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Abstract

:

The supercritical CO2 (scCO2) is widely used as solvent and transport media in different technologies. The technological aspects of scCO2 fluid applications strongly depend on spatial–temporal fluctuations of its thermodynamic parameters. The region of these parameters’ maximal fluctuations on the p-T (pressure-temperature) diagram is called Widom delta. It has significant practical and fundamental interest. We offer an approach that combines optical measurements and molecular dynamics simulation in a wide range of pressures and temperatures. We studied the microstructure of supercritical CO2 fluid and its binary mixture with ethanol in a wide range of temperatures and pressures using molecular dynamics (MD) simulation. MD is used to retrieve a set of optical characteristics such as Raman spectra, refractive indexes and molecular refraction and was verified by appropriate experimental measurements. We demonstrated that in the Widom delta the monotonic dependence of the optical properties on the CO2 density is violated. It is caused by the rapid increase of density fluctuations and medium-sized (20–30 molecules) cluster formation. We identified the correlation between cluster parameters and optical properties of the media; in particular, it is established that the clusters in the Widom delta acts as a seed for clustering in molecular jets. MD demonstrates that the cluster formation is stronger in the supercritical CO2-ethanol mixture, where the extended binary clusters are formed; that is, the nonlinear refractive index significantly increased. The influence of the supercritical state in the cell on the formation of supersonic cluster jets is studied using the Mie scattering technique.
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1. Introduction


The supercritical CO2 is widely used in many technologies such as film deposition under high pressure, synthesis of nanoparticles by laser ablation, laser-induced etching of hard materials, impregnation of substances into solid substrates, particle coating, foaming of plastics, etc. The processes involving supercritical fluids (SCF) such as CO2 or H2O are sustainable, environmentally friendly, cost efficient and offer the possibility of obtaining new products. This broad technological development has stimulated relevant fundamental research of the most efficient conditions for industrial applications. Significant progress has been achieved in understanding the physical properties of supercritical fluids [1,2], largely due to the improvement of experimental techniques [3,4]. However, there are several questions regarding the physical micro- and macroscopic behavior of supercritical fluids.



In the vicinity of the critical point, at temperatures from 300 to 350 K and pressures in the range of 65–75 bars, the physical properties of CO2 drastically change. In particular, the density increases from the values specific for dense gas (about 120 kg·m−3) to the values typical for compressible liquid (about 750 kg·m−3) [5]. The density variations in the vicinity of the critical point correlate with other macroscopic properties (isobaric heat capacity, molecular diffusivity, viscosity, nonlinear refractive index, etc.) that reflect changes at the molecular level, such as cluster formation [6]. For example, supercritical fluids in the critical point vicinity feature gas-like viscosities. The kinematic viscosity shows a minimum in the vicinity of the critical point [7,8]. Thereby, in the practical aspect carrying out processes in SCF may result in energy savings and efficient separation [8].



Previously, it was believed that the supercritical state is homogeneous. Recent research has made it possible to identify states of matter with different liquid or gaseous properties even under supercritical conditions, namely liquid-like (LL) and gas like (GL) SCF [9]. A change in the structure of the SCF from liquid-like to gas-like occurs when the representing point in the p-T diagram intersects the coexistence line of these medium states. This so-called Widom line was first identified experimentally in [9], where the authors demonstrated the inadequacy of the classical representation of the supercritical fluid as a homogeneous medium. (this area was called the “ridge” or “extension curve”). Afterwards this region was renamed to the Widom delta [10]. In the p-T diagram below the critical point, the vapor–liquid equilibrium line separates the two phases (liquid and gas) [10]. Above the critical point the vapor–liquid equilibrium line broadens into a two-dimensional region, named the “Widom delta”. In the Widom delta, the SCF can be represented as a mixture of coexisting LL and GL (gas-like) molecules forming intertwined domains [10]. In the (p, T)-diagram, the Widom delta can be represented as a ridge with a top (Widom line). The Widom line is determined by the maximum density fluctuations [2,11,12] or as a set of points where extremum of some thermodynamic parameters appear [13,14]. In the Widom delta, several physical parameters (e.g., adiabatic compressibility, heat capacities, thermal expansion coefficient, speed of sound, thermal conductivity) demonstrate violation of the monotonic dependence on density. The strong adjustability (small change in pressure or temperature leads to the large change of physical parameters) and anomalous behavior of physical parameters in this region make it an object of interest for technological applications. For example, the maximal molecular mobility of CO2 is achieved in the Widom delta, which is essential when using scCO2 as a solvent [15]. Both the anomalous behavior of the parameters and phase transitions are a manifestation of van der Waals interactions of atoms and molecules. They are manifested, pronounced at low temperatures and high pressures. Wherein depending on the temperature and pressure, the formation of clusters, condensation and crystallization is possible. In this regard, one of the possible applications is the use of SCF as a working fluid in supersonic jets. This is a powerful method of modern nanochemistry and nanophysics, that allows efficient adiabatic cooling of the jet substances. The cooling depth and pressure at any point of the jet are controlled by the temperature and pressure in the nozzle chamber (stagnation parameters). This allows, by adjusting the stagnation conditions, to obtain jets containing large aggregates of molecules (clusters, microdroplets and microcrystals). The corresponding jet expansion model (as, for example, [13]) will allow calculating the distribution of clusters, their sizes and jet parameters in the flow field. Nowadays, active research with cluster jets obtained during the supersonic expansion of a supercritical fluid as laser targets for the generation of neutrons and proton beams are carried out [14,15].



