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Two component hydrogels have been obtained by formation of 1:1 complexes of bis(pyridyl urea)s with a 

range of dicarboxylic acids. The gels are thixotropic and undergo an assembly process in which short 

segments can reversibly assemble into an interconnected fibrous network. NMR and IR spectroscopic 

data suggest that the gelators form neutral gelator-acid complexes rather than salts. The use of 

dicarboxylic acids to trigger gelation in bis(pyridyl urea)s parallels analogous triggered gelation of metal 10 

ions and halogen bond donors in related systems.

Introduction 

Gels derived from low molecular weight gelators (LMWG) have 

experienced an explosion of interest in recent years.1-13 Gels, 

particularly hydrogels14 where water is the fluid phase, are 15 

everyday materials with applications in drug delivery,15, 16 wound 

healing,17 templating both inorganic and organic nanostructures, 

such as metallic nanoparticles and porous polymers,18-22 and in 

crystal growth.23, 24 LMWG aggregate into cross-linked fibres via 

non-covalent interactions such as hydrogen bonding and, in water 20 

particularly, hydrophobic effects.14 The growing interest in their 

properties stems from their generally facile synthesis, their 

synthetic and structural versatility, and the possibility of adaptive 

or reversible gelation offered by the weak, dynamic 

supramolecular interactions holding the fibres together.7 The 25 

mechanism of the non-equilibrium self-assembly process 

involved in gel formation by LMWG is also fascinating from a 

fundamental viewpoint and is perhaps a more tractable problem 

in well-defined small molecules than in more conventional silica 

or biopolymer based hydrogels. Of particular current interest are 30 

multicomponent gels.25 These systems may comprise 

stoichiometric co-gels in which two non-gelator components 

combine in a well-defined way to produce a gel-forming 

supermolecule, or they may be blends of LMWG (sometimes 

termed ‘multi-gelator gels’) that are individually gelators.26-32 35 

Some metallogels arising from metal cross-linking of gelating 

ligands,4, 6, 33 or anion influenced gels also fall into the broad 

category of multicomponent gels.34-36 In previous work we have 

looked at triggered gelation in ‘inhibited gelators’, particularly 

pyridyl ureas.37, 38 Intramolecular CH O interactions coupled 40 

with the good hydrogen bond acceptor ability of the pyridyl 

nitrogen atom make pyridyl ureas particularly poor gelators (Fig. 

1b)37, 39-41 because they cannot effectively form the typical urea 

-tape motif generally thought to be responsible for one-

dimensional fibre growth and hence gel formation (Fig. 1a).42, 43 45 

Addition of a co-gelator such as a metal ion38, 44-46 or halogen 

bond donor47 results in coordination to the pyridyl nitrogen atom 

hence freeing the urea functionality and switching the system 

from the urea-pyridyl hydrogen bonding motif to the gel-forming 

urea -tape.  50 

 
Fig. 1 (a) urea -tape motif commonly responsible for gel formation, (b) 

inhibiting urea-pyridyl interaction in pyridyl ureas, making them 

relatively poor gelators. R = R’ = alkyl, aryl etc. 

Related work by the Dastidar group has shown that co-gels 55 

comprising the simple N,N’-di-(n-pyridyl) urea (n = 3 or 4) in 

conjunction with carboxylic acids also produces a range of 

composite materials, some of which form gels and others of 

which are crystalline.48 This builds on earlier reports of the 

effective hydrogelation ability of single component gelators 60 

containing both urea and carboxylic acid functionality.49 The 

Dastidar group characterised a range of materials by single 

crystal X-ray diffraction which revealed a variety of 

supramolecular synthons of the types shown in Fig. 2a-c with 

most exhibiting proton transfer, although some carboxylate 65 

functionalities remain protonated. The urea tape motif shown in 

Fig. 2d is a possibility but was not observed in the experimental 

structures, and it was proposed that “micropore” formation (Fig. 

2c) could be responsible for gelation behaviour in some 

instances.48 Interestingly, N,N’-di-(4-pyridyl) urea is a 70 

hydrogelator in its own right, whereas the meta isomer N,N’-di-

(3-pyridyl) urea is not, possibly because of formation of the 

synthon shown in Fig 1b. However, in conjunction with four out 

of eight dicarboxylic acids studied (namely oxalic, succinic, 
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maleic and L-tartaric acids) this compound forms multi-

components gels.48 We reasoned that hydrogen bonding to the 

pyridyl nitrogen atom or its protonation could facilitate urea tape 

formation and hence result in gel formation. While no urea -tape 

motifs were observed in the interesting range of X-ray crystal 5 

structures reported by the Dastidar group,48 it is possible that the 

crystalline structures are not fully representative of the gel phase 

material.50 Alternatively gelation by anion-mediated hydrogen 

bonded tape formation may be involved.51 In this report we 

examine multi-component gel formation with extended bis(3-10 

pyridyl urea)s. As single components these pyridyl ureas are poor 

gelators or non-gelators and hence co-gel formation with 

carboxylic acids offers the possibility of ‘turn-on’ gelation and 

other complex, emergent properties. 

