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Interpretation of Experimental Soret Bands of Porphyrins in Flexible Covalent Cages and in Their Related Ag(I) Fixed Complexes

■ INTRODUCTION

The first steps in natural photosynthesis rely on the collective work of chlorophyll or bacteriochlorophyll organized in antennas to capture light and on their precise arrangement within the reaction centers to convert light energy into chemical energy. [START_REF] Huber | A Structural Basis of Light Energy and Electron Transfer in Biology(Nobel Lecture)[END_REF][2][START_REF] Deisenhofer | Crystallographic refinement at 2.3 Å Resolution and Refined Model of the Photosynthetic Reaction Centre from Rhodopseudomonas viridis[END_REF][4][START_REF] Roszak | Crystal Structure of the RC-LH1 Core Complex from Rhodopseudomonas Palustris[END_REF][START_REF] Umena | Crystal structure of oxygen-evolving photosystem II at a resolution of 1.9 Å[END_REF][START_REF] Psěncík | Chlorosomes: Structure, Function and Assembly[END_REF] The distance and mutual orientation of these chromophores are critical as they determine their absorption range and their efficiency as energy donors or acceptors or as redox active species. [START_REF] Mirkovic | Light Absorption and Energy Transfer in the Antenna Complexes of Photosynthetic Organisms[END_REF] Therefore, engineering systems incorporating porphyrins, tetrapyrrolic macrocycles related to these natural chromophores, has led to various light converting systems. [START_REF] Balaban | Tailoring Porphyrins and Chlorins for Self-Assembly in Biomimetic Artificial Antenna Systems[END_REF][START_REF] Li | Construction of Segregated Arrays of Multiple Donor and Acceptor Units Using a Dendritic Scaffold: Remarkable Dendrimer Effects on Photoinduced Charge Separation[END_REF][START_REF] Harvey | The Photophysics and Photochemistry of Cofacial Free Base and Metallated Bisporphyrins Held Together by Covalent Architectures[END_REF][START_REF] Nakamura | Cyclic Porphyrin Arrays as Artificial Photosynthetic Antenna: Synthesis and Excitation Energy Transfer[END_REF][START_REF] Satake | Artificial Photosynthetic Systems: Assemblies of Slipped Cofacial Porphyrins and Phthalocyanines Showing Strong Electronic Coupling[END_REF][START_REF] Gust | Solar Fuels via Artificial Photosynthesis[END_REF][START_REF] Wasielewski | Self-Assembly Strategies for Integrating Light Harvesting and Charge Separation in Artificial Photosynthetic Systems[END_REF][START_REF] Lindsey | Molecules for Charge-Based Information Storage[END_REF][START_REF] Pellegrin | Molecular Devices Featuring Sequential Photoinduced Charge Separations for the Storage of Multiple Redox Equivalents[END_REF][START_REF] Sprafke | Belt-Shaped π-Systems: Relating Geometry to Electronic Structure in a Six-Porphyrin Nanoring[END_REF][START_REF] Griffith | Porphyrins for Dye-Sensitised Solar Cells: New Insights into Efficiency-Determining Electron Transfer Steps[END_REF][START_REF] Wytko | Metal-Mediated Linear Self-Assembly of Porphyrins[END_REF] Molecular cages incorporating two or more porphyrins have shown their ability to respond to light and also to work as nanoreceptors or nanoreactors, depending on the specific arrangement and orientation of the porphyrins. [START_REF] Harvey | The Photophysics and Photochemistry of Cofacial Free Base and Metallated Bisporphyrins Held Together by Covalent Architectures[END_REF][START_REF] Durot | Multiporphyrinic Cages: Architectures and Functions[END_REF][START_REF] Hong | Porphyrin Boxes: Rationally Designed Porous Organic Cages[END_REF][START_REF] Yu | Synthesis of Cyclic Porphyrin Trimers through Alkyne Metathesis Cyclooligomerization and Their Host-Guest Binding Study[END_REF][START_REF] Hwang | Porphyrin Boxes Constructed by Homochiral Self-Sorting Assembly: Optical Separation, Exciton Coupling, and Efficient Excitation Energy Migration[END_REF][START_REF] Hernańdez-Eguía | Supramolecular Inclusion Complexes of Two Cyclic Zinc Bisporphyrins with C60 and C70: Structural, Thermodynamic, and Photophysical Characterization[END_REF][START_REF] Durot | Synthesis and Solution Studies of Silver(I)-Assembled Porphyrin Coordination Cages[END_REF] Related to these various applications and as a tool to rationalize and design systems with specific functions, optical spectra of porphyrin architectures can give important Here, a combined spectroscopic and computational approach is presented to study different flexible porphyrinic cages. Cages 1 and 2 and their corresponding silver(I)complexed cages, [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ , discussed in the s1 present study, are represented in Scheme 1. The four systems are covalent cages consisting of two zinc(II) tetraphenylporphyrins, Zn-TPPs, connected by four flexible connectors of different lengths, each incorporating two 1,2,3-triazolyl ligands. The linkers of cage 1 that incorporate one ethyleneglycol unit are shorter than the ones of cage 2 that incorporate a diethyleneglycol unit. Binding of four silver(I) ions to the peripheral ligands induces large conformational changes in solution and rigidizes the cages. These conformational changes are reversible: removal of Ag(I) in the presence of an excess of chloride anions switches back both cages to their collapse conformations. [START_REF] Kocher | Control of the Cavity Size of Flexible Covalent Cages by Silver Coordination to the Peripheral Binding Sites[END_REF][START_REF] Schoepff | Chemically Induced Breathing of Flexible Porphyrinic Covalent Cages[END_REF] The strength of the multimolecular binding process with silver(I) ions is here determined with UV-visible absorption titrations for cages 1 and 2. Absorption and emission properties of the two cages and of their complexes [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ are characterized in solution by means of steady-state and time-resolved spectroscopic techniques.

