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The two-photon absorption (TPA) cross sections of octupolar branched compounds and corresponding dipolar branches are measured by varying the nature of the end-groups (donor versus acceptors) and the length of the branches. A correlation is found between the fluorescence solvatochromic behavior and the TPA cross section, ascribed to the intramolecular charge-transfer character of the transitions.

Introduction

Molecular two-photon absorption (TPA) has attracted a lot of interest over recent years both from theoretical and practical points of view. Various applications include spectroscopy, [1] three-dimensional optical data storage, [2] microfabrication, [3] laser upconversion, [4] high-resolution 3-dimensional imaging of biological systems, [5] and photodynamic therapy. [6] Using a two-photon excitation process (i.e. a nonlinear process involving the simultaneous absorption of two photons) instead of a conventional one-photon excitation offers a number of advantages. These include the ability for a highly confined excitation (and intrinsic three-dimensional resolution) and increased penetration depth by replacing typical one-photon excitation in the UV-visible blue region by two-photonexcitation in the visible red-near IR region, owing in particular to the reduction of scattering losses. Most of these applications require the design of compounds displaying high TPA cross-sections in order to significantly decrease the excitation intensity and provide improved excitation selectivity. This goal has stimulated the study of a variety of chromophores ranging from dipolar [7] to quadrupolar, [START_REF] Verbouwe | [END_REF][9][10] octupolar, [START_REF] Verbouwe | [END_REF][10][11][12][13][14][15][16][17][18][19] multipolar and branched structures including dendrimers. [15,18,20] A number of factors influence the TPA magnitude, among which electronic delocalization and intramolecular charge transfer (ICT) phenomena play an important role. [14] This is a critical issue in the case of branched systems where interbranch coupling plays a major role. Several structural parameters are expected to influence this coupling such as the nature of the branches, of the core, node and peripheral moieties. Given the huge synthetic effort needed to build such structures, detailed understanding of the effect of branching of molecular entities on the linear and nonlinear optical properties is of major interest. Among the many questions that are currently debated, coherent coupling between the arms (building blocks) is of particular interest. This has prompted several recent theoretical and experimental studies using different techniques. [18,19,21] Depending on the nature of this coupling, the ground or the excited state may be either localized or delocalized and specific optical properties -including TPA -may be either enhanced or suppressed. [18] In recent work, we have shown that branched systems based on the assembly of dipolar chromophores via a common triphenylamine core give rise to a sizeable electronic coupling between branches. [10] The interaction between branched chromophores is responsible for splitting between degenerate excited states, so that the amount of coupling can be extracted within the Frenkel exciton scheme. A concerted multidimensional ICT takes place from the central electrondonating moiety to the electron-withdrawing periphery upon excitation and the inter-branch electronic coupling gives rise to major TPA enhancement. A breakage of the coherent coupling between the arms is observed after excitation which then localizes on one of the branches, prior to emission, leading to highly dipolar emitting excited states. [10,[START_REF] Katan | Proc. SPIE-Int. Soc. Opt. Eng[END_REF], [17] The aim of this paper is to investigate how the photophysical and TPA properties can be modified by playing on the nature of the coupling core moiety. In that perspective we have studied a series of branched systems where dipolar units are connected via a common triphenylbenzene core (Figure 1). Such three-branched systems, bearing either strong electron-donating or electron-withdrawing groups were previously shown to allow either periphery-to-core or core-to-periphery multidimensional charge transfer leading to large first hyperpolarizabilities (i.e. second-order optical response). [16] Earlier structure-property studies carried out on different series of octupolar molecules showed that such ICT phenomena can lead to large TPA cross-sections. [12,13,[START_REF] Yang | [END_REF] These features prompt us to investigate the TPA properties of a series of octupolar derivatives built from a triphenylbenzene core in correlation with the ICT process. The ability of the triphenylbenzene core to promote electronic coupling between branches and possibly lead to enhanced TPA is investigated by comparing the versus TPB[(PV) 1 NHex 2 )] 3 ) on TPA responses is investigated. Moreover, the solvatochromic behavior of these systems is addressed in order to characterize the nature of the emitting excited state and assess the ICT.

Results and Discussion

Molecular geometry

Octupolar three-branched molecules derived from the TPB core adopt a propellershape conformation (Figure 2) where the three phenyl substituents on the central phenyl unit are twisted by about 45°. Interestingly, the ground-state optimized geometry of BP(PV) 1 NHex 2 can be superposed to that of one branch of TPB[(PV) 1 NHex 2 ] 3 showing identical geometrical parameters except for a small dissymmetry at the terminal phenyl ring of BP (Figure 3A). This suggests that the three branches behave as nearly independent subchromophores. The nitrogen atom is slightly out of plane and the twist angle between the two phenyl rings of BP is about 45° while that between the two phenyl rings on each side of the double bond is closer to 40°. BP(PV) 1 SO 2 CF 3 shows similar geometrical parameters with respectively slightly reduced and increased twist angles, and the terminal CF 3 almost perpendicular to the molecular backbone (Figure 3B). The bond-length alternation (BLA) parameter, defined as the difference between single and double bonds in the vinyl bridge, is 0.15 Å for all chromophores in the ground state. This parameter reflects the low degree of charge transfer in the ground state. This is confirmed by the large value of the 1 H-1 H coupling constant (≈ 16.5 Hz) in the vinylic bond of compounds BP(PV) 1 NHex 2 and BP(PV) 1 SO 2 CF 3 in solution, indicative of a full double bond character.