 15 

Fig. 2 Supramolecular synthons arising from protonation of a pyridyl urea 

by dicarboxylic acids (neutral co-crystals of similar structure may also 

form in the absence of proton transfer in some cases; S = spacer group) 

(a)  hydrogen bonded ring, (b) hydrogen bonding of a pyridinium 

moiety with a neutral pyridyl group (c) composite pattern observed in the 20 

structure of N,N’-di-(4-pyridyl) urea / adipic acid salt hydrate, for 

example,48 (d) urea -tape formation in conjunction with pyridine-

carboxylic acid  ring formation. 

Results and Discussion 

The gelation behaviour of two types of bis(3-pyridyl urea) based 25 

on either an aliphatic alkylene spacer (1)37 or diphenyl methane 

spacer (2)52 were examined in conjunction with a range of 

dicarboxylic acids a – j in water and polar organic solvents 

(methanol, ethanol, DMF, DMSO, c.f. Table S1-S7 in the 

Supporting Material). Compounds of type 1 are non-gelators as 30 

single components while compounds 2 are weak organogelators 

(compound 2b more so than 2a).52 None of the pyridyl ureas 

studied act as hydrogelators, an observation correlated with the 

competition from urea-pyridyl hydrogen bonding evident in the 

X-ray structures of this class of compound.37, 39 Gelation 35 

experiments were undertaken in three different ways for each 

sample by either by either shaking the components in solvent at 

room temperature, sonication or warming and cooling the 

bis(urea)/dicarboxylic acid mixtures in solvent at 1% 

weight/volume (w/v). Using all three methods, the short-chain 40 

compounds 1a–c formed precipitates in water in the presence of a 

stoichiometric amount of all dicarboxylic acids a–j and did not 

exhibit any gelation behaviour. Mixtures of the dicarboxylic acids 

with the longer homologue 1d also gave precipitates and did not 

result in gel formation, however turbid solutions were observed in 45 

the presence of malonic, (+)-tartaric and 2,5-pyridine 

dicarboxylic acids (a, e and j).  

 

 

In contrast to compounds of type 1, binary mixtures of 50 

compounds 2 with various dicarboxylic gave very interesting 

two-component hydrogelation properties, with carboxylic acid 

adducts of 2a in particular proving highly effective. 

Stoichiometric mixtures of 2a with oxalic (a), tartaric (e) maleic 
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(f) and 2,5-pyridine dicarboxylic (j) acids gave rise of hydrogels 

simply by manual agitation at room temperature. Viscous 

solutions were also observed for cyclobutane-1,1-dicarboxylic 

acid (c) and terephthalic acid (i). The more hydrophobic ligand 

2b formed hydrogels in the presence of tartaric acid (e) and weak 5 

gels or viscous solutions in the presence of malonic (b), adipic 

(h) and 2,5-pyridine dicarboxylic (j) acids.  

 The hydrogels of 2a with acids a, e and j all proved to be 

thixotropic,53-56 collapsing to sols upon shaking or sonication at 

room temperature before regaining their gel character on standing 10 

over a period of around 30 min. The gels are not thermoreversible 

and form precipitates upon warming and cooling. The 2a oxalic 

acid and 2,5-pyridine dicarboxylic acid gels are the most 

mechanically stable and have a critical gelation concentration 

(CGC) of 0.4 % w/v (total gelator vs. solvent), with other gels 15 

exhibiting a CGC close to 1% w/v. Stress and frequency sweep 

rheometry demonstrated that the gel strength as measured by the 

elastic modulus decreases in the sequence 2,5-pyridine 

dicarboxylic > oxalic > tartaric > maleic acids. The fact that G' is 

around one order of magnitude greater than G'' for all samples 20 

confirms the solid-like gel phase nature of the materials, Fig. 3.6 

The elastic modulus also proved invariant with sweep frequency. 

 
Fig. 3 Stress sweeps of hydrogels of 2a with oxalic acid, maleic acid, 2, 

5-pyridinecarboxylic acid and (+)-tartaric acid (1:1 ratio, 2.0 w/v%) 25 

 

    Combination of varying ratios of 2a:acid from 3:1 to 1:3 

demonstrated that the most stable gels form at a 1:1 

stoichiometry, consistent with matching the dicarboxylic acid to 

the two basic pyridyl functionalities. Optimal gelation at a 1:1 30 

ratio was confirmed by stress and frequency sweep rheometry 

(see supplementary information, Fig. S1 and S2). Gels of 2,5-

pyridine dicarboxylic acid proved more tolerant of excess acid 

than the other systems, correlating with the additional pyridyl 

group on the acid. Addition of triethylamine to gels of 2a resulted 35 

in their collapse to a sol, however the gel could be re-generated 

by addition of more dicarboxylic acid suggesting a requirement 

for relatively acidic pH and hence perhaps protonation of the 

pyridyl groups. The gelation behaviour is summarised in Fig. 4. 

 40 

Fig. 4 (a) mixture of 2a and water; (b) dicarboxylic acid solution; 
(c) insoluble 2a following sonication or heating; (d) 2a oxalic 
acid gel; (e) phase separation on heating/cooling or extended 
sonication; (f and g) sol state after sonication or addition of 

triethylamine; (h) 2a oxalic acid gel following treatment with 45 

triethylamine and then further oxalic acid; (i) precipitate 
following heating/cooling or sonication. 

