1.39 
(q, J = 12.6 Hz, 3H). 13C-APT NMR (101 MHz, DMSO-d6) δ (ppm) 175.0 (COOH), 171.7 (C=O), 
42.7 (CH), 31.8 (CH2). FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H22N3O9 388.1351; Found 
388.1348. Anal. Calcd for C15H21N3O9: C, 46.51; H, 5.46; N, 10.85. Found: C, 38.13; H, 4.89; N, 
8.92. 

CH-Ala
The synthesis was analogous to the synthesis of CH-Gly, using 4.76 g (24.05 mmol) of alanine meth-
yl ester hydrochloride, yielding 1.68 g (3.91 mmol, 35%) of CH-Ala as a white powder. 1H NMR 
(400 MHz, DMSO-d6) δ (ppm) 12.41 (s, 3H), 8.04 (d, J = 7.4 Hz, 3H), 4.15 (q, J = 7.3 Hz, 3H), 2.23 
(t, J = 12.5, 3H), 1.70 (d, J = 12.6 Hz, 3H), 1.37 (q, J = 12.6 Hz, 3H), 1.23 (d, J = 7.3 Hz, 9H). 13C 
NMR (101 MHz, DMSO-d6) δ (ppm) 174.7, 174.5, 47.7, 42.7, 40.0, 31.7, 17.6. FTMS (ESI-TOF) 
m/z: [M + H]+ Calcd for C18H28N3O9 430.1820; Found 430.1815. Anal. Calcd for C18H27N3O9: 
C, 50.35; H, 6.34; N, 9.79. Found: C, 49.72; H, 6.20; N, 9.61. Melting point 150 °C degradation.

CH-Val
The synthesis was analogous to the synthesis of CH-Gly, using 5.71 g (24.05 mmol) of valine methyl 
ester hydrochloride, yielding 4.08 g (7.93 mmol, 71%) of CH-Val as a white powder. Decomposition 
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above 237 °C. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.53 (s, 3H), 7.93 (d, J = 8.7 Hz, 3H), 4.14 
(dd, J = 8.6, 5.9 Hz, 3H), 2.44 (t, J = 12.0 Hz, 3H), 2.04 (h, J = 6.7 Hz, 3H), 1.68 (d, J = 12.4 Hz, 3H), 
1.42 (q, J = 12.5 Hz, 3H), 0.86 (d, J = 6.8 Hz, 18H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 175.1, 
173.6, 57.2, 42.4, 32.0, 30.2, 19.6, 18.4. FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C24H40N3O9 
514.2759; Found 514.2752. Anal. Calcd for C24H40N3O9; C, 56.13; H, 7.65; N, 8.18. Found; C, 
50.34; H, 7.35; N, 7.27.

CH-Leu
The synthesis was analogous to the synthesis of CH-Gly, using 6.19 g (24.05 mmol) of leucine meth-
yl ester hydrochloride, yielding 3.92 g (7.05 mmol, 64%) of CH-Leu as a white powder. Decomposi-
tion above 238 °C. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.45 (s, 3H), 8.02 (d, J = 8.0 Hz, 3H), 
4.20 (ddd, J = 10.1, 8.1, 4.9 Hz, 3H), 2.28 (tt, J = 12.5, 3.4 Hz, 3H), 1.74 – 1.65 (m, 3H), 1.65 – 1.33 (m, 
13H), 0.85 (dd, J = 22.3, 6.4 Hz, 18H). 13C-APT NMR (101 MHz, DMSO-d6) δ (ppm) 174.7, 174.6, 
50.3, 42.8, 31.8, 24.8, 23.3, 21.6. FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C27H46N3O9 556.3220; 
Found 556.3229. Anal. Calcd for C27H45N3O9: C, 58.36; H, 8.16; N, 7.56. Found: C,55.66; H, 7.20 
; N, 7.88.