The computational strategy used in the present work to calculate the UV-visible absorption spectra in the Soret region of the experimentally studied cages is based on the perturbed matrix method (PMM) 34,35 and molecular dynamics (MD) simulations. With the MD-PMM approach, the Soret band of highly flexible, close-lying porphyrinic assemblies in solution can be reconstructed, allowing a quantitative interpretation of the experimental spectra at an atomic detail. The main strengths of this computational approach are that: (i) a very large number of conformations (including the whole system and the solvent atoms) can be analyzed because the procedure makes use of classical MD simulation for the conformational Emission spectra, collected upon excitation both at 424 nm (isosbestic point of the Soret region, Figure S3) and at 558 nm (invariant point of the Q-band region, Figure S4), show a clear biphasic trend but with an overall small modification of the emission features: in the range 0-10 equiv, a slight intensity increase (5-8%) and a 2 nm blue-shift are observed, whereas upon further addition of Ag + ions the emission intensity decreases by about 10-15%.

Overall, the observed behavior can be ascribed to an initial decoupling of the two porphyrins which move apart from their initial position after the complexation of the Ag + ions and to a subsequent process of formation of a fully complexed [Ag 4 (2)] 4+ cage, where the two porphyrins are forced to stay in a remote cofacial conformation. The slight decrease in emission intensity is expected on the basis of the "large"

distance between the two porphyrins in the fully complexed cage (0.95 nm, see below). In cofacial porphyrin dimers, in fact, the extent of the decrease scales with the decrease of the interporphyrin distance, and our data are in agreement with a 15% reduction of emission intensity previously observed for the formation of face-to-face porphyrinic coordination cages where porphyrins are held at a distance of ca. 0.70 nm. [START_REF] Durot | Synthesis and Solution Studies of Silver(I)-Assembled Porphyrin Coordination Cages[END_REF] The excited state lifetime measured at the end of titration is 1. Emission spectra, obtained upon excitation at 418 and 556 nm, show a decrease of intensity on the order of 10%, without spectral shift, when the cage is titrated with Ag + (Figures S5 andS6). This outcome resembles that obtained for cage 2 and can be ascribed, as well, to the formation of the fully complexed [Ag 4 (1)] 4+ cage. The extent of the reduction is reasonable for a cofacial porphyrin pair at a distance of 0.85 nm (calculated distance, see below). The measured lifetime for the complex is 1.6 ns.

By comparing the absorption spectra of the two cages at the end of titration with twice the spectrum of the model Znalkyne (Figure S7), it can be observed that the spectral shape and the intensity of the Soret band is almost (but not fully) Figure S8 compares the absorption spectrum of cage 2 with 237 the fitted spectrum of [Ag 4 (2)] 4+ and the end-of-titration 238 spectrum obtained experimentally. The same comparison for 239 cage 1 is presented in Figure S9. It can be seen that the fitted 240 spectrum of the complex matches well with the experimental 241 one in both cases. The same good correspondence can be 242 observed by comparing the fitted and experimental spectra at 243 different titration stages: Figures S10 andS11 present this 244 comparison for some representative titration points for cages 2 245 and 1, respectively. The association constants, derived as 246 average of values obtained from the elaboration of different 247 titrations, are [in log(K a /M -4 )]: 20.4 ± 0.5 and 20.8 ± 0.9 for 248 2 and 1, respectively. 249 Computational Results. Because of large transition dipole 250 moments in porphyrins, modification of their Soret bands 251 upon their assembly within a system are frequently observed. 252 In symmetric metalloporphyrins, this band results from the 253 superposition of two electronic transitions, B x and B y , with 254 strong orthogonal transition dipoles in the π-plane degenerate f4 255 in the monomeric state (μ B x and μ B y , Figure 4a). When two 256 porphyrins are placed in proximity, then the first set of 257 transition dipoles, μ B x and μ B y , interacts with the second set of In what follows, the Soret band of cages 1 and 2 and their corresponding silver(I)-complexed cages [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ , are reconstructed and interpreted with the MD-PMM approach. First, one of the systems (namely, cage 2) is used as the model system to investigate changes in the position and shape of the band as a function of geometrical parameters.

