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Revisiting urea-based gelators: strong solvent- and 

casting-microstructure dependencies and organogel 

processing with an alumina template 

Thanh-Loan Lai,a David Canevet,a* Yasser Almohamed,a Jean-Yves 

Mévellec,b Régis Barillé,a Narcis Avarvaria* and Marc Salléa*  

Urea-based gelators have been thoroughly characterized through various techniques and 

exhibit a strong solvent-structuration dependency in both the gel and the xerogel states. In a 

ground-breaking manner, gels were introduced in alumina membranes, which act as template, 

in order to shape these materials and force the alignment of the corresponding self -assembled 

fibres by confinement. 

 

Introduction 

Self-assembled nanofibers are monodimensional objects made 

up of molecules that tend to form well-organized materials at the 

mesoscopic scale.1 Such compounds display a great potential 

since they may find applications in fields as different as 

optoelectronics or pharmaceutics. Indeed, their large aspect-ratio 

and their crystalline character make them nice candidates as 

miniaturized electrical wires provided a relevant 

functionalization.2 Additionally, gels, which result from the 

growth of self-assembled nanofibers within a solvent, are from 

now on recognized as relevant media to grow polymorphs of 

active principles.3 

In order to produce such self-assembled nanowires, different 

strategies have been developed so far. Among them, most 

examples lie on the utilization of precipitation4 or gelation.5 

Despite clear advantages (e.g. easy implementation), these 

methods, which rely on the propensity of the molecule to 

aggregate into well-defined objects, have in common to afford 

materials, whose structuration strongly depends on the 

experimental conditions. For example, from the same derivative, 

completely different structures may be obtained by modifying 

the temperature,6 the substrate nature7 or the solvent of 

preparation8 or by introducing additives.9 Yet, the influence of 

these parameters on the structuration and thus, on the physico-

chemical properties remains rarely studied by materials 

chemists. 

In the particular case of gelators, the shaping of the 

corresponding materials has also clearly been neglected so far. 

In this regard, some efforts have been made in order to get 

aligned network of nanofibres. To do so, van Esch, Samori and 

coworkers for instance, described the utilization of a strong 

electric field, which was applied to a hot solution of a gelator that 

slowly cools down under the sol-gel transition temperature.10 

This process allowed for getting aligned nanowires, at least, to a 

certain extent. In this context, Shinkai et al. also reported striking 

images of a gelator that spontaneously forms parallel nanowires  

 

 

of a tetrathiafulvalene-based derivative at very high concentra-

tions (~ 100 mg.mL-1).11 Such an example is obviously of great 

importance but it is also clear that one can hardly foresee such a 

behavior from the chemical structure of the gelator. 

On this ground, we got interested in the use of porous 

membranes12 and, in particular those made of alumina, since they 

have been reported to template the growth of monodimensional 

structures made up of very different kinds of materials,13 such as 

various covalent polymers, or even to produce organic/inorganic 

hybrid heterojunction nanowires or metal nanorods.14 This 

method lies on two key-steps: i) filling the alumina membrane 

with the desired material and ii) dissolving the alumina template 

in order to recover the shaped material (Figure 1). 

 
Fig. 1 Templated growth of nanocylindres with a membrane. 

In the case of alumina membranes, track-etch techniques allow 

for generating pores, which display well-defined diameters15 and 

thus, which afford shaped materials with a high monodispersity. 

Moreover, the diameter of the resulting objects is controllable by 

selecting an appropriate membrane (20 nm < Ø < 200 nm). Given 

these dimensions, the incorporation of nanofibers prepared from 

gels appears interesting especially as the pore itself could confine 

the fibers and constrain them into particular arrangements. 

Moreover, to the best of our knowledge there is no study 

available in the literature describing incorporation of organogels 

in such membranes. Therefore, from a fundamental point of 

view, this approach presents an evident interest. A particularly 

important issue to address concerns the effect of the membrane 

on the structure of the grown material. This is the reason why we 

notably report herein our preliminary efforts to incorporate 
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gelator-based nanofibers into membranes and dissolve the latter 

to promote an original way of obtaining well-defined structures. 