As was noted above, the most interesting properties of the SCF (as adjustability, high molecular mobility and strongly nonlinear behavior) are achieved in the Widom delta that is caused by the cluster formation that drastically distinguishes SCF from liquids or gases. The cluster formation can be significantly increased in a mixture of SCFs [16]. The mixtures find different applications in technology. First of all, the combination of scCO2 and ethanol can be used as a solvent, moreover in most applications scCO2 serves as a solvent [17]. It was shown in [16] that the critical point of a binary mixture can be significantly shifted from the critical point of pure medium. As we show in [to be published in Russian Journal of Physical Chemistry B] in the binary mixture of CO2 and ethanol, a new Widom delta (corresponding to the mixture critical point) is formed. Thereby, to identify the current state of matter, it is especially important to have a robust and simple diagnostic tool. The clustering of molecules that occurs in supercritical fluid leads to the modification in the molecular refraction, an increase of the nonlinear refractive index [18] and the offset of the rotational–vibrational transitions [19]. Specific modifications in the SCF microstructure can be detected by optical techniques such as Raman spectroscopy. Moreover, the diagnostics can be applied for non-stationary processes such as laser ablation as a real-time feedback.



One of the most commonly used diagnostic tools is a vibration spectroscopy. IR and Raman spectroscopy are also widely used to investigate different samples from inorganic materials to complex organic structures [20]. Previously, Raman and coherent anti-stokes Raman scattering (CARS) spectroscopy were applied for scCO2 investigations [19,21,22]. However, the anomalous properties of the Raman spectra in the Widom line vicinity were not highlighted. These methods can be used for both qualitative identification and complex quantitative analysis. The applications of the vibrational spectroscopy include, but are not limited to, the characterization of chemical bonding structure of a molecule, orientation, crystallinity [20]. The vibration spectroscopy is a complementary technique required to completely measure the vibrational modes of a molecule. Some vibrational modes may be active in both IR and Raman, or only in one spectroscopy [20]. One of the possible approaches to increase the sensitivity of the spectroscopy is to use nonlinear techniques such as stimulated Raman scattering or CARS [23].



The optical diagnostics is not limited by spectroscopic methods [24]. We recently demonstrated that by determining the linear and nonlinear refractive indices, the relative concentration of clusters and the average number of molecules in a cluster can be estimated [18]. Moreover, the nonlinear refractive index measurements are one of the most sensitive approaches due to nonlinear (for instance, n2 has a quadratic dependence on the cluster concentration) processes [25].



The main aim of the work was to demonstrate the influence of CO2 fluid microstructure (from weakly interacting molecules in the gas phase to clusters in SCF) on the optical properties of the medium. The present article is organized as follows. In Section 2, we will briefly present the main methods applied in the work. In the Section 3, it will be followed by the obtained results and their discussion. Finally, the summary and conclusions will be presented in Section 4.




2. Results and Discussion


2.1. SCF Structure in the Widom Delta


In the case of gases and liquids, the structure of matter corresponds to the chaotically moving molecules or atoms in gases and densely packed molecules in liquids. In the area located on the p-T diagram within the Widom delta, above the Widom line the structure of the substance is closer to the liquid (LL SCF): the sizes of the clusters become larger, and the areas of empty space (pores) move in the medium. In the region below the Widom delta on the p-T diagram (GL SCF), individual small clusters move in a relatively empty space [26]. Density fluctuations are associated with adiabatic compressibility by the relation [27]
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As it is follows from (1), the maximum fluctuations are achieved in the case of the rapid increase in density with pressure, where the derivative of density is maximal. Figure 1 shows the “heat map” calculated from the numerical differentiations of the data [5] according to (1).



Figure 2 shows that with increasing temperature, the position of the maximal fluctuations shifts towards higher pressures from the critical value. However, the magnitude of the fluctuations is decreased under higher pressure. This is caused by the decrease of cluster formation (leading to the density fluctuations) with distance from the critical point and the growth rate of the density decreases. The cluster formation will lead to the “anomalous” (violation of the monotonic dependence on the density) behavior of SCF properties (n2, n, vibration spectrum). To retrieve for different pressures and temperatures the microstructure of SCF, we performed MD simulations. The resulted dependence of cluster formation is presented in Figure 2.



Figure 2 demonstrates that at low pressure, most of the molecules are non-clustered (ideal-gas behavior). With the pressure increase, the fraction of clusters grows. In the supercritical state, most of the molecules form one so-called “supercluster” where more than 60% of molecules are located. When the supercluster is formed, the physical properties of the SCF become close to a liquid medium, where about 100% of molecules are located in supercluster. The most intriguing physical picture is observed in the Widom delta. The clustering of matter in this region is high; however, instead of forming one supercluster, medium-sized clusters are formed. As we showed in [18,25], this leads to the anomalous behavior. The cluster contains 20–30 molecules. The monotonic dependence of molecules in a supercluster on density is violated in the Widom delta, because medium-sized clusters are formed, and molecules in this clusters do not form supercluster. As we will show further, the clustering drastically changes the physical properties of SCF.




