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Introduction

The development of new aza-boron-dipyrromethene (aza-BODIPY) molecular structures with specific linear photophysical and nonlinear optical (NLO) properties is a subject of great interest for photonics applications, including important multidisciplinary areas such as fluorescence biomaging, [1] photodynamic therapy, [2] organic photovoltaics, [3] etc. We highlight that NLO properties of aza-BODIPY derivatives [4] along with the fast excited-state charge-transfer phenomena [3b, 5] are promising for a number of practical applications related to 3D microfabrication, optical data storage, [6] optical signal processing [7] and optical power limiting (OPL) devices. [4a, 4b, 8] In fact, efficient broadband two-photon based OPL behavior was revealed for aza-BODIPY dyes in solution [4a, 8a] and solid-state glass matrix [4b] in the NIR spectral range up to telecommunication wavelengths, and the maximum values of two-photon absorption (2PA) cross-sections were obtained in the range of ≈ 3000 GM. [8a] The potential to enhance NIR-OPL properties of this molecular system using functionalized aza-BODIPY derivatives was demonstrated previously, [4a, 9] and the role of chemical modification of the aza-BODIPY core and peripheral moieties was comprehensively analyzed. Ultrafast photoinduced electron transfer and charge recombination processes were investigated in different aza-BODIPY derivatives covalently linked to fullerenes, [10] porphyrins, [11] phthalocyanines, [12] etc. using femtosecond transient absorption spectroscopy. For example, specific light-induced electron-transfer stages in the intramolecular relaxation processes allows optical gain in the system for certain wavelengths. The possibility to realize extremely fast energy transfer processes (~40 fs) in BODIPYbased oligomer structures was recently reported in ref. [13] as a potential mechanism for optoelectronic applications.

In this work NLO and fast relaxation processes in the electronic structure of aza-BODIPY derivatives 1-4 (see structures in Figure 1) were investigated by open aperture Z-scans [14] and femtosecond transient absorption spectroscopy. [15] The effect of bromine atoms in the side positions of the aza-BODIPY core on the two-photon absorption (2PA), excited-state absorption (ESA), and characteristic times of the excited-state electronic relaxation was analyzed. The phenomenon of optical gain in the nonfluorescent aza-BODIPY derivatives was observed. Theoretical analysis of the electronic structure of 1-4 was performed based on TD-DFT quantum-chemical calculations.

Experimental Section

Synthetic procedures for 1-4

Figure 1. Structure of aza-BODIPY dyes 1-4.

The study of 2PA and ESA dynamics were done on the four molecules 1-4 presented in Figure 1. The synthesis of the two precursors 1 and 3 was previously described in the ref. [16] za-BODIPY 1 is an analogue of a molecule recently described by Partridge et al. [17] where strong dihexylamine donors have been added in order to increase the donating effect and improve the solubility in organic solvents. [16a] Compound 3 is an analogue of a previously published aza-BODIPY dye, [4a] where solubility issues have been addressed by adding 1-decyl-2-hexyloxy chains on upper position. [16b] Twin molecules 2 and 4 are similar to, respectively, 1 and 3 but with two bromine atoms on the side pyrrolic positions.

Halogenated aza-BODIPY molecules in these positions have been widely studied and numerous synthetic procedures for such compounds are presented in the literature. [18] It has been shown that halogenation of side positions was particularly efficient to induce intersystem crossing and favor triplet state population. [18b] Substitution with bromine atoms on molecules 2 and 4 was therefore believed to change the excited state dynamics.

However, the described synthesis methods only concerned aza-BODIPY dyes bearing no or moderate donating groups and were hard to adapt to aza-BODIPY dyes bearing strong electron donating groups and/or alkyne moieties. Nowakowska et al. [19] had only very recently described molecules bearing strong amine donating groups and bromine atoms in side pyrrolic positions. Whereas bromination of 1 was readily achieved using classical N-bromosuccinimide (NBS) reagent, an alternative reactant, tetrabutylammonium tribromide (TBABr3), was used to introduce halide atoms on these particular positions for compound 4 (scheme 1). Indeed, TBABr3 was poorly reactive towards amine ortho-position and unreactive toward alkene bonds in acidic media. These qualities permitted obtaining molecule 4 in good yields after column chromatography purification (72%).