To do so, we selected two previously described gelators with 

simple structures,16 which both contain two urea functions and a 

nonylene (–C9H18–) spacer. Compound 1 displays benzyl 

moieties at its periphery while compound 2 is endowed with 

aliphatic dodecyl chains. Prior to consider their incorporation in 

membranes, the capacity of these compounds to self-assemble in 

fibers appears to be strongly dependent on the solvent used, a 

parameter mentioned above and which has been thoroughly 

studied in the case of 1 and 2. 

Scheme 1 Chemical structures of compounds 1 and 2. 

Results and discussion 

Synthesis 

Compounds 1 and 2 (Scheme 1) were synthesized according to 

the reported procedure,16 which lies on the condensation of 1,9-

diaminononane with two equivalents of benzyl isocyanate or 

dodecyl isocyanate, respectively. Their molecular structures 

have been properly confirmed by various techniques, including 

NMR, mass spectrometry, elemental analysis, infrared 

absorption spectroscopy and DSC, and the corresponding data 

are in perfect agreement with the literature. 

Organogelating properties and optical quality of the gels 

The organogelating properties of compounds 1 and 2 have been 

studied in solvents (Table 1) with significantly different 

coordinates on a Teas diagram (Figure S1).17 First, it appears that 

2 forms gels in a wider range of solvents than 1. Indeed, among 

the eighteen tested solvents, compound 1 is able to generate gel 

phases in five of them, whereas compound 2 is able to gel 

fourteen solvents. No direct relationship seems to exist between 

gelation occurring and the position of the solvent in the Teas 

diagram, which depends on the solvent ability to interact with a 

given solute through hydrogen bonding, dispersion or polar 

forces. On the other hand, a careful inspection of Table 1 allows 

to rationalize such a difference. First, one should note that a gel 

is systematically obtained with 2 when compound 1 does form a 

gel in a given solvent. Moreover, gelation from 1 is only 

observed with high boiling point solvents, which are as different 

as tetralin (1,2,3,4-tetrahydronaphthalene) (b.p. 208°C), 

chlorobenzene (b.p.134°C), or octan-1-ol (b.p.195°C). This 

suggests that high temperatures are required to dissociate the 

aggregates and to permit the growth of nanowires responsible for 

the gel formation from 1. Moreover, consistently with the above 

observation, the melting points of compound 1 is higher (m.p.(1) 

= 198-200°C; m.p.(2) = 168-170°C), which corroborates the 

occurrence of stronger intermolecular interactions in the case of 

1. Eventually, during the gelation tests performed with 1, we 

made an unusual observation regarding the temperature that had 

to be reached: with certain samples, heating until dissolution, i.e. 

until perfect eye transparency, was not sufficient to get gels after 

cooling down, and the heating had to be led further so as to form 

the gels. In light of the above-described observations, we 

conclude that compound 2 is a better gelator than 1. 

Nevertheless, one should have in mind that this assessment may 

not only rely on the presence of long alkyl chains favouring 

Table 1. Test for solubility and gel formation for compounds 1 and 2 — P stands for precipitate, I for insoluble at high temperatures, G for gel. In the case of 

the gels G(x), x corresponds to the CGC value in mg.mL-1, which is the minimum gelator amount required for gel formation at 20°C per mL of solvent. 

Solvents Compound 1 Compound 2 bp (°C) 
Dielectric 

constant18 

Dipolar moment 

(D)18 

Chloroform I G (2) 61 4.807 1.04 

Tetrahydrofuran I G(2) 66 7.52 1.75 

Ethyl acetate I I 77 6.081 1.78 

Tetrachloromethane I I 77 2.238 0 

tert-Butanol P G (7) 82 12.4 1.7 

Acetonitrile I I 82 36.64 3.92 

1,4-Dioxane I G (3) 101 2.219 0 

Toluene I G (2) 111 2.38 0.375 

Chlorobenzene G (2) G (3) 134 5.69 1.69 

p-Xylene I G (3) 138 2.273 0 

1,1,2,2-Tetrachloroethane P G (4) 146 8.5 1.32 

N,N-Dimethylformamide P G (8) 153 38.25 3.82 

1,2-Dichlorobenzene (oDCB) G (2) G (2) 179 10.12 2.5 

Dimethylsulfoxide P P 189 47.24 3.96 

Octan-1-ol G (12) G (10) 195 11.3 1.72 

Tetralin G (3) G (4) 208 2.77 0 

1,2,4-Trichlorobenzene G(2) G (4) 214 2.24 1.26 

Hexadecane P G (4) 287 2.046 0 
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favouring intermolecular van der Waals interactions but may 