CH-Ile
The synthesis was analogous to the synthesis of CH-Gly, using 6.19 g (24.05 mmol) of isoleucine 
methyl ester hydrochloride, yielding 1.79 g (3.22 mmol, 29%) of CH-Ile as a white powder. Melting 
point 229-231 °C. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.51 (s, 2H), 7.93 (d, J = 8.6 Hz, 3H), 
4.17 (dd, J = 8.6, 6.3 Hz, 3H), 2.40 (t, J = 12.5 Hz, 3H), 1.77 (bs, 3H), 1.67 (d, J = 12.5 Hz, 3H), 1.41 
(q, J = 12.5, 11.6 Hz, 6H), 1.17 (h, J = 14.9, 7.5 Hz, 3H), 0.83 (t, J = 7.4 Hz, 18H). 13C-APT NMR (101 
MHz, DMSO-d6) δ (ppm) 175.0, 173.6, 56.4, 42.4, 40.5, 40.3, 39.8, 39.6, 39.4, 36.7, 32.0, 25.1, 16.1, 
11.6.FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C27H46N3O9 556.3229; Found 556.3221. Anal. 
Calcd for C27H45N3O9: C, 58.36; H, 8.16; N, 7.56. Found: C, 56.54 ; H, 7.37 ; N, 7.91. 

CH-Met
The synthesis was analogous to the synthesis of CH-Gly, using 6.80 g (34.05 mmol) of L-methi-
onine methyl ester hydrochloride, yielding 1.86 g (2.86 mmol, 62%) of CH-Met as a white powder. 
Decomposition above 214 °C. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.57 (s, 3H), 8.06 (dd, J = 
7.9, 3.2 Hz, 3H), 4.28 (tt, J = 8.2, 3.7 Hz, 3H), 2.45 (dt, J = 8.7, 4.6 Hz, 9H), 2.30 (d, J = 14.2 Hz, 3H), 
2.03 (d, J = 3.3 Hz, 3H), 1.95 (dp, J = 12.3, 4.0 Hz, 3H), 1.84 (dp, J = 13.0, 4.8, 4.0 Hz, 3H), 1.74 (d, J 
= 12.2 Hz, 3H), 1.49 – 1.35 (m, 3H). 13C-APT NMR (101 MHz, DMSO-d6) δ (ppm) 174.9, 173.8, 
51.2, 42.8, 31.8, 31.1, 30.2. FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C24H40N3O9S3 610.1921; 
Found 610.1911. Anal. Calcd for C24H39N3O9S3: C, 47.27; H, 6.45; N, 6.89. Found: C, 46.63; H, 
6.39; N, 6.73.

CH-Phe
The synthesis was analogous to the synthesis of CH-Gly, using 9.33 g (43 mmol) of L-phenylalanine 
methyl ester hydrochloride and 2.89 g (10.7 mmol) of (1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl 
trichloride, yielding 2.68 g (4.1 mmol, 38%) of CH-Phe as a white powder. Decomposition above 
245 °C. 1H-NMR spectrum (400 MHz, DMSO-d6) δ 13.16 – 12.30 (m, 4H), 8.10 (d, 4H), 7.21 (dq, 
18H), 4.38 (td, 4H), 3.05 (dd, 4H), 2.84 (dd, 4H), 2.18 (s, 2H), 1.46 (d, 3H), 1.21 (q, 4H). 13C-APT 
NMR (101 MHz, DMSO-d6) δ 132.2, 131.2, 129.4, 56.3, 45.2, 43.3, 43.1, 42.9, 42.7 HRMS (ESI) m/z: 
[M + Na]+ Calcd for C36H39N3O9Na 680.2579; Found 680.2569. Anal. Calcd for C36H39N3O9: 
C, 65.74; H, 5.98; N, 6.39. Found: C, 55.90; H, 5.39; N, 5.42.

CH-Trp
The synthesis was analogous to the synthesis of CH-Gly, using 5.38 g (21.1 mmol) of L-tryptophan 
methyl ester hydrochloride and 2.03 g (7.05 mmol) of (1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl 
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trichloride, yielding 0.95 g (1.22 mmol, 17%) of CH-Trp as a white powder. Decomposition above 
225 °C. 1H-NMR (400 MHz, DMSO-d6) δ 12.56 (s, 3H), 10.91 (s, 3H), 8.06 (s, 3H), 7.50 (s, 3H), 
7.31 (s, 3H), 7.10 (s, 3H), 7.03 (s, 3H), 6.95 (s, 3H), 4.42 (s, 3H), 3.13 (s, 3H), 2.99 (s, 3H), 2.23 (s, 
3H), 1.59 (s, 3H), 1.29 (s, 3H). 13C-APT NMR (101 MHz, DMSO-d6) δ 126.51, 123.97, 121.41, 
121.23, 114.48, 55.91, 45.22, 43.09, 42.88, 42.67, 42.34, 42.12. HRMS (ESI) m/z: [M + Na]+ Calcd 
for C42H42N6O9Na 797.2906; Found 797.2896. Anal. Calcd for C36H39N3O9: C, 65.11; H, 5.46; 
N, 10.85. Found: C, 54.46; H, 4.83; N, 9.02.

