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ABSTRACT

We describe the linear and nonlinear optical properties of substituted aza-boron-dipyrromethene (aza-
BODIPY) dyes with a focus on the impact of the spatial position and electronic nature of the
substituents. The experimental findings are rationalized through Time-Dependent Density Functional
Theory calculations, pointing out the crucial importance of intramolecular charge transfer to achieve
strong two-photon absorption in the near-infrared, with measured cross-sections up to 3300 GM at ca.
1200 nm and 1110 GM at telecommunication wavelengths (1500 nm). The evaluation of the optical
power limiting behavior of the series highlights that a [2+1] process, i.e. two-photon absorption
followed by excited state absorption, was necessary for high optical power limiting efficiencies. Tetra-
functionalized aza-BODIPY, featuring an optimized overlap between two-photon absorption and
excited state absorption in the 1200-1600 nm range stands as an ideal platform to obtain efficient

broad range optical limiter.




INTRODUCTION

An optical power limiter (OPL) is a device for protecting optical detectors or human eyes against
unexpected intense laser pulses which are becoming readily accessible for various fields, such as
telecommunication, defense, medicine, etc.'® Preferably, an effective limiter should remain
transparent at low incident fluence but instantaneously turn opaque once the fluence exceeds a
threshold value (F‘h). Beyond the threshold, the output fluence of the limiter should remain below the
damage threshold (Dth) of the optical detector (Figure 1). Importantly, the response time of the optical
limiter must be extremely fast, and self-activated processes triggered by the incident laser itself are
preferred. To fulfill these conditions, two different approaches based on reverse saturable absorption
(RSA) or on two-photon absorption initiated excited state absorption (2PA-ESA) are generally deem

effective.?

The development of optical limiters closely follows the innovations in laser technologies in various
spectral ranges." Before the 2000s, the research was primarily focused on the protection against the
Nd:YAG laser operating at 1064 nm and 532 nm for the second harmonic, as well as to the tunable

Ti:Sapphire source (700-900 nm). Various molecular compounds and materials have been proposed

and extensively studied including porphyrins or phtalocyanines,*® organic dyes,”® oligomers,®*°
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(polymers, dendrimers®® and metal containing complexes based on Ru(ll) or Pt(ll). As shown

in these reports, efficient OPL with significantly reduced linear transmission loss can be achieved by
an effective 3-photon [2+1] process: two-photon absorption initiates a subsequent, spectrally-
overlapped excited state absorption (2PA-ESA) from singlet or triplet excited states, this later being

populated by intersystem crossing (ISC, Figure 1).**%
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Figure 1. Operating diagram of an optical power limiter (top) and Perrin-Jablonski diagram with the

different photophysical processes involved in a molecular based OPL (bottom).

In recent decades, the laser technologies have extended the operating range to 1-2 um (short
wavelength infra-red, SWIR) which led to the development of numerous applications in
telecommunication (signal processing, amplification), in defense (LIDAR, active imaging, telemetry,
etc.) and, consequently, in optical power limiting. In particular, the telecommunication wavelength (1.5
um) has attracted most attention because it corresponds to the transparency window of silica fiber
and atmosphere and presents the additional advantage to be eyes-safe. These recent developments
in aforementioned applications motivated the engineering of new chromophores featuring improved
2PA properties at 1.5 um. Following to the initial report of extended cyanine dyes by Beverina et al. in

2005, a large panel of chromophores have been developed for applications at telecommunication
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wavelengths, e.g. polymethines, squaraines, extended or fused porphyrins,®*’ porphyrin



arrays,** dithiolene transition metal complexes®® and diradical polyaromatic dyes* with large 2PA
cross-section in the SWIR. In this context, our group reported in 2007 the first OPL example at 1.5 ym
using a concentrated solution of polymethine dyes* and we also emphasized the crucial role of a
sequential 2PA-ESA process to maximize the optical limiting behavior in the SWIR.* Other molecules
like porphyrin* or C-BODIPY dyes*® have shown OPL response at 1.5 pm, the later via a three-
photon absorption process. In 2009, we described functional aza-BODIPY dyes for this application®®
(e.g. dye 1°, Chart 1): despite of comparatively modest 2PA cross-section these chromophores have
excellent chemical and photo-stabilities, both being crucial properties for real-life OPL applications
where disruptive environment and high power lasers are involved. Furthermore, they are synthetically
accessible at a gram scale and are compatible with the preparation of 8 wt % doped bulk sol-gel
active materials with excellent optical quality after polishing.47 To the very best of our knowledge,

these materials still remain the only 1.5 pm OPL device described in the literature.

