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INTRODUCTION

The design of functional systems based on molecular capsules has shown great potential in nanochemistry, since these systems can work as nanoreactors, molecular recognition systems or drug carriers, providing a confined environment that enhances molecular reactivity and catalysis [1][2][3].

Among the different possibilities in the design of molecular cages, the choice of metallated or freebase porphyrins leads to attractive architectures due to their chemical stability and their mimicry of natural chromophores [1,[4][5][6][7][8][9][10][11][12][13][14][15][16][17][18][19][20]. Indeed, conversion of light energy into chemical energy performed in photosynthesis relies on efficient multistep energy transfer processes between natural chromophores belonging to the family of porphyrin derivatives (chlorophyll or bacteriochlorophyll molecules) organized in antennas that convey the energy towards the reaction center where the first electron transfer step towards a free-base porphyrin derivative occurs [21][22][23][24][25][26][START_REF]The Structural Basis of Biological Energy Generation[END_REF]. The efficiency of such processes is determined by the distance and mutual arrangement of these chromophores, and light-responsive cages have gained interest due to their ability to perform and control energy transfer processes [6,7,18,[START_REF] Flamigni | [END_REF].

We have shown that bis-Zn(II) porphyrin cages equipped with four flexible linkers incorporating peripheral 1,2,3-triazole binding sites allow for a control of the distance and orientation between the two zinc(II) porphyrins. The cages adopt, in solution and in the solid state, a flattened conformation based on π-π interactions between the porphyrins, whereas a large conformational change occurs upon binding in solution four Ag(I) ions to the peripheral ligands leading to open cages with two cofacial porphyrins separated by about 9 Å [29][30][31][32]. Based on their tunable cavity size, these cages were evaluated as switchable receptors and their capacity to behave as allosteric receptors towards different kinds of guest molecules (a coordinating or a π-acceptor molecule) was demonstrated [31].

We here report bis-porphyrin cages constituted by either two free-base porphyrins or one zinc(II) porphyrin and one free-base porphyrin, connected by four flexible connectors that incorporate two 1,2,3-triazole ligands linked with either an ethyleneglycol unit or a diethyleneglycol unit. The latter units confer different lengths to the connectors, leading to different possible conformations of the systems. The four cages thus differ both in terms of porphyrin composition and lengths of the linkers. The study of the photophysical properties of these porphyrin cages is of importance regarding their potential as optical sensors of guest inclusion [33,34]. Therefore, a detailed photophysical investigation has been performed by means of steady-state and timeresolved absorption and emission spectroscopy. The absorption and emission features of the cages and the photoinduced processes occurring within the porphyrin components are discussed in relation to the porphyrin nature and the structural difference between the systems.

RESULTS AND DISCUSSION

Synthesis and characterization

The synthesis of the cages incorporating two free-base or two zinc(II) porphyrins connected with short linkers [30] and with long linkers [29] have previously been reported as well as the model compounds 2H-alkyne and Zn-alkyne [32] (Chart S1).

Both Zn(II)-monometallated cages, Zn-S-2H and Zn-L-2H, were prepared from cages incorporating two free-base porphyrins following a related procedure (Scheme 1). They were reacted with 1.1 equiv of Zn(OAc) 2 . 2H 2 O in a mixture of CHCl 3 /MeOH or CH 2 Cl 2 /MeOH [29,30]. From the mixture of three cages (Zn(II)-monometallated cage, Zn(II) dimetallated cage and bis(free-base porphyrin) cage) thus obtained, the Zn(II)-monometallated cages Zn-S-2H and Zn-L-2H were isolated in 31% and 26% yield respectively, by preparative silica thin layer chromatography. They were characterized by 1D and 2D (COSY, NOESY) NMR experiments and mass spectrometry (see Figs S1-S13).

Photophysical characterization

Absorption and emission features of the four cages were characterized in DCM : MeOH (90:10). Model compounds 2H-alkyne and Zn-alkyne were also studied for comparison purposes.