Then, the spectra of all systems are reconstructed and interpreted.

Uncomplexed Cages 1 and 2. The Soret band of a dimer of Zn-porphyrins (as in the case of the cages) arises from transitions to four exciton states (S 2a , S 2b , S 2c , and S 2d ). The position and shape of the Soret band, thus, depend on the excitonic coupling between the two Zn-porphyrins (i.e., on the relative intensity of the single exciton states and the magnitude of their splittings) and are, thus, highly sensitive to differences in conformational states. MD simulations and subsequent calculation of the Soret band of cages 1 and 2, thus, allow the characterization of the most probable conformational states for the two cages.

MD simulations of cages 1 and 2 were performed in DCM/ MeOH (90:10) at 300 K (1 cage molecule per simulation box, that is, infinite dilution) to reproduce the experimental conditions. From the MD simulations, we identified different conformational states on the basis of the geometrical parameters defining the excitonic coupling, that is, the distance R between the two centers of mass of the two Zn-porphyrins and the relative orientation of the transition dipole moments (Figure 4a), the latter defined by the following angles: θ 1 , θ 2 , the angles between each of the Zn-porphyrin plane and the vector connecting the two centers of mass (Figure 4b), and β, the angle defining the rotation of the porphyrin planes, one with respect to the other (Figure 4c).

In order to choose a reduced number of variables to define the conformational states, we analyzed the dependence of the Soret band on the geometrical parameters mentioned above. In the case of the present cages, β does not vary much and has a negligible effect on the Soret band shape and position (Figure S12). The bidimensional distribution of θ 1 and θ 2 calculated f5 from the MD simulation (see Figure 5) shows a strong linear correlation, indicating that the porphyrin planes tend to be parallel to each other, in particular in the region θ 1 , θ 2 > 40°, in which the planes are more "cofacial". For θ 1 , θ 2 < 40°(i.e., for "slipped" conformations), the correlation is lower, indicating the presence of nonparallel (i.e., "oblique") conformations among the slipped conformations. We tested the dependence of the Soret band as a function of different θ 1 and θ 2 values, both along the θ 1 = θ 2 diagonal (black) and along the line of equation, θ 1 = 65 -θ 2 (red), approximating the most D 315 populated basin of the bidimensional distribution of the two 316 angles for θ 1 and θ 2 < 40°(Figure 5). Although major changes 317 in the Soret band are observed along the black diagonal, that is, 318 with parallel planes, (see below) only very minor changes in 319 the Soret band are observed along the red diagonal, that is, 320 with an "oblique" orientation of the planes (Figure S13). 321 Finally, as expected, a strong dependence of the Soret band on 322 R was also found (see below).

323

On the basis of the results mentioned previously, we used R 324 and θ 1 = θ 2 = θ as principal configurational coordinates. In 325 particular, we divided the θ 1 , θ 2 plane into two regions along 326 the black diagonal (cofacial region, C, θ > 40°; slipped region, 327 S, θ < 40°) and for each subpopulation, we considered three 328 different ranges of R (0.6 < R < 0.85 nm, 0.85 < R < 1.05 nm 329 and R > 1.05 nm). An additional state is a "closed" 330 conformation in which R < 0.6 nm and θ is "restricted" in 331 the range θ < 40°. Seven states are thus defined, reported in t2 332 Table 2. f6 333

In Figure 6 are reported the Soret bands calculated on the 334 subpopulations corresponding to the seven states. In addition, 335 the Soret bands of these states were also calculated, excluding 336 the excitonic coupling in order to have a reference spectrum of 337 a monomeric Zn-porphyrin (similar to the Zn-alkyne model 338 used in the experiments) in which only the effect of the 339 perturbation (i.e., the effect of the rest of the cage and the 340 solvent) is retained. The spectrum of the monomeric reference 341 was almost invariant in the different conformations (peak 342 maximum at 424 nm and ε = 5.2 × 10 5 M -1 cm -1 ), thus 343 showing only a moderate effect of the perturbation on the 344 spectral features of the Soret band. The spectra reported in 345 Figure 6 are obtained from the simulation of cage 2. A similar 346 analysis was performed for cage 1 showing an analogous 347 dependence on R and θ.

348

The "closed" state (S1) shows very peculiar features: the 349 band is blue-shifted (with respect to the peak position of the 350 monomeric reference at 424 nm) and the peak is split.

