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In this work, we propose an easy to implement and use methodology to measure cloud point pressures in supercritical carbon dioxide without the need for a specific setup. This method is based on the analysis of images issued from the video recording of solution changes occurring while the pressure is changed. This alternative analytical method demonstrates higher repeatability, higher accuracy than direct visual determination and enables in the case of complex architectures like block copolymers to infer additional information from cloud point measurements.

Introduction

Supercritical carbon dioxide (scCO2) has emerged as a major research field over the past twenty years. Many works focused on its potential as a reaction medium for organic chemistry and polymer synthesis. [START_REF] Cp | B ckm n Sup rcritic l n n r-critic l CO2 in gr n ch mic l synth sis n proc ssing[END_REF][START_REF] . C N L S | Polym riz tions in sup rcritic l c r on ioxi Ch m[END_REF][START_REF] Du | Fluoropolym r synth sis in sup rcritic l c r on ioxi[END_REF][START_REF] Tt Rlun | Controll /living h t rog n ous r ic l polym riz tion in sup rcritic l c r on ioxi[END_REF][START_REF]Coop r Polym r synth sis n proc ssing using sup rcritic l c r on ioxi[END_REF][START_REF] Boyèr | D uign Input of sup rcritic l c r on ioxi to polym r synth sis: An ov rvi w Europ n[END_REF] From this, scCO2 appeared a poor solvent because of its non-polar nature and its low cohesive energy density. In the field of polymer science, the identification of CO2soluble polymers and rationalization of their solubility properties have thus represented major challenges either to stabilize nanostructures in scCO2 ( mulsions micro mulsions…) [START_REF] Li | A r vi w of CO2 pplic tions in th proc ssing of polym rs In[END_REF] or to control the morphology of nanomaterials obtained from them. [START_REF] Cp | B ckm n Sup rcritic l n n r-critic l CO2 in gr n ch mic l synth sis n proc ssing[END_REF][START_REF]Coop r Polym r synth sis n proc ssing using sup rcritic l c r on ioxi[END_REF][START_REF] Woo | How l M t ri ls proc ssing in sup rcritic l c r on ioxi : surf ct nts polym rs n iom t ri ls[END_REF][START_REF]Aymoni r D sign of function l n nostructur m t ri ls using sup rcritic l flui s[END_REF][START_REF] Aymoni R A. Loppin T-S R Ni H. V Rón | C ns ll vi w of sup rcritic l flui s in inorg nic m t ri ls sci nc[END_REF] Enthalpic and entropic effects have to be taken into account when considering the solubility of polymeric species. [START_REF] Gir R . Ss Ing J.-D. M Rty | st r c Structur -prop rty r l tionships in CO2-philic (co)polym rs: ph s h vior s lf-ss m ly n st iliz tion of w t r/CO2 mulsions Ch m[END_REF] To favor solubility, enthalpic solvent/compound interactions have to be larger than solvent/solvent or compound/compound interactions. Nevertheless, as in the case of conventional solvents, enthalpic effects cannot solely explain the difference of solubility observed in supercritical fluids, especially in the case of polymers with high average molecular weight. [START_REF] Gir R . Ss Ing J.-D. M Rty | st r c Structur -prop rty r l tionships in CO2-philic (co)polym rs: ph s h vior s lf-ss m ly n st iliz tion of w t r/CO2 mulsions Ch m[END_REF] In this case, entropic effects are also involved. Many studies have been conducted to rationalize the solubility properties of the main classes of polymers in different supercritical fluids including scCO2. [START_REF] Gir R . Ss Ing J.-D. M Rty | st r c Structur -prop rty r l tionships in CO2-philic (co)polym rs: ph s h vior s lf-ss m ly n st iliz tion of w t r/CO2 mulsions Ch m[END_REF] The understanding of structure/solubility relationship requires access to theoretical and experimental methods for the estimation or determination of the solubility for given experimental conditions of pressure and temperature as well as cloud point pressure (Pc) and temperature (Tc). Various experimental methods have thus been developed to measure the solubility of chemical compounds in supercritical environments. These methods are divided into analytical and synthetic ones.

In the analytical methods, at the desired conditions of P and T the mixture separates into two or more phases and their composition is analysed either directly or by sampling under ambient pressure. Absorption techniques are typical analytical techniques used in scCO2. Among them infrared spectroscopy relies on the identification of characteristic bands associated with functional groups of the solute.