Cages 2H-S-2H and 2H-L-2H, composed by two identical free-base porphyrins, show similar absorption spectra, with a Soret band which is slightly split and broadened compared with the sum of two spectra of the monomeric model 2H-alkyne (Fig. 1; see Fig. S14 for the spectrum of the model). These features can be ascribed to exciton coupling within the porphyrin units which are placed in close proximity in the cages, as previously observed and discussed for corresponding dimetallated Zn(II) cages [32]. The different lengths of the linkers slightly affects the absorption properties of the two cages. Indeed, the integrated molar absorption coefficients are almost identical for the two cages (1.18 × 10 9 M -1 . cm -2 and 1.17 × 10 9 M -1 . cm -2 for 2H-S-2H and 2H-L-2H, respectively) and close to twice the absorption coefficient of the monomer 2H-alkyne (4.02 × 10 8 M -1 . cm -2 ).

The absorption spectra of the Zn(II)-monometallated cages Zn-S-2H and Zn-L-2H are shown in Fig. 2 and compared with the sum of the absorption spectra of models 2H-alkyne and Zn-alkyne. The Soret bands of the cages testify to inter-porphyrinic interactions, with a more pronounced exciton splitting in the cage with longer linkers, Zn-L-2H. The observed features are in accordance with a more slipped displacement of the porphyrins in Zn-L-2H with respect to a cofacial disposition favored in the cage with shorter and more rigid linkers, Zn-S-2H, a structural description provided by theoretical modelling performed on our bis Zn-porphyrin cages analogs [32]. As a confirmation, integrated molar absorption coefficients of 1.32 × 10 9 M -1 . cm -2 and 1.29 × 10 9 M -1 . cm -2 are calculated for Zn-S-2H and Zn-L-2H, respectively, values very close to the sum of the coefficients for 2H-alkyne and Zn-alkyne (1.06 × 10 9 M -1 . cm -2 ). To better take into account the coupling interactions, the spectra of the monometallated cages have been compared with the sum of half the spectra of the parent cages containing two identical porphyrins, i.e. the bis free-base 2H-S-2H and 2H-L-2H studied here and the two dimetallated Zn(II) cages Zn-S-Zn and Zn-L-Zn previously reported [32]. The comparison for Zn-S-2H and Zn-L-2H with the sum of the respective free-base and Zn "half cages" is shown in Fig. S15. It is evident that in both cases the sum overlaps with a good approximation to the experimental spectrum of the monometallated cage, even in the Soret region which is more affected by interporphyrinic exciton coupling. It derives that the cages with two free-base or two Zn-porphyrins can be considered, from the photophysical point of view, as better models for the monometallated cages than the monomeric units 2H-alkyne and Zn-alkyne, due to the strong interactions experienced by the porphyrins within these cages.

Luminescence determinations were performed both at room temperature in DCM:MeOH (90:10) and at 77K in a frozen DCM:MeOH (50:50) matrix.

Cages 2H-S-2H, 2H-L-2H and model 2H-alkyne show similar emission features, with maxima at ca. 652 nm and 718 nm, fluorescence quantum yields close to 0.080 and excited state lifetimes on the order of 9.0 ns (Fig. 3 and Table 1), indicating that the emission properties of the free-base porphyrin components are not affected by the conformation of the cages. On the other hand, selective excitation of the free-base unit at 630 nm in Zn-S-2H and Zn-L-2H (see Fig. S15) results in a lower quantum yield of 0.047 and 0.068, respectively (Table 1), which is paralleled by a reduced lifetime of 6.7 ns and 7.6 ns. This reveals a significant perturbation of the emission properties of the free-base component in the monometallated cages due to the presence of the Zn-porphyrin counterpart. A possible explanation is the close proximity of the Zn center of the metallated porphyrin to the core of the free-base partner, which can lead to a change in molecular symmetry or to an increased intersystem crossing rate [35][36][37] in the latter.

In order to confirm that the perturbation of the fluorescence features of the free-base porphyrin are due to the close proximity of the Zn-porphyrin component in the monometallated cages, an equimolar mixture of the models 2H-alkyne and Zn-alkyne has been analyzed. Figure S16 reports absorption and emission spectra of the mixture, compared with the sum of the spectra of the single compounds. The emission spectrum of the mixture is in good agreement with the sum of the spectra of the models (Fig. S16b), indicating that there is no interaction between them in solution. § Moreover, a lifetime of 8.6 ns has been measured for the emission of 2H-alkyne at 720 nm in the mixture, identical to that of the model alone (Table 1).

