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On the Interplay between Molecular Packing and Optical Response in Thin-films for Organic Photovoltaics

The limited control over the complex morphology exhibited by organic materials in the solid phase constitutes one of the greatest challenges to power conversion enhancement in the field of organic photovoltaics.

Often, this problem is made worse by the molecular architecture of the building blocks engineered with complex structures that make the mechanisms of self-organization less straightforward and less efficient. Here, we present the computational study of a small-molecule donor with a simple architecture whose absorption spectrum in thin-film experiences a dramatic change upon thermal treatment. In our present study, this change is rationalized in terms of a reorganization of the molecular packing within the film. This reorganization is described in its microscopic details: the results of our simulations provide a plausible picture of the macroscopic thin-film morphology, thus offering valuable hints on how to improve the control of morphology in molecular solids.

Introduction

The design of novel organic photovoltaic materials with larger power conversion efficiencies is riddled with formidable technical obstacles [START_REF] Brédas | Charge-transfer and energy-transfer processes in π-conjugated oligomers and polymers: a molecular picture[END_REF][START_REF] Mazzio | The future of organic photovoltaics[END_REF][START_REF] Scully | Physics and Materials Issues of Organic Photovoltaics[END_REF] . The search for these materials often builds on the photovoltaic performances already reported for various families of compounds and usually consists in investigating the relevant properties of one or more derivatives of a given compound within a particular family. This trial-and-error approach has dominated the field since the beginning and has been essential in collecting a remarkable wealth of data.

In this context, a fundamental step in finding a way around many of these obstacles towards higher efficiencies, is to expand and deepen the understanding of the complex factors affecting the light-to-energy conversion in organic semiconductors. This can be implemented on two fronts. On the experimental side, this can be achieved with the development of small systems for which the structure/property relations can be easily assessed. In most cases, this is done at the expense of performance, although some promising compounds have already emerged [START_REF] Zhou | All-small-molecule organic solar cells with over 14% efficiency by optimizing hierarchical morphologies[END_REF] . Such small systems are actually abundant and have become more widespread following the advent of small-molecule donors [START_REF] Deng | Predictions of hole mobilities in oligoacene organic semiconductors from quantum mechanical calculations[END_REF][START_REF] Mishra | Small molecule organic semiconductors on the move: promises for future solar energy technology[END_REF][START_REF] Roncali | Molecular materials for organic photovoltaics: small is beautiful[END_REF][START_REF] Collins | Small is powerful: recent progress in solution-processed small molecule solar cells[END_REF][START_REF] Lin | Small molecule semiconductors for high-efficiency organic photovoltaics[END_REF][START_REF] Roncali | Molecular bulk heterojunctions: an emerging approach to organic solar cells[END_REF][START_REF] Lloyd | Photovoltaics from soluble small molecules[END_REF] , introduced to address, among others, the issue of performance reproducibility that often affects polymer-based solar cells [START_REF] Deng | Predictions of hole mobilities in oligoacene organic semiconductors from quantum mechanical calculations[END_REF][START_REF] Mishra | Small molecule organic semiconductors on the move: promises for future solar energy technology[END_REF][START_REF] Roncali | Molecular materials for organic photovoltaics: small is beautiful[END_REF][START_REF] Roncali | Molecular bulk heterojunctions: an emerging approach to organic solar cells[END_REF] .

In this regard, a set of systems from ref.s 12 and 13 stands out as particularly appealing because of the adopted approach, in stark contrast with the more widespread procedure of designing molecules with increasingly complex structures. Starting from a compound with a reported good power conversion efficiency, successive simplifications of the structure are performed, and the derivatives are characterized and tested for a set of properties relevant to photovoltaic performance. Thanks to the reduced complexity, the different behaviors featured by these molecules are readily attributed to their structural properties.

On the theoretical side, it has to be noted that the understanding of the photovoltaic process in organic materials has already managed to reduce many persisting gaps in the description of their behavior [START_REF] Brédas | Molecular understanding of organic solar cells: the challenges[END_REF][START_REF] Baumeier | Challenges for in silico design of organic semiconductors[END_REF][START_REF] Würthner | Systems chemistry approach in organic photovoltaics[END_REF] . These advances have been made possible by the identification of simple systems for which a simplified model can be derived. In the specific field of organic electronics this role has mostly been fulfilled by the family of the acenes and their derivatives [START_REF] Deng | Predictions of hole mobilities in oligoacene organic semiconductors from quantum mechanical calculations[END_REF][START_REF] Gruhn | The vibrational reorganization energy in pentacene: molecular influences on charge transport[END_REF][START_REF] Coropceanu | Hole-and electron-vibrational couplings in oligoacene crystals: intramolecular contributions[END_REF][START_REF] Coropceanu | The role of vibronic interactions on intramolecular and intermolecular electron transfer in π-conjugated oligomers[END_REF][START_REF] Huang | Molecular design of photoactive acenes for organic photovoltaics[END_REF][START_REF] Sutton | Noncovalent intermolecular interactions in organic electronic materials: Implications for the molecular packing vs electronic properties of acenes[END_REF] .

However, despite having played and still playing a major role in clarifying the physics of the photovoltaic process in organic solids, these materials are, in some respects, too simple. So much so, that they cannot be considered as effective model-systems for the many different classes of organic semiconductors that have been explored and tested experimentally up to this day. New systems displaying a more complex behavior should therefore be considered.

