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Carbon capture and sequestration is emerging as an important technology for mitigation of climate change. Novel porous materials acting as solid state adsorbents for CO 2 gas have shown promising use of energy efficient carbon capture using temperature and pressure swing operation for capture. Metal-organic frameworks (MOFs), crystalline hybrid porous materials made up of organic linkers and metal nodes, constitute an important family of candidate materials for carbon capture. MOFs functionalized with azobenzene, a widely studied photoswitch capable of changing its geometry from trans to cis configurations and vice-versa upon UV-Vis irradiation, are capable of capturing carbon with light stimulated photoswitching process. The use of light as a stimulus, in this case, can reduce greatly the energy costs of the carbon capture. Modeling atomistically the azobenzene functionalized PCN-123 MOF within the density functional theory (DFT), the correct ground state geometry of the photoswitch in cis and trans configuration is determined by calculating potential energy surfaces along relevant degrees of freedom. This immediately reveals the microscopic mechanism of the carbon capture to be the blocking and unblocking of the metal-node, a prominent adsorption site of CO 2 , by the cis and trans configurations of azobenzene. To achieve high efficiency of gas capture using such MOFs, the photoswitching of the azobenzene must be controlled by using light stimuli of appropriate wavelengths yielding higher fractions of either isomers. A detailed understanding of the optical absorption of the azobenzene photoswitches is indispensable for the same. State-of-the-art many-body perturbation theory (MBPT) methods, namely GW and Bethe-Salpeter equation (BSE), are used to accurately compute and characterize the optical spectra of solvated azobenzene derivatives and azobenzene functionalized MOF. In case of solvated azobenzene molecules, the GW /BSE approach is combined with a non-equilibrium embedding scheme to account for the dielectric screening by the solvents. The problem of the dependence of the BSE spectra on DFT exchange-correlation functional is addressed by tuning the PBE global hybrid functional such that the DFT and GW ionization potentials (IP) are matched to the fulfillment of the DFT ionization potential (IP) theorem. The IP-tuning coupled with non-equilibrium embedding at BSE/GW yields very accurate excitation energies and cis-trans band separations of a range of azobenzene derivatives. The BSE/GW spectra of PCN-123 MOF with cis or trans configurations are calculated using both the periodic and molecular models using semilocal DFT starting point. In the low energy regime, visible, near UV and mid UV, optical excitations of the azobenzene functionalized MOF are associated with the azobenzene functionalization. In the low-energy regime, the BSE/GW spectra of the embedded molecular models of the MOF are in a reasonable agreement with those of periodic MOF paving way for computationally cheaper estimation of the optical spectra of ligand-functionalized MOFs. A noticeable difference in the periodic and molecular spectra is the larger intensity of the S 1 excitation in the former which suggests a possibly more efficient photoswitching of the azobenzene in the MOF than a standalone molecule. The use of MBPT methods also allows for a quantitative estimation of the electron addition and removal energies for the MOFs. The parent MOF of PCN-123, the MOF-5 was earlier considered as a semiconductor by several computational and experimental studies.

The GW /BSE calculations carried out here suggest that it is a wide gap (8 eV) insulator with its optical excitations featuring strong excitonic bindings of more than 3 eVs. Overall, the thesis sheds new light on the charged and neutral excitations in azobenzene functionalized MOF suggesting new efficient and accurate computational strategies.
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Résumé

De nouveaux matériaux poreux agissant comme des adsorbants à l'état solide pour le gaz CO 2 ont montré une utilisation prometteuse de la capture du carbone à haut rendement énergééique en utilisant un fonctionnement à température et pression variables. Les cadres métal-organique (MOF), des matériaux poreux hybrides cristallins constitués de liaisons organiques et de noeuds métalliques, constituent une famille importante de matériaux candidats pour le piégeage du carbone. Les MOF fonctionnalisés avec de l'azobenzène, un photoswitch largement étudié capable de changer sa géométrie de configuration trans à cis et vice-versa, sont capables de capturer le carbone avec un processus stimulé par la lumière. L'utilisation de la lumière comme stimulus peut réduire considérablement les coûts énergétiques du captage du carbone. En modélisant atomiquement l'azobenzène fonctionnalisé PCN-123 MOF dans le cadre de la théorie fonctionnelle de la densité (DFT), la géométrie correcte de l'état fondamental du photoswitch en configuration cis et trans est dterminée en calculant les surfaces d'énergie potentielles selon les degrés de liberté pertinents. Cela révèle immédiatement que le mécanisme microscopique de la capture du carbone est le blocage et le déblocage du noeud métallique, un site d'adsorption important du CO 2 , par les configurations cis et trans de l'azobenzène.

Pour obtenir une grande efficacité du captage de gaz à l'aide de ces MOF, la commutation de la lumière doit être contrôlée en utilisant des stimuli lumineux de longueurs d'onde appropriées qui donnent des fractions plus élevées de l'un ou l'autre des isomères. Une compréhension détaillée de l'absorption optique des photoswitches de l'azobenzène est indispensable pour cela. Les méthodes de pointe de la théorie des perturbations à corps multiples (MBPT), à savoir la GW et l'équation de Bethe-Salpeter (BSE), sont utilisées pour calculer et caractériser avec précision les spectres optiques des azobenzènes solvatés et des MOF fonctionnalisés par l'azobenzène.

Dans le cas des molécules d'azobenzène solvatées, l'approche GW /BSE est combinée avec un schéma d'encastrement hors équilibre pour tenir compte du criblage diélectrique par les solvants.

Le problème de la dépendance des spectres de BSE à la fonction d'èchange-corrèlation de la DFT est rèsolu en règlant la fonction hybride globale PBE de telle sorte que les potentiels d'ionisation Chapter 1

Introduction

The work presented in this thesis is a computational effort towards an improved understanding of a family of light-responsive porous materials, i.e. azobenzene-functionalized metal-organic frameworks. The ultimate goal is to develop strategies that enable use of these materials for energy-efficient capture of CO 2 . In the introduction, I first discuss the scientific background of the work presented in this thesis which includes (1) the carbon capture technology, (2) the promise of metal-organic frameworks (MOFs) as suitable solid adsorbents for CO 2 capture,

(3) photoisomerization of azobenzene molecular photoswitch and its incorporation into metalorganic frameworks. Afterwards, I outline the chapters presented in this thesis and establish their interconnections.

1.1 Background

Carbon capture and storage

As the global climate change is accelerating and the 2°C target of the Paris agreement is becoming ambitious, rapid development of new technologies for reduction in the emissions of the greenhouse gases is being pushed across the globe. Many of such emerging green technologies, e.g. photovoltaics, wind energy and fusion energy, are developed with the idea of replacing the fossil fuel energy sources. However, for multiple technological, economical and political reasons, the use of fossil fuels is unavoidable in the foreseeable future. In this context, carbon capture and storage (CCS) technologies have gained significant importance in recent years owing to the potential of CCS in curbing emissions of greenhouse gases from large scale industries which contribute to about 65% of the total CO 2 emissions, e.g. production of energy, steel, cement, etc. [1,[START_REF] Rogelj | Scenarios towards limiting global mean temperature increase below 1.5 °C[END_REF][START_REF] Metz | Carbon dioxide capture and storage[END_REF]4]. The key idea is to separate carbon dioxide from the flue gas (N 2 , CO 2 , H 2 O and trace impurities) emitted by large-scale power plants and other industrial processes and to compress it, transport it and store it in suitable geological formations which allow secure long-term storage. Such storage of CO 2 is possible via three different mechanism: (1) physical trapping of CO 2 under cap of leak-proof solid rock, (2) dissolution of CO 2 in brine (salt + water) present underground, (3) trapping of CO 2 by its mineralization into carbonates by reactions with chemical entities already present underground [1]. As of 2020, there are 21 operating CCS facilities all over the globe which capture upto 40 MtCO 2 annually [START_REF]CCUS in clean energy transitions[END_REF]. and capture at power plants enables storage of CO 2 in porous rocks deep below ground. From [START_REF] Haszeldine | Carbon capture and storage: How green can black be?[END_REF]. Reprinted with permission from AAAS.

The CCS technology called amine scrubbing [START_REF] Rochelle | Amine scrubbing for CO 2 capture[END_REF] has been in use since 1930. Amine scrubbing involves the dissolution of CO 2 in aqueous monoethanolamine (MEA) solution. The CO 2 molecule forms strong chemical bond with the amines. The aqueous amine solution containing upto 70 % of water is regenerated by evaporation leaving behind pure CO 2 . The need for evaporation of the aqueous MEA solution makes amine scrubbing an energy intensive technology: around a fourth of the output energy of a typical thermal power plant can be required by amine scrubbing to capture the whole CO 2 emission from plant [8]. Another drawback of the amine scrubbing method is the perpetual degeneration of amine solution due to chemical reaction with SO 2 , NO x and ash [START_REF] Rochelle | Amine scrubbing for CO 2 capture[END_REF]. Alternative solvents such as aqueous piperazine have been tested for CO 2 scrubbing and they have shown a better performance [START_REF] Lin | Pilot plant test of the advanced flash stripper for CO 2 capture[END_REF].

A proposed figure of merit for measuring the efficiency of the CO 2 capture process is the "parasitic energy" which is defined as the energy required to capture and compress a unit mass of carbon dioxide. With parasitic energy of ∼1060 kJ/Kg of CO 2 , typical MEA-based carbon capture units could take more than 25% of the energy output of a coal-fuelled power plant to capture all of CO 2 emitted from it [START_REF] Haszeldine | Carbon capture and storage: How green can black be?[END_REF]. This is much higher (about 4 times) than the estimated minimum of the parasitic energy by computational screening of candidate porous materials [START_REF] Lin | In silico screening of carbon-capture materials[END_REF][START_REF] Huck | Evaluating different classes of porous materials for carbon capture[END_REF]. Hence, there is scope and need for development of CCS technologies with 1.1. Background much lower parasitic energies. For this, novel materials such as zeolites and metal-organic frameworks (MOFs) are being extensively studied as promising candidate materials. Typically, the scrubbing of CO 2 using solid adsorbents is performed by adsorption and desorption of CO 2 using temperature swing. Fig. 1.2 (a) presents a schematic of the carbon capture process using porous materials. The flue gas consisting primarily of N 2 and CO 2 is passed through porous materials which show selectivity for CO 2 adsorption over that of N 2 .

Typically, the adsorption of CO 2 is temperature dependent and the uptake of CO 2 decreases if the temperature of the system is increased. To release the captured CO 2 , a temperature swing is applied, a step similar to the step of evaporation of aqueous amine solution in amine scrubbing. The temperature swing from T low to T high brings about a change in the pressure which increases from P (ads) to P (des) (see fig. 1.2 (b)). The increase in temperature and pressure causes desorption of some CO 2 and decrease in its uptake by the solid adsorbent. The difference between the CO 2 uptake at T low and T high corresponds to the working capacity of the material for CO 2 capture. The working capacity is a figure of merit which gives the amount of CO 2 that can be captured et each cycle of the temperature swing adsorption and desorption process. It has been shown using computational screening that use of porous materials for CO 2 capture can reduce the parasitic energy by about 30-40% compared to predominant amine scrubbing [START_REF] Lin | In silico screening of carbon-capture materials[END_REF].

Porous materials and polymers are also being developed for separation of CO 2 using membranes or diffusion channels which exhibit variation in permeability between CO 2 and other gases allowing its separation.

Metal-organic frameworks for carbon capture

Metal-organic frameworks (MOF) are hybrid materials made of two different subunits: the metal or metal-oxide nodes and the organic linkers (see fig. 1.3 (a)). They constitute a large family of 3-dimensional crystalline porous frameworks. It has only been about two decades since the first ever MOF was synthesized [START_REF] Li | Establishing microporosity in open metal-organic frameworks: Gas sorption isotherms for Zn(BDC) (BDC = 1, 4-References benzenedicarboxylate)[END_REF][START_REF] Eddaoudi | Modular chemistry: Secondary building units as a basis for the design of highly porous and robust metal-organic carboxylate frameworks[END_REF], but thanks to the compositional diversity of MOFs in terms of structure and chemistry, as of 2020, more than 99,000 MOFs have been synthesized

and their structures reported in the Cambridge structural database (CSD) [START_REF] Moghadam | Targeted classification of metal-organic frameworks in the Cambridge structural database (CSD)[END_REF]. The versatility of MOFs makes them pertinent in a wide range of applications such as chemical sensing [START_REF] Gamonal | Divergent adsorption-dependent luminescence of amino-functionalized lanthanide metal-organic frameworks for highly sensitive NO 2 sensors[END_REF], gas storage [START_REF] Chen | Balancing volumetric and gravimetric uptake in highly porous materials for clean energy[END_REF], gas separation [START_REF] Qian | MOF-based membranes for gas separations[END_REF], catalysis [START_REF] Yang | Catalysis by metal organic frameworks: Perspective and suggestions for future research[END_REF], electronics [START_REF] Usman | Metal-organic frameworks: New interlayer dielectric materials[END_REF], optoelectronics [START_REF] He | Controllable broadband multicolour single-mode polarized laser in a dye-assembled homoepitaxial MOF microcrystal[END_REF], energy storage devices [START_REF] Baumann | Metal-organic framework functionalization and design strategies for advanced electrochemical energy storage devices[END_REF], etc. to different chemical and structural composition (reproduced from ref. [START_REF] Mason | Evaluating metal-organic frameworks for natural gas storage[END_REF]).

Due to their highly porous structure, MOFs have very high internal surface areas of the order of ∼ 10 3 m 2 /g and high pore volumes ∼ 10 0 cm 3 /g [START_REF] Mcdonald | Cooperative insertion of CO 2 in diamineappended metal-organic frameworks[END_REF]. This makes them very promising for applications in gas adsorption. [START_REF] Millward | Metal-organic frameworks with exceptionally high capacity for storage of carbon dioxide at room temperature[END_REF]. The adsorption of CO 2 with the MOF scaffold can be chemisorption and/or physisorption depending on the composition of the MOF [START_REF] Ding | Carbon capture and conversion using metal-organic frameworks and MOF-based materials[END_REF]. The metal-nodes having concentrated polarizable charge density, are often preferred van-der-Waals or electrostatic physisorption sites for CO 2 molecules at low pressure.

Synthesis of MOFs with open or coordinatively unsaturated metal sites have shown promising CO 2 adsorption properties suited for CCS [START_REF] Britt | Highly efficient separation of carbon dioxide by a metal-organic framework replete with open metal sites[END_REF][START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF][START_REF] Dzubak | Ab initio carbon capture in open-site metal-organic frameworks[END_REF], e.g. MOF-177 with open Mg metal sites shows a selectivity factor (ratio of mole fractions) of 148 for adsorption of CO 2 over N 2 [START_REF] Mason | Evaluating metal-organic frameworks for post-combustion carbon dioxide capture via temperature swing adsorption[END_REF].

The CO 2 capture performance of MOFs with open-metal sites can be understood from the fact that the adsorption of CO 2 is due to formation of a strong coordination bonds between O of CO 2 and the metal cation. Similar to the aqueous amine solutions, MOFs tailored with amine groups were shown to have higher and selective uptake of CO 2 over N 2 [START_REF] Vaidhyanathan | Direct observation and quantification of CO 2 binding within an amine-functionalized nanoporous solid[END_REF][START_REF] Mcdonald | Cooperative insertion of CO 2 in diamineappended metal-organic frameworks[END_REF]. In this case, the reported high adsorption is due to cooperativity among adsorbed CO 2 . In certain MOFs, the functionalization of ligands with polar functional groups introduces dipoles in the MOF which can interact with the CO 2 quadrupole moment thereby increasing the biding of CO 2

with MOF [START_REF] Song | Enhanced CO 2 sorption and selectivity by functionalization of a NbO-type metal-organic framework with polarized benzothiadiazole moieties[END_REF][START_REF] Chen | A robust metal-organic framework combining open metal sites and polar groups for methane purification and CO 2 /Fluorocarbon capture[END_REF][START_REF] Mosca | Nitro-functionalized bis(pyrazolate) metalorganic frameworks as carbon dioxide capture materials under ambient conditions[END_REF]. In high pressure regimes, the size of the pore of the MOF plays a decisive role in determining the CO 2 uptake. Hence, tuning of the pore size of compressible or flexible MOFs is also an important strategy proposed in literature for carbon capture and release [START_REF] Chanut | Tailoring the separation properties of flexible metal-organic frameworks using mechanical pressure[END_REF].

