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Introduction

The continuous development of dyes for organic semiconducting materials, including optoelectronic devices, bioelectronics, chemical sensors, and biological labelling, has led to the elaboration of a large and diverse library of molecular scaffolds. Among them, boron dipyrromethene (BODIPY) represents an extraordinary class of fluorophores, displaying large molar absorption coefficients, high fluorescence quantum yields and valuable chemical and photochemical stabilities. 1 In addition, BODIPY derivatives display numerous possibilities of functionalization, allowing the fine-tuning of their physico-chemical properties through structural variations. Consequently, they have been used in various fields, e.g. laser dyes, 2 bio-imaging materials, 3 or organic solar cells. 4 Recently, several studies have shown that BODIPY cores could be considered as chemical platforms for the elaboration of extended polycyclic aromatic units by fusing rigid aromatic units either in their meso-position, 5 ß-position, 6 or α-position. 7 Polycyclic aromatic units have emerged as key players for molecular electronic applications thanks to their extended π-delocalization combined with potentially favourable supramolecular organizations. 8 Moreover, they often exhibit more-intense Near Infra-Red (NIR) absorption and emission. In that context, α-fused BODIPY and azaBODIPY dyes have attracted interest from several groups. 7,9 As often in the synthesis approaches used in polycyclic aromatic molecules, the ring closure by oxidative coupling is a key step, but it allows only a limited control over the regioselectivity of the reaction. Consequently, these highly interesting molecules suffer from a lack of versatility in their synthesis. Herein, we report the very straightforward, effective and versatile synthesis of four new dithienyl α-fused BODIPY isomers. The preparation of these compounds answers two synthetic challenges: i) the regioselective tetra-functionalization of the 2, 3, 5 and 6 positions of an unsubstituted BODIPY core by halogenation and Stille cross-coupling reactions and, in a second step, ii) the regioselective intramolecular oxidative ring closure reaction between two vicinal thiophene substituents (see Scheme 1). Their complete characterizations via NOESY 2D NMR, X-ray diffraction of single crystals, optical spectroscopies in solution and in solid state, first principle calculations and the preliminary investigation of their hole and electron charge transport properties allowed us to demonstrate and rationalize the deep impact of chemical regioselectivity on the optoelectronic properties of these promising BODIPY-based polycyclic aromatic units.

Results and Discussion

Synthesis.

The synthesis of all the tetra-functionalized BODIPY derivatives described in the literature required four synthetic steps, including a halogenation step of the unstable BODIPY dipyrrin precursor. 10 The synthetic route that we disclose here not only reduces the number of synthetic steps required, but also avoids handling any unstable precursor. The unsubstituted BODIPY 1 and 2 were obtained following reported procedures. 7 The key intermediate 3a was designed in order to induce a high regioselectivity in the following Stille crosscoupling. Although Erhong et al. recently demonstrated the higher reactivity of the 3 and 5 positions of the tetrabrominated BODIPY core compared to its 2 and 6 positions toward the oxidative addition of a palladium(0) complex, 11 we nevertheless decided to introduce an iodine atom in its 3 and 5 positions to further increase the difference of reactivity during the Stille cross-coupling. Inspired by a previous work, 12 the iodation has been performed using I2/HIO3 in a highly dissociative solvent mixture in relatively good yield. The regioselectivity of this second halogenation step has been unambiguously determined by NOESY 2D-NMR experiment, which clearly indicates a coupling through space between the remaining protons of the BODIPY core and one of the AB system of the tolyl residue (see Figure S49). Compound 3b designed for the synthesis of tetra-homosubstituted derivatives was obtained using the same condition and 4.5 equivalents of both I2 and HIO3 with a very good yield (91%). The di-substituted symmetrical intermediates 4α and 4β (bearing the thiophenes on the 3,5-position) were synthetized in very good yields (60-89%) by the use of 2 equivalents of stannic derivatives. The tetra-homosubstituted intermediates 5αα and 5ββ were obtained directly from the tetra iodinated BODIPY 3b in optimized yields (68-81%) with Pd(PPh3)4 as catalyst and 8 equivalents of tri-butyl-stannyl-thiophene. The compounds 5αβ and 5βα (T1≠T2) were obtained by a second step of Stille coupling starting from 4α or 4β with the same synthetic procedure in high yields (79-84%). In the presence of a stoichiometric amount of iron(III) chloride (5 eq) as oxidant, all of the tetra-substituted BODIPY 5 quickly undergo oxidative ring closure to give the corresponding α-fused BODIPY 6 in good to excellent yields (63-97%). For the first time, this strategy allowed the straightforward synthesis of four isomers of boron difluoride-chelating nine fused-rings systems. The molecular structures of all the intermediates and final compounds were attributed by 1 H, 13 C, 11 B, 19 F NMR and HR-MS. The regioselectivity of the oxidative ring closure has been demonstrated using X-ray diffraction (for two compounds).