Concerning the other conformations, the following can be observed: (i) for 0.6 nm < R < 0.85 nm (red curves) and θ < 40°(slipped conformations), the band has the lowest epsilon The spectra calculated with the MD-PMM procedure on the 391 MD simulations of [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ cages in DCM/ 392 MeOH (90:10) are reported in Figure 7b,d. In agreement with 393 the experimental results, the spectra of the complexes are blue-394 shifted by 3-4 nm with respect to the peak maximum of the 395 spectrum of the monomeric reference (i.e., calculated 396 excluding the excitonic coupling) and are narrower than the 397 spectra of the noncomplexed cages. These spectral features are 398 consistent with geometries in which the porphyrins are stacked 399 (cofacial) and at higher distances than in the noncomplexed 400 cages.

401

From the molecular structures of the MD trajectories, it is 402 possible to explain the slight shift between the peak maxima of 403 the two cages: it is related to the distance between the two 404 porphyrins, the mean value of the Zn-Zn distance being 405 slightly higher in the complexed cage, [Ag 4 (1)] 4+ (0.92 nm) 406 than in the complexed cage, [Ag 4 (2)] 4+ (0.85 nm). This 407 difference is likely due to the difference in the coordination of 408 the Ag + ion determined by the presence of the additional 409 CH 2 -CH 2 -O group in the linker of cage 2, which makes it 410 more flexible with respect to cage 1 allowing the central oxygen 411 atom to enter the coordination sphere of the silver(I) ion. This 412 gives rise to a trigonal geometry in which the distance between 413 the two coordinating nitrogens of the linkers, and the 414 corresponding N-Ag-N angle, is lower in cage 2 than in 415 cage 1, in which, instead, the N-Ag-N coordination motif is 416 more linear (see Figure S14). This difference in the 417 coordination geometry leads to a slightly smaller distance 418 between the two triazoles (the distance between the two 419 terminal carbon atoms of each linker being 0.99 nm in cage 2 420 and 1.02 nm in cage 1), and, consequently, between the two 421 porphyrins (Figure S14). It must be noticed that the Zn-Zn 422 distance found in the MD simulation of [Ag 4 (1)] 4+ cage gave a 423 Zn-Zn distance (0.92 nm) in very good adequacy with the 424 one obtained recently from the X-ray crystallographic structure 425 of this complex (9.5 Å). 37 PMM Calculations. The MD-PMM approach is a hybrid quantum/classical theoretical-computational approach, similar in spirit to other hybrid methods, 39-41 based on MD F simulations and on the PMM. In the MD-PMM approach, 34,42 the part of the system where the quantum processes of interest occur, that is the quantum center (QC), is treated at the electronic level, and the rest of the system is modeled as an atomic-molecular classical subsystem exerting an electrostatic effect on the QC electronic states. The main difference with other hybrid methods is that in the MD-PMM, the whole system (including the QC) phase space is sampled by classical MD simulations based on typical atomistic empirical/semiempirical force-fields, allowing an extensive sampling of the QC and environment configurational space. The electrostatic perturbation of the environment is included a posteriori: the electronic properties of the isolated QC (unperturbed properties) are calculated quantum-chemically in vacuum (i.e., in the gas phase) and then, for each configuration generated by all-atoms classical MD simulations of the whole system, the electrostatic effect of the instantaneous atomistic configurations of the environment is included as a perturbing term within the QC Hamiltonian operator. The electronic Hamiltonian operator H ̂of the QC embedded in the perturbing environment can be thus expressed via

■ METHODS

̂= ̂+ Ĥ H V 0 (1) 
where H ̂0 is the QC unperturbed electronic Hamiltonian (i.e., as-obtained considering the isolated QC) and V ̂is the perturbation operator. In typical PMM calculations, the perturbing electric field provided by the environment atomic charges is used to obtain the perturbation operator, V ̂via a multipolar expansion centered in the QC center of mass, r 0 (QC-based expansion 43 )

∑ ̂≃ [ - • -] V V r Er r r q ( ) ( ) ( ) j j j 0 0 0 (2) 
with j running over all QC particles (i.e., nuclei and electrons), q j as the charge of the jth particle, r j as the corresponding coordinates, V as the electrostatic potential exerted by the perturbing environment, and E = Z∂V/∂r as the perturbing electric field.

In the present work, we use a very recent development of the PMM approach including higher order terms by expanding the perturbation operator at each atom of the QC (atom-based expansion). 43 Within such an approach, the perturbation operator, V ̂is expanded within each Nth atomic region around the corresponding atomic center, R N (i.e., the nucleus position of the Nth atom of the QC), providing

∑ ∑ ̂≃ Ω [ - • - + ] V r VR ER r R q ( ) ( ) ( ) ( ) . . . N j N j N N j N j (3) 
with j running over all QC nuclei and electron, N running over all QC atoms, and each Ω N as a step function being null outside and unity inside the Nth atomic region. Such an atombased expansion is here used only for the Hamiltonian matrix diagonal elements, whereas the other Hamiltonian matrix elements are obtained by using the QC-based perturbation operator expansion within the dipolar approximation (eq 2).

