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Solvents with similar bulk properties induce distinct supramolecular architectures

Learning how to use external stimuli to tune the structure of supramolecular assemblies is particularly desirable, as it should create new opportunities to build functional nanomaterials. In this respect, the most popular stimuli are temperature, [1] pH, [2] light [3] and red-ox chemistry. [4] In contrast, the nature of the solvent is usually considered to be of minor importance, although some well known effects have been demonstrated, such as the influence of polarity [5] or self-assembly driven by solvophobic interactions. [6] In fact, there are only few examples of supramolecular structures that are significantly influenced by a minor change in the solvent, such as its molecular shape or size. [7] Here, we report that the supramolecular structure formed by a simple hydrogen bonded compound can be triggered by a subtle change of the solvent.

Bis-urea EHUT (Scheme 1) was previously reported to self-assemble into either thin or thick filaments in toluene solutions. [8] Figure 1a recalls the pseudo-phase diagram, which indicates the temperature and the concentration domains where each assembly is stable. The thin filaments formed at high temperatures were unambiguously shown by small angle neutron scattering (SANS) to be monomolecular chains of hydrogen bonded bis-ureas, but the room temperature stable, thick filament structure could not be precisely ascertained. [8] Two different structures, that are in agreement with SANS data, were proposed: a compact cylindrical structure with 2 bis-urea molecules in the cross-section, or a tube-like structure with 3 bis-urea molecules in the cross-section. The latter structure is particularly intriguing, because simple molecular mechanics simulations show that if such a structure is actually formed, then a central cavity, large enough to accommodate toluene molecules, is created within the tube (Figure 2). Consequently, if we assume that this trimolecular structure is indeed formed in toluene, then a strong solvent effect can be expected. Indeed, a solvent that is too bulky to fit inside the tube should necessarily destabilise the thick filament structure. Thus, we investigated a range of aromatic solvents of very similar structures and properties, but of distinct molecular sizes.

Since the thick filament structure has been shown to yield solutions of much higher viscosity than the thin filament, a simple visual test was first used: Figure 3 qualitatively shows that the macroscopic properties of EHUT solutions depend markedly on the nature of the solvent. It takes less than a second after test tube inversion, for the solution in 1,3,5trimethylbenzene (TMB) to flow, but it takes about 1 hour for solutions in toluene or tbutylbenzene to flow completely. [9] To confirm that this phenomenon is related to structural differences, the pseudo-phase diagram of EHUT in TMB was determined (Figure 1b). The assignment of the structures is based on FTIR spectroscopy, because the shape of the hydrogen bonded N-H band was previously shown [8] to be characteristic of each structure (see spectra in Supporting Information). The present results show that, at room temperature, EHUT self-assembles into thin filaments in TMB, but into thick filaments in toluene, which explains the large viscosity difference of the corresponding solutions. The important question is of course to know why there is such a large structural difference in these two solvents. In this respect, it is interesting to note that only the transition between the thin and thick filament is shifted (by 30°C); the transition between the monomer and the thin filament is almost not affected (Figure 1). This shows that the strength of hydrogen bonds is similar in these two solvents (as expected from their similar dielectric constants). In order to find some kind of correlation between the stability of the thick filament and a solvent characteristic, the transition temperature between the thin and thick filaments (T**) was systematically measured by FTIR (Table 1 and Supporting Information). All the solvents tested have very similar dielectric constants (between 2.2 and 2.6) and dipole moments (lower than 0.5 D), and there is no correlation between these quantities and T** (see Supporting Information). In contrast, Figure 4 shows that there is a clear correlation between the solvent molecular width (W) and T**. [START_REF]solvent molecules as the respective dimensions of the smallest right-angled parallelepiped containing the molecule, such that L ≥ W ≥ Th. Geometry optimization was performed through semiempirical calculations with AM1 method using the software Hyperchem[END_REF] Apparently, the largest dimension (the length L) of the solvent molecule has no influence on the transition temperature, but the second largest dimension (the width W) has a strong influence: the "slim" solvents (W ≤ 7.0 Å) yield the most stable thick filaments (T** ≥ 40°C), while the "fat" solvents (W ≥ 7.7 Å) yield the least stable thick filaments (T** ≤ 25°C). These geometrical characteristics indicate that a steric fit between the thick filament and the solvent molecules is necessary for the filament stability. Analogous geometrical constraints are well known in the field of host-guest systems based on self-assembled capsules. [START_REF] Scarso | [END_REF] In the present case, the fact that we could not find a limiting length for the solvent molecule, but only a limiting width, argues favourably for a tubular cavity rather than a spherical one; in line with a structure such as represented on Figure 2.

In conclusion, we have shown that bis-urea EHUT displays markedly different properties when dissolved in a range of apparently similar aromatic solvents. These different properties are due to the relative stability of low viscosity thin filaments and high viscosity thick filaments formed by EHUT. This relative stability is in turn related to the steric complementarity between the solvent molecules and the thick filaments. Although these data do not constitute a direct proof for the proposed thick filament tubular structure (Figure 2), they are in very good agreement with such a structure. Finally, if the formation of the tubular and thermodynamically stable architecture proposed on Figure 2 is confirmed by further studies, it opens up new opportunities in the field of host-guest chemistry, because of the unusual shape of the expected cavity and because of the chemical accessibility of EHUT.

Experimental Section

The synthesis of EHUT was described previously. [10] All solvents were obtained from Aldrich and used without further purification. The solutions were prepared by shaking weighted amounts of EHUT and solvents at room temperature. Heating accelerated the dissolution process, but did not alter the final properties of the solutions at room temperature. Unlike classical organogelators, [13] these viscoelastic solutions are thermodynamically stable. IR spectroscopy. Infrared spectra were recorded on a Nicolet Avatar 320 spectrometer in a KBr cell of 0.1 cm path length. The temperature was controlled with a heating device (P/N21525) from Specac. Consecutive measurements were separated by at least 10 minutes, to allow for thermal equilibration. Thermal expansion of the solutions was not corrected. The transition temperatures (T**) were determined as previously described. [8] ITC. Heats of dissociation were measured using a MicroCal VP-ITC titration microcalorimeter. The experimental conditions have been described previously. [14] Table 1 Transition temperature between the thin and thick filaments for EHUT solutions in aromatic solvents (12.5 
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 1 Figure 1. Pseudophase diagram for EHUT solutions in toluene (a) or TMB (b). Transition between monomer and thin supramolecular filament is determined by ITC (¨). Transition between thin and thick supramolecular filament is determined by ITC (), viscosimetry (■) or FTIR (•).
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 1 Fig. 1 Pseudophase diagram for EHUT solutions in toluene (a) or TMB (b). Transition between monomer and thin supramolecular filament is determined by ITC (¨). Transition between thin and thick supramolecular filament is determined by ITC (), viscosimetry (■) or FTIR (•).
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 2 Figure 2. Schematic trimolecular arrangement proposed (hydrogen bonds are symbolized by dotted lines connecting urea functions) (a) and top view of this arrangement (minimized with Hyperchem software) (b).
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 3 Figure 3. EHUT solutions in several aromatic solvents (12.5 mM at room temperature). The photographs were taken immediately (a), 7 minutes (b) or 40 minutes (c) after inverting the test tubes.
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 34 Fig. 3 EHUT solutions in several aromatic solvents (12.5 mM at room temperature). The photographs were taken immediately (a), 7 minutes (b) or 40 minutes (c) after inverting the test tubes.
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