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A multi- component reaction towards the development of highly 
modular hydrogelators 
Claire Sauvée,[a] Anna Ström,[a] Matti Haukka,[b] and Henrik Sundén*[a] 

 

Abstract: Herein we report a multi-component reaction approach for 
the development of a new class of hydrogelators based on the 
OxoTriphenylHexanOate (OTHO) backbone. A focused library of 
OTHOs has been synthesized and their hydrogelation features 
evaluated. The two most potent hydrogelators were studied by 
rheology revealing different stiffness, appearances and thixotropic 
behaviours of the gels. The new gelators showcase the versatility of 
the OTHO backbone as a platform for the design of functionalized 
hydrogels with tunable gel properties.  

Low molecular weight gelators (LMWGs) are molecules that have 
the ability to self-assemble into three-dimensional (3D) networks 
within the solvent to form a gel. The supramolecular organization 
of the gelators is driven by intermolecular interactions such as 
hydrogen bonding, π-π interactions and van der Waals forces. 
This spontaneous self-assembly process has emerged as an 
important way to develop functionalized materials, as 
demonstrated by the broad range of LMWGs that have been 
reported over the past several decades.[1] The field of LMWGs is 
currently expanding due to their potential use in numerous 
applications such as drug delivery,[2] tissue engineering[3–5] and as 
scaffolds for 3D cell cultures.[6,7] 
Despite the large number of LMWGs reported in the literature, 
their gelation abilities/properties are still difficult to predict[1] and 
the linear synthesis of most gelator scaffolds severely restricts the 
fine-tuning of the gelator functions, making their synthesis costly 
and time consuming. In this respect, multicomponent reactions 
where individual components can be varied offers the possibility 
to access a diverse array of gelators for the systematic discovery 
of new gel functions and applications. Wang and co-workers 
reported a 4- component Ugi-reaction that was successfully used 
for the development of a library of peptoid compounds with 
organo- and hydrogelation features (Figure 1). Gels of these 
compounds were only obtained in water/DMSO and water/ethanol 
mixtures, which is not ideal for biological applications.[8] Recently, 
we disclosed the multicomponent synthesis of OTHOs (Figure 1) 
and their ability to form gels in hydrocarbon-based solvents such 

as heptane and hexanes.[9–11] Herein we report on the three-
component synthesis of OTHO-based hydrogelators and their 
rheological properties.  
In the quest to find an OTHO-based hydrogelator a small 
collection of compounds were synthesized (Scheme 1). The 
OTHO reaction is highly modular and in order to increase the 
hydrophilicity of the lipophilic OTHO backbone, hydrophilic groups 
were introduced on the four tunable positions of the OTHO 
backbone (the three aromatic rings Ar1, Ar2, Ar3 and the ester R, 
see Scheme 1). The three aromatic rings are capable of forming 
π-π interactions and are suspected to be the driving force behind 
the gelation of the OTHOs.[9] Thus, introduction of pyridinium rings 
on the OTHO backbone will increase the water solubility and, 
potentially, also impact the gel properties by pyridinium-π 
interactions. To this extent, pyridine N-oxides are of particular 
interest as they are neutral substituents which can favor attractive 
pyridinium-π interactions, in the absence of a counteranion that 
could otherwise affect the supramolecular self-assembly.[12,13] In 
efforts to increase the water solubility of the OTHO derivative, the 
ester moiety was modified to incorporate a quaternary ammonium 
salt.  
Derivatives 1–5 were obtained using the multi-component 
synthesis of OTHOs starting from the corresponding chalcones, 
cinnamaldehydes and alcohols (Scheme 1).[9] After a facile 
filtration and washing protocol, compounds 1–5 were obtained in 
high purity. To introduce the N-oxide function, pyridine OTHOs 1–
3 and 5 were oxidized to their corresponding pyridinium N-oxide 
using m-CPBA to form 6–8 and 10, respectively.[14] Methylation of 
the tertiary amine of 4 with methyl iodide afforded compound 9 
(Scheme 1). 
The inverted vial method (the system was defined as a gel if it 
was able to support its own weight upon inversion of the vial) was 
used to determine whether the compounds were capable of 
forming gels. The OTHO derivatives 1–10 were dissolved in hot 
water of different pH values in glass vials and then left to stand 
until they reached room temperature for the inversion test. In 
acidic pH (0.1 M HCl), protonation of the pyridines or the tertiary 
amine increased the water solubility of compounds 2–5. At high 
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Figure 1. Multicomponent reactions for the design of hydrogelators. 
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temperatures (>90 °C), only compound 1 remained insoluble 
(Table 1). Under acidic conditions, gels were obtained for 
compounds 3, 4, 8 and 9 while compounds 8 and 9 also formed 
gels at neutral pH (Figure 2). A much slower gelation (several 
hours) was observed for compound 3, that formed a gel at pH=1 
and temperatures < 5°C. 
This suggests that, for compounds 3 (protonated at pH = 1) and 
8 (at pH = 7), pyridinium-π interactions involving the aromatic ring 
Ar3 (Scheme 1) enhance the gelation capacity allowing gels to 
form at concentrations as low as 0.2 wt %. The introduction of two 
pyridine N-oxide on the backbone made compound 10 too water 
soluble for any gelation to be detected even at 5 wt %. However, 
for compounds 2, 6 and 7, no gels were formed, indicating that 
the pyridinium-π interactions involving Ar1 and/or Ar2 (Scheme 1), 
interfere with the gelation mechanism in water by favoring 
intermolecular interactions that are detrimental to the molecular 
self-assembly into a gel network. Compound 6 self-assembled 
into crystals (needles) that were resolved by X-ray crystallography 
(SI-Fig1). The crystal structure confirmed the presence of T-
shaped pyridinium-π and parallel pyridinium-pyridinium 
interactions.[15] Moreover, two hydrogen bonds between the N-
oxide and adjacent hydrogen atom are organized in a R2

