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Introduction

Low-molar-mass organic semiconductors possess advantages against polymers due to variety of possibilities in their synthesis, simple purification and low melt viscosity. [START_REF] Shirota | Charge carrier transporting molecular materials and their applications in devices[END_REF] These reasons explain their extended use in organic optoelectronic devices. [START_REF] Zimmerman | Independent control of bulk and interfacial morphologies of small molecular weight organic heterojunction solar cells[END_REF][START_REF] Holcombe | Steric control of the donor/acceptor interface: implications in organic photovoltaic charge generation[END_REF][START_REF] Sun | Arylsilanes and siloxanes as optoelectronic materials for organic light-emitting diodes (OLEDs)[END_REF][START_REF] Puckyte | Carbazole-based molecular glasses for efficient solid-state dye-sensitized solar cells[END_REF][START_REF] Malinauskas | Branched methoxydiphenylamine-substituted fluorene derivatives as hole transporting materials for highperformance perovskite solar cells[END_REF] Among other molecules, triphenylamine based materials exhibit excellent hole-transporting properties, high thermal and electrochemical stability and are promising components for different devices. [START_REF] Li | Triphenylamine-based π-conjugated dendrimers: convenient synthesis, easy solution processability, and good hole-transporting property[END_REF] Particularly, they were reported to be useful as hole-transporting compounds, host materials and emitters in organic light emitting diodes, [START_REF] Zhao | Solution-processed thermally stable amorphous films of small molecular hole injection/transport bi-functional materials and their application in high efficiency OLEDs[END_REF][START_REF] Wang | Thermally activated delayed fluorescence material as host with novel spiro-based skeleton for high power efficiency and low roll-off blue and white phosphorescent devices[END_REF][START_REF] Jiang | Twist angle and rotation freedom effects on luminescent donor-acceptor materials: crystal structures, photophysical properties, and OLED application[END_REF] as hole-transporting materials in dye sensitized and perovskite solar cells, [START_REF] Bui | Di(pmethoxyphenyl)amine end-capped tri(p-thiophenylphenyl)amine based molecular glasses as hole transporting materials for solid-state dye-sensitized solar cells[END_REF][START_REF] Zhang | A novel dopant-free triphenylamine based molecular "butterfly" holetransport material for highly efficient and stable perovskite solar cells[END_REF] and as organic sensitizers in dye sensitized solar cells. [START_REF] Eom | Triphenylamine-based organic sensitizers with pispacer structural engineering for dye-sensitized solar cells: Synthesis, theoretical calculations, molecular spectroscopy and structure-property-performance relationships[END_REF] Photophysical, charge-transporting and other properties of triphenylamine derivatives are considerably influenced by bridging. [START_REF] Hammer | N-Heterotriangulenes: fascinating relatives of triphenylamine[END_REF] The planar molecular structure of bridged triphenylamines predetermines attractive properties, such as enhanced two-photon absorption [START_REF] Fang | Bridged triphenylamine-based dendrimers: tuning enhanced two-photon absorption performance with locked molecular planarity[END_REF] and good charge-transporting properties. [START_REF] Schmoltner | A heterotriangulene polymer for air-stable organic field-effect transistors[END_REF] As triphenylamine (TPA) units, bridged TPA derivatives also showed good performance as hosts in phosphorescent organic light emitting diodes, [START_REF] Jiang | A fully diarylmethylene-bridged triphenylamine derivative as novel host for highly efficient green phosphorescent OLEDs[END_REF] as organic sensitizers in dye sensitized solar cells [START_REF] Do | New type of organic sensitizers with a planar amine unit for efficient dye-sensitized solar cells[END_REF] as holetransporting materials in perovskite solar cells. [START_REF] Choi | Efficient star-shaped hole transporting materials with diphenylethenyl side arms for an efficient perovskite solar cell[END_REF] The extended π conjugated system of bridged TPA by functionalization at phenyl rings ensured strong molar absorption coefficient and good charge-transporting properties. [START_REF] Choi | Efficient star-shaped hole transporting materials with diphenylethenyl side arms for an efficient perovskite solar cell[END_REF] Here, we focus on the influence of diphenylethenyl substituents on the properties of methylene-bridged triphenylamines. Methyl-or methoxy-substituted TPA derivatives bearing diphenylethenyl groups were found to show enhanced hole mobilities. [START_REF] Malinauskas | Phenylethenyl-substituted triphenylamines: efficient, easily obtainable, and inexpensive hole-transporting materials[END_REF][START_REF] Mimaite | Can hydrogen bonds improve the hole-mobility in amorphous organic semiconductors? Experimental and theoretical insights[END_REF] The architecture of the newly designed compounds presents two main advantages: (i) HOMO density is better delocalized over different phenyl groups in the bridged TPA cores as compared to standard TPA; (ii) The diphenylethenyl substituents contribute very little to the HOMO extension, but offer peripheral diphenyl groups presenting good potential for intermolecular interactions. These properties are of crucial importance for OPV devices, in which requirements for materials showing appropriate properties for efficient charge generation at the donor-acceptor interfaces are opposite to the molecular properties allowing obtaining large charge mobilities in the bulk. Indeed, strong donor-acceptor interactions generally result in detrimentally efficient geminate donor-acceptor charge recombination (CR). Reduction of geminate donor-acceptor CR efficiency and important power conversion efficiency (PCE) improvement were achieved by increasing donor-acceptor interfacial disorder in bilayer OPVs based on 2,4-bis[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl] squaraine (DPSQ) and C60. [START_REF] Sun | Arylsilanes and siloxanes as optoelectronic materials for organic light-emitting diodes (OLEDs)[END_REF][START_REF] Sini | On the molecular origin of charge separation at the donor-acceptor interface[END_REF] Increasing the donor-acceptor steric hindrance was also shown to result in increased short circuit current (Jsc), stemming from the reduced CR efficiency. [START_REF] Puckyte | Carbazole-based molecular glasses for efficient solid-state dye-sensitized solar cells[END_REF] On the other hand, increasing of steric hindrance often results in decrease of charge mobility due to reduced intermolecular interaction efficiency. A compromise between these opposite requirements is consequently a formidable challenge in order to obtain materials exhibiting both interfacial-and bulk properties appropriate for OPV devices.

