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Physical gels formed by amphiphilic molecules, namely in this study Methyl-4,6-Obenzylidene-α -D-mannopyranoside, can be form either in polar and protic liquid like water or in organic apolar solvent such as toluene. The solvent, that influences the supramolecular organisation of the gelators, plays an important role in the stability and formation of the gel phase. Gelator-solvent interactions govern not only the assembly but also the solvent diffusion in the material. We present here measurements of neutron scattering (Time of Flight and Neutron Spin Echo) characterising this microscopic behaviour. In addition, we show that Transient Grating spectroscopy provides valuable information through the characterisation of the longitudinal acoustic wave propagating in the system. Opposite effects on the speed of sound in the gels are observed for the two solvents investigated, being relevant of the interactions between the gelators and the surrounding liquid.

Introduction

Organization and properties of self-assembly molecular materials depend on the nature of the surrounding media. This is the case of Low Molecular Mass Organic Gelators, that can form physical gels with a large panel of solvents of different chemical characteristics [1]. For an amphiphilic gelator, gels can be formed in solvents as different as toluene and water. As a model system of this kind, we focused our attention on the Methyl-4,6-O-benzylidene-α -D-mannopyranoside (α-manno), that belongs to the family of substituted benzylido-mono-pyranoside [2,3], and is composed of an aromatic part attached to a mannose molecule. In organic solvents, the gelators self-assemble through hydrogen bonds between sugars and the benzylidene groups are free to rotate in the solvent, while in water the aromatic rings pile thanks to π -π interactions and the sugars form hydrogen bonds with the surrounding liquid [3]. Such a system presents various interests. From a chemical and applicative point of view, it changes its organisation and properties depending on the environment or external stimuli, entering the class of so-called smart materials. From a more fundamental point of view, the mechanisms of gel formation and the prediction of its stability are not understood. Moreover, this soft material is a nano-to micro-porous matrix in which the liquid diffuses, where the matrix formation and stability depends on the gelator-liquid interactions themselves. If liquid transport at the nanoscale in hard matrices such as porous silicate glasses has already been given a large interest [4][5][6], little is known when the matrix is soft, rearranging due to the interactions between gelators and solvent. In this context, we aim at characterising the behaviour of liquids in such a gel and the interactions between liquid and gelators.

In a previous work [7], we investigated the implication of solvent molecules into the rigid network. We could quantify the number of solvent molecules that participate to the rigid assembly, a number that depends on the gelator part which is solvated. We could then identify two solvent populations, the bulk-like one and the one trapped in the network, but we were not able to distinguish a dynamically intermediate one. Moreover, we were not able to distinguish any relaxation mode of the network.

We present here further investigations of the solvent behaviour on the pico to nanosecond timescales, and its behaviour in temperature across the gel-sol transition. We also report our first results of transient grating spectroscopy which provide, through the measurement of the speed of sound, valuable information on the gelators-liquid interactions.

Material and Methods

Samples. α-manno was bough from Orgentis Chemicals and dried under vacuum, and deuterated toluene from Sigma-Aldrich. Samples were prepared by dissolving the gelators powder in the solvent at 80 o C, the gel forming during the (not controlled) cooling to room temperature. Gels in toluene were prepared under inert atmosphere, gelators were previously dried under vacuum and toluene over molecular sieve, in order to avoid any water contamination that may lead to partial crystallisation [8]. Typical concentration of 10 to 50 g/L were used, depending on the sample and the experiment. The sol-gel transition of α-manno in water and toluene, although varying with the concentration, is in our cases around 70 o C in water and 55 o C in toluene. [9] Neutron scattering. Time of flight measurements were performed at the Institut Laue Langevin (France) on IN5 [10] with an incident wavelength of 5 Å, leading to a FWHM resolution of 100 µeV and a Q range of [0.2, 2.2] Å-1 . Neutron Spin echo measurements were performed on the spectrometer MUSES at the Laboratoire Léon Brillouin (France) [11] at individual Q values of 1.2, 1.4 and 1.8 Å-1 , and discrete time values ranging from 0.1 to 160 ps. Deuterated water and toluene were used, with protonated gelators.

