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Abstract

The rapid development of frequency-tunable pulsed lasers up to telecommunication wavelengths (1400-1600
nm) led to the design of new materials for nonlinear absorption in this spectral range. In this context, two
families of near infra-red (NIR) chromophores, namely heptamethine cyanine and aza-borondipyrromethene
(aza-bodipy) dyes were studied. In both cases, they show significant two-photon absorption (TPA) cross-sections
in the 1400-1600 nm spectral range and display good optical power limiting (OPL) properties. OPL curves were
interpreted on the basis of TPA followed by excited state absorption (ESA) phenomena. Finally these systems
have several relevant properties like nonlinear absorption properties, gram scale synthesis and high solubility. In
addition, they could be functionalized on several sites which open the way to numerous practical applications in
biology, solid-state optical limiting and signal processing.
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1. Introduction

Systems displaying two-photon absorption (TPA) properties have been widely studied in the visible (400-1000
nm), for various applications in the field of material science (3D microfabrication, optical storage, optical power
limiting) or in biology (imaging, photodynamic therapy). With the development of frequency-tuneable pulsed
laser in the near infrared (NIR) up to telecommunication wavelengths (1400-1600 nm), there is an increasing
need for devices presenting TPA properties in this spectral range. In this context, the challenge is to transpose
the TPA model widely studied in the visible to the NIR. Therefore, in recent years, many chromophores have
been designed for the optimization of TPA properties in the NIR: dipolar and quadrupolar polyenic
chromophores have been reported by Marder’s group!'? as well as polymethines cyanine® and squarines™! dyes.
In this context, porphyrin monomer complexes® and porphyrin macromolecules!®” have been described with
giant TPA cross-sections. However the multi-photonic absorption based optical power limiting (OPL) properties
at telecommunication wavelengths were reported in very few cases with inorganic molecules like CdSe!™ or
CdTe" and octupolar polyenic chromophores.'™'"! In our group we recently described the two-photon
absorption based OPL properties of heptamethine cyanine!'*! and functionalized aza-borondipyrromethene (aza-
bodipy)!"’!. In the same time, the OPL properties of borondipyrromethene (bodipy) were studied by Prasad and
co-workers.'"" In this article, we want to report the substitution of the cyanine dyes by 2,2-
bis(methylol)propionic acid based dendrons towards preparation of functional materials for OPL.!"™> In a second
time, the synthesis aza-borondipyrromethene (aza-bodipy) family has extensively studied. Finally, TPA
properties in the NIR spectral range (1300-1600 nm) were determined using Z-scan technique in the
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femtosecond (fs) regime. Applications of these chromophores in OPL in the nanosecond (ns) regime will be
shown.

2. Dendron decorated cyanine dyes

Cyanines dyes are ionic chromophores, in which a charge is delocalized over an odd number of carbon atoms,
resulting in an intense NIR absorption. These molecules present (i) an easy two-step synthesis in a gram scale,
(i) a strong TPA and ESA properties at telecommunication wavelengths (1300-1600 nm) and (iii) a good
thermal stability.

In addition to these properties, OPL experiments require high solubility in organic solvents without any
aggregation phenomenon and quenching of the excited state. In order to avoid this problem, the cyanine dyes
have been decorated with dendrons. Then the symmetrical cyanine Cy-1 has been substituted on the meso-
position by a hydroxylbenzyl alcool which was further esterified with anhydride A. Finally, dendrons were
attached to the chromophore using “click chemistry” reaction (Scheme 1).
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Scheme 1: synthesis of dendron decorated cyanine dyes
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All compounds present the typical linear absorption behavior of cyanine dyes (Table 1): an intense NIR
absorption (Ame(Cy-4) = 778 nm and & = 210000 L.mol".cm™ in DCM) and a shoulder at higher energy. They
also show the characteristic emission properties of cyanine with NIR maxima emission (A,(Cy-4) = 803 nm in
DCM). Thus the dendron decorated dye Cy-4 presents similar absorption and emission properties than those of
the reference cyanine Cy-5.

7‘-max €max 7\'em Tha Tminb
compound . X 5
(nm) (L.mol".cm™) (nm) (J.cm™) (%)
Cy-1 794 350000 817 04+0.2 70+ 5
Cy-4 778 210000 803 04+0.2 70+ 5
Cy-5 778 190000 802 04+0.2 70+5

* Th is the optical limiting threshold : this value is graphically determined as the intersection between the linear
and the nonlinear part of optical limiting curve.

b Tmin 18 the transmission reached for the maximal intensity of the laser (2.5 J .cm’z).

Table 1: spectroscopic data of cyanine family

Finally, nonlinear transmission experiments were also carried out (Figure 1) with 1420 nm as incident
wavelength using a ns-optical parametic oscillator pumped by a frequency tripled Nd:YAG laser source.The
dendronnized chromophore Cy-4, its precursor Cy-1 and the reference Cy-5 show the characteristic behavior of
optical limiters at telecommunication wavelengths with very similar characteristics (optical limiting threshold
Th = 0.4 J.em™, minimal transmission T, = 70 % at 1420 nm).“z’15 ]

Transmission

0.6

0.1 1
Incident fluence / J cm*

Figure 1: nonlinear transmittance curves at 1420 nm in DCM for Cy-1 (A),Cy-4 () and Cy-5 (reference) Jj}) (¢ = 0.1
mol.L")