Based on the above ideas and taking advantage of good charge transporting properties of the diphenylethenyl-substituted TPA derivatives, here we report on three new derivatives of TPA presenting two main chemical modifications: (i) The TPA core contain different number of methylene bridges between the TPA phenyl groups, resulting in improved hole-transporting properties; (ii) the bridged TPA core bears diphenylethenyl groups linked in para-positions, which main effect is to reduce the charge recombination at the donor-acceptor interface. Consequently, our study shows an interesting strategy for simultaneous improvement of both interfacial-and bulk properties.

Results and discussion

Synthesis

Compounds 1-3 were prepared from the appropriate dimethylmethylene-bridged triphenylamines (2BTPA or 3BTPA) by condensation with 2,2-diphenylacetaldehyde in toluene at reflux temperature, in the presence of ±-camphor-10-sulfonic acid (Scheme 1). All the compounds were purified by column chromatography. They were identified by IR-, 1 H NMR-, [START_REF] Eom | Triphenylamine-based organic sensitizers with pispacer structural engineering for dye-sensitized solar cells: Synthesis, theoretical calculations, molecular spectroscopy and structure-property-performance relationships[END_REF] C NMR-common organic solvents such as THF, toluene, chloroform.

Scheme 1. Synthetic routes to compounds 1-3

Single crystal X-ray analysis of compound 3 was conducted. Single crystals of compound 3, suitable for X-ray structure analysis, were grown from ethanol/THF mixtures at room temperature by slow diffusion.

Geometries and frontier orbitals

The crystal and theoretical structures of compound 3 are shown in Figure 1. The difference between them lies in the shape of the bridged TPA moiety, being perfectly planar at a theoretical level, as compared to the slightly non-planar experimental structure. This difference can be assigned to intermolecular ineractions in the solid state, as evidenced by the presence of several C-H….pi short contacts in the crystal structure (Figure S1, SI). moiety. Importantly, vanishingly small HOMO distribution can be observed in the peripheral phenyl groups, which will be seen to positively impact the efficiency of charge generation. On the contrary, strong contribution from the peripheral phenyl groups can be observed in the LUMO distribution of all compounds, expected to positively affect the exciton dissociation at the donoracceptor interface.