Other synthetic details are presented in the Supporting Information.

Scheme 1. Synthesis of aza-BODIPY dyes 2 and 4.

Linear spectroscopy and photostability of 1-4

All linear spectroscopic and photochemical measurements of 1-4 were performed in air-saturated spectroscopic grade dichloromethane (DCM) at room temperature. The steady-state linear absorption (1PA) spectra of 1-4 were obtained in standard spectrophotometric 1 cm path length quartz cuvettes with a Varian Cary-500 spectrophotometer and dye concentrations, C ≈ 10 -5 M. All fluorescence measurements were performed in dilute solutions (C ≈ 10 -6 M) using a QuantaMaster spectrofluorometer (PTI, Inc.), 1 cm path length quartz cuvettes and corresponding spectral correction of the PTI detection system. The fluorescence quantum yields, Φ 𝑓𝑓𝑓𝑓 , of 1-4 were determined by standard relative method, [START_REF] Lakowicz | Principles of fluorescence spectroscopy[END_REF] using polymethine dye PD 2631 in ethanol as a reference. [START_REF] Webster | [END_REF] The photochemical stability of 1-4 in air-saturated DCM was quantitatively estimated using the absorption method described previously in detail. [22] The values of photodecomposition quantum yields, Φ 𝑝𝑝ℎ , were obtained for continuous wave (CW) diode laser irradiation of the sample solutions at ≈ 635 nm with the average irradiance ≈ 500 mW/cm 2 .

Z-scan and femtosecond transient absorption measurements

The degenerate 2PA and one-photon ESA cross-sections of 1-4 were determined in DCM at room temperature by open aperture Z-scans [14] using 1 mm path length quartz cuvettes with dye concentrations С ~ (1-6)⋅10 -3 M. Z-scan measurements were performed with a regeneratively amplified Ti:sapphire laser (Clark MXR, CPA 2010; exit wavelength, 775 nm, pulse duration, 𝜏𝜏 𝑝𝑝 ≈ 150 fs (FWHM), pulse energy, 𝐸𝐸 𝑝𝑝 ≈ 1 mJ, and repetition rate 1 kHz) which pumped an optical parametric amplifier (OPA, Light Conversion, TOPAS C) with a tuning range from 1100 nm -2600 nm and energies up to ≈ 0.25 mJ. Focused spot sizes in the Z-scan setup were calibrated using Z-scans on a GaAs plate at each wavelength and the output pulse durations of the OPA were measured by the secondharmonic-generation autocorrelation technique. [START_REF] Rulliere | Femtosecond laser pulses: principles and experiments[END_REF] 
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Chemistry -A European Journal focused into the sample solution and used as a pump beam. Investigated solutions were placed in 1 mm path length flow cells to avoid photodecomposition and thermo-optical distortion. The second part was focused into a 4 mm YAG crystal to generate a white light continuum (WLC) in the NIR spectral range, [START_REF] Bradler | [END_REF] filtered with 10 nm (FWHM) spike filters to extract specific probe wavelengths, 𝜆𝜆 𝑝𝑝𝑝𝑝 . The temporal resolution of the employed pump-probe setup was estimated as ≈ 300 fs, and other experimental details were described previously. [15,25] Computational details

We have used TD-DFT to probe the nature of the excited states involved in 1-4 in which the long alkyl chains were replaced by methyl groups during the calculations for the sake of saving computational time. We are well aware of the limitations of TD-DFT for (aza-)BODIPY dyes, [26] but the size of the compounds precludes the use of accurate wavefunction approaches.