Overall, the efficiency of carbon capture process using MOFs is a complex interplay among a range of physical and chemical properties of MOFs. Owing to a huge number of synthesized MOFs and and many more predicted in silico, finding the best candidate for carbon capture is very difficult with trial and error. To this end, high-throughput screening and data driven methods such as machine learning are also being used successfully to improve the efficiency of CO 2 capture [START_REF] Avci | High-throughput screening of MOF adsorbents and membranes for H 2 purification and CO 2 capture[END_REF][START_REF] Anderson | Role of pore chemistry and topology in the CO 2 capture capabilities of MOFs: From molecular simulation to machine learning[END_REF][START_REF] Boyd | Data-driven design of metal-organic frameworks for wet flue gas CO 2 capture[END_REF][START_REF] Deeg | In Silico discovery of covalent organic frameworks for carbon capture[END_REF]. One of the important hurdle in the development of MOFs for carbon capture is the preferred adsorption of impurities such as H 2 O, SO x and NO x , at the key adsorption sites of CO 2 . Such undesired adsorption significantly diminishes the working capacity of MOF for carbon capture. The presence of H 2 O can also cause disintegration of certain MOFs due to chemical hydrolysis. Recent studies have reassuringly reported MOFs designed for CO 2 capture which are resistant to hydrolysis and adsorption of water molecules [START_REF] Demessence | Strong CO 2 binding in a water-stable, triazolate-bridged metal-organic framework functionalized with ethylenediamine[END_REF][START_REF] Nandi | Ultralow parasitic energy for postcombustion CO 2 capture realized in a nickel isonicotinate metal-organic framework with excellent moisture stability[END_REF][START_REF] Boyd | Data-driven design of metal-organic frameworks for wet flue gas CO 2 capture[END_REF].

Photoresponsive MOFs for carbon capture

Although the use of MOF-based solid adsorbents using temperature swing would lead to lower energetic costs of CO 2 capture compared to the amine scrubbing method, the operation costs are still high for scalable commercialization. Apart from the costs, the heat stimulus for change in CO 2 uptake may cause deterioration of the solid adsorbent. It is desirable therefore to replace the heat stimulus by other less detrimental stimuli such as visible light, magnetic field, mechanical compression and guest molecules acting as chemical stimuli. Among these stimuli, light, preferably in the visible range, is a very appealing stimulus because of its availability and non-destructiveness.

MOFs responsive to light, called photoresponsive MOFs, are generally synthesized by incorporating a light-responsive molecule/group, a photoswitch, into the MOF. The incorporation can be done in three ways: (1) a guest molecule of MOF is the photoswitch , (2) the ligand of the MOF is the photoswitch and (3) a pendant/side functionalization of ligand is the photoswitch.

In the work of Yanai et al., it was shown that introducing a photo-isomerizing molecule azobenzene inside a MOF and switching it from trans geometry to cis using light resulted in structural transformation of MOF and thereby drastic change in N 2 adsorption properties [START_REF] Yanai | Guest-to-host transmission of structural changes for stimuli-responsive adsorption property[END_REF].

In another MOF named UiO-67, azobenzene was introduced as a guest molecule in a membrane of the MOF. Gas permeation through the membrane was shown to be controllable by controlling whether the azobenzene molecule is in cis or trans geometric configurations.

Diarylethene is a photoswitch which exhibits opening and closing of a hexagonal ring upon visible and UV light irradiation respectively. A MOF built with a derivative of diarylethene as the ligand is reported to yield light controllable adsorption of CO 2 with upto 75% working capacity [START_REF] Luo | Photoswitching CO 2 capture and release in a photochromic diarylethene metal-organic framework[END_REF]. A similar strategy has been used to achieve tunable CO 2 uptake by incorporating azobenzene and spiropyran molecular photoswitches into the MOF backbone. [START_REF] Lyndon | Dynamic photo-switching in metal-organic frameworks as a route to low-energy carbon dioxide capture and release[END_REF][START_REF] Healey | Photoresponsive spiropyran-functionalised MOF-808: postsynthetic incorporation and light dependent gas adsorption properties[END_REF].

The first two strategies discussed have certain limitations. Inserting photoresponsive switches as guest molecules reduces the available area and volume for the adsorption of CO 2 molecules. Also, the guest photoswitches can diffuse out of the MOF in absence of any chemical attachment. The second strategy of using the photoswitches as the skeletal ligands of MOFs can compromise the structural rigidity of MOF. Thus, the most promising strategy of building photoresponsive MOF is the third one, i.e. to functionalize the MOF ligand with a pendant molecular photoswitch. Unlike the first strategy outlined above, attaching the photoswitch to ligand guarantees a uniform distribution of photoswitches in the MOF and the photoswitches do not occupy a large part of the available surface and space within MOF. Also, side functionalization does not significantly change the structural features and rigidity of the parent MOF. There are numerous works [45,[START_REF] Wang | Photoswitchable adsorption in metalorganic frameworks based on polar guest-host interactions[END_REF][START_REF] Meng | Mechanized azobenzene-functionalized zirconium metal-organic framework for on-command cargo release[END_REF][START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF][START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF][START_REF] Jiang | Metal-organic frameworks with target-specific active sites switched by photoresponsive motifs: Efficient adsorbents for tailorable CO 2 capture[END_REF] in literature which use azobenzene photoswitches as pendant/side functionalization to demonstrate the applicability of the functionalized photoresponsive MOFs for the purpose of gas separation. The work presented in this thesis concerns mainly this subfamily of photoresponsive MOFs.

UV/Vis Temp. (BDC) linker, can be used for light-controlled carbon capture by functionalizing the ligand with azobenzene moiety as side group [45] (see fig. 1.5). In their work, the trans to cis isomerization was carried out using UV light and cis to trans isomerization was carried out via thermal pathway by heating the MOF. The CO 2 uptake was found to drop when the presumably in trans geometry at the beginning, is irradiated with UV light leading to conversion into cis form. Again, heating the PCN-123 in cis form brought it back to trans geometry and the CO 2 uptake was recovered. While pioneering the light-controlled CO 2 uptake, the experiment also hinted that the irradiation with UV light and subsequent the isomerization of azobenzene moiety is apparently not detrimental to the MOF. To go towards realistic CO 2 capture materials beyond the proof-of-concept PCN-123, it is warranted that the microscopic mechanism of the CO 2 adsorption in presence of cis and trans azobenzene moieties is understood. Park et al.

reported that the time taken for photoswitching of azobenzene was of the order of few hours, unlike the solutions of azobenzene in organic solvents which undergo photoswitching at much smaller time scales of few minutes. Their study also does not provide many details about the extent of photoswitching i.e. how many of the trans isomers were converted into cis. From a device perspective, the kinetics of the photoswitching should be as fast as possible and the yield of photoswitching should be as large as possible, to achieve quick and large change in CO 2 uptake. It is important therefore to understand thoroughly the photoswitching of the cis and trans isomers of azobenzene moiety in PCN-123.

More studies on azobenzene functionalized MOFs followed in the last decade. In 2016, it was demonstrated that azobenzene functionalized surface-mounted MOF (SURMOF), used as a membrane, can tune the permeance of CO 2 through it [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF] in response to UV-Vis irradiation.

Moreover, it was shown that, for a 50% CO 2 + 50% H 2 /N 2 gaseous mixture undergoing membrane separation, the composition of the resultant gaseous mixture can be tuned to have desired ratio of gases by controlling the fractions of cis and trans isomers of azobenzene with UV-Vis light (see fig. 1.6) [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF]. While it has been shown in many studies on azobenzene functionalized MOFs that the photoisomerization of azobenzene is linked with change in gas uptake or gas permeation, the underlying mechanism are not very clear. Hence, there is need for in depth investigation of the microscopic mechanism of gas capture and photoswitching in these MOFs to push forward the development of realistic gas capture devices based on them.

Isomerization of azobenzene

Azobenzene is a prominent photoswitch that can exist in two configurations, cis and trans, and switch between them. It is made of two benzene rings connected by a nitrogen double bond (see fig. 1.4). Azobenzene has found application in a range of different fields, e.g. neuronal excitation [START_REF] Cabré | Rationally designed azobenzene photoswitches for efficient two-photon neuronal excitation[END_REF], drug delivery [START_REF] Velema | Optical control of antibacterial activity[END_REF][START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF], DNA and RNA manipulation [START_REF] Matsunaga | Photoregulation of RNA digestion by RNase H with azobenzene-tethered DNA[END_REF][START_REF] Wang | Dna switches: from principles to applications[END_REF], etc. The trans configuration of azobenzene is the thermodynamically stable isomer at energy 0.51 eV less than that of cis. The cis to trans thermal isomerization is a slow process with 4 hours of halflife of cis isomer. The isomerizations, trans → cis and cis → trans, can also take place by optical excitation of the molecule. The mechanisms of photoisomerization of azobenzene have been extensively debated in literature in a large number of experimental [START_REF] Tan | Fast photodynamics of azobenzene probed by scanning excited-state potential energy surfaces using slow spectroscopy[END_REF][START_REF] Lednev | Femtosecond time-resolved UVvisible absorption spectroscopy of trans-azobenzene in solution[END_REF][START_REF] Nägele | Femtosecond photoisomerization of cis-azobenzene[END_REF][START_REF] Satzger | Excited-state dynamics of trans and cis azobenzene after UV excitation in the ππ * band[END_REF][START_REF] Quick | Photoisomerization dynamics and pathways of trans-and cis-azobenzene in solution from broadband femtosecond spectroscopies and calculations[END_REF][START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF] and computational [START_REF] Conti | The different photoisomerization efficiency of azobenzene in the lowest nπ* and ππ* singlets: the role of a phantom state[END_REF][START_REF] Harabuchi | A multireference perturbation study of the NN stretching frequency of trans-azobenzene in nπ * excitation and an implication for the photoisomerization mechanism[END_REF][START_REF] Crecca | Theoretical study of the isomerization mechanism of azobenzene and disubstituted azobenzene derivatives[END_REF][START_REF] Gagliardi | A theoretical study of the lowest electronic states of azobenzene: the role of torsion coordinate in the cis-trans photoisomerization[END_REF][START_REF] Cembran | On the mechanism of the cis-trans isomerization in the lowest electronic states of azobenzene: S0, S1, and T1[END_REF][START_REF] Tiberio | How does the trans-cis photoisomerization of azobenzene take place in organic solvents?[END_REF][START_REF] Cusati | Semiempirical hamiltonian for simulation of azobenzene photochemistry[END_REF] The CNNC dihedral angle is depicted in adjacent illustration of trans isomer of azobenzene.

Colour code as follows, C: gray, N: blue, H: white. ref. [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF]) and molecular orbitals which participate in key excitations. The molecular orbitals are computed in this thesis at PBE0/aug-cc-pVDZ level of theory within DFT and are in agreement with previous studies [START_REF] Conti | The different photoisomerization efficiency of azobenzene in the lowest nπ* and ππ* singlets: the role of a phantom state[END_REF][START_REF] Crecca | Theoretical study of the isomerization mechanism of azobenzene and disubstituted azobenzene derivatives[END_REF]. Colour code as follows, C: gray, N: blue, H: white. same process follows for isomerization from cis to trans. When a single azobenzene molecule in trans geometry is optically excited, the quantum probability of its photoisomerization is 1.1. Background called the quantum yield (Φ) of photoisomerization. The quantum yields of isomerizations in either directions, trans → cis (Φ trans→cis ) and cis → trans (Φ cis→trans ), are properties which depend on the behaviour of excited state potential energy surfaces in the vicinity of the conical intersection i.e. on the dynamics of excited state. It should be noted that at the conical intersection and in the vicinity of it, the Born-Oppenheimer approximation breaks down due to significant coupling between the electronic and nuclear degrees of freedom. This makes calculation of the quantum yields difficult within the density functional and many-body perturbation theory methods used in this study. A range of different diabatic computational methods have been employed in literature to access the excited state dynamics of azobenzene [START_REF] Fregoni | Manipulating azobenzene photoisomerization through strong light-molecule coupling[END_REF][START_REF] Granucci | Excited state dynamics with the direct trajectory surface hopping method: azobenzene and its derivatives as a case study[END_REF][START_REF] Cusati | Semiempirical hamiltonian for simulation of azobenzene photochemistry[END_REF][START_REF] Weingart | Chiral pathways and periodic decay in cis-azobenzene photodynamics[END_REF][START_REF] Pederzoli | Nonadiabatic molecular dynamics study of the cis-trans Photoisomerization of azobenzene excited to the S 1 state[END_REF]. In experimental studies, the quantum yields of isomerization of azobenzene are estimated [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF][START_REF] Ladányi | Azobenzene photoisomerization quantum yields in methanol redetermined[END_REF][START_REF] Zimmerman | The photochemical isomerization of azobenzene[END_REF] reliably and with more ease. It has been shown that the Φ trans→cis (∼0.1-0.3) is typically lower than Φ cis→trans (∼0.3-0.5) by a factor of 2 [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF][START_REF] Ladányi | Azobenzene photoisomerization quantum yields in methanol redetermined[END_REF]. It has also been shown that the quantum yields of isomerization depend on the frequency of light used for irradiation. Fig. 1.9 shows the low energy optical spectra of cis and trans azobenzene in methanol [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF].

The figure also depicts three important molecular orbitals which participate in the excitations; n is a non-bonding orbital localized on N atoms, π is a bonding orbital localized on N-N bond and the benzene rings, π * is an anti-bonding molecular orbital localized on N atoms. In the spectra, the optical bands associated with the S 1 excitation of trans (2.80 eV) and cis (2.88 eV) are weakly absorbing and show significant overlap on each other. The character of the S 1 excitation associated with the first optical bands is known to be n → π * for both cis and trans.

For this n → π * optical band, the cis isomer absorbs about 3.3 times more than the trans [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF].

The second optical bands of both isomers are composed of π → π * excitations. Unlike S 1 , these bands are reasonably separated between cis and trans and the trans isomer absorbs more strongly compared to the cis isomer.

Typically, the n → π * and π → π * optical bands are used for cis → trans and trans → cis isomerizations, respectively. This choice is motivated by the fact that cis has larger absorption at n → π * and trans has higher absorption at π → π * . For a mixture of cis and trans isomers of azobenzene irradiated with light of energy ω, both cis and trans isomers isomerize at different rates corresponding to their quantum yields Φ(ω) and optical absorptions (ω). After a long enough time, the system can reach a steady state or a photostationary state (PSS) where the rates of isomerizations of cis and trans isomers become equal and the composition of the mixture remains stationary. The yield of cis isomer at the PSS, for example, is given by:

c p (ω) = 1 1 + Φ cis (ω) cis (ω) Φ trans (ω) trans (ω) (1.1)
The expression in 1.1 makes it clear that to have a high yield of cis isomers, the fraction Φ cis (ω) cis (ω)/Φ trans (ω) trans (ω) should be as small as possible. If we take into account the fact that the quantum yields are fairly constant through large range of energy for azobenzene [START_REF] Ladányi | Azobenzene photoisomerization quantum yields in methanol redetermined[END_REF][START_REF] Zimmerman | The photochemical isomerization of azobenzene[END_REF], the condition for achieving very high yield of cis isomer reduces to trans (ω) cis (ω). In case of azobenzene in methanol [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF], the trans isomer absorbs 46 times more than cis isomer at 3.71 eV. Thus, irradiation of mixture of azobenzene isomers with light of this energy leads to a photostationary state with 95% of cis isomers. Similarly, using light of 3.06 eV leads to upto 84% of trans isomers at photostationary state (PSS). The cis → trans photoswitching is characterized as slow and incomplete as compared to trans → cis. The reason for incompleteness is clearly the overlap of cis and trans S 1 optical bands. The reason for sluggishness of cis → trans photoswitching is simply because the absorption corresponding to n → π * optical band is rather weak. It would be desirable to achieve both cis → trans and trans → cis isomerization by exciting the molecule in the visible range, i.e. at the n → π * optical bands of either isomers. This desirability stems from three main reasons: (1) in many systems where azobenzene is proposed as a photoswitch such as live tissues, bio-molecular assemblies and MOFs, chemical entities other than azobenzene are vulnerable to UV light, (2) or they absorb strongly in UV range making it difficult to target azobenzene, (3) the visible light needed for n → π * excitation is widely available in form of sunlight. To achieve isomerization in both directions using visible light, it is imperative to separate the n → π * optical band of cis and trans isomers. In 2012, Bléger et al. showed that the substitution of the hydrogen atoms at ortho position to the N atoms of azobenzene by fluorine results in separation of the n → π * optical band of cis and trans by 0.28 eV. This band separation allowed targeting the cis and trans isomers individually using green and blue light respectively, leading to large PSS yields of 86% (cis) and 91% (trans) [START_REF] Bleger | o-fluoroazobenzenes as readily synthesized photoswitches offering nearly quantitative two-way isomerization with visible light[END_REF][START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF]. This is an important achievement because such large yield of cis using visible light (< 3.26 eV) is very difficult to obtain in unsubstituted azobenzene where cis always absorbs more than trans is the visible range. Incidentally, the ortho-fluoro substitution to azobenzene also increases the half-life of the meta-stable cis isomer due to increase in activation energy of cis to trans 1.2. Outline of chapters thermal isomerization. Many different chemical substitutions/groups to azobenzene resulting in separation of n → π * optical bands are identified in literature, e.g. bridging ethylene, tetraortho-methoxy, ortho-fluoro, cyano, etc. [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF][START_REF] Yang | Visible light switching of a BF 2 -coordinated azo compound[END_REF][START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF][START_REF] Dong | Red-shifting azobenzene photoswitches for in vivo use[END_REF][START_REF] Bleger | o-fluoroazobenzenes as readily synthesized photoswitches offering nearly quantitative two-way isomerization with visible light[END_REF][START_REF] Samanta | Photoswitching azo compounds in Vivo with red light[END_REF].