also result from the very poor solubility of bis(benzyl) derivative 

1. In addition to the above qualitative comparisons, the 

measurement of the critical gelation concentration (CGC) 

provides useful quantitative data. These CGCs were determined 

following the inverted vial technique.19 Whatever the solvent and 

the gelator under study, most of the CGCs are comprised 

between 2 and 4 mg.mL-1, which corresponds to remarkably low 

values and which illustrates the very good propensity of such bis-

urea systems to promote solvent gelation. However, there are 

three notable exceptions with CGC values comprised between 7 

and 12 mg.mL-1,which have in common to correspond to highly 

polar, non-aromatic solvents with a high dielectric constant and 

endowed with hydrogen bond donor or acceptor moieties, 

namely tert-butanol, N,N-DMF and octan-1-ol (Table 1). At this 

stage, it should be noted that this assessment seems remarkable, 

especially as these three solvents belong to a region of the Teas 

diagram, where no other solvent under consideration can be 

found (Figure S1). 

  
Fig. 2 Organogels obtained from 1 in the different solvents allowing for gelation. 

  
Fig. 3 Organogels obtained from 2 in the different solvents allowing for gelation.  

We are notably interested in organogels as propagation media for 

optical applications. In this context, a critical issue deals with the 

optical quality of the medium. Indeed, when aiming at 

quantifying optical phenomena, perfect transparency is 

desirable. If optical diffusion takes place, a part of the incident 

and outgoing photons are lost and not taken into account. As 

illustrated by Figures 2 and 3, whatever the gelator under study, 

the optical quality of the gels strongly depends on the utilized 

solvent. For instance, 1 forms an opaque gel in octan-1-ol and a 

transparent one in tetralin. There also exist intermediate 

situations, like the 1,2,4-trichlorobenzene-based organogel from 

1, for which small white particles can be distinguished. 

Regarding compound 2, most gels are completely opaque (e.g. 

chloroform- or p-xylene-based organogels). However, there are 

few notable exceptions: solvents that are both chlorinated and 

aromatic afford gels with a certain degree of transparency and, 

once again, the tetralin-based organogel displays the nicest 

optical quality. 

 

Influence of the solvent on the morphologies of the xerogels 

Given the differences observed between these organogels 

prepared from different solvents, optical microscopy appears as 

a simple and relevant tool in order to get insight about the 

morphology of the fibre network responsible for gelation. At this 

stage, one should also note that previous reports have 

demonstrated the critical role of the solvent regarding the 

structures of the fibres and sometimes over their physical 

properties.8 Other important issues when aiming at imaging 

xerogels lie on the substrate nature7 but also, the casting process, 

a parameter which is apparently rarely studied. In particular, the 

substrate may have a significant influence on the fibres 

arrangement. We used two different deposition methods: i) the 

first one limits the effect of the substrate and simply involves the 

deposition of a piece of gel on a glass slide; ii) the second one 

(drop casting), consists in casting a hot drop of the gelator 

solution (at a concentration C > CGC) on a glass slide, which 

cools down and forms a gel. From these two processes, 

evaporation of the solvent leads to samples which were observed 

under microscope. The corresponding images are gathered in 

Figure 4 and Table S1 for gelator 1 and Figure 5 and Table S2 

for gelator 2. Regarding compound 1, a first assessment 

emanates from the comparison of the images depending on the 

casting mode. In each case, one can identify a network structural 

organization, which is characteristic for xerogels but the 

observed morphology is significantly, and sometimes, drastically 

different according to the deposition method. The most striking 

difference lies on the xerogels prepared from chlorobenzene 

(Figure 4). When the material is drop-casted, a classic xerogel 

picture was obtained with the occurrence of fibres that have 

diameters close to 1 µm and variable lengths reaching few 

hundreds of micrometres. As commonly observed in xerogels, 

these organic wires are intertwined and randomly arranged. On 

the contrary, when a piece of gel is deposited on the glass slide, 

a totally new situation arises. Despite the networking tendency 

of the organic molecule, fibres are no longer observed. Instead, 

small interacting particles form the network. Interestingly, these 

particles seem to have very close morphologies and dimensions 

(See inset in Figure 4). Their shape is ovoid with sizes of ca 6-7 

µm x 4 µm. Such a striking difference in the gel morphology for 

two samples of the same gel, underlines the importance of the 

casting method, an issue which is not often taken into 

consideration. Though less pronounced, a similar behaviour is 

observable from the chemically close o-dichlorobenzene 

(oDCB) solvent, for which fibres and microparticles coexist (See 

Table S1).  