2(8)-type 
pattern.[16] It is not unlikely that similar type of interactions are 
present in the gel network of compound 8.  
As both OTHO derivatives 8 and 9 form gels under semi-
physiological conditions, these gelators were further evaluated.  
Compound 8 was able to form a hydrogel in concentrations 
ranging from 0.2 to 1 wt % at room temperature. For 
concentrations of >0.3 wt %, gelation occurred within 5 minutes. 
However, at a concentration of 0.2 wt % the onset of gelation was 
slower and the gel was obtained after standing for a few hours. At 
higher concentrations (>1 wt %), compound 8 could no longer be 
fully dissolved with heating. To the best of our knowledge, 
compound 8 is the first LMWG based on pyridine N-oxide; only 
polymer gels of poly(vinylpyridine N-oxide) have been previously 

reported.[17] For compound 9, gelation was observed at 
concentrations ranging from 0.6 to 1 wt %. At concentrations <0.6 
wt%, a mixture of particles was observed indicating the 
occurrence of aggregation. However, the number of particles 
and/or the interparticular interactions were insufficient to form the 
3D network of a gel.  
  
As seen in Figure 2, the gels formed by compounds 8 and 9 have 
very different appearances; the gel of compound 8 is turbid 
whereas the gel of compound 9 is milky and white in color. The 
turbidity of the gels formed from compound 8 increases upon 
increasing the concentration of the gelator. The turbidity of both 
samples indicates that the gels contain large (µm sized) 
structures that are able to scatter light. Optical microscopy images 
(SI-Fig 2) taken of the hydrogels and scanning electron 
microscopy (SEM) images of xerogels (Figure 3) confirm the 
presence of micro sized structures within both samples. 
Furthermore, the SEM images show that both compounds form 
fibrous networks composed of highly entangled fibers. Diameters 
of the fibers appear to be up to 5 µm. However, Mears et al. 
previously reported that due to the drying process required for 
sample preparation, SEM does not always show the primary 
network of fibers but instead depicts the aggregation of the 
fibers.[18] The size of the fibers in the SEM images is therefore 
probably not representative of the size of the fibers in the gel state. 
It can also be observed that fibers of gel 8 appear to be aligned 

Table 1. : Gelation tests at room temperature of compounds 1–10 using the 
inverted vial test at different pH values and compound concentrations.  

