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Selection of green solvents for organic photovoltaics by reverse engineering

For a sustainable scale-up of solution-processed organic photovoltaic modules, the replacement of toxic solvents, generally used at laboratory scale, by alternative "green" solvents with a reduced impact on the environment and human health is a critical pre-requisite. Yet, because of the complex relationship between solvent properties and device performance, the selection of alternative solvents relies primarily on time-consuming and costly trial-and-error approaches. In this work we propose a new methodology involving prediction of molecular properties and reverse design for a more efficient and less empirical selection of green and bio-sourced solvents. The method is applied to four different small molecule-and polymer based donor-acceptor blends. It allows to establish lists of possible alternative solvents ranked quantitavely by a global performance function encompassing all target properties. The actual performance of the highest ranked solvents are evaluated by using the selected solvents to elaborate photovoltaic devices and comparing the power conversion efficiencies with those obtained with devices processed from halogenated solutions. In all cases, the photovoltaic performances obtained with the alternative solvents are similar or superior to those of the standard devices, confirming the relevance of the new solvent selection method for solution-processed organic photovoltaic devices.

Introduction

Organic Photovoltaics (OPV) is seen as a promising alternative to conventional photovoltaic technologies due to the possibility of producing lightweight flexible modules at low cost. The recently reported significant increase in power conversion efficiency (PCE) of OPV devices strengthens further the potential for this technology to contribute to large-scale renewable energy production. [1][2][3]74 When it comes to the industrial development of OPV modules however, the safe, ecofriendly and economical manufacturing is still an important open issue and will depend on the availability of non-toxic solvents compatible with roll-to-roll production of organic modules. Indeed, at the laboratory scale, the processing of organic solar cells is generally done by using halogenated solvents such as chloroform (CF) [2][3][4] , 1,2-dichlorobenzene (o-DCB) [5][6][7][8] or chlorobenzene (CB) 1,[8][9][10][11] , since these provide good solubility for many semiconducting polymers and allow to reach high performances. However, halogenated solvents are toxic and banned for the production of large area devices. There is thus an urgent need to identify alternative solvents that allow to process OPV devices with a negligible impact on the environment and human health, without reducing the energy conversion efficiency.

Of the many new materials that have recently been reported to improve the efficiency of OPV devices, only few examples have been processed with non-or less toxic solvents. For instance, o-xylene and 1-phenylnaphthalene were used by Zhao et al. 12 to process a novel polymer-and non-fullerene acceptor (NFA) based blend, leading to a PCE of 13.1%. The same solvent and additive combination was used by Ibraikulov et al. to produce blade coated large area ITO-free OPV modules (66 cm 2 ) with a PCE of more than 6%. 13 Hong et al. were able to elaborate devices based on another donor-acceptor blend with 16% PCE from non-halogenated tetrahydrofuran (THF) 14 .

Toluene and 1,2,4-trimethylbenzene are other reported examples of alternative solvents although still classified as hazardous. [15][16][17][18][19] The most promising recent example is 2-methyl anisole (2-MA), which can be used as a food additive in industry and has allowed to achieve a PCE of 9.6% with a polymerfullerene blend. 20 The utilization of water-dispersible organic semiconductor nanoparticles (NPs) is a distinct approach that can be as well followed to avoid toxic solvents. 21 A PCE of around 7% has recently been reached using NPs of a low bandgap polymer and a non-fullerene acceptor. 22 However, the perspectives of this method rely on the development of customized materials with appropriate physico-chemical properties. 21 Despite these encouraging results, the selection of alternative solvents is still a challenging endeavour that has so far mostly relied on tedious experimental trial-and-error approaches. The search for new solvents is indeed requiring the simultaneous consideration of many physico-chemical properties that can influence the device performances. As new donor and acceptor materials are continuously being designed to achieve solar cells with even higher performance, a more efficient and less empirical method for identifying non-toxic solvents would thus be a major advantage. In addition, since sustainability is equally desirable, solvents produced from biobased resources would be particularly attractive. [START_REF] François | Bio-Based Solvents[END_REF] However, biosolvents are less versatile than most chlorinated or hydrocarbon solvents, rendering the search for efficient biosourced solvents even more difficult. It is worth noting that the demand for non-toxic solvents is likewise important for organic and hybrid devices other than OPV, such as solution-processed organic light-emitting diodes (OLEDs), field-effect transistors (OFETs), organic photodiodes (OPDs) or perovskite solar cells. 24- 28 Reverse engineering is nowadays an established approach for designing solvents with multiple properties. It follows the Computer Aided Molecular Design (CAMD) [29][30][31][32] precepts by first defining a set of target values for a group of selected physicochemical properties and by leading the construction in silico of molecular structures that best satisfy them. Recently, an innovative CAMD tool, called IBSS®CAMD, [START_REF] Gerbaud | The InBioSynSolv Project: Virtual laboratory for synthons and biosolvent design based on reverse molecular engineering[END_REF] has been developed by Juliette Heintz et al. to design alternative solvents and eventually biosolvents. [START_REF] Li | [END_REF]35 IBSS®CAMD designs molecular structures by imposing building blocks, including bio-based ones, as starting fragments to ensure the development of solvents that can be synthesized from bio-based resources. Some recent examples of the utilization of IBSS®CAMD include the substitution of acetone and methyl ethyl ketone (MEK) by furfural derivatives to dissolve two epoxy resin prepolymers, as well as bisphenol A diglycidyl ether (DGEBA), triglycidyl paminophenol ether (TGPA) 36 and glycerol derivatives to solubilize nitrocellulose 37 . IBSS®CAMD has also been applied to generate ricinoleic acid derivatives aiming to find new biolubricants from a biomass feedstock 38 . Herein, we use the IBSS®CAMD engineering methodology for the first time to find alternatives for organic photovoltaic materials. The method is applied on four different small molecule-and polymer-based donor-acceptor blends to demonstrate its ability to identify alternative solvents with targeted properties for the development of efficient solar cells. Poly(3-hexylthiophene) (P3HT) and PF2, a fluorinated low band-gap copolymer, are used as electron donors, while [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) and ethylhexyl-rhodaninebenzothiadiazole-coupled indacenodithiophene (EH-IDTBR) as electron acceptors. P3HT:PC71BM blends have been extensively studied for OPV applications, but only few studies have dealt with green solvent selection. 15,39 They are therefore a good reference material for testing the proposed methodology, even though the expected power conversion efficiency is lower than current state-of-the-art solar cells. 40 PF2 is a high performance fluorinated electron-donor copolymer that has been reported to achieve a power conversion efficiency over 10% in blends with PC71BM and more than 12% in ternary blends. 41,42 The rather low solubility of PF2 in halogenated solvents at room temperature requires the blends to be processed at elevated temperatures and makes the identification of alternative solvents even more challenging. EH-IDTBR is a non-fullerene acceptor that has allowed to improve the PCE of P3HT-based devices. [43][44][45] We therefore also applied our solvent selection method to P3HT:EH-IDTBR and PF2:EH-IDTBR blends. In the following, we will first present the steps that need to be considered when applying IBSS®CAMD for solvent selection. Next, the method is used to find environmentally friendly and possibly bio-based candidate solvents for P3HT:PC71BM, PF2:PC71BM, P3HT:EH-IDTBR, and PF2:EH-IDTBR blends. In the last section, the photovoltaic performances of devices processed from selected green solvents are compared to those obtained with halogenated solutions.

