Molecular Rotors for In Situ Viscosity Mapping during Evaporation of Confined Fluid Mixtures
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Numerous formulation processes of materials involve a drying step, during which evaporation of a solvent from a multi-component liquid mixture, often confined in a thin film or in a droplet, lead to concentration and assembly of non volatile compounds. While the basic phenomena ruling evaporation dynamics are known, a precise modeling of practical situations is hindered by the lack of tools for local and time-resolved mapping of concentration fields in such confined systems. In this article, the use of Fluorescence Lifetime Imaging Microscopy and of Fluorescent Molecular Rotors is introduced as a versatile, in-situ and quantitative method to map viscosity and concentration fields in confined, evaporating liquids. More precisely, the cases of drying of a suspended liquid film and of a sessile droplet of mixtures of fructose and water is investigated. Measured viscosity and concentration fields allow to characterize drying dynamics, in agreement with simple modeling of the evaporation process.

I. INTRODUCTION

Material formulation generally involve phase changes: process indeed often start with liquid mixtures to benefit from their ability to flow for casting in a desired configuration, before a step of evaporation of solvent to obtain a solid deposit. Most of coatings start under the form of films of liquid suspensions spread over substrates [START_REF] Zhang | A review of dispersion film drying research[END_REF], as for paints [START_REF] Van Der Kooij | Quantitative imaging of heterogeneous dynamics in drying and aging paints[END_REF][START_REF] Honzíček | Curing of air-drying paints: A critical review[END_REF] or lithium-ion batteries [START_REF] Zhang | Capillary nanowaves on surfactantladen liquid films with surface viscosity and elasticity[END_REF] among other examples. Evaporating sessile droplets over solid substrates are also an important geometry, that can be encountered in various applications like spray cooling [START_REF] Kim | Spray cooling heat transfer: The state of the art[END_REF], chemical and biological assays [START_REF] Garcia-Cordero | Sessile droplets for chemical and biological assays[END_REF], medical diagnosis [START_REF] Chen | Blood drop patterns: Formation and applications[END_REF][START_REF] Hertaeg | Pattern formation in drying blood drops[END_REF][START_REF] Pal | Drying of bio-colloidal sessile droplets: Advances, applications, and perspectives[END_REF], spreading of pesticides [START_REF] Yu | Evaporation and coverage area of pesticide droplets on hairy and waxy leaves[END_REF] or material self-assembly [START_REF] Heo | Evaporation-driven supraparticle synthesis by self-lubricating colloidal dispersion microdrops[END_REF]. In the past decades, such configuration witnessed an increased interest in the context of inkjet printing [START_REF] Lohse | Fundamental fluid dynamics challenges in inkjet printing[END_REF], which has overcome the usual application of printing on paper [START_REF] Gans | Inkjet printing of polymers: State of the art and future developments[END_REF][START_REF] Williams | Ink-jet printers go beyond paper[END_REF] to become a cheap and versatile method for additive manufacturing, employed for flexible organic and inorganic electronics [START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF][START_REF] Kateri | Additive jet printing of polymer thin-film transistors[END_REF][START_REF] Kawase | Inkjet printing of polymer thin film transistors[END_REF][START_REF] Singh | Inkjet printing-process and its applications[END_REF][START_REF] Stringer | Integration of additive manufacturing and inkjet printed electronics: a potential route to parts with embedded multifunctionality[END_REF][START_REF] Mattana | Inkjet-printing: A new fabrication technology for organic transistors[END_REF][START_REF] Beedasy | Printed electronics as prepared by inkjet printing[END_REF], light-emitting devices [START_REF] Dijksman | Precision ink jet printing of polymer light emitting displays[END_REF], pharmaceutical products [START_REF] Daly | Inkjet printing for pharmaceutics -a review of research and manufacturing[END_REF], biomaterials [START_REF] Saunders | Inkjet printing biomaterials for tissue engineering: bioprinting[END_REF] or filtration membranes [START_REF] Wang | Inkjet printing technique for membrane fabrication and modification: A review[END_REF].

From a fundamental point of view, the dynamics of evaporation of a liquid is an old problem [START_REF] Thomas | On evaporation from a circular water surfaces[END_REF][START_REF] Thomas | On the reduction of transpiration observations[END_REF][START_REF] Jeffreys | Some problems of evaporation[END_REF][START_REF] Langmuir | The evaporation of small spheres[END_REF], and has been the subject of intense experimental and modeling efforts for decades. Evaporation dynamics is set by diffusion and convection of volatile species in the surrounding vapor, which drives temperature changes through evaporative cooling, and internal flows, either due to evaporation or to solutal and/or thermal Marangoni effect [START_REF] Cazabat | Evaporation of macroscopic sessile droplets[END_REF][START_REF] Erbil | Evaporation of pure liquid sessile and spherical suspended drops: A review[END_REF][START_REF] Gurrala | A review on the evaporation dynamics of sessile drops of binary mixtures: Challenges and opportunities[END_REF][START_REF] Wang | Wetting and evaporation of multicomponent droplets[END_REF][START_REF] Gelderblom | Evaporation-driven liquid flow in sessile droplets[END_REF][START_REF] Wilson | Evaporation of sessile droplets[END_REF]. In presence of non-volatile solutes, pinning of the contact line can occur, leading to the so-called coffee-ring effect [START_REF] Routh | Drying of thin colloidal films[END_REF][START_REF] Larson | Transport and deposition patterns in drying sessile droplets[END_REF][START_REF] Zang | Evaporation of a droplet: From physics to applications[END_REF], and progressive concentration can lead to crystallization at the edge of the drop [START_REF] Shahidzadeh | Salt stains from evaporating droplets[END_REF]. The situation is thus complex, involving diverse phenomena at multiple and entangled scales, and a comprehensive understanding is still elusive, even for the simplest case of a pure liquid.

While temperature and velocity fields can be characterized using infrared thermal imaging and Particle Image Velocimetry for instance [START_REF] Dhavaleswarapu | Experimental investigation of evaporation from low-contact-angle sessile droplets[END_REF][START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF][START_REF] Chen | Marangoni flow induced evaporation enhancement on binary sessile drops[END_REF], methods for measuring local composition are scarce, despite the essential role of concentration field on the evaporation dynamics [START_REF] Diddens | Modeling the evaporation of sessile multi-component droplets[END_REF][START_REF] Diddens | Evaporating pure, binary and ternary droplets: thermal effects and axial symmetry breaking[END_REF]. This absence of appropriate tools for mapping local concentration has hindered progress in the study of evaporation of multi-component systems, in particular in the case of molecular compounds that cannot be directly observed by optical microscopy. Relevant techniques should indeed allow for an in situ and minimally intrusive characterization of such confined systems. Some methods, like X-ray tomography [START_REF] Weon | Convection-enhanced water evaporation[END_REF] or Schlieren and infrared tomography [START_REF] Kelly-Zion | Vapor distribution above an evaporating sessile drop[END_REF], have been used to measure local density in sessile droplets and the surrounding vapor in the case of pure fluids but they cannot be used to determine concentration in the case of mixtures. Various other techniques, including infrared spectroscopy [START_REF] Innocenzi | Evaporation of ethanol and ethanolwater mixtures studied by time-resolved infrared spectroscopy[END_REF], Laser Induced Fluorescence and Raman scattering [START_REF] Hopkins | Evaporation of ethanol/water droplets: Examining the temporal evolution of droplet size, composition and temperature[END_REF], acoustic reflectometry and spectroscopy [START_REF] Chen | Evaporation of binary sessile drops: Infrared and acoustic methods to track alcohol concentration at the interface and on the surface[END_REF][START_REF] Zhang | In situ ultrasound acoustic measurement of the lithium-ion battery electrode drying process[END_REF], Injected Gas Chromatography [START_REF] Kita | Quantifying vapor transfer into evaporating ethanol drops in a humid atmosphere[END_REF], refractometry [START_REF] Ozturk | Simple model for diffusion-limited drop evaporation of binary liquids from physical properties of the components: Ethanol-water example[END_REF] and tensiometry [START_REF] Raj | Measurement of the surface concentration (liquid) of an evaporating multicomponent droplet using pendant droplet method[END_REF] allowed to determine the evolution of concentration in time, yet without any spatial resolution. Finally, very few studies managed to measure concentration fields with both spatial and temporal resolution: they for instance used spatially resolved NMR [START_REF] Kresse | One dimensional magnetic resonance microscopy with micrometer resolution in static field gradients[END_REF][START_REF] Kresse | Evaporation of sessile binary mixture droplets: Time dependence of droplet shape and concentration profile from one-dimensional magnetic resonance microscopy[END_REF] possibly coupled with Raman spectroscopy [START_REF] Bell | Concentration gradients in evaporating binary droplets probed by spatially resolved raman and nmr spectroscopy[END_REF], interferometry to detect changes of refractive index (mostly in the vapor surrounding the droplet) [START_REF] Dehaeck | Evaporating cocktails[END_REF][START_REF] Dehaeck | Vapor-based interferometric measurement of local evaporation rate and interfacial temperature of evaporating droplets[END_REF] or fluorophores sensitive to local solvent environment [START_REF] Cai | Aggregation-induced emission luminogen-based direct visualization of concentration gradient inside an evaporating binary sessile droplet[END_REF]. While these techniques offer interesting opportunities to characterize the evaporation of liquid film and droplets, they all suffer some restrictions either on the geometry of the system or on the studied compound and alternative measurement technologies are still of high interest.