Measuring the intensity of these bands allows to determine the concentration of the solute according to the Beer-L m rt l w (A = εlc with A, sample sor nc without im nsion; ε mol r xtinction co ffici nt; l optic l p th length and c, sample concentration). For instance, high-pressure infrared spectroscopy can be used to determine the solubility of polymers in scCO2 by measuring the growth of a characteristic vibrational band with increasing pressure or temperature in an isochoric cell. Using the CO2 state equation, the solubility of the polymer can be plotted as a function of CO2 density. [START_REF] Kum | Mo lling th solu ility of soli s in sup rcritic l flui s with nsity s th in p n nt v ri l[END_REF] Consequently, based on this principle many authors have reported the solubility of various polymers with different structural parameters and architectures. [START_REF] M Rtin Z S. M Cking . Ss Ing M. B Sn R | Aymoni r D n ritic Cor -sh ll m cromol cul s solu l in sup rcritic l c r on ioxi[END_REF][START_REF] Nt N . Ss Ing | B sn r Vi r tion l sp ctr of CO2-l ctron onor-cc ptor compl x s from initio[END_REF][START_REF] Gir R . Ss Ing J.-D. M Rty | D st r c Influ nc of m cromol cul r ch r ct ristics of AF /MADIX poly (vinyl c t t )s (co) polym rs on th ir solu ility in sup rcritic l c r on ioxi[END_REF][START_REF] Boy R E. Clout T . Ss Ing B. G Nn C. Alfos | Cr m il Solu ility in CO2 n c r on tion stu i s of poxi iz f tty ci i st rs: tow r s nov l pr cursors for polyur th n synth sis[END_REF][START_REF] Ch N X | Liu Int rmol cul r-int r ction-omin t solv tion h viors of liqui monom rs n polym rs in g s ous n sup rcritic l c r on ioxi[END_REF] This method therefore allows a quantitative determination of the solubility of a compound. However, its use remains limited because it requires the use of a highly specialized equipment and is limited to the characterization of compounds with specific chemical functionalities.

In the synthetic method the mixture is prepared inside the vessel and so the overall mixture composition is known. The appearance of phase boundaries is detected through visual examination using a view cell. Hence, most measurements of polymer solubility in scCO2 rely on repeated visual observations of phase separation transitions in a variable-volume view cell. The cell is loaded with a defined amount of polymer and a known amount of scCO2. It is equipped with a sapphire window to observe the turbidity of the solution. The solution is then heated at a chosen temperature and pressurized under stirring to obtain a single phase. Then the pressure is slowly decreased until the solution becomes cloudy. The cloud point is then determined when the stirrer or the background of the cell is no longer distinguishable. This allows the determination of cloud point coordinates (Pc, Tc) for a sample at a single polymer/CO2 ratio over a large range of temperatures. From a practical point of view, it is much more efficient to hold the system temperature constant and vary the pressure since the thermal mass of the cell is very large. The main advantage of this cloud point method is that it does not require tedious analysis to obtain solubility behavior. Nevertheless, unlike spectroscopic methods, the solubility measurement is indirect and can be distorted by several factors: first, the presence of impurities can induce nucleation of polymer provoke cloudiness during the cloud-point pressure determination at pressures higher than the ones observed for pure polymer. Moreover, this method is based on the formation of aggregates in solution induced by a change in the density of the supercritical medium (due to a change in pressure or temperature). Visual determination of transition parameters is therefore only possible when aggregates of sufficient size are present in solution and thus scatter light. Hence, even for pure polymer, the kinetics of formation of aggregates, the concentration of the compound and the rate of depressurization or cooling, the subjective choice of the transition zone are thus parameters that can limit the precision of the measurement of the transition parameters Pc and Tc through this visual method. The accuracy of the measurements can be significantly improved by coupling the cells with scattering measurements (light, [START_REF] Zhou | Chu L s r light sc tt ring stu y of pr ssur -in uc mic lliz tion of i lock copolym r of poly (1 1ihy rop rfluorooctyl cryl t ) n poly (vinyl c t t ) in sup rcritic l c r on ioxi[END_REF] neutron, [START_REF] Chillur -M Rtino | Wign llc N utron sc tt ring ch r ct riz tion of homopolym rs n gr ft-copolym r mic ll s in sup rcritic l c r on ioxi[END_REF][START_REF] Wign | N utron sc tt ring stu i s of polym rs in sup rcritic l c r on ioxi[END_REF] X-ray [START_REF] Fulton | Aggr g tion of mphiphilic mol cul s in sup rcritic l c r on ioxi : sm ll ngl Xr y sc tt ring stu[END_REF]) allowing earlier measurement of the formed aggregates. Nevertheless as for spectroscopic methods the implementation of these coupled methods is much more complex and remains relatively uncommon in the literature.