2.2. Molecular Refraction


Due to the decrease in free volume during compression (increase of pressure), the movement of molecules is limited and begins to transform into other types of movement (for example, rotation) that require less space leading to the increase of molecular refraction. The Lorentz–Lorentz function (FLL) was calculated based on Equation (5), where the experimentally measured refractive index and the tabular density value were used. There are two maxima and a minimum in the dependence of FLL on pressure. The minimum corresponds to the critical point, and the second maximum corresponds to the crossing of Widom delta. The extrema of the FLL correspond to the transformation of the structure of matter. The first extremum, as shown by MD, is caused by a local maximum of the average number of molecules in a cluster. The second extremum (minimum) corresponds to the gas => SCF phase transition, and the third extremum is an indicator of the passage of the Widom delta (GL SCF => LL SCF).



With an increase in the difference between the current temperature and the critical temperature, the rapid change of the Lorentz–Lorentz function is smoothed out. This is caused due to the change of SCF structure to GL SCF, and the maxima of the Widom delta shifts to the region of high pressures. Thereby, the transition gas => GL SCF practically does not change the structure of the fluid and does not “feel” this change. The FLL jump is most clearly observed near the critical temperature. As it is noted in [28], this phenomenon is associated with a change in the structure of the substance. In the case of the Widom delta, this is caused by the maximum clustering of SCF. For the temperatures lower than the critical, there is only one extremum in the FLL dependence on pressure that corresponds to the transition from gaseous to liquid state it is less pronounced.




2.3. Nonlinear Refractive Index


In the vicinity of the critical point, as in the case of FLL, a drop in the normalized (over density) nonlinear refractive index is observed. The normalization of data obtained in [18] was performed to vanish the effect of density grow (the number of molecules grow). The drop is primary caused by scattering growth in the critical point vicinity. This effect reduces the light intensity that in turn gives underestimated values for n2.



As predicted by our theoretical model in [18], a sharp increase in the nonlinear refractive index is observed in the Widom delta due to the achievement of the maximum clustering. The growth of the n2 is greater for temperatures close to the critical point: clustering of the SCF is maximum in the region on the p-T diagram close to the critical pressure that corresponds to the maximal value of the medium-size clusters. It is interesting to note that the normalized nonlinear refractive index is practically undistinguished from pressure in the gas phase and LL SCF. The most pronounced change in the nonlinear index occurs in the Widom delta. Thereby, we can conclude that the clustering is a dominant process for determining nonlinearity in the supercritical fluids.



When the temperature is lower than the critical one, the normalized-on density nonlinear refractive index changes only during phase transition from gaseous to liquid state, that corresponds to the formation of one infinite supercluster (see Figure 3b).




2.4. Raman Spectroscopy


The dependence of the magnitude and spectral width of the Raman lines show the similar dependence on p and T as the nonlinear refractive index and the FLL. We normalized the obtained spectra to avoid the blurring caused by the linear dependence of Raman spectral brightness on scCO2 density. There is a decrease of Raman intensities in the vicinity of the critical point (see Figure 4) caused by the growth of the density fluctuations even in the subcritical region (see Figure 1). The normalized Raman spectrum does not change distinctly at temperatures below the critical temperature. However, in the supercritical region the increase of both the amplitude and the width of Raman lines is obtained. The phenomenon is observed in the Widom delta, that is caused by the clustering. The magnitude of the peak is higher in the case of 311 K. It is caused by the fact that the different clusters are weakly interacts with each other, and the thermodynamic equilibrium is achieved only within one cluster. The local increase of density in each cluster leads to the liquid-like density (that increase the probability of Raman scattering), however, the weak interaction between the cluster do not give opportunity to transform the energy from molecular vibrations do different types of vibrations (librations, etc.). When the temperature is increased to 320 K the Raman peak (symmetric stretch of CO2) at 1395 cm−1 is slightly blue shifted, due to a different environment. This is also an indicator of transition from liquid (298 K) and LL SCF (311 K) to GL SCF (320 K). The phenomenon is similar to transformation of CO2 Raman spectrum during transition from dense gas to liquid that was observed in [28]. It is interesting that the component on the 1307 cm−1 does not shift. It could be a result that this component of the Raman spectrum is a result of Fermi resonance with the first overtone of the doubly degenerate bending mode at 667 cm−1 that has different dependence on temperature and pressure.




2.5. Mie Scattering


To identify the influence of the supercritical state on the formation of cluster jets, comparative experiments were carried out under subcritical and supercritical conditions in the supercritical cell. It was found that the transition to the supercritical state of CO2 leads to the increase of cluster concentration and decrease in the cluster radius. Table 1 summarizes the mean cluster radius and cluster density.



Data shown in Table 1 indicate that the initial structure of the SCF significantly affects the cluster parameter inside cluster jets. The maximum cluster density corresponds to the region of the Widom delta (3.14·× 1012 cm−3). It should be noted that the cluster size in the Widom delta is minimal (R less than 50 nm). Note that the estimates of the cluster diameter under subcritical conditions in the cell (P = 64 bar, T = 315 K and 306 K) made using the known semi-empirical Hagen Formulas coincide with the results of Mie measurements. We believe that the increase of cluster concentration in the jet is caused by the increase of the “seed” clusters inside the supercritical cell. It should be stressed that the enhanced clustering of the jet as it expands from the Widom delta opens up the possibility of increasing the energy absorption of intense laser pulses and, as a result, intensifying such laser-stimulated processes as neutron generation [15].




2.6. Macroscopic Properties Simulation


Although an isolated CO2 is a non-polar molecule due to its symmetry. Close «polar neighbors» can induce a significant quadrupole moment, making scCO2 a good “quadrupole” solvent [29]. This occurs due to the high polarizability of neutral CO2 (2.63 Å3). The high polarizability of CO2 is due to the significant deformability of the CO2 molecule during interaction of the molecules with each other and with the molecules of the solute. It is well known that quadrupole effects in scCO2 lead to a local increase in density and the formation of clusters of both CO2 and binary mixtures.