In mixtures, drying is usually associated with an increase of the viscosity, in relation with progressive concentration of the non-volatile species. This makes viscosity an interesting parameter to monitor, as a proxy for concentration and as it moreover directly impacts the flows inside the fluid. Mechanical measurements have for instance been performed during drying of colloidal suspensions by measuring macroscopic viscosity with conventional rheometry [START_REF] Lehéricey | Time-resolved rheometry of drying liquids and suspensions[END_REF] or the evolution of normal force during drying [START_REF] Bouchaudy | Drying-induced stresses before solidification in colloidal dispersions: in situ measurements[END_REF], but in-situ and non-intrusive tools for viscosity characterization are lacking [START_REF] Barnes | On-line or process viscosimetry -a review[END_REF].

Fluorescent Molecular Rotors (FMR) are fluorophores whose fluorescence properties (intensity and lifetime) depend on local viscous dissipation: they thus offer an opportunity for local viscosity mapping. More precisely, their relaxation from an excited state can follow two competing paths, by undergoing either a conventional radiative relaxation, or a nonradiative relaxation associated with twisting and rotational motion of the molecule. In the latter case, interactions with the surrounding fluids, quantified by the so-called microviscosity, affect the relaxation rate, resulting in an enhanced fluorescence (intensity and lifetime) in more viscous environments, which impede rotational motion. Even if the relation between microviscosity and conventional viscosity is still unclear [START_REF] Gulnov | Contrasting relationship between macro and microviscosity of the gelatin-and starch-based suspensions and gels[END_REF][START_REF] Bittermann | Disentangling nano-and macroscopic viscosities of aqueous polymer solutions using a fluorescent molecular rotor[END_REF][START_REF] Mirzahossein | Molecular rotors to probe the local viscosity of a polymer glass[END_REF], both quantities are correlated. Consequently, provided a preliminary calibration of the response of fluorescence to viscosity, measurement of the fluorescence allows to retrieve spatially resolved viscosity maps [START_REF] Haidekker | Molecular rotors -fluorescent biosensors for viscosity and flow[END_REF][START_REF] Haidekker | Environment-sensitive behavior of fluorescent molecular rotors[END_REF][START_REF] Haidekker | Ratiometric mechanosensitive fluorescent dyes: design and applications[END_REF]. The possibility to exploit fluorescence lifetime instead of intensity is particularly appealing. Indeed, despite requiring a Fluorescence Lifetime Imaging Microscope (FLIM) instead of a conventional fluorescence microscope, lifetime is only sensitive to local viscosity, and not on local excitation intensity or fluorophore concentration, which avoids tedious calibration steps and limits measurement errors [START_REF] Suhling | Time-resolved fluores-cence microscopy[END_REF][START_REF] Van Munster | Fluorescence lifetime imaging microscopy (flim)[END_REF][START_REF] Festy | Imaging proteins in vivo using fluorescence lifetime microscopy[END_REF].

FMR have initially been introduced in the context of bioimaging and used to image semi-quantitatively viscosity changes in biofluids and inside cells [START_REF] Kung | Fluorescent molecular rotors: A new class of probes for tubulin structure and assembly[END_REF][START_REF] Akers | Precision assessment of biofluid viscosity measurements using molecular rotors[END_REF][START_REF] Kuimova | Molecular rotor measures viscosity of live cells via fluorescence lifetime imaging[END_REF][START_REF] Wu | Molecular rheometry: direct determination of viscosity in L o and L d lipid phases via fluorescence lifetime imaging[END_REF][START_REF] Dent | Imaging phase separation in model lipid membranes through the use of bodipy based molecular rotors[END_REF][START_REF] Li | Nucleoside-based ultrasensitive fluorescent probe for the dual-mode imaging of microviscosity in living cells[END_REF][START_REF] Briole | Molecular rotors as intracellular probes of red blood cell stiffness[END_REF][START_REF] Bittermann | Surface-mediated molecular transport of a lipophilic fluorescent probe in polydisperse oil-in-water emulsions[END_REF]. More recently, they have became an interesting tool to monitor physicochemical transformations [START_REF] Raeburn | Using molecular rotors to probe gelation[END_REF][START_REF] Schmitt | Monitoring the formation of polymer nanoparticles with fluorescent molecular rotors[END_REF] and for the observation of nanoscopic contacts [START_REF] Suhina | Fluorescence microscopy visualization of contacts between objects[END_REF][START_REF] Weber | Molecular probes reveal deviations from amontons' law in multi-asperity frictional contacts[END_REF][START_REF] Weber | Frictional weakening of slip interfaces[END_REF][START_REF] Terwisscha-Dekker | Why teflon is so slippery while other polymers are not[END_REF]. However, it has been shown that they can also be used as quantitative viscosity probes in bulk fluids [START_REF] Garg | Palladium nanoparticles in glycerol/ionic liquid/carbon dioxide medium as hydrogenation catalysts[END_REF], in microfluidic flow [START_REF] Benninger | Time-resolved fluorescence imaging of solvent interactions in microfluidic devices[END_REF][START_REF] Bunton | Reconstruction by fluorescence imaging of the spatio-temporal evolution of the viscosity field in hele-shaw flows[END_REF][START_REF] Nalatamby | Molecular rotors for in situ local viscosity mapping in microfluidic chips[END_REF] or in confined lubricated flows [START_REF] Ponjavic | In situ viscosity measurement of confined liquids[END_REF].

In this paper, lifetime mapping of FMR using FLIM is introduced as a tool to measure local viscosity fields in evaporating, confined fluid mixtures, allowing to retrieve also concentration fields. A similar study has been done in the context of aqueous aerosols, but it only characterized equilibrium properties of rather homogeneous droplets [START_REF] Hosny | Fluorescent lifetime imaging of atmospheric aerosols: a direct probe of aerosol viscosity[END_REF].

First, the response of a BODIPY-based FMR was calibrated in the mixtures under study, allowing to retrieve viscosity and fructose concentration from lifetime measurements. Then, measurements in suspended liquid films are reported: in this case, concentration field was homogeneous, and its dynamics is qualitatively well captured by a simple model, confirming the relevance of FMR and FLIM for such study. Finally, viscosity mapping during the evaporation of sessile droplets is described, showing the interest of the method to characterize more complex geometry, involving heterogeneous concentration profiles.

