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Controlling Solvation and Mass Transport Properties of Biobased Solvents through CO 2 Expansion: A Physicochemical and Molecular Modeling Study

Gas-expanded liquids have been studied during past years; however, the physicochemical properties of some of these fluids still need to be characterized and understood. In particular, the study of properties concerning solvation and mass transport is key for industrial applications. This work presents the characterization of eight CO 2 -expanded biosourced solvents: organic carbonates (dimethyl, diethyl, ethylene, and propylene carbonates), anisole, veratrole, γvalerolactone, and 2-methyltetrahydrofuran. Two approaches have been used: spectroscopic measurements and molecular modeling. Phase equilibrium was determined for each CO 2 / biosourced solvent system, and then the solvatochromic probe Nile Red was used to determine changes in dipolarity/ polarizability (π* Kamlet-Taft parameter) by CO 2 pressure. Molecular dynamics calculations were performed to determine the density and viscosity changes with CO 2 pressure. It is shown in this study that the degree of modulation of dipolarity/polarizability parameter can go from that of pure solvent (around 0.4 for linear organic carbonates) to negative values, close to that of pure CO 2 at the T and P used in this study. Concerning transport properties, such as density and viscosity, a great decrease in both these properties' values was observed after swelling of the solvent by CO 2 , for instance, in linear organic carbonates where density can decrease to 50% the density of pure solvent; concerning viscosity a decrease of up to 90% was measured for these compounds. It was observed that the solubility of CO 2 and then modulation of properties were higher in linear organic carbonates than in the cyclic ones. This study shows once more that CO 2 has a great capacity to be used as a knob for triggering changes in the physicochemical properties of green biosourced solvents that can help to implement these solvents in industrial applications.

INTRODUCTION

The choice of a solvent is a major concern in the processes of the chemical industry. To carry out chemical reactions, the properties of the solvent to be considered are those related to the solvation of the reagents but also those related to the transport properties of the solution created, such as density, viscosity, and diffusivity, because they will strongly affect the design of the chemical reactor as well as the whole process. In addition, the potential impact on human health and the environment and the costs associated with the use and recycling of the solvent are also very important factors.

In recent decades, solvent engineering, which involves the modification or optimization of solvents, has become one of the most promising strategies for making chemical processes more sustainable. The term "green solvent", although debatable, derives from this current way of thinking and generally refers to solvents with particularly weak impact on the environment. In this group, one finds water, CO 2 , solvents derived from biomass, polymers, ionic liquids, and gas-expanded liquids (GXLs).

GXLs are mixed solvents composed of a compressible gas (such as CO 2 ) dissolved in an organic solvent. [START_REF] Jessop | Gas-Expanded Liquids[END_REF] They are distinguished in particular by the adaptability and versatility of their physicochemical properties which can be strongly modified according to conditions such as pressure (P), temperature (T), and the molar fraction of CO 2 (x CO 2 ). This allows their use in a wide range of conditions. The study of the mechanism of expansion and modulation of properties has been presented in several works in recent years. [2][START_REF] Abbott | Probing the Structure of Gas Expanded Liquids Using Relative Permittivity, Density and Polarity Measurements[END_REF][START_REF] Li | Solvation and Solvatochromism in CO 2 -Expanded Liquids. 1. Simulations of the Solvent Systems CO 2 + Cyclohexane, Acetonitrile, and Methanol[END_REF][START_REF] Akien | A Critical Look at Reactions in Class I and II Gas-Expanded Liquids Using CO 2 and Other Gases[END_REF] In the study presented here, the focus is made on a particular kind of GXLs, which are those composed by a CO 2 -expanded biosourced solvent. Some studies have already been conducted on binary systems composed of CO 2 and biosourced solvents, [START_REF] Medina-Gonzalez | CO 2 -Expanded Alkyl Lactates: A Physicochemical and Molecular Modeling Study[END_REF][START_REF] Aida | Analysis of Volume Expansion Mechanism of CO 2 -Acetate Systems at 40 °C[END_REF] but characterization and measurement of their physicochemical properties still need to be completed if some applications are envisaged at an industrial scale.

At the same time, owing to the wide range of CO 2 -expanded biosourced solvents, the quantification of the properties of the solvents can be tedious and time-consuming. This is why the exploration of new methods must be considered in order to predict the properties of these systems and more systematically populate the property value diagram. In this framework, a double approach has been proposed here, where both experimental determinations and molecular dynamics simulations were carried out, in order to obtain quantitative data for these systems. From an experimental point of view, phase equilibrium and the dipolarity/polarizability Kamlet-Taft parameter through solvatochromic experiments were obtained. Density and viscosity were determined numerically by molecular dynamics calculations.

Eight CO 2 -expanded biosourced solvents were studied in this work that belong to two main groups: organic carbonates (involving dimethyl, diethyl, ethylene, and propylene carbonates) and "others" (involving anisole, veratrole, γ-valerolactone, and 2-methyltetrahydrofuran). This study is an extension of the two first studies concerning the alkyl acetates family and 2methyltetrahydrofuran (MeTHF) already performed by our group. [START_REF] Granero-Fernandez | CO 2 -Expanded Alkyl Acetates: Physicochemical and Molecular Modeling Study and Applications in Chemical Processes[END_REF][START_REF] Hoang | Modulating Biocatalytic Activity toward Sterically Bulky Substrates in CO 2 -Expanded Biobased Liquids by Tuning the Physicochemical Properties[END_REF] 2. MATERIALS AND METHODS 2.1. Experimental Determinations. The experimental measurements presented here are (1) the determination of the phase equilibrium and (2) the determination of the Kamlet-Taft π* (dipolarity/polarizability) parameter of the expanded phase.

2.1.1. Experimental Device. The device used in this study is schematically presented in Figure 1. Before being introduced into the cell, the CO 2 was cooled to about 4 °C to ensure a liquid state; a Teledyne Isco 260D high-pressure syringe pump was used to inject the liquid CO 2 to the cell.

The experimental determinations were carried out in a highpressure variable-volume visualization cell (9.6-31.3 cm 3 , Top Industrie, France) equipped with three sapphire windows and a magnetic stirrer. The temperature of the cell was maintained at the desired value with a thermostatic bath and measured with a thermocouple (type J, accuracy of ±0.1 K) placed inside the cell. The pressure was measured by a digital manometer (Keller, LEX 1, accuracy 0.01%), equipped with a digital pressure display. For dipolarity/polarizability parameter determinations, the highpressure cell was coupled to an EPP2000 UV-vis spectrometer from StellarNet Inc. equipped with optical fibers and an Ocean Optics DH-2000 light source.

2.1.2. Phase Equilibrium Determinations. In the study of the phenomenon of expansion of liquids, the information on the composition of the phases at equilibrium is the essential starting point for numerical determinations. This information can be (i) obtained from the literature, (ii) predicted with a certain degree of precision with an equation of state, and (iii) obtained from physical experiments. For some of the studied expanded binary systems, the equilibrium compositions for the expanded phase were obtained with the synthetic method 10 described below.