The values of macroscopic parameters retrieved from molecular dynamics (n2, FLL, etc.) demonstrate a good coincidence with the experimental observed. For example, the behavior of simulated Raman spectrum demonstrates the similar trends in the Widom delta. If we present the simulated dependence of Raman scattering amplitude, nonlinear refractive index and FLL on one figure, we can obtain the similar behavior. Figure 4 demonstrates the three regions: gas phase, Widom delta and LL SCF. As it was discussed above, the drastic change in the dependence arises from the microstructure of SC CO2 fluid. The Widom delta is the unique region where medium-sized clusters could be observed. The transitions to the supercritical state over isotherms and isobars widely separated from the critical point would not lead to the observable change in the macroscopic optical properties. It is also applicable for thermodynamic parameters such as isobaric heat capacity, enthalpy, etc. Figure 5 demonstrates that there is a minimum in the vicinity of the critical point and maximum in the Widom delta. The cluster formation in the Widom delta (lower graph on Figure 5) leads to the increase of dipole moment [25] because the long clusters have a greater dipole moment; the polarizability of the medium is also changed [25] leading to the anomalous behavior of the FLL. The cluster formation, as was mentioned above, leads to the broadening of the Raman spectrum.



Thereby, molecular dynamics has a predictive power and could be applied for modeling both microscopic (cluster parameters) and macroscopic (nonlinear refractive index, rotation–vibration spectrum, FLL, etc.). In addition to optical properties of the media, the MD can be also applied for simulation thermodynamical (isobaric heat capacities, enthalpy, entropy, etc.), mechanical (Young’s modulus, ultimate strength, yield stress, flow stress, etc.) properties and any other parameter that can be calculated using speeds and position of each atom.




2.7. Simulation of scCO2-Ethanol Mixture (3:1 Molar Fraction)


Thereby, in the current work we demonstrate that MD can be applied to predict the nonlinear refractive behavior of the CO2-ethanol mixture. In the binary mixtures, the critical point shifts in proportion to the molecular fraction of its components (in the first approximation) [16], thereby the Widom delta of the mixture also shifts. Using MD, we demonstrated that there are three Widom deltas in such kinds of mixtures that require experimental verification. Two of them correspond to pure components and are characterized by the appearance of a cluster consisting of the same molecules (for instance, pure CO2 or pure ethanol), see insets in Figure 6. As a result, in the mixture Widom delta extended linear clusters are formed (see the inset in Figure 6). The dipole moment of such clusters is greater than the dipole moment of an isolated molecule, thereby the nonlinear refractive index would grow [18]. For a given molar fraction, the temperature-dependent behavior of the n2 confirms this trend and demonstrates the appearance of the n2 maximum value in the mixture where a new Widom delta is formed.



The nonlinear refractive index as it was shown in previous paragraphs is increased in the Widom delta. Three Widom delta were obtained in the binary mixtures. In the each Widom delta a maximum in the dependence of the n2 on temperature is observed (see Figure 7). The highest value of the n2 is achieved in the Widom delta corresponding to the binary mixture, because clusters formed in the region have the highest polarizability and dipole moment. It should be noted that the obtained features specific for pure fluids could also maintain themselves in the binary mixture Widom delta.





3. Methods


In the manuscript, we use optical methods (nonlinear refractive index and molecular refractive index measurements, Raman spectroscopy) to obtain the dependence of macroscopic physical properties (nonlinear refractive index, molecular refraction, vibration spectrum) on pressure and temperature. Then, we compare these dependencies with retrieved from the molecular dynamic simulation. After verification of the applied numerical model, we use MD as a tool for visualization of scCO2 fluid microstructure and the clustering characterization. The influence of supercritical state in the cell on the formation of supersonic cluster jets is studied using the Mie scattering technique.



3.1. Raman Spectroscopy


Raman spectroscopy is a well-proven technique that does not require expensive equipment and complex facilities, such as a femtosecond laser; thereby, it is widely used in different fields of science and technology [30]. We used Raman spectroscopy to retrieve the dependence of Raman-active vibration modes spectrum on pressure and temperature. Raman spectroscopy was performed using the classical scheme of Raman spectroscopy with passing through the SCF cell. The required pressure was set using a high-pressure generator connected to the SCF cell through a needle control valve that was used to adjust the pressure.



The SCF cell was heated using a PID thermoregulator (TPM-210, Owen, Moscow, Russia), with connected band heater and a K-type thermocouple, that regulates the temperature in the cell with an accuracy of 0.1 K. The measurement of the pressure and temperature inside the SCF sell was carried out using a thermocouple inserted inside the cell in a stainless steel capillary with a diameter of 0.5 mm and a digital pressure sensor (P-30, Wika, Frankfurt, Germany). The thermocouple and pressure sensor were connected to a digital meter (TPM-200, Owen, Moscow, Russia), which continuously recorded parameters. The accuracy measurement for temperature was 0.1 K and for pressure 0.1 bar.