This work thus illustrates the use of FMR and FLIM for monitoring the evolution of liquid mixtures in confined, submillimetric geometry. The method is very versatile as it only requires that the viscosity of the fluid evolves, and thus sets only little constraints on the type of system that can be characterized. It is also only little invasive, as only low FMR concentration (set to 10 -5 mol L -1 in this study) is required. Finally, measurement is purely optical and could be adapted for inline measurements, in particular by coupling it to a confocal 

II. MATERIAL AND METHODS

A. Preparation of solutions

In this study, evaporation of solutions of fructose in water were studied. Fructose was chosen as being a cheap and safe material, easy to formulate and leading to solutions of high viscosity. Also, this mixture is well characterized in the literature, in particular due to its relevance in food science [START_REF] Cerdeiriña | Thermodynamic properties of aqueous carbohydrate solutions[END_REF][START_REF] Darros-Barbosa | Temperature and concentration dependence of density of model liquid foods[END_REF][START_REF] Fucaloro | Partial molar volumes and refractions of aqueous solutions of fructose, glucose, mannose, and sucrose at 15[END_REF]. Solutions were prepared by dissolving fructose (purity ≥ 99 %, Sigma Aldrich F0127) in distilled water at ambient temperature, under magnetic agitation. Solutions of various mass fraction in fructose were prepared for further calibration and experiments.

The FMR used in this study was a BODIPY-based compound (see structure on Fig. 1) which was synthesized and characterized in a previous work [START_REF] Nalatamby | Molecular rotors for in situ local viscosity mapping in microfluidic chips[END_REF]. As its solubility in aqueous solutions was limited, FMR was initially dissolved in glycerol (fresh glycerol of purity ≥ 99 %, Sigma Aldrich G5516-1L), then diluted in the fructose/water solutions in order to reach a final mole concentration of FMR of 10 µmol L -1 in every solution. While this parameter has no impact on fluorescence lifetime measurement, it is important to keep it constant if fluorescence intensity measurements are carried out.

Consequently, the solutions under study are actually ternary mixtures of water, fructose and glycerol. Final fructose mass fractions w f of prepared solutions were between 0.5 to 0.7 (corresponding to molar concentration between about 0.1 mol L -1 and 0.2 mol L -1 ) and glycerol mass fraction w g were between 0.04 to 0.07 (corresponding to molar concentration around 25 mmol L -1 ).

Finally, for experiments on free standing liquid films, a surfactant (Sodium Dodecyl Sulfate of purity > 99 %, SDS, Sigma Aldrich) was added to solutions in order to stabilize the film at a mass fraction 0.1 % (corresponding to 0.12 mmol L -1 ). Considering these small amounts, presence of SDS will not be considered in further modeling. 

B. Fluorescence Lifetime Imaging Microscopy

Setup

Fluorescence lifetime τ of FMR was measured with a FLIM operating in the frequency domain (Lambert Instruments FLIM Attachment). FLIM device was mounted on an inverted microscope (Olympus IX71). According to the experiment, this microscope was equipped with different objective lenses, 1.25× (used for the study of sessile droplets) or 20× (used for suspended liquid films). A LED source of wavelength 451 nm was used close to the maximum of absorption of the FMR [START_REF] Nalatamby | Molecular rotors for in situ local viscosity mapping in microfluidic chips[END_REF]. Fluorescence emission was then collected by these objective lens and transmitted to the detector of a CCD camera, after passing through a long pass filter (440 nm -490 nm). The situation is represented on Fig. 2.

The CCD camera was equipped with a 504 × 512 px 2 detector. Once calibrated with a calibration target, a calibration factor was obtained (respectively about 20 µm/px and 1.25 µm/px for 1.25× and 20× objective lens). For every sample, exposure time was adjusted as a compromise between optimizing contrast of intensity and avoiding detector saturation, while keeping acquisition rate as fast as possible. Typically, an exposure time of 900 ms was used for sessile droplets and 1500 ms in the case of suspended liquid films. FLIM acquisition was carried out using a modulation frequency of f = 40 MHz and 12 acquisition phases with a 1× CCD gain.

Lifetime measurements were calibrated using free acid fluorescein (Sigma Aldrich, 46955-1G-F) in a buffered solution of pH = 10 with concentration 10 µmol L -1 as a reference, with tabulated lifetime τ ref = 4.02 ns [START_REF] Strickler | Relationship between absorption intensity and fluorescence lifetime of molecules[END_REF]. In all calibration and experiments, special care was taken to acquire the reference image in conditions as close as possible to these of the experiments [START_REF] Nalatamby | Molecular rotors for in situ local viscosity mapping in microfluidic chips[END_REF].

Transverse spatial resolution was limited by pixel size, and thus by the magnification of the objective lens. In the direction of light propagation, lifetime is averaged on the whole depth of field of the objective lens. In the present experiments, this can be estimated to a typical depth of a few 100 µm and of a few µm for 1.25× and 20× objective lens. Temporal resolution was limited by exposure time and by the number of acquired phases per image: for the number of phases used here, corresponding to maximal resolution, acquisition of one full image took about 10 s.

The setup used in this study was designed to measure lifetime typically in the range 0.7 ns -5 ns. Resolution on lifetime measurement was principally limited by noise level, and decreased for increasing lifetime. For the experiments performed with suspended liquid films, presented in Section III A, lifetime was homogeneous across the acquired images and fluctuations allowed to determine this noise level. At film formation, typical relative variations were of the order of 20 % for an average lifetime of 1.6 ns, close to the resolution limit of the apparatus. After about half hour of evolution, fluctuations were of the order of 10 % for an average lifetime of 2.2 ns. At steady state, relative fluctuations were reduced below 1 % for an average lifetime of 3.6 ns.

Image acquisition

Mapping of fluorescence lifetime was performed throughout the drying process, for both suspended liquid films and sessile droplets. In both case, initial time t = 0 was set at the creation of the film or at the deposition of the droplet: acquisition was launched a few seconds later after placing the system on the FLIM.

For suspended films, images were initially acquired at a rate of 2 min -1 during 90 min, then at a rate of 0.1 min -1 during the rest of the experiment, typically of a few hours and up to about one day. For sessile droplets, images were initially acquired at a rate of 2 min -1 during 6 h, then at a rate of 0.2 min -1 until 21 h of experiment. In Fig. 8, 12 and 13, only a part of the acquired data is displayed for better visualization.

Image analysis

Lifetime data were determined for each pixel using a homemade Matlab GUI application. For all experiments, a reference image was acquired with a droplet of fluorescein deposited on a microscope glass slide, placed at the same distance of the objective lens as the sample in the corresponding experiment. Also, a background image was acquired for further subtraction. On acquired pictures, some pixels were associated with inconsistent lifetime values (typically negative, or larger than 10 ns). This is usually associated with some dead pixels of the CCD camera, areas without fluid or with lifetime below resolution limits: they were thus removed from analysis. More explanations on signal analysis can be found in Appendix A and in Ref. [START_REF] Van Munster | Fluorescence lifetime imaging microscopy (flim)[END_REF].

For suspended films, as can be seen in Fig. 5 for pictures at low 1.25× magnification, lifetime was mostly homogeneous in the central part of the film. Images were then acquired in this region with a higher 20× magnification and lifetime was averaged.

For sessile droplets, as discussed below in Section III B, lifetime is heterogeneous but displayed an axial symmetry. The contact line of the droplet was detected by thresholding the images with Matlab software. As a circular shape was obtained, a circular fit was applied in order to retrieve the coordinate of the center of the droplet. From this center, radial profiles were thus extracted by performing angular averages.

C. Molecular rotor calibration

In order to calibrate lifetime response of the FMR to viscosity, its lifetime was measured in the different water/fructose/glycerol solutions, both with and without SDS, described in Section II A, and viscosity of the solutions were measured with a rheometer. Such calibration should be performed whenever the chemical nature of the species of the mixture is changed.