CH-Abu
The synthesis was analogous to the synthesis of CH-Gly, using 4.79 g (31.18 mmol) of abutaric acid 
methyl ester hydrochloride and 2.28 g (8.47 mmol) of (1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl 
trichloride, yielding 2.84 g of CH-Abu as a white powder. Melting point 229-231 °C. 1H-NMR (400 
MHz, DMSO-d6) δ (ppm) 12.50 (s, 3H), 8.04 (d, J = 7.9 Hz, 3H), 4.09 (td, J = 8.3, 5.1 Hz, 3H), 2.33 
(s, 3H), 1.79 – 1.66 (m, 6H), 1.58 (dt, J = 14.3, 7.6 Hz, 3H), 1.41 (q, J = 12.6 Hz, 3H), 0.86 (t, J = 7.4 
Hz, 9H). 13C-APT NMR (75 MHz, DMSO-d6) δ (ppm) 175.0, 174.1, 53.5, 42.6, 31.9, 24.8, 10.9. 
FTMS (ESI-TOF) m/z: [M + H]+ Calcd for C21H34N3O9 472.2290; Found 472.2286. Anal. Calcd 
for C21H33N3O9: C, 47.27; H, 6.45; N, 6.89. Found: C, 46.63; H, 6.39; N, 6.73; Na, 5.05.

Single crystals of CH-Abu were grown from a saturated solution in 2 M NaCl(aq) by slow evapora-
tion.

CH-Nva
The synthesis was analogous to the synthesis of CH-Gly, using 4.95 g (29.53 mmol) of L-norvaline 
methyl ester hydrochloride and 2.18g (8.03 mmol) of (1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl tri-
chloride, yielding 2.721 g (5.30 mmol, 66%) of CH-Nva as a white powder. Melting point 229-231 
°C. 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.43 (s, 3H), 7.97 (d, J = 7.9 Hz, 3H), 4.14 (td, J = 7.9, 
5.2 Hz, 3H), 2.28 (t, J = 12.5 Hz, 3H), 1.72 – 1.58 (m, 6H), 1.58 – 1.47 (m, 3H), 1.39 (q, J = 12.5 Hz, 
3H), 1.26 (tt, J = 13.7, 7.3 Hz, 6H), 0.84 (t, J = 7.3 Hz, 9H). 13C-APT NMR (101 MHz, DMSO-d6) 
δ (ppm) 174.8, 174.3, 51.7, 42.7, 40.0, 33.5, 31.8, 19.2, 13.9. FTMS (ESI-TOF) m/z: [M + H]+ Calcd 
for C24H39N3O9 514.2759; Found 514.2752. Anal. Calcd for C24H39N3O9: C, 56.13; H, 7.65; N, 
8.18. Found: C, 52.51; H, 7.64; N, 7.55. 

CH-Nle
The synthesis was analogous to the synthesis of CH-Gly, using 4.72 g (26 mmol) of L-norleucine 
methyl ester hydrochloride and 2.30 g (8.47 mmol) of (1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl 
trichloride, yielding 2.22 g (4.00 mmol, 63%) of CH-Nle as a white powder. Melting point 220-221 
°C 1H-NMR (400 MHz, DMSO-d6) δ (ppm) 12.44 (s, 3H), 7.97 (d, J = 8.0 Hz, 3H), 4.18 – 4.07 (m, 
3H), 2.34 – 2.22 (m, 3H), 1.73 – 1.60 (m, 6H), 1.55 (dq, J = 10.3, 6.1, 5.0 Hz, 3H), 1.40 (q, J = 12.6 Hz, 
3H), 1.24 (t, J = 6.6, 4.2 Hz, 12H), 0.83 (h, J = 3.7, 3.1 Hz, 9H). 13C-APT NMR (75 MHz, DMSO-d6) 
δ (ppm) 174.8, 174.3, 51.9, 42.7, 31.8, 31.1, 28.0, 22.1, 14.2. FTMS (ESI-TOF) m/z: [M + H]+ Calcd 
for C27H46N3O9 556.3229; Found 556.3216. Anal. Calcd for C27H45N3O9: C, 58.36; H, 8.16; N, 
7.56. Found: C, 55.35; H, 7.78; N, 7.17.