X-ray structures.

X-ray diffraction structures could be obtained for both 6βα and 6αβ distinct human shapes with a tolyl group as a head put upon a BODIPY core in meso position and four hexyl chains disposed like pairs of arms and legs (see Table S1 in SI) Compound 6αβ crystallize in the monoclinic centrosymmetric space group C2/c and has a crystallographic C2 symmetry (the hexyl legs show disorder that could potentially break the strict symmetry although the disorder was chosen to be treated as static over two atomic sites lengthwise (Figure 1 left)). Furthermore, it displays an approximate non-crystallographic C2h symmetry with an overall planar -albeit slightly sinusoidal -structure (Figure 1 Scheme 1 Synthetic route for the targeted α-fused BODIPY (see the ESI for detailed synthetic procedures and analysis). Keys: i. NBS, CHCl3/DMF, 80%; ii. I2, HIO3, EtOH/H2O, 66% (a. 2.5 eq; b. 5 eq); iii. T 1 -SnBu3 (a. 2.1 eq; b. 4 eq), [Pd(PPh3)4] 68-80%; iv. T 2 -SnBu3, [Pd(PPh3)4], PhMe, 79-84%; v. FeCl3, DCM.
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Table 1 Spectroscopic data recorded in diluted solutions ( ̴ 10 -6 M, aerated toluene) at 25°C. a) Quantum yields calculated using the following standards: rhodamine 6G in water (ΦF = 0.78, lexc = 488 nm), cresyl violet in ethanol (ΦF = 0.50) and tetramethoxydiisoindolomethene-BF2 in methanol (ΦF = 0.51). 13 All ΦF are corrected for changes in refractive index. b) kr and knr were calculated using the following equations: kr = ΦF/τ, knr = (1-ΦF)/τ assuming that the excited state is obtained with unit efficiency. The uncertainties on the lmax, ε lmax and QF are 1 nm, 5% and 10 %, respectively

Compound

𝝀 𝒂𝒃𝒔 (nm) In the crystal, all the molecules are oriented along the b direction at position 0, y, 0.25 with the tolyl residue pointing between the two vicinal hexyl legs but lying in the (-1 0 2) plane with interplanar distances of 3.78 Å. Despite that assembly in layers, only one stacking interaction occurs specifically between T2 thiophene rings at general position and at 3/2-x, 3/2-y, 1-z with 1.58 Å of slippage. Stability between layers is reinforced by anchoring the fluoride atoms with the tolyl methyl at x-0.5, y-0.5, z and the C10B/C methyl at 1.5-x, 0.5-y, 1.5-z. Within the planes, in the other direction, the molecules related by center of inversion are held jointly with their longest edges parallel to each other.

ε (10 5 M -1 .cm -1 ) 𝝀 𝒆𝒎 (nm) 𝝓 𝑭 a) τ (ns) 𝒌 𝒓 b) (10 8 Hz) 𝒌 𝒏𝒓 b) (10 8 Hz) 𝜟 𝑺𝑺 (cm -
- - - - - 6ββ 674 
An X-ray crystal structure could be obtained for 6βα as well, which again confirms the nature of the regioisomer (Figure 2). Here the hexyl arms are in cross with one arm slightly bent, which decreases the span of the molecule to ca. 28 Å. The hexyl legs are not fully stretched either but oriented parallel to the same direction on the side of the curved arm The core of the BODIPY is fully planar over the nine cycles, the tolyl has dihedral angle of 57.71° with the main core and the boron adopts a tetrahedral geometry. Typical bond lengths are again observed N-B = 1.55 Å and B-F =1.39 Å. As observed in 1 H NMR (through space H-F coupling) the fluorine are relatively closed with an equal distance of 2.41 Å to the H of the two T 1 thienyls.