In this article we systematically explore this last class of chromophores in order to optimize the 2PA
and ESA properties for OPL applications. The synthesis of 8 original dyes functionalized by different
conjugated moieties, at selected positions is reported. Their linear and nonlinear photophysical

properties have been thoroughly explored and rationalized with the help of first-principle calculations

and finally the most promising chromophores have been tested in liquid OPL applications.

Chart 1. Functional aza-BODIPY dyes investigated herein (R = CgHi3). The letter indicate the substitution
position; b = bottom, t = top, | = lateral.



RESULTS AND DISCUSSION

Synthesis. The general strategy for the synthesis of the conjugated aza-BODIPY dyes 1-3 involved

first the preparation of halogenated dipyrromethene (Br, 1) followed by Sonogashira cross-coupling

with the desired alkyne and finally the borylation reaction (Scheme 1).
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Scheme 1. Synthesis of aza-BODIPY series 1-3 following a post-coupling strategy, and aza-BODIPYs 4 and 5
using the direct cyclisation procedure.

The preparation of dipyrromethenes functionalized with halogen on the bottom (3, 5 position,
compound 6), top (1, 7 position, compound 8) or lateral (2, 6 position, compounds 10-11) positions
were previously described.”**° These precursors were engaged in Sonogashira coupling in presence
of a slight excess of alkynes (dihexylaminophenylethynyl D" or dihexylamino(dihexylfluorenyl)ethynyl
D% and tetrakis(triphenylphosphine) palladium to afford the corresponding dipyrromethenes with
yields varying from 18% (9) to 82% (12a). Introduction of the BF, fragment was achieved using boron
trifluoride etherate and Hulnig’s base to provide mono and di-substituted aza-BODIPYs with moderate
to good yields ranging from 42% to 92%. The syntheses have been scaled-up to gram scale. The
preparation of the tetra-substituted aza-BODIPYs 4 and 5 was impossible using such post-
functionalization strategy since tetra-halogenated dipyrromethenes are insoluble starting materials.>
Consequently, another strategy was used (Scheme 1), involving the preparation of halogenated
chalcone (15a,b), nitration and cross-coupling with the desired alkyne leading to the formation of
18a,b. Note that the final cyclization in the presence of NH,OAc in refluxing THF/EtOH or BUuOH
mixture gave the desired compounds in low yield likely due to the strong steric hindrance of the
reactant and difficult chromatography purification. All final aza-BODIPY dyes have been fully
characterized by *H, **C[*H], °F NMR spectroscopy and high-resolution mass spectrometry (see the
S| for details). In all cases, the F NMR spectra show a quadruplet at & = =131 ppm due to the
coupling with B (nuclear spin 3/2). In addition, as previously observed, the *C['H] JMOD NMR
signals assigned to the two ortho-carbon atoms belonging to the phenyl in 3/5 positions appear as a

well resolved triplet due to the through-space coupling with the two fluorine atoms (Jc ca. 3-4 Hz,
52-53

Figure 2).
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Figure 2. 13C[lH] NMR spectrum of compound 1" and identification of the carbon-fluorine coupling (CDCls, 298 K,
500 MHz).



Absorption and emission spectroscopies. All these functionalized aza-BODIPYs show a very
intense blue coloration in both solution and solid state and exhibit strong absorption in the red and/or
NIR spectral range. Their room temperature one-photon absorption spectra in diluted
dichloromethane solution are presented in Figure 3 and relevant data are compiled in Table 1.
Compounds 6° and 2° featuring a bottom bromo or nitrofluorenylethynyl substitution exhibited the
most blue shifted absorption (Anax = 655 and 694 nm, respectively) with the narrowest band width
(wy, = 1280 and 1560 cm™, respectively). In contrast, all dyes functionalized by strong electron-
donating D* or D? moieties exhibit broader absorption bands (w;,, from 2850 to 4670 cm™, from 1' and
1, respectively), spanning from the red to the NIR region, with maxima comprised between 654 nm
(1Y) to 862 nm (1). The strong broadening of the absorption band observed for all dihexylamino-
containing chromophores compared to 2" and 6° strongly suggests the presence of multiple closely-
lying electronic states or a stronger intramolecular charge transfer (CT) character for these transitions.
Comparison between top (1), bottom (1b) and lateral (1') substituted aza-BODIPYs featuring identical
substituent D* indicates that the bathochromic effect increases in the order 1' < 1° < 1'. It is worth
noting that the top functionalization results in a marked blue shift compared to the bottom one (1' vs
1°, AN = 91 nm, 1870 cm™) whereas the lateral one induces a strong redshift (1b vs 1', AN = 117 nm,
1820 cm™). Finally the tetra-substituted dyes 4 and 5 present only a small redshift compared to 1° (AA
= 34 and 20 nm, i.e. 590 and 350 cm™, respectively). The emission properties of these compounds
have been measured in dichloromethane (Figure S1). Only aza-BODIPY 2° featuring nitrofluorenyl
substituents is strongly emissive (Aem = 741 nm, ¢ = 0.36, © = 2.7 ns).”*** In contrast, the D'
substituted dyes are weakly emissive in dichloromethane while the emission could be recorded in
apolar solvents, e.g. toluene and cyclohexane (Figure S2). The D2 substituted aza-BODIPY 3