Excited-state geometry optimization of BP(PV) 1 NHex 2 leads to an almost planar molecule: carbons bonded to nitrogen and nitrogen itself are in the same plane, as well as adjacent phenyl and phenylene-vinylene moieties. BP shows a reduced twist angle of about 25° (Figure 3A). A similar planarization of the excited state is observed for BP(PV) 1 SO 2 CF 3 (Figure 3B). This change of geometry is associated to a vanishing BLA, which indicates that the electronic delocalization significantly increases in the emitting excited state.

Spectroscopic investigations

Photophysical properties. The absorption and fluorescence properties of dipolar and octupolar derivatives are collected in Table 1. All compounds show an intense absorption band in the near-UV region and emission in the visible region. A net bathochromic and hyperchromic shift of the absorption band is observed both for dipolar and octupolar chromophores bearing electron-donating end-groups as compared to their counterparts bearing electron-withdrawing end-groups (Figure 4). The donor derivatives also show significantly red-shifted emission and much larger fluorescence quantum yields (Table 1). At opposite, the acceptor derivatives display larger Stokes-shifts, indicative of a more pronounced nuclear reorganization after absorption prior to emission.

As shown in Figure 5, the absorption spectra of the octupolar derivatives are slightly red-shifted as compared to those of their dipolar analogues. The slight red-shift (about 0.04-0.05 eV in toluene) indicates that only weak coupling between the branches occurs in triphenylbenzene derivatives. This suggests that the branches behave as nearly independent subchromophores in the ground state, as suggested by the calculated ground state geometries.

Such conclusion was also derived from recent Hyper-Raman studies conducted on other octupolar derivatives built from a TPB core. [24] The quasi-proportionality of the molar extinction coefficient with respect to the number of branches further corroborates this analysis (Table 1). It should be stressed however that the coupling (as measured by the red-shift of the absorption band) increases with increasing solvent polarity (Figure 5). This indicates that the coupling between the dipolar branches slightly increases in polar environments, as due to increased polarity and polarization of the dipolar branches in response to the solvation interaction.

In low-polarity solvents (where the coupling between branches is vanishing), we observe that branching causes a noticeable enhancement of the fluorescent quantum yield, in correlation with a definite increase of the radiative decay rate (Table 1). Indeed the radiative lifetime of the three-branched octupoles are significantly shorter than that of the corresponding dipolar branches. Such behavior contrasts with what was observed for octupolar derivatives with similar branches based on the triphenylamine core. [10] This behavior suggests that a certain degree of delocalization is occurring in the relaxed excited state of the three-branched systems having a TPB core, leading to larger transition dipole moments and thus shorter radiative lifetimes than analogous dipolar derivatives with a BP moiety. [25] Indeed calculations conducted on the dipolar analogue bearing a TPB terminal moiety instead of a BP moiety (TPB[(PV) 1 NHex 2 ] 3 ) predict larger transition dipole moment (Table 2). This suggests that the TPB core is involved in the delocalization process in the case of three-branched derivatives, explaining the difference in radiative lifetimes.

In the case of three-branched derivatives bearing donor end-groups, the radiative decay rate can be further enhanced by increasing the length of the branches (Table 1). This increase cannot be accounted for only on the basis of the increase in molar absorption coefficient (i.e. oscillator strength), [25] and indicates that the transition dipole of the emitting state is significantly enhanced as compared to that of the ground state. This suggests that the planarization process and reduction of BLA in the conjugated branch is also operative for the elongated three-branched system and extends over the full length of the conjugated branch, leading to an increase of the transition dipole in the emitting state. Indeed, such an increase of transition dipole moments is also predicted by calculations for the dipolar derivatives (see Table 2).

Interestingly, in the case of donor derivatives, a decrease of the non-radiative decay rate is also observed for three-branched derivatives. The combination of these effects leads to a significant increase in the fluorescence quantum yield, the longest three-branched molecule having by far the largest fluorescence quantum yield in the series. The lengthening of the branches also produces a significant bathochromic shift of both the absorption and emission bands (Table 1).

Solvatochromism. Both three-branched octupolar and dipolar chromophores show a definite positive solvatochromic behavior. As illustrated in Figure 6, increasing solvent polarity induces a slight red-shift of the absorption band and a marked bathochromic shift of the emission band. In the case of dipolar systems, such behavior is typical of an ICT transition with an increase of dipole moment upon excitation. Indeed, transition orbitals calculations (Figure 3) confirm that a definite charge transfer from the biphenyl terminal group to the acceptor end-group occurs in BP(PV) 1 SO 2 CF 3 upon excitation, whereas a charge transfer from the donor end-group to the biphenyl terminal group occurs in BP(PV) 1 NHex 2 . This is correlated with the reduced BLA obtained in the excited state as compared to the ground state.