 
Fig. 4 Optical micrographs of 1-based xerogels prepared from chlorobenzene 

depending on the casting method. Left: deposition of a piece of gel (the inset in 

the top right corner corresponds to a magnification). Right: drop-casting (the 

corresponding gels were prepared at a concentration C = 1.25 x CGC). 

Concerning the other solvents (Table S1), the differences in gel 

morphologies vs the casting method are less spectacular but still, 

significant. Eventually, it appears from these data that the films 
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appear much more homogeneous and thinner when drop-casted, 

which makes them better candidates in the context of optical 

applications. As mentioned above, compound 2 is an excellent 

gelator, with a capability to gelate fourteen over eighteen tested 

solvents. The xerogels obtained after depositing a piece of 

organogel on a glass slide and subsequent evaporation of the 

solvent are presented in Figure 5 and Table S2.). In most 

solvents, the networking tendency of compound 2 is easily 

observable: as expected, the compound classically weaves a web 

composed of intertwined self-assembled fibres with high aspect 

ratios (e.g. THF, 1,1,2,2-tetrachloroethane, oDCB, and tetralin). 

However, the cases of tert-butanol, DMF, octan-1-ol on the one 

hand, and hexadecane on the other hand, have drawn our 

attention. The first three solvents, which are in a peculiar area of 

the Teas diagram (Figure S1), have been mentioned above 

regarding the related critical gelation concentrations since 

compound 2 displays significantly higher CGCs in these 

solvents. 

 
Fig. 5 Images of 2-based xerogels by optical microscopy depending on the solvent 

of preparation: tBuOH (top left), DMF (top right), OctOH (bottom left), hexadecane 

(bottom right) (the corresponding gels were prepared at a concentration C = 1.25 

x CGC and directly deposited on a glass slide  ̶  the insets in the top right corners 

correspond to a magnification). 

In the cases of DMF and tert-butanol, the observation of the 

micrographs presented in Figure 5 shows that transparent 

crystallites are ubiquitous in these samples. Concerning octan-1-

ol, the situation is not so clear at first glance but a careful 

examination of the micrograph allows for distinguishing 

transparent microcrystals, which are ordered in bundles (see 

inset). Thus, on the basis of these assessments, we suggest the 

corresponding higher CGCs may be linked to the tendency of 

compound 2 to crystallize in these solvents rather than to form 

self-assembled fibres with multiple intersections. As for 

hexadecane, it had already been identified as generating gels 

with compound 2 in a previous work.16 However, no optical 

micrograph was provided and the authors mentioned they were 

not able to observe any junction zones between the self-

assembled fibres. Probably because our sample preparation 

differed, we managed to observe a nice network composed of 

fibres among which many helical ribbons, showing both left- and 

right-handed helicities, could be observed. These helices display 

various pitches and different diameters. For instance, a helix 

displaying a 6.5 µm pitch presents a diameter of 2.8 µm while 

another one with a 12.3 µm pitch has a diameter of 1.7 µm (see 

inset). Regarding the samples prepared by drop-casting (Table 

S3), similar conclusions can be drawn since depending on the 

solvent, xerogels have significantly different structures 

depending on the solvent of preparation. For instance, the 

chlorobenzene-based xerogel displays an alveolate structure 

while the hexadecane-based one has a far more fibrillar 

microstructure. Altogether, these results show how critical is the 

deposition method and to which extent, associated to the solvent 

nature, these parameters can impact the shapes and the sizes of 

supramolecular aggregates.  