presents a weak emission in dichloromethane (Figure S1).

In order to obtain more insights into the assignment of the absorption transitions, both solvatochromic
and gradual protonation experiments have been performed using 1° as the benchmark chromophore
(see experimental section for details). The solvatochromic study is performed in solvents ranging from
cyclohexane to dimethylformamide (Figures 4 and 5, Table S1). The plot of the absorption maxima,
shoulder and cut-off energies versus the Reichardt’s polarity scale® is shown in Figure S3 (the Acytosr
being defined as the intersection of the red-tail of the absorption band with the x-axis, see Figure 5).
Interestingly, while the energy of the absorption maxima is nearly insensitive to the solvent polarity
(slope = 149 cm"l), the cut-off energy (slope = -1833 cm"l) and the shoulder energy (slope = -1595
cm"l) present a significantly positive solvatochromism i.e. a bathochromic shift of the absorption with
increasing solvent polarity. Upon gradually increasing the amount of trifluoroacetic acid (TFA) in
diluted dichloromethane solution the absorption maximum (Ayax = 738 nm, € = 57,000 Miem™, wy, =
2800 cm™) undergoes a significant blue shift accompanied by a noticeable hyperchromic effect and a
decrease of the width at half maximum (Ao = 680 nm, € = 87,000 Micm™, w1 = 1400 cm'l) with the
presence of one isobestic point (Figure 5). Evidently, the protonation of the dihexylamino
auxochromes to form ammonium groups suppresses their electron-donating character and

56-57

consequently inhibits the charge transfer transition. The shape of the absorption of the protonated



form is very similar to the absorption spectrum of 2°

nitrofluorenylethynyl substituents.
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Figure 3. UV-vis-NIR absorption spectra in diluted dichloromethane solution (ca. 10° M) for aza-BODIPY dyes
(top figure) substituted at the bottom position 1° (blue), 2° (red), 3 (cyan) 6° (black); (bottom figure) featuring
different substitution 1° (blue), 1! (wine), 1¢ (purple), 1" (dark yellow), 4 (green) and 5 (orange).

Table 1. Measured linear and nonlinear optical properties of aza-BODIPY dyes.

Dye )\ma%l(nm_)l/aa w 12 )\szb o 01500 Aesa max
(M~=.cm™) (cm™) (nm) (GM) (GM) (nm)
6 658 / 90,000 1280° - <20 0? -
2° 694 / 100,000 1560° 990 590 0 1066
1° 745 /57,000 3200 1150 1970 400 1245
1 654 / 65,000 3630 1240 1340 180 1468
1 862 / 42,000 2850 1360° 910% 440° 1093
1¢ 715/ 24,000 4670 1240° 560° 80° 1117
3° 716 / 66,000 3450 1210 3000 1110 1310
3 824 /39,000 3400 1400° 970% 720% 1335
4 779 /70,000 3070 1190 3300 340 1365
5 765 / 58,000 5470 1220 2550 310 1245

2 1n CH,Cl,. ° In CCla.
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of TFA in diluted dichloromethane solution. The initial and final stages are represented in violet and red bold lines
respectively, the arrows indicate the evolution of the band during the protonation.