Upon excitation of both Zn-and free-base porphyrin components in the monometalled cages, the resulting luminescence is dominated by the bands of the freebase unit, while the Zn-porphyrin emission only appears as a weak band at ca. 608 nm (Table 1 and Fig. 4). To estimate the extent of the quenching of the Zn-porphyrin component in these cages, the emission of Zn-S-2H and Zn-L-2H has been compared to that of optically matched solutions of model cages with two free-base units or two Zn-porphyrins, and the results are shown in Fig. 4. The excitation wavelengths were selected according to the absorption comparison previously described (Fig. S15), aiming at a substantial excitation of the Zn-porphyrin component in the monometallated cages (from 60% to 80% of the absorbed photons). By taking into account the portion of excited Zn-porphyrin units in each cage in solution and comparing the intensity of the residual Zn-porphyrin emission at 608 nm with the intensity at the same wavelength for the bis Zn-porphyrin model, it derives that the Zn-porphyrins components are quenched over 90% in Zn-S-2H and Zn-L-2H. This very efficient quenching can be safely ascribed to an energy transfer process to the free-base porphyrin counterpart. In fact, it is accompanied by a full recovery of the free-base porphyrin emission (Fig. 4): the bands at 652 and 718 nm recover for ca. 65% and 80% those of the bis free-base porphyrin model for 2H-S-2H and Zn-S-Zn, respectively, mirroring the ratios between the quantum yield of the free-base porphyrin unit in the monometallated cages and that of the same unit in the models (Table 1). A further confirmation of an almost complete Zn→2H energy transfer process comes from the good superimposition of excitation spectra, collected for both Zn-S-2H and Zn-L-2H at 720 nm where only the free-base porphyrin 
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1 Zn-2H unit emits, and absorption spectra (Fig. S17), indicating that whatever is the excited unit, the energy is conveyed to the lowest singlet excited state of the free-base porphyrin component.

As a verification that the observed energy transfer process is not occurring in freely diffusing porphyrin monomers, an equimolar mixture of models 2H-alkyne and Zn-alkyne, excited at 557 nm, displays an emission spectrum perfectly matching with the sum of the spectra of the models (Fig. S18b), evidencing that there is no quenching of the Zn-porphyrin bands. Moreover, a fluorescence lifetime of 1.7 ns is measured for the mixture at 610 nm, coincident with that of Zn-alkyne (Table 1).

Emission measurements at 77K in a DCM:MeOH (50:50) glassy mixture allowed definition of singlet excited state energy levels for all porphyrin components of the four cages and triplet excited state levels for the Zn-porphyrins in the monometallic cages, where phosphorescence was observed in gated mode. Luminescence spectra are shown in Figs S19 andS20 and the relevant data are summarized in Table 1. It can be noticed that, in the monometallated cages, the Zn-porphyrin fluorescence is suppressed similarly to the room temperature case (Fig. S20), indicating that the quenching process occurring within these cages is very efficient even at low temperature.

In order to better characterize the photoinduced events, time-resolved luminescence experiments in the picosecond range were conducted for Zn-S-2H and Zn-L-2H. The measurements have been performed upon excitation at 560 nm, where the Zn-porphyrin component is prevalently excited, with a 100 fs pulsed laser and acquiring luminescence images with a streak camera apparatus (time resolution: 1 ps). Low laser power and fast image acquisition in analog integration mode were used (see the experimental section for details) to prevent photo-degradation of the compounds. The images identify the existence of a fast process, where a decay in the emission region of the Zn-porphyrin (600-620 nm) is accompanied by a rise in the 700-750 nm spectral region, where only emission from the free-base component is observable (Fig. 5 and Fig. S21). The decay of the Zn-porphyrin luminescence can be fitted with a bi-exponential function where the main component has a lifetime of 10 ps in Zn-S-2H and 7 ps in Zn-L-2H (Fig. 5). The longer component (accounting for ca. 10% of the decay) can be attributed to a tail of the free-base porphyrin emission or a minor presence of a photoproduct. A precise fitting of the rise time of the free-base signal is difficult, but is compatible with the lifetime of the quenched Zn-porphyrin emission (Fig. S21), confirming the sensitization of the free-base singlet excited state upon energy transfer from the Zn-porphyrin component.