IBSS®CAMD: a reverse engineering method for solvent design

IBSS®CAMD is a novel methodology based on computer tools allowing the construction of chemical structures (pure compound or mixtures) satisfying a priori a set of target values for selected physicochemical properties. 46 IBSS®CAMD can generate molecular structures "from scratch" starting either from conventional chemical groups or from archetypical biobased building blocks. The final solutions are constrained by the nature of the pre-selected chemical groups and the maximum number of groups allowed by the user in the molecules to be constructed. A candidate solvent is considered suitable for replacing hazardous solvents if its corresponding physicochemical properties are consistent with the desired specifications. Group contribution methods, which are known for their simplicity, accuracy and availability in CAMD tools [START_REF] Luke | Computer Aided Molecular Design, Theory and Practice, Elsevierscience B.V[END_REF][START_REF] Poling | The properties of gases and liquids[END_REF] , are used for estimating molecular properties. [START_REF] Marrero | [END_REF] The tailor-made molecular design problem is inherently multi-objective since several physicochemical properties must be satisfied at the same time for each molecular structure. Different molecular structures (MS) are therefore ranked according to a GloPerf parameter that represents a weighted average performance. 50 GloPerf is itself formulated as the average of m individual performance factors ProPerfp(MS, condj) each related to a single property prediction model, as given by:
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where wp are weighting factors that are selected by the user based on its knowledge of the property significance for the targeted application (see section 3). GloPerf equals unity in the ideal case, where all target properties are matched by a molecular structure and all ProPerfp factors are equal to one. The ProPerfp factor corresponding to a given property P compares the property value P, predicted by the group contribution method, with the targeted value V. P depends on the molecular structure (MS) and can also be a function of j specific "conditions" (condj) set by the user, such as for instance the temperature and/or pressure under which the experimental process is to be performed. The ProPerfp factors are calculated by using a Gaussian function defined by equation (2) 46,50 :
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where the parameter σ is used to define a " tolerance " margin around the target value. It determines the rate at which ProPerfp decreases when P deviates from V. Fig. S1 shows an example corresponding to a property whose P value is within a target range defined by two boundary values and thus two different σ parameters (σL and σR for the left and right domain boundaries respectively). Other examples corresponding to properties, whose P values need either to be lower (higher) or equal to a given target value, are also shown in Fig. S1.

Altogether, the proposed methodology involves the following steps, illustrated in Scheme 1: (1) Initial problem definition and desired functionalities, (2) translation of functionalities into physicochemical properties and definition of target values, (3) selection of the predictive models for the physicochemical properties, (4) definition of the global performance function, (5) run IBSS®CAMD following one of two operating modes: molecular structure design or evaluation of existing solvents, and (6) candidate ranking according to 𝐺𝑙𝑜𝑃𝑒𝑟𝑓 value and final choice of solvents to be tested in OPV devices.

Solvent selection by IBSS®CAMD for donoracceptor blends

Solution-processed organic photovoltaic devices provide a particularly relevant case study, since the search for alternative solvents must include a large number of properties simultaneously. In a typical bulk heterojunction OPV device (Fig. 1a), the main organic layer is composed of a blend of electrondonating (D) and electron-accepting (A) organic molecules sandwiched between two electrodes. 3,39,51,52 The latter are generally consisting of indium tin oxide (ITO) and thin metal layers, modified by a few nanometers thick selective charge transport layers. The organic layer ensures the light absorption, exciton generation, exciton dissociation and charge carrier transport to the respective electrodes. The morphology of the organic layer is mainly determined during film casting, when both constituents separate into donor-rich and acceptor-rich domains, respectively. 53,54 As exciton dissociation into free charge carriers occurs at the D/A interface, percolating nanometer-sized D and A domains are essential for efficient charge generation. [54][55][56] The morphology of the active layer at the nanoscale is therefore a key factor underlying the performance of OPV devices. Although many studies have highlighted the existing correlations between various solvent properties and thin film morphology, it is not yet possible to fully anticipate the solvent properties that are best suited to process a given blend to its optimum. [57][58][59][60] Extensive optimization of the blend composition and processing conditions is therefore generally required to achieve the highest power conversion efficiency for each particular donor/acceptor/solvent system.The chemical structures of the organic molecules used in this study are shown in Fig. 1b. Most relevant physico-chemical properties of both polymers are given in the ESI. For each D:A blend, IBSS®CAMD is used to identify candidate solvents following the methodology described above.