We have selected the CAM-B3LYP functional [27] for all our investigations. This functional includes long-range corrections and generally provides a good balance between local and charge-transfer excitations. First we have optimized the S0 (DFT), S1 (TD-DFT) and T1 (U-DFT) with the 6-31G (d) basis set using the Gaussian16.A.03 program. [28] Default parameters have been used, except for tightened SCF (10 -10 ) and geometry (10 -5 ) convergence thresholds. Next, using the same program, we determined total and vertical 1PA transition energies using a much larger basis set, namely 6-311+G(2d,p), and accounting for solvent effects through the cLR 2 solvent model [29] that includes both linear-response and state-specific solvent corrections. Non-equilibrium solvation effects were accounted for.

The ICT character of all states was characterized using the well-known Le Bahers' model. [30] The 2PA cross-sections were computed at the CAM-B3LYP/6-31G(d) level using the Dalton2016/2018 codes, [31] and selecting the S0 geometry as obtained above. Default broadening functions have been applied. Eventually the spin-orbit coupling (SOC) elements between the singlet and triplet states have been determined with the latest Orca code [32] using the same functional and considering the TD-DFT S1 minimum. We use the ZORA Hamiltonian, combined with def2-SVP basis set and the CPCM(SMD) solvent approach during the Orca calculations. The comparison of the steady-state 1PA spectra and main photophysical parameters of 1-4 in DCM (see Figure 2 and Table 1) reveals obvious effects of the bromine atoms in the aza-BODIPY core on the shape and corresponding spectral positions of the main long-wavelength absorption bands. Compounds 1 and 3 exhibit relatively sharp and intense 1PA bands (maximum extinction coefficients, 𝜖𝜖 𝑚𝑚𝑎𝑎𝑚𝑚 ~ (65-78)⋅10 3 M -1 cm -1 ), similar to symmetrical polymethine dyes in the spectral range 700 -800 nm. [START_REF] Webster | [END_REF] Aza-BODIPY derivatives with bromine atoms 2 and 4 are characterized by much broader absorption contours, noticeable decreases in the values of 𝜀𝜀 𝑚𝑚𝑎𝑎𝑚𝑚 , and a blue shift of the absorption maximum with respect to that of non-brominated analogs, an effect related to the increase of twisting between the core of the dye and the lateral rings induced by the bulky halogen atoms, confirmed by theoretical calculations in the last part of the paper.

Results and Discussion

Linear photophysics and photostability

The steady-state emission spectra were obtained for 1 and 2 in air-saturated DCM (Figure 2a, curves 1', 2') with relatively low fluorescence quantum yields, Φ 𝑓𝑓𝑓𝑓 ≈ 1.7 % and 0.18 %, respectively. In contrast, fluorescence emission of 3 and 4 was undetectable (Φ 𝑓𝑓𝑓𝑓 ≤ 10 -4 ) under the same experimental conditions. As follows from these data and from the transient absorption pump-probe measurements (see sec. 3.3), bromine atoms in the side positions of the aza-BODIPY chromophore noticeably decrease the values of the lowest electronic excited-state lifetimes of 2 and 4, which can be assigned not only to the "heavy atom" effect and inter-system crossing towards triplet states (which is shown, below in the theoretical part, to be weak), [33] but also to the increase of twisting between the dye core and the lateral rings due to the halogen atoms, as mentioned above. It should be noticed that the obtained steady-state emission spectra of 1 and 2 were independent of the excitation wavelength, 𝜆𝜆 𝑒𝑒𝑚𝑚 , in the whole spectral range of linear absorption, and no violations of Kasha's rule [START_REF] Lakowicz | Principles of fluorescence spectroscopy[END_REF] were observed.

