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For more than a decade, two-photon absorption (TPA) has attracted increasing attention in relation with various applications, such as 3-D microfabrication, 1 optical data storage, 2 photodynamic therapy, 3 and optical power limiting. 4 Two-photon-excited fluorescence (TPEF) has been found to be of particular interest for the biological community: two-photon laser scanning fluorescence microscopy offers the advantages of imaging deeper in living tissues (down to 500 μm), with reduced photodamage and background fluorescence and with 3-D spatial resolution. 5 In addition to biological imaging, TPEF can also be of interest for 3-D imaging in materials. These applications call for the design of new fluorophores whose TPA cross-sections are optimised in the spectral range of interest: 700-1200 nm corresponding to the combination of reduced scattering and minimal absorption in (bio)organic materials. Aside from efforts in molecular engineering of optimised chromophores with very large TPEF cross-sections, 6 semiconductor nanocrystals (quantum dots: QD) have shown to provide a particularly effective approach to fluorescent labels with extremely large TPEF cross-sections (up to 47 000 GM) for imaging in living tissues. 7 Here, we show that organic "nanodots" built from the grafting of a discrete and large number of optimised two-photon (TP) chromophores on the periphery of dendrimers can provide a complementary approach towards nanoscale fluorescent systems with very large TPEF cross-sections. Apart from the complementarity in terms of advantages and drawbacks of organic nanodots and quantum dots (which make both tools of interest depending on the criteria), this offers a modular route for (i) molecular control of photophysical properties, (ii) modulation of solubility in various environments (via addition of external solubilising groups) and (iii) further covalent functionalisation for additional functionality.

Recent work has shown that conjugated dendrimers based upon the assembly of TP chromophores in dendrimeric architectures 8 exhibit very large TPA cross-sections (up to 11 000 GM). Pioneering work by Prasad and Fréchet shows that covalent assembling of TP chromophores within a more flexible dendrimeric assembly leads to high TPA cross-sections (up to 2600 GM for 8 chromophores ‡). 9 Such dendritic systems can be derivatised by using an acceptor core leading to interesting systems based on Förster resonance energy transfer for two-photon induced photoluminescence 10 or even singlet oxygen formation. 11 Aiming at a different purpose (i.e. achieving giant TPA crosssections in combination with high fluorescence quantum yields), we have designed dendritic systems bearing up to 96 strongly TPAactive fluorophores [START_REF] Mongin | Proc. SPIE-Int. Soc. Opt. Eng[END_REF] (Fig. 1). These systems were built by grafting of an exponentially increasing number of TP-active chromophore 1 on the periphery of phosphorus dendrimers of generation 1 to 4 decorated with terminal P(S)Cl 2 groups. 13 Chromophore 1 was prepared in a three-step sequence starting from commercially available aniline 2a, involving iodination, Mitsunobu reaction with hydroquinone and Sonogashira coupling with alkyne 4 (Scheme 1). Nucleophilic substitutions involving P(S)Cl 2 end groups 14 and 1 take place easily leading to dendrimers G1, G2, G3 and G4 bearing respectively 12, 24, 48 and 96 chromophores (Scheme 2). Dendrimers G1-G4 show strong one-photon absorption in the near UV with a nearly linear increase of the extinction coefficient with the number of chromophores (Table 1). This is a good indication of efficient functionalisation of the dendrimers. Interestingly all chromophores maintain a reasonably high fluorescence quantum yield (Table 1). A broadening of the emission band is observed, as well as a clear loss of fine structure (in addition to change of relative vibronic intensities), with increasing the generation (Fig. 2), most probably in relation with inhomogeneous broadening and change in reorganization energy. Also a decrease in fluorescence quantum yield is observed with increasing the generation. The reason for this decrease is as yet unclear, but might be related to interchromophoric interactions §. Even tough, G4 maintains a fluorescence quantum yield of about 50%, which shows that the implemented strategy is fruitful.

