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exhibit key attractive features: they are biocompatible, inherently accessible as enantiomerically pure compounds, while they can be easily modified with chemical groups to tune their solubility/aggregation properties, and/or bring new functionalities. To date, α-amino acid-based LMWGs have been developed only for aqueous and organic media. Perfluorocarbons (PFCs) are the least polar and least polarisable known fluids. On the π* scale of solvent polarity/polarizability, perfluoorooctane has an extremely low value of -0.41 compared to cyclohexane which defines 0, while water is at 1.09. 4 As a consequence PFCs form biphasic systems at room temperature with water and organic solvents, including alkanes. PFCs are non-toxic biocompatible liquids, nonflammable, chemically inert and dissolve gases in large amounts including O2 and CO2. [START_REF] Gladysz | Fluorous solvents and related media[END_REF] Therefore, PFC gels/emulsions 6 have strong potential for bioapplications requiring oxygen delivery such as blood substitutes, [START_REF] Riess | [END_REF] wound-healing treatments, 8 photodynamic therapy (PDT), 9 or cell culture. 10 Also, PFCs are the liquids which exhibit the lowest intermolecular cohesiveness, a key property of high performance lubricants. On the other hand, such low cohesiveness makes PFCs very challenging to gelate. To date, only a few LMWGs of PFCs have been described (Fig. 1). 11 These gelators were shown to gelate PFCs including perfluorodecalin (PFD), n-perfluorooctane, perfluorotributylamine (FC-43), perfluorotripentylamine (FC-70), bromoperfluorooctane, or the 1,1,1,2,2,4,4,5,5,5decafluoropentan-3-one. From previous results it thus emerged that PFC gels of an α-amino acid-derived LMWG might be of great value for biomedical applications such as PDT. Here we report the first example of an α-amino acid-based LMWG for PFCs. In this preliminary account, the synthesis of the fluorous sodium L-prolinate 1 (Fig. 1), its gelating properties and the characterization of the PFC gels using rheology, microscopy, vibrational circular dichroism and modelling studies, are described. Preliminary data on photosensitized singlet oxygen generation in a gel of perfluorodecalin are also reported.