Photostability of 1-4 was investigated in air-saturated DCM under CW diode laser irradiation at ≈ 635 nm using the absorption method, [22] and the obtained values of photodecomposition quantum yields, Φ 𝑝𝑝ℎ , are presented in Table 1. As follows from these data, all new compounds 1-4 exhibit relatively high levels of photostability (Φ 𝑝𝑝ℎ ∼ 10 -7 -10 -8 ), that are comparable with the best laser dyes. [34] The first-order photoreaction was observed for 1-4 in DCM at room temperature, and bromine atoms in the molecular structures of 2 and 4 noticeably decrease their photochemical stability ≈ 4 and 6 times, respectively. It should be mentioned that even the lowest level of photostability, Φ 𝑝𝑝ℎ ≈ 1.6⋅10 -7 , observed for 2, remains applicable for a majority of optical applications. Nonlinear optical properties of 1-4 were investigated in the NIR spectral range (1150 -1700 nm) using open aperture Z-scans [14] and some of the obtained experimental Z-scan curves with corresponding fits are presented in Figure 3. It should be mentioned that at the wavelengths of 1500 nm the best fits corresponded to purely 2PA (see Table 2). The change in the laser beam irradiance, 𝐼𝐼, due to nonlinear sample transmission is given by: 𝑑𝑑𝐼𝐼 𝑑𝑑𝑑𝑑 ⁄ = -𝛼𝛼 2𝑃𝑃𝑃𝑃 • 𝐼𝐼 2 (𝛼𝛼 2𝑃𝑃𝑃𝑃 = (𝑁𝑁 𝑐𝑐 ℏ𝜔𝜔 ⁄ ) • 𝛿𝛿 2𝑃𝑃𝑃𝑃 is the 2PA coefficient, 𝑁𝑁 𝑐𝑐 , ℏ𝜔𝜔 , 𝛿𝛿 2𝑃𝑃𝑃𝑃 , and 𝑑𝑑 are the sample concentration, photon energy, 2PA cross-section and propagation axis, respectively). In contrast, corresponding changes in the beam irradiance at the other wavelengths cannot be completely described solely by 2PA but can be described by 2PA plus ESA:

𝑑𝑑𝐼𝐼 𝑑𝑑𝑑𝑑 ⁄ = -𝛼𝛼 2𝑃𝑃𝑃𝑃 • 𝐼𝐼 2 -𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 • 𝑁𝑁(𝐼𝐼)
• 𝐼𝐼, where 𝑁𝑁(𝐼𝐼) is the population density in the first excited state and 𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 is the one-photon ESA cross-section. [4c] The obtained values of 𝛿𝛿 2𝑃𝑃𝑃𝑃 and 𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 for 1-4 in DCM are presented in Table 2. One-photon absorption and degenerate 2PA spectra for 1-4 in DCM are shown in Figure 4. For comparison of transition wavelength, spectra are shown on the same graph with separate axes for one-photon absorption (bottom) and 2PA (top) wavelength. As follows from these data, the shape, spectral position, and maxima values of the 2PA spectra remain nearly the same for 1 and 2. Compounds 3 and 4 exhibit much broader linear absorption contours with complicated electronic nature (see quantum-chemical analysis in sec. 3.4), and noticeable differences between their 2PA spectra. Relatively strong 2PA peaks were observed for 3 at 1200 nm (Figure 4c), 10.1002/chem.202104072
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and for 4 at ~ 1150 nm (Figure 4d) that can be related to higher excited electronic levels.