Rheometry

Rheological tests were conducted with a stress-controlled rheometer (Netzsch Kinexus) at a constant temperature of 20 • C. According to the viscosity of the solution to be measured, a roughened cone-plate geometry (4 • /40 mm) or a double gap Couette geometry (inner radius 24 mm, outer radius 27 mm) was used. In both cases, a shear rate ramp was applied (from 1 s -1 to 10 s -1 in cone-plate geometry; from 50 s -1 to 5 s -1 in Couette geometry). The studied solutions were newtonian, and averaged viscosities are reported in the following paragraphs.

Evolution of the viscosity η of the solutions with the mass fraction w f of fructose is displayed on Fig. 3(a). The results are similar for solutions containing surfactant (circle symbols) or not (square symbols), showing that the small amounts of SDS have no significant effect on the viscosity of the mixture.

Two batches of solutions were prepared: in the first batch (open circles), mass fraction of glycerol was kept constant at w g = 0.1; in the second batch (filled circles), an initial solution (mass fractions of glycerol w g = 0.1 and of fructose w f = 0.7) was progressively diluted by adding water, mirroring the evaporation that will be considered in later experiments. Similar lifetimes and viscosities were obtained in both cases. However, the measured viscosities were slightly higher than these reported for water/fructose mixtures [START_REF] Telis | Viscosity of aqueous carbohydrate solutions at different temperatures and concentrations[END_REF]. This shows that while glycerol has an impact on the properties of the mixture, its changes of mass fraction are too small to affect viscosity of the solution and response of the FMR.

The evolution of viscosity η with fructose mass fraction w f can be modeled along an exponential law:

η = η 0 e w f /w 0 , (1) 
with η 0 = 2.3 × 10 -2 mPa s and w 0 = 7.3 × 10 -2 . Such an exponential evolution has been commonly used to describe viscosity of mixtures of carbohydrates with water [START_REF] Telis | Viscosity of aqueous carbohydrate solutions at different temperatures and concentrations[END_REF].

Calibration

Drops of solution were deposited on a glass slide and lifetime τ of BODIPY-2-OH was measured as previously described for the different solutions, containing SDS or not. Its evolution with viscosity η is represented in Fig. 3(b). Lifetime increased with viscosity as expected, and followed a power law known as Förster-Hoffmann equation:

log τ = C + x log η, (2) 
where C is a constant and x is a dye-dependent exponent. When τ is expressed in ns and η in mPa s, the obtained values are respectively C = -0.66 and x = 0.48 in presence of SDS (circle symbols) and C = -1.31 and x = 0.76 without SDS (square symbols).

The constant C has no physical meaning but exponent x is independent on the concentration of the mixture and quantifies the sensitivity of the FMR to viscosity. Such a law has already been reported for the same rotor in glycerol/DMSO mixtures with exponent x = 0.6 [START_REF] Nalatamby | Molecular rotors for in situ local viscosity mapping in microfluidic chips[END_REF]. While it can be justified on physical basis [START_REF] Förster | Die viskositätsabhängigkeit der fluoreszenzquantenausbeuten einiger farbstoffsysteme[END_REF][START_REF] Loutfy | Fluorescence probes for polymer free-volume[END_REF], it should rather be seen as phenomenological and always experimentally validated before any use. It is indeed generally valid only on a certain range of viscosity values [START_REF] Dent | Imaging phase separation in model lipid membranes through the use of bodipy based molecular rotors[END_REF].

The value of the exponent x is also slightly sensitive to the nature of the species in the mixture [START_REF] Bittermann | Disentangling nano-and macroscopic viscosities of aqueous polymer solutions using a fluorescent molecular rotor[END_REF][START_REF] Dent | Imaging phase separation in model lipid membranes through the use of bodipy based molecular rotors[END_REF][START_REF] Li | Nucleoside-based ultrasensitive fluorescent probe for the dual-mode imaging of microviscosity in living cells[END_REF][START_REF] Briole | Molecular rotors as intracellular probes of red blood cell stiffness[END_REF][START_REF] Miao | Functionalized bodipys as fluorescent molecular rotors for viscosity detection[END_REF]] and more generally, on the environment of the FMR [START_REF] Nalatamby | Molecular rotors for in situ local viscosity mapping in microfluidic chips[END_REF]. This could be an explanation of the different values obtained in solutions with or without SDS. We can hypothesize that the surfactant preferentially surrounds FMR molecules, thus hindering rotational motion (corresponding to an increase of lifetime) and decreasing the sensitivity to microviscosity (corresponding to a decrease of exponent x). Such a claim would require further work for being validated. In the following, the value of x was obtained and used for each one of the studied solutions.

Finally, by comparing data (open and closed symbols), we can see that for the considered mixtures, the mass fraction of glycerol has little effect on the obtained results, consequently, viscosity and thus lifetime of the FMR are essentially determined by the fraction of fructose w f . Mass fraction could thus be obtained from our measurements by combining Eq. ( 1) and Eq. ( 2) along :

log τ = C ′ + w f w ′ 0 ( 3 
)
where

C ′ = C + x log η 0 and w ′ 0 = ln(10) • w 0 /x.

D. Experimental device for suspended liquid films

An experimental cell was designed to support the liquid film and control its environment. The cell was a square box of inner volume around 300 cm 3 (width 5 cm, height 6 cm, depth 10 cm), 3D printed with PLA filament (Raise 3D Premium, Black PLA, 1.75 mm). The bottom half of the box was dedicated to the suspended film. The top half of the box contained a perforated shelf to hold a container of 8 mL for pour- Top and bottom of the box were closed using glass slides, in order to allow for optical access to the film and to the inside of the box during the evolution.

In order to support the liquid film, an elliptical frame (of area S = 204.2 mm 2 and thickness 1 mm) was also 3D printed in PLA. This frame was attached to a plain block of PLA (volume 1500 mm 3 ): after film formation, this piece was inserted in the front door of the cell, in order to ensure horizontality of the film as displayed on Fig. 4.

For every experiment, the box was initially closed with a mock door and left to equilibrate in presence of the salt solution for about 20 min. At t = 0, the frame was dipped in the liquid solution to form the film, inserted in the door, which was then switched with the mock door to seal the box, trying not to disturb the air inside the box. The primary interest of the experimental cell was to protect the film from outside air flow in the room. Even with these precautions, relative humidity was never imposed at its expected value in the box, probably due to exchanges of vapor with the outside. However, presence of salt solutions still allowed to stabilize humidity in the box over a few hours, which was not possible else.

III. RESULTS

In the following paragraphs, mapping of lifetimes was obtained by using the FLIM and converted to obtain a mapping of viscosity through the Förster-Hoffmann equation ( 2) with the appropriate calibration coefficients.

A. Evaporation of liquid films

In this Section, the presented results correspond to a solution of initial fructose and glycerol mass fractions of w 0 f = 0.53 and w 0 g = 0.06, with a saturated solution of sodium chloride to stabilize humidity.

Figure 5 represents two mappings of viscosity obtained on a large part of the liquid film, with a magnification of 1.25×, just after film formation and at a long time. Except from the edges of the film, viscosity appears as homogeneous on most of the film. Consequently, analysis was performed on a small region of dimension 630 µm × 640 µm in the middle of the film, using an objective lens of magnification 20× to obtain more precise lifetime measurements. In this case, the depth over which lifetime was averaged was smaller than the thickness of the film: no systematic variation of lifetime was observed when changing the focus of the microscope which shows there were no significant variation of fructose concentration in the direction perpendicular to the film.

As viscosity was homogeneous across the film, it was averaged on the region of observation: its evolution with time is displayed on Fig. 6.