Scheme 1. The chemical structure of the different polymers used.

There is therefore a particular interest in optimizing the measurement of transitions based on direct observation. For instance, some setup enable to register the change in the transmitted light intensity through the cell but still require a two-window experimental setup or a fiber optic light source and detector. The phase separation pressure for a chosen temperature is then evaluated from the transmitted intensity as the pressure corresponding to the onset of the deviation from the baseline transmitted light intensity or to a chosen level of transmitted light. [START_REF] Liu | Kir n Misci ility viscosity n nsity of poly (ɛc prol cton ) in c ton + CO2 in ry flui mixtur s[END_REF][START_REF] Kir | Ph s h vior of polym rs in sup rcritic l flui solv nts Ch m[END_REF] Nowadays these measurements are most often combined with video recording. In this article we first propose to validate and evaluate an approach based on the further processing of the images obtained from these recordings. For this an average value of red, blue and green component of an area of the recording is followed as a function of CO2 pressure. The validity of solubility measurements through this method is first studied through the analysis and solubility of different types of polymers, namely polydimethylsiloxane (PDMS), perfluoropolyether (PFPE) and poly(vinyl pivalate) (PVPi). (Scheme 1). The accuracy and precision (repeatability and reproducibility) is compared to a direct visual determination. Additionally, the influence of depressurization rates and polymer concentration on the measurement is evaluated. In a second step, we demonstrate the interest of this method for the study of transition phenomena involving more structurally complex poly(acrylic acid)-poly(vinyl pivalate) block polymers.

Experimental section

Materials

Acrylic acid (AA, Aldrich, 99%), vinyl pivalate (VPi, Aldrich, 98%), polydimethylsiloxane (PDMS, hydride terminated, viscosity 100 cSt, Mw = 6000 g mol -1 , Abcr GmbH), perfluoropolyether (PFPE, Fomblin® Y, LVAC 25/6, viscosity 270 cSt, Mw = 3300 g mol -1 , Sigma Aldrich), trimethylsilyldiazomethane (2M solution in diethyl ether, Acros Organics), tetrahydrofuran (THF for preparative HPLC, stabilized with BHT, SDS) and carbon dioxide (CO2 N45 TP, Air Liquide) were used as received. Ethyl acetate (Fischer Scientific, Laboratory reagent grade) and 1,4-dioxane (Aldrich, 98%) were distilled on CaH2. 2,2-Azobisisobutyronitrile (AIBN, Acros Organics, 98%) was recrystallized twice from methanol and dried under vacuum. Xanthate X1 has been synthesized according to an earlier procedure from our group. [START_REF] Liu | st r c Enh nc solu ility of polyvinyl st rs in scCO2 y m ns of vinyl trifluoro utyr t monom r[END_REF] The homopolymer PVPi5k and the block copolymers PAA-b-PVPi were synthesized by reversible addition-fragmentation chain transfer/macromolecular design via the interchange of xanthates (RAFT/MADIX) polymerization with Xanthate X1 as the chain transfer agent (see supporting information).

Determination of the solubility in scCO2

Solubility measurements of the polymer in scCO2were obtained using a high-pressure phase equilibrium apparatus (Top Industrie, France) to measure cloud points. This high-pressure unit is composed of a variable volume view cell (from 9.6 to 31.3 cm 3 by using a piston) equipped with two sapphire windows and a magnetic stirrer. The temperature of the cell was maintained at 40 °C by a thermostated bath. Temperature was measured by a thermocouple (J type, precision of ± 0.1 K) placed in the center of the cell. Pressure was measured using a pressure transducer (Keller) equipped with a pressure numerical display. The change of solution turbidity was filmed with a camera and observed on a video screen (see Figure S1).