CH-Tyr
The synthesis was analogous to the synthesis of CH-Gly, using 14.4 g (62 mmol) of L-tyrosine meth-
yl ester hydrochloride and 5.0 g (18.4 mmol) of (1s,3s,5s)-cyclohexane-1,3,5-tricarbonyl trichlo-
ride, yielding 4.0 g (5.7 mmol, 25%) of CH-Tyr as a white powder. 1H NMR (400 MHz, DMSO-d6) δ 
12.56 (s, 1H), 9.21 (s, 1H), 8.00 (d, J = 8.1 Hz, 1H), 6.99 (d, J = 8.2 Hz, 2H), 6.64 (d, J = 8.2 Hz , 2H), 
4.28 (td, J = 8.1, 4.9 Hz, 1H), 2.90 (dd, J = 13.9, 4.9 Hz, 1H), 2.73 (dd, J = 13.9, 4.9 Hz, 1H), 2.21 (t, J 
= 12.6 Hz, 1H), 1.62 – 1.54 (d, J = 12.6 Hz 1H), 1.27 (q, J = 12.6 Hz, 1H). 13C APT NMR (101 MHz, 
DMSO-d6) δ 177.3 176.3, 159.0, 133.0, 130.8, 118.1, 56.8, 45.2, 39.0, 34.3. HRMS: 706.27783 (M+H: 
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706.72500). Elemental analysis, Calc C: 61.3H: 5.57 N: 5.95 Found C: 54.82 H: 5.43 N: 5.24

Single crystals of CH-Tyr were grown from a phosphate buffer (pH 5.7) by slow evaporation.9 For 
elemental analysis of the crystals, the crystals were filtered and washed 3 times with cold deminer-
alized water to remove any residual phosphate buffer.

Elemental Analysis
The elemental analysis of the compounds is not as expected due to incomplete removal of NaCl 
during purification, however the C/N and C/H ratios are as expected showing that the only addi-
tional component is inorganic. The sodium content for CH-Abu was determined to be 5.05% by 
ICP-AA (Perkin Elmer). FTIR spectroscopy shows that the carboxylic acid groups are partially in 
the carboxylate form, consistent with salt formation. Hence the significant, but minor, deviations 
between expected and found elemental analyses is due to residual sodium content (typically one 
equivalent).

BTA-Val
3 g of benzene-1,3,5-tricarbonyl trichloride (11 mmol) was dissolved in 15 mL dichloromethane 
and added to a solution of 6.2 g L-Valine Methyl Ester Hydrochloride (37 mmol) and 6 mL tri-
ethylamine in 50 mL dichloromethane. The mixture was stirred overnight and the dichloromethane 
was removed in vacuo, the resulting white precipitate was washed with ethanol. The dried solids 
where dissolved in 75 mL 2 M NaOH and stirred overnight. The basic solution was acidified with 
concentrated HCl and the white precipitate was filtered and washed with water. The white solid was 
lyophilized yielding 1.4 g of BTA-Val (2.7 mmol, 25%). 1H NMR (600 MHz, DMSO-d6) δ 12.69 (s, 
1H), 8.79 (d, J = 8.1 Hz, 1H), 8.41 (s, 1H), 4.33 (t, J = 7.5 Hz, 1H), 2.27 – 2.17 (m, J = 6.9, 6.5 Hz, 
1H), 1.00 (t, J = 6.9 Hz, 6H). 13C NMR (151 MHz, DMSO-d6) δ 173.49, 166.86, 134.95, 130.06, 58.99, 
40.52, 40.40, 40.38, 40.26, 40.12, 39.98, 39.84, 39.70, 39.56, 30.01, 19.81, 19.29. Exact Mass: Calcu-
lated [M+H]+ 508.22896 Found: 508.22789 Elemental analysis: Calc C: 56.80 H: 6.55 N: 8.28 Found 
C: 55.79 H: 6.37 N: 8.04 Melting point degradation > 230 °C.