Compound pH=1 pH=7 [gel]min (wt %) Tgel/sol (°C) 

1 I I   
2 I I   

3    G [a] I 0.8  

4 G I 0.4  

5 S I   

6 P C   

7 P P   

8 G G 0.2, [b] 0.6[b] 65–85[d] 

9 G G 0.2, [b] 0.6[c] 50–70[e] 

10 S S   

I :insoluble P:precipitate C: crystals G:gel 

[a] Gel forms at T<5°C over several hours and is not stable at rt. [b] pH=7. 
[c] pH=1 (0.1 M HCl). Tgel/sol were measured at pH=7, concentrations ranging 
from [d]  0.3 to 0.9 wt % and [e] 0.6 to 1 wt %. 

Figure 2. Pictures of hydrogels A) compound 8 at 0.3 wt % pH=7 B) compound 
8 at 0.6 wt % pH=7 C) compound 9 at 0.6 wt % pH=7 D) compound 3 at 1 wt % 
pH=1 E) compound 8 at 0.6 wt % pH=1 F) compound 9 at 0.8 wt % pH=1 G) 
compound 4 at 0.6 wt % pH=1. 

Scheme 2. The ionic liquid mediated OTHO reaction from a chalcone, an α,β-
unsaturated aldehyde and a primary alcohol. Compounds synthesized 1–10. 
Conditions: a) m-CPBA, CHCl3 b) MeI, DCM. 
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parallel to each other whereas fibers in gel 9 arranged around 
centers in star-like patterns. Optical micrographs of compound 9 
(SI-Fig 2) confirmed that fibers organized around nucleation 
points. Polarized light micrographs of compound 8 and 9 (SI-Fig 
3 and 4) showed thermoresponsive ordered structures whose 
order was lost upon increase of temperature (>70°C for 
compound 8 and >100°C for compound 9).  
The temperatures at which the gels of compounds 8 and 9 
transitioned from gels to sols (Tgel/sol) were determined using the 
inverted vial method. The temperature was increased until the gel 
melted and could no longer support its own weight upon inversion 
of the vial. For both compounds, Tgel/sol was concentration 
dependent. Compound 9 had overall lower gel to solution 
transition temperatures compared to compound 8. (Table 1). It is 
worthwhile noting that the transition from gel to a clear solution 
required much higher temperatures than the original solution-to-
gel transition. This observation is supported by a temperature 
sweep of a 0.3 wt% gel of compound 8, which shows a Tsol/gel of 
36 °C whereas Tgel/sol is much higher (about 65°C, SI-Fig 6). In 
addition, the images taken of compounds 8 and 9 under cross-
polarized light show that different amounts of ordered structures 
were present depending on whether the sample was cooled or 
heated (SI-Fig 3 and 4). This phenomenon is often referred to as 
thermal hysteresis and is common in network formations involving 
several steps. 
The rheological properties of the gels were investigated in more 
detail using dynamic shear oscillation. The storage modulus (G′) 
and loss modulus (G″) of the gels were measured as a function of 
temperature, frequency, compound concentration and strain. The 
frequency sweeps at pH=7 (Figure 4a) and pH=1 (SI-Fig 7) show 
that G′ is about one order of magnitude larger than G″ for all gels. 
A difference between G′ and G″ around one order of magnitude 
has been observed for other networks composed of fibrillary 
entanglements e.g. nanofibrillated cellulose[19] as well as other 
LMWGs.[20,21] This feature is different from both covalently bound 
networks and physical networks e.g. with salt bridges where G′ 
and G″ typically differ with two orders of magnitude.[22–24] Moduli 
corresponding to compound 8 are largely independent on 