Spectroscopic studies. Please do not adjust margins
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The spectroscopic data, absorption and emission measurements, of all the synthetized isomers were investigated and are summarized in Table 1.

All 5T 1 T 2 compounds show strong absorptions in the red region (623-664 nm). By comparing them to 4α, one notices that the two supplementary thiophene groups at the 2,6 positions of the BODIPY induce only relatively small bathochromic effects. Moreover, one can notice that due to a better conjugation of thiophene units when grafted in their -positions, 5αα exhibits the highest absorption wavelengths. In addition, the substitutions on the 3,5 positions have the strongest impact on the absorption wavelength as previously observed in thiophene substituted BODIPY. 14 After cyclisation of compounds 5 to compounds 6 the absorption and emission profiles undergo strong bathochromic (100 to 150 nm) and hyperchromic shifts. Those effects are attributed to the enhancement of the electronic delocalization all over the molecular backbone induced by the coplanarization of the peripheral substituents and to the stiffening of the structure (Figure 3). The absorption spectra of the four fused compounds in solution are shown in Figure 4. Similarly to their non-fused precursors, stronger bathochromic effects are observed for compound with an α type thiophene on the "3,5-" position of the BODIPY precursor. A very strong enlargement of the absorption peaks is observed for the two dyes bearing a β type thiophene on 3,5-position (FWMH going from 484 to 1426 cm -1 for 6αβ and 6ββ, respectively). In the case of 6βα the spectrum becomes extremely broad.

As a consequence, by playing on the selectivity of the grafting position on the thiophene residues and then on the oxidative ring closure positions, it is possible to significantly tune the optical properties along the four isomers series. In comparison to the all ßthiophene isomer 6ββ, the all α-thiophene isomer 6αα presents an absorption maxima red-shifted by more than 80 nm, which corresponds to an electronic transition decreased by ca. 0.2 eV.

All compounds 5 fluoresce in the red-NIR region (663-721 nm).

Compounds with a β-thiophene on 2,6-positions show the lowest emission wavelengths (663 and 688 nm for 5ββ and 5αβ) but present high radiative rates. The two other isomers emitting at 710-721 nm are less fluorescent, the introduction of α-thiophene units on the 2,6-positions seems to severely decrease the radiative rate, which is confirmed by a comparison with 4α. After cyclisation, compound 6αβ remains the only emissive structure in aerated solvent, and it shows a reduced non-radiative deexcitation constant and a much longer lifetime compared to the precursors of type 5. This observation is coherent with the increase of the rigidity of the molecular structures induced by the cyclisation. The relatively small Stokes' shift (210 cm -1 for 6αβ) is an extra clear sign of the stiffening of the molecular structure that does not allow large geometrical variation between the ground and the lowest singlet excited states.

The other fused compounds being non emissive at room temperature and in aerobic conditions, we performed lowtemperature measurements in degassed Me-THF. Characteristic intense peaks were observed in these experiments (Figure 5) attributed to S1-S0 fluorescence at 745 and 780 nm for 6αα and 6βα respectively, whereas we observed additional phosphorescence peaks (T1-S0) at 1055 and 980 nm respectively with relatively long measured lifetime (11.6 and 13.1 µs, respectively). In the case of compound 6ββ no fluorescence was observed at low temperature, Please do not adjust margins Please do not adjust margins only a phosphorescence peak at 980nm (τ = 17.1 µs) was detected. The very efficient intersystem crossing observed in the fused system, enhanced by the presence of four sulfur atoms, is therefore obviously one of the main deactivation pathway responsible of the fluorescence extinction at RT in air. We performed DFT calculations of the lowest triplet excited states. The theoretical 0-0 phosphorescence wavelengths determined in THF are 1026 nm for 6αα and 985 nm for 6ββ, which are obviously in good agreement with the measurements, hence confirming the above assignments.