The gelation of the 2a/acid systems at room temperature and their 

thixotropic behaviour were probed by a range of rheological 

experiments. Time sweep rheometry clearly demonstrates the 50 

gelation of a 1:1 mixture of 2a oxalic acid with an elastic 

modulus (G') of ca. 103 Pa achieved approximately one hour after 

disrupting the gel by shaking a 1% w/v mixture, Fig. 5. Five 

repeated cycles of shaking and re-formation showed that the 

samples reproducibly regain their mechanical properties after 55 

disruption without any degradation within experimental error 

(supplementary material, Fig. S5). 

 
Fig. 5 time sweep rheology for the thixotropic 1:1 mixture of 2a oxalic 

acid (1% w/v) following disruption by mechanical agitation. 60 

The morphology of the freeze-dried gels was examined by SEM 

(see experimental section), which revealed a homogeneous 

fibrous network, Fig. 6a. At low concentration (0.5 % w/v) the 

fibres proved to be relatively thin with average diameter 25 – 40 

nm. As concentration increased to 3 % w/v some bundling of the 65 

fibres was observed. The morphology of the 2a acid gels proved 

similar for all acids studied (see supplementary material, Fig. S6 
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and S7). 

 
Fig. 6 SEM images of freeze-dried gels of 2a oxalic acid (1:1, 0.5 % w/v) 5 

(a) as prepared showing the homogeneous fibrous structure, (b) after 

degradation by sonication, (c) “recovered” gel sample after standing 

following sonication. 

Upon shaking or extended ultrasonication the gels degrade into 

sols and begin to flow. Examination of a sonicated sample by 10 

SEM (Fig. 6b) shows the presence of some shorter, less 

interconnected fibres. Upon prolonged standing the gel re-forms 

and SEM indicates that the interconnected network of longer 

fibres is re-established (Fig. 6c). This kind of propensity to break 

down into smaller fragments is characteristic of thixotropic 15 

behaviour and offers an explanation of the shear thinning 

response of the material.54, 56-58 Mechanical agitation results in 

break-down of the fibres into individual short lengths of fibre and 

hence loss of network stability. On standing the fibres reassemble 

into a sample-spanning network.  20 

 The question arises as to whether the two component 

hydrogels obtained arise from protonation of bis(ureas) of type 2 

by the dicarboxylic acids or whether they are neutral co-gels. 

Consideration of the pKa values of oxalic acid of 1.25 and 3.8159 

compared to the pyridinium ion of 5.2359 suggests that oxalic acid 25 

may well protonate pyridine derivatives in aqueous solution. 

However the IR spectrum of the solid 2a oxalic acid xerogel 

reveals a prominent peak at 1710 cm-1 assigned to –COOH.60 1H 

NMR spectroscopic titration of 2a with oxalic acid in DMSO-d6 

solution (D2O was avoided to avoid exchange of the NH protons 30 

for deuterium and because of the gel formation in that solvent) 

revealed a consistent downfield shift in the NH resonances on 

addition of up to three molar equivalents of oxalic acid with the 

maximum  around 0.8 ppm, consistent with increasing 

hydrogen bonding to both protons. Modest downfield shifts were 35 

also observed for the pyridyl CH resonances. However, the 

changes are far less pronounced that observed on analogous 

titration with deuterated hydrochloric acid (DCl) even though the 

chloride anion is a poorer hydrogen bond acceptor than 

carboxylates and generally gives lower  values. In addition no 40 

clear resonance was observed assignable to a pyridinium NH 

proton, just a gradually shifting, broad feature moving from 3.3 to 

5.3 ppm during the titration assigned to hydrated acidic protons 

(see supplementary material, Fig. S8 and S11). Similarly the 
13C{1H} NMR spectrum of a 1:1 2a oxalic acid mixture much 45 

more closely resembles the free bis(urea) than the DCl salt. The 
1H and 13C{1H} NMR spectra of 2a on addition of 2,5-pyridine 

dicarboxylic and tartaric acids showed very little change, with the 

maximum  for the NH resonances of less than 0.2 ppm in each 

case despite the fact that 2,5-pyridine dicarboxylic acid results in 50 

the strongest gels. This lack of response is despite the fact that 

these compounds are also stronger acids than the pyridinium ion; 

pKa values for 2,5-pyridine dicarboxylic acid are 2.35 and 4.9661 

and for (+)-tartaric acid are 2.98 and 4.34.59 The IR spectra of the 

2a xerogels with 2,5-pyridine dicarboxylic acid and (+)-tartaric 55 

acid showed bands at 1710 and 1702 cm-1, respectively 

assignable to protonated –COOH.60 Overall the evidence 

therefore suggests some modest degree of proton transfer in 

DMSO solution by oxalic acid but very little in the case of 2,5-

pyridine dicarboxylic and tartaric acids. The solid xerogels also 60 

appear to be neutral co-gel type substances rather than salts. In 

the work on analogous di-n-pyridyl urea carboxylic acid 

complexes by the Dastidar group, IR and crystallographic data 

indicated salt formation in the majority of cases, although not 

all.48 These di-n-pyridyl ureas are likely to be somewhat more 65 

basic than compound 2a and the urea carbonyl group a poorer 

hydrogen bond acceptor because of intramolecular CH O 

interactions, disfavouring urea tape hydrogen bonding and 

promoting urea carboxylate interactions.40 However, the factors 

affecting salt vs. neutral co-complex formation in these systems 70 

appear to be finely poised. 