1 Molecular structures of LMWGs for perfluorocarbons.

Fluorous sodium L-prolinate 1 was prepared in 3 steps from 3,5diiodobenzoic acid and L-proline methyl ester (see ESI, Fig. S1). Solubility tests showed that 1 is insoluble at room temperature in water, organic solvents and PFCs. Moreover, gelation tests revealed that 1 was unable to gelate water or any of the organic solvents tested (see ESI). Conversely, 1 is an excellent gelator for PFCs. The gels were obtained by dispersing 1 by sonication (0.5 mL of solvent in 2 mL vials), followed by rapid heating to the solvent boiling point to obtain a transparent solution, before cooling down to 20 °C. Remarkably, fully transparent gels (Fig. 2) for perfluoromethylcyclohexane (PFMC, bp 76 °C, d 1.79 g/cm 3 ), perfluorodecalin (PFD, bp 142 °C, d 1.92 g/cm 3 ) and perfluorotripentylamine (FC-70, bp 215 °C, d 1.93 g/cm 3 ) containing as little as 0.5-0.6 wt% of 1 for PFD and PFMC, and 1 wt% for FC-70, were obtained. These weight fractions correspond to the lowest gelation concentrations of 9.5 mM and 17 mM, respectively. Gels of n-perfluoorooctane (bp 103-104 °C, d 1.77 g/cm 3 ) were successfully prepared as well, but syneresis occurred within minutes after gelation. Interestingly, the hydrofluoroether HFE-7500 could also be gelated by 1 with a minimum gelling concentration of 9.5 mM (0.56 wt%) yielding a fully transparent gel (Fig. 2). The linear viscoelastic properties of perfluorodecalin gels were characterized using a parallel-plate geometry connected to a stress-controlled rheometer. The sample temperature is controlled by a Peltier module placed under the bottom plate. The liquid PFD solutions were introduced at a temperature of about 120 °C in the geometry pre-heated at 80 °C, which is then sealed with a layer of Sunflower seed oil to prevent evaporation over the duration of the experiment. The gelation was induced by a decreasing ramp of temperature from 80 °C down to 20 °C (Fig. 3a), while the viscoelastic properties were monitored by small amplitude oscillations. As illustrated in Fig. 3b for a sample containing 3 wt% of 1, the elastic modulus ( ′) and the viscous modulus ( ′′) increase during the temperature ramp before reaching steady-state values after 20 min verifying ′ ≫ ′′ , which means that the sample, initially liquid, turned into a soft solid. Beyond the gelation point associated with the crossing point of ′ and ′′ at a temperature higher than 70 °C, the sample experiences a vertical contraction, as evidenced by the decrease of the gap width separating the two plates (see grey symbols in Fig. 3b). This contraction is strongly reminiscent of that observed during the gelation of solutions of polysaccharides such as agarose and carrageenan, 12 although here the contraction takes place after the gelation point. Repeating these rheological measurements on samples prepared with different gelling contents c shows that the terminal elastic modulus ′ increases as a power law of c (Fig. 3c), which is a common feature of polymer gels. [START_REF] Djabourov | Physical gels from biological and synthetic polymers[END_REF] Finally, the sample contraction seems to increase for increasing amount of gelling agent (Fig. 3d). As gelator 1 is chiral, we used vibrational circular dichroism (VCD) to characterize the PFC gels. The infrared (IR) and VCD spectra measured for 1 wt% of 1 in PFD are reported in Fig. 4 in the 1700 -1550 cm -1 spectral range, since no VCD contribution appears at lower wavenumbers (Fig. S2). The rotation of the cell around the light beam axis gave no change in the VCD spectra (Fig. S3), revealing no linear dichroism contribution. A strong positive couplet is observed around 1660 cm -1 with negative and positive components at 1664 and 1658 cm -1 , respectively, assigned to the stretching vibration (νC=O) of the amide carbonyl group located at 1661 cm -1 in the IR spectrum (See the calculated IR spectra Fig. S10). This couplet arises from the coupling of adjacent carbonyl groups (transition dipole coupling model) in the helical supramolecular structure. [START_REF] Tinoco | [END_REF] Furthermore, the intensity of this couplet is related to the number of molecules in the supramolecular structure. 15 The anisotropic ratio (also called g factor) 16 is equal to 0.0064 ± 0.0001, which is in the range of values obtained for amyloid fibrils, 17,18 and ten times lower than values obtained for fluorinated gelators based on 1,2-diaminocyclohexane. 19 Three other VCD bands of weak and negative intensities are observed at 1631, 1623 and 1614 cm -1 , related to the antisymmetric stretching vibration (νaCOO -) of the carboxylate groups and coupled modes with the amide νC=O vibration (Fig. S10). The g factor of the νaCOO -band (-2.4 ×10 -4 ) is significantly lower than the one of the amide carbonyl band. Information about the chirality of perfluoroalkyl chains between 1300 and 1100 cm -1 is not possible in our study due to the interference associated with the strong absorptions of the PFD solvent in this region. Finally, replacing the sodium counterion with potassium results in a small decrease of the g 
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Please do not adjust margins factor for the couplet related to the carbonyl band, with a value equal to 0.0058 ± 0.0002 (Fig. 4). To get more insights on the native 3D fibrillar network of PFC gels, Cryo-Scanning Electron Microscopy (cryo-SEM) and Atomic Force Microscopy (AFM) were used (Fig. 5). First, we emphasize that we could not observe fibers deposited on a surface that are devoid of solvent. This is because the fluorous fibers do not adhere on the carbon grid or the glass coverslip on which they are deposited, but migrate with the solvent front upon evaporation, to reach a point where their density becomes too high to allow their observation. Consequently, attempts to exploit classical high-resolution TEM or SEM techniques failed.

On the contrary, the microstructure of a perfluorodecalin gel was obtained by cryo-SEM. The sample was prepared by fracturing the upper surface of a quickly frozen piece of gel followed by short sublimation of the solvent (2 min at -90 °C) before metallization with a thin layer of platinum. Fig. 5a and Fig. S5 reveal that in the perfluorodecalin solvent the gel is composed of a dense network of nanofibrils, the average diameter of which is about 10 nm. Higher-resolution images were obtained by AFM, in particular using alternative contact mode phase image, which provides images of the fibrils that are still surrounded by the solvent (Fig. 5b, Fig. S6-S8). These images unambiguously show the presence of nano-helices that are all left-handed (M), whose average width is 10.6 ± 2.4 nm, in agreement with the width observed by cryo-SEM, while the average pitch is 13.1 ± 4.1 nm (Fig. S9). Taken together, the IR, VCD and microscopy studies reveal a gelation mechanism in which the fluorous proline 1 self-assembles in PFCs into a dense network of thin M nano-helices leading to very effective formation of gels.

When considering the possible mechanism of the molecular self-assembly leading to the fiber formation, previous studies on LMWGs have revealed that the carboxylate-sodium interaction was a key driving force in the gelation processes. 3a,11d,20 The carboxylic acid of 1, which exhibits improved solubility compared to 1, fails to gelate the PFCs but leads to the formation of crystalline materials instead.

Comparison of the experimental IR spectrum of the PFD gel of 1 with the calculated spectra for four structures of 1 having various carboxylate/Na + ratios and binding modes (structures A-D in Fig. S10), led us to propose structure D as the most likely.