Step 1: Initial problem definition and desired functionalities

The list of desired properties that must be set in relation with the expected functionality of the solvents to be substituted may concern product issues as well as process issues. Typical examples are high solubility power, Newtonian fluid, low energy consumption, good capillarity, safety, and non-toxicity. To allow solution-based manufacturing of organic solar cells, it is essential that the alternative solvents are able to solubilize both donor and acceptor molecules and behave as Newtonian fluids, so that the active layer can be formed by standard printing techniques. The morphology of the active layer is strongly dependent on the kinetics of the film-forming and drying processes. Therefore, alternative solvents should yield a morphology matching closely the optimum configuration that leads to the highest PCE. Also, the solvents need to be in their liquid state at room temperature to avoid heating and allow energy efficient elaboration of thin films. Finally, the safety of solvents is obviously an important "functionality".

Step 2: Translation of functionalities into physicochemical properties and definition of target values

The physicochemical properties and the corresponding target values are defined so as to achieve the functionalities set above. The miscibility between alternative solvents and organic materials can be predicted by the Hansen solubility parameter theory (HSPs). Within this theoretical framework, the cohesive energy is divided into three intermolecular interactions which are: the non-polar interactions (δD), the polar dipole molecular interactions (δP), and the hydrogen bonds (δH). [START_REF] Hansen | Hansen solubility parameters: a user's handbook[END_REF] These parameters are generally represented by coordinates in a threedimensional space, the so-called Hansen space. The miscibility between a solvent and a solute can be estimated by the relative energy difference (RED) in Hansen space, defined by:
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Here, Ra is the "effective distance" between solvent (1) and solute (2) coordinates in Hansen space, and R0 is the experimentally determined radius of the Hansen solubility sphere of the solute. Following the classical rule "like dissolves like" [START_REF] Hansen | Hansen solubility parameters: a user's handbook[END_REF] , the affinity between a solvent and a solute increases with decreasing RED. A RED value below 1 indicates that the material is soluble to some extent: the lower the RED value the higher the solubility power should be.

The kinetics of film-drying primarily depend on the boiling point and vaporization enthalpy of the solvents during film printing. The boiling point is known to impact the polymer crystallinity (in case of semi-crystalline polymers such as P3HT) and the donor/acceptor average domain sizes. [START_REF] Nilsson | [END_REF]63 These parameters are hence critical for the final device performance.

The Newtonian fluid behaviour is related to moderate viscosity and density of solvents, two parameters that have to be taken into account for achieving high quality films (optimized thickness, homogeneity). A solvent that remains in the liquid state at room temperature needs to have a low melting point. Finally, the flash point, which determines the flammability of solvents and therefore the risks for explosion during the devices processing, should also be considered.

Based on the above, we have selected 11 target properties to be used by IBSS®CAMD to evaluate the performance of newly designed or existing solvent molecules, as summarized in Table 1. The target values of the properties were chosen by either taking into account preliminary experimental data or by using known properties of reference solvents. For instance, if a given property is expected to reach the same value as that of the solvent to be replaced (e.g. the same surface tension), the target value is set to the corresponding experimental value of the original solvent. For HSPs, preliminary experimental data are necessary to specify the required δD, δP δH values. Since the alternative solvents must solubilize both molecules of each blend, the HSPs of P3HT, PF2 and EH-IDTBR had first to be determined experimentally, while the HSPs of PC71BM were taken from the literature (Ref. 15). The corresponding data is given in the ESI. For P3HT:PC71BM blends, the overlap between Hansen spheres (or Hansen junction) of both molecules defines the space for solvents apt to solubilize both molecules. The Hansen junction "barycenter", which defines the coordinates of the solvent that should interact most efficiently with both materials, can be estimated by the HSPiP software [START_REF] Abbott | HSPiP 4th Edition version 4.1.07, Hansen Solubility Parameters in Practice Complete with eBook, Software and Data[END_REF] . For P3HT:PC71BM, the junction barycenter values are 19.1, 5.0, 4.8 for δD, δP, and δH, respectively. Therefore, the HSP target ranges for P3HT:PC71BM are set to 18 < δD < 20, 4 < δP < 6, and 3.5 < δH < 6. Similarly, the junction values and corresponding HSP target ranges for the other three blends were determined experimentally and are summarized in Table 1. To guarantee a good solubility of the blends in the selected solvent, it is also necessary that RED < 1 for each molecule-solvent pair. In our case, the rather high solubility radius R0 of PC71BM leads the Hansen solubility spheres of P3HT and PF2 to be located fully inside the solubility sphere of PC71BM (Fig. 2). Therefore, the latter condition reduces to RED < 1 for the polymers only. The same holds for the blends with EH-IDTBR (see Fig. 2). Step 5:

Step 6:

For the solvent not to be classified as dangerous according to the National fire protection association (NFPA) [START_REF] Howell | Flammable and Combustible Liquid Hazard Classifications[END_REF] , its flash point needs to be larger than 296K. Similarly, a melting point lower than 283K is requested to keep the solvent in its liquid state at typical processing temperatures.