Proton nuclear magnetic resonance (1H NMR) and differential 

scanning calorimetry (DSC) 

Physical gels results from weak interactions which promote 

aggregation between gelator molecules.5a Therefore, providing 

energy to these systems usually allows for breaking these 

aggregates and return to the solution state at higher temperatures 

(thermoreversibility). As a consequence, studying the 

aggregation process as a function of temperature appears as a 

relevant strategy in order to get insight about the forces and thus, 

the functional moieties, involved along the gelation.20 

To do so, two very different solvents were selected, namely 

dimethylsulfoxide (DMSO) and o-dichlorobenzene. A first 

reason justifying this choice came from the fact that compounds 

1 and 2 both form gels in oDCB and do not in dimethylsulfoxide, 

which is ascribed to the very different chemical structures and 

physicochemical properties of these solvents. For instance, 

DMSO is a strong hydrogen bond acceptor and is well-known 

for its ability to compete intermolecular hydrogen bonds, such as 

the ones existing between two urea functions. On the contrary, 

oDCB can only be considered as a weak hydrogen bond acceptor. 

Another reason for this choice is supported by the high boiling 

points of both solvents, which allow to carry out 1H NMR studies 

on a very broad range of temperature, which is required to 

address the thermoreversibility issue of these systems. 

The VT 1H NMR experiment led from 293 K to 393 K shows 

that in DMSO-D6, compounds 1 and 2 display similar behaviours 

(Figure 6). The NH signals (black and white circles for 1 and 

black squares for 2) are as expected, continuously upfield-shifted 

upon increasing the temperature. In other words, the lower the 

temperature, the stronger are the hydrogen bonds. The variation 

of chemical shift exceeds  = 0.25 ppm in both cases, which is 

common for such systems.21 Interestingly, the protons from the 

aromatic rings in 1 do not undergo significant chemical shift 

variations. This is an important statement since previous works 

have shown that aggregation through  stacking is usually 

associated with a downfield shift of the corresponding proton 

signals.8a This suggests a weak contribution of these moieties in 

the aggregation process in 1. This presumably results from the 

vicinity of the phenyl rings and the urea functions, that cannot 

act synergistically given the short and rigid methylene spacer.2d 

As for other signals, they are low-field shifted upon heating the 

sample. This was expected since the long alkylene spacers do 

form lipophilic domains through van der Waals interactions at 

lower temperatures. In any case, since the chemical shift 

variations  did not reach threshold values within the 

temperature range, it was unfortunately not possible to fit this 

evolution with a theoretical model to access to the intermolecular 

binding constants. In oDCB, the situation proved to be more 

complicated because of solubility issues and therefore signals of 

lower resolution (Figure 7). In order to be able to compare the 

experiments led in DMSO with those led in oDCB, the 

concentrations of 1 and 2 were fixed at the same level  

(6.7 mg.mL-1). Moreover, importantly, this concentration was 

chosen higher than the CGC value (case of oDCB), in order to 

study the evolution of the gel state upon heating up the samples. 
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A first difference came from the fact that the signal ascribed to 

the methylene bridge of the benzyl group in 1 undergoes an 

upfield shift from 4.36 to 4.29 ppm upon heating from 293 K to 

393 K, while a downfield shift was observed in DMSO. 

Therefore, two significantly different aggregation processes are 

clearly expected from these solvents. The NH signal 

progressively appears as a broad signal upon heating from 363 

K, and is clearly observed at 393 K (4.58 ppm). Therefore, its 

chemical shift decreases upon heating, which is consistent with 

the weakening of the hydrogen bonds at higher temperatures. 

The NH group in compound 2 seems to play a different role, 

since two distinctive temperature regimes are observed in oDCB. 

From 293 K to 353 K, the signal is upfield-shifted from 4.18 ppm 

to 4.01 ppm and its integration decreases to the benefit of another 

broad signal, which appears in the 4.4-4.6 ppm region. This 

observation suggests the occurrence of an equilibrium between 

two hydrogen bonding modes. Given the presence of two urea 

functions in the molecule, a plausible explanation comes from 

interactions occurring in an intermolecular or an intramolecular 

fashion.22 Besides, certain molecules are well-known for folding 

themselves upon heating since a temperature increase can lead to 

the desolvation of the solute (e.g. poly(N-isopropyl-

acrylamide)23) which constitutes an argument in favour of an 

intramolecular hydrogen bonding at high temperatures in the 

case of compound 2. Prior to determine the sol-gel transition 

temperatures of the gels, DSC measurements were performed on 

pure compounds. The results show that both bis-urea derivatives 

are degraded upon melting (190 and 160°C respectively  ̶  

Figure 8). 

