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Over the years, the development of selfassembled nanomaterials has lead to major breakthroughs in various domains such as catalysis, [START_REF] Daniel | Chemical reviews[END_REF] electronics, [START_REF] Yu | [END_REF] or photonics. 3 For instance, thin lms made of self-assembled organic or hybrid materials are promising building blocks for optoelectronic devices, such as heterojunctions solar cells 4 or organic LEDs. 5 Self-assembled nanomaterials have remarkable light harvesting and charge transport properties, that are often connected to their degree of organization. 6 Therefore, one key challenge in nanoscience is to understand and control the organization of nanomaterials at the supramolecular scale.

In this context, many groups have developed self-assembled nanocompounds based on carbon materials (nanotube, fullerene ...). 917 In particular, our groups have evidenced an ultraecient (∼ 100%) energy transfer in compounds made of tetraphenylporphyrins (TPP) molecules (donor) and carbon nanotubes (acceptor). 1822 This eect is even more remarkable in the context of non-covalent functionalization. In addition, despite the weak πstacking interaction these compounds show outstanding chemical stability in water. 21,23 In a previous thermodynamics study, we demonstrated that the reaction is cooperative in the context of a Hill model. One possible origin of the cooperativity of the reaction lies in molecule-molecule interaction. 24 Therefore, these observations raise two questions: the origin of the possible TPP-TPP interaction and the degree of organization of the molecules at the nanotube surface.

In this article, we show that porphyrin molecules self-assemble to form an organized shell around the nanotube. In particular, we show that the interaction between the phenyl substituents is central for the self-assembly. This eect has been investigated by modifying chemically the molecule. The degree of organization has been probed by using a polarized photoluminescence (PL) spectroscopy approach. Beside chemical stability, a spectroscopic signature of the interaction between TPP is a strong Davydov splitting resulting from a dipole-dipole interaction.

Concomitantly with our experimental investigations, some theoretical predictions on the organization of TPP around nanotubes have been reported. First, a recent DFT study from W. Orellana 7 has predicted a cooperative behavior during the adsorption of TPP on nanotubes. He has calculated several TPP patterns at the surface of a (6, 5) nanotube (NT). The most stable one turns to be a eight TPP building block, due to the phenyl-phenyl stabilizing interaction. A binding energy per molecule in the organized structure of 1.95 eV (188 kJ.mol -1 ) was extracted, which is signicantly larger than the 1.31 eV (126 kJ.mol -1 ) value obtained for the adsorption of a single TPP. Thus, the cooperation of the porphyrins leads to a stabilization of the global TPP/NT system. The author attributed this eect to the stabilizing π-stacking interaction between the phenyl groups of adjacent porphyrins. 25 Likewise, Bassiouk et al. have performed molecular mechanics simulations and have also predicted an organized structure of the TPP molecules around the nanotube. 26 In our experiments, the functionalization is performed in an aqueous suspension with sodium cholate micelles. In this process, the porphyrins have to overcome the cholate/NT binding energy barrier to reach the NT surface. The binding energy of cholate on nanotubes have been calculated by Carvhalo et al. 8 The value is of the order of 160 kJ.mol -1 . It places the binding energy of cholate in between the one of a single TPP and the one of the eight TPP conguration reported by W. Orellana (see gure 1(a)). Therefore, it suggests that the TPP-TPP interaction is a key parameter to surpass the cholate/NT binding in order to enable the stacking of the TPP onto the NT surface.