At each frame of the MD simulation, the perturbed electronic Hamiltonian matrix is constructed and diagonalized, providing a continuous trajectory of perturbed eigenvalues and eigenvectors to be used for evaluating the QC instantaneous perturbed quantum observable of interest, for example, excitation energies/absorption frequencies.

529

In case we deal with a set of interacting chromophores, that 530 is, a set of interacting QCs, we must take into account the 531 possible excitation coupling occurring among the QCs. In the 532 present case, the interaction between the electronic excitations 533 localized on each of the two Zn-porphyrin units has to be 534 considered. To this aim, we use an improved implementation, 535 previously applied to the study of the hyperchromic effect in 536 DNA, 44 in which the perturbed Hamiltonian operator for the 537 two QCs has to be considered

̃= ̃+ Δ H E I H 0 538 (4) 
539 where E 0 is the electronic ground-state energy, and ΔH ̃is the QCs is treated as a dipole-dipole interaction and the k,k′ 547 interaction operator is given by (7) 582 In these last equations, ν ref , n(ν ref ), and |μ 0,j | ν ref 2 are the 583 frequency at the center of each bin, the corresponding number 584 of MD frames and mean transition dipole square norm within 585 the bin. Moreover, ℏ = h/(2π), where h is the Planck constant, 586 ϵ 0 is the vacuum dielectric constant, c is the light speed, and σ 2 587 is the variance produced by the semiclassical vibrations 588 neglected in the evaluation of the unperturbed properties. In 589 the present case, the value of σ 2 has been estimated on the 590 basis of the full width at half maximum of the experimental 591 spectrum in toluene, 45 approximating the vacuum condition. 592 Equations 6 and 7 provide the calculated spectral line shape: 593 the width of the calculated bands (inhomogeneous broad-594 ening) is, thus, due to the complete effect of the semiclassical 595 fluctuations of the QC and its environment.

μ μ μ μ μ μ ̂= + ̂• - ̂• + ̂• - ̂• ̂• ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ V q q R q R R q R R R R R R 3 k k T k T k k k T k k k k k k T k k k k k k k k k k k k k k k k k k , , , , , , , 3 , , , 3 , 3 , , , 5 548 (5) 
∑ ε ν ν σ π ≃ Γ ν ν ν σ -- h N ( ) e 2 i 0, A ref ( )/2 ref ref 2 2 μ ν ε Γ = | | ℏ ν c ( ) 6 j A ref 0, 2 0 2 ref 581
596

Quantum Mechanical Calculations. To calculate the 597 absorption spectra of cages 1 and 2, and their corresponding 598 silver(I)-complexed cages, [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ , the two 599 Zn-porphyrins units were selected as QCs. PMM calculations 600 were performed by considering each porphyrin unit embedded 601 in the field produced by the other porphyrin unit, the four 602 flexible spacers, the Ag + ions (when present), and the solvent.

603

QM calculations were performed on zinc(II) tetratolylpor-604 phyrins (Zn-TTPs) (with four para-methyl groups on the 605 meso-phenyl of the TPP) in vacuo in order to obtain the 606 unperturbed electronic eigen functions to be used in the PMM 607 calculations. A geometry optimization of Zn-TTP was 608 performed in vacuo at the density functional theory (DFT) 609 level 46 with the Coulomb-attenuated hybrid exchange-610 correlation functional. 47 The atomic basis sets were as follows: 611 (i) for the zinc atom the LANL2DZ effective core potential for 612 the inner electrons and a double Gaussian basis set of 613 (5S,5P,5D)/[3S,3P,2D] quality for the valence electrons were 614 used; 48 (ii) for the hydrogen, carbon, and nitrogen atoms, a 615 standard 6-31+G(d) Gaussian basis set was used. 49 616 Time-dependent DFT (TD-DFT) was used with the same 617 functional and basis set for evaluating the properties of the 618 involved excited states. The calculations provided the energies, 619 the atomic charges, and dipole moments of the unperturbed 620 electronic ground state and of the first five unperturbed 621 electronic excited states, besides all ground to excited 622 transition dipole moments necessary for the MD-PMM 623 procedure to be applied. Charges are obtained by fitting the 624 classical electrostatic potential outside the molecule to the 625 corresponding QM potential using the electrostatic potential fit 626 procedure (ESP charges). 50 All QM calculations are carried 627 out using the Gaussian09 package. 51 628 To achieve a more meaningful comparison between the 629 experimental and MD-PMM calculated absorption spectra, 630 avoiding disagreements and/or deviations due to inaccuracies 631 of the quantum chemical calculations, the QM calculated 632 magnitude of the transition dipoles corresponding to the Soret 633 band excitations was rescaled on the basis of the experimental 634 values in toluene. 45 In addition, the QM ground state energy 635 was shifted to reproduce the experimental Soret band 636 excitation energies in toluene. In Table S2 of the Supporting 637 Information, the Soret band excitation energies and transition 638 dipole moments of Zn-TPP, both as obtained from the TD-639 DFT calculations and after the rescaling based on the 640 experimental data in toluene, are reported.