The majority of the obtained values of 𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 were systematically larger for 1 in comparison with its brominated counterparts 2 (Table 2). It is worth mentioning that the values of 𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 for 1 and 4 at 1200 nm exceed the corresponding ground state 1PA cross-section maxima by 1.2 and 1.9 times, respectively. It should be mentioned that new aza-BODIPY derivatives exhibit much higher 2PA cross-sections in the telecommunication spectral range than methoxy and hydroxy substituted aza-BODIPYs (< 15 GM) [35] and BF 2azadipirromethenes (< 2 GM), [36] and therefore, possess high potential for practical applications. Fast relaxation processes in the excited electronic states of 1-4 in DCM were investigated at room temperature by transient absorption pump-probe experiments [15,25] in the broad NIR spectral range for excitation (pump) wavelength at 800 nm. Typical kinetic dependences of the induced optical density, Δ𝛥𝛥 = log(1 𝑇𝑇 ⁄ ) on the temporal delay between pump and probe pulses, 𝜏𝜏 𝐷𝐷 , are shown in Figure 5 and Figure 6 for specific probe wavelengths, 𝜆𝜆 𝑝𝑝𝑝𝑝 . Both positive and negative values of Δ𝛥𝛥 are observed for all the compounds investigated. Considering that all probe wavelengths (𝜆𝜆 𝑝𝑝𝑝𝑝 ≥1000 nm) were in the spectral range of negligible ground-state absorption of 3 and 4 (see Figure 2) we conclude that one-photon (800 nm) initiated ESA processes dominate (positive Δ𝛥𝛥 ) and note optical gain phenomena (negative Δ𝛥𝛥) in the range without linear absorption. For 1 and 2 (see Figure 5), we see similar results except in the range between 1000 nm and 1050 nm where additional ground-state saturable absorption can take place. It should be mentioned that compounds 3 and 4 exhibit no fluorescence emission ( Φ 𝑓𝑓𝑓𝑓 < 10 -4 ) and optical gain looks strange in this case of extremely fast nonradiative transition 𝑆𝑆 1 → 𝑆𝑆 0 (see "spikes" followed by ps relaxation processes in Figure 4c,d). In general, optical gain for nonfluorescent light-absorbing organic compounds was reported previously by Min et al., [37] where their stimulated emission processes were realized under high intensity laser irradiation for stimulated emission microscopy imaging. In our case, optical gain was observed for 1 (at 10 ps, 1000 nm), 2 (at 2 ps, 1000 nm), 3 (at 3 ps, 1200 nm), and 4 (at 1 ps, 1100 nm). The largest values of negative Δ𝛥𝛥 were obtained for brominated derivative 2 in the spectral range 1000 -1150 nm (transmission increases around 8% at 2 ps, 1000 nm) and non-brominated 3 in the spectral range 1000 -1200 nm (transmission increases 5% at 3 ps, 1200 nm) under the same excitation conditions. It is important to note that the maximum possible loss in these spectral regions was less than 1%. Long temporal components of the ESA kinetic signals from weakly fluorescent 1 and 2 (Figure 5b,d) are correlated with corresponding values of the fluorescence quantum yields (see Table 1), and presumably, can be assigned to the lowest electronic excited-state lifetimes. It is worth mentioning that the 

Femtosecond transient absorption spectroscopy
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Chemistry -A European Journal bromination of 1 leads to a dramatic decrease in the Φ 𝑓𝑓𝑓𝑓 and lifetime of S 1 . Negative values of Δ𝛥𝛥 are evidence of population inversion between S 1 and S 0 vibronic levels which arises in the first several picoseconds (Figure 5a, 5c, Figure 6a,6c) after relaxation of the intense positive ESA signal possibly related to Franck-Condon and/or solvate reorganization processes. [START_REF] Lakowicz | Principles of fluorescence spectroscopy[END_REF] Time-resolved ESA spectra of 1-4 were obtained from the corresponding transient absorption kinetic curves and are shown in Figure 7 for specific time delays, 𝜏𝜏 𝐷𝐷 . As follows from these data, the strongest negative Δ𝛥𝛥 signals were observed for 2 (Figure 7b) (the probe transmission at 1020nm increase by 17% at 1 ps delay after the pump) in the spectral range of its fluorescence contour 1000 -1200 nm (Figure 2a). A complicated temporal behavior of the positive ESA bands was revealed for 2 at ≈ 1100 nm (Figure 7b), and in the range of 1100 nm -1300 nm for 3 and 4 (Figure 7c,d). These relatively fast (~ 0.5-1 ps) and complicated processes can be related to intramolecular photoinduced electron transfer (PET) phenomena [38] typically proposed for the description of fluorescence quenching mechanisms in aminofunctionalized aza-BODIPY derivatives. [8a, 39] Obtained data on time-resolved ESA spectra of 1-4 in combination with the 2PA cross-section values (see Table 2) reveal their potential for applications such as OPL in the NIR spectral range. [8a] 