 Variable temperature 1H NMR titration of 2a in the presence 

of one molar equivalent of carboxylic acid from 25 to 80oC in 

DMSO-d6 showed a consistent up field shift in the urea NH 

(a) 

(b) 

(c) 
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resonances (a1 and a2) that is reversible on cooling, Figure 7. 

The other resonances are very little affected. This suggests 

decreased hydrogen bonding and hence deaggregation on 

warming, consistent with the behaviour of many urea tape 

hydrogen bonded systems.62 The chemical shift change with 5 

temperature is almost identical for the oxalic, 2,5-pyridine 

dicarboxylic and tartaric acid samples and the magnitude of the 

shift is significantly greater than the change observed on titration 

with the acid. This data indicates urea tape type hydrogen 

bonding and urea self-association, at least in DMSO solution. 10 

 
Fig. 7 Variable temperature 1H NMR spectra of a 1:1 mixture of 2a and 

oxalic acid. The NH resonances are labelled a1 and a2. 

Conclusions 

Dicarboxylic acids form neutral complexes with bis(pyridyl urea) 15 

gelators of type 2. The lack of proton transfer suggests that a 

carboxylic acid – pyridyl interaction accompanied by the urea -

tape motif (Fig. 2d) is a possible structural model for the 

assembly. This hypothesis is not consistent with the X-ray crystal 

structures observed by Dastidar and co-workers for 20 

dipyridylureas48 but the neutral acid-pyridyl synthon is well 

precedented in a range of acid-pyridine derivatives in the CSD. 

For example the Nangia group have structurally characterised a 

neutral dicarboxylic acid dipyridyl urea co-crystal of di-3-pyridyl 

urea and succinic acid (Figure 8a)40 containing a combination of 25 

neutral acid  pyridyl synthon and urea acid hydrogen 

bonding, which might also form in the present systems. However 

the urea carbonyl group in dipyridyl ureas is a much poorer 

hydrogen bond acceptor than in aryl ureas related to 2 which can 

rotate the aryl group out of the urea plane and for a urea -tape 30 

motif, as in the dihydrate of 3-pyridyl-4-tolyl urea (Figure 8b).37  

Ureas of type 1 also interact with dicarboxylic acids but the 

resulting species are insoluble and do not form gels. Gelation in 

1:1 complexes of type 2 dicarboxylic acid proceeds by a two-step 

assembly mechanism in which short fibres reversibly assemble 35 

into extended fibrous networks. This process seems to be the root 

cause of the gels’ thixotropy and lack of thermoreversibility and 

highlights the role of kinetic factors, particular growth versus 

precipitation rates in the formation of organic microstructured 

materials of this type. In order to achieve gelation uniaxial 40 

growth is a key requirement. The present data does not 

unambiguously differentiate between direct urea-urea interactions 

or carboxylic acid bridged urea-urea interactions. However, the 

ability of dicarboxylic acids to trigger gelation in bis(pyridyl 

urea)s of type 2 is clear and, by analogy with metal ion38 and 45 

halogen bond donor47 triggered gelation, likely has its origins in 

the interruption of the inhibitory urea-pyridyl interaction shown 

in Figure 1b. 

 50 

Fig. 8 (a) X-ray crystal structure of the neutral co-crystal of di-3-pyridyl 

urea and succinic acid40 showing acid-pyridyl and urea acid hydrogen 

bonding motifs; (b) X-ray structure of the dihydrate of 3-pyridyl-4-tolyl 

urea showing the rotation of the aryl group out of the plane of the urea 

functionality to give a urea a-tape hydrogen bonding motif.37  55 

Experimental 

Ligands of type 1 and 2 were prepared as described previously.37, 

52 Gelators were screened for gelation behaviour against a range 

of solvents across the polarity spectrum. A weighed amount of 

the compound was mixed with the dicarboxylic acid and the 60 

resulting mixture either warmed to 80 oC and allowed to cool 

under ambient conditions, or the mixture was sonicated at room 

temperature, or simple manually agitated. Gel formation was 

characterised by a simple vial inversion test; if the solvent was 

fully immobilised it was considered to have gelled (G). When the 65 

gelator formed weak gels by immobilizing the solvent at this 

stage, it was denoted “WG”. The term partial gel (PG) was 

ascribed to samples where only partial trapping of the solvent 

occurred. The systems in which only precipitate, viscous solution, 

turbid solution or an insoluble system remained until the end of 70 

the tests were referred to as P, VS, TUS and I respectively. It was 

noted that precipitate systems formed by sonication were 

different from those formed by warming and cooling process: in 

the sonication process, precipitates formed immediately from the 

turbid solution, whereas heating led to a clear solution, and a 75 

precipitate was formed only after cooling to room temperature. 