As the linear and nonlinear optical properties between the final compound Cy-4 with dendrons and its reference
Cy-5 without dendrons are nearly identical, we can conclude that the presence of dendrons has no effect on the
spectroscopic properties. The dendron synthesis approach seems also to be a good way to investigate the solid
state properties of these chromophores.
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3. Functionalized aza-bodipy

Bodipy are widely studied for their fluorescent properties but rarely for their NLO properties. Our study is
focused on the NIR absorbing aza-bodipy (aza-borondipyrromethene). These chromophores have an extended
aromatic conjugated skeleton, improved by a rigidification with a Lewis acid group like BF, and the presence of
the meso nitrogen atom contributed to shift the absorption spectra in the NIR.""® In order to increase the NLO
properties and to further shift the absorption into the NIR, electron donating moieties have been introduced on
the periphery of the dye. Therefore, the aza-bodipy dyes are a versatile class of chromophore since
functionalization should be performed at the R, Ry, R; and Ry positions (Figure 2).
X =H, halogen

Ry = r-conjugated systems functionnalized
by identicals or differents donors or acceptors

example of r-conjugated systems

HexoN =
HexO \

n

05N T

]

= aromatic group

Figure 2: aza-bodipy dyes

To that end, three different synthetic routes have been explored. For all of them, the synthesis began with the
formation of chalcone derivatives by condensation between bromoacetophenone and benzaldehyde in basic
medium. Then the nitration of the chalcone was carried out by nitromethane and diethylamine in methanol at
reflux overnight. The key-step of functionalization, ie Sonogashira cross-coupling reaction differentiates the
three ways (Sheme?2):

route 1: functionalization on the aza-bodipy level.
route 2: functionalization on the dipyrromethene level.
route 3: functionalization and cyclisation on the nitro-chalcone level.

The cyclisation in dipyrromethene was generally performed with sublimated ammonium acetate in anhydrous
butanol during two days, followed by classical complexation with boron trifluoride etherate in DCM in the

presence of Hiinig’s base. Unfortunately, it was impossible to functionalize the B' precursor (route 1). The
second route gave correct yields but was restricted to one side of functionalization (up or down).
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Scheme 2: three different routes for aza-bodipy dyes

Finally the third route was a general method of functionalization for all positions, donors and acceptors but
presented low yields and purification difficulties.

OHex Hex,N

Figure 3: donors substituted aza-bodipy dyes B* and B

Nevertheless the synthesis of compounds B? and B (Figure 3) have been achieved by the second route and their
linear and nonlinear properties were studied in dichloromethane. These molecules show a very intense NIR
linear absorption (kmaX(Bs) = 745 nm and ¢ = 57000 L.mol".cm™ in DCM) with transitions whose red shift
increases with the strength of the donor group (AL = 37 and 87 nm between B'-B* and B'-B? respectively). Z-
scan measurements were performed in the 1200-1600 nm spectral range using a fs-optical parametic amplifier
pumped by a Ti/sapphire source. At such short pulse durations (130 fs), only the TPA phenomenon takes place.
At these telecommunication wavelengths, the compound B' does not present any TPA response, as opposed to
the donor substituted compounds B? and B* (Table 2 and Figure 4). While molecule B' shows a small nonlinear
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optical activity, chromophore B* presents very broad TPA properties between 1200 and 1450 nm (c1ps = 1070
GM at 1220 nm).

}Vmax € 7\fcm }VTPA max OTPA max a3a
compound X X 3 )
(nm) | (L.mol".cm™) | (nm) | (nm) (GM) (cm"GW™)
B! 658 83000 686 - <20 -
B’ 695 80000 735 | 1440 80+ 10 -
B’ 745 57000 790 1220 1070 =100 | 620 (1350)

*Deduced from ns-nonlinear transmittance experiments for a concentration of 106 g.L™'.

Table 2: spectroscopic data of aza-bodipy dyes B'-B*

©(Lmok! cml)
¥ B %
or (GM)

Figure 4: linear absorption and TPA (fs Z-scan) spectra of aza-bodipy dyes in DCM

Furthermore, thanks to the high solubility of compound B® (0.1 mol.L" in DCM), nonlinear transmission
experiments were also carried out with 1500 nm as incident wavelength using a ns-optical parametric oscillator
pumped by a frequency tripled Nd:YAG laser source. This molecule B* has also a typical behavior of optical
limiter at telecommunication wavelength (optical limiting threshold TA = 0.7 J.cm™, minimal transmission
Tiin =060 % at 1350 nm). Due to the longer pulse duration (7 ns), the simulation of the experimental curves
based only on a TPA process failed. However when a third order effect, such as an excited state absorption
(ESA), was added, the simulation carried out successfully. Consequently, the nonlinear optical phenomenon has
been interpreted on the basis of the absorption of 2+1 photons: the TPA process is followed by ESA
phenomenon (Figure 5).

s
Sn
08
S S
= 2 2
5 oe S 5 — oy
£ 1 1
=
04 3=1500 nm
S S
0.2 ™5 Experimental data (ns regime) 0 0
Simulation incl. TPA and ESA - of®=330 em® Gw2 i . ns regime:
—— TPA contribution in the TPA+ESA simulation - 2®=1.8 cm G’ fs regime: €
i 10 o o pure TPA TPA followed by
2 ESA

Fluence (J crm2)

Figure 5: nonlinear transmittance at 1500 nm and interpretation
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