Outline of chapters

The chapters 3, 4, 5 and 6 presented in this thesis are in the form of independent articles of original research work published or submitted to reputed peer-reviewed scientific journals.

Here, I outline these chapters and contextualize them in the scope of the work performed during thesis.

Despite the growing scientific interest in the use of azobenzene functionalized metal-organic frameworks for gas separation technology, the understanding of the microscopic mechanism of the change in uptake of gases upon isomerization of azobenzene anchored to MOF had remained very limited. Since the photoswitching of azobenzene is strongly related with the change in gas uptake or permeation in these materials and it is governed by optical absorption properties, a thorough investigation into the optical absorption of the azobenzene anchored to MOF was warranted. Ab initio electronic structure methods can shed light on important aspects of photoswitching in azobenzene functionalized MOFs: (1) the geometric structure of azobenzene in the MOF, (2) the optical spectra of MOF and (3) the isomerization path that azobenzene follows within MOF. Understanding these aspects is important for innovation in design of azobenzene MOFs with higher efficiency for gas capture. Quantitative estimation of these properties using ab initio methods can also be used to screen and assess how chemical and structural modifications to the MOFs can affect the photoswitching. Studying the electronic structure and excited state properties of azobenzene functionalized MOFs is challenging from the perspective of ab initio computational methods because of their large size in terms of number of atoms (> 100) in primitive unit cells and large lattice parameters (> 18 Å). To the best of my knowledge, there are no ab initio computational studies in literature which report the electronic structure and excited states properties of azobenzene functionalized MOFs.

The thesis presented here attempts to gain insights into the phenomenon of light-tunable gas uptake of CO 2 in azobenzene functionalized MOFs using ab initio computational methods, namely density-functional theory (DFT) and many-body perturbation theory (MBPT). The DFT methods are used to determine the ground state properties of the MOFs and azobenzene molecules, namely: the ground state total energies, the optimized geometries corresponding to energy minima, adsorption energies of gas molecules, and the DFT eigenvectors and eigenvalues which provide reasonable starting point for the MBPT calculations. The many-body perturbation theory, on the other hand, is used to determine the properties of neutral and charged excitations; namely: electron addition and removal energies, optical spectra and the excitonic wavefunctions. In chapter 2, the context and the theoretical basis of the DFT and As discussed earlier, the photoswitching yields of cis and trans isomers of azobenzene depend on their optical spectra and the overlaps of the optical bands between them. To asses the photoswitching behaviour of azobenzene functionalized MOFs using computational methods, 1.2. Outline of chapters the excited states and the optical spectra of MOFs have to be determined accurately. In chapter 4, state-of-the-art many-body perturbation theory (MBPT) formalism together with density functional theory (DFT) is employed for accurate calculation of the excited state properties of azobenzene and its derivatives. The energies of neutral (optical) and charged excitations are calculated using the Bethe-Salpeter equation (BSE) and the GW approximation, respectively.

Within this approach, the n → π * excitation energy is found to be very sensitive to the choice of DFT exchange-correlation functional. Tuning of DFT one-body orbitals by variation in the DFT exchange-correlation functional is adopted as a practical strategy to overcome this dependence.

The tuning is performed such that the Kohn-Sham eigenvalue of highest occupied state matches the GW ionization potential, effectively fulfilling the DFT ionization potential theorem. To validate the accuracy of this approach, the excitation energies are compared with the maxima of the optical spectra of azobenzene derivatives in solution. The solvatochromic effects on the excitation energies are addressed by appropriate consideration of environmental effects at both DFT and GW /BSE level. The excitation energies calculated with the computational approach adopted here is found to be in an excellent agreement with experimental data.

In chapter 5, the computational approach used in chapter 4 is extended to azobenzene functionalized MOF PCN-123. Chapter 5 reports the electronic structure and the optical spectra Chapter 2

Theoretical framework and methods

In an article published in 1929 in the Proceedings of the Royal Society [START_REF] Dirac | Quantum mechanics of many-electron systems[END_REF], P. A. M. Dirac, one of the founders of quantum mechanics, wrote, "The underlying physical laws necessary for the mathematical theory of a large part of physics and the whole of chemistry are thus completely known, and the difficulty is only that the exact application of these laws leads to equations much too complicated to be soluble." He further stressed that the key challenge is to make reasonable mathematical approximations to describe the main features of physical and chemical phenomena.

In the last 90 years since the publication of Dirac's article, tremendous development has been made in the mathematical description of physics of atoms, molecules and solid crystals.

The computational physics and chemistry is now also conquering the realm of complex materials, alloys, glasses and biological systems. The wide range of methods developed by quantum physicists and chemists and the advent of computers has made possible very accurate description of systems with thousands of atoms. In this chapter, we outline some of the prominent computational methods used in this study for the description of ground state and excited state of crystalline solids and molecules.

Interacting electrons and nuclei

Any material which is composed of atoms can be described by considering the interactions among nuclei and electrons, assuming the nuclei to be monoliths of specific charge, mass. The general Hamiltonian of such a system satisfying the Schroedinger equation can be written using atomic units as follows:

Ĥ = - i ∇ 2 i 2 - i ∇ 2 I 2M I + 1 2 i =j 1 |r i -r j | + 1 2 I =J Z I Z J |R I -R J | - i,I Z I |r i -R I | (2.1)
where lowercase and uppercase subscripts, i, j and I, J correspond to sum over electrons and nuclei respectively; r i is position of i th electron, R I is the position of I th nucleus, Z I is the atomic number of the I th nucleus, ∇ 2 is the Laplacian operator. The terms in the equation are as follows: (1) kinetic energy of the electrons, (2) kinetic energy of the nuclei, [START_REF] Metz | Carbon dioxide capture and storage[END_REF] electron-electron Coulombic repulsion, (4) nuclei-nuclei Coulombic repulsion and (5) Coulombic attraction between the nuclei and the electrons. In principle, we can try to use this Hamiltonian to solve for the energy levels of the interacting system at hand using the time-independent Schroedinger equation,

ĤΨ = EΨ (2.2)
The resultant problem would be an insoluble mathematical problem of a coupled differential equation. To avoid such an impasse, a range of physically justified and consistent approximations are made.

Born-Oppenheimer Approximation

The Born-Oppenheimer approximation [START_REF] Born | Zur quantentheorie der molekeln[END_REF], simply, separates the nuclear and the electronic degrees of freedom. The reason for such separation can be understood by comparing the masses of electron and the smallest nuclei i.e. proton. The proton is about 1836 times heavier than the electron. For an equal force applied on electron and proton, the acceleration of the proton will be 1836 times smaller. Thus, it is reasonable to make an approximation that the electrons adiabetically, i.e. without sudden change in their energy state, follow the motion of the protons or nuclei. The total wavefunction corresponding to the Hamiltonian in eq. 2.1 can be written as a product of electronic and nuclear wavefunction.

Ψ = Ψ electrons × Ψ nuclei (2.3)
With this, the electronic Hamiltonian can be written as:

Ĥe = - i ∇ 2 i 2 + 1 2 i =j 1 |r i -r j | + i V ext (r i ) (2.4)
Here, V ext is the Coulombic potential experienced by electrons due to nuclei arranged according to a given geometry. The first and the last terms in the eq. 2.4 constitute a single-electron Hamiltonian ĥ 0,i = ∇ 2 i 2 + V ext (r i ), since it can act on single electrons.

Typically, the nuclear wavefunctions are localized within diameters of only few femtometers (10 -15 m). This allows for treatment of their motion within the realms of Newtonian mechanics, e.g. geometry optimization within DFT using Hellmann-Feynman [START_REF] Feynman | Forces in molecules[END_REF] forces and ab initio molecular dynamics.

Hartree-Fock approach

Despite simplification of the problem of interacting electrons and nuclei with Born-Oppenheimer approximation, the solution to the Schroedinger equation describing interacting electrons in external potential is still without solution. The Hartree-Fock approach [START_REF] Hartree | The wave mechanics of an atom with a non-Coulomb central field. part i. theory and methods[END_REF][START_REF] Fock | Näherungsmethode zur lósung des quantenmechanischen mehrkörperproblems[END_REF][START_REF] Fischer | General Hartree-Fock program[END_REF], one of the earliest electronic structure method, addresses the problem of interacting electrons in ground state with three key ingredients: (1) variational principle, (2) wavefunction fulfilling fermionic anti-symmetry criterion, (3) mean field approximation.

The variational principle states that expectation value of a Hamiltonian onto any trial wavefunction Ψ trial yields energy larger than the ground state energy given by Ψ 0 |H e |Ψ 0 , i.e.

the expectation value onto the true ground-state wavefunction.

Ψ trial |H e |Ψ trial ≥ Ψ 0 |H e |Ψ 0 (2.5)
One of the simplest approximations of the total wavefunction of interacting electrons was proposed by Hartree in 1927 to be a product of one-electron wavefunctions.

Ψ(r 1 , r 2 , ..., r N ) ≈ φ 1 (r 1 ) × φ 2 (r 2 ) × ... × φ N (r N ) (2.6) 
The pair electron term in the electronic Hamiltonian can be approximated as the interaction of single-electron with the average electronic density of all the other electrons. Such a meanfield formulation of electron-electron interactions is expressed in the form of Hartree operator as follows:

V Hartree i = d 3 r j =i |φ j (r )| 2 |r -r | (2.7)
The Hartree Hamiltonian then becomes,

ĤHartree = i [h 0,i + V Hartree i ] (2.8)
Hartree approximation is remarkably inadequate for description of interacting electrons since it does not fulfil the criterion of anti-symmetry of fermionic wavefunction which is intrinsic to the true wavefunction of interacting fermions: Ψ(r 1 , r 2 , .., r i , r j , .., r N ) = -Ψ(r 1 , r 2 , .., r j , r i , .., r N ) (2.9)

To fulfil the anti-symmetry criterion, the electronic wavefunction (Ψ) can be approximated as an anti-symmetric product of one-electron wavefunctions φ i (r i ) known as Slater determinant [START_REF] Dirac | On the theory of quantum mechanics[END_REF][START_REF] Heisenberg | Mehrkörperproblem und resonanz in der quantenmechanik[END_REF][START_REF] Slater | The theory of complex spectra[END_REF] as expressed below:

Ψ(r 1 , r 2 , ..., r N ) ≈ 1 √ N ! φ 1 (r 1 ) φ 2 (r 1 ) . . . . φ N (r 1 ) φ 1 (r 2 ) φ 2 (r 2 ) . . . . φ N (r 2 ) . . . . . . . . φ 1 (r N ) φ 2 (r N ) . . . . φ N (r N ) (2.10)
With the anti-symmetrized wavefunctions, the Hartree operator is replaced by the Hartree-Fock (HF) operator. The HF operator is defined by its action on one-electron wavefunction (orbital) φ i (x), where x is a generalized coordinate including the spatial (r) and spin (σ) components.

V HF φ i (x) = dx j |φ j (x )| 2 |r -r | φ i (x) -dx j φ * j (x )φ i (x ) |r -r | φ j (x) (2.11) 
The first term in the above expression corresponds to the Coulomb operator whereas the second one is the exchange operator of non-classical origin, except for the case of i = j, when the Coulomb and exchange terms cancel each other. This corresponds to the cancellation of unphysical self-interaction. The expectation value of the exchange operator is non-zero only for electrons with same spin. With this, the single-particle Hartree-Fock equation can be written as,

[ ĥ0 + V HF ] φ i (x) = i φ i (x) (2.12)
where the operator ĥ0 contains the kinetic energy and external potential operators and the i are the HF eigenvalues. Within the HF framework, the i have the physical meaning of electron binding energies in the frozen orbital approximation. The problem of Hartree-Fock equations can be solved by self-consistent field (SCF) calculation. In such method, an initial guess of the HF orbitals is used for the determination of the HF operator; the HF operator is subsequently used to calculate a new set of HF orbitals which serve as input for calculation of a new HF operator. The process is repeated until a reasonable convergence in HF energy is achieved.

While exchange interaction is treated explicitly in Hartree-Fock, any other type of electronic correlation, which signifies the effect of electron-electron interaction on the electronic kinetics, is neglected. Density functional theory presented in next section overcomes this shortcoming of Hartree-Fock.

Density functional theory

Density functional theory (DFT) provides a robust approach to describe the system of interacting electrons with the much simpler object of ground-state density as central entity rather than the mathematically and computationally elusive true electronic wavefunction. Two simple yet potent theorems proved by Hohenberg and Kohn [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] set up the foundations of the DFT.

Theorem 1

For any system of interacting particles in an external potential V ext , the external potential V ext can be uniquely determined, except for an additive constant, by the ground state density n 0 (r) of the interacting particles.

Theorem 2

For a system of interacting particles in any external potential V ext , there exists a universal energy functional E[n(r)] (n(r): density). For any particular V ext , the global minimum of E[n(r)], with respect to n(r), gives the ground state energy of the system and the density n 0 (r) corresponding to the global minimum is the ground state density of the interacting particles.

In the first theorem, a one-to-one correspondence between the V ext and the n 0 (r) is established and the second one suggests that minimization of E[n(r)] w.r.t. n(r) yields the ground-state energy and density. The energy functional suggested by Hohenberg and Kohn of the interacting electron system can be written as follows:

E HK [n] = T [n] + E e-e [n] + V ext (r)n(r)dr (2.13)
Here the first term in the kinetic energy term, second one is the interaction among the electrons. The exact form of the first two terms is unknown; since they depend only on the density, they ought to be universal functionals. In absence of the knowledge of the universal functionals, several approximations and schemes are used to calculate the ground state density and the energy of interacting electrons, within the DFT framework.

The Kohn-Sham ansatz

Within the DFT framework, Kohn-Sham proposed a brilliant scheme [START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF] to map the problem of interacting electrons onto a much simpler system of non-interacting electrons. The key assumption made in this scheme is that, for a system of interacting electrons, there exists an auxiliary system of non-interacting electrons such that the ground-state density n 0 (r) of both the systems is equal.

For the auxiliary system, the Hamiltonian of the each electron can be written, simply, as the sum of the kinetic energy and the potential energy, 2.2. Density functional theory

Ĥaux = - ∇ 2 2 + V ef f (r) (2.14)
where, V ef f is an unknown effective potential experienced by the non-interacting electrons.

Assuming that we know the form of this potential, we can solve for the single-electron wavefunctions and corresponding eigenenergies using the auxiliary Hamiltonian Ĥaux .

Ĥaux

φ i = i φ i (2.15)
The {φ i , i } are called Kohn-Sham orbitals and eigenvalues. From these Kohn-Sham orbitals, we immediately get the density, single-electron kinetic energy (T s ) and the Hartree Coulombic energy as follows:

n(r) = i |φ 2 i (r)| (2.16a) T s = - 1 2 i φ i |∇ 2 |φ i (2.16b) E Hartree [n] = 1 2 n(r)n(r ) |r -r | dr 3 dr 3 (2.16c)
Using these entities, the Kohn-Sham energy functional can be written as:

E KS = T s [n] + E Hartree [n] + V ext (r)n(r)dr + E xc [n]
(2.17)

The last term in the above expression encompasses (1) the effects of electron-electron interaction i.e. the electronic correlation and (2) the exchange interaction. If the left hand sides (LHS) of the equations 2.13 and 2.17 are equalized, we get the definition of Kohn-Sham exchange-correlation energy.