In the emitting excited state, the conjugated system becomes almost planar and the BLA vanishes. Such phenomenon has already been observed in other conjugated systems such as conjugated polymers. [26] As a consequence of this charge transfer phenomena, both molecules have a higher dipole moment in the excited state (Table 2). As shown in Figure 7, the solvatochromic behavior of both dipolar chromophores can be fitted with a Lippert-Mataga relationship: [27] const hca f eff em abs
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where abs ν ~ ( em ν ~) is the wavenumber of the absorption (fluorescence) maximum, h is the Planck constant, c is the light velocity, a is the radius of the solute spherical cavity, and ∆f = (ε -1)/(2ε + 1) -(n 2 -1)/(2n 2 + 1), where ε is the dielectric constant and n is the refractive index of the solvent. In the simple case where the Franck-Condon and relaxed excited state dipoles are identical (as well as relaxed and Franck-Condon ground state dipoles),
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where the (f) superscript indicates the equilibrium excited-state geometry (relevant to fluorescence). In the present study, calculations show that µ E and µ G are pretty sensitive to geometrical changes occurring between absorption and emission processes (Table 2), so that the exact expression in ( 3) is for sure safer to be used.

We observe that the solvatochromic behavior of octupolar chromophores can also be fitted with a Lippert-Mataga relationship (Figure 7). This is a strong evidence that the emission process occurs from a dipolar excited state. The slope values are smaller for threebranched octupoles as compared to their dipolar counterparts (Figure 7 and Table 1). The dipolar nature of the emitting excited state clearly indicates that excitation localizes, prior to emission, on one of the dipolar branches, as already observed for triphenylamine-based multibranched structures. [10,[START_REF] Katan | Proc. SPIE-Int. Soc. Opt. Eng[END_REF] Nevertheless, the smaller value of the Lippert-Mataga slope with respect to dipolar analogues suggests that this phenomenon of localization is not complete, as also previously guessed from lifetime values. suggest that both dipolar and octupolar derivatives bearing donor end-groups may lead to larger TPA cross-section. [13] The longest three-branched derivative with donor end-groups show an even more pronounced solvatochromism (Figure 7) although the cavity radius is significantly increased.

Indeed this suggests that the ICT is still operative along the total length of the branch in TPB[(PV) 2 NHex 2 ] 3 , leading to a very large relaxed excited-state dipole. The enhancement of eff µ ∆ , in addition to the hyperchromic and bathochromic shift induced by the increase of the length of the branch, is expected to lead to significant enhancement of TPA.

Two-photon absorption. Wavelength-dependent TPA cross sections are shown in Figures 8 and9 (normalized per branch) and main characteristics are summarized in Table 3. Figure 8 clearly shows that the TPA response is nearly additive with respect to the number of branches:

indeed TPA cross sections normalized per branch are very similar for octupoles and corresponding dipoles. This is a further confirmation of the almost independency of each branch in octupolar compounds based on the triphenylbenzene central core, corresponding to weak (almost vanishing) electronic coupling. This result is markedly different from that obtained for structures based on a triphenylamine central core, where a strong non-additivity was found for quadrupolar and octupolar branched structures with respect to the dipolar branch. [10,[START_REF] Katan | Proc. SPIE-Int. Soc. Opt. Eng[END_REF] So, while triphenylamine is able to promote sizeable electronic coupling between branches, triphenylbenzene is not. While in triphenylamine-based branched structures the coupling leads to mixing of single-branch excited states, in triphenylbenzene-based structures each branch is almost unperturbed by other branches, so that properties are nearly additive.

The different behavior of the two series (triphenylamine-based and triphenylbenzene-based)

gives important hints on the nature of the coupling between branches. Indeed, if coupling was only due to electrostatic interactions between the transition dipole moments of the branches (Frenkel-exciton model), [START_REF] Davidov | Theory of molecular excitons[END_REF] the strength of the coupling should be comparable in the two series (since transition dipole moments are comparable). But this is not the case, indicating that other sources of coupling are needed to explain the behavior of the triphenylamine-based series. Indeed, the need of interactions beyond the Frenkel-exciton model was already suggested in Ref. [10] in order to explain the strong enhancement of TPA cross sections as a consequence of branching. As a matter of fact, the simple excitonic model was not able to reproduce this enhancement, while more refined quantum chemical calculations did. This observation suggested that not only dipolar interactions but also coherent interactions were important in defining the total coupling and hence the spectroscopic properties of branched structures. [10] While triphenylamine has been proved to be able to promote this kind of coupling, results presented here allow to conclude that the triphenylbenzene core is not.

