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Nitrochalcones as organogelators. Evidence of the involvement of nitro groups and solvent in gel formation

New 4-alkoxynitrochalcones have been synthesized and been shown to be organogelators; the dodecyloxy derivative/benzyl alcohol gels has been studied by freeze fracture electron microscopy, DSC and FTIR. We show that the nitro group is involved in the formation of the gel and that the 10 gelator co-assembles with solvent molecules.
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Introduction

Low mass organogelators [1][2][3][4][5] (LMOG) are a growing class of compounds able to form gels with organic solvents at low concentration (typically a few % per weight). This macroscopic property expresses the ability at the microscopic level to self-assemble into three dimensional fibrillar networks. Beside fundamental aspects, these gels receive an increasing attention due to their potential applications in nanotechnology, photovoltaics, [START_REF] Kubo | [END_REF] pollution control as oil spill recovery 7 or toxics remediation devices, 8 biomedical field as scaffolds for tissue repair 9,[START_REF] Ellis-Behnke | Proc. Natl. Acad. Sci[END_REF] or drug-delivery systems, [START_REF] Murdan | [END_REF]12 mesoporous materials as templates for silica nanotubes 13 or polymeric mesoporous materials. [14][15][16] The self-association of gelators is achieved by a combination of non-covalent interactions including H-bonds, p-p stacking, metal coordination and van der Waals interactions. Most of the known gelators possess H-bonding groups. The gelators able to self-assemble without H-bonds and only with weaker interactions are rare. Among them, one can find alkoxyaromatic 17,18 compounds, azobenzene derivatives, 19 semifluoroalkanes 20 and even simple alkanes. 21 Ajayaghosh has extensively studied 22 oligophenylvinylidene as gelators and has shown that these compounds form gels only if they have either H-bonding group such as alcohol or polar groups such as nitrile or nitro. Derivatives lacking these groups provided only limited aggregation. Herein we report the synthesis of new compounds based on the chalcone unit. Chalcone itself comprises two benzene rings linked together by a conjugated enone and does not show any aggregation itself. Herein we demonstrate that the introduction of a nitro group on one side and an alkoxy group on the opposite side leads to the aggregation of the resulting molecules in various solvents. We explored the structure of the formed gels by electron microscopy. FT-IR measurements have been performed to examine the role of the nitro group in the selfassociation of the gelator.

Results and discussion

New compounds incorporating the chalcone unit were synthesized (Scheme 1). Cn-Ch-NO2 denotes 4'-alkoxy-4-nitrochalcones with different alkyl chain lengths (Scheme 1). For sake of comparison, compounds O2N-Ch-C12, where the location of the nitro and alkyl groups are inverted, and di-C18-Ch-NO2, that bears two side chains have also been synthesized.

Scheme 1 Synthesis and structure of the studied compounds.

The synthesis, described in scheme 1, proceeds through the condensation of alkoxyacetophenone with 4nitrobenzaldehyde in ethanol (Cn-Ch-NO2) or the condensation of 4-nitroacetophenone with 4dodecyloxybenzaldehyde (O2N-Ch-C12), with NaOH as catalyst, according to a described method. 23 The compounds were obtained pure with yield between 66 and 82 %. They all are solids at room temperature and are soluble in solvents such as CH2Cl2, CHCl3, toluene and EtOAc (table 1). In alcohols, the solubility properties depend on the alkyl chain length. In MeOH C4-Ch-NO2 forms a gel whereas longer chain analogues precipitate. In BuOH, the trend is the opposite of the compounds C4-Ch-NO2 and C8-Ch-NO2 precipitate, whereas C12-Ch-NO2 and di-C18-Ch-NO2 form gels. In BnOH, the C4 and C8 analogues are soluble, but longer chain analogues form gels. The reverse analogue O2N-Ch-C12 differs from the other analogues since it precipitates in BuOH and is soluble in BnOH. This result suggests that the orientation of the chalcone in respect with the alkyl chain is decisive in the packing of the molecules to form gels. The structures of the gels have been explored by electron microscopy. Studies have been performed with freeze fracture. This technique consists in a rapid freeze of the gel, which preserves the self-assemblies in an amorphous solvent surrounding. This method which is well-known in aqueous media has been implemented successfully to organic solutions and gels and has proved to be efficient for the direct observation of self-assembled structures. 16,24,25 The success of the technique depends on the ability of the solvent to remain amorphous when the sample is frozen; in our hands, only BnOH gave satisfactory results with the selected gelators. In the other systems, either the solvent crystallized during the freeze, which prevented the observation of structures, or the fracture planes displayed no objects. For the gels from C12-Ch-NO2 in BnOH, the fractures show oblong structures (Fig. 1A, arrows). Higher magnifications (Fig. 1B) show that these objects are made from the assembly of fibrillar structures that are ordered into bundles. Solutions of the same compounds (conc. 1.9 % wt) have been studied after deposition on carbon coated grids and rotary-shadowing (Fig. 1C). They show the same fibrils as in the gels, but less associated (arrows). The characteristic sizes of the structures have been measured both in gels and solutions on hundred of fibrils, and they were found to be identical in both states. The fibrils have a width of 25 ± 3 nm and exhibit a periodical structure with alternate shadowed strips and clear ones (Fig. 1D). The widths of the shadowed ones are 10 ± 2 nm and the periodic distance between two consecutive strips is 17 ± 2 nm. They form an angle of 50° with the main axis of the fibers. In the gels, the ordered fibers are surrounded by disordered and shorter arrays (Fig. 1A and1B, arrowhead). In close vicinity to the main bundles, these shorter structures are arranged parallel to the fibers, but the alignment decreases when their distance from the bundles increases. The gel-to-sol transition was studied by DSC (Fig. 2). The thermograms clearly shows a first order and endothermic transition upon melting. The transition is very broad with an onset as low as 6°C, and a maximum at 45 °C. The value of the enthalpy is found to be equal to 48 kJ•mol The transition was studied by FTIR at different temperatures. Most of the bands of the spectra show little or no evolution. The strongest evolution is found for the bands between 1510 and 1540 cm -1 . This signal comprises one peak at 1521 cm -1 and a set of two overlapping peaks at 1538 and 1534 cm -1 . At lower temperature, the band at 1538 and at 1534 cm -1 are the dominant ones. When the temperature increases, their intensities decrease while the peak at 1521 cm -1 increases and becomes the major one at higher temperature. All the mentioned peaks can be assigned to the antisymmetric NO2 stretching (nas NO2). 26 This strong change in the FTIR spectra during the transition shows that the NO2 group is involved in the self-assembly and the packing of the compound C12-Ch-NO2 in gel formation. In chloroform, C12-Ch-NO2 does not form any gel and the IR spectra are similar to the spectrum in BnOH at higher temperature: one observes only a major peak at 1523 cm -1 (Fig. 3A).