Fourier transform infrared spectra were recorded with a Perkin 

Elmer Spectrum 100 ATR instrument. For each spectrum, 16 

scans were conducted over a spectral range of 4000 to 600 cm-1 

with a resolution of 4 cm-1. Rheology experiments were 80 

(a) 

(b) 
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performed using a TA Instruments Advanced Rheometer 2000 

(shear-controlled mode). Measurements of the gels were made on 

a 25 mm rough-surface steel plate with a gap of 1000 μm and 2 

ml of sample. The stress sweep was chosen to examine the liner 

viscoelasticity region (LVER) and dynamic stress yield values of 5 

the tested gel samples (Angular frequency = 6.26 rad/s, 

oscillatory stress = 0.1-10000.0 Pa). A constant oscillatory shear 

stress within the LVER (10.0 Pa) was applied to monitor the 

dependences of formed gels on angle frequency (6.28-628.0 

rad/s). Complex viscosity was calculated from frequency sweep 10 

measurements by the formula 

( ),63 and showed that the tested 

gel systems were shear thinning. The rheological measurements 

were carried out after stabilizing the gels for 60 min in the sample 

holder at room temperature (25 oC). Thixotropic measurements 15 

were conducted over five cycles, with two steps per cycle as 

follows:64 (a) stress sweep (deformation process, 0.1-10000.0 Pa, 

angle frequency=6.28 rad/s) and (b) time sweep (formation 

process from destroyed state, oscillatory stress = 10.0 Pa, and 

time = 1200 s). Recovery of thixotropic properties after 20 

destruction of the gels by manual shaking was monitored using 

the time sweep of the rheological oscillation mode (oscillatory 

stress = 10.0 Pa, t = 3600 s, angular frequency = 6.28 rad/s). 

Micro-morphologies of dried hydrogels were examined using 

Helios NanoLab DualBeam (FIB/SEM) microscope after being 25 

coated with 20 nm Au/Pd, and all the samples were generally 

analysed using between 1.5-3 keV, low current and in immersion 

mode for high resolution. 1H or 13C NMR and temperature-

dependent NMR spectroscopic measurements were carried out on 

a Bruker Avance-400 and Varian Inova-500 instrument, 30 

respectively. In titration experiments, stock solutions of the urea 

gelator were prepared by dissolving an amount of 2a in d6-DMSO 

(namely S1, 3.28 10-5 mol/0.5 ml). And selected dicarboxylic 

acids or 20% DCl/D2O were dissolved with the appropriate 

volume of the S1 solution to get the right concentration of the 35 

titrant under 10 min sonication (namely S2 and S3, Cfree 

acid=18.62 10-5 and 22.96 10-5 mol/0.5 ml, respectively) Aliquots 

of the latter solution (S2 or S3) were added to the solution (S1) 

which contains 2a without having to consider any dilution effects 

on the titrated species (c.f. Figure S9-S11).65 For the experiments 40 

shown in Figure 6 the fresh gel of 2a oxalic acid (1:1), the 

resulting sol from sonication, and the recovered hydrogel from 

the sol from sonication were frozen in liquid N2 for five minutes, 

and then transferred quickly for efficient pumping to the dried 

state. Liquid N2 freezing was to ensure that the structures of the 45 

obtained fresh gels or sol are unchanged during drying. Small 

pieces of the obtained dried samples were conducting on the 

conductive adhesive tape of the silica slice. 
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Supplementary Material 

Table S1 Gelation behaviours of 1 and 2 in polar solvents 

 

Solvent 1a 1b 1c 1d 2a 2b Solvent 1a 1b 1c 1d 2a 2b 

H2O P P P P I I Cyclohexanone P P P P P G 

Methanol  P P P P P G Cyclopentanone P P P P P G 

Ethanol P P P P P G Diethylene glycol P P P P I G 

1-Butanol P P P P P G Acetone P P P P I VS 

2-Butanol P P P P P G Acetonitrile I I I I I VS 

1-Propanol P P P P P G 1,4-Dioxane I I I I I VS 

2-Propanol P P P P P WG DMF S S S S S S 

1-Pentanol P P P P P G DMSO S S S S S S 
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Table S2 Gelation behaviours of 1a and dicarboxylic acids in polar solvents 

Solvent 
1a+a 1a+b 1a+c 1a+d 1a+e 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O P I P P P P P P TUS P 

Methanol  P I P P P P P P P P 

Ethanol P I P P P P P P P P 

1-Propanol P I P P TUS P P P P P 

2-Propanol P I P P P P P P P P 

1-Butanol P I P P P P P P P P 

2-Butanol P I P P P P P P P P 

1-Pentanol P I P P P P P P P P 

Cyclohexanone P I P I P I P I P P 

Cyclopentanone P I P P P P P P P P 

Diethylene glycol VS TUS P S P S S S S S 

Acetone P I P I P I P I P I 

Acetonitrile P I P I P I P I P I 

1,4-Dioxane P I P I P I P I P I 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 

Solvent 
1a+f 1a+g 1a+h 1a+i 1a+j 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O P P P P P P P R P P 

Methanol  P P P P P P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol P P P P P P P P P P 

2-Butanol TUS P P P P P P P P P 

1-Propanol P P P P P P P P P P 

2-Propanol P P P P P P P P P P 

1-Pentanol P P P P P P P P P P 

Cyclohexanone P I P I P I P I P I 

Cyclopentanone P P P P P P P P P P 

Diethylene glycol TUS S S S S S S S P S 

Acetone P I P I P I P I P I 

Acetonitrile P I P I P I P I P I 

1,4-Dioxane P I P I P I P I P I 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 
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Table S3 Gelation behaviours of 1b and dicarboxylic acids in polar solvents 