Viscosity progressively increased over a few hours, before reaching a steady state persisting over hours, provided humidity in the box did not fluctuate. Qualitatively, such an increase of viscosity can be attributed to the slow evaporation of the film: while water evaporates from the liquid, it progressively gets concentrated in fructose and glycerol. For preliminary experiments in open air (i.e. without the box, not detailed here), at long times, film finally turned into a sticky crust of fructose and glycerol, from which most of water disappeared.

Experiments were performed using different initial fructose mass fractions, and different saturated salt solutions (NaCl or MgCl 2 ) to stabilize humidity and repeated two to three times for all conditions. While this qualitative overall behavior was reproducible from one experiment to another and remained valid whatever the conditions, quantitative values displayed noticeable variability, even when keeping similar conditions. This is most likely due to the limited repeatability of the film formation by dipping, in particular as the initial thickness of the film changed.

In order to estimate this effect, weighing experiments were performed to determine mass change when bursting the film. For the solution presented here for instance, a mass of m film = (54 ± 10) mg was obtained by weighing three films, corresponding to a film thickness e film = m film /ρ sol S = (220 ± 40) µm where ρ sol ≃ 1.2 × 10 3 kg m -3 was the density of the solution, which was measured by weighing a controlled volume of solution and was consistent with density values obtained from literature for fructose/water solutions [START_REF] Darros-Barbosa | Temperature and concentration dependence of density of model liquid foods[END_REF][START_REF] Fucaloro | Partial molar volumes and refractions of aqueous solutions of fructose, glucose, mannose, and sucrose at 15[END_REF]. By performing such measurements with different mass fractions of fructose, a trend appeared of increasing film thickness with fructose fraction.

Changes of initial composition of the liquid mixture induced consistent evolution: mixtures of higher fructose fraction led to initially larger viscosities, and smaller range of variation, as the final concentration was determined by the external humidity and did not depend on the initial solution content. It is not clear whether the initial fructose fraction influences film dynamics in itself: no systematic effect was observed, larger than fluctuation when reproducing the experiments.

Changing the salt solution did also not lead to a systematic change. Consequently, the experimental cell was probably not efficient enough to isolate the inner atmosphere from outside humidity. Salt solution allowed to stabilize humidity on rather long times (of a few hours) but for longer duration (of a few ten hours), fluctuations were observed, probably associated with changes of humidity in the room. Results for viscosity evolution using different initial composition and salt solutions are reported in more details in Appendix E, in Figure 15).

B. Evaporation of a sessile droplet

Contrary to the case of the liquid film, evaporation of sessile droplets lead to heterogeneous viscosity profiles, as can be seen in Fig. 7. The results described here were obtained by depositing on a glass slide a droplet of solution of initial mass fractions of fructose and glycerol w 0 f = 0.48 and w 0 g = 0.06. For these experiments, performed with a 1.25× objective lens, the depth over which lifetime was averaged was larger than the thickness of the droplet: possible variation of concentration in the direction of light propagation thus could not be measured.

No particular surface treatment was performed on the supporting glass slide and drying essentially occurred at constant drop radius mode, as the contact line remained pinned. However, viscosity profiles remained mostly axisymmetric: consequently, angular averages were performed to obtain viscosity profiles as a function of the distance r to the center of the drop as explained in Section II B 3. The obtained viscosity profiles are displayed on Fig. 8.

Overall, lifetime in the droplet increased over time, corresponding to an increase of fructose and glycerol concentration due to water evaporation, similar to the case of liquid films. However, viscosity was not homogeneous: very soon after the deposition of the droplet, a gradient of viscosity developed at the edge of the drop, and the initial homogeneous state was not observed in our experiment, due to the initial time (about one minute) required to prepare the setup and launch the acquisition. Within a few minutes, this gradient developed across the whole droplet. Then, it got progressively smoothed until reaching a quasi-steady state after a few hours, in which viscosity was almost homogeneous across the droplet. At this stage, the mixture was close to saturation so fructose crystallized, while solution kept a constant concentration. Rotors were then only measuring the constant viscosity of the saturated solution; this does not correspond to full drying of the droplet as water kept evaporating.

In the center of the droplet, a gradient of viscosity over short distances (about 100 µm) appeared to persist, which is due to imperfect determination of the center of the droplet and to the presence of some small air bubbles at this position on the presented data set. Also, viscosity strongly increased at the edge of the droplet, which is related to the "coffee-ring effect": fructose accumulated there and crystallized, leading to an increased apparent viscosity. This region is not analyzed in what follows because rotor was there trapped in the crust and the presented calibration of its response was not reliable in these conditions.

Finally, evolution of viscosity field can be represented on the spatio-temporal diagram of Fig. 9. Viscosity is color coded in logarithmic scale. Contour lines are represented to facilitate reading. Some white pixels appeared, which were related to inconsistent lifetime values as discussed in Section II B 3, either due to lifetime below resolution limit at short times or at large radius, out of the droplet.

IV. DISCUSSION

Results presented in the previous section show that FMR and FLIM can be used to map viscosity in confined systems evolving in time, with observations consistent with established phenomenology of drying process. To go beyond these observations, further analysis can be performed on these measurements. As the evaporation dynamics is influenced by concentration field rather than viscosity, in what follows, measured lifetimes were directly converted into fructose mass fraction w f using Eq. (3).

A. Evaporation of liquid films

As was mentioned in Section III A, evaporation of the liquid film occurs at almost homogeneous viscosity, thus concentration, in the film. Consequently, only little flow occured in the film and the drying process can be modeled as unidirectional.

In the presence of an unsaturated atmosphere, an evaporative flux of water is driven by the unbalance between water activity in the gas phase (which is related to the relative humidity RH) and in the liquid phase. Evaporation in turn progressively concentrates the non volatile solutes and increases water activity, until an equilibrium is eventually reached or until fructose crystallizes and water dries out (case not considered in the present experiments).

The film had a typical extension of about 1 cm, which is small compared to box lateral dimensions of a few centimeters: in first approximation, the film can be assumed to be placed in an open atmosphere, with humidity imposed at infinity. A schematic of the model situation is given on Fig. 10.

Details on the model are provided in Appendix C. Briefly, it adapts the model proposed by Dollet and Boulogne [START_REF] Dollet | Natural convection above circular disks of evaporating liquids[END_REF] for evaporation of a circular water pool, to account for the effect of non volatile solutes. In the conditions of the experiment, water flux in the gas phase is mostly caused by natural convection. This flux in turn imposes the evolution of concentrations in the liquid film. By assuming that the mixture behaves ideally, the following differential equation can be obtained for the mole fraction of water x w :

1 (1 -x w ) 2 dx w dt = - x w -RH ∞ τ A 1 x w -RH ∞ RH ∞ 1/5 + a 2 .
(4) where A 1 and a 2 are parameters determined in Ref. [START_REF] Dollet | Natural convection above circular disks of evaporating liquids[END_REF] and τ is a characteristic time, related to various constants and proportional to the amount of non volatile solutes in the liquid, which was constant during the whole evolution.

In order to compare the model with experimental data, mole fractions of fructose and water, x f and x w , should first be obtained from measurement of fructose mass fraction w f . This can be done by exploiting the fact that the glycerol to fructose mass (α w = w 0 g /w 0 f ) and mole (α x = (M f /M g )α w ) ratios are constant during evaporation, set by the initial composition of the mixture, as detailed in Appendix B. In the analyzed exper- iment, α w = 0.12 and α x = 0.24. Evolution of fructose mole fraction x f is displayed on Fig. 11.

Relative humidity away from the film was estimated from the mole fraction at steady state x ∞ f : it is indeed equal to the mole fraction of water in the film at steady state so RH ∞ = 1 -(1 + α x )x ∞ f . Once this parameter was known, a solution of Eq. ( 4) could be numerically obtained as function of parameter t/ τ (using the solve_ivp function from Python library Scipy-Integrate). Finally, a least-square principle was applied (using the curve_fit function from Python library Scipy-Optimize) to determine the optimal value of τ, best matching data with model solution. Corresponding results are represented on Fig. 11.