The result of stepwise protonation (Figure 5) confirmed the role of charge transfer transition in the
broadening and redshift of the lowest absorption transition of these aza-BODIPY compounds. Both
solvatochromic and protonation studies suggest that the absorption spectra are composed of two
main transitions featuring a different character: (i) on the one hand, the high energy shoulder presents
the main characteristics of charge transfer transition, whereas (ii) the most intense peak exhibits a
more complex behavior. Indeed, the dramatic variation upon protonation strongly suggests a charge
transfer character but the solvatochromic study did not confirm this hypothesis at this stage.We

therefore turn to theoretical simulation to help unraveling the exact nature of all states.
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Theoretical simulation. The assignment of the different absorption bands was achieved using Time-
Dependent Density Functional Theory (TD-DFT), see the Sl for details. During these calculations, the
solubilizing hexyl chains have been replaced by methyl fragments for the sake of computational time
as the side alkyl chains have trifling influence on the optical properties. The So—S, (n = 1-5) transition
energies were computed on the ground-state geometries (Sy) in the so-called vertical approximation,
SO as to obtain insights into the nature of the electronic states. The geometries of the S; states have
been determined using analytical TD-DFT gradients enabling the calculation of the emission transition
S;—8S,. In addition, we have determined of zero point vibrational energies (ZPVE) for all states,

enabling determining 0-0 energies that allow physically well-grounded comparisons with experiments.

The Sy—S, (n=1-3) transitions are represented by using electron density difference plots (EDD), in
which the total electronic density of the ground state is subtracted from the considered excited state,
as shown in the Figures 6, 7 and S4 and in Table S2. As expected and already observed for similar
compounds,58 the vertical approximation yields to larger transition energies than the experimental
values, whereas the Ay, wavelengths that could be compared to the absorption-emission crossing
point for fluorescent dyes, show better accuracy. As shown in Figure S5 for the emissive compound
2" the measured 0-0 value (719 nm) is very close to the computed one (733 nm). Interestingly for the
other dyes for which the 0-0 energy cannot be measured experimentally, the experimental A is
generally comprised between these computed vertical and 0-0 energies which makes us confident

that the computational protocol is suited for our purposes.

Compounds 2® and 6° both feature a sharp So—S; transition at 694 nm (Aneo = 631 nm) and 658 nm
(Atheo = 599 nm). Accordingly, the EDD plots show density changes localized on the aza-BODIPY core
with appreciable electron density alternating variation on the neighboring atoms and presenting a
cyanine-like character (Figure 6).>" This strongly allowed transitions (f = 0.92 and 1.19, respectively)
are consistent with the experimentally observed intense, well-resolved absorption band previously

discussed.

In contrast, compound 1° featuring strong electron-donating dialkylamino groups shows a broad red-
shifted transition at 745 nm with a large shoulder at 600 nm (Apeo, = 657 and 500 nm, respectively).
The Sy—S; transition of 1°" shows a main cyanine-like character as seen in the Sy—S; transition of
2% coupled with a moderate contribution of the electro-donating fragment as indicated by the
increased amount of transferred charge (qct) of 0.507e (compared to 0.427e for 2b') and a significant
increased CT distance of 2.79 A (compared to 1.35 A for 2"'). The Sy—S, transition (corresponding to
the experimental shoulder) of 1 can be assigned to a strong CT transition from the electron donating
dialkylamino donor to the electron-accepting aza-BODIPY core (Figure 6) with an insignificant
contribution of cyanine character. TD-DFT depicts that one electron (qcr = 1.10e) will be transferred
over more than 5.74 A (Table S2), these values are very large in the selected metric and indicate a
strong charge transfer.”® This behavior is similar for other aza-BODIPY dyes functionalized with donor
T-conjugated systems D! or D at the top or bottom positions (1b, 1, Sb). On the other hand, the
Sy—S, transition of 2° and 6°, with electron-withdrawing substituents, showed negligible charge

transfer from the bottom substituents. This is in agreement with the experimentally observed one-

11



photon absorption of 2" and 6°, and confirms that the intense and well-resolved low-energy band
lacks charge transfer character and is insensitive to solvent polarity. Compared to the bottom and/or
top substituted aza-BODIPY dyes, the laterally functionalized compounds (1%, 1", 3") show a strong
charge transfer characters in both S;—S; (qcr >0.5€) and Sy—S, (qcr >0.8e) transitions.®® The lateral
charge transfer extended the electronic delocalization and results in a red-shifted So—$S; transition,

consistent with the observed one-photon absorption (Figure 3).

Lastly, the tetra-substituted chromophores 4’ and 5 were as well investigated with the same
theoretical methods despite of their very large structure (Figure 7) in order to evaluate the presence of
additional CT contribution expanded over the entire 1r-conjugated skeleton. Both compounds showed
similar electronic distribution compared to the above-described 1°, 1' derivatives, for So—S; transition
with electrons localized on the aza-BODIPY core with a pronounced cyanine-like character , and for
higher-lying So—S,, (n = 2-5) transitions with noticeable CT characters from substituents at the top and
the bottom for 4’ and only at the bottom for 5°. Negligible extended transitions that simultaneously
alter the density in both the top and bottom regions around the aza-BODIPY core have been
observed. This fits the observed UV-visible absorption spectra that do not present additional
significantly redshifted transition. This result indicates that the very strong electron-withdrawing aza-
BODIPY core acts as an accepting trap preventing complete delocalization over the whole -
conjugated scaffold. This behavior confers to 4 and 5 different characters in term of symmetry: 5 is
similar to 1° (Figure 3 and Tables 1 and 2) and present a dipolar C,, symmetry whereas 4 can be
considered as a pseudo-quadrupolar structure D-n-A-n-D where D represents the donor groups at the

bottom and top parts and A the aza-BODIPY core.