To this aim, we focus on a small push-pull molecule from the set investigated in ref. 12 that combines a simple structure with a behavior that is complex enough to provide useful insights on some key aspects, in particular the interplay between molecular organization and optical response.

The compound consists of a methyl-diphenylamine donor moiety linked to a dicyanovinyl acceptor group through a 2-5-thienyl spacer (MDTD, hereafter, see also Scheme 1) [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF] . In ref. 22 a comparison between MDTD and a similar compound carrying a triphenylamine moiety (indicated as TPA, hereafter) in place of MDTD's donor block, provides clear evidence of the importance of molecular structure in the determination of supramolecular order. In fact, upon characterization of the thin-films to be used as donor layers in standard planar heterojunction solar devices, a pronounced change in the self-organization of MDTD molecules can be inferred by comparing the shape of the absorption spectrum before and after thermal treatment at 80 ºC [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF][START_REF] Jiang | Thermally induced crystallization, hole-transport, NLO and photovoltaic activity of a bisdiarylamine-based push-pull molecule[END_REF] . The thin-film spectrum undergoes a change in its shape characterized by a substantial redshift and a change in the structure of the absorption maxima, resulting in a system with improved light-absorption properties. A similar behavior has not been reported for the TPA compound [START_REF] Leliège | Small D-π-A Systems with o-Phenylene-Bridged Accepting Units as Active Materials for Organic Photovoltaics[END_REF] . Photovoltaic cells based on thermally-treated MDTD in combination with a fullerene acceptor layer, feature larger short-circuit current Jsc of 6.34-7.00 mA/cm 2 when compared to TPA-based devices (Jsc of 5.80 mA/cm 2 ), indicating an increased generation of free charge carriers in the MDTD layer, likely resulting from the broader absorption spectrum after reorganization. A simple estimate based on the different spectral coverage of TPA and MDTD suggests that the latter might absorb around 10% more solar energy than the first, while treated thin-films absorb 2 to 5% more energy with respect to untreated ones.

Larger fill factors are also reported [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF] , possibly due to more ordered layers, resulting in power conversion efficiencies enhanced from 2.50% of TPA-devices to 2.92-3.30% of treated MDTDdevices.

The goals of our present work are (1) to highlight the value of simple test-cases to gain microscopic insight in the mechanisms at play, (2) to stress the effectiveness of theoretical approaches to complement the experimental endeavor, and (3) to set the observed behavior within a more general theoretical framework valid for other materials sharing the same basic characteristics.

To achieve these goals, we modeled MDTD's most thermodynamically relevant solid phases in order to provide a microscopic description of the morphology responsible for the different optical responses observed. Concurrently, an evaluation of charge mobility has been carried out to prove that the combination of phases obtained by our theoretical estimates based on the absorption properties also yields an overall thin-film mobility in agreement with the measured one.

Computational Protocol and Details

The prediction of the optical properties of a material in thin-film conditions, requires the inclusion of the effects of the molecular environment [START_REF] Würthner | Systems chemistry approach in organic photovoltaics[END_REF] on the electronic structure of single molecules. The actual molecular environment can be quite varied, since the large majority of the thin-films employed as active layers in organic photovoltaics (OPV) exhibit a polycrystalline character where different regions with a diverse degree of order are simultaneously present [START_REF] Rivnay | Quantitative determination of organic semiconductor microstructure from the molecular to device scale[END_REF] . The distribution and type of molecular packing within these regions plays a major role in determining the photovoltaic efficiency of a material.

If the material constituting the thin-film has more than one thermodynamically relevant crystal polymorph, then, distinct crystalline grains, or crystallites, featuring different crystal packings might emerge. In addition, in the interfacial gaps between crystallites, the material can be considered essentially amorphous. Therefore, a simulation strategy aiming at the description of all the morphologies influencing optoelectronic properties must include the prediction of polymorphs structure and stability to appropriately inform the modeling of the relevant physical quantities. The same holds true for the modeling of the amorphous regions. To this end, we setup a multi-level procedure composed of three steps: i) polymorph structure prediction ii) polymorph spectral prediction iii) weighting and simulation of the overall observable properties.

Our starting point is the optimized structure of the isolated MDTD molecule, obtained at the Density Functional Theory (DFT) level using the Gaussian 16 [START_REF] Frisch | Revision C.01[END_REF] software. The level of theory employed combines the B3LYP exchange correlation functional 27 with Grimme's D3 correction to model dispersion forces and the 6-311G(d,p) basis set [START_REF] Grimme | On the importance of the dispersion energy for the thermodynamic stability of molecules[END_REF][START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] . From this structure, a number of possible ordered periodic arrangements are generated based on the symmetry transformations of a set of space groups known to be the ones occurring most frequently among organic molecular crystals [START_REF] Mighell | Space-group frequencies for organic compounds[END_REF] , i.e. , , , , , , . The guessed structures are optimized according to a stochastic algorithm which applies small translations and rotations to the rigid molecules in the unit cell to minimize the overall energy [START_REF] Akkermans | Monte Carlo methods in materials studio[END_REF] , as implemented in the polymorph prediction module in Materials Studio 32 . During this optimization procedure, the total energy is estimated via the DREIDING force field 33 using restricted electrostatic potential (RESP) charges [START_REF] Bayly | A well-behaved electrostatic potential based method using charge restraints for deriving atomic charges: the RESP model[END_REF] obtained at the same level of theory employed for the isolated molecule optimization (B3LYP-D3/6-311G(d,p)).