To experimentally test this theory, we have functionalized (6, 5) NTs with two kinds of porphyrins using the micelle swelling method. 21,27 The photoluminescence excitation (PLE) map of TPP/NT compounds is displayed in gure 1(c). In addition to the intrinsic S 22 →S 11 transition of the (6,5) NTs, an additional resonance is observed for an excitation energy at 2.82 eV. This transition is a direct signature of the energy transfer from the TPPs to the nanotube. 19 It corresponds to a photon absorption on the Soret band (B) of the porphyrins stacked on the NT, and an emission on the S 11 excitonic transition of the NT. 24 In a second sample, we have used modied porphyrins 5,10,15,20-(tetra-4-tert-butylphenyl)-porphyrin (TtbPP). These molecules have tertbutyl substituents on the phenyl groups, that increase their steric hindrance (see gure 1(b)) and may prevent the phenyl-phenyl interaction. The PLE map of the nal TtbPP/NT sample (gure 1 (d)) does not display any evidence of functionalization: no TtbPP→NT energy transfer and no shift of the optical transitions. In principle, the blocking substituents should not hinder the interaction of the TPP macrocycle with the nanotube surface. Therefore, the absence of functionalization seems to be specically related to the suppression of the phenyl-phenyl interaction induced by the steric hindrance of the tertbutyl, conrming the importance of such interaction to achieve chemically stable compounds. This strongly supports that the stacking reaction arises from small clusters of few TPP interacting together through the phenyl-phenyl interaction, as predicted by Orellana et al. 7 This phenyl-phenyl interaction implies some ordering (at least local) of the TPP molecules at the surface of the nanotube. In the following, we look for spectroscopic evidences of such order, using polarized PLE (see gure S4 in the S.I. for details). For dierent excitation frequencies ω, we have measured the PL anisotropy r(ω) (gure S5 in S.I.):

r(ω) = I V V (ω) -G(ω)I V H (ω) I T (ω) (1) 
where I V V (resp. I HH ) is the PL intensity using two vertical (resp. horizontal) polarizers. G(ω) = I HV /I HH is a correction factor 28 and

I T (ω) = I V V (ω) + 2GI V H (ω)
is the total PL intensity. The anisotropy diagram (gure S5 in S.I.) allows us to determine the maximum of the anisotropy coecient r max . This coecient lies between 0.4 and -0.2 for any solution of randomly oriented luminescent objects, 28 while the upper limit (resp. the lower) is obtained when these objects have fully parallel (resp. orthogonal) absorption and emission dipoles. For the TPP/NT suspension, r max is here evaluated to 0.25, in good agreement with the literature. 29 From r(ω), it is possible to extract I and I ⊥ . These PL intensities represent two dierent PL processes in which the excitation and emission dipoles are either aligned (I ) or orthogonal (I ⊥ ): 28

I (ω) = r(ω) + 0.5 × r max 1.5 × r max I T (2) 
I ⊥ (ω) = r max -r(ω) 1.5 × r max I T (3) 
Figure 2(a) displays the I and I ⊥ PLE contributions for the TPP/NT sample and for a detection energy xed at 1.24 eV (S 11 of the (6,5) chirality). In the S 22 spectral region (at 2.1 eV), the signal is concentrated in the I intensity, in agreement with the literature for pristine nanotubes samples in surfactants. 29 It corresponds to the resonant absorption and emission of light polarized along the NT axis, in connection with the optical selection rules of nanotubes. [START_REF] Lefebvre | Physical review letters[END_REF] In the Soret (B) region, through the energy transfer, the behavior is more complex, with two subbands located at dierent energies. A similar splitting has been evidenced in isolated TPP, [START_REF] Weigl | [END_REF] and corresponds to the orthogonal Soret transitions B x and B y (see gure 2 (a) inset). The low energy one (B x ) is here located at 2.82 eV. We see that it is concentrated in the I signal, proving that the TPP absorption dipole is aligned with the emission dipole of the NT. As this emission dipole is aligned with the NT axis, we can deduce that the B x dipoles of the TPP are also along this direction. Therefore, this experiment shows that, on average, all the TPP molecules share the same orientation with their O x direction along the nanotube axis. This is the rst optical evidence of an organization of the adsorbed TPPs on NTs. In addition, this polarization diagram reveals the presence of the high energy subband B y at 2.98 eV in the I ⊥ intensity. This is consistent with an orientation of the TPP molecules with their O y direction perpendicular to the NT axis. Similar results were found for other chiralities in experiments on HiPCO NT samples (see gure S6). Interestingly, confocal PL experiments revealed that such eect is also present at the single TPP/NT nanocompound level (see gure S7). This proves that the alignment of TPP along the NT axis occurs in dierent experimental conditions, and that the compound is stable enough to keep its supramolecular structure upon deposition on a substrate.