In conclusion, this theoretical study highlights the quite homogeneous behavior of this family: a
So—S; transition with a mixed cyanine-CT character, while the CT contribution depends on the
position of the substituent (becoming negligible in the absence of amino groups), and a Sy—S,
transition with a pronounced CT character in the case of electron-donating substituents (D* and D?).

12



9

Compound 1"

Figure 6. Electron density difference plots for the first (S1), second (Sz) and third (S3) excited states of 6°, 1%, 3"
and 1". The red (blue) zones indicate increase (decrease) of electron density upon electronic transition. A contour
threshold of 0.008 au is used.
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Compound 5

Figure 7. Electron density difference plots for the first (Si1), second (Sy), third (S3), fourth (S4) and fifth (Ss)
excited states of 4 and 5. See caption of Figure 6 for details.
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Two-photon absorption properties. The 2PA spectra presented in , were measured by two-
photon excited fluorescence (fs-TPEF) in CCl, in the case of the emissive (and weakly emissive)
compounds (1”, 1%, 2°, 3, 4 and 5) and by non-degenerated 2PA (fs-ND-2PA) in dichloromethane in
the case of 1, 1¥ and 3. In all cases, the spectra were calibrated in intensity by fs-Z-scan, a technique
that does not require fluorescent standards. The values of the 2PA peak wavelength (App) and 2PA-
cross-section at maxima (o), and the 2PA-cross-section at the telecommunication wavelength (c1500)
are compiled in the Table 1. The 2PA spectrum of the benchmark compound 1° was recorded over a
broader spectral range (1000-1600 nm) than in our previous report (1250-1600 nm).** The new
spectrum (Figure 8) clearly shows that the lower energy 2PA band (Aypa = 1480 nm, c1480 = 430 GM)
is not the most intense and that the higher energy band is fivefold stronger (A;pa = 1150 nm, 61150 =
1970 GM). Interestingly, comparison between 2PA and 1PA spectra at half energy (Figure 8)
indicates that the intense lower energy 1PA transition (So—S;) overlaps with the weaker 2PA band
whereas the most intense 2PA band overlaps with the weaker 1PA shoulder (So—S,). A similar

spectral behavior has already been reported for both C-BODIPY dyes® ®%%

26, 64

and polymethine
derivatives, and can be rationalized based on the theoretical calculation results discussed earlier.
In addition, the 2PA behavior is nicely reproduced by TD-DFT with e.g., a one order of magnitude
increase between the 2PA cross sections computed for 1° when going from the first to the second
transition (Table S2). This confirms that the significant CT character in Sg-S, transition leads to
stronger 2PA relative to the cyanine-like S,-S; transition. Interestingly, calculations highlight for all
compounds the presence of a third additional 2PA band corresponding to a forbidden 1PA absorption

transition (f close to zero) and overlapping with the CT one (Table S2).

The substituents significantly impact on the intensity of the 2PA: replacing the electron-donating
dialkylaminophenylethyl fragment (1b) by an electron-withdrawing nitrofluorenylethynyl group (2b)
results in a substantial decrease of both the long-wavelength (c < 50 GM) but also the short-
wavelength 2PA bands (Aspa = 990 nm, o999 = 595 GM). This result clearly confirms that the low
energy cyanine-like transition dominant in 2° featuring a very large 1PA is almost inactive for 2PA. As
discussed in the theoretical study, compared to 2°, compound 1° exhibits the larger values of
transferred charge (qcr) and distance (dcr), which indicate a larger transition dipole moment and,
thus, stronger 2PA. In contrast, increasing the CT character of the dye with an extended electron-
donnating dialkylaminofluorenylethyl fragment (3b) results in a significant enhancement of the 2PA
with a maximal cross-section over 3000 GM (o500 = 1100 GM) (Tables 1 and S2). This clearly
demonstrates that the CT from a peripheral electron-donating group to the central electron-

withdrawing aza-BODIPY core plays a major role in the 2PA intensities.