Transient Grating. The Transient Grating (TG) setup, as used in the present experiment, enables the characterisation of the longitudinal acoustic wave. Two pump pulses of 400 ps at 1064 nm (Teem Photonics Powerchip 90) interfere on the sample on which they photo-induce a transient refractive index grating, due to slight heat deposition and electrostriction. The probe beam, a monomode longitudinal cw laser at 532 nm (Cobolt Samba 1W) is diffracted by this transient grating. The diffracted intensity is monitored as a function of time with a 150 MHz Si amplified photodiode (Thorlabs) and a 3.5 GHz Lecroy oscilloscope. The heterodyne detection is achieved thanks to a phase grating that gives the direct condition of phase matching of the four necessary beams (two pumps, one signal and one reference). The momentum transfer Q = |k i -k f | at which are measured the relaxations is then given by the period of the photoinduced grating, Q = 0.63 µm -1 in our setup. The heat deposited in the bright interference fringes creates a density grating, launching two counterpropagating density waves adding into a stationary wave. The diffracted intensity of the probe therefore oscillates with the period of the acoustic wave and the oscillations vanish with the acoustic damping time. Additionally, the electrostrictive effect increases the amplitude of the density wave, with a phase of π with respect to the thermal effect. At longer times, the grating eventually vanishes with the thermal diffusivity characteristic time. The data can then be fitted according to the phenomenological equation [12]:

I T G = A • (e (-t/τth) -e -t/τs ) • cos(ωt) + B • e -t/τs • sin(ωt) (1) 
were ω = c • q is the pulsation of the acoustic wave, q the momentum transfer and c the speed of sound in the sample ; τ th and τ s are respectively the thermal diffusivity and sound damping time constants ; A and B are respectively the amplitudes of the signal arising from the heat deposition and the electrostrictive effect. In any case, the absorption of the pump beam is not sufficient to induce the melting of the gel.

Results and discussion

Relaxation dynamics

Previous investigations based on quasi elastic neutron scattering enabled a quantitative evaluation of the number of solvent molecules trapped in the network formed by gelators, thanks to an analysis of the elastic intensity [7]. In a general way, the elastic intensity in a QENS spectrum is indeed given by the atoms that are immobile on the timescale of the instrumental resolution, plus the contributions that arise from geometrically confined relaxations, like the rotation. The immobile atoms contribute with a Q-independent signal, while atoms undergoing rotational motion contribute with an intensity dropping at high Q. We assume in our system that the molecules participating to the rigid network are translationally immobile, although they may undergo rotational or other large amplitude motions. Rigorously, the elastic peak arises therefore only in presence of the rigid network. However, in an experiment, the width associated with translational dynamics at small Q may become too small to broaden the resolution and the intensity may appear as elastic. Following this hypothesis, our previous analysis [7] showed that in water and toluene, about 4 and 10 solvent molecules, respectively, participate to the elastic intensity, therefore with slower relaxation than ∼ 1.3 ns, a timescale given by the combination of the Time of Flight and Backscattering techniques. We were moreover able to distinguish only two solvent populations: the immobile one, and the one with bulk characteristics. As a function of temperature, the elastic peak remains a signature of the gel phase, as we show here in the case of α-manno in water. The quasi-elastic spectra were fitted by a sum of lorenzian contributions, arising from translational and rotational diffusion, and the elastic contribution arising mainly from immobile atoms. As can be seen on the figure 1 the rotational and translational contributions present the same characteristics as bulk water (data not shown). No intermediate population is observed, and in the solution, the presence of gelators is not detected in the diffusion coefficient of water.

Neutron spin echo enables to probe the dynamics directly in the time domain, reaching longer times than the previously used techniques. In this experiment, we used protonated gelators in perdeuterated solvents, α-manno in toluene-d7 and D 2 O, with the aim of characterising an eventual slower solvent population than the one having bulk characteristics, and the dynamics of the self-assembled gelators chains. Regarding the solvent, we would therefore get information on the collective dynamics rather than the self diffusion.