The obtained optimized polymorphs are clustered according to their similarity and then ranked according to their densities and energies, estimated through the DREIDING force-field. The lowest energy polymorphs are finally refined using periodic DFT calculations. During this step, for each polymorph, both unit cell parameters and atomic coordinates are fully relaxed at the B3LYP-D3 level of theory in combination with a solid state adapted basis set, available in the SI, using the periodic DFT code CRYSTAL17 [START_REF] Dovesi | CRYSTAL17 User's Manual[END_REF] . The periodic DFT refinement leads to the identification and ranking of the most stable polymorphs within a 8 kcal/mol range.

In order to compute the optical properties of each polymorph, Time-Dependent DFT (TD-DFT) calculations are performed on finite clusters of molecules embedded in a charge distribution simulating the corresponding extended phase. To this end, the optimized polymorph structures are first used to build a model of the crystal environment using the modified Ewald approach [START_REF] Wilbraham | Electrostatic Embedding To Model the Impact of Environment on Photophysical Properties of Molecular Crystals: A Self-Consistent Charge Adjustment Procedure[END_REF] .

According to this method, already reported in literature to model the response of different molecular crystals [START_REF] Presti | Understanding aggregation-induced emission in molecular crystals: insights from theory[END_REF][START_REF] Wilbraham | Revealing the Origins of Mechanically Induced Fluorescence Changes in Organic Molecular Crystals[END_REF][START_REF] Micheletti | Mechanochromic LLDPE Films Doped with NIR Reflective Paliogen Black[END_REF] , a large supercell is first built and divided into three concentric zones.

The inner zone (zone 1) may contain one or more molecules and is treated at QM level. It is surrounded by the intermediate zone (zone 2) which consists of fixed point-charges located at atomic positions. Their values correspond to the Mulliken charges calculated from periodic DFT so as to avoid artificial over-polarization of electronic density in zone 1, potentially caused by the sites lying close to the QM boundary. Finally, the outer zone (zone 3) consists of another set of point charges adjusted, through a minimization procedure, to reproduce the "exact" potential of the periodic system on all sites in zone 1 and 2 [START_REF] Presti | Understanding aggregation-induced emission in molecular crystals: insights from theory[END_REF] .

Of note, we expect this embedding technique to capture the dominant (electrostatic) effects induced by the bulk crystalline environment. Furthermore, even if other sets of partial charges might be used, Mulliken charges here considered should provide a fair description, especially in the case of completely organic systems.

The resulting distribution of charges in the second and third zone reproduces the potential generated by the crystalline environment and is employed as charge embedding background for vertical TD-DFT calculations on the quantum cluster corresponding to zone 1. These calculations provide the absorption spectrum of the quantum cluster embedded in its environment and are performed using the Gaussian 16 package with the same exchange correlation functional used for molecular structure optimization, that is B3LYP in combination with the 6-311+G(d,p) basis set. This global hybrid functional was found to provide the best accuracy in the computed absorption wavelengths, even when compared with range separated hybrids (here CAM-B3LYP) due to the limited through-space character of the charge transfer transitions involved (see Results and Discussion for a more detailed description).

Final absorption spectra are simulated by summing a set of Lorentzian functions centered on the vertical transition energies from the calculations, with a half width at half maximum (HWHM) broadening parameter of 0.3 eV. Whenever relevant, the nature of the excited states is analyzed by both inspecting the molecular orbitals involved in the excitation and by making use of a density-based descriptor (the so called DCT [START_REF] Bahers | A qualitative index of spatial extent in charge-transfer excitations[END_REF] ) quantifying the charge transfer distance as the distance between the barycenters of the charge density distribution of the hole and the electron.

Whenever indicated, modeling for the solvent (here dichloromethane) has been included by making use of the integral equation formalism for the implicit polarizable continuum model (PCM) as implemented in Gaussian 16 [START_REF] Cances | A new integral equation formalism for the polarizable continuum model: Theoretical background and applications to isotropic and anisotropic dielectrics[END_REF] .

Finally, charge dynamics is simulated using the non-adiabatic high-temperature limit of semiclassical Marcus charge transfer theory [START_REF] Marcus | Electron transfer reactions in chemistry. Theory and experiment[END_REF] , using the following expression:

where kij is the rate of transfer between two neighbouring molecules, λ is the reorganisation energy, evaluating the energy cost of exchanging a charge carrier and Jij is the transfer integral that measures the probability amplitude for the carrier to be transferred between molecules in the pair. For the sake of coherence, the DFT calculations performed to estimate the reorganization energy are carried out with the same DFT approach, B3LYP-D3 in combination with the 6-311G(d,p) basis set, while transfer integrals are obtained through the semi-empirical ZINDO method [START_REF] Zerner | Semiempirical molecular orbital methods[END_REF] , proven to provide accurate enough estimates [START_REF] Oberhofer | Charge transport in molecular materials: An assessment of computational methods[END_REF][START_REF] Baumeier | Density-functional based determination of intermolecular charge transfer properties for large-scale morphologies[END_REF][START_REF] Alberga | Effects of substituents on transport properties of molecular materials for organic solar cells: a theoretical investigation[END_REF] .