 
Fig. 6 Left column: VT 1H NMR spectra of compound 1 in DMSO-D6 (C = 6.7 mg.mL-1- water signal deleted for clarity) – Bottom left: Variations of the chemical shifts of 

1 as a function of temperature. Right column: VT 1H NMR spectra of compound 2 in DMSO-D6 (C = 6.7 mg.mL-1- water signal deleted for clarity) – Bottom left: Variations 

of the chemical shifts of 2 as a function of temperature.  

 
Fig. 7 VT 1H NMR spectra of compounds 1 (left) and 2 (right) in oDCB-D4 (Signals of the aromatic part in 1 are hidden by the residual peaks of oDCB –  

C = 6.7 mg.mL-1).  
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This degradation was confirmed by both 1H NMR and mass 

spectrometry in the case of compound 1 after the sample was 

subjected to a 30°C – 220°C – 30°C temperature cycle. The 1H 

NMR analysis (3 mg.mL-1 – DMSO-D6) also shows significant 

modifications: new signals appear around the NH signals (5.5 – 

6.25 ppm) and the spectrum resolution is decreased (Figure S4), 

as awaited from the very poor solubility of the samples after DSC 

analysis. With regard to the degradation reaction, various 

explanations can be considered since urea moieties for instance, 

are well-known for self-reacting at high temperatures.24 

DSC analyses were also conducted on gels prepared from various 

solvents. The temperature ranges have been chosen so as to 

maintain the samples at temperatures lower than the degradation 

ones of 1 and 2, as determined above. In most cases, the results 

were not reproducible but the experiments proved to be reliable 

for samples prepared from oDCB and TCB (1,2,4-

trichlorobenzene) (see Table 2). 

 
Fig. 8 DSC analyses of compounds 1 (red) and 2 (blue). 

With both solvents, compounds 1 and 2 form gels displaying 

close sol-gel transition temperatures as determined from DSC 

analysis. Obviously, the nature of the gelator has a critical role 

as shown by the large temperature difference observed for both 

gelators in the same solvent. These values range from 24°C to 

33°C in TCB and oDCB respectively, even though the gelator 

concentration was the same (2.4 10-5 mol.L-1) in order to allow 

for a rigorous comparison. 

Table 2. Transition temperatures obtained from DSC measurements;  

[gelator] = 2.4 10-5 mol.L-1 

 Compound 1 Compound 2 

oDCB 137°C  104°C  

TCB 135°C 111°C 

Efforts towards the structuration of self-assembled nanofibres 

with alumina membranes 

Over the last two decades, a tremendous number of photoactive 

and electroactive nanowires have been described.5d However, 

their implementation in devices remains a great challenge that 

the scientific community will have to tackle in the future.25 In 

this context, being able to align these wires in a controlled and 

predictable manner is of utmost importance. Regarding covalent 

polymers, the strategy consisting in shaping them upon a 

template approach with alumina membranes has definitely 

demonstrated its efficiency, notably with conducting polymers.13 

Since this approach has never been transferred to supramolecular 

polymers, we describe below our attempts, fails and successes in 

this direction.  

FILLING THE ALUMINA MEMBRANE WITH COVALENT POLYMER. 

Before attempting to prepare nano-objects made up of xerogel, 

i.e. a supramolecular polymer, a control experiment was 

performed from a covalent azobenzene polymer, in order to 

check the viability of the method. . In this purpose, we used a 

methacrylate polymer substituted with strongly absorbing azo 

dyes (namely 3-[4-[(E)-(4-[(2,6-dimethyl-pyrimidin-4-

yl)amino]sulfonylphenyl)diazenyl]phenyl(methyl)amino]propyl 

units).26 According to the experimental procedure previously 

described,26 the alumina membrane was filled with a saturated 

solution of polymer, dried and then, dissolved in an aqueous 

solution of sodium hydroxide. After rinsing, dispersing the 

material in water and dropping this suspension on a glass slide, 

the described method was successfully repeated, as illustrated by 

the SEM images shown in Figure 9. Indeed, these nanotubes 

display the desired specifications and present a remarkable 

monodispersity regarding diameters. 

  
Fig. 9 SEM micrographs of the nanotubes obtained from the covalent 

methacrylate polymer.  