For the properties Ra, boiling point, ∆Hvap, density, and viscosity, the target values have been defined by using the properties of a "reference" solvent. o-DCB is a good choice for P3HT:PC71BM, PF2:PC71BM and PF2:EH-IDTBR, as it has led to the highest power conversion efficiencies. 10,42,[START_REF] Karakawa | [END_REF] For similar reasons, CB appears to be the best choice for P3HT:EH-IDTBR. 6 The experimental database of the target properties for o-DCB and CB are summarized in Table S2. As the Ra values between o-DCB/CB and P3HT, as well as between o-DCB and PF2 are 2.83, 3.19 and 2.48 respectively, the target upper limit for Ra was set to 3 for all the blends. o-DCB and CB have similar experimental boiling points, vaporization enthalpies, densities, and viscosities. We therefore chose the same target ranges for these properties. For the boiling point the target range is set to [373 K, 473 K], which is in the same range than most halogenated solvents that have been used to prepare P3HT based devices. 43,67 In addition, for the vaporization enthalpy, density, and viscosity, the target ranges are [35 kJ/mol, 55 kJ/mol], [0.8 g/cm 3 , 1.5 g/cm 3 ], and [0.5 mPa/s, 1.5 mPa/s] respectively, based on the database of o-DCB and CB. All target values are summarized in Table 1.

Step 3: Selection of the predictive models

The values of a given property, P, are calculated using a property-estimation model and additional adjustable model parameters which depend on the property involved. The property-estimation model based on group contribution has the following form:
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where G1, G2 and G3 are the sets of first, second and third order groups respectively, Ak is the contribution of the first order group k to the property P that occurs n1k times in the molecule, Bk is the contribution of the second order group k that occurs n2k times and Ck is the contribution of the third order group k that occurs n3k times. The w and z coefficients in equation 5 will be set to 1 or 0 depending on the availability of Bk and Ck in the CAMD database. For all properties, the Ak, Bk and Ck coefficients have been regressed from experimental data obtained over a large range of chemical families. [START_REF] Marrero | [END_REF] The series of Ak, Bk and Ck coefficients for numerous physicochemical properties estimated by Marrero and Gani [START_REF] Marrero | [END_REF] are used as a database by IBSS®CAMD. The universal constants of the models were determined by a regression scheme that can be found in Ref. 49.

For simple molecules, property P can be estimated by using only the first term with Ak values, which are known for all first order groups that are relevant to organic molecules. For more complex structures, Bk and Ck coefficients can improve the accuracy of the estimates allowing a better description of polyfunctional and polycyclic compounds and differentiation among isomers. The estimation of the boiling point of N-phenyl-1,4-benzenediamine is given as an example in the ESI (Table S3).

Step 4: Definition of the global performance function

The σ values (equation 2) are set by taking into account the uncertainty on the selected target values for each property (Table 1). The wp values (equation 1) are chosen by pondering the expected influence of the property on the performances of the devices. For instance, the solvent evaporation rate, which depends on both the boiling point and ∆Hvap, influences the amount of residual solvents in deposited films as well as the degree of phase separation between donor and acceptor molecules during the film processing. We therefore set wp to 2 and 1 for the boiling point and ∆Hvap respectively, i.e. a cumulative weight of 3 on the solvent evaporation kinetics (Table 1). The high weight (8 in total) put on the solubility parameters (Ra, HSPs and RED) is justified by the strong impact these properties have on the device elaboration process. Table 1. The target properties, target value ranges and parameters of the performance functions. 18 < 𝛿 ? < 20 [a] 17.5 < 𝛿 ? < 19.5 [b] 18.5 < 𝛿 ? < 20.5 [c] 18 < 𝛿 ? < 20 [d] 1 0.48 0.21

𝛿 & (MPa) 1/2 4 < 𝛿 & < 6 [a]
3.5 < 𝛿 & < 5.5 [b] 3.4 < 𝛿 & < 5.4 [c] 3.1 < 𝛿 & < 5.1 [d] 1 0.56 0.48 Step 5: Molecular design parameters As mentioned above, IBSS®CAMD tool can be used either to design new molecules and optimize their structure to maximize GloPerf or to simply evaluate the GloPerf of existing solvents. Here we use the molecular design mode for P3HT:PC71BM and PF2:PC71BM, and the second mode for P3HT:PC71BM, P3HT:EH-IDTBR and PF2:EH-IDTBR. Using both methods on the same system (P3HT:PC71BM) allows us to highlight the benefits and drawbacks of each mode.

𝛿 A (MPa) 1/2 3.5 < 𝛿 A < 6 [a, b] 2.4 < 𝛿 A < 4.4 [c,
Molecular design: A genetic algorithm optimization method is implemented in IBSS®CAMD that allows the molecular structures to evolve gradually towards a GloPerf factor close to one. 50 More specifically, new molecules have been built from a list of 238 chemical groups (Table S4) connected randomly by specifying possible positions and bond types (single, double or triple) for each group (some examples illustrating various possible combinations are given in Fig. S2). Halogen elements like -Cl, -Br, -I are discarded from the chemical group list to avoid a-priori toxic solvents. A total of 10102 molecular structures were generated for P3HT:PC71BM and 6720 molecular structures for PF2:PC71BM, with their performances being evaluated and ranked following the GloPerf values.

Performance evaluation of existing solvents: In this mode, IBSS®CAMD is used to quickly evaluate the theoretical performance of a given list of existing solvents that have been chosen for a particular purpose. In the present case, the list consists of 138 solvents that have been previously reported to be sustainable in literature [START_REF] James | Sustainable Solvents, 2017. 69 TCI AMERICA[END_REF] , and includes bio-based solvents (see Table S5).