In a typical experiment, 40 mg (0.2 wt.%) of the polymer sample was weighed and transferred into the main chamber of the cell with the stirring bar. The cell was sealed and CO2 (20.0 g) thermostated at 2 °C was injected into the cell by an automatic syringe pump (260D, Teledyne ISCO). The cell was then heated to 40 °C and was pressurized at 400 bar by decreasing the volume of the cell. The polymer was observed to completely dissolve in scCO2 and the homogeneous polymer-CO2 solution appeared. A video was started and the system pressure during the whole procedure was recorded from this time. After the system was equilibrated under stirring for 10 min, the pressure inside the cell was slowly reduced at different depressurization rates (i.e. 2, 5, 10, 15 and 20 bar/min) until the maximum volume was restored. The grey intensity of some images captured from the obtained video was calculated from red (R), green (G) and blue (B) component of the image as (R+G+B)/3 values thanks to the software ImageJ (Figure S2).

For reproducibility measurements performed on PVPi5k at 0.2 wt.%, five different samples were prepared independently. Cloud point pressures were obtained either by analyzing grey intensity: Pc(o) and Pc(i) of these five samples or by direct visual determination from video recording by five different operators: Pc(visually) (each one of the five samples is evaluated three times in a blind experiment by each operator). Analysis of collected results was performed using the recommendations of standard ISO 5725 and 17025 or by gage repeatability and reproducibility analysis.

Results and discussion

Methodology of measurements.

The solubility of the polymers was measured using a variable volume view cell (Figure S1 and S2 in supporting information). The temperature of the cell was maintained at 40 °C and the pressure inside the cell was slowly reduced at different depressurization rates (i.e. 2, 5, 10, 15 and 20 barmin -1 ). Phase changes occurring in the cell are filmed with a camera. This recording is then used to extract the greyscale intensity of a selected area from the measured RGB color codes (i.e. (R+G+B)/3) using the ImageJ software. This value is reported as a function of the measured pressure. Figure 1 illustrates this method for a PVPi homopolymer (PVPi5k, Mn = 4980 gmol -1 Ɖ = 1.12 s supporting information for polymer synthesis and characterization). Figure 1A shows typical photos registered at different pressures. Analysis of grey intensity enables to obtain the curve presented in Figure 1B. The cloud point pressures are then evaluated from the curve obtained either by estimating the onset value (Pc(o)) or by measuring its inflection point (Pc(i)). In the case of PVPi these two values are respectively equal to 241 and 234 bar. Visually, the cloud point pressure was estimated at 240 bar, i.e. between the two previous values and near the inflexion point Pc(i). The visual determination is indeed hampered by the difficulty to precisely define the transition point and requires reaching a sufficient level of scattering to be determined. This visual value is therefore highly dependent on the assessment of the experimenter (vide infra). The validation of this numerical approach to determine cloud point pressures was carried out following the recommendations of standard ISO 5725 and 17025. The reproducibility of the method is estimated from a series of five independent measurements (see Figure S3 in supporting information). From this, the coefficient of variation (CV) of reproducibility, i.e. the ratio of the standard deviation to the mean, is calculated to give a measure of the dispersion of data points around the mean. This value is then compared to the one issued from visual determination (in a blind experiment each operator evaluates Pc(visually) three times) for each one of the five samples prepared, see Figure 2). CV of reproducibility values equal to 1.6% and 4.2% are found for computational and visual methods respectively. The newly proposed method here offers significantly improved reproducibility compared to the direct visualization method. Gage repeatability and reproducibility analysis performed on the visual method confirmed that the main parameter responsible for measurement variability is the operator (40 % of total variation) and the preparation of sample (55 % of total variation). Hence, the improvement in fidelity previously mentioned is mainly due to the minimization of the experimental error linked to the often difficult assessment of the cloud point pressure by the operator which is replaced by a numerical approach in the proposed method. The cloud point pressure can thus be determined in a more accurate way through the analysis of videos. 

Effect of concentration and rate of depressurization on the fidelity of cloud point measurements.

