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Abstract: Supramolecular hydrogels with tunable properties have 
innovative applications in biomedicine, catalysis and materials 
chemistry. Herein, we have designed minimalist low molecular 
weight hydrogelators based on squaramide and squaramic acid 
motifs. Our approach benefits from the high acidity of squaramic 
acids and the aromaticity of squaramides. Moreover, the 
substituents on the aryl ring tune the π density of the aryl-
squaramide motif. Thus, we successfully prepared materials 
featuring distinct thermal and mechanical properties. The hydrogel 
(G' ≈ 400 Pa, G'' ≈ 57 Pa; at 1.0 % w/v; 1 Hz) obtained from the 4-
nitrophenylsquaramide motif 1 is thermoreversible (T = 57 °C at 
0.2 % w/v), thixotropic, self-healable and undergoes irreversible 
shrinking in response to saline stress. Furthermore, the hydrogel is 
injectable and can be loaded with substantial amounts (5:1 excess 
molar ratio) of zwitterionic biomolecules such as L-carnitine, GABA 
or DL-Ala-DL-Ala, without any loss of structural integrity. Then, the 
release of these molecules can be modulated by saline solutions. 

Supramolecular hydrogels,[1] formed through the non-covalent 
assembly of low molecular weight hydrogelators (LMWHs), are 
materials of scientific interest for innovative applications in 
biomedicine,[2] catalysis,[3] and material chemistry.[4] Because of 
their essential reversible character, water gelation by small 
molecules provides gel-to-sol transitions and a rapid response to 
external stimuli. Of equal importance, appropriate design and 
the limited synthetic effort required in their preparation allow 
effective control over the assembled structures and their 
responses on the macroscopic level. This control is highly 
desirable for practical applications as it enables the creation of 
hydrogels with tunable mechanical properties.[1a]  

Because of the complexity of the self-assembly phenomenon, 
the ex novo design of supramolecular hydrogels using LMWHs 
is challenging. There is a consensus that LMWHs possess 
amphiphilicity and require non-covalent interactions such as π-π, 
hydrogen bonding, and charge interactions among the 
constituent molecules to build three-dimensional networks in 
water.[5] Specifically, peptides and other amide-like compounds, 

which contain hydrophilic (charged) and hydrophobic side chains, 
have been successfully used as LMWHs.[1,6] In this vein, 
disecondary squaramides and squaramic acids are 
advantageous as they can establish synergic hydrogen bonding-
aromaticity relationships that control the outcome of the 
aggregation process[7] in the solid state[8] and in solution.[9] 
However, N-aryl-substituted squaramic acids[10] are highly acidic 
compounds (pKa 0.8-2) that have never used for hydrogel 
construction. High acidity is crucial when using squaramic acids 
as the hydrophilic portion of an LMWH because the acidity 
ensures complete ionization over a broad pH range.[10a] As with 
the squaramides, squaramic acid salts (named as squaramates) 
are moderately aromatic.[8b] Both, aryl squaramides and aryl 
squaramates are planar and can form antiparallel stacked 
dimers in the solid state (Figure 1a, 1b).[8b,11,12] Overall, the 
hydrolytic stability[13] and the aggregation capabilities of 
squaramides and squaramates, renders their use as synthons 
for LMWH attractive. 

Inspired by the solid-state structures of reported squaramide 
derivatives, we hypothesized that the combination of aryl-
squaramide and aryl-squaramate motifs would enhance the 
stacking interactions of the resulting squaramide-squaramate 
ensemble (Figure 1c). Herein, we report that LMWHs based on 
the squaramide-squaramate couple (Figure 1) self-assemble to 
form supramolecular hydrogels. The role of the substituents -
NO2 and -CF3 on the aryl squaramide moiety is intended to 
modulate the molecular aggregation of the LMWHs to tune the 
macroscopic properties of the resulting hydrogels. 

 

Figure 1. (a) Partial X-ray structure illustrating the planar stacked-offset 
arrangement of the p-nitrophenyl squaramide motif.[12] (b) X-ray structure of a 
phenyl squaramic acid.[8d] (c) Chemical structures of amphiphilic squaramide-
squaramic LMWHs 1-3. 
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In this work, we synthesized the amphiphilic LMWHs 1-3. 
Precursors 1-3 share a common squaramide-squaramate 
framework but surprisingly show strikingly distinct aggregation 
properties in water. The addition of NaOH triggers the self-
assembly and hydrogelation of 1 (R1 = NO2; R2 = H) in minutes 
at a pH range from 3-9, with or without heating. The resulting 
hydrogel 1A passes the vial inversion test at a relatively low 
concentration (0.1-0.2 % w/v) (Figure 2a). 