BTA-Met
BTA-Met was prepared as for BTA-Val by replacing the L-valine methyl ester hydrochloride by 7.4 g 
of L-methionine methyl ester hydrochloride (37 mmol). Yielding 1.43 g of BTA-Met (2.4 mmol, 22 
%). 1H NMR (600 MHz, DMSO-d6) δ 12.73 (s, 1H), 9.11 (d, J = 7.6 Hz, 1H), 8.58 (s, 1H), 4.56 (ddd, 
J = 9.8, 7.6, 4.5 Hz, 1H), 2.65 (ddd, J = 13.5, 8.5, 5.2 Hz, 1H), 2.58 (dt, J = 13.3, 7.9 Hz, 1H), 2.07 (m, 
5H). 13C NMR (151 MHz, DMSO-d6) δ 173.8, 166.4, 134.8, 129.9, 52.3, 30.59, 30.50, 15.00. Exact 
Mass: Calculated [M+H]+ 604.14517 Found: 604.14374 Elemental analysis: Calc C: 47.75 H: 5.51 N: 
6.96 S: 15.93 Found C: 42.79 H: 5.25 N: 6.16 S: 13.68 Melting point degradation >150 °C.

Preparation of Gold colloid
HAuCl4 · 3 H2O (58 mg) was added to a 1 L flask containing 500 mL water (UPLC grade filtered 
through a membrane filter) and was brought to boil while stirring rapidly. 7.5 mL of 1% aqueous 
sodium citrate was added. The solution was refluxed for 10 min during which the solution turned 
red and was allowed to cool to room temperature (20 °C). The colloidal solution was filtered using a 
0.8 µm membrane filter and stored in a brown bottle wrapped in aluminium foil. UV-Vis absorption 
maximum at 520 nm. Particle size 5.7 nm ± 0.89 nm 100 particles sampled and 27.06 nm ± 5 nm 52 
particles  sampled by TEM.

Preparation of Silver colloid:
AgNO3  (90 mg) was added to a 1 L flask containing 500 mL water (UPLC grade filtered through 
a membrane filter) and was brought to boil while stirring rapidly forming a grey solution. 10 mL 
of 1% aqueous sodium citrate was added. The solution was refluxed for 30 min during which the 
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solution turned yellow and was allowed to cool to room temperature (20 °C). The colloidal solution 
was filtered using a 0.8 µm membrane filter and stored in a brown bottle wrapped in aluminium foil. 
UV-Vis absorption maximum at 196 and 470 nm. Particle size 10.77 nm ± 1.14 nm 100 particles 
sampled and 134.3 nm ± 8 nm 3 particles sampled by TEM.
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Summary
Low molecular weight hydrogelators are a class of compounds that form supramolecular structures 
anisotropically, a so-called gel fibre network, and in so doing they ‘gel’ water. Gelation of water 
with small molecules (hydrogelators) sees continued interest ranging? from biological and medical 
applications to soft robotics. The design of hydrogelators is largely hit and miss and draws on the ser-
endipitous balancing of multiple intra- and intermolecular interactions. Understanding why some 
compounds do and others do not form hydrogels is key to designing new gelators and to modifying 
existing gelators to have specific functions. A delicate interplay of anisotropic hydrophobic/hydro-
philic, π-π stacking, ionic and hydrogen bond interactions determine the strength of hydrogelators 
and are considered key factors in their design. Achieving specific properties by design, however, is 
still well beyond the state of the art. Rational design of gelators requires understanding of both the 
interactions involved at multiple hierarchical levels and the actual dynamic processes during net-
work formation. This thesis focusses on the understanding of what drives the class of C3 symmetric 
cyclohexane triamides and benzene triamides to engage in solvent (water) gelation. 

Chapter 2 focusses on the synthesis of a series of structural variants of cyclohexane triamide com-
pounds and their analysis under various conditions. A couple of new gelator compounds were found 
by systemic variation of the side groups. The gelators show remarkable changes in behaviour, melt-
ing points and strength. Solvent deuteration and electrolytic strength affect the strength of hydrogels 
formed profoundly. Gels formed by self-assembly through heating/cooling of solutions or by pH 
switching show up to a 30 °C increase in their melting temperatures in D2O compared to H2O. The 
unusually large solvent isotope effect on gel formation and thermal properties indicates that, in con-
trast to expectations, hydrogen bonding is not the primary determinant of gel strength but instead 
hydrophobic interactions between the gelator molecules and the terminal carboxylic acid units are 
of greater importance. This conclusion is supported by a similarly large effect of electrolytes on gel 
strength.