frequency and have a tan δ of approximately 0.05 thus correctly 
defined as a gel.[25] The moduli of compounds 9 and 4 have a 
larger frequency dependence and with a somewhat higher tan δ 
of 0.4 to 0.15, from low to high frequencies. The frequency sweep 
further show that the hydrogel formed from compound 9 shows a 
lower absolute value of G′ and G″ compared to gel 8 at room 
temperature. 
The variation of moduli as a function of temperature shows two 
regimes for both compound (Figure 4b). The increase in moduli 
correlates with the appearance of ordered structures as visualized 
using cross-polarized light (compound 8, SI-Fig 2). For compound 
8, one can speculate whether the two different rates, at which G′ 
increases as a function of temperature, is related to a two-step 
formation of the gel a) self-aggregation of the molecules into fibers 
(75° to 55°C) followed by b) fibers organization into a 3D-network 
(55° to 25°C). For gels composed of compound 9, G′ was already 
high when the sample was loaded onto the rheometer. Indeed, 
the presence of ordered structures was revealed via polarized 
light even at temperatures above 90 °C (SI-Fig 4). 
The gel stiffness of compound 8 was measured at different 
concentrations (0.3, 0.5 and 0.7 wt %). An increase in gel stiffness 
was observed upon increasing concentration (SI-Fig 8). A 0.5% 
(w/v) gel in D2O was also submitted to a frequency sweep and the 
G′ and G″ values obtained were very similar to those in H2O at the 
same concentration. This indicates that the gel structure is similar 
in both solvents and underlines that hydrogen bonds with the 
solvent are not the main contributor to the stiffness of the gel.[26] 
With regards to stability, the gels can be stored at room 
temperature for several months without any apparent degradation 
(concentrations >0.2 and 0.6 wt % for compounds 8 and 9, 
respectively). 
Visual observations (Figure 5) showed that the gels formed from 
compound 9 did not reform after being subjected to vigorous 
shaking, not even if left to stand for 24 hours. Aggregates, which 
did not heal into larger homogeneous 3D structures, were 
observed. In contrast, gels of compound 8 were visually observed 
to reform after a short period of time (<5 min, Figure 5). The ability 
of compound 8 to reform rapidly after being subjected to high 
strain was confirmed by repeated strain steps, where the moduli 
was measured at 0.5 and 40% strain (Figure 5). At strain of 40%, 
the storage modulus are considerably reduced and the storage 
and loss moduli are similar in magnitude. Once the strain is 
reduced to 0.5% the modulus increased rapidly. The moduli are 

Figure 4. Storage (triangle) and loss (square) moduli of 0.6 wt % of compound 
8 (blue) and compound 9 (green) as a function of frequency (a) and temperature 
(b). The frequency sweep was performed at a strain of 0.5 % and T=25°C. The 
temperature sweep was performed at a frequency of 6.28 rad.s-1 and a strain of 
0.5 %. 

Figure 3. SEM images of xerogel of compound 8 formed at 0.5 wt % (left) and 
xerogel of compound 9 at 1 wt % (right) at different magnitudes. 
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however higher prior to the first strain step at 40%, compared to 
the reformed gels measured at a strain of 0.5%. This suggest that 
there is an initial structure that is not reforming. As a side note, 
self-healing properties are a prerequisite for the development of 
injectable gels,[20] therefore this could open up a range of 
applications of compound 8 since it self-heals and can easily be 
injected. In addition, gels can be formed in 0.1 M tris-buffer, at 
both pH 7.4 and 8.8 (SI –Fig 5) which further supports their 
possible use in biological applications. 
In summary, we have developed two new hydrogelators based on 
the OTHO backbone. Gels with different properties were obtained 
showing that the OTHO backbone is suitable for the fine tuning of 
the gel properties such as self-healing or transparency. 
Furthermore, the scalable multicomponent reaction combined 
with the smooth purification of the reaction products (mainly 
filtrations) make the OTHO a highly modular and versatile new 
class of LMWGs Physically stable and non-peptide based, they 
are likely to exhibit a higher stability against enzymatic 
degradation; they could therefore be used for the design of 
functionalized and stimuli responsive hydrogels for biological 
applications. Current investigations are directed towards 
elucidating the self-assembly mechanism and its growth into a 
network to understand, and also predict, gelation of the OTHO 
derivatives. 
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Figure 5. Pictures of 0.3 wt % hydrogel of compound 8 (A) and 0.6 wt % 
hydrogel of compound 9 (B) after 1) vigorous shaking and 2) stand 5 min at rt. 
Storage (triangle) and loss (square) moduli of 0.6 wt % of compound 8, step-
strain measurement, at a strain of 0.05 % (white areas) and a strain of 40 % 
(grey area) and a frequency of 6.28 rad.s-1. 
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