Similarly, squaramide 2 (R1 = H; R2 = CF3) also gelifies but 
requires heating to obtain the hydrogel, and the critical gelation 
concentration is higher (1.6 % w/v) (Figure 2b and Table S1). 
However, after similar treatment, squaramide 3 remains as a 
suspension even with extensive sonication and heating. A 
comparison of the atomic force microscopy (AFM) images of 
freshly prepared samples of the hydrogels 1A and 2A (Figure 2e, 
f) reveals marked morphologic differences. Aside from the 
micrometer-size disordered fibers observed in the two hydrogels, 
1A shows bundled fibrous assemblies composed of one or more 
strands with an apparent width of 42 nm (2 nm height) (Figure 
S1). Meanwhile, the morphology of 2A comprises both right and 
left-handed helical ribbons with an average diameter of 52 nm 
twisting around the central axis of the fiber (Figures 2g-j and S2). 
SEM and TEM images of dried samples of hydrogels 1A and 2A 
confirm the formation of networks of bundled fibers characteristic 
of hydrogels (Figures 2c,d, S3 and S4). Undoubtedly, the 
different morphologies of hydrogels 1A and 2A and the failure of 
hydrogel formation of precursor 3 reflect the influence of the 
peripheral substituents on the self-assembly of the precursor 
hydrogelators.  

To shed light on the initial self-assembly events, we studied 
the evolution of the 1H NMR spectra of solutions of 1 (1.0 × 10-3 
M) in different [D6]-DMSO/H2O solvent mixtures. Upon 
increasing the amount of water in the solvent mixture, all 
aromatic protons exhibit significant upfield shifts (-0.1 to -0.5 
ppm), indicating the growing influence of the aromatic stacking 
interactions that occur in water (Fig. 3). Previously, we have 
reported that a dynamic equilibrium driven by hydrogen bonding 
between the monomeric and dimeric forms of 1 exists in [D6]-
DMSO.[14] In agreement, the NH proton of the squaramate first 
moves downfield and then reverses direction, indicating 
hydrogen bond breaking, in DMSO/H2O mixtures containing > 
50 % of H2O. 

The electrospray high-resolution mass spectrometry ESI(-)-
HRMS analysis of very diluted solutions of 1-3 (c ≈ 10-6 M) also 
provides clues about the aggregation of these precursors. 
Squaramide 1 shows an intense base peak at m/z 433.0789 
assigned to the monomer [M-H]- anion with 44 % contribution of 
the doubly charged dimer, [2M-2H]2-. The base peak of 2 
appears at 524.0681 and the contribution of the dimer increases 
to 68 %. In both cases, several minor peaks at higher m/z 
assigned to low oligomers were also observed, albeit at a 
proportion < 5 % compared to the dimer. In contrast, the 
molecular peak of 3 at m/z 389.3670 contains less than 3 % of 
dimer thus indicating the low aggregation ability of 3 (Figures 
S5-S7).  
 

Figure 2. (a, b) Vial inversion tests performed on slow-cooled samples of 1A 
and 2A, after gentle heating at 70°C for 1 h. The values on the vials indicate 
the % w/v of the hydrogelators 1 and 2, respectively. (b, c) TEM images of 
fibrils from self-assembly of 1A (0.03 % w/v; c = 0.58 mM) and 2A (0.018 % 
w/v; c = 0.41 mM) in water. The hydrogels were negatively stained with 1% 
w/v phosphotungstic acid before observation. (e, f) AFM images obtained on 
mica by depositing 60 µL aliquots of diluted hydrogels 1A (0.015 % w/v; c = 
0.34 mM) and 2A (0.015 % w/v; c = 0.29 mM), respectively. (g) Enlarged 
image of two helices, one right-handed (R) and another left-handed (L), and its 
corresponding amplitude image (h). (I, j) Cross-section profiles plotted 
following the dash lines of the image (g) indicates the direction of rotation of 
the two helices. The colors of the dash arrows on each peak are referenced to 
the correspondent fragment of the cross section. 

10.1002/chem.201701029Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



 COMMUNICATION    

 
 
 
 
 

Figure 3. Partial 1H NMR spectra (300 MHz) of a solution of the sodium salt of 
1 (1.0 × 10-3 M) at room temperature in [D6]-DMSO-H2O solvent mixtures 
containing increasing percentages of H2O. All the spectra were registered 
using WATERGATE pulse sequences for water-suppression.  

The formation of aggregates from 1 and 2 was assessed by 
static light scattering (SLS) and UV-vis measurements. A plot of 
scattered intensity as a function of concentration displays almost 
superimposable curves for the two hydrogels (Figure 4a). From 
these data, the critical aggregation concentration (CAC) for the 
two hydrogels calculated at the junction is 8.0 ± 1.0 × 10-5 M 
similar to that found by UV-vis for 1 (Figure 4b). However, the 
change between the two lines is not as abrupt as one would 
expect for a cooperative aggregation model.  