Among the main parameters which influenced the results, some of them are related to experimental conditions, e.g. rate of depressurization or polymer concentration. [START_REF] Kir | Ph s h vior of polym rs in sup rcritic l flui solv nts Ch m[END_REF] In order to further compare the proposed method to the visual one, we first compare the effect of rate of depressurization on the cloud point measurement in the case of PVPi5k as illustrated in Figure 3. The profiles of grey intensity variation as a function of pressure (Figure 3A) are strongly influenced by this rate. Especially at low speeds the maximum intensity values obtained are lower. These differences are in particular related to solution aggregation processes of different polymer chains. High depressurization rate favor the formation of highly diffusing aggregates. The assessment of cloud point pressures, Pc(o) and Pc(i), from these curves is shown in Figure 3B and compared with Pc(visually). When the depressurization rate decreased from 20 to 2 bar/min, the direct visual determination of cloud point pressure showed a slight decrease of Pc(visually) from 252 to 226 bar, i.e. a 10% change. At a 5% risk level, this effect is found to be significant (p value < 0.05). Nevertheless, such an effect is no more significant when cloud point pressures Pc(o) and Pc(i) were determined by image analysis from Figure 3A. Such a difference might arise from the reproducibility issues (see section 3.1) and from the aforementioned lower scattering level observed at lower depressurization rate that renders the visual determination less accurate. A depressurization rate of 10 bar/min was chosen in the following experiments.

The effect of concentration on the fidelity and accuracy of measurements is then determined in the range 0.02 wt.% to 1 wt.% (Figure 4). As expected, the concentration of polymer in solution has a strong influence on the value of cloud point pressure (Figure 4B) : while at a concentration of 1 wt.% the cloud point pressure Pc(i) is estimated at 269 bar, this measurement at a concentration of 0.02 wt.% leads to a value of Pc(i) equal to 165 bar. This dependence on concentration is mainly related to thermodynamic solubilization effect and is expected for such a range of concentration. [START_REF] Kir | Ph s h vior of polym rs in sup rcritic l flui solv nts Ch m[END_REF] Moreover, determination of cloud point pressures led to Pc(o) > Pc(visually) > Pc(i) whatever the concentration used. The main differences between visual determination and image analysis arise from the higher repeatability of the latter at lower concentration. Indeed while standard deviation of repeatability related to visual determination is equal to 0.7 bar at 0.2 wt.% (for a standard deviation of reproducibility equal to 13 bar, see previous results), this standard deviation of repeatability increased up to 2.8 bar at 0.02 wt.%. Figure 4A shows that, at the chosen depressurization rate (10 bar/min), all the solutions became highly diffusive once the transition is reached. Nevertheless, a lower maximum grey intensity was measured for the solution with the lowest concentrations (i.e. 0.02 and 0.05 wt.%). This phenomenon, related to lower diffusing properties due to the decreasing number of diffusing centers observed, hampered the precise determination of cloud point pressure visually. At the same time, standard deviation issued from analysis of grey intensity remains roughly constant (standard deviation of reproducibility equal to 3 bar) as this determination does not require high level of scattering to be performed. Therefore, the determination of cloud point pressure by using the analysis of grey intensity enables to enlarge the choice of experimental parameters (rate of depressurization and concentration) while having a satisfactory reproducibility of measurements compared to direct visual determination. Indeed for the latter, obtaining a reproducible and accurate measurement requires the use of a sufficient concentration (above 0.1 wt.% for PVPi5k) and depressurization rate fast enough to favor the formation of large enough aggregates to diffuse light at a sufficient level.

Evaluation of the methodology on different types of polymers.