The value of the B x /B y energy splitting is of the order of 160 meV in TPP/NT compounds (see gure 2 (a)). To compare this splitting to the one of isolated TPP, we have performed a similar polarized PLE experiment on isolated TPP in a DCM/castor oil organic phase. The castor oil is a viscous solvent that is employed to slow down the rotational dynamics of TPPs below their PL lifetime, so that the rotational depolarization eect becomes negligible. [START_REF] Lakowicz | Principles of uorescence spectroscopy[END_REF] A 10-90% DCM-castor oil volume ratio was chosen to achieve such eect. Figure 2 (b) displays the polarized PLE signal of this TPP sample detected on the PL of the Q bands. The two orthogonal Soret components (see gure S9 in S.I. for the Q bands) of the porphyrins can be observed. The B x resonance is observed at 2.94 eV and the B y one at 2.99 eV. Therefore, the B x /B y splitting is of 50±10 meV that is signicantly smaller than the one found on the hybrid nanocompounds (160±10 meV). Thus, the adsorption process on the NT clearly leads to an enhancement of the splitting between the B x and B y bands.

To determine the origin of these results, we have considered two main physical eects. The rst one is the attening of the molecule upon adsorption on a subtrate. [START_REF] Xu | [END_REF] Under such hypothesis, Chernia et al 34 have predicted that the B x and B y bands would both undergo a similar redshift without an increase of the split-ting. In a calculation detailed in S.I., we have quantied that both bands undergo a redshift of ∼ -40 meV. As a conclusion, this attening cannot explain the observed enhancement of the B x /B y splitting. The other possible origin is an electronic coupling between organized TPP at the nanotube surface. Davydov splitting eects have been observed in aggregates of porphyrins under many dierent congurations, 3537 including adsorption on graphene. 38,39 In this context, the respective red and blue shift could be the signature of an inequivalent dipole coupling for the B x and B y transitions. To model this eect, we have calculated the spectral shifts of the Soret band components within a linear aggregate of porphyrins as it could exist along the nanotube template (see gure 2 (c)). This conguration has been chosen for its simplicity. The case of a more realistic helical structure 26 is treated in the SI. We have used Kasha's theory on coherent molecular aggregates . 40 In the following, the two components of the Soret band will be treated as orthogonal transition dipoles -→ µ x and -→ µ y (of amplitude µ 0 = 8.3 D, extracted from the TPP extinction coecients, see gure S10 in S.I. for the details of the evaluation). This allows to evaluate the coupling term h∆ω between two parallel dipoles:

h∆ω = µ 2 0 4πε 1 -3 cos 2 (θ) r 3 (4) 
where r is the distance between the dipoles and θ is the angle between the dipoles and the axis connecting the two dipoles. Starting from the initial transition energy ω 0 of the two coupled dipoles, it leads to a nal transition energy of hω dimer = hω 0 + h∆ω. Based on the results from gure 2 (a), we will consider that every TPP has its x direction aligned with the nanotube axis. We will also assume a distance of r = 1.4 nm between neighbour molecules (the TPP diameter is 1.25 nm), as it was measured by STM for similar TPP aggregates on graphene. 41 The numerical value of the coupling term h∆ω is then evaluated for the -→ µ x (θ = 0) and -→ µ y (θ = π/2) set of dipoles. This yields respectively h∆ω x = -32 meV (redshift) and h∆ω y = +16 meV (blueshift).

Then, we evaluate the energy position of the two optical transitions ω x and ω y , as a function of the number of coupled porphyrins (gure 2 (d)). Starting from the intrinsic 50±10 meV found in castor oil, the energy splitting varies from 98 ± 10 meV for the dimer case up to 150±10 meV for aggregates of 8 monomers or more. This nal value has the same order of magnitude as the experimental splitting reported in gure 2(a) on TPP/NT complexes (160±10 meV). Therefore, this dipole-dipole coupling model for a linear chain of TPP is able to explain the observed increase of the Soret energy splitting for TPP/NT samples. Note here that the Davydov splitting saturates for ∼8 coupled monomers. This corresponds also to the number of TPP molecules in a cluster for which the best stability of the hybrid compound has been predicted. 7 In this framework, no variation of the Davydov splitting is expected as a function of the concentration, and even the rst small cluster stacked on the nanotube should show similar B x /B y splitting to the one of the fully covered compound. Moreover, as shown in S.I., this model also provides similar energy splittings for helical aggregates that were also predicted recently. 26 Finally, we investigate the reason why the B y resonance is four times weaker than the B x one in the TPP/NT samples. Indeed, this is in contrast with the situation in isolated TPP, where the B x and the B y transitions have similar amplitudes (see gure 2 (a) and (b)). This result can be interpreted as a consequence of a local eld eect at the surface of the NT. As explained in a previous report (see also in the SI), an incoming electric eld with a polarization perpendicular to the NT axis will have a locally screened amplitude, while no screening occurs for a parallel electric eld. 42 Consequently, using the data reported earlier, 42 we evaluate a reduction by a factor four of the number of photons absorbed on the B y transition (orthogonal to the NT axis) as compared to the B x one (parallel to the NT axis).