 

Solvent 
1b+a 1b+b 1b+c 1b+d 1b+e 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O TUS I TUS P P P P P P P 

Methanol  P P P P TUS P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol P P P P P P P P P P 

2-Butanol P P P P P P P P P P 

1-Propanol TUS I TUS P TUS P P P P P 

2-Propanol TUS I P TUS P P P TUS P P 

1-Pentanol TUS I P P TUS P P P P P 

Cyclohexanone P I P I P I P I P TUS 

Cyclopentanone P I P TUS P P P P P P 

Diethylene glycol VS TUS S S S S S S S S 

Acetone P I P TUS TUS P TUS P P P 

Acetonitrile P I P P TUS P P P P P 

1,4-dioxane P I P P TUS P P VS P P 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 

Solvent 
1b+f 1b+g 1b+h 1b+i 1b+j 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O P P P P P R P R P TUS 

Methanol  P P P P P P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol G P P P P P P P P P 

2-Butanol TUS P P P P P P P P P 

1-Propanol G P P P P P P P P P 

2-Propanol G P P P P P P P P P 

1-Pentanol PG P P P P P P P P P 

Cyclohexanone P I P I P I P I P I 

Cyclopentanone P P TUS VS P P P P P P 

Diethylene glycol S S S S S S S S S S 

Acetone P P P P P P P P P I 

Acetonitrile P P P P P P P P P TUS 

1,4-Dioxane P P P P P P P P P TUS 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 
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Table S4 Gelation behaviours of 1c and dicarboxylic acids 

Solvent 
1c+a 1c+b 1c+c 1c+d 1c+e 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O P P P P P P P P P P 

Methanol  P P P P P P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol P P P P P P P P P R 

2-Butanol P P P P P P P P P P 

1-Propanol P P P P P P P P P P 

2-Propanol P P P R P P P P P P 

1-Pentanol VS VS P R P P P P P P 

Cyclohexanone VS P P P P P P P P P 

Cyclopentanone P P P P P P P P P P 

Diethylene glycol TUS S TUS S TUS P S S TUS S 

Acetone P I P P P P P VS P I 

Acetonitrile P I P P P P P P P P 

1,4-dioxane VS TUS P P P P P P P P 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 

Solvent 
1c+f 1c+g 1c+h 1c+i 1c+j 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O P P P P P P P P P P 

Methanol  P P P P P P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol P P P P P P P P P P 

2-Butanol P P P P P P P P P P 

1-Propanol VS P P P P P P P P P 

2-Propanol P P P P P P P P P P 

1-Pentanol P P P P P R P P P P 

Cyclohexanone P P P P P I P I P I 

Cyclopentanone P P P P P P P P P P 

Diethylene glycol P S TUS S TUS TUS P P TUS S 

Acetone P P P P P P P P P P 

Acetonitrile P P P P P P P P P P 

1,4-Dioxane P P P P P P P P P P 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 
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Table S5 Gelation behaviours of 1d and dicarboxylic acids 

Solvent 
1d+a 1d+b 1d+c 1d+d 1d+e 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O VS P TUS P TUS P TUS P TUS VS 

Methanol  P P P P P P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol P P P P P P P P P P 

2-Butanol VS P P P P P P P P VS 

1-Propanol VS P P P P P P P P P 

2-Propanol VS P P P P P P P P P 

1-Pentanol VS P P P P P P P P P 

Cyclohexanone TUS VS P P P P P P P P 

Cyclopentanone P TUS P P P P P P P P 

Diethylene glycol TUS P TUS VS TUS VS TUS VS TUS P 

Acetone P P P P P P P P P P 

Acetonitrile P P P P P P P P P P 

1, 4-Dioxane VS P P P P P P P P P 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 

Solvent 
1d+f 1d+g 1d+h 1d+i 1d+j 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O P P TUS TUS TUS I P P P I 

Methanol  P P P P P P P P P P 

Ethanol P P P P P P P P P P 

1-Butanol TUS VS P P P P P P TUS P 

2-Butanol TUS P P P P P P P P P 

1-Propanol VS P P P P P P P P P 

2-Propanol P P P P P P P P P P 

1-Pentanol P P P P P P P P TUS P 

Cyclohexanone TUS P P P P TUS TUS P P P 

Cyclopentanone TUS P P P P P P P P P 

Diethylene glycol TUS VS TUS VS TUS VS TUS VS TUS VS 

Acetone TUS P P P P P P P P P 

Acetonitrile TUS P P P P P P P P P 

1, 4-Dioxane P P P P P P P P P P 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 
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Table S6 Gelation behaviours of 2a and dicarboxylic acids 

 

Solvent 
2a+a 2a+b 2a+c 2a+d 2a+e 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O G I P TUS VS VS P I G I 