Additionally to these experimental parameters, structural parameters such as the polymer architecture, molecular weight and nature of end groups significantly affected the results. A polymer with a high molecular weight will favor the formation of larger aggregates at lower concentration. This parameter will not be considered here. Chemical parameters will also play a role on the aggregation process occurring during the measurement of cloud point pressure. Fluoropolymers, [START_REF] H Non | Pi c nti Sup rcritic l CO2 s solv nt for polym ric ston prot ctiv m t ri ls[END_REF][START_REF] Wm N | Enick Ph s h vior of fluoro th r-function l mphiphil s in sup rcritic l c r on ioxi[END_REF] polysiloxanes [START_REF] Xiong | Kir n Misci ility nsity n viscosity of poly ( im thylsilox n ) in sup rcritic l c r on ioxi[END_REF][START_REF]Kir n Misci ility ph s s p r tion n volum tric prop rti s in solutions of poly ( im thylsilox n ) in sup rcritic l c r on ioxi[END_REF][START_REF] Cummings | P rry h solu ility of low mol cul r w ight poly ( im thyl silox n ) in ns CO2 n its us s CO2-philic s gm nt[END_REF] and, to a lesser extent, poly(vinyl esters) [START_REF] Zh Ng | Synth sis of oligom r vinyl c t t with iff r nt topologi s y AF /MADIX m tho n th ir ph s h viour in sup rcritic l c r on ioxi[END_REF][START_REF] Hu | Liu Eff ct of mol cul r w ight on CO2-philicity of poly (vinyl c t t ) with iff r nt mol cul r ch in structur[END_REF][START_REF] Birkin | How l Synth sis n pplic tion of n w CO2-solu l vinyl piv l t hy roc r on st ilis rs via AF polym ris tion[END_REF][START_REF] Birkin | How l Eff cts of poly (vinyl piv l t )s st ilis r rchit ctur on CO2-solu ility n st ilising ility in isp rsion polym ris tion of N-vinyl pyrroli on[END_REF] are regarded as standard CO2-philic polymers with well described solubility properties. A representative of each family, i.e. PFPE (Fomblin® Y, Mw = 3300 gmol -1 ), PDMS (Mw = 6000 gmol -1 ) and PVPi (PVPi5k, Mn = 4980 gmol -1 ) was studied as described in the first part of this paper (see Figure S4-S7 in supporting information). Figure 5 shows the variation of grey intensity with pressure under a depressurization rate of 10 bar/min at 40 o C for these three polymers. The cloud point pressures are then evaluated from these curves. In the case of PDMS, Pc(i) and Pc(o) are respectively equal to 141 ± 0.5 and 146 ± 1.5 bar. Visually, the cloud point pressure was estimated at 147 ± 4.5 bar. Values near Pc(o) were found visually for PDMS for which a rapid and strongly pronounced slope breaking of the curve is observed. For PFPE, Pc(i) and Pc(o) are respectively equal to 115 ± 1.3 bar and 122 ± 0.9 bar. Visually, the cloud point pressure was estimated at 120 ± 2.5 bar. In the case of PVPi5k the initial change of scattered intensity is slower; therefore visual determination of Pc(visually) was found near Pc(i). The reproducibility of measurements was evaluated for all three polymers and CV of reproducibility for Pc(o) was found equal to 0.8%, 1.0% and 1.8% for PFPE, PDMS and PVPi respectively. These values are significantly better than the ones obtained visually (2.3%, 1.9% and 5.7% respectively). In the case of PDMS and PFPE, no significant influence of depressurization rate on cloud point pressure was determined (either visually or from the analysis of grey intensity).

The solubility behavior of polymers with more complex structures (statistical, block, graft, star, hyper r nch …) is th su j ct of num rous studies as they have demonstrated to be of great interest to stabilize water/CO2 interfaces. Nevertheless, their complex structures may render the determination of cloud point pressure a more complicated task. We illustrate this by studying two block copolymers based on PVPi5k and poly(acrylic acid) (PAA): PAA1kb-PVPi4k and PAA0.5k-b-PVPi4.5k (Scheme 1, Figure S8-S10 in supporting information).

As can be seen in Figure 6A, at a given depressurization rate, the variation of grey intensity shows a change of slope which significantly complicates the determination of the cloud point pressure. Thus at a depressurization rate of 10 bar/min, Pc(i) and Pc(o) are respectively equal to 258 and 293 bar. Visually, the cloud point pressure was estimated at 289 bar. Moreover, the profiles of the curves depend strongly on the depressurization rate: low diffusiveness of the observed solutions was obtained at low depressurization rates. This phenomenon is much more pronounced than in the case of homopolymers. These observations can be related as mentioned above to kinetic phenomena related to the aggregation process. In addition, these block structures are likely to form colloidal structures of nanometric size (and therefore poorly-diffusing). Interestingly, contrary to what was observed for homopolymers, a significant decrease of Pc(o), Pc(i) and Pc(visually) was observed when the rate of depressurization decreased. Nevertheless the measured effect is less pronounced in the case of grey intensity approach. A more precise value of cloud point pressure, close to the one obtained at equilibrium, can be easily obtained from Figure 6B by extrapolating the line at a depressurization rate of 0°C/min. The coefficient of variation of reproducibility for Pc(o) and Pc(i) were found equal to 1.3% and 1.7% respectively at a depressurization rate of 10 bar/min. These values are significantly better than the one obtained visually, i.e. 3.4%. The same behavior is observed for the second studied copolymer PAA1k-b-PVPi5k. From this it can be concluded that the approach proposed here enables to significantly increase the fidelity of measurements compared to the usual visual determination whatever the polymer is (figure S11 in supporting information). Of special interest is the case of polymer with more complex structures (here block copolymers) for which this method enables to obtain more reproducible results and get information on the process of aggregation occurring in solution. 