The same level of theory was used for the geometry optimization and atomic charges calculations performed on the silver(I)-complexed linkers (see below). MD Simulations. MD simulations of cages 1 and 2 and their corresponding silver(I)-complexed cages, [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ , were performed in DCM/MeOH (90:10) to mimic the experimental conditions. The initial structure of the uncomplexed cage 2 was taken from the structure of the X-ray crystal. [START_REF] Kocher | Control of the Cavity Size of Flexible Covalent Cages by Silver Coordination to the Peripheral Binding Sites[END_REF] To generate the initial structure for the silver(I)complexed cage, one of the most open conformations generated along the MD simulation of the uncomplexed cage was taken and the four Ag + ions were placed between the two coordinating nitrogen atoms of the linkers; then, this structure was energy minimized using the steepest descent algorithm.

The initial structures for both complexed and uncomplexed forms of cage 1 were taken from the crystal structure of the complexed cage (for the uncomplexed simulations, the four Ag + ions were removed). 37 MD simulations were performed with the GROMACS software package using the GROMOS96 [36] force field. The GROMOS force field parameters for uncomplexed cages 1 and 2 were obtained from the Automated Topology Builder (ATB) database, 52 with the exception of the partial charges set, obtained from QM calculations (mentioned earlier). For cages 1 and 2 in the presence of Ag + ions coordinated to each of the four linkers, the force field parameters for the silver(I)complexed linkers have been obtained as follows. For cage 2, a QM geometry optimization was performed on a model structure of the linker in the presence of one Ag + ion obtained by the above-mentioned energy minimization (see Figure S14). For cage 1, a QM geometry optimization was performed on the silver(I)-complexed linker structure taken from the Xray crystal (Figure S14). For both cages, the bond lengths and angles, provided by the optimized configuration, were used as geometrical parameters for the subsequent MD simulations. Simulations were carried out in the NVT ensemble at a constant temperature of 300 K using the velocity rescaling temperature coupling. 53 The LINCS algorithm 54 was used to constrain bond lengths and a time step of 2 fs for numerical integration of the equations of motion was used. The particle mesh Ewald method 55 was used for the calculation of the longrange interactions and a cut-off of 1.1 nm was used. After a solute optimization and a subsequent solvent relaxation, each system was gradually heated from 50 to 300 K using short MD simulations. The trajectories were then propagated for 100 ns for each system. Coordinates are saved at every 1 ps.

■ CONCLUSIONS

A combined spectroscopic/computational study of two covalent cages consisting of two zinc(II)-porphyrins connected by four flexible linkers, that have different lengths in the two

  98 sampling; (ii) the effects on the band shape and position 99 arising from the electrostatic perturbation of the environment 100 (i.e., the solvent and the rest of the system, excluding the 101 chromophore) and the excitonic coupling (treated as dipole-102 dipole interaction) can be separated and their contributions 103 analyzed. The MD-PMM methodology is here applied for the 104 first time to porphyrinic assemblies, the modeling of which is a 105 topic of current and broad interest. 36 The very good agreement 106 between experimental and theoretical results gives high 107 credence to this method to get geometrical data of interacting 108 porphyrins in complex architectures, simply from their 109 absorption spectra. 110 ■ RESULTS AND DISCUSSION 111 Experimental Results. Absorption and Emission Proper-112 ties of Cages 1 and 2. The absorption and the emission 113 features of the two cages are characterized in dichloromethane 114 (DCM)/MeOH (90:10) and compared with those of Zn-115 alkyne (Scheme 1), 32 which is considered as a monomeric 116 model for the cages. The absorption spectra of 1 and 2 are 117 f1 shown in Figure 1, together with twice the absorption 118 spectrum of Zn-alkyne (the absorption data are collected in 119 t1

1 Scheme 1 .Figure 1 .

 111 Scheme 1. Chemical Structure of the cages 1 and 2, of Their Silver(I) Complexed Forms (with the Coordination Sphere of Ag(I) Represented as Discussed Below) and of the Reference Compound, Zn-Alkyne

  7 ns, similar to that of the uncomplexed cage. Titration of cage 1 (4.9 × 10 -7 M) with Ag + leads to the f3 absorption changes shown in Figure 3: the Soret band sharpens with the formation of a single band with maximum at 421.5 nm. One distinct family of curves with isosbestics at 404 and 418 nm is observed, defining a single equilibrium of complexation. For cage 2, changes in the Q-bands are minimal (Figure 3 inset).