The evolution of the intensity at 1521 cm -1 in regard with temperature is very slow, and half of the maximal intensity is reached for 50 °C (Fig. 3B). For gels in tert-butyl acetate and CCl4 the same complex bands can be observed (Suppl. Info) in the ns NO2 area ( t BuOAc : 1538, 1534 and 1526 cm -1 ; CCl4 : 1536 and 1526 cm -1 ). The intensity band at 1526 cm -1 increases with increasing temperature like the band at 1521 cm -1 in BnOH. For the neat solid, only the peak at 1536 is observed. These results show that splitting of the nas NO2 band is characteristic of the gel state. For the gels in BnOH, the spectral region between 3700 and 3500 cm -1 exhibit two peaks after subtraction of the signal of the pure solvent. This spectral window does not comprise any bands of the gelator molecules and corresponds only to the OH stretching bands of the benzyl alcohol. In the gel state, these bands are clearly shifted toward higher frequencies than in the pure solvent (Fig. 4). Hence, for a small part of the benzyl alcohol molecules in the gel, the hydroxyl groups lead to H-bonds different from those existing the pure solvent. These bands also change when the gel melts, which shows the involvement of some BnOH molecules in the structure of the gel. It is possible that the hydroxyl interacts directly with the gelator either by an H-bond with the nitro group as observed in solid state [27][28][29] or by the formation of a p-adduct between the OH and the gelator. 30,31 It is also possible that these BnOH molecules are associated with the gelators through van der Waals interactions and that this association results in looser H-bonds with the rest of the solvent than in the bulk solvent. The presence of isosbestic points proves that the system evolves through a two-state equilibrium, which corroborates the calorimetric data indicating that the transition is a first order one. The intensity of the peak at 1521 cm -1 evolves slowly over a large range of temperature, in the same way as the transition proceeds. The other bands in the spectra vary only slightly, which shows that the other parts of the molecule play only a minor role as compared to the nitro group. For instance, the symmetric vibration of the CH2 show a very weak increase from 2848 to 2849.5 cm -1 that parallels the evolution of the NO2 bands. The range of values indicates that the chains remain relatively well ordered and in an extended conformation in the sol phase.

Conclusions

New alkoxynitrochalcones were synthesized. These molecules are able to form gels in tert-butyl acetate at a few percent per weight. The dodecyl derivative is able to gel also BuOH, BnOH, ether and CCl4. The introduction of the polar nitro group into soluble chalcones transforms them into selfassociating compounds. Freeze fracture TEM allowed the visualization of the fibrillar structure formed by selfassociation. FTIR study in this solvent confirmed the strong implication of the nitro group in the formation of the gel. The same studies also showed the involvement of solvent molecules in the structure of the gel. This phenomenon has been very rarely observed in organogels. It can be considered as an extension of the case of two component gelators 32 such as AOT/phenol. [32][33][34][35] In those cases, a mixture of two molecules is required to form the gel. Therefore despite their modest gel concentration, this new family of gelators has an original structure. Further structural studies are in progress to gain new insights into these self-assemblies and to increase their gelation abilities.