The method used for the determination of phase equilibrium was similar to that used by Crampon et al., [START_REF] Crampon | High-Pressure Apparatus for Phase Equilibria Studies: Solubility of Fatty Acid Esters in Supercritical CO 2[END_REF] who measured the solubility of fatty acid esters in CO 2 . A known volume of the studied solvent, usually 10.0 mL, was introduced into the cell at the desired temperature. The air still inside was evacuated by reducing the volume of the cell to the point where there were no more air bubbles. The CO 2 was then injected with the Isco pump, and the volume was gradually increased by moving back the piston of the cell to allow the entry of the gas. Once the desired amount of CO 2 was injected, a first equilibrium was achieved in two phases with vigorous stirring. Then, the pressure was adjusted with the piston by decreasing the volume of the cell to the point where there was only one phase, at a higher pressure. Once the system was equilibrated, the volume was increased slightly to reveal a second phase. The system was then compressed and decompressed successively to define the narrowest pressure range to evaluate the phase transition pressure. This procedure was repeated for each point in the P-x diagram. The temperature was measured with an accuracy of ±0.1 K, and the pressure was measured with an accuracy of ±0.02 MPa for pressures up to 10 MPa and 0.05 MPa for higher pressures. The error in molar fraction mainly concerns CO 2 , and was estimated to be less than 0.003. [START_REF] Brunner | Gas Extraction[END_REF] 2.1.3. Dipolarity/Polarizability Kamlet-Taft Parameter Determinations. The dipolarity/polarizability has been studied through the determination of Kamlet-Taft parameters [START_REF] Kamlet | The Solvatochromic Comparison Method. I. The β-Scale Of Solvent Hydrogen-Bond Acceptor (HBA) Basicities[END_REF][START_REF] Taft | The Solvatochromic Comparison Method. 2. The α-Scale of Solvent Hydrogen-Bond Donor (HBD) Acidities[END_REF][START_REF] Kamlet | The Solvatochromic Comparison Method. 6. The Π* Scale of Solvent Polarities[END_REF][START_REF] Taft | Linear Solvation Energy Relations[END_REF] of the liquid (expanded) phase at vapor-liquid equilibrium (VLE). These parameters are based on the solvatochromic effect of certain molecules, called solvatochromic probes, which show a change at the electronic level as a function of the dipolarity of the medium, inducing a modification of the absorption spectrum. For the determination of the dipolarity/polarizability parameter (π*), the change in the wavelength of maximal absorbance by the solvatochromic probe in the medium to be studied at the desired P, T, and composition may be a hypsochromic displacement (shorter wavelength = weaker dipolarity) or a bathochromic shift (longer wavelength = stronger dipolarity). When one increases the concentration of CO 2 at constant temperature, usually the dipolarity/polarizability decreases and so does the wavelength.

In this work, the molecule used as a probe is the Nile Red dye (9-diethylamino-5-benzo[a]phenoxazinone) (Figure 2). Determination of the π* parameter of the expanded phase at VLE by measurement of the solvatochromism was carried out in the variable-pressure high-pressure cell already described. The spectrometer was connected to two of the windows of the cell through optical fibers.

The measurement started with the addition of a known volume, usually 10.0 mL, of the solvent in the cell at the desired temperature, with constant stirring. The spectrometer was then used to generate the control blank, with and without the light source.

Once this blank was generated, the solvatochromic probe was added to the cell and dissolved in the solvent. A concentration of Nile Red dye was used so that its absorption spectrum was neither too weak for a correct reading nor too high to saturate the detector. This concentration was still very low (about 0.001 M), and therefore its effect on the expansion of the liquid was considered as negligible.

Then, the free space inside was reduced by the movement of the piston and the air was flushed with CO 2 before the cell was closed. The pressure was then increased with the injection of CO 2 with the Isco pump and the volume was increased gradually to allow the existence of two phases. For each point, equilibrium was considered as reached when the pressure value was stable during more than 1 h. The absorption spectra were then recorded.

For these determinations, the molar fractions in each phase were obtained from the liquid-vapor equilibrium diagrams.

2.1.4. Materials. The different chemical compounds used in the experiments are listed in Table 1 with their suppliers and purities. All of these compounds were used as delivered.

2.2. Numerical Determinations. Molecular dynamics (MD) simulations were carried out to calculate different properties of the expanded phases of these binary systems. The determinations of density and viscosity for these CO 2expanded systems were performed in the NPT and NVE ensembles, respectively. These calculations have been performed for the liquid phase at experimental VLE.

After numerous tests of all the force-field potentials available in the MAPS suite [START_REF]Materials and Process Simulation (MAPS)[END_REF] and in the LAMMPS software, the Amber Cornell Extended (ACEFF) potential, a property of Scienomics, was chosen as the best option. This potential is well-suited to describe nonreactive systems like those studied here by combining inter-and intramolecular terms (Table 2).

Concerning the NVE simulations, the Nose-Hoover thermostat was used and a temperature damping parameter of 10 fs (T damp ) was assigned. NPT simulations were carried out by using the Nose-Hoover thermostat with isobaric conditions which 
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were fulfilled using the method of Martyna and co-workers 17a with a T damp of 10 fs and a stress damping parameter (P damp ) of 350 fs used, respectively. Both T damp and P damp are in the recommended range of damp values for nonmetal systems. The Verlet algorithm was used for time integration.

In Table 2, b is the bond length, θ is the valence angle, χ is the dihedral angle, ϕ is the out-of-plane torsion angle, and r ij is the distance between atoms i and j. The bond and the valence angle contributions are calculated using a harmonic functional form, which assumes values oscillating relatively close to equilibrium. The parameters associated with this assumption are the bond force constant K b , the equilibrium bond length b 0 , the valence angle force constant K θ , and the equilibrium valence angle θ 0 . The potential energy due to rotation about bonds or torsions is calculated through the dihedral angle, with K χ the dihedral force constant; the multiplicity n is the periodicity dictating the number of cycles per 360°and δ is the phase angle. The potential energy associated with out-of-plane torsions or improper angles is calculated harmonically as well; its parameters include the improper angle force constant K improper and the equilibrium improper angle term ϕ 0 . The nonbonded terms include the van der Waals (VdW) and the electrostatic interactions energy; the VdW contribution is calculated using a Lennard-Jones 6-12 function, where the repulsive term is a hard well potential of 1/ r 12 and the attractive term is 1/r 6 . The interaction parameters ε ij and R min,ij describe, respectively, the Lennard-Jones well depth and the minimum interaction distance between atoms i and j.

The electrostatic contribution to the potential energy is calculated by using Coulomb's law, where q i and q j are the partial atomic charges of the atoms and ε is the dielectric constant of the solvent, which in the case of explicit solvent representation is set to 1.

2.2.1. Calculation of Coulombic Charges. The geometries of the molecules of the eight solvents tested were optimized in the gas phase in the framework of density functional theory (DFT) at the B3LYP/6-31+G** level of theory (Gaussian 09 17b ).

Atomic charges were fitted to the electrostatic potential (ESP) in agreement with the Merz-Singh-Kollman scheme. [START_REF] Singh | An Approach to Computing Electrostatic Charges for Molecules[END_REF][START_REF] Besler | Atomic Charges Derived from Semiempirical Methods[END_REF] For the CO 2 molecule the Harris-Yung model was used. [START_REF] Harris | Carbon Dioxide's Liquid-Vapor Coexistence Curve And Critical Properties as Predicted by a Simple Molecular Model[END_REF] 2.2.2. Calculation of the Statistical Error. This error was calculated by calculating the standard deviation of the block data After the stabilization phase, when the actual data production phase was started, the total number of calculation steps was divided into blocks of 10 000 steps. The average of these 10 000 steps was recorded (x). At the end of the simulation, the standard deviation (σ) (eq 1) was calculated on the recorded values (x = average for a block of 10 000 steps).