The influence of the substitution position on the 2PA properties is also investigated with the D!
substituent, i.e., in the 1°, 1%, 1', 1, 4 and 5 series. The 2PA profiles of 1' and 5 are almost identical to
that of 1° with a strong band overlapping with the (Sy—S,) transition, which is characteristic of
pseudo-dipolar transition (C,, symmetry). For 1" and 4 featuring a quasi-quadrupolar structure,® only
one 2PA band is present, blueshifted compared to the 1PA transition. Finally for the dipolar dye 1¢

both (Sy—S,) and (Sy—S,) transitions contribute to the 2PA spectrum which nicely overlaps with the
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1PA one. These different behaviors are perfectly in agreement with the two-photon selection rules.®
We underline that the maximal 2PA wavelength is redshifted in the order 1" <1'<1 (Figure S6) a
change accompanied by a decrease of the 2PA cross-sections. As a consequence 1" exhibits a
relatively larger 2PA cross-section at 1500 nm, the wavelength of interest for optical limiting purposes
(o1500 = 440 GM). Enforcing the donnor strength using D? (3') futher increases o590 to 720 GM.
Eventually, the dye 4 featuring a tetra-functionalisation with D" substituent exhibits a broader and

more intense 2PA spectrum over the 1100-1550 nm range.

Ry (NM) Dy (M) e, (NM)
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
80000 - - : - 1200 80000 - - - :
2000 100000
"\\ 1b 2b 3b I 3000
60000 - o 1800 0000 60000 - !
= i o~ a0 _ o~ H _
g il 203 5 soo00 s 5 . F2e0 3
< 40000 i H = = + 40000 ! =
2 [ i P & . % .
£ i &£ 1 & E ! &
E H i 800 5 40000 400 o !
= 1 = [ = i L
2 20000 » | @ 2 20000 ! 1000
\_/-\ 400 20000
o T T T T T 0 o T T T T T o T T T T T
400 500 80O 700 800 900 1000 400 500 600 700 800 900 1000 400 500 80D 700 80D 900 1000
Ay (D) Pyep (M) L, (NM)
Aoy (NM) Doy, (NM) Ry, (NM)
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
80000 . - . . r 50000 . . v . . 1200 5000 . . . y . 1200
2000
400004 40000+
60000 1800
=_ . —_ . = | 800 .
£ = g 30000 = E 300004 =
S 1200 S a
< 40000 g - 9—1 = 94
o & o o a i
£ ¢ E 200004 ¢ E 20000 6
] 800 3 4 F400
“ 200004 © “
400 10000 4 100004
o T T T T T o o T T T T T T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 %00 1000 400 500 800 700 800 900 1000
Ry gy (NM) Py, (NM) hips (NM)
Ay (NM) T, (NM) ey, (NM)
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
80000 : . : 4000 50000 . . : : : 1200 80000 ; ; : . . 4000
40000
60000 3000 60000 3000
— — 800 el
= S ' 30000 s E =
S S S
= 40000 2000 l}‘, - (-D‘_ < 40000 f 2000 (D
=] i B -1 i £
2 & E 200004 H ¢ E H L
=y =) ) 400 )
“ 20000 1000 = “ 200004 3 1000
10000 . W
o T T T T T 0 o T T T T T o T T T T T 0
400 500 800 700 800  S00 1000 400 500 600 700 800 900 1000 400 500 8O0 70D  BOD 800 1000
},PA (nm) 7,‘“ (nm) },_F» {nm)

Figure 8. Linear (1PA, black) vs nonlinear (2PA, red) absorption spectra at twice wavelength.

Excited state absorption properties. As stated in the introduction, optical limiting behavior involving
ns-laser pulses is often rationalized as an effective three-photon absorption corresponding to 2PA
followed by ESA. The ESA properties of all aza-BODIPY dyes have been studied by a pump-probe
technique (see the Sl for details) over an extended spectral range including telecommunication
wavelengths (600-1600 nm). In dichloromethane, compound 2° presents the ground state bleach at
the excitation wavelength and a stimulated emission as well as a broad excited state absorption
between ca. 900 and 1300 nm, with a maximum at 1069 nm (Figure 9). The kinetic of the transient
absorption decay is mono-exponential with a lifetime tgsa 0f 2.8 ns. This lifetime is identical to the
fluorescence lifetime (tem = 2.7 ns),>* indicating that relaxation of S; excited state is dominated by
radiative decay. Chromophore 1° which has been studied in dichloromethane and toluene (Figures S7