The setup used a semiconductor-pumped, Q-switched, pulsed solid-state laser, TEM00, M2 < 1.2, the pulse energy instability with respect to the root-mean-square deviation was <2%. Laser radiation (527 nm, 1 kHz, 250 mW) was focused into a supercritical cell (length 10.5 cm) by a lens with a focal length of 50 mm. After passing through the cell, the transmitted radiation was collimated and passed through a set of filters that cut off the radiation at the fundamental wavelength. The Raman signal was recorded using a fiber QE-PRO spectrometer (Ocean Insight, Rochester, USA) spectral resolution about 0.8 cm−1. The experimental setup is presented in Figure 7.




3.2. Nonlinear Refractive Index and Molecular Refractive Index Measurements


To reveal the behavior of the nonlinear properties of CO2 in the Widom delta, we measured the nonlinear refractive index for different pressures and temperatures. For measurement of the nonlinear refractive index (n2), we used a method presented in [18]. In the framework of the method, the spectral broadening of the laser pulses transmitted through a medium with Kerr nonlinearity is registered. After passing through a nonlinear medium with a known Kerr response, the spectrum of laser pulses broadens due to the self-phase modulation.
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where Δωout and Δω are the root-mean-square spectral width of the output and input impulses; ω0 is the central frequency of the laser pulse, I is the intensity, ϕmax is the phase shift of the pulse after passing through the nonlinear medium:


   ϕ  max   = − L    ω 0   n 2    c n    I 0   



(5)







The ratio of the transmitted spectrum bandwidth to the initial spectrum gives a phase shift that is recalculated to the n2. In these experiments, the radiation of a femtosecond Cr:Forsterite laser system (140 fs, 10 Hz, energy up to 400 µJ) was used. The obtained values of the n2 were normalized on the density of the fluid. To obtain the linear refractive index (n) of the SCF, we measure the third-order autocorrelation function of the femtosecond pulse passed through supercritical cell. The main laser pulse on the fundamental frequency that passed through the SCF was mixed with its second harmonic generated in the KDP (Potassium Dihydrogen Phosphate) crystal, that gave the autocorrelation function. By varying the time delay, the change in optical path was determined with a change in pressure. After normalizing the obtained data on the value of the refractive index at 1 bar we retrieve the change in the refractive index with pressure. The molecular refraction can be represented as:


FLL = M·(n2 − 1)/(n2 + 2)/ρ,



(6)




where M is the molecular weight and ρ is the density.




3.3. Mie Scattering


The Mie scattering technique [31,32]] is used to study the influence of supercritical conditions on the size and density of molecular clusters in molecular jets in the supersonic jets produced for various applications. The pressure and temperature in the supercritical cell were limited (85 bar and 100 °C). The expansion of the supercritical fluid from the supercritical cell is performed through a conical supersonic nozzle (opening angle 10 deg, length 25 mm, critical section 500 μm and outlet diameter 4.7 mm). The nozzle connects a pulsed gas valve with a vacuum chamber (pressure about 35 mTorr). The scattering signals ratio from the ensemble of particles at the angles SF(θ) and SB(180 − θ) is related to the average radius of particles in the jet a and the distribution function of the number of monomers in the cluster f(nc) as:
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We used the software package base on the source code [32], where size distribution is taken into account to calculate SF/SB ratio for various average cluster radius R (6). By comparing the measured SF/SB ratio with the ratio calculated from the program code, the distribution-averaged radius R was determined. Symmetric angles were chosen in a manner that the size of the recorded scattering area remains unchanged. The function f(n) has the form of a log-normal distribution, the width of the distribution corresponds to the mean radius [31]. The cluster radius and the number of particles in the cluster are related by the ratio: R = rN1/3, where r is the monomer radius. The verification of the program was carried out on the literature data [5,33,34]. A detailed description of the applied method can be found in [34].



The cluster concentration nc was estimated on the basis of Beer’s law according to the method presented in [35], based on the approximation when all particles in the jet have an average radius R:


  I =  I 0  exp ( − C  n c  h )  



(8)







The ratio I/I0 corresponds to the decrease of the probe laser beam intensity after passing through a scattering medium with the length h. The scattering efficiency C was calculated using the Mie program code for a single cluster with an averaged radius. A cw diode laser with a wavelength of 445 nm and a power of 100 mW was applied as a probe beam. The laser beam propagates at a distance of 3 mm from the exit of the nozzle. The probe laser radiation scattered by the cluster jet was captured using an optical fiber placed in a vacuum chamber. The fiber-optic line transfers the scattered light from the cluster jet inside the vacuum chamber to an external PMT. In the experiment, the scattering signal was recorded at angles of 30° and 150° to the laser beam. The laser radiation transmitted through the cluster jet was analyzed using a photodiode, which makes it possible to measure the energy expended in scattering.