In Chapter 3 the focus is shifted to understanding the underlying principles of gel formation. We 
report, through a combination of label free techniques, that the correspondence between crystal 
structures and molecular packing in the gel fibres is coincidental, and? that direct spectroscopic 
analysis using polarisation dependent Raman microspectroscopy can confirm the molecular pack-
ing state. Through a combination of techniques we probe the time dependence of hydrogelation by 
CH-Abu and CH-Leu, from the micron scale using darkfield microscopy to the nanoscale using 
cryo-TEM and SAXS. The combination of techniques used gives us direct evidence for a gelation 
mechanism and a total overview of all the processes that can happen during the switch from solu-
tion to gel (Figure 1). In the present system the key observation is that precipitation precedes the 
growth of the stable gel fibre bundles, which is counter to expectations for a kinetically controlled 
process. These data indicate that the anisotropy in the strength of intermolecular interactions can 
overcome precipitation and that gel formation can proceed through several stages before the final 
stable form is obtained.

Chapter 4 focusses on a gelator based on tyrosine (CH-Tyr). Adding functionality to a gelator can 
potentially introduce addressable/responsive properties in the gel state, but is still a major challenge. 
Gelation is achieved by balancing hydrophobic, hydrophilic and aromatic interactions. The addi-
tion of, for example, an aromatic fluorophore, can interfere with these interactions and potentially 
prevent the compound from gel formation. CH-Tyr forms weak gels on its own and has spectro-
scopic properties, i.e. UV-Vis absorption and fluorescence, which could be useful as a probe. The 
tyrosine unit retains its redox properties in solution and in gel form, which opens opportunities in 
crosslinking and metal binding. However, when mixed with the analogous gelators CH-Nle and 
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CH-Abu, spectroscopic data show that the gelators do not form mixed fibres and instead assemble 
orthogonally.

In Chapter 5 the gels studied in in Chapters 2 and 3 acts as a scaffold for aggregated gold or silver 
nanoparticles to form a SERS active system. The rate of gel formation by a pH trigger matches well 
the rates of aggregation of Au or Ag colloids, allowing them to be trapped at the SERS-active point 
of the aggregation process. We show that the colloid-containing gels give SERS signals similar to the 
parent colloid but are stable over several months. Moreover, lyophilized gels can be stored as dry 
powders for subsequent use in the analysis of gases and dissolved analytes, by contact with either 
solutions or vapours. The present system shows how the combination of pH switchable low molecu-
lar weight gelators and pH induced colloid aggregation can be combined to make a highly stable and 
low-cost SERS platform for the detection of volatile organic compounds and microvolume analysis 
of solutions.

In Chapter 6 we use the knowledge gained in the field of hydrogelators to design and synthesise 
new hydrogelators. By combining the benzene triamide core and the amino acid groups from the 

Figure 1. Model for all possible pathways during dissolving and gel triggers.
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cyclohexane triamide hydrogels, new gelators were designed. We report two compounds that show 
promising gelation behaviour. Both BTA-Met and BTA-Val form opaque hydrogels. The gels from 
BTA-Met are unstable and precipitate within 24 h. By contrast, BTA-Val forms gels that are sta-
ble for weeks. From the polarisation dependence of the Raman spectrum of the formed fibres it is 
shown that the aromatic core is aligned as expected based on related crystal structures. 

