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Benzothiadiazole substituted aza-BODIPY dyes: two-photon absorption enhancement for improved optical limiting performances in the SWIR range

   

Introduction

Aza-BODIPY is a versatile synthetic platform for designing dyes featuring photophysical properties shifted to the red/near infra-red (NIR) spectral range. This has made them popular since the seminal works of O'Shea in the early 2000's when the benchmark dyes 1 and 2 featuring methoxy or amino substituents at the bottom position, respectively (Figure 1), were reported. [1] The simplicity and synthetic accessibility of these emissive chromophores make them suitable for a wide range of applications, especially in biology. [2] The structural diversity around the aza-BODIPY platform was used to open new opportunities in several fields, e.g., organic photovoltaic cells, [3] fluoro-electrochromism, [4] NIR sensors, [5] fluorescence imaging, [6] and photodynamic therapy. [1c, 7] Figure 1. Structures of the different aza-BODIPY dyes designed for advanced photonic applications.

As a common feature, these dyes are very robust and present excellent photo-, redox and chemical stabilities. [8] This makes them suitable for applications in harsh conditions such as in nonlinear optics where very intense and focalized laser beams are used. In an earlier work by our group, the two-photon absorption (2PA) properties in the short-wave infrared (SWIR) region, has been described for the functionalized aza-BODIPY dyes 3 (Figure 1), featuring an extended conjugated skeleton. [9] Whilst many chromophores including polymethine dyes, squaraines, extended or fused porphyrins, porphyrin arrays, dithiolene transition metal complexes, and diradical polyaromatic dyes [10] have been reported to exhibit significant 2PA crosssection in the SWIR, the excellent solubility, photostability, and chemical robustness of 3 enabled the report of a rare example of optical power limiting (OPL) material working at telecommunication wavelengths (1550 nm). [11] OPL results on 3 were reported in solution [9] and for the first time in a doped or grafted sol-gel glass matrix. [12] Optical power limiters are photonic devices transparent at low fluence and absorbent when the fluence exceeds a certain threshold. They can therefore be used to protect highly sensitive optical detectors against optical radiation. [13] Indeed, there is a growing interest in OPL devices working at 1550 nm, an eye-safe wavelength. This interest is due to the spreading of LIDAR (LIght Detection And Ranging) systems for aeronautics (telemetry), military applications (active imaging), and civilian transportation (autonomous vehicles guiding systems). Optimization of molecular structures for OPL applications at telecommunication wavelengths requires fulfilling a precise list of requirements. Firstly, the target chromophore must present the highest 2PA cross-section possible in the range-of-interest (ROI) wavelengths, alongside with the possibility to induce simultaneously excited state absorption (ESA) at the same wavelengths within the same incident laser pulse. This overall three-photon absorption (2+1) process becomes even more favorable when the laser pulse duration is long, typically in the ns-regime for OPL experiment. [14] Secondly, the target chromophore must present enhanced solubility in organic solvents, generally chlorinated solvents like dichloromethane or carbon tetrachloride (around 1-10 -1 mol.L -1 ) as well as enhanced chemical and photochemical stability. In this context, we have previously developed a family of aza-BODIPYs, taking advantage of the synthetic versatility of this platform, in order to optimize the spectral overlap between 2PA and ESA processes in the ROI, although, the 2PA cross-section above 1300 nm of the dyes remained modest. [9b,c] It is well known that obtaining large molecular 2PA cross-sections requires a strong electronic polarizability generally achieved in extended -conjugated systems substituted by electron donating or withdrawing substituents resulting in the formation of charge transfer (CT) transitions. [15] Using these general molecular engineering rules, we previously designed chromophore 4 bearing auxiliary nitrofluorene accepting groups of top 1,7 positions (Figure 1), expecting that this substitution would increase both the conjugation length and the CT character of the transition. [9b] However, this study showed that the strong electron-withdrawing aza-BODIPY core was acting as an "accepting trap", forbidding direct electronic communication between the dialkylamino phenylethynyl donor and the nitrofluorene accepting groups. The nitrofluorene groups had indeed very little effect on the effective conjugation length and 2PA cross-section, likely because they are weaker acceptors than the aza-BODIPY core itself. To circumvent this issue, electron-withdrawing groups as strong as the aza-BODIPY core should be used. One example is the benzothiadiazole (BTZ) unit, commonly used for advanced photonic applications: dye sensitized solar cells (DSSC), [16] NIRbioimaging, [17] and optoelectronics. [18] BTZ has been rarely used in combination with the aza-BODIPY structure. [19] In the present paper, original aza-BODIPY dyes featuring benzothiadiazole moiety at the top position (5, 6 in Figure 1) have been synthesized. The molecules revealed interesting linear and nonlinear photophysical properties in the NIR and SWIR regions, respectively. The improved CT character induced by the BTZ groups was unambiguously evidenced by a comprehensive photophysical study and confirmed by TD-DFT calculations. Finally, the OPL behavior at telecommunication wavelengths revealed a significant improvement compared to the reference chromophore 3.