Quantum-chemical analysis of the electronic structure

To complete the experimental studies, theoretical calculations have been performed and several conclusions emerge. The main results are summarized in Figure 8. First, the ground-state geometries are substantially perturbed by the presence of the lateral bromine atoms. For instance, in 1, the dihedral angle between the upper benzothidiazole groups and the aza-BODIPY core is 19°, whereas the steric effect makes this angle much larger in 2, 48°. In going from 3 to 4, the corresponding dihedral angle between the p-methoxy-phenyl and the aza-BODIPY core also increases substantially from 25° to 37°. These large geometrical differences qualitatively explain the differences of band shapes and of the excited state positions obtained for the brominated and non-brominated compounds. Indeed, as can be seen in Figure 8, the bromination does not significantly affect the oscillator strength nor the nature of the lowest excited state. In fact, the electron density difference (EDD) plots reveal that this lowest state is always mainly centered on the aza-BODIPY (with no contribution on the bromine), except for a moderate ICT character from the lower amino groups in both 1 and 2 (that have CT distance of ca. 2.5 Å). This lowest transition presents a large 1PA oscillator strength, and modest 2PA cross sections in the 50-100 GM range, due to the moderate ICT character of this transition. This S 0 -S 1 transition corresponds to the most redshifted absorption in the experimental spectra of Figure 4, and the values listed in Figure 8 reproduce the experimental trends, i.e., the redshifts go from largest to smallest as 1 > 2 > 3 > 4 (see Table 1). The fact that the theoretical values are blueshifted is explainable by the vertical approximation. Indeed we have computed the corresponding 0-0 wavelength for 1: 903 nm. This value can be straightforwardly compared to the absorption/fluorescence crossing: 930 nm, hinting that the selected level of theory is sufficient for our purposes. In both 1 and 2, the second transition is significantly allowed in both one and two photon processes, with large ICT from the lower part to the aza-BODIPY core. The large computed responses of several hundreds of GM indicate that the strong response of ca. 210 -280 GM found around 1200 -1250 nm in the experimental spectra of Figure 4a,b are indeed originating from the S 0 -S 2 transition. Again, computations give too blusehifted transitions due to the use of the vertical approximation. At this stage, it is noteworthy that for the third excited state, not explored experimentally, there is a significant topological difference between 1 and 2: for both molecules the S 0 -S 3 excitation leads to a local state with a trifling 1PA response , and a high 2PA efficiency for 1, which could be due to the contribution of transition 10.1002/chem.202104072
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Let us now turn towards 3 and 4. It is interesting to note that their S 1 state is significantly blueshifted as compared to 1 and 2, whereas the position of the S 2 transition is mostly unchanged and S 3 appears at almost the same energy as S 2 , whereas the separation was much clearer in the two first dyes. This likely explains the very broad band linear absorption obtained experimentally for 3 and 4 (Figure 4c,d, blue curves). They actually engulf several electronic transitions. In both 3 and 4, the EDD reveals that the second transition corresponds to a mild ICT from one of the top p-methoxy-phenyl to the core of the aza-BODIPY, whereas the third excitation involves a long-range ICT from the bottom amino groups. The total 2PA cross sections determined for those two transitions are similar in 3 (1900 GM) and 4 (1990 GM), and are clearly significantly larger than the corresponding response of the second excited state in 1 and 2. These total 2PA cross sections are qualitatively well in line with the experimental trends of a strong response of ~ 2000 GM in the large "shoulder" at ~ 600 nm (Figure 4).