and 9), presents a more intricate behavior. In toluene, ESA is similar to 2° with a very broad transient
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absorption between 1050 and 1500 nm (centered at 1266 nm) presenting a mono-exponential decay
kinetic of 0,6 ns (Figure 9), identical to that measured by fluorescence (0.7 ns). In dichloromethane,
the excited state absorption spectrum at very short delay (0.4 ps) is identical but rapidly disappears to
the benefit of a second band at 913 nm. The temporal evolution of the ESA spectra presents a double
kinetics with very short time constants of 0.4 and 2.8 ps at 1245 nm (Figure S6). These different
behaviors can be correlated to the fluorescence properties since 1° is emissive in toluene and almost
non emissive in dichloromethane. A reasonable explanation is the presence of an additional
guenching phenomenon in diluted solution occurring only in more polar solvents. Among various
quenching mechanism,?® photoinduced electron transfer (PET) between the donor amino and the
acceptor dipyrromethene is frequently postulated in amino functionalized aza-BODIPY dyes.®" %%
PET is known to occur in polar solvents and to be less probable in apolar ones. It results in a
straightforward fluorescence quenching and may explain the very short decay of the 1266 nm band in
ESA.

This solvent dependence of the ESA behavior is observed for all D' functionalized compounds (1", 1',
and 4). However, we note that the position of the ESA maximum depends on the position of the
substituents (Figure S8). The substitution by D' donor in lower position (1b, 5) results in an identical
ESA behavior, with a maximum around 1200-1300 nm of medium intensity. On the other hand,
substitution with lateral donors (1', 1d) induces a very intense ESA with a blue-shifted maximum at
1100 nm. Finally, upper substitution by D' (1', 4) red-shifts the ESA maximum around the targeted

wavelength at 1400-1500 nm, which presents strong interest for further optical limiting applications.

0,050 7 T T T T 10 0,050 T T T T T 1.0
/ “ 2b ) 2 ' 10
0,025 - A 105 4 0,025 4 e 405 4
K. ) \ < L2 \ <

Q 00004 T\ @ ye-—<f--------- 100 ¢ o 0,000 S - 400 o
o E o E
=z S 3 ]

-0,025 4 4-05Z -0,025 405 =2

150 ps 3.8 ps
-0,050 T T T T T -1,0 -0,050 T T T T T -1,0
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength( nm)
E 0,020 - 20 g 0,020 4 10
[«2] ©
8 00151 S 00151
< -
® 0,010 ® 0,010
2 2
2 0,005 ‘2 0,005
2 2 hh ‘
[
= 0,000-4 T T T T T T £ 0,000-4 . . ——
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500
Delay (ps) Delay (ps)

Figure 9. Excited state absorption (top) and decay (bottom) of 2" in dichloromethane (left) and 1° in toluene
(right). The delay between pump and probe are indicated in the spectra. In dashed line are overlaid the one
photon absorption spectra.

Optical Power Limiting. The OPL properties of some representative dyes (1b, 2°,3° 1'and 4) were
measured in highly concentrated dichloromethane solution (concentration ca. 0.1 mol.L™") over the
1300-1600 nm spectral range by focusing the pulses from an optical parametric oscillator laser source
(pulse duration 7 ns, 10 Hz). The variation of the transmittance versus incident laser fluence at a

given wavelength is depicted in Figure 10. As anticipated by its very low 2PA properties, compound 2°
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did not present any OPL behavior, the transmittance being roughly constant and equal to 1 for all
laser fluences (Figure S9). In marked contrast, the other dyes (1b, 3, 1'and 4) featuring electro-
donating substituents exhibit the characteristic response of an optical limiter, i.e. a excellent linear
transmission at low energy (transmission > 0.9) and the nonlinear attenuation turned on at a threshold
estimated between 0.4-0.6 J.cm™ depending on the molecule. At 1400 nm, the maximal attenuation
was measured to ca. 60% for the highest laser fluence allowed by our experiment set-up (2 J.cm™),
and the attenuation reached 80% for 4 at 1200 and 1300 nm (where the fluence attained 5 J.cm™).
These results clearly indicate that compound 4 presents the most valuable optical limiting properties
spread over a large NIR spectral range. As reported in Figure 11, at a moderate fluence of 1.6 J.cm™
the transmission ranges between 0.5-0.6 from 1200 to 1600 nm, whereas at a higher fluence of 5.2

J.cm™ a stronger attenuation of ca. 70-80% is observed between 1200-1400 nm.
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Figure 10. Optical limiting for dyes 1° (blue), 1' (green), 3° (orange) and 4 (red) in concentrated dichloromethane
solution at 1400 nm.
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Figure 11. Left: optical limiting for dyes 4 in dichloromethane at different wavelengths. The vertical dotted lines
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General discussion