The end-group effect on the TPA activity deserves some comments. Compounds with donor end-groups display higher TPA cross sections than corresponding structures with acceptor end-groups (Table 3). Even if (for solubility reasons) measurements have been carried out in different solvents for donors and acceptors (toluene for donors and DMSO for acceptors), the observed increase for donor-based compound is reliable. In fact, the effect of changing solvent polarity can be evaluated by means of the linear absorption spectra: only a very weak shift is observed when going from toluene to DMSO, accompanied by a slight broadening of the band and slight increase of the molar extinction coefficient on the maximum (of the order of 10%). This means that the oscillator strength slightly increases with increasing solvent polarity, due to the increase of the transition dipole moment (the molecule is polarizable so that its properties depend on environmental parameters). Despite the polar solvent DMSO favors an increased transition dipole with respect to toluene, compounds with acceptor end-groups (dissolved in DMSO) have lower TPA cross sections (σ 2 ) than corresponding compounds with donor end-groups (dissolved in toluene). This means that this behavior is not linked to the particular choice of solvents. This trend can be actually confirmed by the σ 2 values obtained through a two-state model, starting from calculated dipole moments (Table 2). In fact, for dipolar molecules the TPA cross section can easily be expressed by the aid of a two-state model:
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where σ 2 is obtained in GM (10 -50 cm 4 .s.photon -1 ) when transition and state dipole moments are used in D and the half-bandwidth at half maximum Γ in eV. Thus, σ 2 is proportional to the product of the squared transition dipole moment and the squared difference between excitedstate and ground-state dipole moments (
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value. This is confirmed by the more pronounced solvatochromic behavior of BP(PV) 1 NHex 2 , as described by the slope values in Table 1. Indeed, while the solvatochromic slope is proportional to 2 eff µ ∆ and the TPA cross section to (
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, it is reasonable to suppose that these two quantities behave very similarly.

For octupolar structures the behavior is similar, the compound having donor endgroups displaying higher TPA cross section than the analogous compound with acceptor endgroups. This is naturally explained on the basis of results for corresponding dipoles, since all data demonstrate that branches in octupolar structures behave as nearly independent subchromophores.

The longest compound, TPB[(PV) 2 NHex 2 ] 3 , has by far the highest TPA cross section among all the studied structures (doubled with respect to the shorter analogue). This is in agreement with predictions based on photophysical data. In fact, not only the transition dipole moment is increased with respect to the shorter analogue, but also the ICT from the donor end-groups to the central core upon excitation is more pronounced, as demonstrated by the much stronger solvatochromic behavior. Indeed, while the increase of oscillator strength can only account for ~ 20% (see Table 1) of the total enhancement of the TPA response, the increased ICT is responsible for most of the observed enhancement. Actually, for chromophores derived from the TPB core, a correlation between the solvatochromic magnitude and the peak TPA response of lowest energy is observed (Figure 10). This provides an interesting way to evaluate the TPA response of other derivatives built from the TPB core.

Conclusions

In this paper we presented a study of the photophysical and TPA properties of octupolar three-branched systems based on the triphenylbenzene core and corresponding dipolar systems with a biphenyl motif (branches). Compounds bearing donor and acceptor end-groups were synthesized and investigated. The lowest-energy electronic transition corresponds in all cases to a strong ICT from the triphenylbenzene or biphenyl motif towards the acceptor end-groups or vice versa in the case of donor end-groups. This charge transfer character is more pronounced in the case of donor end-groups, as revealed by the stronger solvatochromic behavior of fluorescence spectra with respect to corresponding compounds with acceptor end-groups.

All spectral properties indicate that the three branches in octupolar compounds behave nearly independently: only small deviations from the additive behavior are observed in fluorescence, absorption and TPA spectra when comparing the octupolar systems with the corresponding dipolar branches. A clear indication of localization of the excitation on one branch in octupolar compounds prior to emission is given by the strong fluorescence solvatochromism, only slightly reduced with respect to the corresponding dipoles. This slight effect is probably due to a certain degree of delocalization occurring in the relaxed excited state of the three-branched systems, as also suggested by excited-state lifetimes.

The comparison of results presented here with results on analogous compounds based on a triphenylamine central core [10,[START_REF] Katan | Proc. SPIE-Int. Soc. Opt. Eng[END_REF] allows to identify the nature of the coupling between branches in these and other octupolar branched systems. In fact, at difference with respect to the present compounds, analogous triphenylamine-based systems were characterized by strongly non-additive properties. This different behavior is observed despite the comparable values of transition dipole moments, and hence comparable values of the electronic coupling due to electrostatic interactions (Frenkel-exciton model). The comparison allows then to conclude that, while in branched systems based on the triphenylbenzene core only electrostatic interactions contribute to the electronic coupling between branches, in the case of the triphenylamine core other sources of coupling are present, such as coherent interactions.