Results and Discussion

Synthesis. In order to assess the impact of the BTZ moieties on the spectroscopic properties of the aza-BODIPY dyes, the two molecules 5 and 6 have been synthesized (Figure 1). 5, inspired by the recent work of Partridge et al. [19] where the diphenylamine donors have been replaced by dihexylamine for a stronger donating effect and improved solubility in organic solvents, is the BTZ-analogue of the historical reference dye 2. [1] In addition, 6, featuring extended conjugated skeleton, is the BTZ-analogue of our chromophore 3, previously used in nonlinear optical applications. [9b] Scheme 1. Synthetic procedure for the preparation of 5. In the left corner is represented the previously published dye (12). [19] The synthesis of compound 5, depicted in Scheme 1, follows the classical procedure for the preparation of symmetrical aza-BODIPY compounds, [1c] starting from the coupling between 4'-dihexylaminoacetophenone and commercial 2,1,3-benzo-10.1002/chem.202004899
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Scheme 2. Synthetic procedure for the preparation of 6.

thiadiazole-4-carbaldehyde. The chalcone 9, then undergoes a Michael addition with nitromethane and the dipyrromethene 11 is obtained after cyclization with an ammonium salt at high temperature. The yield of this step is rather modest, 24% after purification by column chromatography, but the large availability of the precursor enables us to realize gram scale synthesis. Finally, the aza-BODIPY 5 was readily obtained after borylation and purification in 62% yield. The synthesis of molecule 6 is directly inspired by a previous methodology. [9b] In contrast to its phenyl-analogue, the brominated BTZ-dipyrromethene 16 is insoluble in organic solvents and could not be fully characterized or used as a reactive intermediate. Consequently, the Pdcatalyzed Sonogashira coupling of dihexylaminophenyl-ethynyl was performed using the Michael adduct 17. As already observed, [18] the cyclization of the substituted Michael adduct is complicated and difficult to purify. It is therefore obtained in a poor yield. This is why the final borylation step was immediately conducted on the crude mixture, and purification led to the target compound 6 with a very low yield (3% over the two steps). All compounds have been fully characterized by 1 H, 13 C and 18 F NMR techniques and high-resolution mass spectrometry (see the Supporting Information for details).

Linear spectroscopy. The photophysical properties of aza-BODIPYs 5 and 6 featuring BTZ substituents were studied in organic solvents and compared to their structural analogs 2 and 3, respectively (Figure 2, Table 1). As expected, BTZ substitution red-shifts the maximum absorption for both molecules 5 (+ 95 nm) and 6 (+ 42 nm) compared to 2 and 3, respectively. Compound 6 also presents a significant broadening of the lowest energy transition band compared to compound 3 (full width at half maximum; 1/2 = 2149 cm -1 and 2051 cm -1 , respectively). In addition, the cut-off wavelength, λcut-off, being defined as the intersection of the red tail of the absorption band with the x-axis, is significantly red-shifted in compound 6 compared to 3 (900 nm and 837 nm, respectively, see Figure S1).