∑ σ = - = N x u 1 ( ) i N i 1 2 (1)
For example, for the more typical case of 1 200 000 total computation steps, at the end, a group of N = 120 x values is obtained from which is calculated the standard deviation together with the mean or true value u (average of all x values).

The simulation conditions are summarized in Table 3. In general, a simulation exhibits two stages: start/stabilization and production of results. When a simulation is started, the atomic positions and the orientation of the molecules are randomly given and their velocities are assigned in order to correspond to the temperature of the system (Maxwell-Boltzmann distribution). However, this initial configuration is not at equilibrium and is therefore not stable. The first step is thus a minimization of energy. Once the equilibrium energy is reached, the second step, the production of results, starts. It is a period of time during which the simulation is carried out to adequately sample the states of the system and which depends on the property to be determined. [START_REF] Frenkel | Understanding Molecular Simulation: From Algorithms to Application[END_REF] The isobaric-isothermal ensemble (NPT) allows us to determine density through volume fluctuations. All the studied systems were at conditions of T, P, and CO 2 concentration corresponding to the liquid phase at the liquid-vapor equilibrium obtained experimentally in this work and compared to existing literature data, because the objective was to be able to modulate experimentally the properties of the expanded phase through the CO 2 pressure.

Determination of Viscosity by Molecular Dynamics.

The fluctuation-dissipation theorem explains how the transport coefficients associated with irreversible processes can be described using reversible microscopic fluctuations. [START_REF] Kubo | The Fluctuation-Dissipation Theorem[END_REF] Green-Kubo's relations [START_REF] Green | Markoff Random Processes and the Statistical Mechanics of Time-Dependent Phenomena. II. Irreversible Processes in Fluids[END_REF][START_REF] Kubo | Statistical-Mechanical Theory of Irreversible Processes. I. General Theory and Simple Applications to Magnetic and Conduction Problems[END_REF] give the exact mathematical expression of the transport coefficients in terms of integrals of the temporal correlation functions.

In the standard Green-Kubo method, the dynamic viscosity (shear) of a fluid expresses its resistance to shear flow where adjacent layers move parallel to each other at different speeds. It can be calculated by integrating the function of autocorrelation of the stress tensor over time as in eq 2.
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where ⟨P xy (t) P xy (0)⟩ is the correlation function of the xy component of the stress tensor, V is the volume of the simulation box, k B is Boltzmann's constant, T is the absolute temperature, and t is time. This method was shown to be efficient for calculating the viscosity of pure components and mixtures. [START_REF] Houndonougbo | Transport Properties of CO 2 -Expanded Acetonitrile from Molecular Dynamics Simulations[END_REF][START_REF] Cui | The Calculation of Viscosity of Liquid N-Decane and n-Hexadecane by the Green-Kubo Method[END_REF][START_REF] Nevins | Accurate Computation of Shear Viscosity from Equilibrium Molecular Dynamics Simulations[END_REF][START_REF] Dysthe | Prediction of Fluid Mixture Transport Properties by Molecular Dynamics[END_REF][START_REF] Guevara-Carrion | Prediction of Transport Properties by Molecular Simulation: Methanol and Ethanol and Their Mixture[END_REF] 3. RESULTS AND DISCUSSION 3.1. Phase Equilibria of CO 2 -Expanded Systems. The temperatures at which the phase equilibria were determined were first selected in accordance with available literature data to check the validity of the method. Then new data were obtained for other temperatures, within the technical limits of our device (from ambient to 393.15 K).

All the determinations are presented below in the form of Px CO 2 diagrams, grouped according to the two selected groups of solvents, along with the available literature data. Due to the 0.1 K accuracy of the temperature sensor, all temperatures were rounded to the first decimal.

Solubility values of CO 2 in the solvents are shown as isotherm curves in Figures 3456789101112. In all cases these isotherms show that, as expected, the molar fraction of the dissolved gas increases with the pressure and decreases with temperature. However, the nature of each solvent constrains its behavior when in mixture with a gas and, particularly, with CO 2 .

Regarding the validation of the measurements, available literature data were plotted and, in almost all cases, were in good agreement with our experimental determinations.

3.1.1. Phase Equilibria of CO 2 -Expanded Organic Carbonates. The phase equilibrium diagrams for the organic carbonates are presented in Figures 3456.

For cyclic carbonates (ethylene and propylene carbonates) it was observed that the CO 2 solubility was significantly lower than for linear carbonates (dimethyl and diethyl carbonates).

The isotherm for the CO 2 + propylene carbonate system at 373.2 K (Figure 6b) shows the most noticeable difference between literature data and our determinations. This can be partly explained by the experimental difficulty for systems with low CO 2 solubility and from the visual method used for the phase equilibrium determination in both cases.

All the solvents studied here are class II biosourced organic solvents of the Jessop et al. [START_REF] Jessop | Gas-Expanded Liquids[END_REF] classification. This group comprises liquids capable of solubilizing moderate to high amounts of CO 2 and possibly increasing their volumes up to several times. However, their behaviors with respect to CO 2 can be very different in some cases. For example, the analysis of the curves for organic carbonates, at a temperature close to 320.2 K (Figure 7), shows a significant difference between linear carbonates (dimethyl carbonate and diethyl carbonate) and cyclic carbonates (ethylene carbonate and propylene carbonate).

3.1.2. Other CO 2 -Expanded Biosourced Solvents Phase Equilibrium. The phase equilibrium diagrams for anisole, veratrole, γ-valerolactone and MeTHF when expanded by CO 2 are presented in Figures 891011. MeTHF exhibits a very high solubility for CO 2 , and therefore it was possible to reach a high concentration of dissolved CO 2 for relatively low or moderate pressures.

The evaluation of the solubility of CO 2 in the organic solvents studied here indicates that, to reach a given concentration of the gas in the expanded liquid phase, it will logically require a higher or lower pressure depending on the affinity and the capacity of the solvent to accept the CO 2 molecules.

As a reminder, the classification used for GXLs is based on the solubility of CO 2 and the volume expansion associated with it. [START_REF] Jessop | Gas-Expanded Liquids[END_REF] For the case of MeTHF (Figure 11), the needed pressure to reach a mole fraction of 0.5 at a temperature close to ambient (298.2 K) is relatively low (2.5-3.0 MPa). For anisole (Figure 8), veratrole (Figure 9), and γ-valerolactone (Figure 10) at 313.2 K, the needed pressure for this same molar fraction is very similar for these three compounds (5.0-5.5 MPa at 313.2 K). Ethylene and propylene carbonates, members of the cyclic organic family (Figures 5 and6), have lower solubilities and therefore the needed pressure is significantly higher, which places these two solvents in the limits of class II (high solubility and volume expansion) and perhaps close to class III (moderate solubility and volume expansion), a class whose ionic liquids are the most representative components. [START_REF] Shiflett | Solubility of CO 2 in Room Temperature Ionic Liquid[END_REF] For the CO 2 + ethylene carbonate system (Figure 12a), the presence of a zone of immiscibility can be suspected, since the equilibrium pressure seems to increase very rapidly from x CO 2 = 0.6.