E xc = E e-e -E Hartree + T -T s (2.18)
It is important to note here that the LHS of equations 2.13 and 2.17 can only be equal when

E KS [n]
is minimized with respect to the variations in density of the auxiliary system. The effective potential V ef f (r) acting on the independent electrons in the auxiliary Kohn-Sham system is defined using the exchange-correlation energy as:

V ef f (r) = V ext -dr n(r ) |r -r | + δE xc δn(r) (2.19)
The last term in the above expression is also known as the exchange-correlation potential.

Thus, given the universal exchange-correlation functional, the Kohn-Sham scheme can yield the exact ground state density and energy of any system of interacting electrons. Similar to Hartree-Fock, the Kohn-Sham equations can be solved in a self-consistent manner. A guess for the electronic density can be used to calculate the exchange-correlation potential which can be used further to calculate a new set of Kohn-Sham orbitals and density. The procedure can be repeated until a reasonable convergence in Kohn-Sham energy is achieved. Before moving to the discussion of different approximations of the exchange-correlation functionals, we briefly discuss the interpretation of the Kohn-Sham electronic structure comprised of φ i , i .

DFT ionization potential theorem

Within the Hartree-Fock theory, the Koopmans' theorem [START_REF] Koopmans | Über die zuordnung von wellenfunktionen und eigenwerten zu den einzelnen elektronen eines atoms[END_REF] states that, assuming relaxation of HF orbitals subject to charged excitations is negligible, the Hartree Fock orbital energies correspond to the ionization energies. Similar attribution of physical meaning to Kohn-Sham orbital energies is not available formally except for the energy of the highest occupied Kohn-Sham orbital. In the Kohn-Sham DFT, the Janak's Theorem [START_REF] Janak | Proof that δE δn i = i in density-functional theory[END_REF] says that the KS eigenvalues are the derivatives of the total energy with respect to the occupation of the corresponding state.

i = dE dn i (2.20)
The corollary of the Janak's theorem is that, for N-electron Kohn-Sham system, the ioniza-

tion potential (I = E 0 (N ) -E 0 (N -1)
) is exactly given by the highest occupied Kohn-Sham eigenvalue [START_REF] Perdew | Density-functional theory for fractional particle number: derivative discontinuities of the energy[END_REF][START_REF] Perdew | Physical content of the exact Kohn-Sham orbital energies: band gaps and derivative discontinuities[END_REF][START_REF] Levy | Exact differential equation for the density and ionization energy of a many-particle system[END_REF][START_REF] Perdew | Comment on "Significance of the highest occupied Kohn-Sham eigenvalue[END_REF].

The same conclusion is also drawn from the asymptotic behaviour of the Kohn-Sham electronic density. For any finite system of N-electrons, the exact ground state density decays as [START_REF] Katriel | Asymptotic behavior of atomic and molecular wave functions[END_REF] n(r)

∼ exp(-2 √ 2I|r|) (2.21)
On the other hand, asymptotic behaviour of Kohn-Sham, dominated by the slowest decaying highest occupied orbital, is given by [START_REF] Levy | Exact differential equation for the density and ionization energy of a many-particle system[END_REF][START_REF] Perdew | Comment on "Significance of the highest occupied Kohn-Sham eigenvalue[END_REF] The virtual or the unoccupied orbitals of the Kohn-Sham auxiliary system and their corresponding eigenenergies, on the other hand, do not match with the electron affinities. Both the occupied and the unoccupied orbitals of Kohn-Sham system experience the same local potential composed of Hartree term due to all N electrons, an exchange-correlation hole and the external potential due to the nuclei. The Hartree and XC terms of potential effectively amount to experience of N -1 electrons by the Kohn-Sham orbitals. On the other hand, if an extra electron is brought from infinity to the Kohn-Sham system, the new electron should feel effectively the potential due to N electrons. Hence, the energies of the unoccupied orbitals in Kohn-Sham system do not correspond to electron affinity. Instead they represent neutral excitations within the noninteracting Kohn-Sham auxiliary system. This is the reason why the Kohn-Sham eigenvalues severely underestimate the fundamental electronic gap. In case of molecules, the stabilization of the unoccupied orbitals by the exchange-correlation hole is often quantitatively similar to the stabilization of excited electron by the hole it leaves behind. Hence, for many molecules including the ones investigated in this work, the Kohn-Sham gap matches well with the optical gap [START_REF] Baerends | The Kohn-Sham gap, the fundamental gap and the optical gap: the physical meaning of occupied and virtual Kohn-Sham orbital energies[END_REF][START_REF] Van Meer | Physical meaning of virtual Kohn-Sham orbitals and orbital energies: An ideal basis for the description of molecular excitations[END_REF]. In semiconductor solids, however, the stabilization of the excited electron by the hole that it leaves behind is very weak due to large screening and delocalization of electron and hole. Therefore, the stabilization of the unoccupied orbitals by XC hole does not match with the much smaller electron-hole binding, causing the Kohn-Sham gap to be smaller than the optical gap [START_REF] Baerends | The Kohn-Sham gap, the fundamental gap and the optical gap: the physical meaning of occupied and virtual Kohn-Sham orbital energies[END_REF][START_REF] Baerends | From the Kohn-Sham band gap to the fundamental gap in solids. an integer electron approach[END_REF].

n(r) ∼ exp(-2 √ 2 N |r|) (2.22)

Exchange-correlation approximations

In absence of the universal DFT functional, different physically motivated approximations of the Kohn-Sham exchange-correlation are used in practice.

Local Density Approximation (LDA)

The underlying assumption of the local density approximation [START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF] is that the exchangecorrelation depends only on the local density. The approximation is suitable for physical systems where the electronic density varies very slowly.

E LDA xc = d 3 rn(r) xc (n(r)) (2.23)
Here, xc (n(r)) is the exchange-correlation energy per electron for a homogeneous electron gas for which the electronic density is constant throughout the space. For the exchange part of the xc (n(r)), an analytical expression is available. For the correlation part, however, there is no analytical expression. High level quantum Monte Carlo calculations can provide the numerical value of the correlation energy in a very precise manner [START_REF] Ceperley | Ground state of the electron gas by a stochastic method[END_REF]. The numerically calculated correlation is fitted to an analytical form and the analytical expression for xc (n) is obtained [START_REF] Perdew | Self-interaction correction to density-functional approximations for many-electron systems[END_REF].

The LDA exchange-correlation has been a considerable advancement in electronic structure calculations and its limitations paved way for more improved functionals.

Generalized-gradient approximation (GGA)

The generalized-gradient approximation (GGA) was the next breakthrough in the exchangecorrelation approximations [START_REF] Langreth | Beyond the local-density approximation in calculations of ground-state electronic properties[END_REF][START_REF] Becke | Density-functional exchange-energy approximation with correct asymptotic behavior[END_REF]. With GGA, the exchange-correlation became semi-local in the sense that it depends on both the local density as well as its gradient.

E GGA xc = d 3 rn(r) xc (n(r), ∇n(r)) (2.24)
Many different parametrization of GGA exist in literature. The most prominent among them is the Perdew-Burke-Ernzerhof parametrization [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. GGA improved the estimations of many physical and chemical properties such as structural parameters, binding energies, activation energies, electronic structure and electronic densities, especially in systems with larger spatial variation in the density.

Beyond LDA and GGA

The local and semi-local approximations have a serious lacuna of the spurious self-interaction of electrons. In case of Hartree-Fock, the interaction of an electron with itself is cancelled out, but in case of GGA or LDA approximations within DFT, such self-interaction persists and gives rise to certain unphysicality. Several techniques are used to cure this self-interaction error (SIE).

The prominent among them are (1) hybrid functionals, (2) LDA+U. The former technique is mixing of Hartree-Fock exact exchange calculated using Kohn-Sham orbitals with semi-local exchange; e.g. PBE0 hybrid functional [START_REF] Perdew | Rationale for mixing exact exchange with density functional approximations[END_REF] is given as:

E P BE0 xc = 0.75 × E P BE x + 0.25 × E HF x + E P BE c (2.25)
where the subscripts x and c correspond to exchange and correlation. The use of such mixing of exchange comes at significantly higher computational cost. The computational complexity is given by O(N 4 ) where N is number of atoms. The amount of exact exchange in a hybrid functional can be tuned to address physical and chemical specificities according to electronic system at hand. To improve the hybrid functionals furthermore, range of exact exchange and semi-local exchange can be separated such that the semi-local exchange and the non-local HF exchange dominate at short and long range, respectively [START_REF] Toulouse | Long-range-short-range separation of the electron-electron interaction in density-functional theory[END_REF]. The range separation parameter of the range-separated hybrids and the amount of exact exchange can be tuned so as to minimize the self-interaction error [START_REF] Refaely-Abramson | Fundamental and excitation gaps in molecules of relevance for organic photovoltaics from an optimally tuned range-separated hybrid functional[END_REF]. A commonly used criteria for optimization of hybrid functionals is the reproduction of the ionization potentials by the highest occupied Kohn-Sham eigenvalue.

Ionization potentials and electron affinities using ∆SCF It is possible to calculate reliable ionization potentials (I p ) and electron affinities (E a ) of finite systems within Kohn-Sham framework despite the facts that the exact DFT functional is unknown and the Kohn-Sham gap does not correspond to the fundamental electronic gap, by calculating differences of total energy of neutral and charged systems [START_REF] Jones | The density functional formalism, its applications and prospects[END_REF].

I p = E(N ) -E(N -1) E a = E(N + 1) -E(N ) (2.26)
Even if the DFT functional may fail to predict accurately the ionization potential as the highest occupied eigenvalue, cancellation of errors in total energy differences allows for more accurate estimation if ionization potential from equation 2.26.

Environmental effects

For finite systems such as molecules or clusters, their electrostatic interaction with surrounding, which may be a solvent, a macromolecule, or a crystalline framework, can affect their electronic ground state. Though a full quantum mechanical description of such environmental effects is possible, compared to the computational cost and human efforts it demands, it does not amount to significant insights into the main systems of interest i.e. the molecules. Nonetheless, use of classical models which can work in conjunction with the DFT framework to describe effectively such environmental effects on the ground state are used and they have improved the overall physical description of the molecular or cluster systems.

To address the environmental effects, the polarizable continuum model [START_REF] Mennucci | Polarizable continuum model[END_REF][START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] The potential due to such charges, corresponding to the reaction of the environment, acts on the Kohn-Sham orbitals, similarly to the the Kohn-Sham external potential V ext .

Many body perturbation theory

The density functional theory does a reasonable to excellent job of describing the ground state of the interacting electrons in most systems which do not exhibit multi-reference character and strong electronic correlation. But even for the systems where DFT describes the ground state well, its scope is limited beyond the ground state, for description of neutral and charged excitations of electrons. An extension of density functional methods, the time-dependent density functional theory (TD-DFT) can be used for the description of excited states. In this study, however, we use the many-body perturbation theory methods (MBPT), namely GW [START_REF] Hedin | New method for calculating the one-particle Green's function with application to the electron-gas problem[END_REF][START_REF] Martin | Interacting Electrons[END_REF][START_REF] Strinati | Dynamical correlation effects on the quasiparticle bloch states of a covalent crystal[END_REF][START_REF] Hybertsen | Electron correlation in semiconductors and insulators: Band gaps and quasiparticle energies[END_REF][START_REF] Onida | Electronic excitations: density-functional versus many-body green's-function approaches[END_REF] and Bethe-Salpeter equation [START_REF] Salpeter | A relativistic equation for bound-state problems[END_REF][START_REF] Albrecht | Ab Initio calculation of excitonic effects in the optical spectra of semiconductors[END_REF][START_REF] Strinati | Application of the green's functions method to the study of the optical properties of semiconductors[END_REF][START_REF] Martin | Interacting Electrons[END_REF][START_REF] Rohlfing | Electron-hole excitations in semiconductors and insulators[END_REF][START_REF] Benedict | Optical absorption of insulators and the electron-hole interaction: An ab initio calculation[END_REF][START_REF] Onida | Electronic excitations: density-functional versus many-body green's-function approaches[END_REF][START_REF] Ping | Electronic excitations in light absorbers for photoelectrochemical energy conversion: first principles calculations based on many body perturbation theory[END_REF][START_REF] Blase | The Bethe-Salpeter equation in chemistry: Relations with TD-DFT, applications and challenges[END_REF] (BSE)

to describe the neutral and charge excited state for reasons that will be cleared in the course of discussion below.

GW : theory and practice

Theory

The G in the GW stands for a time-ordered single-particle Green's functions and the W stands for screened Coulomb interaction. For a given electronic system, the time-ordered single-particle Green's function or simply G describes the propagation of an added electron or hole. Using the creation and annihilation field operators ψ and ψ † , the G(r, r ; t) can be written in the Heisenberg picture as:

G(r, r ; t) = (-i) N | τ [ψ(r, t)ψ † (r , 0)] |N (2.27) τ [ ψ(r, t) ψ † (r , 0) ] =    ψ(r, t) ψ † (r , 0), if t > 0 -ψ † (r , 0) ψ(r, t), if t < 0 (2.28)
|N is the N-electron ground state. In the positive time, the G(r, r ; t) describes the propagation of an electron added at time= 0 and annihilated at time= t. At negative time, it describes the propagation of a hole added at time= 0 and annihilated at time= t. The G is written in its energy representation as

G(r, r , ω) = n f n (r)f * n (r ) ω -n -i0 + sgn( n -F ) (2.29)
where n are observable energies of electron removal (if n < F ) or addition (if n > F ); F is the Fermi level . They are defined as

n = k × [E(N + k, n) -E(N, 0)
] where E(N, n) is the total energy of N -electron system in its nth state; and k = sgn( n -F ). The f n are the so called Lehman amplitudes. They represent the wavefunctions' overlap between the N-electron ground-state with added electron/hole and nth excited state of (N-1)/(N+1) electron system.

The Lehman amplitudes correspond to one-body states in the picture of single determinant wavefunction. It should be noted that, though the description of the Green's function is given as "single-particle", it encompasses all the many-body interactions among the electrons and holes.

It is just that the phenomenon through which the G describes the many-body interactions is the addition and removal of "single" electron or hole.

It has been formally shown that the Green's function G defined above is the solution of the following Dyson equation written using a shorter notation G(1, 2) = G(r 1 , t 1 ; r 2 , t 2 ):

G(1, 2) = G 0 (1, 2) + d34G 0 (1, 3)Σ(3, 4)G(2, 4) (2.30)
Here, G 0 is the independent-electron Green's function. G 0 can be obtained by replacing the electron addition and removal energies n and Lehman amplitudes f n in equation 2.29 with 0 n and f 0 n obtained using a one-electron Hamiltonian ĥ0 composed only of the kinetic energy and external potential terms. The Σ is the nonlocal two-body self-energy operator containing all interactions among electrons i.e. Hartree, exchange and correlation. It is analogous to the Hartree-Fock operator. Unlike the HF operator, however, the Σ is dynamic, i.e. energy dependent, and encompasses correlation.

