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Strongly bound excitons in metal-organic framework MOF-5: a many-body perturbation theory study

During the past years, one of the most iconic metalorganic frameworks (MOFs), MOF-5, has been characterized as a semiconductor by theory and experiments. Here we employ the GW many-body perturbation theory in conjunction with the Bethe-Salpeter equation (BSE) to compute the electronic structure and optical properties of this MOF. The GW calculations show that MOF-5 is a wide band-gap insulator with a fundamental gap of ∼ 8 eV. The strong excitonic eects, arising from highly localized states and low screening, result in an optical gap of 4.5 eV and in an optical absorption spectrum in excellent agreement with experiments. The origin of the incorrect conclusion reported by past studies and the implication of this result are also discussed.

Owing to their porous structure, chemical tunability and diversity, metal-organic frameworks (MOFs) are being actively studied for a wide range of applications. [START_REF] Rodríguez | Structural characterization, optical properties and photocatalytic activity of MOF-5 and its hydrolysis products: implications on their excitation mechanism[END_REF] One of the rst synthesized MOFs to exhibit relatively large porosity and chemical and thermal stability is MOF-5. [START_REF] Li | Design and synthesis of an exceptionally stable and highly porous metalorganic framework[END_REF] This framework, made of Zn4O subunits connected by ligands of terephthalic acid, is probably the most iconic MOF and among the most studied ones. [START_REF] Stock | Synthesis of Metal-Organic Frameworks (MOFs): Routes to Various MOF Topologies, Morphologies, and Composites[END_REF] Since the early 2000's, it has been the subject of a large number of studies reporting its chemical and physical properties, and assessing its applications in the elds of optoelectronics, [START_REF] Butler | Electronic Structure Modulation of MetalOrganic Frameworks for Hybrid Devices[END_REF][START_REF] Alvaro | Semiconductor Behavior of a Metal-Organic Framework (MOF)[END_REF] gas separation, [START_REF] Rosi | Hydrogen Storage in Microporous Metal-Organic Frameworks[END_REF][START_REF] Saha | Adsorption of CO2, CH4, N2O, and N2on MOF-5, MOF-177, and Zeolite 5A[END_REF] gas sensing, [START_REF] He | Core-Shell Noble-Metal@Metal-Organic-Framework Nanoparticles with Highly Selective Sensing Property[END_REF] and catalysis. 1416 During these years, there have been several experimental studies reporting signicant discrepancies in the description of the electronic structure, the optical excitations and photoluminescence in MOF-5. At rst, it was identied as a semiconductor with an optical band gap of 3.4-3.7 eV featuring a ligand to metal charge transfer excitation. [START_REF] Alvaro | Semiconductor Behavior of a Metal-Organic Framework (MOF)[END_REF][START_REF] Bordiga | Electronic and vibrational properties of a MOF-5 metalorganic framework: ZnO quantum dot behaviour[END_REF][START_REF] Tachikawa | Photoinduced Charge-Transfer Processes on MOF-5 Nanoparticles: Elucidating Dierences between Metal-Organic Frameworks and Semiconductor Metal Oxides[END_REF] Later, by using the photoluminescence spectra of MOF-5 for assessment of its purity, it was shown that the method of synthesis used by early studies leads to presence of ZnO impurities within the framework, and these impurities can exhibit the observed semiconductor behaviour. [START_REF] Feng | Assessing the Purity of Metal-Organic Frameworks Using Photoluminescence: MOF-5, ZnO Quantum Dots, and Framework Decomposition[END_REF] Subsequent experimental studies also showed that the photoluminescence and absorption spectra of MOF-5 are very sensitive to the presence of water and structural damage, [START_REF] Rodríguez | Structural characterization, optical properties and photocatalytic activity of MOF-5 and its hydrolysis products: implications on their excitation mechanism[END_REF][START_REF] Villemot | Unravelling the true MOF-5 luminescence[END_REF][START_REF] Rodríguez | A simple computational model for MOF-5W absorption and photoluminescence to distinguish MOF-5 from its hydrolysis products[END_REF] further raising questions on the early works. The studies that followed showed that the onset of the optical absorption of possibly impurity-free MOF-5 is located at ∼ 3.8-4.1 eV. [START_REF] Rodríguez | Structural characterization, optical properties and photocatalytic activity of MOF-5 and its hydrolysis products: implications on their excitation mechanism[END_REF]2025 In parallel, several computational works 2529 have established a semiconducting behavior of this MOF upon a computed band gap of around 3.6 eV using Kohn-Sham density-functional theory (DFT) with semi-local Perdew-Burke-Ernzerhof (PBE) parametrization of exchange-correlation (XC). In these studies, the accuracy of Kohn-Sham PBE to predict the electronic structure of MOF-5 was claimed on the basis of the good comparison with experimental optical gap. These considerations, however, are confusing and misleading for two reasons. First, the use of optical measurements to establish whether a material is a semiconductor or an insulator is questionable, because if strongly bound excitons are created the optical gap may be up to several eV smaller than the (fundamental) band