Methanol  P P P P P P P P P I 

Ethanol P I P P P P P VS P I 

1-Butanol P P VS P P P P P P P 

2-Butanol P P P I P P P P P P 

1-Propanol P P P P P P P I P P 

2-Propanol P P P I P P P VS P P 

1-Pentanol P P P P P P P I P P 

Cyclohexanone P I TUS P P P P P TUS P 

Cyclopentanone P I P P P P P P TUS P 

Diethylene glycol P P P P TUS P TUS P TUS P 

Acetone P I P I P I P I P P 

Acetonitrile P I P I P I P I P I 

1,4-Dioxane P I P I P I P I P I 

DMF TUS P S S S S S S S S 

DMSO S S S S S S S S S S 

Solvent 
2a+f 2a+g 2a+h 2a+i 2a+j 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O VS I P P P P P P G P 

Methanol  P I P P P I P I P P 

Ethanol P P P I P P P P P P 

1-Butanol VS VS P I P P I I P P 

2-Butanol P I P TUS TUS P TUS P P P 

1-Propanol P I P P P I P P P P 

2-Propanol P VS P P P P P P P P 

1-Pentanol P P P P P I P I P P 

Cyclohexanone TUS I P P P P P P P P 

Cyclopentanone TUS P P P P P P P P P 

Diethylene glycol TUS S S S TUS P TUS P P P 

Acetone TUS I P I P I P I P I 

Acetonitrile TUS I P I P I P I P I 

1,4-Dioxane P I P I P I P I P I 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 



 

16  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Table S7 Gelation behaviours of 2b and dicarboxylic acids 

Notes: “-” referred to the gel systems of pure 2b without any dicarboxylic acid 

 

Solvent 
2b+a 2b+b 2b+c 2b+d 2b+e 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O VS I PG I P I G I G I 

Methanol  - - - - - - - - - - 

Ethanol - - - - - - - - - - 

1-Butanol - - - - - - - - - - 

2-Butanol 

          1-Propanol - - - - - - - - - - 

2-Propanol - - - - - - - - - - 

1-Pentanol - - - - - - - - - - 

Cyclohexanone - - - - - - - - - - 

Cyclopentanone - - - - - - - - - - 

Diethylene glycol - - - - - - - - - - 

Acetone P I G G G G P G G VS 

Acetonitrile P I P G PG PG G PG P I 

1,4-dioxane P P G VS G VS G VS G VS 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 

Solvent 
2b+f 2b+g 2b+h 2b+i 2b+j 

Sonication H-C Sonication H-C  Sonication H-C Sonication H-C Sonication H-C 

H2O VS I TUS I VS I VS I P I 

CH3OH - - - - - - - - - - 

CH3CH2OH - - - - - - - - - - 

1-Butanol - - - - - - - - - - 

2-Butanol 

          1-Propanol - - - - - - - - - - 

2-Propanol - - - - - - - - - - 

1-Pentanol - - - - - - - - - - 

Cyclohexanone - - - - - - - - - - 

Cyclopentanone - - - - - - - - - - 

Diethylene glycol - - - - - - - - - - 

Acetone PG I TUS I G I VS VS P I 

Acetonitrile G P TUS TUS G VS P I P I 

1,4-Dioxane P P P P VS I P I P I 

DMF S S S S S S S S S S 

DMSO S S S S S S S S S S 
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Figure S1 Stress sweeps of 2a/oxalic acid hydrogels at different ratios (2.0 wt/vol %) 
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Figure S2 Angle frequency sweep (top) and complex viscosity (bottom) of supramolecular gels at 

different ratio (3:1, 2:1, 1:1 and 1:2) between 2a and oxalic acid in water 
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Figure S3 Angle frequency sweep (top) and complex viscosity (bottom) of supramolecular gels of 2a and 

oxalic acid at different concentration (1:1 ratio) 
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Figure S4 Angle frequency sweep (top) and complex viscosity (bottom) of hydrogels of different 

dicarboxylic acid systems (1:1, 2.0 w/v%) 
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Figure S5 Five cycles of stress sweep (deformation, SS) and time sweep (formation, TS) for the 2a oxalic 

acid hydrogel (1:1, 2.0 w/v%) 

 

 

 

 

   
Figure S6 Morphologies of dried hydrogels of 2a/oxalic acid (1:1) at concentrations of (left) 1.0 w/v% and 

(right) 3.0 w/v% 
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Figure S7 Morphologies of dried hydrogels of 2a/oxalic acid (a), maleic acid (b), 2,5-pyridinecarboxylic 

acid (c) and (+)-tartaric acid (d) at 2.0 w/v% (1:1 ratio) 

(a) (b) 

(c) (d) 
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Figure S8 
1
H NMR spectroscopic titration of oxalic acid into 2a/d6-DMSO solution 

 

Figure S9 
1
H NMR spectroscopic titration of 2, 5-pyridinedicarboxylic acid into 2a/d

6
-DMSO solution 
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Figure S10 
1
H NMR spectroscopic titration of (+)-tartaric acid into 2a/d

6
-DMSO solution 

 

 

Figure S11 
1
H NMR spectroscopic titration of DCl into 2a/d

6
-DMSO solution 
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Figure S12 Dependence of chemical shift on mole ratio of DCl to 2a in d
6
-DMSO 
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Figure S13 
1
H NMR spectroscopic titration of oxalic acid, (+)-tartaric acid, and 2, 5-pyridinedicarboxylic 

acid into 2a/d
6
-DMSO solution 
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Figure S14 Temperature-dependent 
1
H NMR spectra of 2a/oxalic acid in d