To gather further information, we explored the aggregation of 
hydrogel 1A by UV-vis. Hydrogelator 1, being more soluble than 
2, allows aggregation equilibria to be studied over a broader 
range of concentrations. 

The UV-vis spectra of solutions of 1 in water, registered 
below the CAC, do not show isosbestic points indicating the 
absence of other equilibria, i.e., acid-base.[12a,15] The high-
intensity band at 318 nm is common to all squaramide and 
squaramic derivatives, and hence,[10] its diagnostic value is 
minimal. The lowest-energy band appears at approximately 388 
nm (Figure 4c), and we assigned it to the S0 - S1 electronic 
transition of the 4-nitrophenyl squaramide chromophore. Upon 
increasing the concentration of 1, the band at 388 nm vanishes 
completely, and a new band appears blue-shifted as a shoulder 
at 355 nm, suggesting H-aggregation. Remarkably, the band at 
388 nm reappears upon heating (Figure S9), thus indicating the 
reversible character of the aggregation and providing clear 
evidence that the aggregation of 1 involves electronic 
interactions between the 4-nitrophenyl squaramide 
chromophores. In agreement, the apparent molar absorption 
coefficient at 388 nm could be fitted to the isodesmic (equal-K) 
model of aggregation (Figure 4d), producing an association 
constant of 800 ± 75 M-1 which compares well with published 
values.[16] 

The phenyl substituents of 1 (-NO2) and 2 (-CF3), not only 
modify the initial hydrogel core formation capabilities but strongly 

influence their responsiveness to external stimuli such as heat 
and shear. We analyzed the thermal behavior of hydrogels 1A 
and 2A by differential scanning calorimetry (DSC) and the vial 
inversion method (Table S2). A DSC thermogram of 1A (0.25 % 
w/v) from 25-90°C (Figure S10), exhibits an endothermic peak at 
T = 57 °C. The peak is concentration-dependent and its broad 
shape reveals the continuous character of the transitions that 
occur in the hydrogel. Moreover, the hydrogel is 
thermoreversible, that is, it evolves into solution upon heating 
and then returns to the hydrogel form upon cooling at room 
temperature. In contrast, the DSC thermogram of 2A registered 
over the same temperature range displays a flat line, indicating 
that hydrogel 2A is thermally stable. 

We confirmed the hydrogel nature of 1A and 2A by 
conducting dynamic rheological experiments. The frequency-
sweep experiments show a value of the storage modulus (G’) 
10-fold greater than that of the loss modulus (G'') over the entire 
frequency range (1 % strain; frequency range 0.1-100 Hz), 
characteristic of viscoelastic fibrous networks (Figure S13). At 
the same concentration (2 % w/v), the magnitude of the G' 
modulus for 2A is ten times greater than that for 1A, thus 
demonstrating its greater resistance against mechanical 
disturbance.  

 

Figure 4. (a) Scattered intensity (s-1) as a function of concentration, log [M], of 
1 (red) and 2 (blue). (b) Molar extinction coefficient of 1 at 390 nm as a 
function of concentration of 1. In both cases, the calculated CAC at the line 
junctions are indicated on the plots. (c) Concentration-dependent UV-vis 
spectra of hydrogel 1A obtained in a concentration range between 4.6 × 10-5 
(red line) and 7.0 × 10-3 M (black line). The arrows indicate the direction of the 
movement upon increasing the concentration of 1A. (d) Molar fraction (α) of 
aggregated molecules as a function of concentration of the hydrogel 1A. The 
line was obtained by fitting the experimental UV-vis data with the isodesmic 
model. 

In order to evaluate the biocompatibility of 1, U87 cells were 
subconfluently grown in the presence of hydrogelator 1 at 
increasing concentrations. The toxicity was evaluated by a 
luminiscent test. No toxicity was found for concentrations of 1 up 
to 500 µM (Figure S11). Thus, the lack of toxicity and the weak 
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stacking interactions that govern the structure of 1A translate 
into a set of properties of high interest for biotechnological 
applications. In addition to being thermoreversible at a relatively 
low temperature, hydrogel 1A is thixotropic (its viscosity 
diminishes under compression); therefore 1A flows into small 
channels, and it is readily injectable (Figure 5b and TOC). We 
assessed the thixotropic behavior of 1A by applying stepwise 
cycles of high and low stress to a sample of 1A (2 % w/v) 
(Figure 5a). Under low strain, the hydrogel displays a storage 
modulus an order of magnitude higher than the loss modulus, 
which is consistent with its gel state. At high strain, both storage 
and loss moduli drop reaching similar values, indicating a phase 
transition from gel to a solution.[17] The application of low strain 
allowed the moduli to recover rapidly the same magnitudes as 
before the stress. 