From the knowledge gained in the studies described in the chapters of this thesis we can now say 
that we have a clear understanding of what are the underlying driving forces for these compounds 
to form gels, and are able to design experiments to understand gelation on different length scales.  
The key structural motifs are the C3-symmetry, combined with the amide stacking and peripheral 
acid groups. The properties of the compounds can be modified by changing the hydrophobicity of 
the amino acids. We are able to apply that knowledge in using them for applications such as SERS 
substrates and are able to combine this knowledge to design new gelators. However, rational design 
requires walking a tightrope of multiple interactions that are not necessarily orthogonal and the 
number of variables often exceeds the number of compounds in a given series. Hence, it will be a 
while before computer algorithms replace our chemical intuition in designing new hydrogelators.
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Samenvatting
Hydrogelatoren met een laag molecuulgewicht zijn een klasse van moleculen die anisotropisch su-
pramoleculaire structuren vormen en tijdens dit proces water ‘gellen’. Het geleren van water met 
kleine moleculen (hydrogelatoren) krijgt steeds meer aandacht in biologische en medische toe-
passingen, zelfs tot aan zachte robotica. Het ontwerpen van hydrogelatoren is vaak een kwestie van 
trial and error en lukt alleen als onderzoekers (per ongeluk) de verschillende intra- en intermolec-
ulaire interacties correct uitbalanceren. Om nieuwe gelatoren te ontwerpen of bestaande gelatoren 
nieuwe functionaliteiten te geven, is het belangrijk dat we begrijpen waarom sommige stoffen wel of 
geen hydrogels vormen. De sterkte van hydrogelatoren wordt bepaald door een delicaat samenspel 
van anisotropische hydrofobe/hydrofiele interacties, π- π stacking, ionische verbindingen en water-
stofbruggen. Hoewel we denken dat deze factoren de belangrijkste elementen zijn bij het ontwerpen 
van kleine moleculaire hydrogelatoren, is nog lang niet mogelijk om deze specifieke interacties? te 
ontwerpen. Om dit voor elkaar te krijgen moeten we zowel de interacties tussen de verschillende 
levels van het netwerk als de dynamische processen tijdens de formatie van het netwerk in kaart 
brengen. In deze thesis proberen we te begrijpen wat de klasse van C3-symmetrische cyclohexaan-
triamides en benzeentriamides tot geleren drijft. 

Hoofdstuk 2 focust op de synthese van een serie van structurele varianten op cyclohexaantriamide 
en de analyse van deze structuren onder verschillende condities. Systematische variatie van zi-
jgroepen resulteerde in enkele nieuwe gelatoren. De gelatoren vertonen bijzondere veranderingen 
in gedrag, smeltpunten en sterkte. Deuterering van het oplosmiddel en de sterkte van het elektrolyt 
beïnvloedt de sterkte van de hydrogels. De hydrogels die gevormd zijn door verhitting en koeling 
of een pH sprong hebben in D2O een smeltpunt dat wel dertig graden hoger ligt dan dat van de gels 
in H2O. Dit onwaarschijnlijk grote isotoopeffect op de gelformatie en temperatuureigenschappen 
laat zien dat, in tegenstelling tot wat we dachten, waterstofbindingen niet de bepalende factor zijn 
voor de sterkte van de gel. In plaats daarvan lijken de hydrofobe interacties tussen de gelator en 
de terminale carbonzuurgroepen van groter belang. Deze conclusie wordt onderbouwd door een 
vergelijkbaar groot effect van elektrolyten op de sterkte van een gel. 

In Hoofdstuk 3 verschuift de focus naar het begrijpen van de onderliggende principes van gelfor-
matie. We rapporteren, door een combinatie van labelvrije technieken, dat de overeenkomst tussen 
de kristalstructuur van de hydrogelator en de moleculaire pakking in de vezels van de gel toevallig is. 
Directe spectroscopische analyse met gepolariseerde Raman microspectroscopie kan wel de molec-
ulaire pakking bevestigen. Door een combinatie van technieken hebben we de tijdsafhankelijkheid 
van hydrogelering van CH-Abu en CH-Leu onderzocht, op de micron-schaal met donkerveldmi-
croscopie en op de nanoschaal met cryo-TEM en SAXS. De combinatie van technieken gaf ons 
direct bewijs voor een geleringsmechanisme en een totaaloverzicht van alle processen die plaats 
kunnen vinden tijdens de overgang van oplossing naar gel (Figuur 1). In het huidige systeem is de 
belangrijkste observatie dat en neerslag vormt  voordat een stabiele gelvezel groeit. Dit weerspreekt 
het idee dat gelering een kinetisch gecontroleerd proces zou zijn. De data laat zien dat de anisotropie 
in de sterkte van de intermoleculaire interacties de precipitatie kan overkomen en dat de gelformatie 
verschillende stadia succesvol kan doorlopen om uiteindelijk een stabiele netwerk te vormen.