As expected, the HOMO level increases and the HOMO-LUMO energy gap decreases with increasing number of bridges in the TPA core from compound 1 to 2. However, the impact of the number of ethenyl moieties (diphenylethenyl arms) is also important, as shown by the lower HOMO level (and the higher LUMO) of compound 3 as compared to compound 2.

Thermal properties

The thermal transitions of the synthesized compounds were investigated by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) under a nitrogen atmosphere. The results of these analyses are summarized in Table 1. All the three compounds showed high thermal stability. The temperatures of the onsets of their thermal degradation (Td) were above 342 ºC, as confirmed by TGA with a heating rate of 20 ºC/min. Compound 1 was isolated after synthesis as amorphous powder, while compounds 2 and 3 were isolated as crystalline substances. The derivative 1 having an asymmetric core showed glass transition only at 130 °C, both in the heating and in the cooling DSC scans. The derivatives 2 and 3 with a symmetric methylene-bridged triphenylamine core showed endothermic melting transitions at 163 °C and 204 °C, respectively, during the first heating scan. Upon cooling down from the melt, they demonstrated glass transitions at 117 °C and 65 °C, respectively. Upon the following heating, compounds 2 and 3 were found to retain their glass-forming capabilities and they did not show any sign of other thermal transitions.

Lower thermal stability and lower glass transition temperature of compound 3 compared to those of compounds 1 and 2 can be explained by its lower molar mass resulting in weaker intermolecular interaction. 

Photophysical properties

The experimental absorption spectra of compounds 1-3 are shown in Figure 3, whereas the theoretical ones are shown in Figure S3. The intensity maxima wavelengths are collected in Table 2. The absorption spectra profiles of compounds 1-3 are similar and display two absorption bands roughly centered around 275-300 nm and 375-425 nm. The absorption edges exhibit a red shift from 392 nm to 409 nm (in THF) when the number of methylene bridges in TPA moieties is increased between compounds 1 and 2. However, compound 3, also containing three methylene bridges as compound 2, exhibits the smallest (380 nm in THF), suggesting for smaller impact for the bridging as compared to the extension of the π-conjugated system by means of diphenylethenyl arms. The above trends are consistent with the trend in the HOMO-LUMO gaps discussed in the section 2.2. Theoretical absorption spectra (Figure S3) and the HOMO and LUMO plots (Figure 2) indicate that the low energy bands (LEB) can be attributed to a dominant contribution from local TPA TPA π→π* electronic transitions, mixed with a small degree of intramolecular charge transfer character from TPA to the peripheral phenyl groups. The spectra of solutions indicate red shifts of the LEB with increasing number of bridges (comparing compounds 1 and 2), which is in line with the decreasing HOMO-LUMO energy gaps. In the case of compound 2, the low energy band is more intense as compared to that of compound 1 and dominantly extends in the visible spectral region, predicting valuable contribution from the donor excitons to charge generation in OPV devices. -the wavelength of absorption maximum.

-the wavelength of emission maximum (λex = 310 nm). ΦF -fluorescence quantum yield. τfluorescence life time measured at (λex = 310 nm). χ 2 -least squares fitting parameter of experimental fluorescence decay data.

Fluorescence intensity maxima of both dilute solutions in THF and neat films of the compounds also shift towards red region when the number of methylene bridges in TPA moiety increases between compounds 1 and 2. Fluorescence intensity maxima of the solution and neat film of the monodiphenylethenyl-substituted compound 3 are blue shifted with respect to those of the trisubstituted compound 2, but are larger as compared to compound 1.

Fluorescence quantum yields (ΦF) of dilute solutions in THF and of the neat films of the compounds are given in Table 2. The film of compound 3 exhibit a considerably higher emission quantum yield than the dilute solution, suggesting aggregation induced emission (AIE) enhancement for compound 3. The ΦF values of the films of compounds 1 and 2 were found to be considerably lower than those of the film of compound 3 and comparable to those of their respective dilute solutions. Fluorescence decay curves of the neat films of compounds 1-3 demonstrated tri-exponential decay profiles. 3. The electrochemical properties of the compounds were studied by cyclic voltammetry (CV). The cyclic voltammograms of the compounds show reversible oxidation steps with the peak height varying linearly with sweep rate and the same values of anodic and cathodic peak currents (Figure 4). Ionization potentials (Ip cv ) were determined from the values of the first oxidation potential with respect to ferrocene (Fc). The Ip cv values for compounds 1-3 were found to be close (4.94-5.06 eV).