Conclusion

In this work, we propose an easy to implement and use methodology to measure cloud point pressures for polymers of different chemical nature and architecture. This method is based on the analysis of images of solution-phase changes with changes in pressure. Results were compared to the ones obtained by direct visual observation. This alternative method demonstrates higher reproducibility and higher accuracy than direct visualization method for which strong inter-operator variations exist. It demonstrates the importance of standardized conditions for the Pc measurement, particularly for block copolymers. By using this method, we estimate the effect of different parameters (experimental or structural) on the value of cloud point pressure. In contrast to the visual method, the proposed method is much less affected by the level of scattering of the studied solution, which confers an increased reproducibility on the measurement. Interestingly, the proposed methodology enables in the case of complex architecture like block copolymer to infer information on the mechanism of aggregation and to greatly improve the reproducibility of the measurement.

Figure 1 .

 1 Figure 1. A) Photos of a typical cloud point measurement; and B) variation of (R+G+B)/3 with pressure and the way to define cloud point pressures Pc(o) and Pc(i), under a depressurization rate of 10 bar/min at 40 o C for PVPi5k (0.2 wt.%) in scCO2.

Figure 2 .

 2 Figure 2. Illustration of reproducibility issues for the measurement of cloud point pressures of PVPi5k samples (0.2 wt.%) either by analyzing grey intensity: Pc(o) and Pc(i) or by direct visual determination from video recording by five different operators: Pc(visually) (a given sample is evaluated three times in a blind experiment by each operator).

Figure 3 .

 3 Figure 3. A) Variation of (R+G+B)/3 with pressure under different depressurization rates (2 bar/min, 5 r/min ▲10 r/min ▼15 r/min and •20 bar/min); and B) variation of cloud point pressures (Pc(i) ▲Pc(visually) and •Pc(o)) with different depressurization rates; at 40 o C for PVPi5k (0.2 wt.%) in scCO2.

Figure 4 .

 4 Figure 4. A) Variation of (R+G+B)/3 with pressure for eight different polymer concentrations (wt.%) under a depressurization rate of 10 bar/min at 40 o C for PVPi5k in scCO2; and B) variation of cloud point pressures (Pc(i) ▲Pc(visually) and •Pc(o)) with different concentrations of polymer; at 40 o C for PVPi5k in scCO2.

Figure 5 .

 5 Figure 5. Variation of (R+G+B)/3 with pressure under a depressurization rate of 10 bar/min at 40 o C for different polymers (▲PVPi5k, PDMS6k and •PFPE3.3k, 0.2 wt.%) in scCO2.

Figure 6 .

 6 Figure 6. A) Variation of (R+G+B)/3 with pressure under different depressurization rates (2 bar/min, 5 r/min ▲10 r/min ▼15 r/min and •20 bar/min); and B) variation of cloud point pressures (Pc(i) ▲Pc(visually) and •Pc(o)) with different depressurization rates; at 40 o C for PAA0.5k-b-PVPi4.5k (0.2 wt.%) in scCO2.

Figure 7

 7 Figure 7 summarizes all the results obtained for the cloud point pressures Pc(o), Pc(i) and Pc(visually) of the different types of polymers studied in this article (with associated standard deviation).From this it can be concluded that the approach proposed here enables to significantly increase the fidelity of measurements compared to the usual visual determination whatever the polymer is (figure S11 in supporting information). Of special interest is the case of polymer with more complex structures (here block copolymers) for which this method enables to obtain more reproducible results and get information on the process of aggregation occurring in solution.

Figure 7 .

 7 Figure 7. Cloud point pressure for different polymers determined either visually (Pc(visually) or by analyzing images (Pc(i) and Pc(o)) with corresponding standard deviation errors (depressurization rate equal to 10 bar/min).
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