Experimental

FTIR. Spectra were recorded on a Bruker Vertex 70 spectrophotometer equipped with a thermostatic cell holder and a temperature-controlling unit (Specac West 6100+). The gels were placed in a NaCl cell with an optical path of 0.1 mm. The samples were visually checked after a heating period to ensure that no loss of solvent occurred. The curves were processed and fitted in Igor (Wavemetrics, Inc.). The complex signals were deconvoluted as follows: the maxima of the peaks were found with the second or forth derivatives of the spectra. Amplitudes and width of the peaks were fitted with Gaussian curves with the Igor built-in algorithm. DSC. Thermograms were recorded with a microcalorimeter DSC III from Setaram. A first heating cycle was performed between 6 and 85 °C at a rate of 1 °C/min. The heat was measured in second and third scan at a rate of 0.1 °C/min. No difference was observed between the second and third scan. Freeze-fracture electron microscopy. Transmission electron microscopy (TEM) was performed with a Philips CM12 microscope operating at 120 kV. The gel samples were placed between two copper holders and rapidly frozen in liquid nitrogen. The sample was kept frozen and transferred into a freeze-fracture apparatus (developed by Dr. J.-C. Homo) where the sample was cleaved. Pt was evaporated onto the sample under 45° angle, and then carbon under a 90° angle respective to the surface. The sample was warmed to room temperature, and the replica was rinsed with chloroform and deposited on 400 mesh grids Synthesis. The compounds were synthesized by the method of Murphy; 23 the typical procedure is described for the exemple below.

4'-Dodecyloxy-4-nitrochalcone (C12-Ch-NO2) : 4nitrobenzaldehyde (100.2 mg, 0.66 mmol) and 4dodecyloxyacetophenone (201.6 mg, 0.66 mmol, 1 equiv.) were added to a solution of NaOH in EtOH (0.1 M, 10 mL). The reaction mixture was stirred at 25 °C for 24 h. Water (150 mL) was added and the resulting precipitate was separated with centrifugation, and re-suspended in fresh water and centrifuged twice. The dried precipitate was recrystallized from cyclohexane to yield the pure compound as a yellow

Fig. 1 A

 1 Fig. 1 A: TEM of C12-Ch-NO2/BnOH gels (2 % wt) after freeze fracture. Arrows: periodical structures. Arrowhead: disordered structures. B: same objects with higher magnfication. C: TEM of solution of C12-Ch-NO2 in BnOH (1.9 % wt) after adsorption on carbon grids; short arrow: single fibril; long arrow: double fibers. D : scheme of the characteristic distances measured in the fibers (± 2 nm).

  -1 . When the mixture is cooled back down, a sharp exothermic transition is observed. Both endothermic and exothermic peaks yield the same absolute value of heat within 2% experimental This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3 uncertainty.

Fig. 2

 2 Fig. 2 Thermogram of C12-Ch-NO2/BnOH gel (2 % wt.). The measured enthalpy for the gel-to-sol transition is ∆H = 48 kJ•mol -1 .

Fig. 3

 3 Fig. 3 FTIR of C12-Ch-NO2/BnOH gel (2 % wt.) in the nas NO2 area, for temperatures varying from 32 to 65°C (plain lines); dotted line : C12-Ch-NO2/CHCl3 solution. B : Amplitude of the bands at 1521 cm -1 () and sum of the amplitudes of the bands at 1334 and 1338 cm -1 (r).

Fig. 4

 4 Fig. 4 Plain lines : FTIR of C12-Ch-NO2/BnOH gel (2 % wt.) in the OH stretching area, for temperature varying from 32 to 65 °C. Dotted line :IR spectra of pure BnOH.

  

  

Table 1

 1 Gelation properties of the nitrochalcone with various solvents. a

	Solvent C4-Ch-NO2 C8-Ch-NO2 C12-Ch-NO2 DiC18-Ch-NO2 O2N-Ch-C12
	C6H6	P	P	P	P	/
	Et2O	P	S	G (4)	P	P
	CCl4	P	P	G (2)	P	P
	CHCl3	S	S	S	S	S
	CH2Cl2	S	S	S	P	/
	MeOH	G (4) a	P	P	I	P
	BuOH	P	P	G (2)	G (4)	P
	BnOH	S	Visc. S	G (2)	G (2)	S
	Toluene	S	S	S	P	/
	EtOAc	S	S	S	S	/
	nBuOAc	S	S	G (2)	P	P
	t BuOAc	G (4)	G (2)	G (2)	P	P

a P precipitates; I insoluble in boiling solvent; G: gel (minimal gel concentration in wt %); Visc. S : viscous solution. a opaque gel
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