gap. For this, photoemission spectroscopy should be employed to measure the fundamental gap which is dened as the dierence between the ionization energy and the electron anity. Second, the Kohn-Sham gap is not the fundamental gap, not even in exact Kohn-Sham theory [START_REF] Perdew | Physical Content of the Exact Kohn-Sham Orbital Energies: Band Gaps and Derivative Discontinuities[END_REF] and approximated functionals such as PBE are well known to give electronic band gaps almost 50% smaller than the fundamental gap. Besides, a small semiconducting gap is rather uncommon in MOFs, [START_REF] Odoh | Quantum-Chemical Characterization of the Properties and Reactivities of MetalOrganic Frameworks[END_REF][START_REF] Mancuso | Electronic Structure Modeling of MetalOrganic Frameworks[END_REF] especially in those with highly-localized dispersionless bands such as in MOF-5 [START_REF] Pham | Engineering of Band Gap in MetalOrganic Frameworks by Functionalizing Organic Linker: A Systematic Density Functional Theory Investigation[END_REF] and it is not surprising that the claimed semiconducting behaviour may be viewed with skepticism. [START_REF] Feng | Assessing the Purity of Metal-Organic Frameworks Using Photoluminescence: MOF-5, ZnO Quantum Dots, and Framework Decomposition[END_REF][START_REF] Odoh | Quantum-Chemical Characterization of the Properties and Reactivities of MetalOrganic Frameworks[END_REF][START_REF] Stavila | MOF-based electronic and opto-electronic devices[END_REF] In this study, we employ ab initio many-body perturbation theory methods, such as the GW approximation, [START_REF] Hedin | New Method for Calculating the One-Particle Green's Function with Application to the Electron-Gas Problem[END_REF] together with the Bethe-Salpeter equation (BSE) [START_REF] Salpeter | A Relativistic Equation for Bound-State Problems[END_REF][START_REF] Strinati | Application of the Green's Functions Methods to the Study of the Optical Properties of Semiconductors[END_REF] formalism to compute the quasiparticle (photoemission) band gap and the two-body electron-hole bound states associated with neutral excitations to calculate the optical spectra of MOF-5 and its ligand. These methods, originally implemented to study excited states in semiconductors, 3638 are recently gaining much momentum in the physical chemistry community. 3941 The GW method yields the quasiparticle eigenvalues corresponding to the electron addition and removal energies and it allows for a quantitatively good estimate of the fundamental photoemission band gap. [START_REF] Ping | Electronic excitations in light absorbers for photoelectrochemical energy conversion: rst principles calculations based on many body perturbation theory[END_REF][START_REF] Golze | The GW Compendium: A Practical Guide to Theoretical Photoemission Spectroscopy[END_REF] Our results show that MOF-5 is a wide-gap insulator with a quasiparticle GW gap of ∼ 8 eV. The BSE yields an optical gap of 4.5 eV with an intense absorption peak at 5.3 eV in good agreement with experimental studies. [START_REF] Feldblyum | Photoresponse Characteristics of Archetypal MetalOrganic Frameworks[END_REF][START_REF] Rathnayake | Analytical Approach to Screen Semiconducting MOFs Using Bloch Mode Analysis and Spectroscopic Measurements[END_REF] The optical absorption is dominated by ligand-centered transitions at least up to ∼ 6 eV, also in agreement with inferences drawn in recent experimental studies. [START_REF] Rodríguez | Structural characterization, optical properties and photocatalytic activity of MOF-5 and its hydrolysis products: implications on their excitation mechanism[END_REF][START_REF] Villemot | Unravelling the true MOF-5 luminescence[END_REF] The large dierence between the fundamental gap and optical band gap points to strongly bound excitons in the studied spectral region with binding energies of several eVs, previously not discussed in literature. The GW quasiparticle eigenvalues are corrected perturbatively by replacing the exchange-correlation contribution to the KS eigenvalues by the Σ(r, r , E) self-energy (computed within the GW approximation), which accounts for the many-body exchange-correlation eects. An eigenvalues self-consistent GW procedure is adopted to correct the DFT eigenvalues. [START_REF] Blase | First-Principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other Molecules of Interest for Organic Photovoltaic Applications[END_REF][START_REF] Kaplan | Quasi-Particle Self-Consistent GW for Molecules[END_REF] In the rst GW iteration the KS eigenvalues and wavefunctions are used to compute the expectation value of the self-energy. Several GW iterations are then performed by replacing the KS eigenvalues by the newest GW quasiparticle values while keeping the KS eigenvectors frozen. Such procedure is repeated until the GW gap is converged within 0.1 eV to yield the so-called evGW quasiparticle energies. In what follows the GW values always refer to evGW . The quasiparticle energies and the KS eigenvectors are then used to build the BSE electron-hole Hamiltonian. See the supporting information (SI) for more details. We perform BSE/GW calculations for MOF-5 using both periodic boundary conditions and molecular fragment models. Additionally, we compute the ligand (in solution) employed in the synthesis of MOF-5 for which several experimenal studies are available.