FILLING THE ALUMINA MEMBRANE WITH A SUPRAMOLECULAR 

POLYMER. Of course, due to their inherent physico-chemical 

characteristics, a significantly different behaviour is expected for a 

supramolecular gel, compared to a solution of a covalent polymer. 

When considering the membrane filling with a physical gel, an 

intricate situation arises because of the pseudo-solid state of a gel. 

Indeed, its permeation through the alumina membrane is not as trivial 

as the one of a polymer solution (see above). At sufficiently high 

temperatures, physical gels melt to afford a solution but one should 

have in mind that this solution comes back to its initial state, the gel 

state, when the temperature decreases below the sol-gel transition 

temperature. Having these parameters in mind and looking for the 

most efficient filling method, various strategies were tested with 

different solvents and gelator 2, which displays the lowest solution to 

gel transition temperature: i) a hot solution of the gelator was 

deposited onto a cold membrane27 (diameter: 25 mm; thickness: 60 

µm; diameter of the pores: 200 nm); ii) a hot solution was deposited 

onto a cold membrane under vacuum in order to facilitate the 

penetration of the solution through the pores; iii) a hot solution was 

deposited onto a hot membrane in order to slow down the cooling 

process and maintain the solution state a longer time; iv) a hot solution 

was injected through a hot membrane under the pressure of a syringe 

; v) a hot solution was injected in a cold membrane under the pressure 

of a syringe ; vi) the gel itself was directly injected onto a cold 

membrane with a syringe; vii) the membrane was soaked in a hot 

solution of the gelator for a night; viii) the membrane was placed over 

a drop of the hot solution, which was deposited on a hot glass slide; 

in this manner, the solution goes up through the pores thanks to 

capillarity forces; ix) three drops of the hot solution were successively 

deposited on a cold membrane in order to increase the amount of 
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deposited material. We also considered the possibility to melt the pure 

compound on a heated membrane but DSC measurements 

demonstrate that the melting process was associated to a degradation 

of the gelator. 

 
Fig. 10 SEM microscopy images of the alumina membrane in the presence of 

gelator 2 deposited according to strategy iv: upper face of the membrane (top), 

lower face (middle), slice (bottom).  

After drying, the two faces of the membranes as well as their slices 

were systematically observed by SEM microscopy in order to identify 

the most efficient strategy. The images obtained from compound 2 

and strategy iv are gathered in Figure 10, while the others are available 

in Table S4. For all methods except viii, a large amount of xerogel 

was found on the upper face of the membrane and importantly, 

material was also found on the opposite face. Since the protocols 

we followed prevent the solution or the gel to bypass the 

membrane, the material necessarily crossed the membranes 

through the pores. However, when breaking the membranes, the 

SEM imaging of the slice could not evidence the presence of the 

xerogel into the pores. 
This may result from a poor contrast between the alumina 

membrane and the organic xerogel. Anyhow, the fact that no 

fibres could be observed indicates the gelator may have formed 

a film on the pore walls. Given that SEM microscopy did not 

allow for detecting material in the membranes, Raman 

microspectroscopy was used to confirm the presence of the 

organic material within the pores. To do so, measurements were 

carried out a) on a virgin membrane, b) on a 2-based xerogel and 

c) on a membrane slice prepared following the simplest method, 

namely i. In order to confirm the presence of gelator within the 

pores, the alumina membrane was broken and studied with an 

Invia Renishaw spectrometer. The laser beam ( = 632 nm) was 

focused on the resulting membrane slice (thickness = 60 µm) 

with a diameter spot of 2 µm. Figure 11 shows there is no Raman 

scattering coming from the virgin membrane. On the contrary, 

the 2-based xerogel displays clear Raman bands at different 

wavenumbers (1447, 1293, 1130 and 1060 cm-1). Regarding the 

xerogel-membrane composite, one can observe there are signals 

at different wavelengths. Some of these peaks can clearly be 

assigned to the xerogel materials (~1447, 1130 cm-1) and others 

cannot. This assessment is critical since it definitely confirms the 

presence of xerogel material within the pores of the membrane 

but it also shows that new vibration modes (e.g. ~810 cm-1) exist 

when the xerogel is confined within the 200 nm wide pores. 

 
Fig. 11 Raman spectra recorded at 632 nm for the virgin membrane, the pure 2-

based xerogel and the composite material modified membrane (pores containing 

2-based xerogel). T = 300 K; resolution 2 cm-1. 