Electron affinities (EA cv ) were estimated from the optical energy band gaps and ionization energy values. They also were found to be very close (2.12-2.22 eV). Ionization potentials (Ip ep ) of films of the compounds 1-3 were also established, by photoelectron emission method in air. The measured Ip ep values ranged from 5.29 to 5.68 eV. Theoretical adiabatic IP values, calculated at the B3LYP/6-31G(d,p) level in gas phase, are given in parentheses in Table 3. Both Ip ep and theoretical ionization potentials were found to decrease, when the number of methylene bridges in TPA moiety increases. [START_REF] Malinauskas | Phenylethenyl-substituted triphenylamines: efficient, easily obtainable, and inexpensive hole-transporting materials[END_REF] The electron affinities calculated using equation EA cv = Ip cv -Eg opt . HOMO and LUMO energies calculated at the B3LYP/6-31G(d,p) level "in gas phase". characterized by such dependences. [START_REF] Borsenberger | Charge transport in vapor deposited molecular glasses[END_REF] Indeed, the studied compounds were characterized by nondispersive hole transport which can be noticed from the shapes of TOF current transients (Figure 5b). Both low electric field dependence of hole mobility and non-dispersive hole transport point to a low degree of disorder in the transport levels in the solid films of compounds 1-3, in turn stemming from the planarized TPA core and the enhanced intermolecular interactions. [START_REF] Qiao | Synthesis, experimental and theoretical characterization, and field-effect transistor properties of a new class of dibenzothiophenederivatives: From linear to cyclic architectures[END_REF] These factors could explain the high hole mobilities measured on the layers, which exceeded 10 -2 cm 2 /Vs at high electric fields for all the compounds (Table 4) and are higher than those of the earlier reported diphenylethenyl-substituted derivatives of methoxy triphenylamines. [START_REF] Cekaviciute | Diphenylethenyl-and methylphenylethenyl-substituted triphenylamines as effective hole transporting and emitting materials[END_REF] From a geometrical point of view, the presence of three bridges in the TPA core of compounds 2 and 3 increases the rigidity of the HOMO-bearing part of the molecule. From the intramolecular point of view, the presence of bridges reduces importantly the intramolecular reorganization energy (0.159 and 0.085 eV for compounds 1 and 2 respectively, ωB97XD/6-31G** level), suggesting better charge transport properties for compound 3. In terms of disorder models, [START_REF] Bassler | Charge transport in disordered organic photoconductors a Monte Carlo simulation study[END_REF] the rigidification of the donor molecular cores is expected to reduce the impact of geometrical deformations on the HOMO energy distribution, thus reducing the width of the density of state (DOS) and positively influencing the hole mobility. [START_REF] Tummala | Static and Dynamic Energetic Disorders in the C60, PC61BM, C70, and PC71BM Fullerenes[END_REF] This effect is expected to be less important in the case of compound 1 bearing only two bridges, suggesting larger energy disorder and smaller hole mobility as compared to compounds 2 and 3. However, the HOMO-HOMO overlaps seem to be more hindered, hence smaller, in the case of compounds 2 and 3 as compared to compound 1, which is supported by the much larger µ0 value of compound 1 (Table 4). Consequently, the bridging in TPA shows different and opposite impacts on the hole mobility: (i) increases the steric hindrance and reduces the intermolecular interaction energy, which reduces the HOMO-HOMO overlap between adjacent molecules, but also reduces the potential of intermolecular interactions to decrease the intermolecular geometrical disorder. [START_REF] Mimaite | Can hydrogen bonds improve the hole-mobility in amorphous organic semiconductors? Experimental and theoretical insights[END_REF] (ii) It decreases the HOMO energy disorder by means of planarization of the TPA core.

Al in all, the impact of the bridging is globally beneficial for the hole mobility, as the differences in µh, values between 2 and 3 as compared to 1 are smaller than the corresponding differences in µh0 values.