If the definition of G is inserted in the Fourier-transform of the Dyson equation in eq. 2.30, then one gets the following eigenvalue equation:

[ ĥ0 + V Hartree (r) ] φ n (r) + dr Σ XC (r, r ; n )φ n (r ) = n φ n (r) (2.31)
Here, the ĥ0 Hamiltonian contains the one-body operators for kinetic energy and external potential due to nuclei. The { n } are the electron addition and removal energies. Σ XC is the non-local and energy-dependent part of self-energy which accounts for the exchange and correlation effects among interacting electrons. Since equation 2.31 is formally exact, we can deduce that the exchange and correlation felt by added electron or hole has to be nonlocal and dependent on energy of the corresponding orbital. Similar to the case of the universal DFT functional, the self-energy Σ is difficult to formulate. The eigenvalues and the orbitals { n , φ n } in equation 2.31 are also called the quasiparticle eigenvalues and orbitals. They do not represent any physical particle that exists in isolation, but they are mathematical constructs useful for dealing with many-body interaction. A quasiparticle in a system of interacting electrons can be imagined as the collective of (1) added electron or hole and (2) the cloud of electronic charge surrounding the added electron/hole which screens its interaction with other electrons. A visual schematic of the quasiparticle is presented in fig. 2.1. In the GW approach, it is shown that the exchange-correlation self energy can be written in terms of G and a vanishing perturbation U (r, t) as follows: 

Σ XC (1, 2) = -i d345 v(1, 3) δG(1, 4) δU (3) U =0 G -1 (4,
W (1, 2) = d3ε -1 (1, 3)v(3, 2) = v(1, 2) + d34v(1, 3)χ(3, 4)v(4, 2)
(2.33) thereby arriving at:

Σ XC (1, 2) = i d34G(1, 4)W (3, 1) δ(4, 3)δ(2, 3) + ∂Σ XC (4, 2) ∂V (3) (2.34) 
where, V is the sum of perturbation U and the V Hartree . The derivative ∂Σ XC /∂V can be written as a functional of W . We resort here to the GW approximation in which the derivative ∂Σ XC /∂V is neglected. The inclusion of higher orders of W demands consideration of computationally expensive vertex corrections. Within the GW approximation, the exchange-correlation self-energy is given (in energy representation) as:

Σ XC (r, r ; E) = i 2π dωe iω0 + G(r, r ; ω + E)W (r, r ; ω) (2.35)
For the purpose of understanding, we can also compare the GW exchange-correlation selfenergy with the exchange operator within the Hartree-Fock theory. The HF exchange operator can be written as:

Σ X HF (r, r ) = i 2π dωe iω0 + G HF (r, r ; ω)v(r, r ) (2.36)
Here, the G HF is the Hartree-Fock Green 

χ = χ 0 + χ 0 vχ (2.37)
The Kohn-Sham independent electron susceptibility χ 0 is given by:

χ 0 (r, r ; ω) = ia φ * i (r)φ a (r)φ * a (r )φ i (r ) i -a -ω -i0 + sgn( i -a ) (2.38)
where the subscripts i and a correspond to the indices of occupied and virtual levels respectively.

The superscripts 'KS' are dropped for brevity. Using the G and χ built in such fashion, the GW exchange-correlation self-energy is calculated within the GW approximation. The GW quasiparticle eigenvalues then can be directly calculated by replacing the DFT exchange-correlation contribution with Σ XC :

GW n = KS n + φ KS n Σ XC ( GW n ) -V XC φ KS n (2.39)
Note here that the replacement of V XC contribution with expectation value of Σ XC is sufficient because the expectation value of one-body operator ĥ0 is already included in the KS n . Since the GW eigenvalues are interpreted as energies of electron addition and removal, the GW correction to KS eigenvalues in equation 2.39 translates the the Kohn-Sham eigenvalues into quasiparticle eigenvalues. The Kohn-Sham gap corresponding to the optical gap within the Kohn-Sham auxiliary system is widened by GW to give the electronic gap. In this approach, the GW eigenvalues and the band gap have a considerable dependence on the DFT starting point [START_REF] Bruneval | Benchmarking the starting points of the gw approximation for molecules[END_REF] since the shape of KS orbitals and their energies differ significantly among different DFT functionals. To reduce such dependency, either DFT functionals which produce eigenvalues closely matching with those of GW are used, or separate self-consistency approaches are used within GW . The GW eigenvalues obtained by a single GW correction to KS eigenvalues are generally termed as G 0 W 0 . GW calculation can be performed self-consistently since the GW approximation forms a closed loop of equations. While different self-consistency schemes exist in literature, we resort here to a so called evGW self-consistency scheme. In this scheme, the Kohn-Sham wavefunctions used for G 0 W 0 are kept frozen and only the GW eigenvalues are used for updating G, χ and W [START_REF] Blase | First-principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other molecules of interest for organic photovoltaic applications[END_REF]. The evGW approach is preferred in this study since fully-selfconsistent GW is computationally expensive and it may not improve the accuracy significantly compared to the good accuracy offered by evGW approach [START_REF] Gui | Accuracy assessment of gw starting points for calculating molecular excitation energies using the Bethe-Salpeter formalism[END_REF][START_REF] Kaplan | Quasi-particle self-consistent gw for molecules[END_REF].

Plasmon-Pole approximation

In case of systems with large number of atoms, calculation of energy dependent χ(ω) can be computationally expensive. In such cases, the real and the imaginary parts of the dielectric function are approximated in the form of plasmon-pole. The underlying assumption is that the shape of the dielectric function is dominated by a single plasmon excitation. Such plasmon-pole corresponds to a collective excitation of electronic charge. The plasmon-pole model describes very well the dielectric functions of materials which resemble the homogeneous electron gas.

Within the GW approximation, the plasmon-pole approximation has been successful also for systems with significant inhomogeneity in electronic distribution. In the work presented here, plasmon-pole model proposed by Godby and Needs, among the best performers within GW [START_REF] Godby | Metal-insulator transition in Kohn-Sham theory and quasiparticle theory[END_REF][START_REF] Golze | The GW compendium: A practical guide to theoretical photoemission spectroscopy[END_REF], is used in GW calculations of crystalline MOFs with periodic boundary conditions.

Static Coulomb-hole screened exchange (COHSEX)

Coulomb-hole screened exchange is a static approximation of GW proposed by Hedin [START_REF] Hedin | New method for calculating the one-particle Green's function with application to the electron-gas problem[END_REF].

The screened exchange (SEX) is a modification of Hartree-Fock exchange to include dielectric screening in zero frequency limit. The bare Coulomb potential in HF exchange operator (see equation 2.11) is replaced here by W (r, r ; ω = 0).

Σ SEX σ (r, r ) = - i∈occ φ * iσ (r)φ iσ (r )W (r, r ; ω = 0) (2.40)
Note that the index σ corresponds to the spin (σ) component. In addition to the screened exchange, COHSEX also includes another local term called as Coulomb-hole. It signifies classical interaction between an injected point charge and the polarization cloud induced by it.

Σ COH σ (r, r ) = δ(r -r ) 2 W p (r, r ; ω = 0) (2.41)
where, W p = Wv. Note that in absence of any dielectric screening i.e. if ε -1 = 1, the COHSEX approach reduces to Hartree-Fock. Unlike, the GW self-energy operator, which is non-Hermitian and frequency dependent, the COHSEX operator is Hermitian. This allows for simpler matrix diagonalization for obtaining eigenvectors corresponding to the Hamiltonian.

This also makes it easier to perform a full self-consistent procedure for COHSEX. For much reduced computational costs, COHSEX describes the electronic gap reasonably well. Furthermore, COHSEX eigenstates may also serve as an excellent starting point for GW calculations [START_REF] Knight | Accurate ionization potentials and electron affinities of acceptor molecules III: a benchmark of GW methods[END_REF].

Bethe-Salpeter equation

Within the many-body perturbation theory, the Bethe-Salpeter equation (BSE) deals with the neutral or optical excitations. In case of neutral excitations, the excitation gives rise to two different quasiparticles, the quasi-electron and quasi-hole. To describe simultaneously these two different particles, a two particle correlation function is used. Formally, it is defined as:

L(1, 2, 3, 4) = -i δG(1, 2) δU (3, 4) (2.42)
where U (3, 4) is a non-local two-point perturbation. The correlation functional L(1, 2, 3, 4) can also be interpreted as a generalized susceptibility. The generalized susceptibility is expanded using the GW Dyson equaion in equation 2.30 which can be written in presence of U as:

G(1, 2) = G 0 (1, 2) + d34G 0 (1, 3) V Hartree + U (3, 4) + Σ XC (3, 4) G(2, 4) (2.43)
where, G 0 is Green's function built with Lehman amplitudes and eigenvalues of non-interacting electron system, V Hartree is the Hartree potential and Σ XC is the exchange-correlation selfenergy. Derivative of this Dyson equation immediately returns the self-consistent Bethe-Salpeter equation. Using the GW approximation that we used earlier for simplification of many-body self-energy (see equation 2.3.1), the BSE kernel is approximated as:

L(1, 2, 3, 4) = L 0 (1, 2 , 3, 4) 
iΞ(5, 6, 7, 8) = v(5, 7)δ(5, 6)δ(7, 8) -W (5, 6)δ(5, 7)δ(6, 8) (2.46)
Finally, we get the dynamic Bethe-Salpeter equation:

L(1, 2, 3, 4) = L 0 (1, 2, 3, 4)+ d5678L 0 (1, 2, 5, 6)[v(5, 7)δ(5, 6)δ(7, 8) -W (5, 6)δ(5, 7)δ(6, 8)]L(7, 8, 3, 4) (2.47)
The BSE kernel connecting the interacting and non-interacting generalized susceptibilities L and L 0 is composed of two terms, the first one is the bare exchange and the second one is electron-hole screened Coulomb interaction. Typically, the dynamical effects in the BSE are neglected by setting the W (r 1 , t 1 ; r 2 , t 2 ) ≈ W (r 1 , r 2 )δ(t 1t 2 ). The dynamical effects have been shown to be minuscule in case of semiconductors [START_REF] Martin | Interacting Electrons[END_REF]. The BSE equation, thus simplified, is then reformulated in the basis of product of occupied (i) and unoccupied (a) orbitals {φ i (r), φ a (r )}.

This recasts the BSE equation into an eigenvalue problem given as:

R C -C * -R * X µ Y µ = Ω µ X µ Y µ (2.48)
where R (R * ) represents the resonant (anti-resonant) block corresponding to excitations (deexcitations); the off-diagonal blocks C and C * describe the coupling between excitations and deexcitations. X µ and Y µ give the excitations and de-excitations components of the electron-hole two-particle eigenstate, where µ is the index of excitation. The eigenstates of this two-particle quantum system are represented in the transition basis of φ i (r h )φ a (r e ) and φ i (r e )φ a (r h ) as:

Ψ µ = ia [X ia µ φ i (r e )φ a (r h ) + Y ia µ φ i (r h )φ a (r e )] (2.49) 
The indices i and a correspond to Kohn-Sham occupied and virtual orbitals respectively. Considering singlet excitations, the resonant block of the Hamiltonian is given as:

R ai,bj = δ i,j δ a,b ( a -i ) - φ a (r)φ i (r )W (r, r )φ b (r)φ j (r ) + 2 φ a (r)φ i (r)v(r, r )φ b (r )φ j (r ) (2.50)
where . . . notation is used for drdr . The first term is the difference in energy levels of unoccupied (a) and occupied (i) states, the second term is the screened Coulomb interaction between the quasi-electron and quasi-hole, and the third term is the exchange interaction between the quasi-electron and quasi-hole.

Being a two-particle eigenstate, the exciton can be interpreted by visualization of holeaveraged charge density and charge-averaged hole density given by:

ρ µ (r e ) = dr h |Ψ µ (r e , r h )| 2 (2.51) ρ µ (r h ) = dr e |Ψ µ (r e , r h )| 2 (2.52)

Environment effects

It is well known that the energies of charged and neutral excited states of molecules undergo solvatochromic shifts when the molecules are in solvated phase. The physical origin of such shifts is the polarization of the molecular charge by the dielectric environment. The total dielectric response of solvents has two main contributions corresponding to two different degrees of freedom (1) slow response due to nuclear rearrangement, (2) fast electronic response. The latter approximately corresponds to the square of the refractive index of the solvent. The former contribution is very large especially in case of polar solvents. For example, the optical dielectric constant of water is 1.78, whereas the total dielectric constant of water is 81. At DFT level, both contributions of the total dielectric constant are accounted for. At ground state the solute molecule is in equilibrium with the solvent hence the nuclear degrees of freedom can respond to the solute molecule's charge density. The electronic excitations take place on much shorter timescale and the nuclear degrees of freedom cannot respond to it to establish equilibrium. Hence, we consider only the non-equilibrium electronic dielectric response of the environment/solvent. To account for the screening of charged and neutral excitations by the environment at the GW and BSE level, a QM/MM (Quantum Mechanics/Molecular Mechanics) approach is used.

To quantify the effect of MM part on excitation in QM part, the reaction field of the solvent in zero-frequency limit is calculated and used to redress the screened Coulomb potential W given as:

W = v + vχ 0 W (2.53)
The reaction field is defined as:

v reac (r q , r q ) = dr m dr m v(r q , r m )χ M M (r m , r m )v(r m , r q ) (2.54)
Here, the subscripts q and m refer to the positions within the QM and MM part, respectively;

and χ M M (r m , r m ) is the full interacting polarizability of the MM part in absence of the QM part. The reaction field V reac (r q , r q ) represents the environment reaction field generated at r q due to a unit charge placed at r q . Using the reaction field, the bare Coulob potential v is renormalized as ṽ [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF] 

ṽ = v + vχ M M v (2.55)
With this, the screened Coulomb potential W e encompassing the solvent screening is given by following equation:

W e (ω = 0) = ṽ + ṽχ 0 W e (ω = 0) (2.56)
The W e is only calculated is static limit (ω → 0) since the solvents reaction is considered only for static limit.

In practice, the reaction field v reac is calculated in form of matrix v reac (γ, γ ) by computing the energy of a test charge placed in a basis function γ placed in the reaction field of MM part polarized by a source charge in basis function γ. The calculation of the energy of placing a test charge in the QM part is done self-consistently using a simple microelectrostatic chargeresponse model [START_REF] D'avino | Electronic polarization in organic crystals: A comparative study of induced dipoles and intramolecular charge redistribution schemes[END_REF]. The MM part is modeled as a fixed cubic lattice of polarizable points.

These points are assigned atomic polarizability (α) corresponding to the zero-frequency optical dielectric constant (ε opt or square of the refractive index) of solvent or metal-organic framework by using the Clausius-Mossotti formula given as:

n 2 -1 n 2 + 1 = 4π 3 N α (2.57)
where n is the refractive index, N is number of molecules per volume and α us the polarizabilty.

The refractive indices of solvents are taken from the experiments and for the metal-organic frameworks, they are taken from BSE periodic calculations. Within the microelectrostatic model used, the test charge placed in the QM part induces dipoles at the polarizable lattice points in the MM part which can interact with each other. The energy of the system of test charge in QM part and induced dipoles in MM part is calculated self-consistently updating the strength of dipoles in MM part at each step until an equilibrium is reached [START_REF] D'avino | Electronic polarization in organic crystals: A comparative study of induced dipoles and intramolecular charge redistribution schemes[END_REF].

To reconcile the full frequency dependent W (ω) in GW and the W e (ω = 0) in the zerofrequency limit as given in eq. 2.56, the ∆COHSEX [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF] method is used, where COHSEX stands for Coulomb-Hole screened exchange as discussed earlier. The ∆COHSEX correction is essentially the difference between the COHSEX self-energy calculated with and without MM screening (see 2.58). It has been shown in earlier studies that despite considering only the static screening, the solvatochrmotaic shift in the electron addition and removal energies is estimated very accurately in comparison with the experiments [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF]. The ∆COHSEX approach reconciled with evGW can be summarized in two steps: (1) gas phase evGW eigenvalues of molecule are calculated at gas phase using appropriate DFT starting point, (2) using the evGW eigenvalues and frozen Kohn-Sham wavefunctions, ∆COHSEX correction is calculated and added to the gas phase evGW eigenvalues.

GWe n

≈ GW n + ∆ COHSEX n = GW n + φ KS n Σ COHSEX/MM -Σ COHSEX φ KS n (2.58)
At BSE level the incorporation of the solvent screening is done by simply using the W e (ω = 0) calculated during the ∆COHSEX calculation [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF][START_REF] Kshirsagar | Accurate prediction of the S 1 excitation energy in solvated azobenzene derivatives via embedded orbital-tuned Bethe-Salpeter calculations[END_REF]. A detailed description of the validity and accuracy of use of QM/MM model in conjunction with GW and BSE has been discussed

in literature [START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF][START_REF] Li | Accurate description of charged excitations in molecular solids from embedded many-body perturbation theory[END_REF][START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF][START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF]. 

Abstract

By combining first-principles calculations and classical molecular simulations, an atomisticlevel of understanding was provided towards the notable change in CO 2 adsorption upon light treatment in two recently reported photoactive metal-organic frameworks, PCN-123 and Cu 2 (AzoBPDC) 2 (AzoBiPyB). It was demonstrated that the reversible decrease in gas adsorption upon isomerization can be primarily attributed to the blocking of the strong adsorbing sites at the metal nodes by azobenzene molecules in a cis configuration. The same mechanism was found to apply also to other molecules, for example, alkanes and toxic gases. Such understandings are instrumental to the future design of photoresponsive metal-organic frameworks.

For example, the metal node-blocking mechanism can be leveraged to achieve optimal adsorption properties as a function of metal substitution and/or ligand functionalization. As a proof 3.2. Article of concept, it was shown that the working capacity could be increased by a factor of two in PCN-123 by replacing the Zn 4 O node with the more strongly adsorbing Mg 4 O.