It has been previously

shown that this lowest energy absorption band has a mixed CT-cyanine character. [9b] The broadening of the absorption band accompanied by the related red-shift of the cut-off wavelength from 3 to 6, could be explained by the increased contribution of the CT character, which would in fine lead to higher twophoton absorption. In order to obtain a deeper insight into this hypothesis, solvatochromism experiments in absorption and emission have been conducted on both compounds 5 and 6 in solvents ranging from cyclohexane to dimethylformamide (Figures 3 andS2, Tables S1 andS2). The plots of the absorption maxima, shoulder, and cutoff energies versus Reichardt's polarity scale [20] are shown in Figure S3. Concerning compound 6, the maximum absorption is barely affected by the solvent polarity with all maximum included in a 20 nm interval (slope = +728 cm -1 ). However, the cut-off wavelength shows a more pronounced positive solvatochromism (slope = -1889 cm -1 ). Due to limited emission in polar solvents, only two emission spectra have been measured for compound 6 with a maximum emission at λem = 890 nm in toluene. Compound 5 shows a slightly different behaviour with a positive solvatochromic shift for the maximum absorption, emission, and cut-off wavelengths (slope = -1111 cm -1 ; -2905 cm -1 and -2488 cm -1 , respectively) indicating a strong dependence of the Accepted Manuscript spectroscopic properties with the solvent polarity. Interestingly, the maximum emission of compound 5 goes above 1000 nm in a polar solvent, with a maximum at 1034 nm in DMF. It is worth noting that the quantum yield of the NIR-dyes 5 was determined to 0.9% in dichloromethane with the absolute integrating sphere method [21] and 1,7% with the relative one using PD2631 as standard. [22] As expected, decreasing the solvent polarity results in a significant enhancement of the relative quantum yield up to 2.9 % in carbon tetrachloride (Table S2, measurement in integrating sphere). Theoretical simulations. In order to have a better understanding of the nature of the optical transition for compounds 5 and 6, theoretical simulations have been conducted on simplified compounds featuring smaller dimethylamino donor group at the bottom position. Computational details are given in supporting information and the main results are summarized below. The computed vertical transition energies are larger than the energy corresponding to the experimental max, (error in the 0.17-0.27 eV range). Both the sign and the magnitude of these differences are expected, as, on the one hand, the calculations neglect vibrational couplings (that would red-shift the theoretical energies), and, on the other hand, we consider aza-BODIPY derivatives for which it is known that TD-DFT tends to provide too large transition energies as well. Both aspects are discussed in details in the literature. [23] However, the trends are reproduced. Note that in going from dyes 2 to 3 (5 to 6), theory predicts a small (significant) blue-shift of the lowest band, which fits the measurements (Figure 2). The EDD (Electronic Density Difference) plots in Figure 4, can explain this trend: in the more compact compounds 2 and 5 the bottom amino groups play a stronger electron-donating role, whereas in dyes 3 and 6, the distance between the amino groups and the aza-BODIPY cores becomes too large and it is the less potent ethynyl segments that act as secondary donor groups. Still focussing on the lowest energy transition (S0-S1), and now comparing 2 to 5 and 3 to 6, we notice that the CT character of the transition significantly increases when replacing the top phenyl rings by BTZ groups, the latter playing a minor yet not trifling role in the lowest transition according to the EDDs. This induces a significant increase of the d CT value. These facts indicate that the BTZ moieties increase the electron-withdrawing strength of the aza-BODIPY core and simultaneously expand the -delocalization, in turn, induce redshifts of the 1PA transition. Considering the second transition, it is clear from Figure 4 that it presents much stronger CT character in all cases (see the increase of d CT ). Importantly, in both compounds 2 and 5, we compute a large separation (ca. 1.0 eV) between the two lowest excited states, indicating that the S0-S2 excitation is responsible for the second absorption band at ca. 550 nm (2) and 600 nm (5) in the experimental spectra (see Figure 2). In contrast, in both extended chromophores 3 and 6, the separation between the two first excited states is notably smaller (ca. 0.7 eV), hinting that the strong shoulder at ca. 600 nm in the experimental spectra (Figure 2) are likely a combination of vibronic effects and this second electronic transition. This interpretation is also consistent with the significantly broader bands in the extended compounds, and it has a strong consequence on the 2PA spectra (see below).
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Figure 4. Summary of the main theoretical results. We represent for the key transitions, the density difference plots (red: increase of density, blue: decrease of density upon excitation, 0.0008 isovalue), and provide the vertical 1PA transition energies and oscillator strengths, as well as the 2PA cross sections. We also give the CT distance and charge computed using Le Bahers' model. [24] Nonlinear optical properties. The SWIR nonlinear two-photon absorption properties of compounds 5 and 6 were determined by open aperture Z-scan in DCM solution using a fs-optical parametric amplifier pumped by a Ti:Sapphire source (typical pulse duration of 150 fs) between 1100 and 1700 nm. [25] For each wavelength, the experimental nonlinear transmittance curves (Figure 5) were measured and fitted using the complete propagation equation (eq. 1) taking into account both 2PA and ESA, where I represents the light irradiance, z the propagation axis, 2 the 2PA coefficient, σESA the ESA cross-section, and Ne describes the first excited-state population after 2PA absorption:

dI dz = -α 2 I 2 -σ ESA N e I. ( 1 
)
Using this model, both 2PA coefficient and ESA cross-sections could be determined simultaneously for a given wavelength (Table 2). Then, the 2PA cross-section was determined using equation ( 2) where N represents the molecular density and ħω the photon energy at the operating wavelength. 2PA is given in Göppert-Mayer (1 GM = 10 -50 cm 4 .s.molecule -1 .photon -1 ).