Table 4. Time of flight hole mobility parameters of the layers of compounds 1-3 Compound µh0, cm 2 /Vs µh, cm 2 /Vs α (cm V -1 ) 1/2 1 2.4×10 -2 2.6×10 -2 0.2×10 -3 2 6.8×10 -3 1.6×10 -2 1.43×10 -3 3 7.3×10 -3 3.3×10 -2 2.5×10 -3 Hole mobility values at electric field of 3.6×10 5 V/cm. 

OPV characteristics

In the organic solar cells studied in this work, compound 1 or 2 were used as an electron donor in combination with fullerene C70 as an electron acceptor. A bathocuproine (BCP) layer was deposited as an electron transport layer between the layer of C70 and the aluminum cathode, whereas a layer of molybdenum oxide (MoO3) was used as a hole transport layer between indiumtin-oxide (ITO) anode and the layers of compound 1 or 2. The structure of the bilayer OPVs is shown in Figure 7a: ITO (45 nm)/MoO3 (10 nm)/ 1 or 2 (x nm)/C70 (40 nm)/BCP (8 nm)/Al (100 nm). The electrical characteristics of the bilayer solar cells are shown in Figure 6, whereas the corresponding photovoltaic parameters are collected in Table 5. respectively. Compared to other C70-based bilayer OPVs, [START_REF] Galindo | Influence of the density of states on the open-circuit voltage in small-molecule solar cells[END_REF] our results are promising, given that no device optimization was performed. Relatively high Jsc (4.4 and 5.2 mA/cm 2 ) and Voc (0.82 and 0.78 V) values were measured for the devices containing compounds 1 and 2, respectively.

While the performance of complete solar cells is given by a balance between several factors, we try here to obtain some insights on the impact of molecular design. We firstly focus on the efficiency of the geminate donor-acceptor charge recombination. As discussed in section 2.2, the HOMOs of compounds 1 and 2 are "hidden" in the TPA cores, exhibiting vanishing contributions from the peripheral phenyl groups (Figure 2). Important HOMO(donor)-LUMO(acceptor) electronic couplings would then ask for short contacts between C70 and the central part (TPA core) of compounds 1 and 2. In order to estimate the impact of this effect, we have analysed a selected number of model donor-acceptor complexes and calculated the HOMO(donor)-LUMO(acceptor) [START_REF]Three HOMO(donor)-LUMO(acceptor) electronic couplings were calculated in each case and the average values are considered for the comparisons[END_REF] electronic couplings corresponding to CR. Two limit-case model complexes are shown in Figure 7, in which C60 is considered instead of C70 for clearer comparison. In the case of model complexes where C60 is situated in the proximity of the peripheral diphenyl groups (Figure 7a), an average value of 0.006 eV was found for the HOMO(donor)-LUMO(acceptor) electronic couplings, which is by one order of magnitude smaller as compared to the important average value of 0.06 eV found for the complex configurations with C60 over the TPA core (Figure 7b). Test calculations by considering C70 instead of C60 support the above results. In view of the relatively important PCE values of these bi-layer type devices, we assume consequently that the preferred C70-donor interface in our bilayer OPV devices is dominated by configurations where the acceptor molecule is located in close proximity of the diphenyl moieties (edge-on donor-acceptor orientation). 31 In this scenario, the distribution of electronic couplings corresponding to CR would be dominated by small average values, which may in part explain the relatively large Jsc and Voc values shown in Table 5.

It is worth of noting that the light harvesting in our systems dominantly operates by means of the acceptor, given that the absorption in the visible part of the solar spectrum is almost absent for compound 1, and only slightly present for compound 2. The donor-to-acceptor CT corresponding to the exciton dissociation may thus dominantly operate by means of HOMO(donor)-HOMO(acceptor) interaction. Consequently, the "hidden" character of HOMO(donor) in the central part of the molecule may constitute a drawback, translating in reduced exciton dissociation efficiency. Indeed, HOMO(donor)-HOMO(acceptor) couplings of 0.007 eV were found for the geometrical configuration where C60 is situated at the peripheral part of the donor (Figure 7a) as compared to 0.035 eV when C60 is situated over the TPA core (Figure 7b). However, the difference between these two last values for exciton dissociation (0.007 and 0.035 eV) is half as much as compared to the corresponding difference in the case of CR (0.006 and 0.06 eV respectively),

suggesting that, all in all, the effect of preventing from the establishment of short C60-donor contacts is expected to be beneficial for charge generation.