The rates are computed between pairs of molecules in any of the modelled morphologies and once all the relevant pairs have been assigned a rate constant, the final step is to perform kinetic Monte Carlo simulations to evaluate charge mobility. The mobility is thus given by the ratio of the〈vh〉, the average velocity in the direction of the electric field E estimated from the simulations and the magnitude of the latter.

For the mobility calculations here presented, only holes are considered as charge carriers since MDTD is employed as a donor material. In these simulations the intensity of the applied electric field is set to 10 6 V/m.

Results and Discussion

Molecular and Crystal absorption spectra: structural vs. environmental effects

The MDTD molecule, shown in Scheme 1, has been extensively characterized from an experimental point of view in ref. 22. As already stressed, one of its most striking features is the change of the thin-film absorption spectrum after thermal treatment at 80º C. The experimental data available suggest the presence of at least two crystal polymorphs likely responsible for the different absorption before and after thermal treatment [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF] .

In order to identify these crystalline structures and gain insight into the microscopic morphology of the thin-film, we applied the procedure described in the previous section. The obtained refined energy ranking of polymorphs indicates the presence of two low-energy structures with a relative difference in energy of about 6.2 kcal/mol.

It is reasonable to consider this value as an upper estimate of the actual difference in formation enthalpy between the two structures, since it carries uncertainties coming from both the level of theory employed [START_REF] Madelung | Das elektrische Feld in Systemen von regelmäßig angeordneten Punktladungen[END_REF][START_REF] Cutini | Assessment of different quantum mechanical methods for the prediction of structure and cohesive energy of molecular crystals[END_REF] and the possible variations in the energy landscape associated specifically with the thin-film phase [START_REF] Hongo | Failure of Conventional Density Functionals for the Prediction of Molecular Crystal Polymorphism: A Quantum Monte Carlo Study[END_REF] .

The analysis of the intramolecular structural parameters of MDTD reveals limited differences when going from the gas-phase to the crystalline phases. The most important one is a variation of the outer phenyl torsion angle in the amino group (angle between red and blue planes in Figure 1) whose consequences on observed properties will be discussed in-depth below.

The most substantial difference between the identified polymorphs lies instead in the details of the intermolecular packing and in the resulting supramolecular order. The most stable polymorph (polymorph 1) belongs to the space group: its cell parameters (see Table 1) are in agreement with the experimentally reported ones (CCDC 1039019) [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF] . Polymorph 1 presents a -stacking in which the molecules are rigidly shifted in the direction of the relevant crystal axis. This results in -stacks in which the donor-acceptor intramolecular axes are aligned in the same direction (Figure 1b, co-facial stacking).

The second identified polymorph (polymorph 2) belongs to the monoclinic space group.

In this case, the MDTD molecules are arranged in such a way that the donor-acceptor axes of stacked molecules display alternating directions. Stacks are thus formed by pairs (dimers) with the donor group in one molecule lying in close proximity to the acceptor moiety of the other (Figure 1c). This 'head-to-tail' arrangement actually maximizes the stabilizing dipole-dipole interactions [START_REF] Fritz | Structural characterization of a pentacene monolayer on an amorphous SiO2 substrate with grazing incidence X-ray diffraction[END_REF] .

Since the differences in supramolecular order influence the photophysical properties of a material, we can expect that the presence of these two polymorphs (1 and 2) will play a major role in explaining the optical behavior of the system under investigation. At the molecular level this peculiarity can be explained by noting that MDTD is a push-pull system with a relatively large value of the dipole moment in gas-phase (17.5 D). Thus, dipole-dipole interactions are expected to be relevant for self-organization in the aggregated phase as already observed in other similar cases [START_REF] Takacs | Solar cell efficiency, self-assembly, and dipole-dipole interactions of isomorphic narrowband-gap molecules[END_REF][START_REF] Würthner | Dipole-dipole interaction driven self-assembly of merocyanine dyes: from dimers to nanoscale objects and supramolecular materials[END_REF] .

Supramolecular organization has two main effects on optical properties, the first (hereafter, 'structural effect') is associated with changes in the molecular structure going from the gasphase to the aggregated phase, while the second (hereafter, 'electronic effect') is a polarization effect [START_REF] Heimel | Design of organic semiconductors from molecular electrostatics[END_REF][START_REF] Brédas | Recent advances in the computational characterization of π-conjugated organic semiconductors[END_REF] arising from the crystal environment. In order to decouple these effects two sets of calculations are performed: the structural effect can be evaluated by comparing the spectra computed for the MDTD molecule optimized in the gas-phase to those obtained for the optimized structure in polymorphs 1 and 2, i.e. by considering its molecular geometry in the crystal phases. The second effect, on the other hand, is evaluated by comparing the spectra obtained for the isolated molecule in its crystal geometry to those computed using the same structure with the inclusion of the crystalline environment through the Ewald embedding method. This effect is clearly dependent on the nature of the aggregated phase.

In addition, since the main difference between the two polymorphs lies in molecular stacking, it is also reasonable to consider, along with the monomer in its different possible geometries, also dimers as potentially relevant units for the prediction of the optical response.

Figure 2 reports the predicted absorption spectra for the monomer in the gas-phase geometry together with the monomers and dimers extracted from polymorphs 1 and 2. Table S1 and Table S2 along with Figure S1 and Figure S2, report the corresponding raw data on the computed transitions as well as all the relevant orbitals involved in the brightest excited states.