Finally, given the presence of bromine atoms, we have investigated the intersystem-crossing (ISC). As usual in such process, the dominating pathway should be first a geometrical relaxation to the S 1 before ISC. Therefore, we have computed the position of the triplets at this optimal S 1 geometry. In all dyes, TDA-DFT returns only one triplet (T 1 ) below S 1 , indicating that ISC to higher lying triplets is highly unlikely. The spin-orbit coupling elements corresponding to this S 1 -T 1 ISC process indicates, as expected, totally negligible coupling in both 1 (0.03 cm -1 ) and 3 (0.01 cm -1 ) and becomes larger, but yet not impressive, in the brominated structures, i.e., 2 (0.65 cm -1 ) and 4 (1.67 cm -1 ). These latter values are compatible with a slow ISC, and their moderate magnitude is the logical consequence of the rather passive role of the bromine atoms in the S 1 state. Using U-DFT, we computed 0-0 phosphorescence at 0.68 eV and 0.73 eV for 2 and 4, respectively. These tiny values indicate that the non-radiative pathway strongly dominates once in T 1 . These values are also too small to allow the formation of singlet oxygen.

Conclusion

The steady-state photophysical parameters, photochemical stability, NLO properties and fast relaxation in the excited electronic states of these new aza-BODIPY derivatives 1-4 were investigated in DCM at room temperature. Bromination of 1 and 3 resulted in a noticeable broadening of the 1PA absorption band, substantial decrease in the values of 𝜀𝜀 𝑚𝑚𝑎𝑎𝑚𝑚 , Φ 𝑓𝑓𝑓𝑓 , lifetimes of the first excited state, and photochemical stability. The largest 2PA cross-sections of 1-4 (around 2000 GM) were obtained at 1200 nm for 3 and at 1150 nm for 4. The introduction of bromine substituents in the side position of the aza-BODIPY core leads to change in the shape of 𝛿𝛿 2𝑃𝑃𝑃𝑃 spectra. The largest additional absorption from 2PA initiated ESA was detected for 1-4 between 1150 nm and 1250 nm and corresponding values of 𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 were in the range (1-7)⋅10 -20 m 2 . The investigation of fast relaxation processes in the excited states of 1-4 reveals the unusual phenomenon of optical gain for nonfluorescent compounds 3 and 4 which was observed on the time scale of several picoseconds after the excitation. The time-resolved ESA spectra exhibit complicated temporal behavior with the main ESA bands arising in the first 0.5 -1 ps in the NIR spectral range 1100 -1300 nm.

Quantum chemical calculations of the main electronic parameters of new aza-BODIPY derivatives were performed at the TD/DFT level of theory and helped rationalize the different 1PA and 2PA responses obtained experimentally.

Linear spectroscopic properties and high photostability, NIR 2PA and ESA cross-sections, and specific fast relaxation processes in the excited electronic states of aza-BODIPYs 1-4 reveal their potential for applications in photonic devices.
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Figure 2 .

 2 Figure 2. (a) Normalized 1PA (curves 1, 2) and corrected fluorescence (curves 1', 2') spectra of 1 and 2 in DCM. (b) Normalized 1PA spectra (1,2) for 3 (curve 1) and 4 (curve 2) in DCM.

  Nonlinear absorption coefficients of 1-4 in DCM: 2PA cross-section, 𝛿𝛿 2𝑃𝑃𝑃𝑃 , in Göppert-Mayer (GM); one-photon ESA cross-section, 𝜎𝜎 𝐸𝐸𝐸𝐸𝑃𝑃 , in 10 -20

Figure 3 .

 3 Figure 3. Open aperture Z-scans (separate points) and fittings curves (solid lines) for corresponding pulse energies, obtained for 3 (a, c) and 4 (b, d) in DCM at 1200 nm (a, b) and 1500 nm (c, d).