Results are shown in the figure 2. Times were probed up to 150 ps. However, no additional relaxation with respect to previous observations could be identified. The translational diffusion of solvent gives the decrease of polarisation at short times, and no further decay could be observed. Because of instrumental problems during the experiment, we were not able to conclude about the dynamics between 150 ps and 1.4 ns.
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Sound velocity

Using transient grating spectroscopy, we were able to measure the sound velocity, as extracted from the fitting procedure according to equation ( 1), as a function of temperature in a mixture of α-manno -toluene and α-manno -water, and compare it with the pure liquids. The speed of sound in a liquid is related to the ratio between the bulk modulus, or inverse of isothermal compressibility, and the density by the relation c 2 = B ρ = 1 χT ρ . In our case, the measurement of the sound velocity therefore gives information on the interactions between solvent and gelators, through the density and rigidity variations with respect to the pure liquid. The results of the evolution of the speed of sound over a temperature range crossing the sol-gel transition are presented in the figure 3.

In toluene, which behaves like most of the liquids, the sound velocity decreases with temperature, although the density of toluene between 30 and 90 o C decreases from 857.5 and 799.9 kg/m 3 [START_REF] Mclinden | A liquid density standard over wide ranges of temperature and pressure based on toluene[END_REF]. This variation would lead to an increase in the sound velocity of 3.5 %, while a decrease of 20 % is observed, therefore caused by a decrease of the bulk modulus. In the α-manno -toluene gel at 20 g/L, we observe an increase in the sound velocity of 3.7 % with respect to pure toluene. This difference is strikingly constant over the whole temperature range, in particular in the gel as well as in the solution. The interactions between α-manno and toluene therefore lead to an increase of density and/or of the compressibility of the liquid, independently of the assembling of the α-manno molecules in the solvent.

Differently, water exhibits an increase of the speed of sound with temperature up to a maxima around 70 o C because of a minimum in the density and a minimum in the compressibility [START_REF] O'connor | [END_REF]15]. When α-manno is mixed to water, at high temperature, a decrease of speed of sound is observed. And unlike in the toluene case, the deviation from pure water is not constant over the whole temperature range but progressively vanishes when temperature decreases.

These observations have to be confronted with the supramolecular organisation of the gelators in both liquids. In water, aromatic rings are piled and hydrogen bonds are formed between water and the sugar moieties, creating a hydration shell around the sugar parts and disturbing the hydrogen bond water network. Upon gelation, the difference between the gel and the pure solvent vanishes. According to previous results, around 10 to 14 water molecules are involved in the rigid structure of the gel. This evolution indicates a reorganisation of the hydrogen bounding between gelators and water during the transition, with a water structure perturbed in the solution and closer to a bulk behaviour in the gel phase.

The gel formed in toluene behaves in the opposite way. The gelators assemble through hydrogen bonds and aromatic parts are solvated by the toluene molecules. The gelators may readily form dimers in the sol phase, leading to more rigid objects in the sample and decreasing the overall compressibility or density. When the temperature decreases, the reduced thermal agitation enables larger network of gelators to form, but in average the compressibility and density of the system do not change.

Conclusions

We investigated the behaviour of an amphiphile gelator, α-manno, in two different liquids, toluene and water. We showed that in a quasi-elastic neutron scattering measurement, the elastic peak provides a signature of the gel phase, without im- portant variation up to the melting of the gelators network. Some solvent molecules are trapped in the network, but their relaxation time could not be measured neither by QENS technique nor by Neutron Spin Echo. The dynamics of the non covalent chains formed by the gelators may be characterised using NSE, but combined with the use of perdeuterated gelators. Simultaneously, Transient Grating proves to be a valuable technique to probe the gelators-solvent interactions, showing opposite behaviour of the gels with respect to the pure liquid when formed in liquid of different properties. More quantitative information will be extracted with the knowledge of density over the whole temperature range.
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 11 Figure 1. Temperature dependence of the elastic peak intensity in α-manno-water, measured on IN5 (ILL).
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 2 Figure 2. NSE measured on MUSES (LLB) on various gel samples at room temperature.
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 3 Figure 3. Sound velocity measured by Transient Grating techniques on both gels and pure liquids as a function of temperature.
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