The calculations of the periodic MOF-5 are performed using Quantum ESPRESSO [START_REF] Giannozzi | QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials[END_REF] for DFT and YAMBO [START_REF] Sangalli | Many-body perturbation theory calculations using the yambo code[END_REF] for the GW and BSE. Optimized norm-conserving SG15 pseudopotentials are used to model the interaction between ionic core and the valence electrons. [START_REF] Hamann | Optimized norm-conserving Vanderbilt pseudopotentials[END_REF][START_REF] Schlipf | Optimization algorithm for the generation of ONCV pseudopotentials[END_REF] For comparison, the BSE/GW calculations are performed using both semilocal PBE and the hybrid Gau-PBE which incorporates 25% of exact exchange at short range with Gaussian attenuation. [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF][START_REF] Song | Communication: A new hybrid exchange correlation functional for band-gap calculations using a short-range Gaussian attenuation (Gaussian-PerdueBurkeErnzerhof)[END_REF] See SI for the more details of the GW and BSE calculations. For the calculations of the MOF-5 fragments and the MOF ligand we employ NWchem [START_REF] Aprà | NWChem: Past, present, and future[END_REF] and ORCA [START_REF] Neese | The ORCA Program System[END_REF] for DFT, and FIESTA [START_REF] Blase | First-Principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other Molecules of Interest for Organic Photovoltaic Applications[END_REF][START_REF] Blase | Charge-Transfer Excitations in Molecular Donor-Acceptor Complexes within the Many-Body Bethe-Salpeter Approach[END_REF] for BSE and GW . The DFT calculations are performed using PBE and PBE0. The conductor-like polarizable continuum model as implemented in ORCA is employed to account for solvation eects of the ligand in the ground state. At the GW and BSE level, a discrete polarizable model is used to calculate a reaction eld matrix which eectively captures the dielectric screening of electronic excitations by the solvent (for the ligand) or the MOF environment (for the MOF fragments). 5557 The reaction eld matrix is incorporated in the screened Coulomb potential W used in GW and BSE. This method has allowed us to correctly describe the electronic structure and the optical excitations of both solvated molecules, [START_REF] Duchemin | The BetheSalpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specic features[END_REF] including azobenzene derivatives, [START_REF] Kshirsagar | Accurate Prediction of the S1 Excitation Energy in Solvated Azobenzene Derivatives via Embedded Orbital-Tuned Bethe-Salpeter Calculations[END_REF] and molecular crystals. [START_REF] Li | Combining the Many-Body GW Formalism with Classical Polarizable Models: Insights on the Electronic Structure of Molecular Solids[END_REF] See SI for more details.