The difference between the quenched lifetimes of the Zn-porphyrin component in the two cages is minimal but significant and indicates that the energy transfer process is faster in Zn-L-2H than in Zn-S-2H. The energytransfer rate, in fact, is (1.0 ± 0.1) × 10 11 s -1 and (1.4 ± 0.2) × 10 11 s -1 for Zn-S-2H and Zn-L-2H, respectively (see the Experimental section for details). It derives that the process occurs with an efficiency close to 100% in both cages. To better analyze the nature of the energy transfer process, the data have been treated according to the Förster-type mechanism, which is usual between porphyrin chromophores. The overlap integral (J F ) between the emission spectrum of the donor (the bis Zn-porphyrin model) and the absorption spectrum of the acceptor (half the absorption spectrum of the bis freebase porphyrin cage) has been calculated to be 1.96 × 10 -14 cm 3 . M -1 and 1.88 × 10 -14 cm 3 . M -1 for Zn-S-2H and Zn-L-2H, respectively. An estimation of the geometrical factor K 2 (see the Experimental section) gives values of 0.09 for the cage with short linkers and 1.88 for the cage with long linkers (by considering q D = q A = 40° ÷ 90° in Zn-S-2H and q D = q A = 15° ÷ 40° in Zn-L-2H and f varying from 0° and 60°, according to the geometrical parameters derived for similar cages) [32]. With these parameters, and taking into account the fluorescence quantum yield and the lifetime of the donor in both cases, it is possible to evaluate the donor-acceptor distances that should result in the experimental rate constants on the basis of a Förster-type energy-transfer mechanism. The obtained distances are 6.6 Å and 11.0 Å for Zn-S-2H and Zn-L-2H, respectively. While the first value is in good agreement with the distance between the two porphyrins estimated in the parent system (7 Å), the second value is not reasonable for a system where the long linkers allow a closer interaction between the porphyrins. Although the estimation of K 2 for these systems involves approximations, in the case of Zn-L-2H a possible deviation from the classical Förster treatment can be envisaged, with a weaker short-range dependence of the rate constant, as already observed for closely spaced π systems [38]. At a supposed interplanar distance of 4 Å estimated for the parent cage [32], we cannot also exclude a contribution from an electron exchange (Dexter) mechanism, that has been found to be operative at very short (< 5-6 Å) donor-acceptor distances in cofacial porphyrinic systems [39,40]. More detailed investigations on the nature of the energytransfer process are under way.

EXPERIMENTAL General

All chemicals were of the best commercially available grade and used without further purification. CH 2 Cl 2 and CHCl 3 were distilled over CaH 2 before use. Column chromatography was carried out using silica gel (Merck, silica gel 60, 63-200 or 40-63 µm). Mass spectra were obtained by using a Bruker MicroTOF spectrometer in electrospray mode (ES-MS). Nuclear Magnetic Resonance (NMR) spectra for 1 H and 13 C were acquired on Bruker AVANCE 300, 400, 500 spectrometers. The 1 H and 13 C spectra were referenced to residual solvent peaks. (CDCl 3 , 7.24 and 77.16; CD 2 Cl 2 , 5.32 and 53.84; DMSO, 2.50 and 39.52; DMF, 8.03 and 163.15).

Synthesis

Synthesis of monometallated cage Zn-S-2H.

Zinc acetate Zn(OAc) 2 .2H 2 O (5.4 mg, 24.8 µmol, 1.1 equiv.) was added to a stirred solution of cage 2H-S-2H (50.0 mg, 22.5 µmol, 1 equiv.) in 25 mL CHCl 3 / MeOH (9:1 v/v) at room temperature. Completion was checked by thin layer chromatography (SiO 2 , CH 2 Cl 2 / CHCl 3 /MeOH 5/5/1). After three hours, the solvent was evaporated and the residue was purified by two consecutive preparative thin layer chromatographies eluted with CH 2 Cl 2 /CHCl 3 /MeOH 45/45/10 and flash chromatography using CH 2 Cl 2 /MeOH 95/5) to afford a purple solid (16 mg, 31% yield). Synthesis of monometallated cage Zn-L-2H. Zinc acetate Zn(OAc) 2 . 2H 2 O (9.85 mg, 44.9 µmol, 1.1 equiv.) was added to a stirred solution of cage 2H-L-2H (97.8 mg, 40.8 µmol, 1 equiv.) in CH 2 Cl 2 /MeOH (9:1 v/v) and refluxed overnight. The solvents were evaporated and the residue was purified by preparative thin layer chromatography eluted with CH 2 Cl 2 /CHCl 3 /MeOH 44/50/10 to afford a purple solid (26.1 mg, 26% yield). (20).