Article

Metal-organic frameworks (MOFs) have drawn considerable attention due to their potential use in a variety of energy-related applications such as gas separations [START_REF] Li | Metal-organic frameworks for separations[END_REF][START_REF] Trickett | The chemistry of metal-organic frameworks for CO 2 capture, regeneration and conversion[END_REF], energy storage [START_REF] Getman | Review and analysis of molecular simulations of methane, hydrogen, and acetylene storage in metal-organic frameworks[END_REF],

and catalysis [START_REF] Yoon | Homochiral metal-organic frameworks for asymmetric heterogeneous catalysis[END_REF]. By combining metal clusters and organic linkers, MOFs can be tailored to exhibit desirable physical characteristics and chemical functionalities for a given application [START_REF] Walton | Understanding inflections and steps in carbon dioxide adsorption isotherms in metal-organic frameworks[END_REF].

A huge research effort has therefore been focused on the synthesis and characterization of new frameworks for more energy-efficient processes. Recently, a fascinating strategy proposed for the design of energy-efficient carbon capture technologies is the use of stimuli-responsive materials [START_REF] Coudert | Responsive metal-organic frameworks and framework materials: Under pressure, taking the heat, in the spotlight, with friends[END_REF][START_REF] Schneemann | Flexible metal-organic frameworks[END_REF]. Among these, light-responsive frameworks [START_REF] Castellanos | Photoswitchable metal organic frameworks: turn on the lights and close the windows[END_REF][START_REF] Modrow | The first porous MOF with photoswitchable linker molecules[END_REF]45,[START_REF] Lyndon | Dynamic photo-switching in metal-organic frameworks as a route to low-energy carbon dioxide capture and release[END_REF][START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF][START_REF] Müller | Switching the proton conduction in nanoporous, crystalline materials by light[END_REF][START_REF] Wang | Photoswitchable adsorption in metalorganic frameworks based on polar guest-host interactions[END_REF][START_REF] Heinke | Photoswitching in two-component surfacemounted metal-organic frameworks: Optically triggered release from a molecular container[END_REF] have been studied for their capability to reversibly change the gas adsorption properties upon light treatment. Such adsorption alternation is triggered by the structural transformation that results from the stimuli-responsive isomerization of the organic linkers, serving as a driving force for effective separations. The use of light rather than temperature and/or pressure potentially enables a more energy-efficient separation process. Although this strategy possesses great promises toward separation applications, the development of these materials remains slow [START_REF] Jones | The lighter side of MOFs: structurally photoresponsive metal-organic frameworks[END_REF][START_REF] Yanai | Guest-to-host transmission of structural changes for stimuli-responsive adsorption property[END_REF][START_REF] Brown | Photophysical pore control in an azobenzene-containing metal-organic framework[END_REF]. This may be attributed, to some extent, to the challenge in synthesizing functionalized materials that can accommodate a reversible isomerization of photoactive moieties. However, limited atomistic studies of the adsorption mechanisms in these materials may also play a critical role.

The pioneering work by Park et al. experimentally demonstrated that PCN-123, the wellstudied MOF-5 functionalized with azobenzene molecules, allows for a significant reversible change of the CO 2 adsorption properties by approximately 50 % at 1 bar using light or heat as external stimuli [45]. A recent computational study by Huang et al. [START_REF] Huang | CO 2 adsorption in azobenzene functionalized stimuli responsive metal-organic frameworks[END_REF], in an effort to interpret the experimental results by Park et al. [45], attributed the adsorption change to a weaker interaction of CO 2 with PCN-123 in cis configuration relative to that of trans PCN-123. However, we noted that the reported CO 2 binding energies in trans and cis PCN-123 of 31.3 and 27.5 kJ mol -1 , respectively [START_REF] Huang | CO 2 adsorption in azobenzene functionalized stimuli responsive metal-organic frameworks[END_REF], are both substantially higher than in the bare MOF-5 (i.e., 22.2 kJ mol -1 [START_REF] Dubbeldam | Molecular simulation of adsorption sites of light gases in the metal-organic framework IRMOF-1[END_REF]), which appears to be inconsistent with the experimentally observed larger CO 2 uptake in the bare MOF-5 as compared to cis PCN-123 [45] (Figure 3.5, Supporting Information). Based on this mechanism, the substantially lower binding energy of CO 2 in the bare MOF-5 would be expected to result instead in a lower measured uptake.

Also, as we show below, the molecular configurations of trans and cis azobenzene molecules employed in the work of Huang et al. [START_REF] Huang | CO 2 adsorption in azobenzene functionalized stimuli responsive metal-organic frameworks[END_REF] do not correspond to the global minima. As a result, although the interaction difference seems plausible to explain the uptake difference, the aforementioned inconsistencies indicate that the CO 2 adsorption mechanisms in PCN-123 have yet to be fully understood. Recently, Wang et al. [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF] also showed that the surface mounted Cu 2 (AzoBPDC) 2 (AzoBiPyB) exhibits a lower permeance of CO 2 in cis as compared to trans.

Considering that the adsorption capability is a key component in the permeation properties of membranes, one can possibly attribute this behavior to a lower adsorption affinity of cis toward CO 2 . However, also in this case, the mechanisms behind the modification of the gas adsorption upon isomerization have not been unveiled.

In this work, we employed DFT calculations and Monte Carlo simulations to investigate the CO 2 adsorption mechanisms in these MOFs. Computational details can be found in the section 3.3.2 of the Supporting Information (3.3). We found that the cis configuration plays a critical role in the uptake difference. Specifically, the two distinct cis configurations that arise from the two chiralities of the gas phase azobenzene molecule may lead to largely different adsorption properties. For both MOFs, we computed a decrease in gas adsorption upon isomerization and we found an excellent agreement with experiments for PCN-123, for which the experimental adsorption isotherms have been reported [45]. We attributed this difference primarily to the blocking of the strong adsorbing metal nodes by the free phenyl in the cis conformation. Due to these MOFs sharing the same underlying mechanism responsible for the reversible modification of gas uptake despite their structural differences, we anticipate a similar behavior in most frameworks exhibiting exposed (and not necessarily open) metal nodes. Therefore, future developments towards the design of photoresponsive frameworks with better separation performance will benefit from this study. As a proof of concept, in the case of PCN-123, we have leveraged the blocking mechanism to design materials with higher uptake difference by varying the amount of functionalized ligands and the choice of metal atoms. The mechanism identified here can be also applied to other guest molecules to tune adsorption properties for effective separations.

To identify the conformation of the azo molecule within the framework, we computed the torsional potential energy surface (tPES) of a single azo molecule inside the MOF using DFT calculations with a van der Waals corrected functional. For clarity, we focus hereafter mainly on PCN-123. An azo group is anchored to an organic ligand of MOF-5 to map the tPES along two sets of independent dihedral angle coordinates. The first torsional angle, CCNN, describes a torsion of the N=N moiety and free phenyl ring together (blue arrow in Figure 3 shows a two-lobed shape (Figure 3.1 c). However, in contrast to cis in the gas phase, these two lobes represent two distinct cis configurations; we denote them as cis 1 and cis 2 hereafter and show the corresponding optimized structures in Figure 3.1 d. The azobenzene cis 1 is similar to the cis configuration reported in ref. [START_REF] Huang | CO 2 adsorption in azobenzene functionalized stimuli responsive metal-organic frameworks[END_REF] , whereas cis 2 possesses a phenyl ring very close to the metal node and it is energetically more favorable than cis 1 by 111 meV (per azo molecule), due to the attractive dispersive interaction between the phenyl ring and the metal node (Supporting Information, section 3.3.3). For the trans conformation, the effect of the MOF on the tPES is stronger than the internal changes of the molecule, which means that the shape of the PES differs significantly from the gas phase situation and three local minima are predicted (Supporting Information, section 3.3.3). After a full geometrical optimization, the global minimum was found to be 70 and 80 meV lower in energy than these local minima. The relaxed geometry is shown in Figure 3.9 (Supporting Information) and exhibits a non-planar geometry with the N=N bond and the free phenyl ring is twisted by approximately 60°with respect to the ligand.

Previous studies noted that the metal node is the main adsorption site for CO 2 in MOF-5, however, it is essential to determine the exact location of CO 2 in the vicinity of the metal node to help facilitate the understanding of the adsorption behavior in PCN-123. The computed probability distribution of finding CO 2 within the framework, the so-called CO 2 density map, shows that the Zn 3 O faces of the metal node represent the dominant adsorption site, exhibiting an adsorption capability 7 times stronger than the ZnO 3 face. More details can be found in the Supporting Information (section 3.3.4), in which an illustration of these two distinct types of faces of a metal node is also shown.

Considering that the free phenyl ring at the cis 2 conformation is very close to the Zn 3 O face, a significant decrease in the CO 2 uptake may result from the blocking of the strong binding site upon trans-cis isomerization. To assess the uptake difference between the trans and cis conformations, we used DFT calculations to perform geometric optimizations for fully functionalized PCN-123 unit cells, with an azo moiety anchored onto each ligand, in accordance with the experimental conditions [45]. The trans PCN-123 geometry is obtained by performing a full atomic optimization with the ligands exclusively in the trans conformation. Considering the energy difference between cis 1 and cis 2 and the relatively small energy barrier between cis 1 and cis 2 (Supporting Information, section 3.3.3), the cis PCN-123 geometry is obtained by setting all ligands in the cis 2 configuration. In these structures, a homogeneous distribution of azo-molecules was adopted and we assumed each Zn 3 O face to be blocked by only one phenyl ring (Supporting Information, section 3.3.5).

The adsorption isotherms computed by using these geometries are shown in Figure 3.2 and compared with the experimental data by Park et al. [45] The experimental isotherm for trans PCN-123 shown in Figure 3.2 corresponds to the largest uptake measured by Park et al. [45] (after the first regeneration process), whereas for the cis isomer the lowest curve (5 h after the first heating) is included [45]. The highest and lowest isotherms should correspond to the adsorption in PCN-123 with the largest trans and cis fractions, respectively, even though the specific value was not reported. Considering that the experimental work by Park et al. [45] does not report any absorption spectra of PCN-123 and because the composition at the photostationary state largely depends on the selective absorbance of the trans isomer over the cis one (and vice versa), a specific guess of the cis/trans fraction would lack justification. It is important to note that the experimental isotherm of cis PCN-123 [45] exhibits a non-linear behavior. This may be attributed to configurational changes of the cis moieties and/or to further trans-cis isomerization during the adsorption process. For simplicity, this effect was not considered in a reduced trans-to-cis uptake difference, compared to a case with a 100 % cis. However, for systems featuring incomplete conversion, a simple rescaling of the isotherms computed by assuming a complete conversion may neglect the complex interplay between proximate cis and trans molecules (i.e., azobenzene molecules in proximity can also influence the adsorption uptake as discussed below). A detailed study of this aspect, including the relative position of trans versus cis molecules within the MOF, is beyond the scope of this work and it could be an important subject of future studies upon knowledge of the cis/trans composition. We note that, as expected, no blocking effect is found for cis 1, as shown by the corresponding density plot in Figure 3.18 (Supporting Information: 3.3.6).

Due to the blocking effect and the presence of 32 Zn 3 O faces per unit cell as well as 24 functionalized ligands in PCN-123, one would expect to observe about a 60 % drop in uptake Recent studies have pointed out the importance of dipole-dipole interactions in tuning gas adsorption in azobenzene-functionalized MOFs [START_REF] Müller | Switching the proton conduction in nanoporous, crystalline materials by light[END_REF][START_REF] Wang | Photoswitchable adsorption in metalorganic frameworks based on polar guest-host interactions[END_REF]. In the present case, however, we find the uptake change to be very similar to the value computed with the Coulombic interactions turned off (i.e., no dipole moment effect). Figure 3.22 (Supporting Information) shows indeed that the computed uptake difference is about -45 % (with Coulombic interactions) and about -41 % (without Coulombic interactions), respectively, confirming the dominant role of the node blocking mechanism.

Furthermore, we computed the uptake change in the Henry region for other molecules, such as alkanes (methane to n-pentane) and toxic molecules (CO, H 2 S, and SO 2 ), in PCN-123 upon isomerization. The results shown in Table 3.1 demonstrate again a significant uptake difference and confirm the blocking mechanism for all these molecules (see density maps in Figures 3.25-3.32, Supporting Information). The dipole moment was found to have a minor role and, interestingly, for molecules such as n-butane and n-pentane with larger van der Waals contributions, that is, larger polarizability, the uptake change was found to be notably enhanced. This is simultaneously due to the stronger interaction with the metal node in accordance with the blocking mechanism described above for CO 2 and the larger binding enhancement in trans. A similar metal-node-blocking effect is also found in Cu 2 (AzoBPDC) 2 (AzoBiPyB). The computed adsorption isotherm for a fully azobenzene functionalization shows a decrease in uptake upon trans-cis isomerization, consistent with the reduced CO 2 permeance reported experimentally [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF] (see Figure 3.35, Supporting Information). In this MOF, both cis 1 and cis 2 configurations of the functionalized ligand along the xy plane were found to prevent adsorption at the metal node due to the proximity of the phenyl ring to the metal nodes in both cases. Considering that these exhibit similar energies, both were included in the fully functionalized MOF. slower kinetics of gas adsorption for a closely related material in the cis form compared to the trans [START_REF] Heinke | Photoswitching in two-component surfacemounted metal-organic frameworks: Optically triggered release from a molecular container[END_REF]. Computationally quantifying the diffusion properties in these materials with consideration of the flexibility of azobenzene molecules is beyond the scope of this work and it is an important subject of future studies. However, by considering the phenyl ring of the linker as a molecular rotor, we have demonstrated that the rotational freedom of the functionalized linkers at room temperature is not expected to alter the blocking mechanism in both PCN-123 and Cu 2 (AzoBPDC) 2 (AzoBiPyB). Using PCN-123 as an example, our DFT calculations estimate 87% of the rotational states at 300 K for the phenyl ring of the functionalized linker in cis PCN-123 to lie within a small rotation of 8°. These motions only result in a negligibly small 0.2 Åvariation in the distance between the cis phenyl ring and the Zn 3 O face, and therefore the metal node remains blocked. More details can be found in the Supporting Information (section

3.3.11).

To achieve a better design of photoresponsive MOFs, the density effects of azobenzene functionalization (from 4 to 24 azobenzenes per unit cell) in PCN-123 on the CO 2 uptake difference was also investigated as a function of pressure and results are shown in Figure 3.4 a. At 1 bar, higher azobenzene densities result in larger uptake differences that are consistent with the adsorption mechanism being dominated by the node-blocking effect. This difference, however, does not increase linearly, possibly due to the fact that, at higher densities, cis molecules tend to be close to each other, resulting in a pronounced enhancement of CO 2 adsorption and therefore lowering the uptake difference. Also, the uptake difference decreases when the pressure increases and, at pressures higher than 20 bar, this difference becomes marginal because the saturation loadings for trans and cis structures should be comparable due to the similar accessible volume. Therefore, applications of this material for gas separation in the low-pressure regime are preferred with a full ligand functionalization.

Additionally, the discovered blocking effect suggests that materials with a larger CO 2 affinity towards the metal nodes should lead to an enhanced working capacity (i.e., uptake difference between trans and cis), thus improving the separation efficiency in practical applications. Using again MOF-5 as an example, we considered a variety of possible metal substitutions based on recent computational [START_REF] Botas | Cobalt doping of the MOF-5 framework and its effect on gas-adsorption properties[END_REF] or experimental [START_REF] Babarao | Molecular screening of metal-organic frameworks for CO2storage[END_REF][START_REF] Hausdorf | Main-group and transition-element IRMOF homologues[END_REF][START_REF] Brozek | Ti 3+ -, V 2+/3+ -, Cr 2+/3+ -, Mn 2+ -, and Fe 2+ -substituted MOF-5 and redox reactivity in Cr-and Fe-MOF-5[END_REF][START_REF] Brozek | Lattice-imposed geometry in metal-organic frameworks: lacunary zn 4 o clusters in MOF-5 serve as tripodal chelating ligands for ni 2+[END_REF] studies that report the full or partial replacement of the Zn atoms in the Zn 4 O nodes of MOF-5. The DFT-calculated binding energies of CO 2 in these structures are reported in Table 3.2. Among these, Mg-MOF-5 was identified to offer the strongest binding to CO 2 . We thus computed the adsorption isotherm in Mg-PCN-123 and predicted an increase of the working capacity by a factor of two as compared to the Zn analogue (see Figure 3.4 b). This result shows that photoactive MOFs may possess better performance if the binding in the bare framework is intrinsically strong.

