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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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Figure 1. Oxidation of Tyrosine to dimers or L-DOPA.
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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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Figure 2. Structures of hydrogelators containing Tyrosine discussed in the text.
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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 3. Structures of CH-Tyr, CH-Nle and CH-Abu.
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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.

a b

c d



Chapter 4

64

4

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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