In the gas-phase, the UV-Vis spectrum presents two bands associated with two bright transitions. The first (transition I) is computed at 2.56 eV (485 nm) and the second (transition II) at 3.60 eV (344 nm). Transition I corresponds to a HOMO-LUMO excitation (see Figure S1) and has a marked charge transfer character boasting a hole-electron distance of 6.7 Å (DCT index in Table S1). This value is explained by a direct transfer from the primary donor, i.e. the methyl-diphenyl amino group, to the dicyanovinyl acceptor. On the other hand, the higher one, transition II, has a less extended CT range (DCT=3.67 Å) since it corresponds to a transition from the thienyl spacer to the acceptor.

Inclusion of solvent effects (here dichloromethane) slightly redshifts the transitions without changing the overall spectral shape (see Figure 2). This redshift is more important for transition I (0.27 eV) than for the high-energy peak (0.15 eV). The CT character of the transitions helps explaining their redshift upon solvation. Notably, the difference in the extent of the CT also justifies the relative magnitude of these shifts, i.e. a larger shift computed for the transition with the largest CT character.

To isolate the structural effects, we compare the gas-phase spectra of the monomer in vacuum geometry and in the geometries extracted from polymorphs 1 and 2, (monomer 1 and monomer 2, respectively, see Figure 2). Only small differences emerge between the spectra of vacuum and monomer 1 geometry, suggesting that the structural changes have, in this case, a negligible impact. Further insight can be obtained by computing the following two geometrical parameters: the degree of planarity and the torsion angle  between the outer phenyl plane (in red, Figure 1) and the approximate conjugation plane (in blue, Figure 1). Planarity is quantified by computing the average distance from the approximate conjugation plane of all atoms in the molecule except for those belonging to the free phenyl group.

The gas-phase monomer has a planarity parameter of 0.29 Å while the angle  is 70. that the change in  is not sufficient to modify the electronic distribution on the donor.

The structural effect is more important in the case of monomer 2. Here, the planarity parameter is 0.31 Å and the angle  is 56.33 °. These changes result in a redshift and a variation in the relative brightness of both transitions (0.20 eV for transition I, 0.29 for transition II). These effects depend on the lower angle  that promotes electronic delocalization over the acceptor structure, notably on the free phenyl.

The role of dimerization has been also investigated to explain the behavior of the system. Indeed, both predicted molecular packings show the presence of dimeric structures that might affect the absorption properties. Analogously to monomers, dimer structures are extracted from polymorphs 1 and 2, shown in Figure 1, panel b&c and their spectra are computed in the gasphase and in dichloromethane.

The dimer from polymorph 1 has a gas-phase spectrum that is blue-shifted with respect to the monomer. This is due to the co-facial stacking in the dimer resulting in a destabilizing interaction term between intramolecular dipoles, raising the energy of transitions. This arrangement also results in a large overall dipole for the pair (23.25 D) that makes this dimer more sensitive to its electrostatic environment.

The behavior of dimer 2 is significantly different. With respect to monomer 2 the main transitions undergo changes in the relative brightness, possibly due to the formation of an excimer as indicated by the distribution of the orbitals involved, see Figure S3. This effect can be attributed to the antiparallel (head-to-tail) stacking of molecular dipoles resulting in an interaction term that lowers the overall energy and couples the monomers. Furthermore, since the dimers in polymorph 2 are roughly centrosymmetric, the CT excimer transitions result in a net null dipole. The dimers are therefore less influenced by the presence of a polarizable environment.

Again, we collected some preliminary evidence of the importance of electronic effects for the two dimers by investigating their spectra in dichloromethane. For dimer 1 no relevant change is recorded for the relative brightness of transitions. However, a redshift is evident with respect to the gas-phase spectrum with a similar magnitude (0.29 eV for transition I and 0.12 eV for transition II) to the one observed for the gas-phase monomer spectrum in the same solvent.

Dimer 2 has an opposite behavior, the spectrum in dichloromethane only experiences a negligible redshift in the low-energy peak (0.04 eV) while a more pronounced change in the relative brightness of the main peaks can be appreciated.

After this preliminary assessment of the electronic effect, we have implemented the actual embedding to provide a refined model of the crystal medium. The resulting spectra are reported in Figure 3, while data on the transitions can be found in Table S3. Dimer 1 experiences a redshift for transition I similar to what has been computed in dichloromethane (0.27 eV) while the redshift of the high-energy transition is more important, reaching a value of 0.31 eV. These values confirm that molecules in this arrangement are rather sensitive to the environment and thus its accurate modeling is absolutely necessary.

The same accurate modeling of the environment is important for dimer 2 as well, although for the opposite reason: in crystal polymorph 2 the dimers stacked in a head-to-tail configuration interact rather strongly. This suggests that the effect of the crystalline medium is less important since it is composed of similar units whose electrostatic interaction is effectively screened. This is supported by the fact that the embedding modeling yields a spectrum very similar to the one in gas-phase.