In conclusion, we demonstrated that the blocking of the strong adsorbing metal site by the phenyl ring of the cis molecule is the primary cause of the observed decrease in gas uptake upon UV light treatment in PCN-123 [45]; similar arguments apply to Cu 2 (AzoBPDC) 2 (AzoBiPyB) [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF]. We also demonstrated that the chirality of the molecule led to configurations with potentially very different adsorption properties. We believe that the identified mechanism behind the change of gas adsorption upon isomerization could be a common feature in materials with exposed metal centers and could be generally applicable to most types of gases. Therefore, the acquired understanding may facilitate the rational design of better photoresponsive adsorbents with tunable separation and large working capacity. 

Supplementary information

Monte Carlo simulations

Monte Carlo simulations in a grand-canonical ensemble (GCMC) were performed to calculate the gaseous adsorption isotherm in porous materials, while Monte Carlo simulations in a canonical ensemble (NVT) were employed to investigate the free energy landscape of adsorption. To ensure statistically accurate results, millions of Monte Carlo moves were carried out, which include random translation, rotation, reinsertion, and swap (deletion or insertion; only for GCMC calculations) moves. Monte Carlo calculations using the Widom particle insertion method were also used to compute the Henry coefficients of the adsorption (i.e., initial adsorption slope at an infinite dilution condition). We used the open-source RASPA 2.0 package [START_REF] Dubbeldam | RASPA: molecular simulation software for adsorption and diffusion in flexible nanoporous materials[END_REF] for all of the calculations. In these calculations, the 6-12 Lennard-Jones (L-J) and Coulombic potentials were adopted to describe the intermolecular interactions. The L-J interactions were truncated and shifted to zero at a cutoff radius of 12 Å while the Ewald approach [START_REF] Essmann | A smooth particle mesh ewald method[END_REF] implemented in the RASPA 2.0 package was used to compute the long-range electrostatic interactions. Periodic boundary conditions were applied, and the dimension of the simulation box was at least twice the cutoff radius.

For CO 2 adsorption in bare MOF-5, the L-J parameters for the framework atoms were taken from the DREIDING force field [START_REF] Mayo | DREIDING: a generic force field for molecular simulations[END_REF] and CO 2 was modeled as a rigid molecule based on the TraPPE model [START_REF] Potoff | Vapor-liquid equilibria of mixtures containing alkanes, carbon dioxide, and nitrogen[END_REF]. The Lorentz-Berthelot mixing rule was applied for estimating the pair-wise L-J parameters between dissimilar atoms. The partial charges for the framework atoms were determined using the REPEAT method [START_REF] Campañá | Electrostatic potential derived atomic charges for periodic systems using a modified error functional[END_REF] with the electrostatic potential surface computed by DFT calculations. Consistent with studies reported in the literature, [START_REF] Kim | Applicability of using CO 2 adsorption isotherms to determine BET surface areas of microporous materials[END_REF] the simulated CO 2 isotherm in MOF-5 using DREIDING is in decent agreement with the experimental [START_REF] Walton | Understanding inflections and steps in carbon dioxide adsorption isotherms in metal-organic frameworks[END_REF] value at 298 K as shown in Figure 3.6. Unlike MOF-5, there is no available force field that has been parameterized and/or validated for guest molecule adsorption in PCN-123. To ensure accurate predictions, we take the L-J parameters for the framework atoms from the DREIDING force field and we scaled them (15% and 5% reductions in ε and σ, respectively) to fit the experimental CO 2 isotherm of trans PCN-123 (see Figure 3.7). The largest reported uptake curve measured after the first regeneration process at 60°C (after the first heating) was used as a reference [45], which should correspond to the isotherm of trans PCN- [START_REF] Rappe | UFF, a full periodic table force field for molecular mechanics and molecular dynamics simulations[END_REF] are instead used for these atoms with the same scaling factor applied. The force field parameters of frameworks and CO 2 used in this study can be found in Tables 3.3, 3.4, and 3.5. We note that, the REPEAT method employing electrostatic potentials computed from DFT was used to determine the partial charges of framework atoms. However, due to the large number of atoms in the unit cell of functionalized PCN-123 with a large density of azo molecules (for 24 azo molecules, there are more than 700 atoms in the unit cell), the charge calculations by the REPEAT method could not be converged. To approach this, we applied the connectivity-based charge method proposed by Xu et al. [START_REF] Xu | A general approach for estimating framework charges in metalorganic frameworks[END_REF] to assign charges in PCN-123 with 16 to 24 azo molecules based on a training set of atomic charges determined by the REPEAT in PCN-123 with a lower azo density (i.e., 4, 8, and 12 azo molecules per unit cell). To verify the accuracy of this approach, we also used the connectivity-based approach to assign charges for cis PCN-123 with 4 azo molecules. Figure 3.8 shows the comparison of CO 2 adsorption energy computed using the REPEAT-derived and the connectivity-based charges for 100 randomly inserted CO 2 configurations in cis PCN-123 with 4 azobenzene molecules. An excellent agreement is achieved.

As noted above, we have also studied the adsorption properties for a variety of gas molecules(i.e., C1-C5 alkane, CO, H 2 S, and SO 2 ) in PCN-123. Simulation details are the same as for CO 2 as described above but with different models to describe guest molecules. For alkanes (C1-C5),an united atom approach [START_REF] Martin | Transferable potentials for phase equilibria. 1. unitedatom description of n-alkanes[END_REF], was adopted for representing methyl (-CH 3 )

and methylene (-CH2 -)groups with parameters from that developed by Dubbeldam et al. [START_REF] Dubbeldam | United atom force field for alkanes in nanoporous materials[END_REF] for non-bonded intermolecular and internal interactions. For CO, the rigid model by Martincalvo et al. [START_REF] Martín-Calvo | Understanding carbon monoxide capture using metal-organic frameworks[END_REF] was used; a charged dummy atom located 0.6443 Å from the carbon atom was included to reproduce the experimental dipole moment of CO. For H 2 S, the rigid 3-1 model was used based on the work of Mansi S.Shah et al. [START_REF] Shah | Development of the transferable potentials for phase equilibria model for hydrogen sulfide[END_REF] SO 2 was also modeled as a rigid molecule and the parameters developed by Sokolicet al. [START_REF] Sokolić | Molecular dynamics simulations of thermodynamic and structural properties of liquid SO 2[END_REF] was adopted. We note that, in the calculations for these molecules, the same global scaling factor determined for the framework atoms in the CO 2 case is still applied for consistency.

To probe the free energy landscape of adsorption, density maps were calculated by analyzing configurations of guest molecules from NVT simulations with one guest molecule in the simulation box. More than 0.5 million configurations were collected from every 100 Monte Carlo attempts including translation, rotation, and reinsertion (i.e., a total MC cycles of 50 million were conducted in NVT calculations). To obtain the density maps, the representative atom positions of all collected configurations of guest molecules were projected onto x-y, x-z, or y-z planes, and two-dimensional histogram analysis was then carried out accordingly with a proper bin size along each dimension.The representative atom chosen for CO 2 and CO is the C atom, while for H 2 S and SO 2 , the Satom is used. For alkanes (C1-C5), the central C atom was adopted for methane, propane, and n-pentane, while the center of two middle C atoms was used for ethane and n-butane. The color scale of the density maps was chosen to have warmer color representing more thermodynamically favorable configurations (i.e., lower Helmholtz free energy).

Density functional theory (DFT) calculations

The SIESTA [START_REF] Soler | The SIESTA method for ab initio order-n materials simulation[END_REF] package and the vdW-DF2 [START_REF] Lee | Higher-accuracy van der waals density functional[END_REF] functional relying on the implementation of Roman and Perez [START_REF] Román-Pérez | Efficient implementation of a van der waals density functional: Application to double-wall carbon nanotubes[END_REF] were employed to compute the torsional potential energy surface of azobenzene molecules and the binding energies of CO 2 as well as to perform structure optimizations. We used vibrationally optimized double-zeta polarized basis set for all atoms, implying the presence of 3d orbitals for N, C and O atoms and the 4s for the transition metal atoms.

Trouiller-Martins pseudopotentials [START_REF] Troullier | Efficient pseudopotentials for plane-wave calculations[END_REF] were used, with 2s and 2p electrons of C, N and O atoms explicitly included in the valence. Semicore electrons are considered for Mg and Ca (2s, 2p, and 3s, for Mg and 3s, 3p,and 4s, for Ca), while 4s and 3d were considered for the first-row transition metals. Real space integrals were performed on a mesh with a 350 Ry cutoff and the Gamma point was used for Brillouin zone sampling. For the binding energies calculations, the geometries were fully optimized until Hellmann-Feynman forces were smaller than 30 meV/ Å and the stress tensor components were smaller than 0.2 kbar. A counterpoise correction was applied to correct for basis set super-position error (BSSE). However, for the geometric optimization of trans and cis PCN-123, due to the significant computational cost required when a large number of azobenzenes is included (the unit cell of fully functionalized PCN-123 has 712 atoms), the tolerance on forces was instead set to 80 meV/ Å. We note that, although the tolerance has been enlarged, the main geometrical features remained well reproduced. We have nonetheless also checked that the computed adsorption isotherms were not affected by comparing the adsorption isotherms of two geometries optimized using the mentioned tolerance values for forces. To confirm the accuracy of SIESTA results using the finite-basis sets, we have also performed calculations using the plane-wave based PWSCF [START_REF] Giannozzi | QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials[END_REF] package and found a good agreement as discussed in greater detail below. The ultrasolft pseudopotentials available in pslibrary, generated using the Rappe, Rabe, and Kaxiras Joannopoulos method [START_REF] Rappe | Optimized pseudopotentials[END_REF] with the PBE [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] functional were adopted. The wavefunction and charge density cutoffs were set as 50 

cis and trans configurations in PCN-123

Torsional potential energy surfaces (tPES)

The torsional potential energy surfaces (tPES) of azobenzene molecules in PCN-123 were computed using the vdW-DF2 functional in a primitive cell of the framework containing one functionalized ligand. We first set the angles and bond lengths for the azo moiety very close to the values obtained in the corresponding optimized gas-phase geometries. We then performed a full geometric optimization of the PCN-123 in each case and used the optimized geometry to map the torsional potential energy surface along two sets of independent dihedral angle coordinates (Figure 3.1 b of the article).

trans

The tPES of trans azobenzene computed in gas phase and within PCN-123 is shown is Figure 3.9. Let's first comment the gas phase situation. We note that only a global minimum in the PES was observed in this case, the second minimum expected for the other chirality of trans at NNCC = 180°and CCNN = 0°was not observed due to bias of the initial geometry. Unlike the case of cis gas phase, this bias prevented us from observing the two chiralities on the computed energy surface due to the shallow PES of trans. A full geometric optimization of all other degrees of freedom at each point would allow to recover the true tPES. For trans azobenzene 

cis

The torsional potential energy surface of cis azobenzene incorporated into PCN-123 can be seen in Figure 3.1 of the article, which was computed using a fully relaxed geometry in cis 2 conformation.We should note that our first attempt to identify the cis configuration within the framework was performed based on the optimized geometry in cis 1 conformation. This is because we initially assumed a cis conformation similar to that reported by Huang et al [START_REF] Huang | CO 2 adsorption in azobenzene functionalized stimuli responsive metal-organic frameworks[END_REF].

The torsional PES computed using cis 1 is shown in Figure S3-2. The shape of the tPES resembles the gas phase calculation (Figure 3.1 a of the article) and shows a broad minimum that expands from cis 1 to cis 2. The main difference between the tPES computed using an optimized geometry in cis 1 and that computed using an optimized cis 2 geometry is the absence of a clear minimum in cis 1, when cis 2 is employed. However, regardless of the optimized geometry employed, the shape of the tPES allows in both cases to identify the presence of the two local minima. In MOF-5, the phenyl ring of the ligand lies in the same plane as the carboxyl COO-groups. When PCN-123 is optimized in cis 2 conformation, the phenyl ring of the ligand twists out of its original plane and the OCCC dihedral angle (angle between the plane of the ligand phenyl ring and the plane of the carboxyl group) becomes 30°reducing the attractive dispersive interaction between the two phenyls of the cis moiety.

We have computed an energy difference between cis 1 and cis 2 of 0.11 eV using PWSCF and 0.15 eV using SIESTA and vdW-DF2 functional. When the PBE functional is employed, this difference is reduced by one order of magnitude (0.014 eV using SIESTA with the PBE functional)demonstrating the dominant contribution of dispersive forces in the stabilization of the cis 2 con-figuration. This result is illustrated by the cis tPES shown in Figure 3.11 computed using PBE and vdW-DF2, respectively, where the energy scale is reduced to 2 eV.

It is interesting to mention that the energy difference between cis 1 and cis 2 in Mg-PCN-123 is 0.17 eV with PWSCF, larger than in the Zn analogue (0.11 eV) as expected from a strong attractive interaction between Mg and the phenyl ring in cis 2. 

Nudged elastic band calculation

We performed nudged elastic band (NEB) calculations using the NEB utility of Quantum Espresso on a primitive cell of cis PCN-123 with a single azobenzene molecule, in order to compute the activation energy required for the conversion of cis 1 to the energetically more stable cis 2. We employed the climbing image method and optimized the images until forces are smaller than 0.04 eV/ Å. We find an energy barrier of 0.086 eV and 0.080 eV between cis 3.6 shows that a notably larger uptake difference was predicted between trans and cis 2 (w/ the blocking effect) than that between trans and cis 1 (w/o the blocking effect). Overall, the correct identification of the cis configuration has been found to be critically important, which sheds lights on the adsorption mechanism of the studied PCN-123 system. As discussed in the main article, the azobenzene molecules in cis PCN-123 (i.e., in cis 2) play a critical role in blocking the Zn 3 O face as illustrated in Figure 3.3 of the manuscript and Figure 3.19 below (see the region highlighted as #1). Figure 3.19 also shows that there is another competing effect that the CO 2 adsorption gets enhanced. We found that the adsorption of CO 2 at metal nodes can be enhanced by proximate cis molecules (see the region highlighted as #2).

The adsorption between two approaching cis molecules is also enhanced and is as strong as to that at metal nodes(see the region highlighted as #3). By contrast, in trans PCN-123, there is no blocking of the major adsorption Zn 

CO 2 binding energies and isosteric heats of adsorption

We computed a CO 2 binding energy of 21.7 kJ/mol and 24.6 kJ/mol for CO 2 adsorbed in MOF-5 and trans PCN-123, respectively, using the SIESTA package and the vdW-DF2 functional. This corresponds to an enhancement of CO2 binding in trans PCN-123 of 2.9 kJ/mol. (A slightly #2 larger enhancement of 3.6 kJ/mol was obtained using PWSCF and the same vdW-DF2.) We found that the CO 2 location in trans PCN-123 is slightly displaced towards the center of the Zn 3 O face and rotated as compared to the location computed in bare MOF-5, as shown in Figure 3.23. Also, we found CO 2 binding energies as low as 5.0 and 6.0 kJ/mol, respectively, when the PBE functional was adopted. This result demonstrates that the dominant contribution to the CO 2 binding arises from dispersive forces, in agreement with our finding that the uptake difference observed for different gases (e.g. alkanes) upon isomerization largely depends on the extent of vdW contributions. For cis PCN-123, in agreement with the density maps shown in Figure 3.3 of the manuscript, we computed a binding energy using SIESTA of 22.1 kJ/mol, resulting in a small enhancement of 0.4 kJ/mol with respect to MOF-5.

The isosteric heats of adsorption for CO 2 determined from GCMC simulations as a function of pressure are also summarized in Figure 3.24. Consistent with the trend in DFT binding energies,the magnitude in CO 2 heats of adsorption follows the order: trans PCN-123 ¿ cis PCN-123 ¿ MOF-5. As the adsorption at pressures below 1 bar in these structures is still in the Henry region,the isosteric heats of adsorption remain approximately a constant with respect to the pressure. 

Density maps of adsorption for other guest molecules

Cu 2 (AzoBPDC) 2 (AzoBiPyB) metal-organic framework

We also studied the Cu 2 (AzoBPDC) 2 (AzoBiPyB) MOF reported by Wanget al [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF]. We fully optimize the geometry in trans and both in cis 1 and cis 2 configurations using PWSCF.