As a final point, we try to obtain some insight on the differences between the performance of compounds 1 and 2. The slightly better performances of devices utilizing compound 2 seem to be due to the larger Jsc value for 2 as compared to 1. At this respect, several factors could simultaneously be in play, including: (i) some additional contribution to charge generation, stemming from the enhanced donor absorption in the visible region. This is due to the larger planarization of the TPA core in compound 2 as compared to compound 1, which results in a redshift of the low energy absorption band from 390 to 405 nm (Figure 4). (ii) The CR efficiency could be smaller in the case of compound 2. Some insight on the possible impact of the CR factor could be obtained from the known interdependence between the Jsc and the Voc values. Indeed, the slightly smaller Voc of compound 2 as compared to that of 1 (by 0.04 V, Table 3) seems coherent with the higher HOMO level in the former by 0.15 eV and smaller Ip cv by 0.12 eV (Table 2).

Interestingly, both HOMO and Ip cv differences between compounds 1 and 2 are by more than three times larger than their Voc differences. This means that the negative effect in Voc stemming from the increase of the HOMO level in the case of compound 2 as compared to compound 1 is in great part counterbalanced by an opposite effect. We suspect this opposite effect to be due to the reduced CR efficiency in the case of compound 2, which could thus contribute to explain the larger Jsc measured for compound 2 as compared to that of compound 1 (5.20 and 4.41 mA/cm 2 respectively, Table 5). As to the reasons for the smaller CR efficiency of compound 2 as compared to 1, we could mention amongst others (i) the better intermolecular packing, (ii) the reduced direct-contact efficiency between the acceptor and the central part of the donor, and (iii) the smaller CT-energy distribution, 32 all effects stemming from the more rigid backbone of 2 as compared to 1. atmosphere at a scan rate of 0.05 V/s. [START_REF] Kaafarani | Bis(carbazolyl) derivatives of pyrene and tetrahydropyrene: synthesis, structures, optical properties, electrochemistry, and electroluminescence[END_REF][START_REF] Qiao | Synthesis, experimental and theoretical characterization, and field-effect transistor properties of a new class of dibenzothiophenederivatives: From linear to cyclic architectures[END_REF][START_REF] Zhan | Electron affinities of 1,1-diaryl-2,3,4,5-tetraphenylsiloles: Direct measurements and comparison with experimental and theoretical estimates[END_REF] The measurements were calibrated using an internal standard, ferrocene/ferrocenium (Fc) system. Oxidation potentials (E1/2 vs Fc) for the reversible oxidation were taken as the average values of the anodic and cathodic peak potentials, Epa and Epc, respectively. Ionization potentials (IP ep ) of the films of the synthesized compounds were measured by electron photoemission in air method as described before. [START_REF] Kukhta | Structure-property relationships of star-shaped blue-emitting charge-transporting 1,3,5triphenylbenzene derivatives[END_REF] Hole drift mobilities were studied by a time of-flight (ToF) method. [START_REF] Borsenberger | Organic Photoreceptors for Xerography[END_REF][START_REF] Vaezi-Nejad | Xerographic time of flight experiment for the determination of drift mobility in high resistivity semiconductors[END_REF] For both the electron photoemission and ToF measurements, the samples based on vacuum-deposited layers of studied compounds were prepared. The monocrystal X-ray measurements were made on a Rigaku XtaLAB mini diffractometer using graphite monochromated Mo Kα radiation (further details are given in SI).

Fabrication conditions of photovoltaic cells.

Commercially available (Lumtec) patterned ITOcoated (120 nm, 12 Ω/sq) glasses were used as substrates. The ITO surface was cleaned with acetone and isopropyl alcohol in an ultrasonic bath followed by an ultraviolet/ozone treatment for 30 min immediately before loading the substrates into a high-vacuum chamber with base pressure below 10 -7 mbar. In this chamber, each material had its own evaporation source, which allowed a sequential deposition of the different layers of the device without breaking the vacuum conditions.