Absorption and emission spectroscopy, photophysics

Spectroscopic grade DCM and MeOH were from Merck and used as received. Silver trifluoromethanesulfonate (Ag(OTf)) was from Sigma-Aldrich and was stored under argon in a sealed vial in dark and dry conditions. Ag(OTf) solutions were used fresh and kept in the dark during the measurements.

Absorption Spectra were recorded with Perkin-Elmer Lambda 650 UV-vis and Perkin-Elmer Lambda 950 UV-VIS-NIR spectrophotometers. Integrated absorption coefficients were calculated by plotting molar absorption coefficients as a function of absorption energy (in wavenumbers) and calculating the area under the curves.

Emission spectra were collected with an Edinburgh FLS920 fluorimeter, equipped with a Peltier-cooled Hamamatsu R928 PMT (200-850 nm), and corrected for the wavelength-dependent phototube response. Corrected excitation spectra were recorded with the same fluorimeter. Emission quantum yields were evaluated from the area of the luminescence spectra, corrected for the photomultiplier response, with reference to mesotetraphenylporphyrin inaerated toluene (ϕ fl = 0.11) [41]. Measurements at 77K were performed with the same fluorimeter, making use of Pyrex tubes dipped in liquid nitrogen in a quartz Dewar. Gated emission spectra were acquired by using a time-gated spectral scanning mode and a mF920H Xenon flash lamp (pulse width < 2 ms, repetition rate between 0.1 and 100 Hz) as excitation source. Spectra were corrected for the wavelengthdependent photomultiplier response. Triplet excited state lifetimes were measured with the same apparatus in the multichannel scaling mode.

Fluorescence lifetimes in the nanosecond range were detected by using an IBH Time Correlated Single Photon Counting apparatus with Nano-LED excitation at 465 nm. Analysis of the decay profiles against time was performed using the Decay Analysis Software DAS6 provided by the manufacturer.

Fluorescence lifetimes in the ps regime were measured by means of a Hamamatsu synchroscan streak-camera apparatus (C10910-05 main unit and M10911-01 synchroscan unit) equipped with an ORCA-Flash 4.0 V2 charge-coupled device (CCD) and an Acton spectrograph SP2358. As excitation source, a Newport Spectra Physics Solstice-F-1K-230 V laser system, combined with a TOPAS Prime (TPR-TOPAS-F) optical parametric amplifier (pulse width: 100 fs, 1 kHz repetition rate) [42] was used, tuned at 560 nm. To reduce photo-degradation, the pump energy on the sample was reduced to 26 mJ/ pulse. Emission from the sample, collected at a right angle with a 1 mm slit, was focused by means of a system of lenses into the spectrograph slit. Streak images were taken in analog integration mode (100 exposures, exposure time: 2 s). The decays were measured over emission spectral ranges of 20-40 nm. HPD-TA 9.3 software from Hamamatsu was used for data acquisition and analysis. The overall time resolution of the system after deconvolution procedure was 1 ps.

The energy transfer rate in the monometallic cages is calculated as k en = 1/τ -1/τ 0 , in which τ is the lifetime of the quenched donor unit and τ 0 the lifetime of the unquenched unit, i.e. the lifetime of the reference model (the Zn-component in the bis Zn-porphyrin cages): 1.7 ns for Zn-S-Zn and 1.6 ns for Zn-L-Zn [32]. The error for the energy transfer rate value has been estimated according to the partial derivative methods and by taking the temporal resolution of the measuring system as uncertainty on the lifetime value (1 ps for τ, measured with the streak camera apparatus, and 0.2 ns for τ 0 , measured with the Time Correlated Single Photon Counting equipment). The energy transfer efficiency is defined as