DISSOLUTION OF THE MEMBRANES. Using the membrane template-

based deposition process opens the possibility to isolate in fine 

monodimensional nano-objects (nanotubules, nanowires) of 

finite dimensions and monodisperse. To do so, isolation of the 

nano-objects is usually carried out by dissolution of the 

membrane subsequently to the filling step. This step needs 

therefore a prior removing of the material in excess, deposited 

on the upper and lower faces of the membrane. Accordingly, the 

membranes were wiped with a cotton soaked with the solvent 

used to prepare the gel.  
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The dissolution of the alumina membrane is usually carried out 

by heating the filled membrane at 80 °C for several days. Given 

the structure of compound 2 and in particular the presence of urea 

functions, chemical evolution of the gelator under the basic 

conditions required for dissolving the alumina membrane cannot 

be excluded. A control experiment monitored by SEM 

microscopy and analysed by 1H NMR spectroscopy, showed that 

the 2-based xerogel remains intact upon heating for one week in 

a 5M NaOH aqueous solution at 80 °C. In addition, this control 

experiment also demonstrates that self-assembled nanostructures 

based on 2, which are supported by a network of hydrogen bonds, 

are robust enough to resist to the highly competitive aqueous 

medium and are not disassembled upon standing in water (Figure 

S5). 

With this in mind, various composites 2@membrane were 

poured into a 5M sodium hydroxide solution until complete 

disappearance of the alumina. The suspension thus obtained was 

centrifuged and rinsed twice with distilled water. The material 

was eventually dispersed in water by sonication and a drop of the 

corresponding suspension was deposited on a clean glass slide. 

Among other morphologies, it is worth noting that we were able 

to observe nanowires homogeneous in size, of up to 10 µm long 

and ca 150 nm wide (Figure 12), i.e. of dimensions in reasonable 

accordance with the specification of the alumina membranes 

used (Ø = 200 nm, thickness = 40 µm).28 This preliminary 

striking results constitute the first relevant indication of a 

template effect which is generated by a porous membrane over a 

xerogel-based material.  

 
Fig. 12 SEM image of the 2-based material obtained after dissolution of the 

membrane.  

Conclusions 

In summary, we have thoroughly explored the organogelating 

properties of two simple urea-based organogelators and 

highlighted a strong solvent-microstructuration dependency. On 

this ground, we endeavoured to incorporate supramolecular 

polymers, i.e. physical gels, within alumina membranes to shape 

these materials. Preliminary results from these non-

functionalized organogel models are particularly promising since 

for the first time, this template process could afford a collection 

of fibres homogeneous in size. A limitation of this approach lies 

on the very small amount of organic material which is deposited 

onto the walls of the pores within the membrane. From this 

auspicious preliminary study led with model organogels, we are 

currently extending this new approach to gelators of higher 

critical gelation concentration in order to increase the amount of 

deposited material. In addition, the high potential of this original 

process in terms of material nanostructuration, encourage us to 

further study this approach with organic functional gelators, in 

particular endowed with specific optical properties. Work is in 

progress in this direction.  

Experimental 

Materials and methods 

The starting materials were purchased commercially and were 

used without further purification. Compounds 1 and 2 were 

synthesized according literature.16 1H and 13C NMR spectra were 

recorded using the deuterated solvent as an internal reference on 

a BRUKER Advance DRX 300 spectrometer. Mass spectra were 

recorded on a Bruker Biflex III MALDI-TOF spectrometer. 

Alumina membranes (Anodisc) were obtained from Whatman 

and display the following characteristics: diameter: 25 mm; 

thickness: 60 µm; diameter of the pores: 200 nm. SEM images 

were acquired by scanning electron microscopy (SEM) JEOL 

JSM 6301F operating at tensions comprised between 0,5 and 30 

kV. Optical micrographs were recorded on a LEICA DM2500P 

microscope by depositing the sample on glass slides. 

Procedure for the dissolution of the membrane 

To dissolve the alumina membranes, the latter were immersed in 

an aqueous 5M NaOH solution at room temperature until 

complete disappearance of the alumina. The mixture was 

centrifuged, and the solid part was rinsed three times with 

distilled water. The material was eventually dispersed in a few 

milliliters of distilled water and deposited on a clean glass slide. 
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