Modeling thin-film absorption spectra

The reported results for crystalline spectra prompted us to further our modeling and attempt a large scale description of the thin-film spectrum, for which experimental data are available before and after thermal treatment. In this successive step, the goal is to reconstruct the experimental spectra by combining the theoretical data for the different crystalline phases and the amorphous phase. In other words, the computed spectra are used to estimate the relative contribution of each phase, via a fitting procedure on the available experimental data. The purpose of this procedure is also to verify the hypothesis that the formation of polymorph 2 crystallites, somehow favored by the thin-film conditions and triggered by the thermal treatment, is at the origin of the observed spectral change.

In keeping with this strategy, the first step has consisted in performing a deconvolution of the post-thermal treatment experimental spectrum to identify the main transitions responsible for the spectral shape and to compare them to the computed electronic transitions. Details about the deconvolution and fitting procedures are reported in the SI. The region between 1.6 and 3.0 eV (roughly from 410 nm to 775 nm) has been chosen due to the largest value of normalized absorption. It is reasonable to assume that the spectrum after thermal treatment is characterized by different crystalline grains and regions with a more amorphous character.

Indeed, the deconvolution identifies three peaks that can be attributed to the contributions of three possible morphologies coexisting in the thin-film. The peak at 2.03 eV is compatible with the low-energy transition predicted for polymorph 2 (2.19 eV), the second at 2.49 eV can be attributed to the absorption of polymorph 1 (2.44 eV) while the peak at 2.27 eV is likely associated with the amorphous phase. The spectrum of this last phase is approximated by the monomer spectrum in dichloromethane displaying the brightest transition at 2.29 eV. The obtained convoluted spectrum is reported in Figure 4a (blue solid line).

The relative heights of the identified peaks are determined by a combination of the absolute strength of the transition (i.e. the oscillator strength) and a factor proportional to the relative abundance of each component in the thin-film. Since theoretical values of oscillator strengths are available from the predicted spectra, to estimate the relative concentration of the various components a constrained fit on the final spectrum is needed which includes the parameters available from our predictions. The fitting model is built considering for each spectrum an independent concentration and a common energy shift on the position of the peaks, i.e. all peaks in the same spectrum are assumed to experience the same shift. Moreover, a common broadening parameter is also considered for all transitions, yielding a final model with 7 free parameters (see SI for a detailed explanation and the corresponding equations). The choice of a single broadening parameter for all peaks is justified by the fact that all components are expected to be similarly affected by the conditions in the thin-film, assuming vibrational contributions to be negligible. The final fitted spectrum is reported in Figure 4b (gold solid line).

Finally, the best-fit parameters obtained give access to valuable information on the relative concentrations. After thermal treatment, the morphology of the thin-film seems to be equally distributed between the different components with a prevalence of polymorph 2 (38.1%) and the amorphous phase (36.2%) over polymorph 1 (25.7%). This fact is a strong indication that the emergence of polymorph 2 as main component is a plausible explanation for the observed spectral change. Other important information is that all the predicted spectra are redshifted with respect to the experimental signal. The agreement is worse for polymorph 2 spectrum and the one used to model the amorphous phase (i.e. monomer in dichloromethane). The observed shift is rather pronounced for polymorph 2 spectrum while it is within the expected B3LYP accuracy [START_REF] Jacquemin | Extensive TD-DFT benchmark: singlet-excited states of organic molecules[END_REF] for the other component.

To collect further evidence that the formation of polymorph 2 crystallites in the final thin-film is indeed responsible for the changes in the spectrum, another analysis using the same model for the fit has been performed on the experimental absorption spectrum before thermal treatment. The results are reported in Figure 4c.

This fit confirms our hypothesis by indicating a prevalence of amorphous phase and polymorph 1, respectively 62.1% and 36.8%, while polymorph 2 contributes only with 1.1% of the initial thin-film morphology.

The comparison between the inferred morphologies before and after thermal treatment suggests that most polymorph 2 crystallites nucleate from the amorphous regions, which decreases from 62.1% to 36.2%, while the interconversion (likely to be indirect) between the two forms appears limited (only 11%). These data suggest that the thin-film conditions do have an effect on the free energy landscape such that the barrier to access the minimum corresponding to polymorph 2 is lower than the one corresponding to polymorph 1 which is nonetheless dominant in bulk conditions [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF] .

To improve our confidence in the proposed mechanism, we evaluated the energy gain for the formation of dimers paired in similar arrangements, i.e. 'co-facial' and 'head-to-tail', to the ones of dimers 1&2. The amorphous phase, from which polymorph 1 and 2 nucleate from, has been approximated by considering dimer geometries relaxed in dichloromethane. We find that dimers in 'head-to-tail' configuration have an energy gain of -6.54 kcal/mol while dimers stacked in a way similar to dimer 1 result in an energy gain of -6.00 kcal/mol. This difference means that the formation of 'head-to-tail' dimers appears to be 2.15 times more probable than the 'co-facial' configuration.

Based on these considerations we can speculate that polymorph 1 has a more favorable packing from the energetic point of view yet has a smaller probability of nucleation due to the fact that a configuration larger than the dimer is needed to stabilize its structure.