h en = k et (k et + τ 0 -1
). The calculation of the energy-transfer rate constant according to the Förster theory was performed by using equation (1) [43], where d DA is the distance between the centers of mass of the donor and acceptor, F and τ are the emission quantum yield and lifetime of the donor, J F the overlap integral, n the refractive index of the solvent and K 2 the orientation factor, calculated according to equation (2) [START_REF] Van Der Meer | Resonance Energy Transfer: Theory and Data[END_REF], where q D and q A are the angles formed between the line connecting the donor and acceptor centers and the transition moments of the donor and acceptor, respectively, and f is the angle between the projections of the transition moments on a plane perpendicular to the line connecting the centers of the donor and the acceptor. 8.8 10 
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CONCLUSION

The photophysics of flexible covalent cages bearing either two free-base porphyrins or one free-base porphyrin and one Zn(II) porphyrin, connected by flexible linkers of different lengths, has been investigated in detail by means of steady-state and time-resolved spectroscopic studies. Strong exciton interactions between the porphyrins have been evidenced in all cases, due to the close proximity of these units in the collapsed structure of the cages. The emission features of the porphyrins depend on the composition of the cage and/or on the lengths of the linkers: the free-base units display altered fluorescence quantum yield and lifetime only in the monometallated cages, where the Zn counterpart influences their radiative behavior, with a more important reduction in the cage with shorter linkers. The Zn-porphyrins are quantitatively quenched by a fast energy transfer process that sensitizes the free-base emission in both monometallated cages. This photoinduced process is slightly faster in the cage with longer linkers, probably due to the very short interplanar distance between the porphyrins in this cage, supposed to be around 4 Å. The results highlight the role of the linkers and of the arrangement of the components in the photophysics of flexible porphyrinic cages. 
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 11 Scheme 1. Synthesis of the Zn(II)-monometallated porphyrin cages Zn-S-2H and Z-L-2H
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 123 Fig. 1. Absorption spectra of 2H-S-2H (gray), 2H-L-2H (black full) and twice the absorption spectrum of 2H-alkyne (black dashed) in DCM:MeOH (90:10). Absorption in the 460-700 nm region is amplified by a factor of five
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 45 Fig. 4. Corrected emission spectra at room temperature of iso-absorbing solutions of (a) Zn-S-2H (black thick) and models 2H-S-2H (black thin) and Zn-S-Zn (dots), excitation at 557 nm (80% of the photons absorbed by the Zn unit in Zn-S-2H), A 557 = 0.067; (b) Zn-L-2H (black thick) and models 2H-L-2H (black thin) and Zn-L-Zn (dots), excitation at 537 nm (60% of the photons absorbed by the Zn unit in Zn-L-2H), A 537 = 0.046; in DCM:MeOH (90:10)

  13 C NMR (126 MHz, DMF-d 7 ): δ (ppm) = 150.5 (C 2 ), 146.2 (C 10 + 10 ′ ), 143.6 (C 4 ), 142.0 (C 4 ′ ), 137.0 (C 5 ′ out ), 136.3 (C 5 out ), 135.7-135.4 C 7 + C 7 ′ + C 5 ′ in + 5 in ), 132.4 (C 1 ), 127.5 (C 6 ′ out ), 127.2 (C 6 out ), 126.7 (C 6 ′ in ), 126.3 (C 6 in ), 125.4 (C 9 ′ ), 125.3 (C 9 ), 120.8 (C 3 ), 120.6 (C 3 ′ ), 70.6 (C 12 ), 65.3 (C 11 ′ +11 ), 53.9 (C 8 ′ +8 ); pyrrolic 13 C C 1 ′ and C 2 ′ are too enlarged to be observed at 298K. ES-MS: m/z (%) calcd for [C 128 H 108 N 32 O 8 Zn] 2+ /2: 1142.4154; found : 1142.4172 (100) [M + 2H + ]/2.
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 1 Luminescence data at room temperature and 77K, in DCM:MeOH (90:10) and (50:50), respectively
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Notes § The emission contribution from the model Zn-alkyne in the mixture upon excitation at 630 nm is not negligible at the concentration used, which is optimized for the freebase porphyrin excitation.