σ 2PA = ħω𝛼 2 N ( 2 
)
The 2PA cross-section is then reported in wavelength doubledscale and superimposed with the 1PA (Figure 6). Both 5 and 6 exhibit the typical features of V-shaped, pseudo-C2v symmetric aza-BODIPY derivatives. [9b] The weak, red-shifted 2PA transition overlaps with the first intense 1PA band featuring a main "cyanine" character with a moderate CT. The experimental data (2PA(1700) = 80 GM and 2PA(1550) = 970 GM for 5 and 6, respectively) are in reasonable agreement with the theoretical values (2PA = 75 and 243 GM for 5 and 6, respectively, see Figure 4). In marked contrast, the most intense 2PA band is blue shifted and overlaps with the 1PA transition presenting the most pronounced CT character corresponding to the 600 nm band for 5 and the shoulder at 650 nm for 6. For 5, the measured value for this second transition (280 GM) is significantly smaller than the theoretical one, but the above-mentioned attributions of the S0-S1

2 5 S 0 -S 1 S 0 -S 2  vert =682 nm f=0.96  2PA =54 GM d CT =2.00 Å q CT =0.49 e  vert =425 nm f=0.96  2PA =1020 GM d CT =2.72 Å q CT =0.81 e  vert =743 nm f=0.93  2PA =75 GM d CT =2.35 Å q CT =0.50 e  vert =449 nm f=1.06  2PA =1110 GM d CT =2.98 Å q CT =0.78 e S 0 -S 1 S 0 -S 2 3 6  vert =707 nm f=1.12  2PA =243 GM d CT =2.72 Å q CT =0.50 e  vert =508 nm f=1.22  2PA =4290 GM d CT =5.26 Å q CT =1.09 e S 0 -S 1 S 0 -S 2  vert =657 nm f=1.13  2PA =175 GM d CT =2.39 Å q CT =0.49 e  vert =478 nm f=1.27  2PA =3760 GM d CT =5.08 Å q CT =1.08 e S 0 -S 1 S 0 -S 2
10.1002/chem.202004899
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and S0-S2 excitations to the peaks at ca. 900 and 600 nm is clearly confirmed. As expected, the more extended phenyl-ethynyl conjugated skeleton in 6, results in a very significant increase of the 2PA cross-section for which a very large maximal value of 4520 GM has been reached at 1300 nm. For comparison, the theoretical value of the S0-S2 excitation is 4290 GM. Although such perfect agreement cannot be obtained without some error compensation, this confirms the overlapping character of the two lowest transitions in 6, which contrast to 5. Interestingly, this maximal 2PA cross-section is twice larger than those measured for the benchmark compound 3 (2PA = 1970 GM at 1150 nm) and of the extended compound 4 (2PA = 2250 GM at 1220 nm) [9b] and is also significantly red-shifted. This result unambiguously illustrates the strong impact of the benzothiadiazole substituent that reinforces the CT character with the chromophore allowing strongly enhancing the aza-BODIPY nonlinear properties. To the best of our knowledge, this compound presents the highest 2PA crosssection among all aza-BODIPY dyes.

Optical Power Limiting. OPL performances in SWIR were performed for the new compounds 5, 6 and 3 for comparison, in a set-up based on the f/5 system [26] (see Supporting Information for description) and ~4 ns pulses (source an EKSPLA NT342C OPO). Compound 6 was evaluated at 1400 and 1550 nm (eye-safe wavelength) using 50 mM solutions in carbon tetrachloride. Due to the relatively low 2PA cross-section at these wavelengths, compound 5 was only evaluated at 1200 nm using 50 mM solution in THF (Figures 7 andS6). For compound 5 a blank measurement using THF only was performed to make sure that no nonlinear effects due to THF were affecting the OPL measurements. OPL results show a good transmission above 80% for lower input fluences (< 3 J.cm -2 ). Above this threshold, the OPL effect is pronounced and a reduction to 50% transmission is reached for an input fluence of 14 J.cm -2 . The output fluence is limited to below 15 J.cm -2 (for input fluences up to 140 J.cm -2 ). These results are interesting considering the straightforward synthesis and small conjugation length of compound 5. Also, this compound seems to compensate its moderate 2PA cross section values by Accepted Manuscript a very high ESA (σESA = 7.1 ± 0.9 cm -2 at 1200 nm) which has been shown to be of first importance for the efficiency of optical power limiters exposed to nanosecond laser pulses. [9b] Compound 6 OPL performance was compared to benchmark chromophore 3. At 1550 nm, the linear transmission, for 3 and 6, were above 90%. At a fluence of 2 J.cm -2 the OPL effect is pronounced and a reduction to 50% transmission was obtained, at an input fluence of 15 J.cm -2 and 19 J.cm -2 for compounds 6 and 3, respectively. For an input fluence of Fin = 45 J.cm -2 , the output fluence was Fout = 11 J.cm -2 and 13 J.cm -2 for compounds 6 and 3, respectively. For compound 6 an approximate 15% enhancement in OPL performance is achieved due to the benzothiadiazole substitution, as compared to 3. At 1400 nm, similar results were obtained with a maximum output fluence of 12 vs 10 J.cm -2 for compound 3 and 6 respectively, at an input fluence of 86 J.cm -2 (Figure S6). This result was attributed to the increase of the 2PA cross section of compound 6 compared to benchmark chromophore 3.