Step 6: Candidate ranking and final choice

For the designed solvents only those that have a CAS number and whose chemical synthesis is well established have been further investigated. Of these, the molecules with GloPerf above 0.5 (95 for P3HT:PC71BM and 39 for PF2:PC71BM) are reported in the ESI (Table S6, S7, S8 and S9), along with their GloPerf and ProPerfP values. Solvents with a GloPerf lower than 0.5 are unlikely to be appropriate for processing and have therefore been discarded. Likewise, for the list of sustainable solvents used in the evaluation mode, only those solvents with GloPerf above 0.5 were considered (Table S10, S11 and S12). Note however that solvents with similar GloPerf but different combinations of ProPerfp values may not be equally efficient in practice. It is therefore necessary to scrutinize the ProPerfp values for each solvent whose GloPerf > 0.5, before selecting the final list of solvents that are to be tested for device elaboration. In this study, only those solvents whose ProPerfp values on RED and Tb (which are critical) are close to 1 have been further investigated.

Finally, properties that are out-of-reach to IBSS®CAMD have to be taken into account as well. The latter are related to cost issues, commercial availability, environmental impact and stability in air. Ultimately, in this study the candidate solvents selected for further investigations were all (1) greener (biobased if possible) than the solvent to be replaced according to the safety information data from the Globally harmonized system of classification and labelling of chemicals (GHS), (2) commercially available (CAS number available).

Candidate solvents selection -P3HT based blends

Molecular design. Table 2 shows the list of seven candidate solvents for P3HT:PC71BM that were selected from the list of designed solvents (table S6), following the criteria described in the previous section. Among these, 4-ethynyltoluene (4-ET) can be considered as "ideal" solvent with a GloPerf value of 1. The next best-ranked selected molecules are anisole (AN) and 2methylanisole (2-MA) with GloPerf values of 0.997 and 0.946. The ProPerfp value of PX is about 0.66 for Ra suggesting that it is a less efficient solvent for P3HT than o-DCB. Nevertheless, since its RED is lower than unity (0.75), it should still be able to dissolve P3HT and PC71BM enough for processing OPV devices. p-Cymene (PC) and d-limonene (LM) have still lower GloPerf values, with more properties matching poorly the target values (Table S6). For instance, the ProPerfp for Ra is particularly low. Nevertheless, since their RED values are still below 1 (0.89 and 0.94 for PC and LM, respectively), and because their boiling points are high (close to 450 K), it should be possible to dissolve P3HT in these solvents at a higher processing temperature.

With a GloPerf close to 0.6, cyclopentyl methyl ether (CPME) appears still promising at first sight. However, due to its low flash point (281 K, ProPerfp ≈ 0) it cannot be retained for safety issues. We thus retained only 4-ET, AN, 2-MA, PX, PC and LM as solvent candidates for the device elaboration.

Selected sustainable solvents. The best ranked candidate solvents from the sustainable solvent list for P3HT:PC71BM and P3HT:EH-IDTBR blends, respectively, and the corresponding full sets of ProPerfp values are reported in Table S10 and Table S11. Further analysis of the individual ProPerfp values given in Table S10 and Table S11, taking into account the criteria mentioned above, leads us to the following solvent selection, valid for both blends: AN, PX, PC, LM and TPO Note that AN, PX, PC, and LM have also been identified as promising alternative solvents by the design mode, an agreement that underscores the effectiveness of IBSS@CAMD in designing solvents with target properties.

-PF2 based blends

Molecular design: Table 3 lists the only 4 out of 39 candidate solvents designed for PF2:PC71BM, whose GloPerf is larger than 0.5 and accomplish the criteria mentioned in step 6. This rather low number of alternatives is the outcome of the particularly small solubility radius of PF2 (Ro = 4.0), in comparison to P3HT (Ro = 4.7). The best solvent turns out to be PX with a GloPerf of 0.931 and for which all ProPerfp values are equal to unity except δH (ProPerfp ≈ 0, see Table S12). For the remaining solvents 2-MA, AN and PC, the RED values are 1.007, 1.029, and 1.026 respectively (shown in Table S8), indicating that they are located near the edge of the solubility sphere. In each case the ProPerfP values for RED and Ra are lower than one, anticipating a poor solubility for PF2 in these solvents (Table S12). This observation has been crosschecked by performing preliminary solubility measurements up to 120°C with a PF2 concentration of 4 mg/ml (Fig. S3). The results confirm that neither of these solvents allow to solubilize PF2 enough to be used for the elaboration of OPV devices. As a consequence, PX turns out to be the only alternative designed solvent for PF2:PC71BM blends.

Selected sustainable solvents. The 11 best ranked sustainable candidate solvents for PF2:EH-IDTBR and the corresponding full sets of ProPerfp values are reported in Table S10. Out of these, after taking into account the same criteria than above, PX appears again as the only promising solvent candidate. Indeed, all solvents except PX and Benzyl Benzoate (BBzo) exhibit poor solubility for PF2 (low ProPerfp for RED and/or Ra). However, the boiling point of BBzo is too high (ProPerfp(Tb)≈0) and would hinder drying of the thin film and lead to poor device performances. It is worth noting that PX can be considered as a biosolvent, as it can be processed from biomass, unlike other xylenes which are obtained only from crude oil. [START_REF] James | Sustainable Solvents, 2017. 69 TCI AMERICA[END_REF] 1.00 0.00 0.07 0.13 1.00 The above results allow us to point out some benefits and drawbacks of both solvent selection modes. The molecular design mode leads to a large number of solvent candidates matching closely the target properties, but may require further extensive experimental investigations to evaluate unpredictable properties such as toxicity, synthesis routes, costs, etc. Also, the limited number of chemical building blocks does not allow boundless exploration of molecular structures. For instance, TPO is not included in the design list for P3HT blends, while it is in the list of sustainable solvents. On the other hand, applying IBSS®CAMD to a finite list of existing solvents is quicker (processing time < 30min on a standard personal computer) than molecular design mode (processing time depends on the number of chemical groups and can vary between a few hours to a few days) but may miss promising solvents. In our case, 4-ET and 2-MA have been identified by the design mode while they were not included in the sustainable solvent list of Ref. 68 despite the fact that they have being recognized as healthy and environmentally friendly. [69][70][71] 