Figure 4 .

 4 Figure 4. Molar absorptivity and 2PA cross section spectra for 1 (a) and 3 (c) and brominated counterparts 2 (b) and 4 (d) in DCM.

Figure 5 .

 5 Figure 5. Typical kinetic dependences 𝛥𝛥𝛥𝛥(𝜏𝜏 𝐷𝐷 ) for 1 (a, b) and 2 (c, d) in DCM under excitation at 800 nm: 𝜆𝜆 𝑝𝑝𝑝𝑝 = 1000 nm (1), 1020 nm (2), 1140 nm (3), and 1350 nm (4). Femtosecond (a, c) and picosecond (b, d) resolution.

Figure 6 .

 6 Figure 6. Typical kinetic dependences 𝛥𝛥𝛥𝛥(𝜏𝜏 𝐷𝐷 ) for 3 (a, b) and 4 (c, d) in DCM under excitation at 800 nm: (a, b) 𝜆𝜆 𝑝𝑝𝑝𝑝 = 1100 nm (1), 1200 nm (2), and 1300 nm (3); (c, d) 𝜆𝜆 𝑝𝑝𝑝𝑝 = 1000 nm (1), 1100 nm (2), and 1200 nm (3). Femtosecond (a, c) and picosecond (b, d) resolution.

Figure 7 .

 7 Figure 7. Time-resolved ESA spectra of 1 (a), 2 (b), 3 (c), and 4 (d) in DCM: (a, b, c) 𝜏𝜏 𝐷𝐷 = 0.5 ps (1), 1 ps (2), and 10 ps (3); (d) 𝜏𝜏 𝐷𝐷 = 0.5 ps (1), 1 ps (2), and 3 ps (3).

Figure 8 .

 8 Figure 8. Representation of the density difference plots for the four lowest vertical transitions in all compounds. The blue and red lobes indicate decrease and increase of density upon excitation. For each state, we report the vertical absorption wavelength, and the corresponding CT distances, oscillator strength and 2PA cross-section, as computed by theory.

  𝜏𝜏 𝑝𝑝 ≈ 40 fs, 𝐸𝐸 𝑝𝑝 ≈ 12 mJ, and a repetition rate of 1 kHz. The output of the Legend Duo+ at 800 nm was split in two parts. The first part was
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Table 1 .

 1 Linear photophysical and photochemical parameters of 1-4 in DCM: steady-state absorption 𝜆𝜆 𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑚𝑚 and fluorescence 𝜆𝜆 𝑓𝑓𝑓𝑓 𝑚𝑚𝑎𝑎𝑚𝑚 maxima, Stokes shifts, maximum extinction coefficients, 𝜀𝜀 𝑚𝑚𝑎𝑎𝑚𝑚 , fluorescence quantum yields, 𝛷𝛷 𝑓𝑓𝑓𝑓 , and photodecomposition quantum yields, 𝛷𝛷 𝑝𝑝ℎ .

	Compound	1	2	3	4
	𝜆𝜆 𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑚𝑚 , 𝑛𝑛𝑛𝑛	894 ± 1	873 ± 1	736 ± 1	700 ± 1
	𝜆𝜆 𝑓𝑓𝑓𝑓 𝑚𝑚𝑎𝑎𝑚𝑚 , 𝑛𝑛𝑛𝑛	963 ± 1	974 ± 1	-	-
	Stokes shift, nm (cm -1 )	69 ± 2 (1050)	101 ± 2 (1200)	-	-
	𝜀𝜀 𝑚𝑚𝑎𝑎𝑚𝑚 , 10 3 M -1 ⋅cm -1	78 ± 4	21.5 ± 1	65 ± 3	49 ± 2
	Φ 𝑓𝑓𝑓𝑓 , %	1.7 ± 0.3	0.18 ± 0.04	-	-
	Φ 𝑝𝑝ℎ , 10 -8	3.6	16	1	6
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