TPA measurements were conducted by investigating the TPEF of dendrimers G1-G4 in toluene ¶. TPEF measurements allows for direct measurement of the TPEF action cross-section σ 2 Φ, the relevant figure of merit for imaging applications. In addition this method has been recognized as more reliable than nonlinear transmission measurements. 15 The quadratic dependence of the TPEF signal on the excitation intensity was checked for each data point, indicating that no photodegradation or saturation occurs. The TPA spectrum of monomeric chromophore 1 was also determined for comparison. As clearly seen from Fig. 3, a major increase in TPA cross-sections is observed in the whole spectral range of interest with increasing the generation. Indeed a quasi-linear increase with the number of chromophores is obtained leading to very large σ 2 values for the dendrimer nanodots. This linear increase with the number of chromophores suggests that the strategy could be extended to even higher generations (Fig. 3). The maximum value (55 900 GM at 705 nm) obtained for G4 is comparable to the σ 2 value measured by Webb and co-workers 7 for the best reported luminescent markers, semiconductor quantum dots. Organic "nanodot" G4 is about the same size (its diameter can be estimated to be about 8 nm 16 ) as these QDs (6 nm diameter without the encapsulating polymers). In addition, though quantum dots have several advantages (such as robustness and photostability), the quantum dots made from cadmium selenide and zinc sulfide suffer from toxicity drawbacks which might be a problem for specific imaging applications -in marked contrast with the very low toxicity detected for phosphorus dendrimers. 17 Also organic "nanodots" are more flexible in terms of covalent functionalisation and size control.

In conclusion, the present results demonstrate that organic "nanodots" represent a promising approach towards fluorescent markers with giant TPA cross-sections and provide luminescent systems complementary to semiconductor QD. In addition the modular route allows access towards a variety of organic nanodots with different fluorophores, allowing tuning of the photoluminescence properties.

Table 1 Photophysical data for model fluorophore 1 and dendrimers G1-G4 in toluene. In this communication, intended as a proof of principle, we have illustrated the strategy with quadrupolar type chromophores that are blue-emitters. Such route could also be applied to the grafting of quadrupoles that are green-emitters or even yellow emitters and show broader (and even higher) TPA. 6b Further functionalisation may also be achieved. In particular adding supplementary layers and decorating the periphery with ammonium groups could yield hydrosoluble dendrimers. 18 We gratefully acknowledge financial support from Rennes Métropole ("Allocation d'Installation Scientifique" awarded to MBD and MHVW). JPM thanks the Ministère de la Recherche (France) for the post-doctoral grant to TRK. We wish to thank Cédric Rouxel for his contribution to synthesis, and Adrien Gilot and Manuel Parent for their help in setting up the TPEF experiment. F-31077 Toulouse Cedex 4, France. Fax: (+33) 5-61-55-30-03; E-mail: majoral@lcc-toulouse.fr Notes and references ‡ TPA data derived from femtosecond measurements. § Identification of the nature of the interaction (changes in the local field experienced by the chromophores, excitonic coupling, energy transfer...) will be the subject of future studies, but lies outside the scope of this communication.
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¶ TPA measurements were conducted by investigating their TPEF in toluene using a Ti-sapphire laser delivering 150 fs excitation pulses, according to the experimental protocol established by Xu and Webb. 19 This experimental protocol allows avoiding contributions from excitedstate absorption that are known to result in largely overestimated TPA cross-sections. Fluorescein in 0.01M NaOH was used as a reference, taking into account the necessary corrections for the refractive index of the solvents. 20

Fig. 3 TPA spectra of dendrimers G1-G4 and model chromophore 1 determined by femtosecond TPEF measurements in toluene.

Fig. 1

 1 Fig. 1 Schematic representation of dendrimeric two-photon absorbing fluorescent organic "nanodots"

  Fluorescence quantum yield in toluene determined relative to fluorescein in 0.1 N NaOH. b Experimental fluorescence lifetime measured by timecorrelated single photon counting. c 1 GM = 10 -50 cm 4 .s.photon -1 .

Fig. 2

 2 Fig. 2 Normalized absorption and emission spectra in toluene of dendrimers G1-G4 and model chromophore 1.

  3 , CH 2 Cl 2 (86%); ii, hydroquinone (3 equiv.), DEAD, PPh 3 , THF, rt, 16 h (51%); iii, 3, Pd(PPh 3 ) 2 Cl 2 , CuI, toluene/Et 3 N, 40 °C,16 h (57%). Synthesis of the 4 th generation dendrimer bearing 96 fluorophore end groups
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