We also show that a correlation exists between the solvatochromic behavior and the TPA cross section of these compounds, as due to the ICT character of the transitions. This is true not only inside the investigated series, but also with respect to analogous systems based on the triphenylamine central core. [17,[START_REF] Katan | Proc. SPIE-Int. Soc. Opt. Eng[END_REF] In fact, triphenylamine-based compounds having the same branches as presented here show a more pronounced solvatochromic behavior and corresponding higher TPA cross sections. [17,[START_REF] Katan | Proc. SPIE-Int. Soc. Opt. Eng[END_REF] Hence results presented here, together with results on analogous series allow to conclude that the study of the solvatochromic behavior gives an estimation of the relative TPA cross section for systems built from phenylenevinylene branches and dominated by the ICT phenomenon upon excitation.

Experimental Section

Chemicals

Octupolar compounds TPB[(PV) 1 NHex 2 ] 3 and TPB[(PV) 2 NHex 2 ] 3 were prepared according to litterature. [16] Their dipolar analogue BP(PV) 1 NHex 2 was obtained as a pure E compound from the Wittig condensation of biphenyl-4-carboxaldehyde (1) with phosphonium salt 2, [START_REF] Porrès | [END_REF] and subsequent isomerization of the obtained mixture of stereoisomers using a catalytic amount of iodine under illumination (Scheme 1). A similar methodology did not afford BP(PV) 1 SO 2 CF 3 as a pure E isomer.

Its synthesis was therefore achieved by means of the Heck coupling of 4-ethenyl-1,1'-biphenyl [30] (3) with bromo derivative 4. Octupolar compound TPB[(PV) 1 SO 2 CF 3 ] 3 was prepared analogously via the threefold Heck coupling of trivinyl 6 (obtained from the condensation of trialdehyde 5 [16] and methyltriphenylphosphonium iodide) with three equivalents of 4 (Scheme 1).

4-[(1E)-2-[1,1'-Biphenyl]-4-ylethenyl]-N,N-dihexylbenzenamine (BP(PV) 1 NHex 2 ).

To a solution of biphenyl-4-carboxaldehyde (1) (0.500 g, 2.74 mmol) and phosphonium salt 2 [START_REF] Porrès | [END_REF] (2.37 g, 3.57 mmol) in anhydrous CH 2 Cl 2 (25 mL) t-BuOK (0.553 g, 4.93 mmol) was added. The mixture was stirred at 20 °C for 24 h. After addition of water, extraction with CH 2 Cl 2 , and drying (Na 2 SO 4 ), the solvent was evaporated. The residue was purified by filtration through a short pad of silica gel (heptane/CH 2 Cl 2 50:50), to afford a mixture of isomers, which was dissolved in Et 2 O (18 mL). A catalytic amount of I 2 (0.4%) was then added and the solution was stirred at 20 °C for 8 h under light exposure (60 W lamp).

The organic layer was washed with aqueous Na 2 S 2 O 3 and dried (Na 2 SO 4 ). After evaporation of the solvent, the raw product was purified by column chromatography (heptane/CH 2 Cl 2 85:15) to yield 0.990 g (82%) of BP(PV) 1 NHex 2 ; 1 H NMR (200.13 MHz, CDCl 3 ) δ 7. 64-7.58 (m, 2H), 7.55 (m, 4H), 7.46-7.30 (m, 3H), 7.39 and 6.62 (AA'XX', J AX = 8.7 Hz, 4H), 7.08 (d, J = 16.4 Hz, 1H), 6.90 (d, J = 16.4 Hz, 1H), 3.28 (t, J = 7.5 Hz, 4H), 1.59 (m, 4H), 1.32 (m, 12H), 0.91 (m, 6H); 13 C NMR (75.47 MHz, CDCl 3 ) δ 147. 8, 140.8, 139.0, 137.4, 129.0, 128.7, 127.8, 127.1, 127.0, 126.7, 126.3, 124.4, 123.0, 111.6, 51.0, 31.7, 27.2, 26.8, 22.7, 14. 

4-[(1E)-2-[4-[(Trifluoromethyl)sulfonyl]phenyl]ethenyl]-1,1'-biphenyl (BP(PV) 1 SO 2 CF 3 ).

Air was removed from a solution of 4-ethenyl-1,1'-biphenyl [30] (3) (200 mg, 1.109 mmol) and 1-bromo-4-[(trifluoromethyl)sulfonyl]benzene (4) (353 mg, 1.22 mmol) in anhydrous DMF (5 mL) by blowing argon for 20 min. Then triethylamine (146 mg, 1.44 mmol), tri-o-tolylphosphine (34 mg, 0.111 mmol) and palladium diacetate (14.5 mg, 0.055 mmol) were added. The mixture was stirred at 110°C for 15 h. The solvent was removed by distillation, and the raw product was purified by column chromatography (heptane/CH 2 Cl 2 30:70) to yield 311 mg (72%) of BP(PV) 1 SO 2 CF 3 as a pale yellow solid; 1 H NMR (200.13 MHz, CDCl 3 ) δ 8.01 and 7.76 (AA'XX', J AX = 8.5 Hz, 4H), 7.64-7.61 (m, 6H), 7.46 (m, 1H), 7.43 (d, J = 7.5 Hz, 2H), 7.37 (d, J = 16.3 Hz, 1H), 7.18 (d, J= 16.3 Hz, 1H); 13 C NMR (75.47 MHz, CDCl 3 ) δ 145. 8, 141.9, 140.3, 134.9, 134.1, 131.2, 128.9, 127.7, 127.7, 127.6, 127.5, 127.4, 127.0, 125.9, 119.9 (q, J = 324.1 Hz); 19 

1,3,5-Tris(4-ethenylphenyl)benzene (6).