3.4. Molecular Dynamics


In the framework of molecular dynamics (MD), the evolution of a system in time is obtained by integrating the equations of atoms’ motion. The movements of atoms are calculated based on the classical mechanics. The interatomic interaction forces are presented in the form of the classical potential forces. We used the LAMMPS software package (Sandia National Labs, New Mexico, USA, https://lammps.sandia.gov) for MD simulation [36]. The simulation was carried out for 10,000 atoms, the interatomic interaction potential is COMPASS [37]. The potential is a “class II” ab initio-based force field, based on the consistent force field (CFF), that is successfully used for modeling both organic and inorganics molecules even at high (up to 200 MPa) pressures [38]. The usage of the potential was verified by the modeling of such macroscopic parameters as density and Raman spectrum for pure CO2 and ethanol. The coincidence with table data [5] is better than 1% in all ranges of pressures and temperatures discussed in this article except the critical and sub-critical where the accuracy of the MD is about 3%. The modeling was carried out in several stages. In the first stage, the system was brought into thermodynamic equilibrium (for given p and T) using a combination of Langevin thermostat (fix langevin), Berendsen barostat (fix pressure/berendsen) and constant NVE (constant volume, number of particles and energy) integration to update position and velocity for every atom each timestep (0.1 fs) for 10 ns. For each timestep we calculated the density, volume, temperature and enthalpy of the system. Further, at a fixed volume and temperature (fix nvT), temperature, the velocity autocorrelation function was calculated (time step 0.001 fs, 2,000,000 steps). The Fourier transform (in a script written in Python) over the original autocorrelation function gives the rotational–vibrational spectrum of the media. The nonlinear refractive index was retrieved using the approach presented in [25]. During simulation of the binary mixture the fraction of CO2 molecules to ethanol molecules is 3:1. At the start of simulation, the components of the mixture were separated.





4. Conclusions


We applied optical-based methods for quasi-static characterization nano-and microstructure of scCO2 and binary scCO2-containing ethanol as an admixture. Maximal clustering of the supercritical fluid in the Widom delta leads to the anomalous (violation of the monotonic dependence on the density) behavior of the molecular refraction, nonlinear refractive index and vibrational–rotational CO2 spectrum. The scCO2 in the Widom delta is preferable for applications when the high-density fluctuations or molecular mobility can play the important role in such processes as laser ablation and nanoparticle generation. We showed that optical macroscopic parameters significantly depend on microscopic properties of the fluid that is also followed from the molecular dynamics simulation. Namely, there are extrema in the dependence of molar refraction and nonlinear refractive index on pressure in the Widom delta. Moreover, using Raman spectroscopy, we demonstrated the broadening of the normalized on the density Raman-active lines in the Widom delta. The Mie scattering demonstrates that in the Widom delta the clustering in the molecular jets manifest itself stronger. In combination, the proposed methods give opportunity to characterize the microscopic properties of the CO2 in the broad range of pressures and temperatures including supercritical state. The applications of the proposed approach are not limited by the pure CO2, but also can be applied for CO2-containig mixtures. It is shown that three species-specific deltas can be observed in the CO2-ethanol mixture, and the maximum value of the nonlinear refractive index could be reached in the species-specific delta.



Finally, we want to note that the other optical approaches are required for investigation of the non-stationary process’s dynamics initiated, for example, by a powerful ultrashort laser pulse in subcritical carbon dioxide or water. It is possible that the nonlinear optical techniques (such as femtosecond phase-modulation in the pump-probe regime, or picosecond CARS-technique) are necessary to retrieve the cluster “life time” during laser excitation. These techniques also provide the spatial and temporal resolution in the pump-probe experiments.



We believe that the proposed approach will be especially useful in modern supercritical technologies. We believe that optical methods will continue to play an important role in determining fundamental processes in complex supercritical liquid systems.







Author Contributions


Methodology, E.M., V.G.; software, E.M.; resources, F.P., N.M.; data curation, E.M., T.S., A.L.; writing—original draft preparation, E.M.; writing—review and editing, A.S., V.G., A.L.; visualization, E.M.; supervision, E.M., V.G.; project administration, V.G.; funding acquisition, E.M., A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Russian Foundation for Basic Research—project No. 19-32-60072 regarding the development of MD modeling of clustering, density fluctuation and n2 measurements; project No. 18-29-06056 regarding the experimental study of Raman spectra of scCO2 medium, and project No. 18-29-06035 for measurements of Mie scattering by CO2 clusters formed in supersonic jet and MD simulation of binary mixtures, as well as by the Ministry of Science and Higher Education within the State assignment FSRC «Crystallography and Photonics» RAS in part of the development of new supercritical technologies.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gorelli, F.A.; Bryk, T.; Krisch, M.; Ruocco, G.; Santoro, M.; Scopigno, T. Dynamics and Thermodynamics beyond the critical point. Sci. Rep. 2013, 3, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Simeoni, G.G.; Bryk, T.; Gorelli, F.A.; Krisch, M.; Ruocco, G.; Santoro, M.; Scopigno, T. The Widom line as the crossover between liquid-like and gas-like behaviour in supercritical fluids. Nat. Phys. 2010, 6, 503–507. [Google Scholar] [CrossRef]

	



Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [Google Scholar] [CrossRef] [PubMed]

	



McMillan, P.F.; Stanley, H.E. Fluid phases: Going supercritical. Nat. Phys. 2010, 6, 479–480. [Google Scholar] [CrossRef]

	



NIST Database. Available online: http://webbook.nist.gov/ (accessed on 10 June 2020).