When dipped in water, the hydrogel remains unaltered for 
weeks. However, the addition of saline solutions (such as NaCl, 
Et4NCl, KCl, MgCl2, Me4NOAc, or acetylcholine chloride) to 1A 
causes homogeneous and irreversible shrinking, in such a way 
that the shrunken gel keeps the shape of its container. The 
magnitude of the macroscopic phase transition depends on the 
total concentration of the salt added and its molar ratio to the 
hydrogelator (Figures 5c and S12). The kinetics of the process is 
fast since, after four hours from the addition of the salt solution, 
the hydrogel has shrunk practically to its final volume. When 
completely shrunken, the stiffness of the resulting hydrogel 1B 
increases considerably compared to 1A (1Hz, G'1B/G'1A ≈ 25, 
G''1B/G''1A ≈ 20) (Figure S14). 

Finally, in contrast with the shrinking effect of added salts, 
hydrogel 1A can be loaded, with a variety of zwitterionic 
molecules, such as L-carnitine, GABA and DL-Ala-DL-Ala, 
without disturbing the hydrogel structure. These molecules can 
be added in a 5:1 excess molar ratio to 1, before heating, 
without disturbing the mechanical stability of the resulting loaded 
hydrogel. However, the addition of related organic salts, such as 
tetramethylammonium acetate or acetylcholine chloride to the 
solution of 1, causes shrinking of the hydrogel. 

The loaded hydrogel can release the zwitterions in a 
controlled manner upon covering the hydrogel with water (Figure 
5d). Depending on the compound used as payload, 30-70 % of 
the zwitterion release into water in less than 24 h.  

Alternatively, stimulated release is observed in the presence 
of saline solutions with a concomitant reduction in the total 
amount discharged. Thus, while 47 % of L-carnitine is released 
in water within 10 hours, in a NaCl 0.3 M media, the same 
amount is reached in 2 hours although in this case part of the 
payload remain entrapped in the shrunken hydrogel. In all cases 
tested, the release follows a pseudo second-order kinetic model, 
characteristic of solid-liquid sorption processes (Figure S15).  

The above experiments highlight the structural, thermal and 
mechanical differences existing between hydrogels 1A, 1B and 
2A. These differences arise from the different contributions of 
the aryl squaramide substituents. The results obtained provide 
clear evidence that parallel stacking of the 4-nitrophenyl 
squaramide governs the aggregation of 1 to 1A. However, the 
two CF3 substituents of the 3,5-bistrifluoromethylphenyl 
squaramide can establish additional CAr–H•••F–C(sp3) and 
C(sp3)–F•••F–C(sp3) interactions. In addition to aromatic 
stacking, fluorine interactions likely contribute to the aggregation 
of 2, as has been observed in the solid-state structure of a 
related squaramide derivative.[13b]  

 
 
 
 

Figure 5. (a) Rheology time sweep of 1A (2 % w/v) at 1 Hz applying four 
cycles of low strain (0.1 %, 6 min) and high strain (15 %, 90 seconds) at 25 ºC. 
(b) Photograph of a hydrogel 1A (1.0 % w/v) (1 Hz; G' ≈ 400 Pa, G'' ≈ 57 Pa) 
indicating fluid-like properties. (c) Photograph of hydrogels 1A (500 µL) before 
and after the addition of a NaCl solution (50 µL, 50 mM) showing shrinking at 
equilibrium (24 h). The concentration of 1A (% w/v) is labeled on the vials. (d) 
Comparative release profile of L-carnitine (69 mM) loaded in 1A (0.6 % w/v, 
100 µL) at 25°C and covered by 500 µL of water (red), 100 mM NaCl (blue) 
and 300 mM NaCl (green), respectively. 

Conclusions 

In conclusion, we have demonstrated the formation of hydrogels 
based on squaramide-squaramate ensembles. We have utilized 
squaramic acids for the first time as the hydrophilic component 
of minimalist LMWHs, joined to an aryl squaramide unit as the 
hydrophobic moiety. The aryl substituents (NO2 and CF3) induce 
dramatic thermal and mechanical differences in the aggregation 
of the hydrogels. The hydrogel containing the 4-nitrophenyl 
squaramide motif is thermoreversible, thixotropic, injectable and 
can be loaded with a substantial amount of zwitterionic 
biomolecules, rarely used as payloads. Overall, we have 
demonstrated the technological potential of the squaramide-
squaramate couple as a new tool for the design of 
supramolecular hydrogels. 
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Smart supramolecular hydrogels, 
based on squaramides and 
squaramate synthons were 
developed. A hydrogel (R1 = NO2, R2 
= H) is thermoreversible, thixotropic 
and injectable. It can be loaded with 
zwitterions and displays ion-
stimulated shrinking and release of 
the payload. This combination of 
properties is unusual in 
supramolecular hydrogels derived 
from LMWH. 
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