First, the layer of MoO3, 3 nm thick, was thermally evaporated onto the ITO surface. Then the layers compound 1 or 2, C70 (Aldrich), and BCP (Aldrich) were deposited at a rate of 0.1 Å s -1 . The substrate temperature during deposition of 1 or 2 was 60 °C. Finally, the samples were transferred in a nitrogen atmosphere into another vacuum chamber to avoid the eventual contamination of the evaporation sources during the metallization step. Then, an aluminum layer was deposited through a shadow mask by thermal evaporation to define an active area of 7.5 mm 2 .

Computational methodology

The calculations in this study were carried out in the frame of density functional methods DFT 37 by employing the B3LYP [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF][START_REF] Lee | Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density[END_REF] and ωB97X-D 40 functionals. The geometry optimizations for all the molecules were carried out without symmetry constraints, and were followed by frequency calculations. For all the calculations the 6-31G(d,p) basis set was used in conjunction with the B3LYP functional, except for the geometry optimization of selected model donor-acceptor complexes, for which the ωB97X-D functional was employed.

The spectroscopic properties of the molecules were calculated by mean of time dependent density functional theory method (TDDFT). [START_REF] Gross | Local density-functional theory of frequency-dependent linear response[END_REF][START_REF] Gross | Time-dependent density-functional theory[END_REF][START_REF] Casida | Molecular excitation energies to highlying bound states from time-dependent density-functional response theory: Characterization and correction of the time-dependent local density approximation ionization threshold[END_REF][START_REF] Runge | Density-functional theory for time-dependent systems[END_REF][START_REF] Bauernschmitt | Treatment of electronic excitations within the adiabatic approximation of time dependent density functional theory[END_REF] The vertical ionization potentials (IP) were calculated as energy difference between neutral and cation radical species at the neutral state geometry. The internal reorganization energies (λi) were calculated within the potential surface method. [START_REF] Beljonne | Electronic processes at organic-organic interfaces: insight from modeling and implications for opto-electronic devices[END_REF] The electronic couplings between the molecular orbitals of two adjacent molecules were calculated according to the direct interaction method. [START_REF] Valeev | Effect of Electronic Polarization on Charge-Transport Parameters in Molecular Organic Semiconductors[END_REF] Gaussian 09 programs [START_REF] Frisch | Gaussian 09, Revision B.01[END_REF] were used for all calculations.

Conclusions

We synthesized and characterized three diphenylethenyl-substituted derivatives of methylenebridged triphenylamine. The compounds were designed by bridging the hole-bearing TPA core and by surrounding it by acceptor-like substituents (diphenylethenyl groups). This design strategy aimed at improving molecular properties concerning both hole-transporting and interfacial properties for OPV applications, by means of:

(i) Planarizing and rigidifying the hole-bearing moiety by bridging the TPA core. The bridged TPA core exhibits improved hole transport properties due to the reduced geometrical (energy) disorder and reduced intramolecular reorganization energy. Consequently, the new compounds exhibit large hole mobilities in their amorphous layers, exceeding 10 -2 cm 2 /Vs at an electric field of 3.6×10 5 V/cm, along with an exceptional field independent and nondispersive hole transport.

(ii) Surrounding the TPA core by acceptor-like substituents (diphenylethenyl groups). This helps isolating the hole-bearing TPA core from the direct contact with the C70 molecules, in turn helping to reduce the CR efficiency at the donor-acceptor interface.

These chemical modifications presented in the new compounds operate in the different parts of the molecules, which is central to the success of the compounds: bridging of the TPA core improves hole mobility in the bulk, whereas the extension of the core with acceptor-like peripheral groups helps in reducing of the CR efficiency at the (edge-on) donor-C60 interfaces. Consequently, these results show an interesting design strategy for a simultaneous improvement of both interfacial-and bulk properties.

The improved properties in compound 1 and 2 as compared to other TPA based compounds were reflected in relatively high Jsc, Voc values, reaching PCE of 1.9 % in bilayer C70-based OPVs. The impact of the number of bridges introduced in the TPA core appeared through opposite effects, namely increasing Jsc but reducing the Voc value, with however a global positive effect on the final PCE.