As prototypical example of the solid-state absorption of the fused compound, necessary for some optoelectronic applications such as photovoltaics, one can observe, for the 6αα, a strong enlargement of the major absorption peak as well as a bathochromic shift compared to the solution (Figure 6). Interestingly, the solid-state absorption is almost panchromatic (no clear-cut transparency range), though with relatively weaker absorption around 450 and 580 nm.

Theoretical modeling.

In order to obtain more insights into the optical properties of these derivatives, we have performed theoretical calculations for the four 6 isomers (replacing the alkyl chains by methyl groups for the sake of computational effort). To this end, we used a protocol, detailed in the SI that combines Time-Dependent Density Functional Theory (TD-DFT) and second-order Coupled-Cluster (CC2). It is indeed wellknown that the former method tends to overestimate the transition energies in fluoroborate and similar derivatives. 15 Surprisingly, the calculations revealed quite complex and diverse behaviors for the investigated compounds. In all four structures, both TD-DFT and CC2 locate two low-lying excited-states, significantly mixed, though one is dominated by a HOMO-LUMO contribution and the other by a HOMO-1 to LUMO contribution. The results are given in Table S2 in the SI. In 6αα and 6αβ, the former state appears at longer wavelength irrespective of the considered method (TD-DFT or CC2), and according to TD-DFT is very intense, whereas the second appears at significantly higher energy and is much less intense. In 6ββ, the two states are predicted to be extremely close energetically (our best estimates are 1.96 and 2.00 eV, a difference that is negligible at this level of theory), but only the HOMO-LUMO state presents a significant oscillator strength. In contrast in 6βα, we foresee that the two states are well separated but with the reverse energetic ordering compared to 6αα and 6αβ (best estimates of 1.86 and 2.06 eV) and TD-DFT calculations in toluene predict a significant oscillator strength for the most red-shifted state (0.20). This explains why the typical shape of BODIPY-like spectra with a thin absorption accompanied by a shoulder is totally lost in 6βα. For the most intense HOMO-LUMO dominated transition, our theoretical best estimates are 716 nm, 677 nm, 601 nm and 620 nm for 6αα, 6αβ, 6βα and 6ββ, respectively. These max of 758, 719, 665 and 674 nm, respectively. The extra band of 6βα is estimated to appear at 666 nm, to be compared to ca. 730 nm, experimentally. Though all theoretical values are blue-shifted compared to experiment, a logical consequence when one neglects the vibronic effects, one clearly notices that the trends are nicely reproduced by the calculations. The electronic density difference (EDD) plots corresponding to the most intense absorption in all dyes are displayed in Figure 7. As expected the core of the molecule acts as a strong acceptor (mostly in red) in all cases, the ring-fused thienyl moieties playing the role of electron donors (in blue in Figure 7). All dyes exhibit very similar excited-state topologies.

Electrochemistry.

Cyclic voltammetry was used to investigate the oxidation and reduction potential of the fused compounds 6 and thus extrapolate the energy levels of the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) of all compounds 6. All potentials were corrected using the Ferrocene/Ferrocenium couple and assuming its first ionization potential at -4.78 eV below the vacuum level. 16 All of them exhibit perfectly reversible first oxidation and reduction (see Figure 8), allowing the estimation of the ionization potential and the electron Please do not adjust margins Please do not adjust margins Table 2 Electrochemical data extracted from the CV measurements. a) EA and IP are estimated from the measured electrochemical onset potentials (vs SCE) as previously described for other organic dyes, 17 and oligothiophenes 18 using the formulae (IP = E ox onset + 4.78 eV) and (EA = E red onset + 4.78 eV) where the onset potentials are in volts (vs SCE) and IP and EA are in electron volts. The constant 4.39 eV is the relation between IP, EA and the electrochemical redox potentials which arise from the difference in the gas-phase ionization potential.

Compound

𝑬 𝟏/𝟐 𝑶𝒙 (V) (ΔE (mV)) affinity from the onset value of their oxidation and reduction peaks, respectively.