	



Imre, A.R.; Ramboz, C.; Deiters, U.K.; Kraska, T. Anomalous fluid properties of carbon dioxide in the supercritical region: Application to geological CO2 storage and related hazards. Environ. Earth Sci. 2015, 73, 4373–4384. [Google Scholar] [CrossRef]

	



Eckert, C.A.; Knutson, B.L.; Debenedetti, P.G. Supercritical fluids as solvents for chemical and materials processing. Nature 1996, 383, 313–318. [Google Scholar] [CrossRef]

	



Knez, Ž.; Markočič, E.; Leitgeb, M.; Primožič, M.; Hrnčič, M.K.; Škerget, M. Industrial applications of supercritical fluids: A review. Energy 2014, 77, 235–243. [Google Scholar] [CrossRef]

	



Nishikawa, K.; Tanaka, I. Correlation lengths and density fluctuations in supercritical states of carbon dioxide. Chem. Phys. Lett. 1995, 244, 149–152. [Google Scholar] [CrossRef]

	



Ha, M.Y.; Yoon, T.J.; Tlusty, T.; Jho, Y.; Lee, W.B. Widom Delta of Supercritical Gas-Liquid Coexistence. J. Phys. Chem. Lett. 2018, 9, 1734–1738. [Google Scholar] [CrossRef]

	



Sciortino, F.; Poole, P.H.; Essmann, U.; Stanley, H.E. Line of compressibility maxima in the phase diagram of supercooled water. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat. Interdiscip. Top. 1997, 55, 727–737. [Google Scholar] [CrossRef]

	



May, H.O.; Mausbach, P. Riemannian geometry study of vapor-liquid phase equilibria and supercritical behavior of the Lennard-Jones fluid. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 2012, 85, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Lazarev, A.V.; Tatarenko, K.A. Gas dynamic model of the expansion of a supercritical carbon dioxide pulse jet: A self-similar solution. Russ. J. Phys. Chem. B 2016, 10, 1248–1255. [Google Scholar] [CrossRef]

	



Jinno, S.; Kanasaki, M.; Uno, M.; Matsui, R.; Uesaka, R.; Kishimoto, Y.; Fukuda, Y. Characterization of Micron-sized Hydrogen Cluster Target for Laser- Driven Proton Acceleration. Plasma Phys. Control. Fusion 2018, 60, 044021. [Google Scholar] [CrossRef]

	



Quevedo, H.J.; Zhang, G.; Bonasera, A.; Donovan, M.; Dyer, G.; Gaul, E.; Guardo, G.L.; Gulino, M.; La Cognata, M.; Lattuada, D.; et al. Neutron enhancement from laser interaction with a critical fluid. Phys. Lett. Sect. A Gen. At. Solid State Phys. 2018, 382, 94–98. [Google Scholar] [CrossRef]

	



Raju, M.; Banuti, D.T.; Ma, P.C.; Ihme, M. Widom lines in binary mixtures of supercritical fluids. Sci. Rep. 2017, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Lalanne, P.; Tassaing, T.; Danten, Y.; Cansell, F.; Tucker, S.C.; Besnard, M. CO2-Ethanol Interaction Studied by Vibrational Spectroscopy in Supercritical CO2. J. Phys. Chem. A 2004, 108, 2617–2624. [Google Scholar] [CrossRef]

	



Mareev, E.I.; ALeshkevich, V.; Potemkin, F.V.; Bagratashvili, V.N.; Minaev, N.V.; Gordienko, V.M. Anomalous behavior of nonlinear refractive indexes of CO2 and Xe in supercritical states. Opt. Express 2018, 26, 13229–13238. [Google Scholar] [CrossRef]

	



Louvel, M.; Bordage, A.; Da Silva-Cadoux, C.; Testemale, D.; Lahera, E.; Del Net, W.; Geaymond, O.; Dubessy, J.; Argoud, R.; Hazemann, J.L. A high-pressure high-temperature setup for in situ Raman spectroscopy of supercritical fluids. J. Mol. Liq. 2015, 205, 54–60. [Google Scholar] [CrossRef]

	



Downes, A.; Elfick, A. Raman spectroscopy and related techniques in biomedicine. Sensors 2010, 10, 1871–1889. [Google Scholar] [CrossRef]

	



Arakcheev, V.G.; Bagratashvili, V.N.; Valeev, A.; Gordiyenko, V.M.; Kireev, V.V.; Morozov, V.B.; Olenin, A.N.; Popov, V.K.; Tunkin, V.G.; Yakovlev, D.V. Linewidths and shifts of carbon dioxide CARS spectra near the critical point. J. Raman Spectrosc. 2003, 34, 952–956. [Google Scholar] [CrossRef]

	



Morita, T.; Nishikawa, K.; Takematsu, M.; Iida, H.; Furutaka, S. Structure study of supercritical CO2 near high-order phase transition line by X-ray diffraction. J. Phys. Chem. B 1997, 101, 7158–7162. [Google Scholar] [CrossRef]

	



Kaminskii, A.A.; Rhee, H.; Eichler, H.J.; Bohatý, L.; Becker, P.; Takaichi, K. Wide-band Raman stokes and anti-Stokes comb lasing in a BaF2 single crystal under picosecond pumping. Laser Phys. Lett. 2008, 5, 304–310. [Google Scholar] [CrossRef]

	



Kane, M.A.; Daniel, S.N.; Niemeyer, E.D.; Bright, F.V. Spectroscopic Investigations of Intermolecular Interactions in Supercritical Fluids. In New Trends in Fluorescence Spectroscopy Applications to Chemical and Life Sciences; Valeur, B., Brochon, J.-C., Eds.; Springer: Berlin/Heidelberg, Germany, 2001; pp. 81–97. [Google Scholar]

	



Mareev, E.I.; Aleshkevich, V.A.; Potemkin, F.V.; Minaev, N.V.; Gordienko, V.M. Molecular Refraction and Nonlinear Refractive Index of Supercritical Carbon Dioxide under Clustering Conditions. Russ. J. Phys. Chem. B 2019, 13, 1–6. [Google Scholar] [CrossRef]

	



Stoiljković, D.; Jovanović, S. Compression, supramolecular organization and free radical polymerization of ethylene gas. Polyolefins J. 2019, 6, 23–41. [Google Scholar] [CrossRef]