For all the P-x CO 2 diagrams studied here, a quasi-linear relationship is observed for the low pressures and CO 2 concentrations (below x CO 2 = 0.2). For example, for the CO 2 + γ-valerolactone system, in Figure 13, the low concentration behavior, in agreement with Deng et al., [START_REF] Deng | Solubilities of Carbon Dioxide in Five Biobased Solvents[END_REF] would make it possible to use a "Henry's law"-like equation where at constant temperature the quantity of gas dissolved in a liquid is proportional to the partial pressure exerted by the gas on the liquid. This proportionality exists mainly at low pressures. Deng et al. [START_REF] Deng | Solubilities of Carbon Dioxide in Five Biobased Solvents[END_REF] have calculated Henry's constants for CO 2 for several biosourced solvents.

At low temperature, when the solvent partial pressure is negligible, it is assumed that the total pressure (P) is equal to the partial pressure of CO 2 (P CO 2 ) due to the low volatility of the GVL. A rapid analysis of the solubility data makes it possible to estimate values of Henry's constant (K H ), which in turn allows us to estimate the quantity of gas dissolved in the liquid using eq 3.

= P x K CO CO H 2 2
(3)

The K H values are presented in Table 4 for each solvent, with the determination temperature (T) and a validity interval, corresponding to the interval where the linear fitting of the curve yielded a value of the regression coefficient greater than 0.999.

Finally, if solubilities of CO 2 in linear carbonates (dimethyl and diethyl carbonates) and in cyclic carbonates (ethylene and propylene carbonates) are compared, it is observed that cyclic carbonates present lower solubilities of CO 2 than linear carbonates.

3.2. Dipolarity/Polarizability of the CO 2 -Expanded Systems. The relationship between the π* of the medium and the wavelength absorbed by the Nile Red dye was studied by Mistry et al., [START_REF] Mistry | Characterisation and Applications of CO 2 -Expanded Solvents[END_REF] who evidenced the difference between protic solvents (or hydrogen-bonding donors, HBD) and aprotic solvents (either non-hydrogen bonding or hydrogen bond acceptor, NHB). Thus, all alcohols are set apart in the HBD group while ethers, esters, carbonates, etc. are referenced as NHBs. These authors compared the π* parameters of several solvents and thus obtained a single equation allowing computation of the values of π* (eq 4) from the maximal absorption wavelength (λ max ), where λ max must be expressed in nanometers.

π λ * = • - - - ( 10000) 19993 1724 max 1 (4) 
3.2.1. Thermochromism. The probe used in solvatochromic measurements, Nile Red dye, exhibits a particular behavior in solution with temperature changes, in parallel with changes in the surrounding media dipolarity/polarizability. This phenomenon, called "thermochromism", [START_REF] Golini | Further Solvatochromic, Thermochromic, and Theoretical Studies on Nile Red[END_REF][START_REF] Kawski | Photophysical Properties and Thermochromic Shifts of Electronic Spectra of Nile Red in Selected Solvents. Excited States Dipole Moments[END_REF] must be taken into account when calculating π* values.

All the determinations presented in this work were made at constant temperature, but the experimental determinations had to be adjusted according to this thermochromism phenomenon. In Figure 14 we can observe the variation of the λ max of Nile Red in dimethyl carbonate with temperature.

It is important to note also that the accuracy of the spectrometer is 1 nm, which will have consequences on the accuracy of the π* "corrected" values.

Thermochromism was evaluated in all solvents at the different temperatures studied here, and its effect evaluated relatively linear in all cases. This linear response of Nile Red dye has been reported in the literature for some solvents such as acetone. [START_REF] Golini | Further Solvatochromic, Thermochromic, and Theoretical Studies on Nile Red[END_REF] The thermochromic relationships are displayed for all solvents in Table 5 as a linear function f(x) = ax + b.

The value of the slope a lies between those of carbonates (about -0.1 nm/K) and MeTHF (-0.195 nm/K). It is important to note that despite the general behavior of the Nile Red dye, whose λ max decreases with temperature in all the solvents studied here, there is no constant value for this variation and a general equation cannot be established because it depends on the nature of the solvent. Among the causes that explain the temperature-dependent changes in the UV-vis absorption spectrum, there are the effect of temperature in the refractive index of the solvent, the effect of temperature on the Boltzmann distribution between the vibrational and rotational energy levels of a solute molecule, and the temperature-dependent interactions between molecules, such as hydrogen bonding interactions. [START_REF] Ito | The Effect of Temperature on Ultraviolet Absorption Spectra and Its Relation to Hydrogen Bonding[END_REF] As formation of hydrogen bonds increases with decreasing temperature, Nile Red dye will then be differentially affected by temperature, depending on the nature of the solvent and its ability to form hydrogen bonds or not. [START_REF] Ito | The Effect of Temperature on Ultraviolet Absorption Spectra and Its Relation to Hydrogen Bonding[END_REF] Once the values of λ max are corrected with the thermochromic relationships obtained for the different pure solvents (Table 5), values of the π* parameter can be calculated with the help of eq 4.

The reference temperature (T ref ) used to calculate the value of π* for each pure solvent was 298.2 K, with the exceptions of 2methyltetrahydrofuran, for which it was 293.2 K, and ethylene carbonate, where π* was calculated at 323.2 K due to its higher melting point.

3.2.2. Determination of the π* Parameter. The multiparameter scale of Kamlet-Taft combines the dipolarity and the polarizability of the surrounding medium of a solute in the single π* parameter. In this view, π* was evaluated for pure and CO 2expanded solvents.

For pure solvents, Table 6 presents the values of π* calculated with eq 4 at the reference temperature, with the values available in the literature. The accuracy of the spectrometer is 1 nm, which leads approximately to an accuracy of 0.025 for π*.

In Figures 15-24 it can be observed how π* decreases with the pressure giving rise to a wide range of accessible polarities for the expanded system, both positive and negative, thus highlighting the extent of modulation of this parameter for these systems. For cyclic carbonates, the change in the π* parameter occurred at much higher pressures, since the solubility of CO 2 is considerably lower as mentioned in section 3.1. At the same time, the π* of the pure solvent is also higher.

In the case of organic carbonates, the first difference that is observed is a strong variation of the dipolarity/polarizability for the linear carbonates (dimethyl carbonate and diethyl carbonate), whereas this is less marked in the case of cyclic carbonates (ethylene carbonate and propylene carbonate). For these latter, it is necessary to implement higher pressures, probably because of the lower solubility of CO 2 in these pure solvents. Since the π* parameter of the pure carbonates is very different, it is preferable to use the ratio between π* and π* P=0 at the relative pressure of P = 0 MPa, at the nearest available temperature of 320.2 K (Figure 19).

When comparing the extent of modulation of π* for the organic carbonates tested, the trend dimethyl carbonate ≈ diethyl carbonate > propylene carbonate > ethylene carbonate can be observed and follows the same trend observed when comparing CO 2 solubilities (Figure 7). Note that, in the case of cyclic carbonates, CO 2 reaches negative values for π*, near those of pure CO 2 , while for CO 2 -expanded cyclic carbonates, values of π* remain positive.