As previously described in the case of 1°,%

the ns-optical limiting behavior of aza-BODIPYs can be
rationalized by considering an overall three-photon absorption phenomena, that is, a 2PA-induced
ESA. Consequently, the optical limiting behavior of the dyes must be rationalized by a careful analysis
of (i) the 2PA efficiency, (ii) the ESA efficiency, and (iii) the spectral overlap between 2PA and ESA at
the working wavelength. First, a significant 2PA is necessary to induce the phenomena as illustrated
by the marked difference between 1° and 2° exhibiting intense and no OPL behaviors, respectively.
While both compounds exhibit ESA at telecommunication wavelengths, only compound 1° shows

significant 2PA around 1500 nm.

However, 2PA alone is not sufficient to rationnalized the OPL behavior. Indeed, comparison of the
OPL measurements at 1400 nm shows that compounds 1, 1° and 3° exhibit almost identical behavior
(figure 10) despite of rather different o490 values of 271, 276, 915 GM respectively, whereas 4
featuring a 811 GM 2PA cross-section exhibits the more effective OPL behavior. In all cases,
simulation of the OPL responses on the basis of a pure 2PA contribution is definitively not adequate
(Figure S10) and the additionnal 2PA-induced ESA process must be taken into account. *?*% “°
Unfortunately we have not been able to propose a quantitative rationalisation of OPL response based
on a full 2PA-induced ESA simulation but usefull qualitative tendancies can be deduced from the
analysis of the experimental data in particular the spectral overlap between 2PA and ESA (Figure S11
and 12): 3° presents a three time higher 2PA cross section at 1400 nm compared to 1' and 1° but its
EPA-ESA overlap is really low at this wavelength . On the other hand 1' exhibits the strongest 2PA-
ESA overlap counterbalancing its relatively weaker 2PA cross-section. Finally, 4 presents the double
advantage of high 2PA cross-section (bottom substitution) combined with ESA efficiency (top
substitution), with a particularly good 2PA-ESA spectral overlap and therefore exhibits the best OPL
response for the series. Importantly, the OPL efficiency of 4, is almost constant between 1200 and
1400 nm with a stable nonlinear transmission at 1.6 J.cm™ between 0.4 and 0.5. Over this spectral
range the 2PA cross section drops significantly from 3245 to 811 GM but is compensated by a strong

increase of the ESA. response.
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CONCLUSIONS

We performed a comprehensive study of a series of functionalized aza-BODIPY dyes for 2PA and
OPL applications in the NIR. Different synthetic methodologies enabled us to functionalize the central
aza-BODIPY dyes at top, bottom or lateral positions, and also to develop an unprecedented
top/bottom double functionalization. The photophysical properties of this family of dyes have been
thoroughly investigated and structure-properties relationships have been drawn with the help of ab
initio calculations. The introduction of donor T-conjugated chromophore results in significant
modifications of the nature of the excited states: the lowest energy transition presents a mixed
cyanine/charge transfer character whereas the shoulder involves a second excited state that presents
a strongly dominant charge transfer nature. Consequently, the 2PA is stronger for the Sy—S,
transition (corresponding to the linear absorption shoulder) than for the Sy—S; transition
(corresponding to the lowest energy peak). The double functionalization (4) as well as the use of
extended fluorene containing chromophore (D2) appears to be the most efficient strategy to improve
the 2PA at the telecommunication wavelengths (o500 Up to 1110 GM). In addition, ESA studies
strongly suggested the presence of a PET phenomenon for dialkylamino donor substituted dyes only
in chlorinated solvent resulting in short lived excited state. The role of ESA remains however crucial in
order to qualitatively explain the OPL reponse. The overlap between 2PA and ESA in the
telecommunications spectral range is optimal for the tetra-functionalized dye 4, which consequently
exhibits the stronger optical limiting behavior. Since the synergy between 2PA and ESA occurs over
the whole studied spectral range (1200 and 1600 nm), compound 4 can be considered as a NIR
broad range optical limiter. From a more general point of view, this study generalized to the SWIR the
concept already established in the visible for optical limitation based on nonlinear absorption: 2PA is
mandatory but the efficiency of the OPL device is strongly correlated to the efficiency of the ESA
process and the spectral overlap between 2PA and ESA in the wavelength range of interest. Further
molecular engineering is currently conducted in our group to tune the position and efficiency of the
ESA process in the SWIR.
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