Agreement between experimental data and model appears as satisfactory even if not perfect, as emphasized on the logarithmic plot in the inset of Fig. 11. The obtained value of 06, with viscosity in logarithmic scale. White spaces for early times or large distance correspond to inconsistent lifetime data, either as initial viscosity is too small and associated lifetimes are below the resolution range of the FLIM, or as there is no measurable signal beyond the droplet radius. Dashed lines are contour plots corresponding to log η [mPa s] = 1.7, 2, 2.2, 2.4, 2.5, 2.6 and 2.7 (from left to right). τ = 3.8 min allows to estimate an initial thickness of the film e film ≃ 400 µm. This value is larger, yet of similar order of magnitude than this estimated by weighing the film, described in Section III A.

Better agreement between data and model can be obtained. In particular, parameters A 1 and a 2 were set to the values obtained experimentally in Ref. [START_REF] Dollet | Natural convection above circular disks of evaporating liquids[END_REF] but they could be used as further fitting parameters, and modify noticeably the estimated initial film thickness.

However, it is important to acknowledge that such model is not pretended to be quantitative. Geometry of the problem is simplified: effect of the meniscus on drying dynamics is neglected, elliptical shape of the film is approximated by an equivalent circular shape, evaporation from below the film is neglected and the film is assumed to be in an open space with 10. Schematics of the liquid film, supported by the frame (in gray). Water vapor flux ⃗ j w is represented in blue: it is driven by the humidity RH ∞ far away from the film. As the film is small enough, evaporative flux is considered to be similar to this that would exist in an open atmosphere. As water evaporates, non volatile solutes (fructose and glycerol) get concentrated, which increases water activity and slows down evaporation. humidity imposed at infinity. While these assumptions are debatable, a more realistic model would include geometrical corrections which could modify the expression of τ but should not change qualitatively the predictions.

⃗ j w x g → RH ∞ FIG.
More importantly, assuming ideality of the mixture is only a rough assumption (see Appendix D) in binary water/fructose and water/glycerol mixture which is not guaranteed to remain valid in the ternary mixture: such non-ideality could induce further nonlinearity in Eq. 4 and change the dynamics predicted by the model.

Consequently, the model is expected to be qualitative only. The fact that it describes satisfactorily the evaporation dynamics and that it allows to retrieve an acceptable order of magnitude of the initial film thickness validates that it captures the essential features of the phenomenon. It is to note that, by considering films of different initial fructose fractions, the observed trend of increasing film thickness observed when weighing the film is not reproduced by this analysis: however, a more systematic study of this initial thickness should be done to reach a clear conclusion. A similar conclusion remains valid for experiments with different initial composition or external humidity, as reported in Appendix E (in particular in Table I).

Finally, the qualitative success of this simple model shows that it captures the essential phenomena at play in the evaporation process. It also validates the proposed methodology of viscosity measurement using FMR, to retrieve useful, quantitative information on suspended liquid film.

B. Evaporation of a sessile droplet

As discussed in the Introduction, evaporation of a droplet of a pure fluid is by itself a very rich and complex phenomenon: in the considered situation of evaporation of ternary droplet, a quantitative modeling of the evolution of concentration is thus completely out of reach, and would require detailed thermodynamics modeling coupled to hydrodynamics simulations. However, some quantitative characteristics of the system can be retrieved by further analyzing viscosity maps, that can be converted in profiles of fructose mass fraction within the droplet using Eq. [START_REF] Zhang | A review of dispersion film drying research[END_REF].

Evolution of mass fraction field w f in the droplet over time is represented on Fig. 12(a) from the results discussed in Section III B. It is qualitatively similar to this of viscosity profile, with an overall increase of concentration associated with the initial build up, then relaxation of a gradient over the first hour.

In the intermediate region of the droplet, for 0.1 mm < r < 1.7 mm where lifetime measurements are significant, concentration profiles were roughly linear. It was thus possible to perform linear fits in order to extract a time-dependent characteristic length for concentration profile ℓ within the droplet, as pictured in Fig. 12(b). It is important to note that this analysis does not rely on any physical model: rather, it is a way to define a typical length scale. Measured values of ℓ were of the order or larger than the drop size, which was consistent with the small variations of concentration.

This length can be seen as resulting from the competition between advection by the inner flow, driven by evaporation, which builds the concentration gradient by accumulating fructose at the edge of the droplet, and diffusion which tends to homogeneize the concentration. By considering a typical diffusion coefficient D ∼ 10 -9 m 2 s -1 , the average flow speed U required to build a concentration gradient on length ℓ is given by U ∼ D/ℓ and is represented in the inset of Fig. 12(b). It is of the order of 0.1 µm s -1 and decays over time, due to the decay of evaporative flux as water activity in the solution approaching this of the ambient atmosphere. Alternatively, time evolution of fructose fraction can be considered at different points of the droplet, as displayed on Fig. 13(a). Everywhere in the droplet, concentration progressively increases as water evaporates, until reaching a quasisteady state with a persistent weak gradient. It appears that points at the periphery of the droplet have a quicker dynamics than in the middle.

Such an effect can be further quantified by fitting fructose fraction evolution with a phenomenological exponential model:

w f (r,t) = w 0 f (r) + (w ∞ f (r) -w 0 f (r))(1 -e -t/T (r) ) (5) 
where w 0 f (r), w ∞ f (r) and T (r) are respectively the (positiondependent) initial mass fraction, final mass fraction, and characteristic time. Again, the exponential fit is only a way to define a characteristic time and does not rely on a physical model: as can be seen from the mastercurve in the inset of Fig. 13, it describes satisfactorily experimental data for time up to about 5T .

Resulting characteristic time T (r) is represented in Fig. 13(b): it is of the order of a few minutes and decreases when approaching the edge of the droplet. This is consistent with the increase of the evaporative flux when approaching the triple line, due to geometric singularity [START_REF] Guéna | Evaporating drops of alkane mixtures[END_REF]. The initial mass fraction w 0 f (r) appears as roughly constant in the middle of the droplet, with an increase on the edges as concentration gradient started to build on when acquisition was launched. Finally, final mass fraction w ∞ f (r) softly increases, and is smaller but of the order of the estimated saturation point of the ternary water/fructose/glycerol mixture.

V. CONCLUSION

In this study, a coupled use of Fluorescent Molecular Rotors and Fluorescence Lifetime Imaging Microscopy was introduced as a local, in-situ tool to monitor evolution of physicochemical transformations in confined systems, exemplified on the important case of evaporation and drying of liquid mixtures involved in numerous material formulation processes. In such phenomenon, unbalance of solvent activity in the liquid and in the gas phase leads to solvent evaporation: in turn, solutes get concentrated and solvent activity progressively increases, slowing down (and possibly arresting) drying dynamics. Concentration fields are thus a crucial parameter for monitoring such processes. Sensitivity of lifetime to local viscosity allowed for a local mapping of viscosity, which could be related to concentration fields: the presented methodology can thus be adapted to any process involving changes of viscosity, which is often found in industrial systems.

First, the case of evaporation of a thin liquid film was considered: in this situation, drying was homogeneous and the situation could be modeled. While a full quantitative characterization of the phenomena was out of reach, in particular due to the presence of two non volatile solutes in the liquid, the simple model proposed here is in satisfactory agreement with experimental measurements, thus validating the methodology. Then, the more complex situation of evaporation of a sessile droplet on a solid substrate was studied. In this case, concentration fields were related to the competition between diffusion in the liquid phase and evaporation-driven flows. Such a complex process cannot be analytically modeled, but use of FMR and FLIM allowed to retrieve interesting parameters to characterize the dynamics, thus affording a new tool for studying drying experiments and controlling materials formulation involving evaporation steps.