To a stirred solution of 1,3,5-tris(4formylphenyl)benzene [16] (220 mg, 0.563 mmol) in anhydrous THF (7.5 mL), methyltriphenylphosphonium iodide (1.37 g, 3.38 mmol) and sodium hydride (135 mg, 5.63 mmol)

were added. The solution was stirred for 48 h, filtered on Celite and the solvent was evaporated. The raw product was purified by column chromatography (CH 2 Cl 2 ) to yield 210 mg (97%) of 6 as a yellow solid; 1 H NMR (200.13 MHz, CDCl 3 ) δ 7.79 (s, 3H), 7.68 and 7.53 (AA'XX', J AX = 8.3, 12H), 6.81 (dd, J = 17.6, 10.9, 3H), 5.83 (d, J = 17.6, 3H), 5.31 (d, J = 10.9, 3H); 13 C NMR (75.47 MHz, CDCl 3 ) δ 141. 9, 140.4, 136.9, 136.4, 127.4, 126.7, 124.8, 114 

Optical experiments

UV-vis. UV-vis spectra were recorded on a Jasco V-570 spectrophotometer using spectroscopic grade solvents.

Fluorescence. Steady-state and time resolved fluorescence measurements were performed at room temperature in dilute solutions (ca. 10 -6 M) using an Edinburgh Instruments (FLS 920) spectrometer in photon-counting mode. Emission spectra were obtained, for each compound, at λ ex = λ max (abs) with A λex ≤ 0.1 to minimize internal absorption. Fluorescence quantum yields were measured on degassed samples at room temperature; fluorescein in 0.1 N NaOH was used as a standard (quantum yield Φ = 0.90). [31] The lifetime values were obtained from the reconvolution fit analysis of the decay profiles with the F900 analysis software and the fitting results were judged by the reduced chi-square value. The chi-square analysis indicates that τ values longer than ~ 0.3 ns are known with a good confidence (the uncertainty decreasing when τ increases, and always less than ~ 10%), while very short lifetimes (shorter than the excitation pulse duration) are less reliable. For this reason we mainly concentrate our discussion based on lifetimes on the donor-series, which has well reliable τ values.

Two-photon excitation cross-sections of dipolar and octupolar chromophores were determined by investigating their two-photon-excited fluorescence (TPEF) in solution. These measurements provide the TPEF action cross-section σ 2 Φ. The corresponding σ 2 (TPA cross section) values were then obtained by using the fluorescence quantum yield Φ values derived from standard fluorescence measurements. We emphasize that experiments were conducted in the femtosecond regime thus preventing contribution from excited absorption that is known to lead to artificially enhanced "effective" TPA cross-sections when measurements (in particular nonlinear transmission) are conducted in the nanosecond regime.

TPEF measurements were conducted using a mode-locked Ti:sapphire laser operating between 700 and 990 nm and delivering 150 fs pulses at 76 MHz, following the experimental protocol described in detail by Xu and Webb. [32] The quadratic dependence of the fluorescence intensity on the excitation intensity was verified for each data point, indicating that the measurements were carried out in intensity regimes in which saturation or photodegradation do not occur. TPEF measurements were calibrated relative to the absolute TPEF action cross-section determined by Xu and Webb for fluorescein in water (pH = 11) in the 690-1050 nm range. [32,33] Equations for relative determination of σ 2 were adopted as reported in Ref. [34] For solubility reasons TPEF experiments were conducted in toluene for dipolar and octupolar derivatives with NHex 2 end-groups and in DMSO for dipolar and octupolar derivatives bearing SO 2 CF 3 end-groups. These two solvents have very similar refractive index, so that any possible problem linked to refractive index correction for the evaluation of TPA cross section is avoided.

Theoretical modeling

For the sake of simplicity, hexyl chains of the donor derivatives have been replaced by methyl groups and solvation effects have been neglected. Ground-state optimized geometries have been obtained using the Gaussian 98 package [35] at the Hartree-Fock (HF) level using the 6-31G* basis set.

Excited-state geometry optimization has been performed using the TURBOMOLE package [36] at the time dependent HF (TD-HF) level using the all SV basis set. TURBOMOLE was used to calculate all subsequent properties at the TD-B3LYP level of theory with the all SVP basis set. Different basis sets have been tested for both ground-state geometry optimization and properties. These calculations revealed the well known sensitivity of dipole moment calculations to basis sets: the problem is especially relevant for permanent dipole moments, while transition dipole moments are much less basis-set dependent. Trends are nevertheless robust and are used to assist interpretation of experimental data.