Transport properties in thin-films

The conclusions drawn from the investigation of absorption spectra can now be used to understand the charge-carrier mobility in the thin-films. Indeed, according to ref. 22, the improved absorption properties due to the spectral change is accompanied by an increase in charge transport efficiency with respect to the reference compound (TPA) from which MDTD is derived. In particular, the hole mobility increases from 1.0•10 -5 cm 2 /V⋅s of TPA thin-films to 5.0•10 -4 cm 2 /V⋅s of MDTD thin-films after thermal treatment [START_REF] Cabanetos | Arylamine Based Photoactive Push-Pull Molecular Systems: A Brief Overview of the Chemistry "Made in Angers[END_REF][START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF][START_REF] Jiang | Thermally induced crystallization, hole-transport, NLO and photovoltaic activity of a bisdiarylamine-based push-pull molecule[END_REF] . Although similar data on TPA thin-films are not available, our previous results indicate that the increase is likely due to a higher degree of crystallinity of MDTD thin-films, which is estimated to be 63.8 % in the films after thermal treatment. Indeed, the experimental data available in ref. 22 disclose a striking similarity between the solution and thin-film spectra of TPA, thus suggesting a prevalence of the amorphous phase. The same holds true for the solution spectrum and the thinfilm spectrum before thermal treatment of MDTD available in Figure S4.

Theoretical mobilities were obtained by following the computational protocol developed and validated in previous works [START_REF] Alberga | Effects of substituents on transport properties of molecular materials for organic solar cells: a theoretical investigation[END_REF] . The results are collected in Table 2, where the mobilities are reported along the crystal axes a,b and c but also along a set of cartesian coordinates with the x axis in the same direction of the a axis. This last set of data is computed in order to allow the comparison of mobilities that cannot be done considering the crystal axes due to the triclinic or monoclinic character of polymorphs 1 & 2.

The different transport behaviors of the two MDTD polymorphs can be explained in terms of their different molecular packings. Both structures have their largest value of mobility along x, corresponding to the a crystal axis for both polymorphs. Polymorph 1 boasts an anisotropic mobility in the direction of the stacking, while in the other directions it is strongly suppressed or vanishes all together. This is easily explained by looking at the crystal packing, the two molecules in the unit cell form a motif in the bc crystal plane that is then stacked in the a direction, i.e. the cartesian x axis (Figure 5 a&b). This last direction is the one with the largest exchange. Hole transport is favored by the increased planarity of MDTD molecules which fosters strong - interactions and an efficient stacking, responsible for large transfer integrals and hence transfer rates. The dimer with the largest transfer integral (Figure 5c) is the same dimer reported in Figure 1b, considered for optical response. Indeed, in the stacking direction, the mobility reaches a value of  x a =2.98•10 -3 cm 2 /V•s. In the other directions geometrical factors severely hamper hole mobility, notably the edge-to-edge configuration of neighboring molecules and intermolecular distance.

Polymorph 2 belongs to space group that has 4 symmetry transformations. The four molecules in the unit cell form two herringbone structures in the yz-plane. The herringbone backbones can be identified as the outer phenyl rings of the donor group aligned in the z direction. The structures (orange&red and cyan&blue) are repeated along y, as shown in Figure 6b, and have opposite orientations along z, i.e. donor-acceptor axes have opposite orientations and present a small offset in the x direction. The larger structure made up of the two planes is then stacked along x (a crystal axis). Molecules belonging to different herringbones, i.e.

cyan&red or blue&orange, form the head-to-tail dimers considered for the optical response that are also the pairs with the largest transfer integrals and exchange rates (see Figure 6 a&c). This is confirmed by the mobility along x, for which a value of 9.55•10 -4 cm 2 /V•s is reported, the largest among all directions. In contrast with the other polymorph which presents a strongly unidirectional transport, in the case of polymorph 2 also the z axis shows a reasonably high mobility of 4.25•10 -5 cm 2 /V•s.

In the case of the amorphous phase MDTD hole mobility is, as expected, several orders of magnitude lower (3.30•10 -11 cm 2 /V•s) as already reported in a previous work [START_REF] Alberga | Effects of substituents on transport properties of molecular materials for organic solar cells: a theoretical investigation[END_REF] .

From these results it is possible to attempt an extrapolation of the hole mobility for the macroscopic thin-film using a weighted average for all the three solid phases identified: polymorph 1, 2 and the amorphous one. The weights employed are the relative concentrations of each phase coming from the constrained fit to the thin-film spectrum after thermal treatment, as illustrated above. The resulting estimate for the <>avg is 6.75•10 -4 cm 2 /V⋅s. This value is (only) 1.35 times larger than the reported value of 5.00•10 -4 cm 2 /V⋅s.

Given the extent of the approximations involved we may conclude that the theoretical mobility is in reasonable agreement with the experimental value and that this last result provides further evidence that the emergence in the thin-film of the polymorph 2 packing constitutes a plausible explanation to the changes in the reported behavior.

Conclusions

MDTD offers an interesting example of an organic semiconductor that, due to its large dipole moment, undergoes dramatic changes in its self-organization depending on the external conditions. Our theoretical results strongly suggest that the formation of crystallites with molecular packing compatible with the one predicted for polymorph 2 is responsible of the reported changes in the thin-film properties. In MDTD thin-films, polymorph 2 seems thermodynamically more favorable and appears to nucleate more easily from the amorphous phase, possibly indicating that in these conditions the structure has a lower kinetic barrier height due to dipole-dipole interactions. The interconversion between the two polymorphs has been revealed instead to be limited. Polymorph 1, observed to be the dominant form in bulk conditions [START_REF] Jiang | Manipulation of the band gap and efficiency of a minimalist push-pull molecular donor for organic solar cells[END_REF] , is more difficult to populate with respect to polymorph 2 in the conditions of the present study.