By comparing the π* data for solvents with or without expansion, it is seen that the expansion of the solvents by the gas makes it possible to obtain significant changes in the properties of the solvent that can go as low as π* values less than zero. The data reported here seem to contradict those reported by Wyatt et al. [START_REF] Wyatt | Determination of Solvatochromic Solvent Parameters for the Characterization of Gas-Expanded Liquids[END_REF] where the solvatochromic parameters of the GXLs appeared fairly constant and similar to those of the pure liquid, even at high concentrations of CO 2 . However, their study was limited to two expanded solvents, methanol and acetone. It is now well demonstrated that the dipolarity modulation produced by the presence of CO 2 strongly depends on its solubility in the pure solvent. However, this is not the only factor, because the nature of the solvent also plays a role.

The nonlinearity of the variation of the dipolarity as a function of the mole fraction of CO 2 in most solvents studied here, mainly at low temperatures, can also be explained by the increased presence of the solvent molecules in the cybotactic region (i.e., molecules surrounding the solute) of Nile Red dye, with respect to the CO 2 presence, yielded a modified local composition. In other words, Nile Red will be surrounded according to its affinity for the solvent and CO 2 in a different proportion than the bulk composition. This effect is known as preferential solvation [START_REF] Kroĺicki | Preferential Solvation of Coumarin 153 -The Role of Hydrogen Bonding[END_REF][START_REF] Hallett | Probing the Cybotactic Region in Gas-Expanded Liquids (GXLs)[END_REF][START_REF] Gutkowski | Critical Effects on Attractive Solutes in Binary Liquid Mixtures Close to Their Consolute Point: A New Experimental Strategy[END_REF] and has been suggested to be responsible for the nonlinearity of excitation energies (responsible for solvatochromism) in other binary mixtures [START_REF] Tanaka | Solvatochromism and Preferential Solvation of Brooker's Merocyanine in Water-methanol Mixtures[END_REF][START_REF] Sayadian | Solvatochromism and Preferential Solvation in Mixtures of Methanol with Ethanol, 1-Propanol and 1-Butanol[END_REF] and other CO 2 -expanded solvents, as evaluated from physical experiments and simulations. [START_REF] Li | Solvation and Solvatochromism in CO 2 -Expanded Liquids. 2. Experiment-Simulation Comparisons of Preferential Solvation in Three Prototypical Mixtures[END_REF][START_REF] Swalina | Solvatochromism and Solvation Dynamics in CO 2 -Expanded Liquids[END_REF] 3.3. Densities of CO 2 -Expanded Systems. The solvents studied here have significant differences in their ability to solubilize CO 2 , even if they all fall into the "class II" category of the Jessop et al. [START_REF] Jessop | Gas-Expanded Liquids[END_REF] classification. Besides, one notices that the increase in volume is not proportional to the amount of material in the system, which means that the density of the expanded systems is not proportional to the gas concentration. the quadrupole moment of this molecule. 55a These authors explained that the simulations with rigid models have a better performance for pure CO 2 (sub-and supercritical) whereas, for expanded systems, the model of rigid connections and flexible angle EPM2 gave the best results.

The information needed for the calculation of properties by MD, such as the composition, the pressure, and the temperature (x CO 2 , P, T) at equilibrium, was obtained from the literature when available or from our own determinations (section 3.1).

The following density determination results values are expressed as a function of the molar fraction of CO 2 in the expanded liquid phase (at the VLE). Density graphics contain error bars, though sometimes nearly imperceptible, and correspond to the statistical error, calculated as explained in section 2.2.2.

3.3.1. Densities of CO 2 -Expanded Organic Carbonates. The evolution of the density as a function of the CO 2 mole fraction is shown in Figures 2526272829. Pressures used for these calculations were fixed in accord with the VLE data in order to keep a biphasic system; the range of pressures used was between 1 and 30 MPa, depending on the system.

The variation of the density ratio Δρ/ρ P=0 expressed as the ratio in percent of the density variation to the density of the pure solvent can be observed in Figure 29. At first, Figure 29a shows that it is possible to modulate this ratio to values up to 45%, mainly at high CO 2 mole fractions. However, Figure 29b indicates that, to achieve these compositions in the case of cyclic carbonates (ethylene and propylene carbonates), very high pressures are required.

Concerning organic carbonates, it can then be established a trend in density modulation DMC ≈ DEC > PC ≈ EC that allows saying that modulation is higher in linear carbonates than in cyclic carbonates; this trend is confirmed by the modulation of viscosity as will be seen in section 3.4. These results come from the more compact structures of cyclic carbonates compared to linear molecules, which have been evidenced by MD simulations; 55b the compactness of these structures is accompanied by less free volume available in cyclic molecules allowing less access to CO 2 molecules and is responsible for the lower solubility of CO 2 in cyclic carbonates and for the higher density and viscosity of the neat solvent. All these results indicate that the modulation of the density by the addition of CO 2 to the liquid phase is not linear with CO 2 molar fraction. Indeed, for all solvents, two zones can be distinguished. Depending on the temperature and the composition of CO 2 , the density first remains almost constant or increases slightly and monotonically. Then, beyond a certain concentration of CO 2 , a slight increment of CO 2 produces a sudden volumetric expansion and consequently a clear decrease in density. However, this concentration threshold varies considerably with temperature. This behavior is consistent with the literature [START_REF] Abbott | Probing the Structure of Gas Expanded Liquids Using Relative Permittivity, Density and Polarity Measurements[END_REF] and was related to the increase in free volume, which would be responsible for changes in transport and solvation properties. Indeed, intermolecular voids in the pure solvent can accept CO 2 molecules to a certain extent, producing a very small increase in volume. Then, after a certain CO 2 composition threshold, its solubilization induces a rapid volume expansion. Aida et al. [START_REF] Aida | Dependence of Volume Expansion on Alkyl Chain Length and the Existence of Branched Methyl Group of CO 2 -Expanded Ketone Systems at 40 °C[END_REF] measured the displacement of CO 2 molecules and its average orientation. This effect, capable of explaining the nonlinearity of the density with expansion, refers to the preferential localization of the CO 2 molecules around the negative charges present in the oxygens of the carbonyl groups of the carbonates, but less present in the oxygens of veratrole or anisole, for example, explaining therefore the visible difference between the behaviors of these solvents.

3.4. Viscosities of CO 2 -Expanded Systems. The viscosities of CO 2 -expanded systems have recently been investigated for other GXL systems, [START_REF] Li | Solvation and Solvatochromism in CO 2 -Expanded Liquids. 1. Simulations of the Solvent Systems CO 2 + Cyclohexane, Acetonitrile, and Methanol[END_REF][START_REF] Houndonougbo | Transport Properties of CO 2 -Expanded Acetonitrile from Molecular Dynamics Simulations[END_REF][START_REF] Cullick | Densities and Viscosities of Mixtures of Carbon Dioxide and N-Decane from 310 to 403 K and 7 to 30 MPa[END_REF][START_REF] Sih | Viscosity Measurements on Saturated Gas Expanded Liquid Systems-Acetone and Carbon Dioxide[END_REF][START_REF] Sih | Viscosity Measurements on Saturated Gas-Expanded Liquid Systems Ethanol and Carbon Dioxide[END_REF][START_REF] Matsuda | Estimation of Kinematic Viscosities for CO 2 -Expanded Liquids by ASOG-VISCO Model[END_REF][START_REF] Sih | Viscosity Measurements on Gas Expanded Liquid SystemsMethanol and Carbon Dioxide[END_REF][62] showing that the presence of CO 2 in the liquid phase can significantly affect their values as well as those of other transport properties, such as diffusivities. Indeed, when CO 2 dissolves in a liquid, the viscosity For all the solvents considered here, the determination of the viscosities by molecular dynamics showed a strong decrease of this property with the addition of CO 2 .