𝑬 𝟏/𝟐 𝑹é𝒅 (V) (ΔE (mV)) 𝑬 𝒐𝒏𝒔𝒆𝒕 𝑶𝒙 (V) 𝑬 𝒐𝒏𝒔𝒆𝒕 𝑹𝒆𝒅 (V) 𝑬 𝑯𝑶𝑴𝑶 a) (IP) (eV)
All of the cyclized products exhibit high electron affinity, with an estimate indicating that their LUMO levels should be very low-lying, around -4.2 to -4.3 eV. Those LUMO values are comparable to the one of PCBM derivatives, widely used as n-type material in bulk heterojunction solar cells. The LUMO level of the cyclized products is almost independent of the structure of the considered α-fused BODIPY.

On the isomer series, the electrochemical gap values follow the HOMO levels evolution. Those latter depending themselves on the regioselective anchoring position of the thiophene substituents on the BODIPY core. Indeed, the thiophene connected in α-position of the BODIPY core, increases the conjugation and therefore reduced the ionization potential of fused molecule.

Charge transport properties.

In addition to their promising optical properties, these α-fused BODIPY dyes can be expected to present strong intermolecular π-π interactions in the solid state, which could facilitate the chargecarrier transport. In order to complement the semiconducting properties characterization of those molecules, their charge-carrier mobilities were investigated by using organic field-effect transistor (OFET) devices. The charge transport abilities of the four isomers were first estimated using the bottom-gate/bottom-contact (BGBC) device configuration. The most promising material was next investigated in top-gate/bottom-contact (TGBC) configuration. The elaboration procedure is detailed in the ESI while the best electron and hole mobilities as extracted in the saturation regime are summarized in the Table 3.

Interestingly, the four isomers display very different behaviors. The two isomers 6αα and 6βα show ambipolar charge transport properties while the 6αβ exhibits only rather moderate hole mobility and the 6ββ presents a really low electron mobility only.

The ambipolarity of thienyl-based BODIPY dyes has been already demonstrated and is not surprizing considering the energy levels of those molecules. 19 The reasons for this charge transport properties evolution in this α-fused BODIPY series of molecules, are probably lying in the crystal packing structure of those isomers. For instance, it has been clearly observed that the π-stacking interactions in the 6βα derivative are lower than in the 6αβ isomer, in-line with the lower mobility values measured for 6βα. However, given the complexity of such study, this structure-charge transport property relationship is clearly beyond the scope of this paper. Nevertheless, in order to highlight the promising properties of these α-fused BODIPY derivatives for optoelectronic applications, we optimized the device configuration, by using a top-gate/bottom-contact transistor with a CYTOP layer as dielectric material. Using the most promising 6αα isomer, well-balanced and high charge-carrier mobilities have been obtained as illustrated by the transfer characteristics displayed in Figure 9.

In the saturation regime, charge-carriers mobilities of 5x10 -3 for holes and 1.4x10 -2 cm 2 .V -1 s -1 for electrons have been measured demonstrating the great potential of this isomer for application in optoelectronic devices. Please do not adjust margins Please do not adjust margins 

Conclusions

A highly versatile and straightforward synthesis of α-fused BODIPY is presented. The synthesis strategy relies on the use of tetrahalogenated BODIPY and on the introduction of four identical aryl groups or two by two different ones (by the use of 3,5-diiodo-2,6dibromo BODIPY) by selective Stille cross-coupling reaction. The aryl groups thus introduced on the dye core can undergo a very efficient oxidative coupling by use of iron(III) chloride to lead to highly planar and conjugated polycyclic dyes. Using this strategy, and by the introduction of thiophene units, we synthesized four regioisomers. X-Ray structure diffraction confirms the high planarity of these isomers. Interestingly, despite similarities, the four isomers display very different optical and electrochemical and electronic properties. These compounds present all an intense absorption (with an extinction coefficient up to 230000 M -1 cm -1 ) in the UV-visible range but with really dissimilar absorption profiles and with absorption onsets ranging from 720 to 800 nm. The different isomers are non or weakly fluorescent probably due to a very efficient intersystem crossing leading to the population of the excited triplet state. Phosphorescence emission could be recorded at 77K confirming this fluorescent non radiative pathway. Despite the fact that all isomers exhibit a high electron affinity, close to the one of soluble fullerene derivatives, they show very different charge transport properties, two molecules display an ambipolar behaviour, while the other two isomers are only hole-and electron-transporting materials, respectively. The best performing isomer, using α-thiophenes only, exhibits high and well-balanced charge-carrier mobilities. All those desirable features make this class of BODIPY-based polycyclic dyes attractive and promising organic semiconducting materials for optoelectronic applications. Finally, this very versatile and highly efficient chemical approach allows an endlessly and easy finetuning of the subsequent optoelectronic properties by playing on the aromatic substrates and their regioselective condensations.
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  α-fused BODIPY platform, and the hexyl arms (except the terminal C19): the rms deviation of that mean plane is indeed low, 0.113 Å, and only fluoride atoms, C19 and the disordered hexyl legs (C19 and C5B atoms lie out of the plane at ca. 0.4 Å), and the tolyl group which makes a dihedral angle of ca. 51° with the central BODIPY core are significantly out of the aforementioned mean plane. This dye with the "hands in the air" features an almost equilateral triangle of maximum length (from "fingers to toes") of 21.3 Å, and its symmetry reflects the entire π-delocalization on the nine fused cycle. It presents typical bond lengths close to the values found for other BODIPY: N-B = 1.557 Å and B-F = 1.384 Å, with a geometry around the boron that is tetrahedral with an angle of 110.48° with the polycyclic skeleton.