More generally, we expect that the procedure here developed and applied in the case of MDTD can be transferred to other molecular materials for which electrostatic interactions are dominant, notably molecules with a push-pull character and a D--A architecture, to extract essential information on morphology. All this, provided that an optimum can be found between the bulkiness of the moieties and their strength as donors or acceptors within the architecture.

Indeed, the large steric hindrance of bulky moieties would likely hamper self-organization despite the eventual presence of a large molecular dipole.

Lastly, the acquired insight on the role of electrostatic interactions could lead to the theoretical design of similar materials, with specifically engineered D and A moieties, on which it would be possible to exert an increased control over supramolecular order and ultimately morphology.

This would contribute to paving the way towards the control of molecular self-organization, a necessary step forward to achieve the sought-after mastery over the performance of functional materials in the domain of OPV and within the larger field of organic electronics. 

  18 °. For monomer 1 these parameters become 0.11 Å and 68.83 ° respectively, indicating that in polymorph 1 the molecules tend to be more planar due to intermolecular interactions. The enhanced planarity causes a redshift of the energy (0.10 eV) of transition II in monomer 1 involving the spacer and the acceptor group. Transition I is left largely unaffected, indicating
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 1 Figure captionScheme 1 -2D representation of the MDTD molecule.
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 12 Figure 1 -3D representations of MDTD molecules in the different structures of interest for the present study: a) gas-phase geometry; b) molecular dimer in polymorph 1 c) molecular dimer in polymorph 2. The conjugation plane is defined as the plane of the phenyl linked to the thienyl spacer. In each structure the approximate conjugation plane of the molecule (blue) and the plane of the free phenyl are explicitly drawn. Relevant geometrical parameters are also reported for each system.
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 2 Figure 2Computed absorption spectra: a) gas-phase monomer in the gas-phase and dichloromethane; b) monomer extracted from polymorph 1 in the gas phase (dashed line) along with dimer extracted from polymorph 1 (dimer 1) in the gas phase and dichloromethane (solid lines); c) monomer extracted from polymorph 2 in the gas phase (dashed line) along with dimer extracted from polymorph 2 in the gas phase and dichloromethane (solid lines); d) comparison between dimer 1, dimer 2 and monomer in the gas phase. All spectra are normalized to 1.
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 3 Figure 3. Computed absorption spectra: a) dimer 1 in the geometry extracted from crystal polymorph 1 in the gas phase and crystal phase; b) dimer 2 in the geometry extracted from crystal polymorph 2 in the gas phase and crystal phase. All spectra shown are normalized to 1.

Figure 4 .

 4 Figure 4. Plots of all the performed fits to the available experimental signals (plotted in black solid line): a) deconvolution and curves of the single components identified; b & c) plots of the constrained fits obtained by mixing the predicted transitions between 1.6 and 3.0 eV for all components (polymorph 1, 2 and amorphous).
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 5 Figure 5. Representations of a 2×2×2 supercell of polymorph 1: a) the bc crystal plane with the two molecules transformed according to the space group elements in red and blue; b)stacking of this structure in the a direction, that corresponds to the x axis; c) group of neighbors considered for hole transport when the carrier is localized on the blue molecule.
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 6 Figure 6. Representations of a 2×2×2 supercell of polymorph 2: a) the bc crystal plane with the four molecules transformed according to the space group elements in red, blue, cyan and orange; b) the stacking of the structure formed across bc in the a direction, that corresponds to the x axis; c) group of neighbors considered for hole transport when the carrier is localized on the orange molecule.
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Table 1 .

 1 Computed cell parameters (a,b, c, Å ; , , , degrees), densities (D, g/cm 3 ) and relative energies per molecule (E, kcal/mol) for the two different crystal polymorphs. Available experimental data (from ref.22) are reported in parenthesis for comparison.

	Polymorph	a	b	c				Space	D	E
								group		
	1	5.650	7.997	17.004	82.61	84.39	90.25	P	1.494 0.00
		(5.700)	(8.738)	(17.506)	(82.55)	(84.11)	(87.12)			
	2	6.980	22.804	9.754	90.00	101.26	90.00	P2 1 /c	1.488 6.23

Table 2 .

 2 Computed hole mobilities (cm 2 /V⋅s) along the a, b and c crystal axes or along a set of cartesian axes x, y, z reported for comparison. The last column displays the value of the largest Marcus exchange rate between two neighboring molecules for each crystal structure . These hole mobilities are obtained through kinetic Monte Carlo simulations with the application of an external electric field of 10 6 V/m. The value of this last was chosen to be compatible with the mobilities reported by experimental measurements via the SCLC method.

	solid phase	a	b	c	avg	kij(s -1 )
	1	2.98 •10 -3 2.59 •10 -4 5.75 •10 -4 1.8 •10 -3 2.6 •10 +14
	2	9.55 •10 -4 6.00 •10 -10 1.60 •10 -4 5.6 •10 -4 4.6 •10 +14
		x	y	z	avg	kij
	1	2.98 •10 -3 7.78 •10 -7 0.00	1.8 •10 -3 -
	2	9.55 •10 -4 0.00	4.25 •10 -5 5.6 •10 -4 -
	amorphous a	-	-	-	3.3 •10 -11 -

a) From ref.

57. 
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