The experimental absorption spectrum of the BDC (1,4benzenedicarboxylic) ligand measured in water [START_REF] Vaiano | Degradation of terephthalic acid in a photocatalytic system able to work also at high pressure[END_REF] is shown in Fig. 1. The BSE/GW /PBE0 spectrum of BDC is reported in the same gure: it is computed using an embedding scheme which uses an eective medium with the total (ionic and electronic) and optical (electronic) dielectric response of water, for the ground state and excited states, respectively. See SI for more details. The BSE correctly reproduces all the spectral features reported experimentally. The rst weak excitation corresponds to the HOMO-LUMO transition with π → π * character; it is mostly localized on the benzene ring and only marginally on the O atoms of the carboxylic group. This is followed by two dark excitons with zero oscillator strength which are charge transfer transitions from the O atoms to the benzene ring. The most intense excitation corresponds to another π → π * transition of the benzene ring with small contributions of the O atoms. For a visual inspection of these excitations we plot the hole-averaged electron density and the electron-averaged hole density (see SI for more details) as obtained from BSE eigenvectors (lower panel of Fig. 1). A qualitatively similar result for both GW and the BSE is predicted when using dif- ferent starting point XC functionals such as PBE0 [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF] (25% exact exchange), M06-2X [START_REF] Zhao | The M06 Suite of Density Functionals for Main Group Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and Transition Elements: Two New Functionals and Systematic Testing of Four M06-class Functionals and 12 other Functionals[END_REF] (54% exact exchange) and the range-separated hybrid CAM-B3LYP. [START_REF] Yanai | A new hybrid exchangeâcorrelation functional using the Coulomb-attenuating method (CAM-B3LYP)[END_REF] The HOMO and the LUMO are always π and the π * states, respectively, as shown in the projected-density of states (pDOS) plotted in Fig. S1, except for PBE, for which the O 2p states are at the edge of the band gap. PBE predicts a small KS gap of 3.58 eV consistent with previous studies, [START_REF] Pham | Engineering of Band Gap in MetalOrganic Frameworks by Functionalizing Organic Linker: A Systematic Density Functional Theory Investigation[END_REF] while PBE0, M06-2X and CAM-B3LYP predictions range from 5.63 eV to 7.83 eV. The GW quasiparticle gap shows resilience to variations in the starting XC functional and the associated input Kohn-Sham eigenstates, and yields values ranging from 7.81 eV and 7.95 eV (gas phase: 9.23 and 9.37 eV). The computed values for the KS gap and the GW gap are reported in Tab. 1. The renormalization of the fundamental gap of BDC due to dielectric solvent eects is large, i.e. ∼ 1.4 eV. On the other hand the optical gap is negligibly aected (∼ 0.1 eV) consistent with a reduced eect of the polarizable medium on neutral excitations. The BSE spectra corresponding to dierent functionals are reported in Fig. S3. The small dependence of the GW and BSE results on the XC choice conrms the robustness of the method. A further val-idation of the approach is provided by the good resemblance between the computed quasiparticle gap (9.3 eV) and optical gap (4.6 eV) of gas phase BDC ligand and the experimental values reported for the benzene molecule (10.4 eV and 4.8 eV). [START_REF] Modelli | In Wavefunctions and Mechanisms from Electron Scattering Processes[END_REF][START_REF] Hiraya | Direct absorption spectra of jetcooled benzene in 130260 nm[END_REF] For the periodic MOF-5, the total DOS and the DOS projected onto the C-2p of the ligand, the O-2p of the carboxylate group and the Zn4O metal node for PBE and Gau-PBE are plotted in Fig. 2. As expected, and in agreement with previous studies on the same MOF, [START_REF] Butler | Electronic Structure Modulation of MetalOrganic Frameworks for Hybrid Devices[END_REF][START_REF] Pham | Engineering of Band Gap in MetalOrganic Frameworks by Functionalizing Organic Linker: A Systematic Density Functional Theory Investigation[END_REF][START_REF] Warmbier | Dielectric Properties of Selected MetalOrganic Frameworks[END_REF]6668 the use of a hybrid functional leads to a gap opening by ∼ 1 eV (4.48 eV) with respect to PBE (3.57 eV). PBE places the states localized on O-2p and Zn4O very close to the band gap while for Gau-PBE the frontier states are localized on the BDC ligand, with little contribution from the carboxylate O-2p, similar to the ligand case discussed above. In GW , the HOMO-LUMO gap is widened greatly to 8 eV and the pDOS undergoes a rearrangement as shown in Fig. 2: the frontier states (v1, v2, c1) are localized on the ligands and the deeper occupied and unoccupied states (v3, c2) are localized on the zinc-oxide node. The GW /PBE band gap is 8.12 eV, close to the GW /Gau-PBE value of 7.97 eV. Density of states of periodic MOF-5 using PBE, Gau-PBE and evGW /Gau-PBE approaches (upper gure). Kohm-Sham eigenstates for the valence (v) and conduction (c) states highlighted in the DOS (lower gure).