The validity of the Stokes-Einstein relationship is, however, not yet established for noncompressible systems. It has recently observed for CO 2 -expanded 1-octene and CO 2 -expanded nonanal that the Stokes-Einstein relationship presents a breakdown at high concentrations of CO 2 . 62b 3.4.1. Viscosities of CO 2 -Expanded Organic Carbonates. The evolution of viscosity as a function of the CO 2 concentration is seen in Figures 34353637.

To confirm the possible deviation from the Stokes-Einstein relationship for the CO 2 -expanded organic carbonate systems, we have performed calculations of the inverse of viscosity (η -1 ) vs the volume expansion, expressed as V/V 0 (Figure 37c). 62b As can be observed, a linear dependence is observed. Further calculations for the diffusion coefficient together with experimental results would be useful to study the validity of the Stokes-Einstein relationship for these and other systems expanded by CO 2 .

3.4.2. Viscosities of Anisole, Veratrole, γ-Valerolactone, and MeTHF Expanded by CO 2 . The evolution of viscosity as a function of the CO 2 composition is seen in Figures 38394041.

As for pure solvents, Green-Kubo's relationship has given satisfactory results. Although the statistical error is smoothened in time, it is observed that, for some compounds, certain values seem to deviate from the global quasi-linear trend. It is considered that these singularities are attributed to error propagation in the determination of the density before launching the calculation of the viscosity in the NVE ensemble. Alternatively, the choice of the force field potential will impact the viscosity prediction accuracy, but this cause is ruled out here since the discrepancy occurs irregularly and only for some points.

Various factors must be separately considered to understand the modulation of the viscosity by CO 2 . First, for low to moderate molar fractions, the reduction of the viscosity seems to be a quasi-linear function of the addition of CO 2 and then the reduction of the viscosity becomes less pronounced, as for example in the case of γ-valerolactone (Figure 41). It is also noted that, at constant composition, the viscosity of the expanded solvents decreases with increasing temperature, as expected.

With regard to the relation between viscosity and density, Enskog's theory [START_REF] Poling | The Properties of Gases and Liquids[END_REF] suggests that, if density increases, viscosity also increases. The viscosity of a fluid is closely related to the interaction of the molecules in motion. Therefore, the closer the molecules, the higher the degree of interaction. However, the densities of some organic solvents studied here may show a slight increase with the addition of CO 2 before falling sharply while the viscosity always decreases as the molar fraction of CO 2 increases. This increase in density has been attributed to the accommodation of CO 2 molecules inside the interstices between solvent molecules, leading to a transitory increase in density, up to the point where no more CO 2 molecules can be accepted and expansion arrives with a decrease in density. [START_REF] Li | Solvation and Solvatochromism in CO 2 -Expanded Liquids. 1. Simulations of the Solvent Systems CO 2 + Cyclohexane, Acetonitrile, and Methanol[END_REF] As has recently been evidenced by Palafox-Hernandez et al. for other carbon dioxide expanded liquids (CXLs) such as 1-octene and nonanal, 62b it is reasonable to expect that CO 2 molecules disrupt the liquid intermolecular interactions at least at high concentrations of CO 2 . This disruption will undoubtedly have an impact in diffusion coefficients which would be worthwhile to determine through experimental methods together with simulations.

In conclusion, while the pressure produces very little change in pure solvents and little change for pure CO 2 , in agreement with Zhong et al., [START_REF] Zhong | Molecular Dynamics Simulation of Transport and Structural Properties of CO 2 Using Different Molecular Models[END_REF] the rise of CO 2 pressure in the expanded liquids studied significantly decreases the viscosity due to the dissolution of the gas. On the other hand, the temperature produces a less predictable effect, since it decreases the viscosity of the pure solvents, but at the same time decreases the dissolution of the CO 2 in the liquid. In this case, the modulation effect is thus less sensitive.

CONCLUSIONS

With the objective of promoting the utilization of GXLs in the industry by providing data on relevant properties for solvent engineering and simple methodologies to obtain further properties, we have studied several biomass derived solvents when expanded by CO 2 . The solvents tested were dimethyl, diethyl, ethylene, and propylene carbonates, anisole, veratrole, γvalerolactone, and 2-methyltetrahydrofuran. Experimental and molecular modeling methods were used to explore the behaviors of these fluids: phase equilibrium and the dipolarity/polarizability parameter of the expanded phase were determined experimentally while density and viscosity were determined through molecular dynamics calculations.

Comparison of our physical determinations with available literature data showed good agreement. The classification of GXLs is based precisely on the ability of the solvent to accept CO 2 and to swell; this ability to swell gives a good idea of the capacity of CO 2 to change properties such as the density, viscosity, and dipolarity of the solvent. It is clear from our results that the different solvents considered here, all derived from biomass, behave differently when in contact of CO 2 : for instance, ethylene carbonate presented the lowest solubility of CO 2 among all the solvents tested while MeTHF presented the highest solubility. For a comparison, to reach a mole fraction of 0.6 at 353 K in ethylene carbonate, 30 MPa of pressure was needed, while 7.5 MPa was needed in the case of 2methyltetrahydrofuran; mass fractions are similar in both cases and equal 0.43. From our results, it can be concluded that the solubility of CO 2 decreases when the π* parameter of the pure compound increases; this behavior comes from the CO 2 molecule whose π* value is very low and, depending the pressure and temperature, can be negative.

Moreover, at low concentrations, the behavior of the solvents generally showed a remarkable linearity, which would make it possible to use a simple law of the "Henry's law" type.

In relation to the π* parameter study by solvatochromic methods, the temperature effect on the absorption spectrum of the Nile Red probe showed a hypsochromic shift (toward shorter wavelengths). The relation wavelength/temperature (thermochromism) showed a fairly linear form. These solventspecific relations were used to "correct" π* parameters into one reference temperature.

Analyzing the results obtained for pure solvents, in most cases the experimental π* parameter was in very good agreement with the literature reference value (error < 0.03) except for diethyl carbonate, where the biggest difference was observed (error = 0.14).

The evolution with the pressure of the "temperature corrected" parameter π* evidenced a great capacity of dipolarity modulation. This modulation does not, however, correspond to a linear relation between π* and x CO 2 . Generally speaking, while CO 2 is introduced in the liquid phase, the π* parameter decreases in an almost linear relation to CO 2 concentration. However, after a certain threshold, the shift in the π* parameter becomes nonlinear and descends rapidly until pure CO 2 values; this change in tendency is higher at higher temperatures.

It follows from these determinations that it is possible to modulate the dipolarity/polarizability parameter of the GXL in a range from the dipolarity of the pure solvent to that of pure CO 2 and allows replacing a given conventional solvent by a binary mixture with similar solvation properties that possibly can be adjusted when needed. For instance, if we observe the case of 2methyltetrahydrofuran, the dipolarity modulation range goes from π* = 0.53 to negative π* values which corresponds to pure CO 2 (depending on temperature). Other interesting cases that show the great capacities for modulation of the π* parameter by CO 2 are by anisole, veratrole, and γ-valerolactone where π* values of the pure solvent can be divided by 2 when CO 2 is added at pressures as low as 5 MPa.