	



Stanley, H.E. Introduction to Phase Transitions and Critical Phenomena; Caledron Press: Oxford, UK, 1987. [Google Scholar]

	



Bhatia, P. Using Raman Spectroscopy to Study Supercritical CO2; Massachusetts Institute of Technology: Cambridge, MA, USA, 1999. [Google Scholar]

	



Kauffman, J.F. Quadrupolar Solvent Effects on Solvation and Reactivity of Solutes Dissolved in Supercritical CO2. J. Phys. Chem. A 2001, 105, 3433–3442. [Google Scholar] [CrossRef]

	



Smith, E.; Dent, G. Modern Raman Sectroscopy-A Practical Approach; John Wiley & Sons: Manchester, UK, 2005; Volume 5, ISBN 0-471-49668-5. [Google Scholar]

	



Arefiev, A.V.; Gao, X.; Tushentsov, M.R.; Wang, X.; Shim, B.; Breizman, B.N.; Downer, M.C. Size distribution and mass fraction of microclusters in laser-irradiated plasmas. High Energy Density Phys. 2010, 6, 121–127. [Google Scholar] [CrossRef]

	



Mätzler, C. MATLAB Functions for Mie Scattering and Absorption. IAP Res. Rep. 2002, 8, 1139–1151. [Google Scholar] [CrossRef]

	



Jinno, S.; Fukuda, Y.; Sakaki, H.; Yogo, A.; Kanasaki, M.; Kondo, K.; Faenov, A.Y.; Skobelev, I.Y.; Pikuz, T.A.; Boldarev, A.S.; et al. Characterization of submicron-sized CO2 clusters formed with a supersonic expansion of a mixed-gas using a three-staged nozzle. Appl. Phys. Lett. 2013, 102, 164103. [Google Scholar] [CrossRef]

	



Jang, D.G.; You, Y.S.; Milchberg, H.M.; Suk, H.; Kim, K.Y. All-optical characterization of cryogenically cooled argon clusters in continuous gas jets. Appl. Phys. Lett. 2014, 105, 1–5. [Google Scholar] [CrossRef]

	



Bohren, C.F. Absorption and scattering of light by small particles. Absorpt. Scatt. Light Small Part. 1983. [Google Scholar] [CrossRef]

	



Plimpton, S. Fast Parallel Algorithms for Short–Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–42. [Google Scholar] [CrossRef]

	



COMPASS. Force Field Manual. Available online: http://www.esi.umontreal.ca/accelrys/pdf/compass98.pdf (accessed on 10 November 2020).

	



Rigby, D. Fluid density predictions using the COMPASS force field. Fluid Phase Equilib. 2004, 217, 77–87. [Google Scholar] [CrossRef]








[image: Molecules 25 05424 g001 550] 





Figure 1. 3D p-T heat map of density derivative in the log scale. The outer dashed lines indicate the approximate boundaries of the Widom delta. The central dashed line shows location of Widom line. Black circles indicate the experimental points from Table 1. The insets on the right side demonstrate the molecular structure of scCO2. The different colors indicate the belonging to one of the clusters. The green color shows the “supercluster”. 
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Figure 2. (a–c) Histograms of the cluster size distribution (in the log scale) T = 290 K (a), 305 K (b) and 320 K (c). Dependence of the non-clustered molecules (d) and number of particles in the supercluster (e) on pressure at constant temperature. 
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Figure 3. The dependence of the Lorentz–Lorentz function (FLL) (a) and normalized nonlinear refractive index (b) on pressure at different temperatures. 
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Figure 4. The 3D p-T maps of the Raman scattering intensity at different temperatures: (a) 298 K, (b) 311 K, (c) 320 K. 
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Figure 5. Normalized (on maximal value) dependence of the Raman peak width (green line), function of Lorentz–Lorenz (blue line), nonlinear refractive index (red line) and medium cluster size (black) line at 305 K. The vertical black line shows critical pressure. The shaded region shows approximate location of the Widom delta. 
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Figure 6. Dependence of nonlinear refractive index of CO2-ethanol mixture (3:1) at 80 bars. The insets show the molecular distribution. 
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Figure 7. Raman spectroscopy experimental setup. 
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Table 1. Parameters of the cluster in the jets after passing the nozzle. The density values are from [5].
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	Conditions in the Supercritical Cell
	ρ (g/cm3) CO2
	R, nm
	n, cm−3





	P = 80 bar, T = 315 K
	0.26
	50 ± 2
	9.6 × 1011



	P = 75 bar, T = 315 K
	0.22
	51 ± 1.5
	3.14 × 1012



	P = 70 bar, T = 315 K
	0.19
	54 ± 2
	3.2 × 1011



	P = 64 bar, T = 315 K
	0.16
	60 ± 3
	4.9 × 1010



	P = 80 bar, T = 306 K
	0.62
	49 ± 1.5
	2.4 × 1012



	P = 75 bar, T = 306 K
	0.316
	51 ± 1.5
	6 × 1011



	P = 70 bar, T = 306 K
	0.234
	50 ± 1.5
	5.6 × 1011



	P = 64 bar, T = 306 K
	0.186
	57 ± 2.5
	8 × 1010



	P = 83 bar, T = 343 K
	0.18
	50 ± 1
	5 × 1011



	P = 73 bar, T = 343 K
	0.15
	54 ± 1.5
	1.76 × 1011
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