We end up with a full model able to reproduce quantitatively the polarized spectra obtained on the NT/TPP samples. The inputs of the model consist in the data obtained on isolated TPP in castor oil (see gure 2(b)). Tak- ing into account the eects described above, we obtain the simulated spectra described on gure 3 (see gure S15 for the detail of each step). It reproduces both the energy position of the lines and their relative amplitude, validating our analysis. Nevertheless, the measured resonances have larger width than the simulated ones. This can be due to some disorder in the porphyrin layer (dierent angles, distances, ...) leading to a weak dispersion in the energy splitting. Changes in width can also be explained by vibronic coupling eects within the aggregates 43 that have been neglected in the present model. Finally, we end up with a scheme where the stacking unit is composed of at least eight TPP molecules that are interacting together through the phenyl-phenyl interaction. In all clusters, each TPP molecule orientates its O x direction along the nanotube axis. In these aggregates, the molecule-molecule distance is small leading to a dipole-dipole coupling which signature is the observed Davydov splitting.

Conclusion

We carried out a comprehensive optical study of the cooperative stacking of porphyrin molecules onto carbon nanotubes. First of all, the role played by the phenyl groups in the organization process has been demonstrated experimentally by modifying their chemical structure. Moreover, we have shown through polarization sensitive experiments that the TPP molecules selforganize in a specic way with their O x direction along the nanotube axis. This supramolecular organization leads to an electronic coupling between the molecules stacked onto the nanotube. A dipole-dipole model applied to this structure predicts an enhancement of the natural B x /B y splitting of the molecule. This prediction has been conrmed experimentally by means of polarization resolved PLE experiments. Finally, our model, taking account all the physical eects (screening, attening of the molecule, Davydov splitting) allows to reproduce the experimental data. It represents a signicant advance in the understanding of the supramolecular organization of TPP molecules around nanotubes.
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Figure 1 :

 1 Figure 1: (a) Binding energies for TPP/ NT systems (one and eight molecules) and cholate/NT systems as calculated in 7 and; 8 (b) Chemical representation of the 5,10,15,20-(tetraphenyl)-porphyrin (TPP) and the 5,10,15,20-(tetra-4-tert-butylphenyl)-porphyrin (TtbPP); PLE map of the TPP/NT sample (c) and the TtbPP/NT sample (d). (e) Scheme of the energy transfer process.

Figure 2 :

 2 Figure 2: (a) I and I ⊥ PLE components from a TPP/NT suspension, for an emission energy of 1.24 eV (corresponding to the (6,5) functionalized nanotubes). The maximum of the Soret absorption band at 2.952 eV of the non interacting TPPs in cholate is marked with a vertical line. Inset: sketch of the molecule and denition of the axes. (b) I and I ⊥ PLE components within the Soret band of isolated TPP molecules (PL detected on the Q x (0,0) band at 1.91 eV) in a DCM/castor oil mix. The maximum of the absorption Soret band of the TPPs at 2.967 eV is shown with a vertical dashed line. (c) Schematic of an array of porphyrins at the surface of a carbon nanotube, with their µ x dipoles aligned to the nanotube axis; (d) Evolution of the low energy hω x and the high energy hω y bands as a function of the number of porphyrin monomers in the aggregate.

Figure 3 :

 3 Figure 3: Comparison between the measured I and I ⊥ PLE intensities for NT/TPP and the full model. The inputs of the model are the data obtained on isolated TPPs in castor oil.
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