Photovoltaic Performance

We have fabricated OPV devices using each of the previously selected alternative solvents. Reference devices processed from o-DCB/CB solutions were also investigated. The device structure is illustrated in Fig. 1a. It includes ITO as transparent electrode, a thin layer of ZnO nano-particles as electron transporting layer, MoO3 as hole transporting layer and Ag as top electrode. Additional experimental details on the device elaboration and characterization are given in the experimental part.

P3HT based devices: the active layer of P3HT:PC71BM devices was composed of a blend of P3HT and PC71BM with a 1:0.7 weight ratio. The solutions were annealed and stirred overnight at various processing temperatures in nitrogen ambient (see Table 4). A slightly higher processing temperature was adopted for the poorer solvents PC, TPO and LM. The thin films were fabricated by spin-coating onto substrates previously heated at the same temperature. After deposition, the films were further annealed at 130 o C for 15 min under an inert atmosphere. The (J-V) characteristics of the devices under darkness and under standard illumination conditions (AM1.5G) are reported in Fig. 3 and Fig. S4. The corresponding photovoltaic parameters are summarized in Table 4 and Table S13. Note that the processing conditions were kept identical to the reference devices, except for the eventual introduction of diphenyl ether (DPE) as solvent additive (see below) and the slight increase in processing temperature for PC and LM. [START_REF] Zhao | [END_REF] It is important to note at this point that IBSS®CAMD is not expected to fully predict photovoltaic performances but only to identify molecules that have the potential to be used efficiently for device elaboration. Properties such as nanoscale morphology or degree of phase separation of donor/acceptor blends, that are extremely sensitive to the film forming kinetics, are beyond reach for IBSS®CAMD. The devices processed from 2-MA solutions gave the best performance, and even out-performed slightly o-DCB-based reference devices. On the other hand, the devices fabricated from 4-ET, AN, PX, PC and TPO solutions led to low current densities and poor power conversion efficiencies (see Fig. S4). Devices processed from pure LM solutions were not operational. Since a pronounced phase separation between both constituents of the blend is a possible cause for the observed poor performances, 58 we fabricated additional devices by adding 3% of DPE (a non-halogenated processing additive) to the polymer solution. It is indeed well established that DPE, with its high boiling temperature and good solvent properties for PC71BM, delays the formation of PC71BM aggregates during film casting 10,52 , improving the thin film morphology. 10,52 As shown in Fig. 3, devices processed from 4-ET, AN, PX and PC, with 3% DPE perform significantly better, leading to a PCE (∿3%) slightly higher than the average PCE reported for OPVs processed from o-DCB solutions. 40,73 Using TPO and LM as alternative solvents led however to low performances, even after the introduction of DPE. This is in line with the lower GloPerf factors of TPO and LM and suggests that solvents with still lower GloPerf values are likely to be inefficient for processing P3HT:PC71BM devices. It is worth to note that IBSS®CAMD could as well be used to design and evaluate alternative solvents to be employed as additives rather than host solvents, provided the target properties of the additive are well established. 67 We have not included this approach at this stage.

The current-voltage curves of P3HT:EH-IDTBR devices and the extracted physical parameters are depicted in Fig. 3 and summarized in Table 4. Good photovoltaic performances could be achieved with all the selected solvents except LM. The poor performances of devices processed from LM are in-line with its low GloPerf value. The highest PCE values are obtained for AN and PC-based devices with 4.6% and 4.4%, respectively. Also in this case, the solvent-to-solvent variations can be attributed to incomplete optimization of the processing conditions. Clarifying the origin of the performance fluctuations would need more indepth investigations that lie beyond the scope of this paper. Nevertheless, the average PCE achieved with P3HT:EH-IDTBR processed with AN is of the same order of magnitude than the values reported in literature. It is noteworthy that for none of the solvents a processing additive was needed to achieve high efficiencies, in strong contrast with the behaviour of P3HT:PC71BM devices. This difference is possibly linked to the smaller Ra and RED values of EH-IDTBR, as compared to PC71BM (Table S14).

PF2 based devices: the active layer of PF2:PC71BM devices was composed of a blend of PF2 and PC71BM with a 1:1.5 weight ratio. 42 The blend films were processed either from hot o-DCB, PX or PX/DPE solutions (≈ 100 o C) and spin-coated onto substrates previously heated at the same temperature. The photovoltaic properties are shown in Fig. 4a and are summarized in Table 5.

The devices processed from pure PX led to a low PCE. Again, adding 3% of DPE significantly improved the efficiency, leading to an average PCE of 9.1% (maximum PCE: 9.47%), which is close to the performance of devices processed from o-DCB. The slightly lower Jsc for PX processed devices may be attributed to the slightly lower thickness of the active-layer (Table 5). The high FF (max. 76.5%) points out excellent charge carrier extraction. It is worth to point out that the devices processed from PX/DPE could be manufactured at a lower temperature (70 o C) than for o-DCB (100°C) (Fig. S5, S6 and Table S15). This is possibly the consequence of the lower viscosity of PX with respect to o-DCB (Table S9) and should facilitate the production of large area modules and reduce manufacturing costs. 42 The latter allows to achieve the same layer thickness with similar spin-coating conditions but at lower temperature than with the reference solvent. We note that the process was kept as close as possible to the deposition parameters known as optimal for o-DCB. Full optimization of the elaboration procedure based on PX lies however beyond the scope of this article. The currentvoltage curves and corresponding photovoltaic parameters of PF2:EH-IDTBR devices are shown in Fig. 4b and Table 5. The average PCE equals 8.0% when processed from PX solutions, exceeding the PCE of devices processed from o-DCB (7.29%). These results corroborate the good global performance of PX as alternative solvent determined by IBSS®CAMD. As for P3HT:EH-IDTBR, the devices could be fabricated without additive (Table S14). 