Hoofdstuk 4 kijkt naar een gelator op basis van tyrosine (CH-Tyr). Het toevoegen van dit soort 
functionaliteiten aan een gelator, kan er mogelijk voor zorgen dat de gel responsief wordt voor ex-
terne stimuli, maar het blijkt nog lastig voor elkaar te krijgen. Om de gel te laten geleren wordt 
een balans gezocht tussen de hydrofobe, hydrofiele en aromatische interacties. Het toevoegen van 
bijvoorbeeld een aromatisch molecuul, zoals een fluorofoor, kan deze interacties verstoren en mo-
gelijk zelfs voorkomen dat een gel vormt. CH-Tyr vormt zwakke gels en heeft spectroscopische 
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eigenschappen die mogelijk interessant zijn als probe, namelijk UV-Vis absorptie en fluorescen-
tie. De tyrosinegroep behoudt zijn redoxeigenschappen in oplossing en in de gel, wat kansen biedt 
voor eventuele crosslinking en binding aan metalen. Echter wanneer CH-Tyr wordt gemixt met de 
analoge gelatoren CH-Nle en CH-Abu, zien we in de spectroscopische data dat de gelatoren geen 
gemengde vezels vormen, maar orthogonaal assembleren.

In Hoofdstuk 5 gebruiken we de gels uit hoofdstukken 2 en 3 als een matrix voor geaggregeerde 
gouden en zilveren nanodeeltjes om een SERS-actief systeem te vormen. De pH-geactiveerde zel-
fassemblage van de hydrogels gebeurt op een snelheid die overeenkomt met de aggregatiesnelheid 
van de goud- of zilvercolloïden, waardoor ze worden gevangen op het punt in het aggregatieproces 
dat ze SERS-actief zijn. We laten zien dat de colloïdbevattende gels vergelijkbare SERS-signalen 
geven als de originele colloïden, maar dat ze tot wel  maanden stabiel blijven. Bovendien kunnen 
gevriesdroogde gels bewaard worden als droge poeders en verder gebruikt worden in de analyse 
van gassen en oplossingen. Het huidige systeem laat zien dat de combinatie van pH-schakelbare 
gelatoren met een laag molecuulgewicht en pH-geïnduceerde colloïdaggregaten een erg stabiel en 
goedkoop SERS-platform kan vormen voor de detectie van vluchtige organische moleculen en mi-

Figuur 1. Model van alle mogelijke paden die een gelator kan nemen na een trigger van gel formatie.
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crovolumeanalyse van oplossingen. 

In Hoofdstuk 6 gebruiken we de kennis die in het veld van hydrogelatoren is verzameld om nieu-
we hydrogelatoren te ontwerpen en te synthetiseren. We combineren hiervoor de benzeentriamide 
kern en de aminozuurgroepen van de cyclohexaantriamide hydrogels om nieuwe hydrogelatoren 
te maken. We rapporteren twee moleculen die veelbelovende gelerende eigenschappen vertonen. 
Zowel BTA-Met als BTA-Val vormen ondoorzichtige hydrogels. De gels van BTA-Met zijn onsta-
biel en slaan binnen 24 uur neer. BTA-Val vormt daarentegen een gel die stabiel is voor meerdere 
weken. De polarisatieafhankelijkheid van de Raman spectra van de gevormde vezels laat zien dat de 
aromatische kernen, zoals verwacht, op één lijn liggen.

Met de kennis die we hebben opgedaan in de hoofdstukken van deze thesis kunnen we zeggen dat 
we een duidelijk begrip hebben gekregen over wat de onderliggende drijfveren zijn waardoor deze 
moleculen gels vormen, en dat we in staat zijn om experimenten te ontwerpen waarmee we geler-
ing op verschillende lengteschalen kunnen begrijpen. De belangrijkste structurele motieven zijn de 
C3-symmetrie, gecombineerd met de amide-H-bruggen en perifere zuurgroepen. De eigenschap-
pen van de verbindingen kunnen worden gemodificeerd door de hydrofobiciteit van de aminozuren 
te veranderen. We zijn in staat deze kennis te gebruiken voor toepassingen zoals SERS substraten 
en het ontwerpen van nieuwe hydrogelatoren. Echter blijft het rationeel ontwerpen van dit soort 
moleculen balanceren op een slap koord. De verschillende interacties zijn niet altijd onafhankelijk 
van elkaar te beïnvloeden en het aantal variabelen is vaak groter dan het aantal moleculen in de re-
actie. Daarom zal het nog een tijd duren voor computeralgoritmes onze chemische intuïtie kunnen 
vervangen als het gaat om het ontwerpen van nieuwe hydrogelatoren. 
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