In this structure, each carboxylate is coordinated to three sodium ions by both non-bridging bidentate and bridging bidentate coordination modes, with the oxygen atom of the amide group also binding one sodium. Upon self-assembly, such arrangement should favour the formation of coordination polymers that could drive the elongation process necessary to form fibers. Notably, such carboxylate/sodium binding modes are found in the X-ray structures of compounds structurally related to 1, namely, the antihypertensive drug Fosinopril Sodium 2, 21 and the sodium salt of the (R)-Phenylalanine functionalized norbornene 3, 3a a LMWG for organic solvents (Fig. S11a). In the crystal, these compounds are assembled into coordination polymers forming 1D infinite double-strands for 2 (Fig. S11b), 21 or helical columns for 3. 3a Finally, having in mind the potential of PFCs gels for application in topical PDT we conducted, for the first time, studies on the photogeneration of singlet oxygen in a PFC gel. Gels of perfluorodecalin containing the highly fluorophilic porphyrin 4 9a,22 as photosensitizer (6.8 x 10 -5 M) were prepared (Fig. S12), and the amount and lifetime of 1 O2 generated by photoirradiation by irradiation at 532 nm were evaluated. We find that for a 0.6 wt% PFC gel, the amount of 1 O2 luminescence detected (λmax = 1270 nm) is about 4.5 lower than that of the PFD porphyrin solution, as shown in Fig. 6. This result is mirrored by the 1 O2 lifetime, which decreases from 17.3 ms in solution to 3.7 ms in the gel, i.e. by a factor of about 4.7. A similar radiative rate constant can, therefore, be inferred in solution and inside the gel, while non-radiative deexcitation processes are enhanced which is consistent with modest dynamic quenching of 1 O2 by interaction with 1. Also, a Stern-Volmer type analysis (Table S1, Fig. S13) shows a linear dependence of singlet oxygen luminescence quenching in gels with increasing concentrations of gelator molecule (quencher) consistent with dynamic quenching, rather than coconfinement-enhanced quenching. Despite that, the long 1 O2 lifetime (which determines its effective diffusion distance) of 3.7 ms measured in the 0.6 wt% PFD gel is still much higher than those measured in acetonitrile (54.4 µs), benzene (26.7 µs) or water (4 µs). 23,24 To conclude, we have shown that the fluorous sodium Lprolinate 1 self-assembles in perfluorocarbons to form a threedimensional network of left-handed nano-helices resulting in the formation of transparent PFC gels. Combined IR and modelling studies suggest that the fiber elongation process This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins originates from the formation of a coordination polymer. Data showing the long singlet oxygen lifetime in PFC gels are also reported. These results bode well for application of such transparent biocompatible PFC gels for PDT, gels which should facilitate topical application on skin, while favouring woundhealing and effective 1 O2 delivery. 

Fig. 2

 2 Fig. 2 Photos of PFD, PFMC and HFE-7500 gels (inverted test tubes) at 9.5 mM, and a FC-70 gel at 17 mM.

Fig. 3

 3 Fig. 3 (a) Temperature ramp imposed on the sample to induce gelation. The cooling rate is 5°C/min. (b) Evolution of the elastic (G,' in red) and viscous modulus (G," in blue) measured by oscillations of small amplitude (strain γ = 0.01%) during the formation of a perfluorodecalin gel composed of 3 wt% of 1. The continuous lines correspond to a box average of the data. The experiment is performed at constant normal force ( 0N), while the gap width (initial value ℎ ) is free to adapt to maintain such a constrain. The relative change in the gap width is plotted as grey open squares (right axis). The sample contracts by about 3% over the gelation transition. (c) Evolution of the terminal values of the elastic modulus ′ with the amount of 1 reported in logarithmic scales. The red line corresponds to the best power-law fit of the data: ′ 0.26 0.01 . .. The error bar was determined by repeating three times the experiment on the 3% sample.(d) Maximal relative gap decrease ∆ℎ/ℎ during gelation of samples with different contents in 1.

Fig. 4

 4 Fig. 4 VCD (top) and IR (bottom) spectra measured for 1 wt% perfluorodecalin gels of 1 (solid line), and fluorous potassium L-prolinate derivative (dotted line) in PFD solvent.

Fig. 5

 5 Fig. 5 (a) Cryo-SEM image (scale bar 1 µm) of a perfluorodecalin gel of 1 (0.5 wt%, see the text and ESI for details on sample preparation). (b) AFM phase image (scale bar 100 nm) of a perfluorodecalin gel of 1 (1 wt%) recorded during solvent evaporation (See ESI for experimental details). (c) Zoom on a helix (scale bar 25 nm).

Fig. 6

 6 Fig.6Singlet oxygen phosphorescence from a perfluorodecalin solution (red line) of porphyrin photosensitizer 4 (6.8 x 10 -5 M, λex = 532 nm) and corresponding opticallytransparent gel (black line) comprising gelator 1 (0.6 wt%).
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