The methodology presented here thus opens new paths for monitoring of physico-chemical transformations, involving changes of viscosity. The method is local, with resolution only limited by the employed objective lens, and poorly invasive as only little FMR concentration is required. The main limitation currently relies in the limited solubility of available FMR in aqueous media. mass fraction w f . However, evaporation model for the suspended film requires the knowledge of water mole fraction x w to determine its activity, and analysis of data exploits fructose mole fraction x f .

Fructose mole fraction x f is defined by:

x f = (w f /M f ) (w f /M f ) + (w g /M g ) + (w w /M w ) (B1)
where w f , w g and w w are the respective mass fractions of fructose, glycerol and water. As fructose and glycerol are non-volatile species, their mass ratio α w = w g /w f is constant during the film evolution and determined by the initial composition of the mixture. Consequently, w g = α w w f and w w = 1 -(1 + α w )w f can be determined from fructose mass fraction measurements, and mole fractions can eventually be computed.

Similarly, the glycerol to fructose mole ratio α x = x g /x f = (M f /M g )α w is constant, which allows to obtain the different mole fractions from x f .

Appendix C: Detailed model for film evaporation

Convective and diffusive fluxes

As showed in Fig. 5 of the main text, concentration field is homogeneous across most of the liquid film during all the drying process. Moreover, as the frame supporting the film is close of the bottom of the box, it can be assumed that the space below the film is quickly with water vapor in equilibrium with the film, and that most of the evaporation occurs from the part above. Finally, as the liquid film (of typical radius 1 cm) is smaller than the size of the box (of typical dimension of a few centimeters), the situation under study can be roughly assimilated to this of evaporation of a liquid pool in an infinite atmosphere, with imposed humidity at long distance. Such a problem was studied experimentally and modeled by Dollet and Boulogne [START_REF] Dollet | Natural convection above circular disks of evaporating liquids[END_REF] for the case of a circular pool of radius R. As in the experiments presented here, the film is ellipsoidal, an effective radius R = S /π will be considered to maintain a similar evaporating surface S .

While evaporation is usually modeled as driven by diffusive flux in the vapor phase, contribution of natural convection should also be accounted for, as water fraction gradient induces a gradient of air density. Competition between the two fluxes is quantified by the dimensionless Grashof number:

Gr = x g w,0 -x g w,∞ x g w,∞ gR 3 ν 2 (C1)
where x g w,0 and x g w,∞ are the mole fractions of water in gas phase respectively at the film level and far away from the film, g [m s -2 ] is the gravity acceleration and ν [m 2 s -1 ] is the kinematic viscosity of air.

In the considered experiment, Gr ∼ 4000 so the convective contribution is dominant. Following analysis of Ref. [START_REF] Dollet | Natural convection above circular disks of evaporating liquids[END_REF], the evaporating mass flux of water Φ w [kg s -1 ] in such conditions can be written as:

Φ w = 2πDρ air R M w M air (x g w,0 -x g w,∞ )(a 1 Gr 1/5 + a 2 ) (C2)
where M w and M air [kg mol -1 ] are the molar mass of water and air. Finally, a 1 and a 2 are free dimensionless parameters, which are experimentally estimated to a 1 = 0.3 and a 2 = 0.5.

It is important to keep in mind that this rate does not correspond to a diffusive flux, as diffusion was neglected in the limit Gr ≫ 1. The term a 1 Gr 1/5 corresponds to the flux in the middle of the film which is not linear in mole fraction gradient (as Gr depends on it), and the second term a 2 , despite corresponding to a linear flux, also stems from convection at the edges of the film.

Evaporation rate expressed as a function of liquid water activity

Water mole fraction in air is related to activity a w through:

x g w = P + sat P e v + w (P-P + sat )/Rθ a g w ( C3 
)
where P + sat [kg m -3 ] is the saturation pressure of pure water at the considered temperature θ [K], P [Pa] is the atmospheric pressure, v + w is the molar volume of pure water, and R is the ideal gas constant. For the experiment presented here, the exponential Poynting correction is close to 1. By assuming the vapor is ideal and that the vapor at film level is in equilibrium with the liquid, mole fraction of the gas at the film level is equal to the activity of water in the liquid film (x g w,0 = a w ) and activity of water far from the liquid film coincides with relative humidity (x g w,∞ = RH ∞ ). Finally, by introducing K = P/P + sat , the mass flux of water can be rewritten as

Φ w = 2πDρ air R KM w M air (a w -RH ∞ )× a 1 gR 3 ν 2 1/5 × a w -RH ∞ RH ∞ 1/5 + a 2 . (C4)

Evolution of water fraction in the film

As shown in Eq. (C4), evaporative flux is driven by the difference in activity of water in the liquid film and far away in the gas phase: in turn, as water evaporates, the liquid gets concentrated in fructose and glycerol and water activity evolves. By definition,

Φ w = - dm w dt = -M w dn w dt (C5)
where m w [kg] and n w [mol] are the mass and amount of water in the film. Water mole fraction x w in the film can be written as:

x w = n w N + n w (C6)
where N is the (constant) amount of non volatile species (glycerol and fructose) in the film. Consequently, Introducing a characteristic time τ = NM air /2πDρ air RK and A 1 = a 1 (gR 3 /ν 2 ) 1/5 , an equation for the evolution of x w is obtained:

1 (1 -x w ) 2 dx w dt = - a w -RH ∞ τ A 1 a w -RH ∞ RH ∞ 1/5
+ a 2 .

(C9) Provided a model relating activity a w of water in the mixture and water fraction x w is known, such an equation can be solved numerically. Resolution of the full model given by Eq. (C9) requires to describe water activity in the ternary water/fructose/glycerol mixture. While both water/glycerol and water/fructose binary mixtures are well studied and described in the literature, the ternary mixture has never been studied.

As both binary mixtures can be well described using the Unifac equation of state [START_REF] Peres | Thermodynamic properties of sugars in aqueous solutions: correlation and prediction using a modified uniquac model[END_REF][START_REF] Marcolli | Water activity in polyol/water systems: new unifac parameterization[END_REF], an attempt was made to use Uniquac predictive modelling, but result failed, probably due to the absence of data on the binary fructose/glycerol mixture.

Activity coefficients γ w = a w /x w of water in binary water/glycerol and water/fructose mixtures can be obtained from tabulated values of saturation pressure, collected from the Dortmund Data Bank [105]. As can be seen on Fig. 14, in the range of water mole fraction considered in the experiments, both coefficients are rather constant and close to the ideal value γ w,id = 1. Consequently, the hypothesis that the ternary mixture is ideal in the experimental conditions seems acceptable, at least as a first approximation. Also, it is to note that tiny amounts of surfactants (initial mole fraction around 10 -4 ) are present in the solution and not considered in the modeling. Overall, initial fructose fraction (corresponding to different symbols) has an impact only on the early stage of film evaporation, while final state is mostly imposed by external humidity. Saturated solutions of MgCl 2 (water activity a w = 0.331 at 20 • C) were expected to reach saturation of fructose solution, and drier final state than solutions of NaCl (water activity a w = 0.755 at 20 • C). While final viscosity of the film was indeed higher with MgCl2, the corresponding estimated humidity was not in agreement with the expectations, and no crystallization was observed. This may be due to the limited efficiency of the setup to impose relative humidity (as suggested in the main text), or to improper humidity estimation as it relies on thermodynamic models for water activity in the liquid.

For all experiments, the model detailed in Section C gave acceptable results and corresponding fitting parameters are given in Table I. It is not easy to draw any systematic conclusion from these values, aside from consistent orders of magnitude. 

FIG. 1 .

 1 FIG. 1. Structure of the BODIPY-based fluorescent molecular rotor of formula C 18 H 17 BF 2 N 2 O 2 and molar mass 342.15 g mol -1 , as synthesized and characterized in [89]. Reprinted from Nalatamby et al. [89]. Copyright 2023, Industrial & Engineering Chemistry Research, American Chemical Society.

FLIMFIG. 2 .