The nature of the excited states has been investigated through natural transition orbital analysis of the excited states [37] based on the calculated transition densities. Figures showing molecular geometries and transition orbitals have been obtained with XCrySDEN. [38] Table 1. Photophysical properties of three-branched octupolar chromophores derived from the triphenylbenzene (TPB) core and of their 1-D dipolar analogues bearing a biphenyl (BP) terminal moiety (in toluene). 
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  photophysical and TPA properties of the three-branched systems (octupolar compounds TPB[(PV) 1 NHex 2 ] 3 and TPB[(PV) 1 SO 2 CF 3 ] 3 ) with those of their dipolar counterparts where the triphenylbenzene (TPB) core has been replaced by a biphenyl (BP) moiety (BP(PV) 1 NHex 2 and BP(PV) 1 SO 2 CF 3 ). In addition, the effect of the nature of the peripheral groups (donor versus acceptor) and of the length of the conjugated arms (TPB[(PV) 2 NHex 2 ] 3

  Dipolar and octupolar chromophores bearing donor end-groups show a more pronounced solvatochromic behavior (larger slope values) as compared to those bearing acceptor end-groups. This is indicative of either a more pronounced charge transfer (i.e. larger eff µ ∆ values) or smaller cavities for derivatives with donor end-group as compared to those with acceptor end-groups. By estimating the cavity volume to about 300 Å 3 , a eff µ ∆ of 7 D is derived for chromophore BP(PV) 1 NHex 2 and 6 D for chromophore BP(PV) 1 SO 2 CF 3 from the solvatochromic slopes. Calculated values in Table 2 lead to comparable results when using expression (3). Similar values can be derived for the corresponding octupolar threebranched systems TPB[(PV) 1 NHex 2 ] 3 and TPB[(PV) 1 SO 2 CF 3 ] 3 . The more pronounced charge transfer for molecules with donor end-groups as compared to that of acceptor endgroups correlates with the bathrochromic and hyperchromic shift of the absorption band and

  F NMR (282.38 MHz, CDCl 3 ) δ -78.41; HRMS (EI) calcd for C 21 H 15 O 2 F 3 S (M + ·) m/z 388.0745, found 388.0746.

Figure 1 .

 1 Figure 1. Structure of three-branched octupolar chromophores derived from the triphenylbenzene (TPB) core and their 1-D dipolar analogues bearing a biphenyl (BP) terminal moiety.

Figure 2 .Figure 3 .

 23 Figure 2. Ground-state optimized geometry of TPB[(PV) 1 NHex 2 ] 3 .

Figure 4 .

 4 Figure 4. Comparison of absorption and emission spectra of dipolar (left) or octupolar (right) chromophores bearing donor or acceptor end-groups (in toluene).

Figure 5 .

 5 Figure 5. Comparison of absorption and emission spectra of dipolar and octupolar chromophores bearing acceptor end-groups (left), or donor end-groups (right) in toluene (top) and in DMSO (bottom).

Figure 6 .

 6 Figure 6. Absorption and emission spectra of dipolar and octupolar studied chromophores in different solvents : in toluene (), in THF (….) and in DMSO (---).

Figure 7 .

 7 Figure 7. Lippert-Mataga correlations for dipolar (left), and octupolar (right) chromophores.

Figure 8 .

 8 Figure 8. TPA spectra of BP(PV) 1 SO 2 CF 3 and TPB[(PV) 1 SO 2 CF 3 ] 3 in DMSO (left); BP(PV) 1 NHex 2 and TPB[(PV) 1 Nex 2 ] 3 in toluene (right).

Figure 9 .

 9 Figure 9. TPA spectra of TPB[(PV) 1 NHex 2 ] 3 and TPB[(PV) 2 NHex 2 ] 3 : length effect.

Figure 10 .

 10 Figure 10. Correlation between maximum TPA cross-section amplitudes and solvatochromic behavior for dipolar (red line) and octupolar (blue line) chromophores.

  0; HRMS (ES + , MeOH/CH 2 Cl 2 ) calcd for C 32 H 42 N ([M+H] + ) m/z 440.3317, found 440.3323. Anal. Calcd for C 32 H 41 N (439.69): C, 87.42; H, 9.40; N, 3.19. Found: C, 87.79; H, 9.47; N, 2.92.