Conclusions

Two new aza-BODIPY dyes presenting a benzothiadiazole substitution have been synthesized and characterized. This particular moiety induced a strong bathochromic shift in maximum absorption and emission. Through spectroscopic measurements and theoretical calculations, the role of the strong electron withdrawing substituent was rationalized. Indeed, we have shown that benzothiadiazole allows overcoming the ''accepting trap'' effect of the aza-BODIPY core, thus reinforcing the accepting character of the aza-BODIPY core. This allows a partial yet significant electronic communication between the upper and lower parts of the molecule which hasn't been observed earlier.

The benzothiadiazole substitution allowed for a significant increase in the CT character of the main transition of molecule 6. This resulted in a strong increase in 2PA in the 1.1 -1.6 µm region, which is reflected in the OPL performance: an approximate 20% enhancement in OPL performance (at 1400 and 1550 nm) is achieved due to the benzothiadiazole substitution, compared to 3. In compound 5, on the other hand, a weaker 2PA cross section is compensated by a strong ESA to give OPL behavior at 1200 nm.
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Benzothiadazole moieties act as powerful electron-withdrawing auxiliaries enforcing the accepting character of aza-BODIPY dyes and resulting in a significant red-shift of both absorption and emission and a remarkable enhancement of the nonlinear optical properties (two-photon absorption and optical limiting) as compared to traditional aryl substituents.
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Figure 2 .

 2 Figure 2. Molar absorptivity comparison of aza-BODIPYs 5 and 6 featuring BTZ substituents (straight line) with related dyes 2 and 3 featuring phenyl substituents (dotted lines) at the 1,7 positions. Spectra were recorded at room temperature in diluted DCM solution.

Figure 3 .

 3 Figure 3. Normalized absorption (top) and emission (bottom) of 5 in different solvents indicated in inset.

Figure 5 .

 5 Figure 5. Nonlinear transmittance of 5 (a,b) and 6(c,d) at 1300 (a,c) and 1550 nm(b, d). The open circles indicate the experimental points at a given incident pulse energy. The line represents the fit using eq.1 enabling to extract the 2PA and ESA cross-sections.

Figure 6 .

 6 Figure 6. Comparison between linear absorption (black line and corresponding black scale) and two-photon absorption (red dot and corresponding red scale) for compounds 5 (top) and 6 (bottom).

Figure 7 .

 7 Figure 7. Top: OPL experiment for compound 5 in THF, (red circles) and pure THF (black circles) at 1200 nm. Bottom: OPL experiments for compounds 3 (blue) and 6 (green) at 1550 nm in CCl4. All measurements were done in 50 mM solutions, performed in a f/5 set-up and 4 ns pulses.

Table 1 .

 1 Photophysical properties of aza-BODIPY dyes 2, 3, 5 and 6 in DCM or in toluene when precised.

		max	e	em	
	2	804	59000	872	0.015
	3	740	57000	826 a	0.04 a
	5	895	78000	975	1.7
	6	782	50500	890 a	0.016 a

a measurements in toluene.

Table 2 .

 2 Nonlinear absorption coefficients for compounds 5 and 6 in DCM: 2PA cross-section, 2PA, in GM; one-photon ESA cross-section, ESA, in 10 -20 m 2 .

	Wavelength	5		6	
	[nm]	2PA	ESA	2PA	ESA
	1150	75  20	7.1  1.9	2750  490	0.13 0.05
	1200	280  50	7.1  1.9	2380  350	3.1  0.8
	1250	130  25	4.2  1.0		
	1300	95  25	3.6  1.3	4520  500	0.22  0.12
	1350	80  15	0.5  0.1		
	1400	50  10	0.5  0.15	1300  150	0.08  0.05
	1550	50  10	0.85  0.2	970  110	0.55  0.15
	1700	80  20	-	-	-
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