 2 FIG.2. Schematics of the FLIM setup. The sample (in blue) is placed in the field of the objective lens (L). It is illuminated from the bottom by the excitation light of a LED source (in green, λ = 451 nm and fluorescent emission (in orange) is collected by a CCD camera through same objective lens, and analyzed by a computer. The different lights are separated by a dichroic beam splitter (BS).

FIG. 3 .

 3 FIG. 3. Calibration of the response of the rotor: viscosity η and lifetime τ were measured in glycerol/water/fructose mixtures of different fructose mass fraction w f . Squares (■) correspond to solutions without SDS, used in experiments with sessile droplets. Circles correspond to solutions with a small amount of SDS, used in experiments with suspended films: filled symbols (•) correspond to an initial solution of fructose and glycerol with w f = 0.7 and w g = 0.1 progressively diluted with water in order to mirror the evaporation process, while open symbols (•) have a constant mass fraction of glycerol w g = 0.1. Vertical lines delimit solutions saturated in fructose. (a) Evolution of viscosity η with mass fraction of fructose w f . The red dashed line represent a fit by Eq. (1) with η 0 = 2.8 × 10 -2 mPa s and w 0 = 7.3 × 10 -2 . (b) Evolution of lifetime τ with viscosity η. The red lines represent fits along Eq. (2): dashed line is for solutions with SDS (C = -0.66 and x = 0.48 if τ is expressed in ns and η in mPa s) and dotted line is for solutions without SDS (C = -1.31 and x = 0.76 if τ is expressed in ns and η in mPa s). (c) Evolution of lifetime τ with mass fraction of fructose w f . The red lines represent fits along Eq. (3): dashed line is for solutions with SDS (C ′ = -1.4 and w ′ 0 = 0.35) and dotted line is for solutions without SDS (C ′ = -2.5 and w ′ 0 = 0.22).
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 56 FIG. 5. Viscosity maps of a large part of the liquid film observed at a low magnification 1.25×, quickly after film formation (left) and after 1.5 h (right). Initial fructose and glycerol mass fractions were w 0 f = 0.53 and w 0 g = 0.06. A saturated NaCl solution was used to stabilize humidity away from the film. Viscosity appears to fluctuate homogeneously across the film. The red squares represent the part of the film which was observed with magnification 20× for further analysis, of dimension 630 µm × 640 µm.

FIG. 7 .FIG. 8 .

 78 FIG. 7. Viscosity map of a sessile droplet of respective initial mass fractions of fructose and glycerol w 0 f = 0.48 and w 0 g = 0.06, deposited on a glass slide and evolving to open air. The progressive accumulation in time of fructose at the sides of the drop due to evaporation-induced flow can be observed, as well as the progression of the concentration gradient and the overall increase of viscosity.

FIG. 9 .

 9 FIG.9. Spatio-temporal representation of the radially averaged viscosity profile of the droplet of respective initial mass fractions of fructose and glycerol w 0 f = 0.48 and w 0 g = 0.06, with viscosity in logarithmic scale. White spaces for early times or large distance correspond to inconsistent lifetime data, either as initial viscosity is too small and associated lifetimes are below the resolution range of the FLIM, or as there is no measurable signal beyond the droplet radius. Dashed lines are contour plots corresponding to log η [mPa s] = 1.7, 2, 2.2, 2.4, 2.5, 2.6 and 2.7 (from left to right).

22 FIG. 11 .

 2211 FIG. 11. Evolution of the mole fraction of fructose in the film over time, for a film of initial fructose and glycerol mass fractions w 0 f = 0.53 and w 0 g = 0.06 (corresponding to a mass ratio α w = 0.12). Red line represents prediction by model 4, with RH ∞ = 0.731 estimated from steady state, and τ = 3.8 min obtained by curve fitting. Inset represents the same data with logarithmic time scale.

FIG. 12 .

 12 FIG. 12. Analysis of concentration profile during evaporation in open air of a sessile droplet at different time. Initial mass fractions of fructose and glycerol were respectively w 0 f = 0.48 and w 0 g = 0.06. (a) Fructose mass fraction profile, obtained from angular average of lifetime through (3). Profile is represented at different time which are color coded.Curves with color code are separated by 5 min from acquisition start to 100 min, then steady state is reached and curved are represented in green, separated by 1 h until 21 h of acquisition. (b) Evolution of the slope ℓ of mass fraction profile in the middle of the drop. Inset : Characteristic flow speed in the droplet U = D/ℓ as a function of time in logarithmic scale.

FIG. 13 .

 13 FIG. 13. Analysis of evolution of concentration during evaporation in open air of a sessile droplet at different positions. Initial mass fractions of fructose and glycerol were respectively w 0 f = 0.48 and w 0 g = 0.06. (a) Evolution of fructose mass fraction, obtained from angular average of lifetime through (3), at different positions in the drop. Distance to the center is color coded: successive curves correspond to positions separated by 100 µm. Continuous line represents fitting along Eq. (5). Inset : Normalized fructose fraction w = (w fw 0 f )/(w ∞ fw 0 f ) as a function of normalized time t = t/T in semilogarithmic scale. Perfect agreement with the model would correspond to point placed on the red dashed line. (b) and (c) Respective evolution of the characteristic T and of the initial w 0 f (•) and steady w ∞ f (•) mass fraction in the droplet with the distance r, obtained by fitting evolution along Eq. (5).
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 1152 . (C4), (C5) and (C7), a differential equation can be obtained for the evolution of water mole fraction in the film: x w ) (C8)

  Appendix D: Activity of water/fructose and water/glycerol mixtures

FIG. 14 .FIG. 15 .

 1415 FIG.[START_REF] Williams | Ink-jet printers go beyond paper[END_REF]. Evolution of activity coefficient γ w = a w /x w of water in water/fructose (black symbols) and water/glycerol (blue symbols) with water mole fraction x w for the range studied in experiments (typically x w > 0.7). The black dashed line represents the saturation of water/fructose solution. The red line corresponds to the value γ w = 1 for an ideal mixture.

TABLE I .

 I Salt RH ∞ τ (min) e film (µm) Estimated final humidity RH ∞ , characteristic time τ of the model and estimated initial film thickness e film for different initial conditions (initial fructose and glycerol mass fractions w 0 f and w 0 g , and type of saturated salt solution).

	w 0 f	w 0 g			
	0.53 0.06 0.60 0.05	NaCl 0.731 MgCl 2 0.722 MgCl 2 0.748 NaCl 0.816	3.8 3.4 3.8 1.4	400 360 370 130	(E1)
	0.66 0.05 NaCl 0.788	3.3	350
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Appendix A: Data analysis in Fluorescence Lifetime Imaging Microscopy

The FLIM setup presented in this paper operates in frequency domain, as opposed to time domain measurements using photocounters, that directly measure fluorescence decay after a pulsed excitation. Here, excitation light is modulated harmonically at a frequency f and steady state fluorescence response is measured. As the absolute phase of the excitation signal is unknown, analysis of the response is performed using a lock-in amplifier, with a reference signal synchronous to the excitation signal and tunable phase. By fitting the result obtained with different phases, it is possible to retrieve the modulation depth M samp and the phase shift ϕ samp of the fluorescent signal with respect to the excitation. In order to get rid of phase shift related to instrumental response and light propagation, a preliminary measurement of modulation depth M ref and the phase shift ϕ ref should be performed with a material of tabulated lifetime τ ref . Then, the ratio M samp /M ref and the phase difference ϕ samp -ϕ ref are directly related to the lifetime of the sample τ. As the latter is more reliable, the lifetime τ is obtained from the phase delay through:

where ω = 2π f . FLIM setup allows to perform such an analysis pixel per pixel, generating a lifetime image of the observed sample.

Appendix B: Conversion between mole and mass fractions

As explained in main text, experiments were performed using a ternary water/fructose/glycerol mixture. Lifetime measurements allowed to extract either viscosity η or fructose