PV) 1 SO 2 CF 3 ] 3 as

  .1; HRMS (EI) calcd for C 30 H 24 (M + ·) m/z 384.1878, found 384.1877. a pale yellow solid; 1 H NMR (200.13 MHz, CDCl 3 ) δ 8.03 and 7.80 (AA'XX', J AX = 8.6 Hz, 12H), 7.86 (s, 3H), 7.78 and 7.70 (AA'XX', J AX = 8.6 Hz, 12H), 7.42 (d, J = 16.2 Hz, 3H), 7.23 (d, J =16.2 Hz, 3H); 19 F NMR (282.38, CDCl 3 ) δ -78.36 ; HRMS (ES + , MeOH/CH 2 Cl 2 ) calcd for C 51 H 33 O 6 F 9 S 3 K ([M+K]

	1,3,5-Tris[4-[(1E)-2-[4-[(trifluoromethyl)sulfonyl]phenyl]ethenyl]phenyl]benzene
	(TPB[(PV) 1 SO 2 CF 3 )] 3 ). Air was removed from a solution of 1,3,5-tris(4-ethenylphenyl)benzene (6)
	(170 mg, 0.442 mmol) and 4 (447 mg, 1.547 mmol) in anhydrous DMF (4 mL) by blowing argon for
	20 min. Then triethylamine (179 mg, 1.768 mmol), tri-o-tolylphosphine (40 mg, 0.133 mmol) and
	palladium diacetate (17 mg, 0.066 mmol) were added. The mixture was stirred at 100°C for 15 h. The
	solvent was removed by distillation, and the raw product was purified by column chromatography
	(heptane/CH 2 Cl 2 80:20 then 30:70) to yield 168 mg (38%) of TPB[(

+ ) m/z 1047.0933, found 1047.0937.

  3 cm -1 ) h

	BP(PV) 1 SO 2 CF 3	351	37 (38) a	8	424	4.91	0.04 0.19	4.52	0.22	5.04	7.7
	TPB[(PV) 1 SO 2 CF 3 ] 3	355	116 (132) a	14	420	4.33	0.10 0.17	1.72	0.58	5.30	6.6
	BP(PV) 1 NHex 2	378	44	9	435	3.47	0.11 0.37	3.36	0.30	2.41	10.4
	TPB[(PV) 1 NHex 2 ] 3	384	131	15	438	3.21	0.36 0.63	1.75	0.57	1.02	9.7
	TPB[(PV) 2 NHex 2 ] 3	412	159	16	477	3.34	0.82 1.08	1.32	0.76	0.17	16.7

a In DMSO. b Stokes-shift = (1/λ abs -1/λ em ). c Fluorescence quantum yield in toluene determined using fluorescein in 0.1 N NaOH as a standard.

d Experimental fluorescence lifetime measured by TCSPC. e Radiative excited-state lifetime (τ 0 = τ /Φ). f Radiative decay rate. g Non-radiative decay rate. h Slope derived from the linear dependence of the Stokes-shift on the polarity-polarizability function of the solvent (∆f = (ε -1)/(2ε + 1) -(n 2 -1)/(2n 2 + 1) where ε is the dielectric constant and n the refractive index).

Table 2 .

 2 Calculated properties for ground-state and excited-state (f) geometries of dipolar chromophores BP

(PV) 1 SO 2 CF 3 , BP(PV) 1 NHex 2 , TPB(PV) 1 NHex 2 and

  ground-state properties of the branched octupolar chromophore TPB

[(PV) 1 NHex 2 ] 3 .

  

		ω eg	µ ge	µ gg	µ ee	ω eg	(f)	µ eg (f)	µ gg (f)	µ ee (f)	σ 2 max	a
		(eV)	(D)	(D)	(D)	(eV)	(D)	(D)	(D)	(D)
	BP(PV) 1 SO 2 CF 3	3.64	9.3	6.6 19.6	2.87	12.3 9.6 16.1	100
	BP(PV) 1 NHex 2	3.52	9.5	3.1 16.4	2.85	12.5 5.0 10.4	120
	TPB(PV) 1 NHex 2	3.48	9.9	3.2 19.0	2.80	13.2 5.2 12.0	170
	TPB[(PV) 1 NHex 2 ] 3	3.42 11.9 b	-	-	-		-	-	-	-

a Derived from a two-state model when considering experimental half-bandwidth at half maximum (0.30 eV for BP(PV) 1 SO 2 CF 3 , 0.27 eV for BP(PV) 1 NHex 2 ). For TPB(PV) 1 NHex 2 0.30 eV has been fixed. b For each of the two degenerate excited states.

Table 3 .

 3 TPA properties of three-branched octupolar chromophores derived Synthesis of dipolar and octupolar chromophores.

	from the triphenylbenzene (TPB) core and their 1-D dipolar analogues bearing
	a biphenyl (BP) terminal moiety.
						2λ abs (nm)	Φ	(max) TPA λ	(nm)	σ 2 (GM) a @ (max) TPA λ
	BP(PV) 1 SO 2 CF 3	b			710	0.09	710	95
	TPB[(PV) 1 SO 2 CF 3 ] 3	b	728	0.15	710	290
	BP(PV) 1 NHex 2	c				756	0.11	740	130
	TPB[(PV) 1 NHex 2 ] 3	c		768	0.36	735	470
	TPB[(PV) 2 NHex 2 ] 3	c		824	0.82	820	975

a 1 GM = 10 -50 cm 4 .s.photon -1 ; b in DMSO; c in toluene. Scheme 1.
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