To gain further insight into the neutral and optical excitations in MOF-5, we compute GW and BSE using two fragment models for the MOF. These are illustrated in Fig. S2.

The corresponding Kohn-Sham and GW gaps are tabulated in Tab. 1. As expected, the GW band gap of both fragments without dielectric embedding is slightly overestimated: we compute 8.75 eV for the GW /PBE0 gap of the bigger fragment (B) composed of four metal nodes and three ligand (7.97 eV for the periodic MOF using GW /Gau-PBE). The correction due to environment decreases the band gap by only 0.4 eV, conrming the small dielectric screening by the MOF environment. The reasonable good agreement between the fragment model upon inclusion of the environmental screening and the periodic calculations (within less than 0.3-0.4 eV) suggest that molecular fragments can be employed to describe charged excitations in these MOFs. Even the small fragment (A) which includes only one ligand (see Fig. S2) and two metal nodes can provide a reasonably good description of the quasiparticle gap. Absorption (a.u) Optical absorption spectrum of MOF-5 computed using BSE/evGW /Gau-PBE (upper panel) and measured (lower panel) by Rathnayake et al. [START_REF] Rathnayake | Analytical Approach to Screen Semiconducting MOFs Using Bloch Mode Analysis and Spectroscopic Measurements[END_REF] Hole and electron densities of the excitons reported as colored dots in the spectrum (lower gure).

The BSE/GW /Gau-PBE optical spectrum of the periodic Table 1.

DFT gap, quasiparticle gap and optical gap, all in eV, of MOF-5 and BDC ligand calculated using dierent computational approaches. Values in parenthesis correspond to calculations using the dielectric embedding scheme discussed in the text. These should be used when comparing the results of the fragment models with the periodic MOF-5. MOF-5 is reported in Fig. 3 together with the experimental one reported very recently. [START_REF] Rathnayake | Analytical Approach to Screen Semiconducting MOFs Using Bloch Mode Analysis and Spectroscopic Measurements[END_REF] An excellent agreement between theory and experiment is found. The excitations are shown with red, orange and violet dots and the hole-electron densities corresponding to these excitations are visualized in lower panels of Fig. 3. These show a good resemblance with the ligand case (see Fig. 1) except for some minor localization on the zinc-oxide metal node. In Tab. 2 we report the composition of these excitations in terms of the occupied (v) and unoccupied (c) states (v1, v2, v3, c1, and c2) plotted in Fig. 2. The rst weak excitation located at 4.5 eV (in red) is mostly ligand-centered (68% composed by π → π * or v1 → c1) and to a lesser extent ligand-to-metal (26%, v2 → c2).