Fig. 2 X

 2 Fig. 2 X-Ray structure of compound 6βα facial view (left), in plane (middle), packing (right).

Fig. 1 X

 1 Fig. 1 X-Ray structure of compound 6αβ facial view (left), in plane (middle), headto-tail packing (right).

Fig. 3

 3 Fig. 3 Absorption spectra and emission spectra of 4α, 5αβ and 6αβ (recorded in toluene at 25°C; ̴ 10 -6 M).

Fig. 4

 4 Fig. 4 Absorption spectra of the four α-fused BODIPYs 6T 1 T 2 (recorded in toluene at 25°C; ̴ 10 -6 M).

Fig. 5

 5 Fig. 5 Emission spectra of compound 6αα (left) and 6βα (right) recorded in degassed Me-THF at -78°C (𝝀 𝒆𝒙 𝟔𝜶𝜶 =745nm, 𝝀 𝒆𝒙 𝟔𝜷𝜶 =695nm).

Fig. 6

 6 Fig. 6 Absorption of compound 6αα in solution (dotted) and solid state (plain).

Fig. 7

 7 Fig. 7 Electron density difference (EDD) between the excited and ground electronic states for the most intense transition. The red (blue) zones indicate increase (decrease) of density upon electronic transition. Contour threshold: 0.0008 au.

Fig. 8

 8 Fig.8CV measurements of the four α-fused BODIPYs 6T 1 T 2 (recorded in anhydrous dichloromethane at 25°C using TBAPF6 as electrolyte).

Fig. 9

 9 Fig. 9 Transfer characteristics measured on a 6αα top-gate/bottom-contact OFET annealed at 130°C for 15 minutes.Figure a) corresponds to the transfer characteristics where the electrons are the main charge-carriers and figure b) to the transfer characteristics where the holes are the main charge-carriers. Ids, Vds and Vgs stands for drain-source current, drain-source voltage and gate-source voltage, respectively.

  Fig. 9 Transfer characteristics measured on a 6αα top-gate/bottom-contact OFET annealed at 130°C for 15 minutes.Figure a) corresponds to the transfer characteristics where the electrons are the main charge-carriers and figure b) to the transfer characteristics where the holes are the main charge-carriers. Ids, Vds and Vgs stands for drain-source current, drain-source voltage and gate-source voltage, respectively.
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Table 3

 3 Hole (µh) and electron (µe) mobilities as calculated from the transfer characteristics of the OFETs in the saturation regime together with the eventual annealing conditions and transistor configuration.

	Compound	µh (cm 2 .V -1 .s -1 )	µe (cm 2 .V -1 .s -1 )	Annealing (min./T°C)	OFET configuration
	6αα	5.3x10 -4	2.5x10 -3	15/130	BGBC
	6αβ	5.0x10 -4	-	15/80	BGBC
	6βα	3.5x10 -5	7.6x10 -6	-	BGBC
	6ββ	-	1.1x10 -7	15/80	BGBC
	6αα	5.0x10 -3	1.4x10 -2	15 /130	TGBC
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