The derivatives presented in this study were found to constitute glass-forming materials with glass transition temperatures being in the range of 65-130 °C. Electron photoemission spectra of the solid samples of the materials revealed ionization potentials of 5.29-5.68 eV. Based on the ensemble of these electronic, thermal, and redox properties, we believe that the molecular architecture adopted in this study can be applied with success for the design of efficient low-mass donor semiconductors for OPV applications.

Admittedly, these conclusions were drawn in the example of donor-acceptor edge-on orientations, which allows to efficiently hiding the hole-bearing core from the contact with the acceptor.

However, our results suggest that appropriate deposition technics could allow obtaining similar results by combining our new molecules with non-fullerene acceptors.
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 122 Figure 1. (a) X-ray structure of compound 3 and (b) the corresponding optimized geometry obtained at the ωB97XD/6-31G(d,p) level ("gas phase"). The bridged TPA moiety is encircled

Figure 3 .

 3 Figure 3. Absorption and fluorescence (λex=310 nm) spectra of dilute THF solutions (10 -4 mol/l, solid lines) and of neat films (dashed lines) of compounds 1-3

Figure 4 .

 4 Figure 4. Cyclic voltammograms of 10 -3 M solutions of compounds 1-3 in CH2Cl2 at sweep rate of 0.1 V/s

Figure 5 .

 5 Figure 5. (a) Electric field dependencies of hole drift mobilities for the layers of compounds 1-3. (b) TOF current transients for compound 3 at different electric fields

Figure 6 .

 6 Figure 6. (a) OPV device architecture. (b-c) Current-voltage characteristics of C70-donor bilayer cells (donor = 1 or 2, d = 10 nm) under one sun illumination

Figure 7 . 2 3 1 H

 721 Figure 7. Two limit-case donor-acceptor model complexes based on the interaction of C60 with compound 2

Table 1 . Thermal characteristics of compounds 1-3

 1 

	Compound Tm., °C Tg,°C	Td, °C
	1		130	419
	2	163	117	415
	3	204	65	342
	Glass transitions (Tg) and melting points (Tm) measured by DSC (heating rate of 10 °C/min under
	nitrogen atmosphere). Thermal decomposition temperatures (Td), i.e. 5 % weight loss temperatures
	measured by TGA (heating rate of 20 °C /min under nitrogen atmosphere).

Table 2 .

 2 Photophysical characteristics of the dilute solutions and of neat films of compounds 1-3

			Solution in THF					Film		
	Compound	nm	,	nm	,	ΦF, %	nm	,	nm	,	ΦF, %	τ, ns	χ 2
												0.03	
	1	392		489		9	400		474		3	0.75	1.147
												2.85	
												0.09	
	2	409		502		21	416		493		2	0.81	1.292
												3.50	
												0.12	
	3	380		494		2	390		484		20	0.76	1.124
												2.87	

Table 3 .

 3 Electrochemical, photoelectrical, and optical characteristics of compounds 1-3 Eg opt ) estimated from the edges of electronic absorption spectra Eg opt = 1240/λonset The ionization potentials (Ip ep ) measured by electron photoemission in air method; in parenthesis theoretical adiabatic Ip values obtained at B3LYP/6-31G(d,p) level "in gas phase". The ionization potentials (Ip cv ) measured by electrochemical studies Ip cv =4.8+E1/2 vsFc .

	Compound	E1/2 vs Fc , V	Eg opt eV	Ip ep , eV	Ip cv , eV	EA cv , eV	HOMO eV	LUMO eV
	1	0.26	2.87	5.68 (5.56)	5.06 2.22	-4.65 -1.34
	2	0.14	2.75	5.51 (5.41)	4.94 2.19	-4.50 -1.31
	3	0.25	2.93 5.29 5.05 2.12	-4.63 -1.20
	The optical band gap (							

Table 5 .

 5 Summary of OPV characteristics of devices based on C70 and compounds 1 and 2 with the different thickness of donor layer

			Parameters			
	Compound	Thickness, nm		-Jsc, mA/cm 2	Voc, V	FF, %	PCE, %
	1	10	Best Average 4.32±0.19 4.41	0.82 0.82±0.02	47.80 47.18±0.03	1.47 1.45±0.34
		15	Best	2.81	0.76	46.53	1.00
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