Conclusions

A systematic reverse engineering methodology applied via IBSS®CAMD tool has been successfully used to design and select alternative solvents for OPV devices, in replacement of toxic solvents. The method required the identification of the solvent functionalities, their translation into target physicochemical properties, and for the setting of target property values. By solving a multi-objective optimization problem with a computer assisted molecular design tool (IBSS®CAMD), the alternative solvents were ranked according to a global performance value, which evaluates the matching of their multiple physicochemical properties with a set of target values. In our cases, eleven target properties were considered as important for achieving highperformance OPV devices. By exploring the diversity of molecular structures, the reverse engineering approach greatly expands the list of candidate solvents and can give rise to solvents that exhibit better performances. The method was applied successfully to four bulk heterojunctions solar cells using P3HT as electron donor and either PC71BM or EH-IDTBR as electron acceptor, or PF2 as electron donor and PC71BM or EH-IDTBR as electron acceptor. For P3HT:PC71BM, seven alternative solvents were found suitable to be used for OPV device processing, with the highest average PCE of 3.3% obtained by using p-cymene/DPE solutions. For P3HT:EH-IDTBR, four alternative solvents could be selected from the sustainable solvent list, with anisole giving rise to the highest average PCE of 4.6%. Importantly, all of the alternative solvents, with the exception of 2-MA, can be bio-sourced and are therefore of particular interest for future industrial up-scaling. For PF2:PC71BM and PF2:EH-IDTBR blends, p-xylene, a solvent that can be produced from biological sources, has been identified as efficient alternative solvent. For PF2:PC71BM, the p-xylene/DPE solutions yielded performances close to those of reference devices, while for PF2:EH-IDTBR a PCE of 8.0%, larger than that of the reference device (7.3%), could beachieved using PX without additive. All the alternative solvents mentioned above are greener than common halogenated solvents and commercially available.

Our results show that the reverse engineering methodology provides an efficient way to find alternative solvents for the processing of organic photovoltaic blends. While this study considered only blends of polymers with small molecules, the method should be equally effective on polymer:polymer blends or on blends of small molecules. Overall, the method should make the selection of green solvents for future new photovoltaic materials less empirical and avoid relying primarily on a time-consuming trial and error approach.

Experimental Section

Materials: P3HT was purchased from Solaris Chem Inc., PC71BM was from Solenne. Fluorinated polymer PF2 were prepared as described in the literature. 1 The processing solvents: 1,2dichlorobenzene (o-DCB), 4-ethynyltoluene, Anisole, 2-methyl anisole, p-xylene, p-cymene, and d-limonene, were purchased from Sigma Aldrich. A ZnO nanoparticle dispersion (N-10) was purchased from Avantama. ITO coated Glass substrates were purchased from Luminescence Technology (LumTech) Corporation.

Fabrication of inverted OPV devices: ITO coated glass substrates were cleaned in ultrasonic bath of deionized water, acetone and 2-propanol at 45°C for 15 minutes for each step. Then, they were dried by nitrogen and were treated in a UV/Ozone oven to remove residual organic contaminants. A zinc oxide film (ZnO) was prepared on the washed ITO substrate by a spin-coating method (4000 rpm, 10nm). The as-deposited ZnO was heated on a hot plate at 110 °C for 12 min in air. The photoactive layer was prepared from different solutions containing P3HT:PC71BM blends with a concentration of 18 mg/ml of P3HT. The ratio of donor and acceptor is 1:0.7. The solution was spin-coated onto the ZnO/ITO substrates, and the resulting films were annealed at 130°C for 15 min under a nitrogen atmosphere. The active layer of PF2:PC71BM blend were elaborated from solutions at a weight ratio of 1:1.5 and a total concentration of 13 mg/mL. For the PF2:EH-IDTBR based devices, the active layer was composed of PF2:EH-IDTBR blends with a 1:1 weight ratio from hot 1,2-dichlorobenzene and pxylene solutions that were annealed and stirred overnight at 100 o C in nitrogen ambient. The overall concentration of PF2:EH-IDTBR blends is 8mg/ml. The 7 nm thin MoO3 and 120 nm thin Ag layers were thermally evaporated in vacuum (Pressure ≈ 1x10 -6 mbar).

OPV measurements:

The JV curves of the OPVs were measured under an AM 1.5G-100 mW/cm 2 solar simulator using a LabView-controlled Keithley 2400 SMU. A shadow mask was used to set the illuminated area to 12 mm 2 (slightly lower than the actual device area). The JV results are from the averages of 20 devices.

Thickness measurement:The film thickness was measured by a DektakXT stylus profiler at 6 different positions after scratching the film with a diamond scriber.
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  Scheme 1 Steps for IBSS®CAMD to design molecules and evaluate the performance of existing solvents.

Fig. 1 (

 1 Fig. 1 (a) The typical structure of OPV device, and (b) the chemical structure of donors and acceptors.

  [a] P3HT:PC71BM blends, [b] P3HT:EH-IDTBR blends, [c]PF2:PC71BM blends and [d] PF2:EH-IDTBR blends.