As far as the expansion phenomenon is concerned, we have seen that it is possible to modulate the density largely by adding CO 2 , from pure solvent densities in the range 850-1100 kg/m 3 to the density of pure CO 2 . For instance, diethyl carbonate reached nearly half its density when the CO 2 concentration was about 0.9. Depending on the solvent, the density may increase slightly at the beginning or remain relatively constant as long as the liquid accepts the molecules of the gas in the intermolecular interstices. Once this capacity is exceeded, the density decreases when the concentration of gas increases.

The gas solubilization in the liquid phase produces a decrease in viscosity as expected. However, this effect was observed as quasi-linear and it occurs even at low concentrations of CO 2 , where the density shows a slight increase. This is probably one of the biggest advantages of GXLs, because modulation occurs in all the range of compositions, and in a soft tendency depending on molar fraction. Temperature had a notorious effect on GXL viscosity both because of the increase in mobility of the pure solvent and because of the decreased CO 2 solubility. In opposition to pure fluids where mechanical pressure has little or no effect on viscosity, CO 2 pressure and thus its concentration allow a great viscosity modulation. All solvents studied here showed a similar behavior when comparing viscosity behaviors as a function of CO 2 molar fraction. More viscous solvents such as propylene carbonate (μ = 1.4 at 313.2 K) and less viscous solvents such as 2-methyltetrahydrofuran (μ = 0.6 at 293.2 K) behaved evenly and their viscosities decreased to nearly half at x CO 2 = 0.5. Viscosity seems to affect the CO 2 absorption rate, with the viscous solvents taking more time to dissolve CO 2 and to arrive at a stable pressure. It is, however, worth noting that the validity of the Stokes-Einstein relationship is still to demonstrate by calculation and experimental determinations of the diffusivity in these systems. Disruption of the liquid intermolecular interaction by CO 2 is still demonstrated through the determination of diffusivity in these systems.

Concerning organic carbonates, a trend was observed, where the solubility of CO 2 and, consequently, the possibility of modulation of properties is higher in linear carbonates than in cyclic carbonates, which is consistent with previous studies concerning compactness of similar molecules.

GXLs have been studied over the past two decades; nevertheless, they are still in the first steps of development. The application on an industrial scale of GXLs is currently very limited as are the data available in the literature. Most of the work on this topic has focused on the study of the liquid phase expansion phenomenon, but very few studies have presented a quantitative evaluation of all other properties of these systems while they are needed to promote their use as a smart alternative to conventional solvents. This work essentially aims at providing some data to fill this gap.

Figure 1 .

 1 Figure 1. General scheme of the experimental device.
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 2 Figure 2. Red Nile solvatochromic probe representation.

Figure 3 .

 3 Figure 3. P-x CO 2 diagram for CO 2 + dimethyl carbonate system: (a) 310.2 and 320.2 K; (b) 330.2 and 373.2 K. Data taken from refs (a) 30 and (b) 31.
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 4 Figure 4. P-x CO 2 diagram for CO 2 + diethyl carbonate system: (a) 320.2 and 330.2 K; (b) 340.2 and 373.2 K. Data taken from ref 30.
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 5 Figure 5. P-x CO 2 diagram for CO 2 + ethylene carbonate system at 323.2, 353.2, and 373.2 K.
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 6 Figure 6. P-x CO 2 diagram for CO 2 + propylene carbonate system: (a) 313.2 and 333.2 K; (b) 353.2 and 373.2 K. Data taken from refs (a) 32 and (b) 33.
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 7 Figure 7. P-x CO 2 diagrams for CO 2 + organic carbonates systems at temperatures nearest to 320.2 K. DMC, dimethyl carbonate; DEC, diethyl carbonate; EC, ethylene carbonate; PC, propylene carbonate.
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 8 Figure 8. P-x CO 2 diagram for CO 2 + anisole system: (a) 313.2 and 333.2 K; (b) 353.2 and 373.2 K. Data taken from refs (a) 34, (b) 35, and (c) 36.
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 9 Figure 9. P-x CO 2 diagram for CO 2 + veratrole system: (a) 313.2 and 323.2 K; (b) 353.2 and 393.2 K. Data taken from ref 37.
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 10 Figure 10. P-x CO 2 diagram for CO 2 + γ-valerolactone system at 313.2, 333.2, 353.2, and 373.2 K.
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 11 Figure 11. P-x CO 2 diagram for CO 2 + 2-methyltetrahydrofuran system at 293.2, 313.2, 333.2, and 353.2 K.
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 12 Figure 12. P-x CO 2 diagrams for CO 2 + ethylene carbonate system at 353.2 K and CO 2 + [HMIm][Tf 2 N] system at 343.2 K. Data taken from ref 39.
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 13 Figure 13. P-x CO 2 diagram for CO 2 + γ-valerolactone system at low concentrations at 313.2 K. Data taken from ref 40.
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 14 Figure 14. Variation of λ max with temperature for Nile Red dye in dimethyl carbonate.

  3.2.3. π* of CO 2 -Expanded Organic Carbonates. The results of the determination of the π* parameter in organic carbonates are shown in Figures 15-18 at different temperatures.
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 324 π* Parameters of Anisole, Veratrole, γ-Valerolactone, and MeTHF Expanded by CO 2 . Finally, the results for the determination of the π* parameter values for solvents other than organic carbonates are shown in Figures 20-24, with a scale of 0-1 for π*.
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 15 Figure 15. Variation of π* parameter as a function of CO 2 pressure for CO 2 + dimethyl carbonate system at different temperatures.
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 16 Figure 16. Variation of π* parameter as a function of CO 2 pressure for CO 2 + diethyl carbonate system at different temperatures.
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 17 Figure 17. Variation of π* parameter as a function of CO 2 pressure for CO 2 + ethylene carbonate system at different temperatures.

Figure 18 .

 18 Figure 18. Variation of π* parameter as a function of CO 2 pressure for CO 2 + propylene carbonate system at different temperatures.

Figure 19 .

 19 Figure 19. π*/π* P=0 ratio vs x CO 2 for organic carbonates at the nearest available temperature of 320.2 K.

Figure 20 .

 20 Figure 20. Variation of π* parameter as a function of CO 2 pressure for CO 2 + anisole system at different temperatures.
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 21 Figure 21. Variation of π* parameter as a function of CO 2 pressure for CO 2 + veratrole system at different temperatures.
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 22 Figure 22. Variation of π* parameter as a function of CO 2 pressure for CO 2 + γ-valerolactone system at different temperatures.
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 23 Figure 23. Variation of π* parameter as a function of CO 2 pressure for CO 2 + 2-methyltetrahydrofuran system at different temperatures.

Figure 24 .

