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Chapter 3 

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

Abstract
Gelation of water with small molecules (hydrogelators) sees continued interest ranging from biolog-
ical and medical applications to so� robotics. �e 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 speci�c 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, o�en based on �uorescence, 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 �eld 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. �e 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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to prediction and rational design of hydrogelators.

�e hydrogelators used here are based on a cyclohexane core were �rst reported in 2002.22 Subse-
quent studies focused on the e�ect of variation in molecular structure on gelation properties.19,23�26 
�is 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 E�orts at real time studies of gel 
formation by �uorescence 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 signi�cant e�ect on the gel formation times.29

 
�e 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 �bre formation occurs only under mildly acidic conditions. �e 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 �bres. �e central challenge faced in the design of gelators is to establish the 
packing of the gelator molecules in the gel �bres, however, to date models have drawn on analogy 
and best guess rather than direct evidence. �is 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 �bres is coincidental but that direct spectro-
scopic analysis using polarisation dependent Raman microspectroscopy can con�rm the molecular 
packing state. �rough a combination of techniques we probe the time dependence of hydrogelation 
by CH-Abu and CH-Leu, from the micron scale using dark�eld microscopy to the nm range using 
cryo-TEM and SAXS, which together allow us to establish a model for gel formation including pos-
sible o� paths, e.g. crystallization, amorphous precipitation, etc.

Results
Gelation of this class of compounds can be achieved by �rst dissolving the monomers in water, 
either by heating or at a high pH (Figure 2). �en 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, �rst small �bres and 
amorphous precipitation form. �e small �bres grow over time creating a gel �bre network and 
therea�er the �bres 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 le�) and hence gel formation requires a balance between the extent of precipitation/
crystallization and gel �bre 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 a�ect 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 a�er a delay. �e delay 
is dependent on the vol% DMSO present (Figure 3). �e in�uence 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 pro�le 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 �bres are not free to di�use 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. �ese data are consistent with 90% of the gelator molecules immobilized 
within the gel �bres. DOSY 1H NMR spectroscopy con�rms that the di�usion 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 �bres, 
exchange between monomers in the gel �bres slowly (i.e. > 5 ms), which is consistent with the linear 
growth of the �bres observed macroscopically (vide infra). 

Dark �eld microscopy
�e di�erence in refractive index between the gel �bres and solvent enable real time observation of 
gel formation by dark �eld microscopy. Addition of acid to a basic solution of monomers results in 
immediate formation of particles as bright spots (ł < 200 nm, supporting video 1 and 2, Figure 4 
A/D). �ese particles show translational motion due to convection (video 3 and 4). A�er a certain 
time they slow and eventually their translational movement appears to be con�ned 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 �bres are not yet 
visible by microscopy. Only a�er the particles� translational freedom has been restricted do �bres 
appear as fast growing structures; the bright lines, through the �eld of view (supporting video 7 and 
8, Figure 4 B, C, E & F). �e growth of the �bres observed by dark �eld microscopy is anisotropic 
(linear, 7.4 µm/s ) with long �brous 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 �bres extending 
outwards from a core bundle. �is di�erence 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 �bre 
growth was not initiated (nucleated) at a particle. 

�e appearance of the �bre like structures only a�er the translational motion of the particles be-
comes restricted indicates strongly that initially a network of thinner �bres (i.e. too narrow to pro-
vide signi�cant scattering of light) is formed. It is these thinner �bres that are, at least initially, 
responsible for gelation of the solution, with the thicker (observable) �bres forming later either 
reinforcing the gel structure or replacing the initially formed sca�old. 

Cryo-TEM of CH-Leu and CH-Abu at time interval
�e formation of thin �bres in the initial stages of gelation was con�rmed 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 a�er acidi�cation (< 10 s, Figure 5 A/B) 
presented short �bres with an average thickness of around 21 (+/- 5 nm). �e thickness of the �bres 
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 �bres 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. �ese 
spherical objects correspond to those observed by dark �eld microscopy.

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

Cryo-TEM images of CH-Abu present star burst patterns of �bres 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 �bres formed and cause pre-
cipitation. �ese e�ects precluded time dependent analysis. Cryo-TEM analysis of matured (over-
night) CH-Abu gels show 147 nm (+/- 50) diameter �bres. 

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

Time pro�le of SAXS of  CH-Leu
SAXS pro�les over time (Figure 6 A) show that a signal for q values below 0.2 nm-1 at 30 s. �e inten-
sity shows a power law decay with a mild in�exion at the low angles in the log(I) vs log(q) plot. �is 
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. �e SAXS curve 
at t = 35 s shows a di�erent slope in the log-log plot at the lowest q values, together with one distinct 
oscillation in the intermediate explored q range. �is 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. �e calculated slope at t = 35 s is -1.9. 

Figure 5. Cryo-TEM images of CH-Leu a�er 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 di�raction of CH-Leu a�er 25 h, Scale bar for all cryo-TEM images 100 nm.
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