Figure 2 .

 2 Figure 2. Absorption spectra of a solution of 2 (6.1 × 10 -7 M) in DCM/MeOH (90:10) upon addition of Ag(OTf): [Ag + ] = 0-16.5 equiv (red thick: 0 equiv, blue thick: 16.5 equiv; the arrows indicate the trend of the curves). In the inset, the Q-band region is shown.

Figure 3 .

 3 Figure 3. Absorption spectra of a solution of 1 (4.9 × 10 -7 M) in DCM/MeOH (90:10) upon addition of Ag(OTf): [Ag + ] = 0-20.2 equiv (black thick: 0 equiv, blue thick: 20.2 equiv; the arrows indicate the trend of the curves). In the inset, the Q-band region is shown.

  258 transition dipoles of the other porphyrin, μ ′ B x and μ ′ B y 259 (hereafter, the prime symbol denotes transition dipole 260 moments belonging to the second molecule). The observed 261 absorption band in the Soret region is the sum of the 262 absorption bands resulting from the excitonic coupling. 263 Therefore, in flexible systems in which the orientation of the assembly is not fixed and has a distribution in space, a broad Soret band is observed due to the presence of various types of interactions among μ B x , μ B y , μ′ Bx , and μ′ By.

Figure 4 .

 4 Figure 4. (a) Representative structure of Zn-TTP in which the transition dipoles, μ B x and μ B y , are highlighted. Definition of the geometrical parameters defining the reciprocal orientation of the two Zn-porphyrins during the MD simulation of the cages: the distance, R, between the two centers of mass, the angles, θ 1 , θ 2 , that is, the angles between each of the Zn-porphyrin planes and the vector connecting the two centers of mass (b), and β, the angle defining the rotation of the porphyrin planes one with respect to the other (c).

  and the largest bandwidth (with the peak maximum still showing a slight splitting). (ii) If θ is kept constant, a relative redshift and an increase of intensity (and a resulting narrowing) is observed for increasing R values, the maximum shift being 4-5 nm (see Figure 6a,b); for R values larger than 1.05 nm, the spectrum of the monomeric reference is basically recovered (peak maximum at 424 nm and ε = 2 × 5.2 × 10 5 M -1 cm -1 ). (iii) If R is kept constant, a relative red-shift and a decrease of intensity (and a resulting broadening) is observed for decreasing θ values, the maximum shift being 7 nm at the lower R (see Figure 6c-e). We used the spectra of the different states to reconstruct the experimental Soret bands of cages 1 and 2. Results are shown f7 in Figure 7. The main results are the following: (i) the spectral features of cage 2 are mainly due to the presence of slipped conformations (θ < 40°) with 0.6 < R < 0.85 nm (conformation S2 in Table 2); it is worth noting that the Xray structure of the crystal of cage 2 belongs to the S2 state (the Zn-Zn distance is 0.7 nm and the two Zn-porphyrins are slipped 32 ); (ii) the spectral features of cage 1 are mainly due to the presence of more cofacial conformations (θ > 40°), whereas the Zn-Zn distance is similar to the case of cage 2 (state C2 in Table2). The longer linkers of cage 2 ensure more flexibility to this cage, leading to closer porphyrin planes (mean interplanar distance of 0.4 nm) and stronger exciton coupling than in cage 1 with shorter linkers (mean interplanar distance of 0.7 nm).Cages 1 and 2 Complexed with Ag + Ions. In the fully complexed [Ag 4 (1)] 4+ and [Ag 4(2)] 4+ cages, one Ag + ion is coordinated to each of the four linkers. The coordination of Ag + ions with the linkers was modeled by performing quantum mechanical (QM) calculations on model systems made of a subpart of the system (i.e., one linker) and one Ag + ion (see Methods section). The geometrical parameters of the most stable, optimized structures of the silver(I)-complexed linkers are reported in the Supporting Information (FigureS14).

Figure 5 .

 5 Figure 5. Bidimensional distribution of θ 1 and θ 2 as calculated from the MD simulation of cage 2. A schematic representation of the reciprocal orientation of the two Zn-porphyrins along the black and red diagonal is also reported.

Figure 6 .

 6 Figure 6. Soret bands calculated on the seven different conformational states identified along the MD simulation of cage 2 and reported in Table 2. (a) Soret bands of states S1, S2, S3, and S4. (b) Soret bands of states C2, C3, and C4. (c) Soret bands of states S2 (θ < 40°) and C2 (θ > 40°) (d). Soret bands of states S3 (θ < 40°) and C3 (θ > 40°). (e) Soret bands of states S4 (θ < 40°) and C4 (θ > 40°). The dashed line shows the position at 424 nm of the band for the monomeric reference.