 24 Figure 24. π* parameter vs x CO 2 for CO 2 -expanded 2-methyltetrahydrofuran at different temperatures.
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 25 Figure 25. Density vs molar fraction for CO 2 + dimethyl carbonate system at (a) 310.2 and 320.2 K and (b) 330.2 and 373.2 K.
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 26 Figure 26. Density vs molar fraction for CO 2 + diethyl carbonate system at (a) 320.2 and 330.2 K and (b) 340.2 and 373.2 K.
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 27 Figure 27. Density vs molar fraction for CO 2 + ethylene carbonate system at 323.2, 353.2, and 373.2 K.
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 28 Figure 28. Density vs molar fraction for CO 2 + propylene carbonate system at (a) 313.2 and 333.2 K and (b) 353.2 and 373.2 K.
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 29 Figure 29. Change (%) in the density ratio Δρ/ρ P=0 to the pure solvent of CO 2 + organic carbonate systems as a function of mole fraction and CO 2 pressure. DMC, dimethyl carbonate; DEC, diethyl carbonate; EC, ethylene carbonate; PC, propylene carbonate.
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 30 Figure 30. Density vs molar fraction for CO 2 + anisole system at (a) 313.2 and 333.2 K and (b) 353.2 and 373.2 K.
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 32 Densities of Veratrole, Anisole, γ-Valerolactone, and MeTHF Expanded by CO 2 . The evolution of the density as a function of the CO 2 mole fraction is seen in Figures30-33
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Figure 31 .

 31 Figure 31. Density vs molar fraction for CO 2 + veratrole system at (a) 313.2 and 323.2 K and (b) 353.2 and 393.2 K.

Figure 32 .

 32 Figure 32. Density vs molar fraction for CO 2 + γ-valerolactone system at (a) 313.2 and 333.2 K and (b) 353.2 and 373.2 K.
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 33 Figure 33. Density vs molar fraction for CO 2 + 2-methyltetrahydrofuran system at (a) 293.2 and 313.2 K and (b) 333.2 and 353.2 K.
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 34 Figure 34. Viscosity vs molar fraction for CO 2 + dimethyl carbonate system at (a) 310.2 and 320.2 K and (b) 330.2 and 373.2 K.
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 35 Figure 35. Viscosity vs molar fraction for CO 2 + diethyl carbonate system at (a) 320.2 and 330.2 K and (b) 340.2 and 373.2 K.
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 36 Figure 36. Viscosity vs molar fraction for CO 2 + ethylene carbonate system at 323.2, 353.2, and 373.2 K.

Figure 37 .

 37 Figure 37. Viscosity vs molar fraction for CO 2 + propylene carbonate system at (a) 313.2 and 333.2 K and (b) 353.2 and 373.2 K. (c) Inverse of viscosity as a function of volume expansion for CO 2 -expanded organic carbonates.

Figure 38 .

 38 Figure 38. Viscosity vs molar fraction for CO 2 + anisole system at (a) 313.2 and 333.2 K and (b) 353.2 and 373.2 K.
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 39 Figure 39. Viscosity vs molar fraction for CO 2 + veratrole system at (a) 313.2 and 323.2 K and (b) 353.2 and 393.2 K.
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 40 Figure 40. Viscosity vs molar fraction for CO 2 + γ-valerolactone system at (a) 313.2 and 333.2 K and (b) 353.2 and 373.2 K.

Figure 41 .

 41 Figure 41. Viscosity vs molar fraction for CO 2 + 2-methyletetrahydrofuran system at (a) 293.2 and 313.2 K and (b) 333.2 and 353.2 K.

Table 1 .

 1 Materials, Suppliers, and Purities

	compound	chemical formula	supplier	purity
	anisole	C 6 H 5 OCH 3	Acros Organics	99%
	veratrole	C 6 H 4 (OCH 3 ) 2	Acros Organics	>99%
	γ-valerolactone	C 5 H 8 O 2	Acros Organics	98%
	dimethyl carbonate	(CH 3 O) 2 CO	Acros Organics	99%
	diethyl carbonate	(OCH 2 CH 3 ) 2 OC	Acros Organics	99%
	ethylene carbonate	C 3 H 4 O 3	Acros Organics	>99%
	propylene carbonate	C 4 H 6 O 3	Acros Organics	99.5%
	2-methyltetrahydrofuran	CH 3 C 4 H 7 O	Sigma-Aldrich	>99%
	Nile Red	C 20 H 18 N 2 O 2	Sigma-Aldrich	technical grade
	carbon dioxide	CO 2	Air Liquide	>99%

Table 2 .

 2 Amber Cornell Extended Potential (Scienomics)

	bond

Table 3 .

 3 MD Simulations Conditions for Density Determination

	ensemble	NVT for equilibrium; NPT for results production
	time step	1 fs
	total number of molecules 1000
	total steps	1 200 000
	cutoff distance	8 Å
	switching distance	12 Å
	initial velocities	randomly assigned
	border conditions	periodical
	long-range iteractions	PPPM a
	a Particle-particle particle-mesh solver.

Table 4 .

 4 Henry's Constants (K H ) and Validity Intervals for Different Solvents at Different Temperatures

	dimethyl carbonate	310.2	5.76	0.4	330.2	8.31	0.4
		320.2	7.48	0.4	373.2	16.66	0.4
	diethyl carbonate	320.2	6.04	0.15	340.2	7.6	0.2
		330.2	7.2	0.2	373.2	10.47	0.15
	ethylene carbonate	323.2	22.71	0.4	373.2	32.17	0.2
		353.2	24.83	0.2			
	propylene carbonate	313.2	12.38	0.15	353.2	17.75	0.2
		333.2	14.3	0.15	373.2	23.01	0.2
	anisole	313.2	11.49	0.35	353.2	16.3	0.3
		333.2	12.83	0.2	373.2	18.57	0.3
	veratrole	313.2	9.55	0.1	353.2	20.83	0.2
		323.2	15.69	0.1	393.2	27.51	0.2
	γ-valerolactone	313.2	7.79	0.35	353.2	14.06	0.2
		333.2	12.92	0.35	373.2	17.84	0.2
	2-methyltetrahydrofuran	293.2	4.21	0.4	333.2	8.46	0.3
		313.2	6.5	0.4	353.2	9.66	0.25

solvent T (K) K H (MPa) validity interval (max x CO2 ) T (K) K H (MPa) validity interval (max x CO2 )

Table 5 .

 5 Thermochromism Relationships for All the Solvents Concerned Here

	solvent	abbrev	a	b	R 2
	dimethyl carbonate	DMC	-0.1121	550.87	0.9989
	diethyl carbonate	DEC	-0.1142	548.70	0.9978
	ethylene carbonate	EC	-0.1142	581.43	0.9868
	propylene carbonate	PC	-0.1000	569.32	1.0000
	anisole	Ani	-0.2000	593.14	0.9877
	veratrole	Vera	-0.1395	579.13	0.9989
	γ-valerolactone	GVL	-0.1000	569.32	1.0000
	2-methyltetrahydrofuran	MeTHF	-0.1950	580.27	0.9909

Table 6 .

 6 Calculated vs Literature π* Parameters for Pure Solvents a

	solvent	calcd π* T ref (K) lit. π*	error	ref
	dimethyl carbonate	0.38	298.2	0.38	0.0	45
	diethyl carbonate	0.31	298.2	0.45	-0.14	45
	ethylene carbonate	0.91	323.2	-	-	-
	propylene carbonate	0.85	298.2	0.83	0.02	45
	anisole	0.73	298.2	0.73	0.0	45
	veratrole	0.81	298.2	-	-	-
	γ-valerolactone	0.85	298.2	0.83	0.02	46
	2-methyltetrahydrofuran	0.50	293.2	0.53	-0.03	46
	scCO 2 (9 MPa, 60 °C)	-	-	-0.47	-	46
	scCO 2 (100 MPa, 60 °C)	-	-	-0.03	-	46

a

Values for CO 2 have been included for comparison.
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