Fig. 2 (

 2 Fig. 2 (a) P3HT/PC71BM, (b) P3HT/EH-IDTBR, (c) PF2/PC71BM and (d) PF2/EH-IDTBR HSPs in Hansen solubility space. (Dark green: polymer donors, light green: acceptors)

  [a] TCI AMERICA, https://www.chemblink.com/MSDS/MSDSFiles/766-97-2_TCI.pdf [b] CDH, https://www.cdhfinechemical.com/ [c] ECHA, https://echa.europa.eu/ [d] http://www.cometchemical.com/MSDS/D-LimoneneEN.pdf

Fig. 3 .

 3 Fig. 3. The (J-V) curves of (a) P3HT:PC71BM OPVs and (b) P3HT:EH-IDTBR OPVs processed from various solvents. (Solid line: devices were measured under illumination, dash line: devices were measured under darkness)

Fig. 4 .

 4 Fig. 4. (a) The (J-V) curves of P3HT:PC71BM OPVS processed from various solvents, and (b) The (J-V) curves of PF2:EH-IDTBR based OPVs processed from o-DCB and PX. (Solid line: devices were measured under illumination, dash line: devices were measured under darkness)

Table 2 .

 2 GloPerf and ProPerfP values of the best ranked candidates for P3HT:PC71BM blend in both modes (Design mode: t evaluation mode: «).

	Candidates	GloPerf	IBSS®CAMD mode (Design mode: t evaluation mode: «)	Biosolvents	Safety information (GHS label)	Tb	Tf	ProPerfp ΔHvap Ra	RED
	4-Ethynyltoluene (4-ET)	1.000	t		[a]	1.00 1.00	1.00	1.00	1.00
	Anisole (AN)	0.997	t/«		[b, c]	1.00 1.00	1.00	1.00	1.00
	2-Methyl anisole (2-MA)	0.946	t		[b, c]	1.00 1.00	1.00	1.00	1.00
	p-Xylene (PX)	0.853	t/«	✔ # $	[b, c]	1.00 1.00	1.00	0.66	1.00
	p-Cymene (PC)	0.628	t/«	✔ # $	[b, c]	1.00 1.00	1.00	0.13	1.00
	Terpinolene (TPO)	0.626	«			1.00 1.00	0.34	0.08	1.00
					[c]				
	d-Limonene (LM)	0.598	t/«	✔ # $		1.00 1.00	1.00	0.06	1.00
					[d]				
	Cyclopentyl methyl	0.592	t/«						
	ether (CPME)								

[b, c] 

Table 3 .

 3 GloPerf and ProPerfP values of the best ranked solvent candidates for PF2:PC71BM blends by design mode.

	Candidates	GloPerf	Biosolvents	Safety information (GHS label)	Tb	Tf	ProPerfp ΔHvap	Ra	RED
	p-Xylene (PX)	0.931	✔ # $		1.00 1.00	1.00	1.00	1.00
	2-Methyl anisole (2-MA)	0.770			1.00 1.00	1.00	0.22	1.00
	Anisole (AN)	0.724	✔ # $		1.00 1.00	1.00	0.17	0.99
	p-Cymene (PC)	0.693	✔ # $		1.00 1.00	1.00	0.18	0.99

Table 4 .

 4 Photovoltaic device parameters of P3HT:PC71BM and P3HT:EH-IDTBR based devices fabricated from various solvents.

	Materials	Processing solvents	Processing temperature [ o C]	Voc [mV] Jsc [mA cm -²]	FF [%]	PCE [%]	Thickness [nm]
		o-DCB	80	594±5	6.3±0.1	59±3	2.3±0.2	~100
		4-ET/DPE	100	575±3	7.2±0.2	61±2	2.6±0.1	~110
		AN/DPE	100	575±3	7.4±0.1	63±1	2.7±0.1	~140
		2-MA	100	587±2	8.3±0.1	64±1	3.1±0.2	~100
	P3HT:PC71BM						
		PX/DPE	100	577±2	7.5±0.1	64±1	2.7±0.2	~130
		PC/DPE	115	585±6	8.5±0.2	65±1	3.3±0.1	~120
		TPO/DPE	115	606±6	5.4±0.2	57±1	1.9±0.1	~90
		LM/DPE	115	669±7	3.3±0.2	43±3	1.0±0.1	~100
		CB	80	780±6	8.1±0.4	53±4	3.5±0.4	~120
		AN	80	752±7	9.2±0.3	66±2	4.6±0.1	~140
		PX	80	742±4	8.91±0.3	57±2	3.8±0.2	~150
	P3HT:EH-IDTBR						
		PC	100	749±8	8.9±0.2	65±1	4.4±0.3	~120
		TPO	100	787±2	7.8±0.1	59±1	3.6±0.1	~100
		LM	100	816±4	3.6±0.3	36±1	1.0±0.2	~100

Table 5 .

 5 The corresponding photovoltaic device parameters of PF2 based devices fabricated from various solvents.

	Materials	Processing solvents	Processing temperature [ o C]	Voc [mV] Jsc [mA cm -²]	FF [%]	PCE [%]	Thickness [nm]
		o-DCB	100 o C	754±5	17.9±1.3	73±1	9.8±0.7	~160
	PF2:PC71BM	PX/DPE	100 o C	753±3	15.9±0.6	75±1	9.1±0.4	~130
		PX	100 o C	801±5	3.0±0.3	50±4	1.2±0.2	~130
		o-DCB	100 o C	1040±5	12.9±0.2	58±1	7.3±0.2	~150
	PF2:EH-IDTBR							
		PX	100 o C	1070±3	13.2±0.1	56±1	8.0±0.1	~130
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