427

  photomultiplier response, with reference to TPP (tetraphenylporphyrin) in aerated toluene (ϕ fl = 0.11). 38 Measurements at 77 K, performed with the same fluorimeter, made 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 μF920H Xenon flash lamp (pulse width < 2 μs, repetition rate between 0.1 and 100 Hz) as the excitation source. Spectra were corrected for the wavelength dependent photomultiplier response. Triplet excited state lifetimes were measured with the same apparatus in multichannel scaling mode. Titration experiments were performed by incremental addition of micro aliquots of stock solutions of Ag(OTf) (10 -3 to 10 -4 M) to a solution of molecular cage (5-6 × 10 -7 M). The final volume added was kept below 10% of the total volume to avoid dilution of the porphyrin. The experiments have been conducted avoiding light exposure of the solutions.

Fluorescence

  lifetimes were measured by means of an IBH time correlated single photon counting apparatus with excitation at 560 nm. Analysis of the decay profiles against time was performed using the Decay Analysis Software DAS6 provided by the manufacturer. Estimated errors are 10% on lifetimes, 10% on quantum yields, 20% on molar absorption coefficients, and 3 nm on emission and absorption peaks.

Figure 7 .

 7 Figure 7. Experimental (a,b) and calculated (c,d) Soret bands for cage 1 (black) and cage 2 (red) in the absence (a,c) and in the presence (b,d) of Ag + ions coordinated to each of the four linkers. The black curve in panel (c) is the Soret band of conformation S2 of cage 1. The red curve in panel (c) is the Soret band of conformation C2 of cage 2. The Soret bands in panel (d) are calculated using the whole configurational space sampled by the corresponding MD simulations. The dashed line shows the position at 424 nm of the Soret band for the monomeric reference. Representative snapshots, extracted from the MD simulations of the four systems, of the conformational states that give rise to the calculated spectra are reported.

  540 excitation matrix whose diagonal elements are given by the 541 single chromophore perturbed excitation energies. The non-542 diagonal elements of the excitation matrix, describing the 543 chromophores quantum interaction, are obtained by truncating 544 the expansion of the chromophore interaction operator at the 545 dipolar term. Thus, the electronic coupling between the two 546

549 where μk is

  the kth chromophore dipole operator, and R k,k′ is 550 the k′ to k chromophore displacement vector defined by the 551 corresponding chromophore origins (typically the centers of 552 mass). It has to be noted that the modeling of the 553 chromophore interaction as a dipole-dipole interaction is a 554 reliable approximation only for interchromophoric distances 555 larger than the dimension of the chromophore. In the present 556 case, the smallest interchromophoric distance is 0.55 nm, 557 whereas the size of the chromophore (i.e., the distance 558 between the center of mass and the most external atoms of the 559 chromophore) is on the order of 0.4 nm. Thus, the dipolar 560 approximation is suitable to describe the excitonic coupling 561 between the porphyrins in the cages, allowing interpreting such 562 a coupling in terms of dipole strengths, relative orientation, 563 and distance (see the Computational Results section). 564 Therefore, in the off-diagonal elements providing the 565 chromophore quantum interaction as expressed by eq 5, the 566 perturbed transition dipoles are involved, as obtained by 567 considering the single chromophore embedded in the field 568 produced by the other one (and all rest of the environment). 569 Finally, by diagonalizing the excitation matrix, we obtain the 570 perturbed excitation energies and eigenstates (exciton states). 571 To calculate the absorption spectrum, once the perturbed 572 frequencies (ν) and transition dipoles (μ j,i ) for each exciton 573 state are obtained at each of the N frames of the trajectory, we 574 evaluate the excitation energy distribution using an appropriate 575 number of bins in the frequency space. The excitation energies 576 distribution and the corresponding transition dipoles are then 577 utilized for calculating the molar extinction coefficient, ε 0,i for 578 the ground to the ith excited state transition, providing the 579 absorption spectra by the equation

  QM-derived ESP charges for the silver(I)-complexed linkers were used. The remaining force field parameters were obtained by analogy with similar already parametrized chemical groups. The four cages were placed in a dodecahedral box large enough to contain the molecule and at least 1.0 nm of solvent on all sides with a proper number of DCM molecules to reproduce the density of DCM at 300 K and 1 bar (1.33 g/ cm 3 ). A proper number of DCM molecules was then substituted with the corresponding number of MeOH molecules to reproduce the experimental DCM/MeOH (90:10) proportion. The force field parameters for DCM and MeOH were taken from the GROMACS topology database.

Table

  

Table 1 .

 1 Absorption Parameters in DCM/MeOH (90:10)

		λ max /nm	ε/10 5 M -1 cm -1
	Zn-alkyne	425	6.37
		557	0.21
		597	0.08
	1	419	7.55
		558	0.39
		597	0.16
	2	421	5.65
		426	5.83
		558	0.38
		597	0.15

Table 2 .

 2 Schematic Representation of the Seven States Defined on the Basis of the Geometrical Parameters R and θ
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