The next intense band is composed by two groups of excitations close in energy but with dierent character. The excitations marked with orange (5.21 eV) are mainly composed of transition from the metal-oxide node and carboxylate O atoms to the benzene ring (v2 → c1). For the third set (violet), the most intense excitations are composed of ligand-centered π → π * transitions (70%) with a small contribution from metal-node (v3 → c2, 12 %). A good agreement is found between the spectra of the periodic MOF-5 computed using BSE/GW /Gau-PBE and BSE/GW /PBE as shown in Fig. S6. Also, the BSE/GW /PBE0 spectrum of the molecular model B is in very good agreement with the BSE/GW /Gau-PBE of the periodic MOF-5 (see Fig. S7) owing to the localized character of the excitons. The difference between the quasiparticle gap and the optical band gap (see Tab. 1) represents the binding energy of the hole and electron of the corresponding exciton which is 3.5 eV for MOF-5 (Gau-PBE) and 3.3 eV for the BDC ligand (PBE0) for the rst excitation.

We note that if one neglects the lowest energy peak in the UV-Vis absorption spectra reported by the early study by Tachikawa et al. [START_REF] Tachikawa | Photoinduced Charge-Transfer Processes on MOF-5 Nanoparticles: Elucidating Dierences between Metal-Organic Frameworks and Semiconductor Metal Oxides[END_REF] which was later attributed to the ZnO impurity (at 3.6 eV), the agreement with our results is excellent. In their work, the most intense band is located at ∼5.2 eV (240 nm) and the next one with much lower intensity is found at 4.3 eV (290 nm), in agreement with our study and with the recent experimental reports by Rathnayake et al. [START_REF] Rathnayake | Analytical Approach to Screen Semiconducting MOFs Using Bloch Mode Analysis and Spectroscopic Measurements[END_REF] In summary, we show that the well known severe underestimation of the fundamental gap by PBE is conrmed also in the case of MOF-5. While the PBE gap diers substantially from the fundamental gap, it gives a more reasonable estimate of the rst excitation energy in agreement with the analysis reported in Refs. 69,70. A quantitatively good description of the optical gap and the optical absorption spectrum (compared with experiment) is obtained using the BSE/GW method. Unlike a recent TD-DFT study showing similar values for the fundamental and the optical gap for a series of MOFs, [START_REF] Fumanal | Optical absorption properties of metal-organic frameworks: solid state versus molecular perspective[END_REF] we show a large dierence of more than 3 eV with strong implications in the design of MOFs for optoelectronics [START_REF] Stavila | MOF-based electronic and opto-electronic devices[END_REF] or photocatalytic CO2 reduction. [START_REF] Fu | An Amine-Functionalized Titanium Metal-Organic Framework Photocatalyst with Visible-Light-Induced Activity for CO2 Reduction[END_REF][START_REF] Fang | Boosting Interfacial Charge-Transfer Kinetics for Ecient Overall CO2 Photoreduction via Rational Design of Coordination Spheres on Metal-Organic Frameworks[END_REF] The insulating character of MOF-5 is not surprising considering that the frontier states are localized on the ligand molecules with small mixing with the Zn nodes. The highly localized nature of the exciton coupled with the low screening by the MOF environment yield strongly bound electron-hole pairs with binding energies of several eVs. The almost 50% dierence between the fundamental and the optical gap indicates that the use of UV-Vis spectroscopy for the determination of fundamental band gaps in complex hybrid materials such as MOFs is highly questionable. Direct and inverse photoemission spectroscopy should be employed to this purpose and we are condent that experiments of this kind will conrm our results. 
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 1 Figure 1. Comparison between the computed BSE/GW /PBE0 spectrum and the experimental one from Ref. 60, for the BDC ligand (see text). The BSE spectrum is plotted by applying a Lorentzian broadening of 0.1 eV (upper gure). Hole-averaged electron density and electron-averaged hole density plotted for the rst four excitations (lower gure).
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 2 Composition of the discussed excitations computed using BSE/GW /Gau-PBE for the periodic MOF-5. c1 (70%), v3 → c1 (6%), v1 → c2 (1%) , v3 → c2 (12%) Adsorption-Dependent Luminescence of Amino-Functionalized Lanthanide MetalOrganic Frameworks for Highly Sensitive

	Energy	Osc. Str.	Composition
	4.49 (red)	0.002	v1 → c1 (68%), v2 → c2 (26%)
	5.21 (orange)	0.017	v2 → c1 (7%), v3 → c1 (67%)
	5.30 (pink)	0.185	v2 →
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