6
-DMSO (ratio is 1:1, 

temperature is change 25 
o
C to 80 

o
C, and then down to 25 

o
C) 

 

 

Figure S15 Temperature-dependent 
1
H NMR spectra of 2a/2, 5-pyridinedicarboxylic acid in d

6
-DMSO 

(ratio is 1:1, temperature is change 25 
o
C to 80 

o
C, and then down to 25 

o
C) 
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Figure S16 Temperature-dependent 
1
H NMR spectra of 2a/(+)-tartaric acid in d

6
-DMSO (ratio is 1:1, 

temperature is change 25 
o
C to 80 

o
C, and then down to 25 

o
C) 
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Figure S17 Temperature-dependent 
1
H NMR spectra of 2a/oxalic acid, 2, 5-pyridinedicarboxylic acid and 

(+)-tartaric acid in d
6
-DMSO (ratio is 1:1, temperature is change 25 

o
C to 80 

o
C, and then down to 25 

o
C)
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Figure S18 Full and partial 
13

C NMR spectra of 2a, 2a/oxalic acid, 2a/2, 5-pyridinedicarboxylic acid, 

2a/(+)-tartaric acid and 2a/DCl in d
6
-DMSO (1:1) 
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Figure S19 Full IR spectra of 2a and dried gels of 2a/oxalic acid, 2a/(+)-tartaric acid and 2a/2, 5-

pyridinedicarboxylic acid 
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Figure S20 Full IR spectra of oxalic acid, sodium oxalate and 2a/oxalic acid dried gel 

Samples IR signals (cm
-1

) 

2a  

3297.6; 3034.8; 1692.0; 1648.2; 1593.9; 1550.1; 1552.8; 1501.7; 1474.5; 

1417.1; 1404.6; 1326.5; 1282.7; 1252.5; 1184.5; 1119.6; 1103.4; 1055.6; 

1019.3; 917.1; 901.8; 865.5; 812.03; 773.8; 746.1; 703.2; 668.7 

2a/Oxalic acid dried gel 
3278.0; 3034.8; 1776; 1709.8; 1599.06; 1535.07; 1509.28; 1472.98; 1401.9; 

1303.9; 1269.5; 1239.9; 1200.8; 1119.6; 803.44; 763.33; 706.97; 677.37 

Oxalic acid 3416.97; 1611.48; 1436.7; 1235.2; 1104.7; 724.17 

Sodium oxalate 2935.1; 1618.04; 1414.1; 1309.9; 769.2 
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Figure S21 Full IR spectra of 2a and (+)-tartaric acid and 2a/(+)-tartaric acid dried gel 

Samples IR signals (cm
-1

) 

2a  

3297.6; 3034.8; 1692.0; 1648.2; 1593.9; 1550.1; 1552.8; 1501.7; 1474.5; 

1417.1; 1404.6; 1326.5; 1282.7; 1252.5; 1184.5; 1119.6; 1103.4; 1055.6; 

1019.3; 917.1; 901.8; 865.5; 812.03; 773.8; 746.1; 703.2; 668.7 

2a/(+)-Tartaric acid dried gel 

3288.3; 1701.8; 1652.2; 1591.5; 1533.9; 1509.9; 1476.3; 1432.4; 1294.0; 

1198.04; 1112.8; 1111.7; 1054.1; 1018.9; 897.4; 854.2; 799.8; 767.8; 

703.9 

(+)-Tartaric acid 

3091.60; 2987.6; 2898.1; 1706.6; 1626.6; 1591.5; 1533.9; 1509.9; 

1476.3; 1409.2; 1380.4; 1297.2; 1198.04; 1114.9; 1054.1; 793.4; 742.4; 

695.9; 667.08; 631.9 
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Figure S22 Full IR spectra of 2a and 2, 5-pyridinedicarboxylic acid and 2a/2, 5-pyridinedicarboxylic acid 

dried gel 

 

 
Figure S23 TEM images of the diluted sol of the 2a oxalic acid (1:1, 0.05 w/v%) Bar: 0.5 µm, 0.1 µm and 

10 nm  
 

Samples IR signals (cm
-1

) 

2a  

3297.6; 3034.8; 1692.0; 1648.2; 1593.9; 1550.1; 1552.8; 

1501.7; 1474.5; 1417.1; 1404.6; 1326.5; 1282.7; 1252.5; 1184.5; 

1119.6; 1103.4; 1055.6; 1019.3; 917.1; 901.8; 865.5; 812.03; 

773.8; 746.1; 703.2; 668.7 

2, 5-Pyridinedicarboxylic acid 
3146.6; 3086.2; 1696.6; 1628.6; 1590.8; 1536.5; 1686.6; 

1374.9; 1235.9; 1113.5; 1036.5; 1003.3; 891.5; 735.9; 667.9 

2a/2, 5-Pyridinedicarboxylic acid gel 

3278.0; 1176.6; 1710.2; 1648.3; 1590.8; 1533.5; 1509.3; 1479.1; 

1408.1; 1380.9; 1303.9; 1272.1; 1241.9; 1198.1; 1113.5; 1053.1; 

1025.9; 745.0; 701.2; 674.0; 633.2 

(a) (b) (c) 