The optimized geometries for cis 1 and cis 2 computed for the ligand along the z direction and the x/y direction are shown in Figures 3.34 and 3.39, respectively. As for the PCN-123, we found that the cis 2 configuration is 250 meV lower in energy for the ligand along the z direction also in this framework. For the ligand along the x and y directions, the two chiralities are very close in energy (44 meV) and in both cases the phenyl ring is near a metal node. On the other hand, for the functionalization along the z direction, both cis 1 and cis 2 configurations result in the phenyl ring far from the metal node. In order to understand the thermodynamics of gas adsorption in this MOF we built and then fully optimize a fully functionalized Cu 2 (AzoBPDC) 2 (AzoBiPyB) in trans and cis conformation. We employ a unit cell where we set the ligand along z in cis 2 and the ligands in the plane are set one in cis 1 and the other in cis 2. The computed adsorption isotherms are reported in Figure 3.35 and show a larger uptake in trans. The computed density maps illustrates that the metal node-blocking is an important mechanism behind the reduced adsorption in cis. 

Potential energy surface for ligand rotation

In order to understand whether the rotation of the ligand would be allowed at the room temperature therefore affecting the blocking effect identified in PCN-123, we have computed the potential energy landscape for the rotation of the ligand around an axis passing through the C-C bond bonded to the carboxylate (see Figure 3.37), using SIESTA and vdW-DF2. For each rotation about the equilibrium position, we fixed the dihedral angle defining the rotation and then fully relaxed all remaining degrees of freedom of the ligand with the rest of the MOF fixed.

We performed these calculations for bare MOF-5, cis PCN-123, and trans PCN-123. Figure 3.38 shows that the potential energy per ligand is stiffer for cis PCN-123 as compared to trans and bare MOF-5, which can be attributed to the strong interactions between the phenyl ring of cis and the metal node. Using these energy profiles and employing a Boltzmann distribution of these rotational states at 300 K, we estimate 87% of the rotational states to lie within a small rotation of 8°in cis PCN-123. It is anticipated that these rotations negligibly affect the blocking mechanism as the distances between the cis phenyl ring and the metal node change at most by 0.2 Å from the optimized geometry (i.e.,zero degrees rotation) to ligand rotations of 8°a nd -8°.

We have also performed similar calculations for Cu 2 (BPDC) 2 (AzoBiPyB). In this case, we studied the rotation of the ligand along the x-y directions since, as discussed in the previous section, its functionalization appears to dominate the metal blocking due the proximity of the phenyl ring of both cis 1 and cis 2 to the metal node. Further, we focused here on cis 1 and 
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By employing the Bethe-Salpeter formalism coupled with a non-equilibrium embedding scheme, we demonstrate that the paradigmatic case of S 1 band separation between cis and trans in azobenzene derivatives can be computed with excellent accuracy compared to experimental optical spectra. Besides embedding, we show that the choice of the Kohn-Sham exchange correlation functional for DFT is critical, despite the iterative convergence of GW quasiparticle energies. We address this by adopting an orbital-tuning approach via the global hybrid functional, PBEh, yielding an environment-consistent ionization potential. The vertical excitation 4.2. Article energy of 20 azo molecules are predicted with a mean absolute error as low as 0.06 eV, up to three times smaller compared to standard functionals such as M06-2X and PBE0, and five times smaller compared to recent TDDFT results.

Article

In recent years, molecular photoswitches have attracted much attention from researchers in different disciplines since they offer an efficient way to achieve light-harvesting through molecular functionalization. Azobenzene (AB) and its derivatives constitute an important family of molecular photoswitches which has found a variety of applications such as in drug delivery [START_REF] Velema | Optical control of antibacterial activity[END_REF][START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF],

DNA and RNA manipulation [START_REF] Matsunaga | Photoregulation of RNA digestion by RNase H with azobenzene-tethered DNA[END_REF][START_REF] Wang | Dna switches: from principles to applications[END_REF], gas separation using metal-organic framework scaffolds [45,[START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF][START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF], and many more.

The trans-cis isomerization in AB occurs upon UV or visible light irradiation. For device design, the yield of isomerization should be as high as possible to achieve the largest possible change in the physical properties of the system [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF]45]. An efficient way to achieve high fractions of cis or trans is to irradiate using wavelengths that give a selective absorption of one isomer over the other [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF][START_REF] Zimmerman | The photochemical isomerization of azobenzene[END_REF]. In the case of AB, only an incomplete yield of isomerization can be obtained upon n → π * (S 1 ) excitation because of the S 1 optical bands of cis and trans largely overlap [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF]. In this regard, azobenzene functionalization has been proposed as a successful way to separate the S 1 between trans and cis and thus achieve almost complete fractions of each isomer at the photostationary state [START_REF] Siewertsen | Highly efficient reversible Z-E photoisomerization of a bridged azobenzene with visible light through resolved S 1 (nπ*) absorption bands[END_REF][START_REF] Bleger | o-fluoroazobenzenes as readily synthesized photoswitches offering nearly quantitative two-way isomerization with visible light[END_REF].

In order to assist experimental efforts devoted to material design using azobenzene derivatives, and other photoactive molecules in general, computational methods yielding an accuracy of below a tenth of eV are required. In this Letter, we demonstrate that the Bethe-Salpeter equation (BSE)/GW formalism coupled with a non-equilibrium embedding scheme can yield excitation energies of the S 1 in azobenzene derivatives in excellent agreement with experiments, yielding a mean absolute error as low as 0.06 eV which is up to five times smaller compared to recent time-dependent density functional theory (TDDFT) calculations performed with embedding [START_REF] Pal | Calculation of linear and nonlinear optical properties of azobenzene derivatives with Kohn-Sham and coupled-cluster methods[END_REF]. Our approach is based on two main points. The first is that environment effects are taken into account both at the ground state level and the BSE/GW level by computing, respectively, the solvent-polarized Kohn-Sham (KS) ground state and the reaction field describing the fast electronic response of the environment to excitations, employing here a discrete polarizable model. The second aspect addresses the large dependence found here of the computed optical spectra on the starting point functional. The DFT starting point is here chosen in accordance to the ionization potential theorem for KS DFT (i.e. H =-IP, with IP=ionization potential) [START_REF] Perdew | Comment on "Significance of the highest occupied Kohn-Sham eigenvalue[END_REF][START_REF] Perdew | Density-functional theory for fractional particle number: derivative discontinuities of the energy[END_REF][START_REF] Almbladh | Density-functional exchange-correlation potentials and orbital eigenvalues for light atoms[END_REF][START_REF] Casida | Correlated optimized effective-potential treatment of the derivative discontinuity and of the highest occupied Kohn-Sham eigenvalue: A Janak-type theorem for the optimized effective-potential model[END_REF][START_REF] Chong | Interpretation of the kohn-sham orbital energies as approximate vertical ionization potentials[END_REF] thus yielding a different starting point functional in gas phase than in solution.

The BSE/GW formalism [START_REF] Strinati | Application of the green's functions method to the study of the optical properties of semiconductors[END_REF], which was originally developed and then applied in the condensed matter community to describe optical excitations in semiconductors [START_REF] Strinati | Application of the green's functions method to the study of the optical properties of semiconductors[END_REF][START_REF] Onida | Electronic excitations: density-functional versus many-body green's-function approaches[END_REF][START_REF] Sottile | Efficient Ab Initio calculations of bound and continuum excitons in the absorption spectra of semiconductors and insulators[END_REF],

has recently attracted attention even in the world of molecular systems [START_REF] Jacquemin | Is the Bethe-Salpeter formalism accurate for excitation energies? Comparisons with TD-DFT, CASPT2, and EOM-CCSD[END_REF][START_REF] Bruneval | A systematic benchmark of the ab initio Bethe-Salpeter equation approach for low-lying optical excitations of small organic molecules[END_REF][START_REF] Jacquemin | Benchmarking the bethe-salpeter formalism on a standard organic molecular set[END_REF], due to its accuracy and efficiency compared with wavefunction-based methods like CASPT2 [START_REF] Cembran | On the mechanism of the cis-trans isomerization in the lowest electronic states of azobenzene: S0, S1, and T1[END_REF][START_REF] Conti | The different photoisomerization efficiency of azobenzene in the lowest nπ* and ππ* singlets: the role of a phantom state[END_REF] or coupled-cluster [START_REF] Fliegl | Ab Initio calculation of the vibrational and electronic spectra of trans-and cis-azobenzene[END_REF], and its ability to overcome some of the limitations of TDDFT such as charge-transfer excitations and Rydberg excitations [START_REF] Baumeier | Frenkel and charge-transfer excitations in donor-acceptor complexes from many-body green's functions theory[END_REF][START_REF] Jacquemin | Is the Bethe-Salpeter formalism accurate for excitation energies? Comparisons with TD-DFT, CASPT2, and EOM-CCSD[END_REF]. Additionally, compared to TDDFT, the BSE/GW approach has two advantages, i) higher accuracy of GW quasiparticle eigenvalues as compared to KS eigenvalues and ii) accurate asymptotic behavior of the twoparticle (electron and hole) BSE Hamiltonian [START_REF] Faber | Excited states properties of organic molecules: from density functional theory to the gw and bethe-salpeter green's function formalisms[END_REF]. It is a two-step approach. First, within the GW many-body perturbation theory, where G is the time-ordered single-particle Green's function and W the screened Coulomb potential, the KS eigenvalues are corrected perturbatively yielding the true energies to add or remove one electron, also referred to as quasiparticle (QP) energies. The second step is to use BSE to describe a two-particle bound state, i.e. the excited electron and the hole that it leaves behind. Recently, the BSE/GW formalism has been further developed to incorporate the effects of classically described environments [START_REF] Baumeier | Electronic excitations in push-pull oligomers and their complexes with fullerene from many-body Green's functions theory with polarizable embedding[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF][START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Wehner | Electronic excitations in complex molecular environments: Many-body green's functions theory in votca-xtp[END_REF]. In this work, we use the BSE/GW as implemented in the Fiesta package [START_REF] Blase | Charge-transfer excitations in molecular donor-acceptor complexes within the many-body Bethe-Salpeter approach[END_REF][START_REF] Blase | First-principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other molecules of interest for organic photovoltaic applications[END_REF], starting from the KS states ( KS n , φ KS n ) obtained from a DFT calculation using the NWChem package [START_REF] Valiev | NWChem: A comprehensive and scalable opensource solution for large scale molecular simulations[END_REF]. We perform eigenvalue self-consistent evGW calculations meaning that the GW quasiparticle energy of n level is updated iteratively without updating the KS wave-function [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]. Hence, the quasiparticle energy reads:

GW n = KS n + φ KS n Σ GW ( GW n ) -V XC φ KS n , (4.1) 
and it converges normally within a few iterations.

To compute accurately the optical spectra of solvated molecules, the solvation effects need to be taken into account since they are known to bring significant changes in the spectral features, as discussed for the case of azobenzene in the review work by Bandara and Burdette [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF]. Here, we employ a QM/MM (Quantum Mechanics/Molecular Mechanics) approach where the solvent 4.2. Article is accounted for at both the DFT and BSE/GW level. To describe the ground state polarization effects, among available polarizable continuum models (PCM), we employ the solvation model based on the density (SMD) [START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] whose parameters are taken from the Minnesota solvent descriptor database [START_REF] Winget | Minnesota solvent descriptor database[END_REF]. At BSE/GW level, the fast electronic response of the MM part is described by the reaction field matrix calculated using the solvent optical dielectric constant, opt , which adds the contribution of the reaction field from the MM part to the screened Coulomb potential, W [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF][START_REF] Li | Accurate description of charged excitations in molecular solids from embedded many-body perturbation theory[END_REF][START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF]. Specifically, starting from the screened Coulomb potential, W , verifying the Dyson equation for the gas-phase molecule:

W (r, r ; ω) = v(r, r ) + dr 1 dr 2 v(r, r 1 )χ 0 (r 1 , r 2 ; ω)W (r 2 , r ; ω) (4.2)
with χ 0 being the independent-particle susceptibility, the solvent effects are incorporated by solving the following set of equations, written in compact notation:

ṽ = v + vχ M M v (4.3
)

W e = ṽ + ṽχ 0 W e (4.4)
where the screened Coulomb potential incorporating solvent effects is W e and the modified Coulomb potential, ṽ, is the bare Coulomb potential, v, plus a renormalization term including the solvent reaction field. To avoid dealing with a full frequency-dependent χ M M , we follow

Refs. [START_REF] Li | Accurate description of charged excitations in molecular solids from embedded many-body perturbation theory[END_REF][START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF] and adopt a strategy that consists in merging the low-frequency optical limit of GW with a discrete polarizable model that uses a low-frequency optical dielectric constant (e.g. opt =1.77 for methanol). The static Coulomb-hole plus screened exchange (COHSEX) approach is thus used to calculate W e and the difference between COHSEX self-energy calculated with and without solvent is added to the evGW eigenvalues to get the GWe n :

GWe n ≈ GW n + ∆ COHSEX n = GW n + φ KS n Σ COHSEX/MM -Σ COHSEX φ KS n (4.5)
The W e is subsequently used for building the BSE hamiltonian. Fig. 4.1 illustrates the whole computational scheme. This embedded many-body perturbation approach includes the environmental dielectric effect on both charged [START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF][START_REF] Li | Accurate description of charged excitations in molecular solids from embedded many-body perturbation theory[END_REF] and neutral excitations [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF], and has demonstrated the accuracy of the order of a tenth of eV in the prediction of the ionization potential [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF]. Both linear response and state specific solvent contributions are accounted for in the present BSE scheme [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF].

In this work, the reaction field matrix is determined by a discrete polarizable model using the MESCAL code [START_REF] D'avino | Electronic polarization in organic crystals: A comparative study of induced dipoles and intramolecular charge redistribution schemes[END_REF]. The solvent is described by a cubic lattice of polarizable points with the polarizability determined by the Clausius-Mossotti relation. The convergence studies for the solvent model is reported in SI (Table 4.3 and 4.4) together with validation against literature data computed using the more standard PCM approach (Table 4.5). The optical dielectric constant, opt , is computed from the index of refraction at optical frequencies tabulated in the Minnesota solvent descriptor database1 . To distinguish the embedded calculations from the gas phase, we use the symbol GW e in contrast to GW g and similar symbols are used for DFT calculations.

DFT e refers to DFT with SMD. We name the full embedding scheme BSE/GW e /DFT e . The spectra are shown by multiplying the oscillator strength by a Lorentzian of 0.1 eV broadening (HWHM). Geometrical optimization of AB and its derivatives is computed with NWchem be employing cc-pVTZ/PBE0/SMD level [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF][START_REF] Dunning | Gaussian basis sets for use in correlated molecular calculations. i. the atoms boron through neon and hydrogen[END_REF][START_REF] Marenich | Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions[END_REF] while the aug-cc-pVDZ basis set [START_REF] Woon | Gaussian basis sets for use in correlated molecular calculations. iii. the atoms aluminum through argon[END_REF] is employed for the rest of the DFT calculations needed to generate the KS eigenstates for subsequent GW and BSE calculations.

Because we employ the evGW approach, a dependence on the DFT starting point one-body wavefunctions may be expected. Therefore, the choice of the exchange and correlation functional (XCF) may become important. To illustrate this, we compare the BSE spectra of AB computed with different DFT starting points (see Fig. 4.2), using a hybrid functional [START_REF] Burke | The adiabatic connection method: a nonempirical hybrid[END_REF][START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF], PBEh(α), by varying the amount of exact exchange α. PBEh [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF] XCF is expressed as:

E P BEh XC = αE exact X + (1 -α)E P BE X + E P BE C , α ∈ [0, 1]. (4.6)
where E exact X is the exact exchange, E P BE X and E P BE C are PBE exchange and correlation [START_REF] Perdew | Generalized gradient approximation made simple[END_REF],

respectively. Fig. 4.2 demonstrates a notable change on both the excitation energy and the oscillator strength as a function of the XCF. Specifically, the first excitation energy of cis-AB, E(S 1 ), changes by as much as ∼1 eV from α equal to 0 (i.e. PBE) to 0.75, while the oscillator strength changes from 0.009 to 0.044. In agreement with previous works [START_REF] Blase | The Bethe-Salpeter equation in chemistry: Relations with TD-DFT, applications and challenges[END_REF][START_REF] Jacquemin | Is the Bethe-Salpeter formalism accurate for excitation energies? Comparisons with TD-DFT, CASPT2, and EOM-CCSD[END_REF],

we observe a larger dependence of S 1 , exhibiting a n → π * character, than S 2 (with π → π * 4.2. Article character) on the XCF choice. A similar dependence is found for AB-trans (see Fig. 4.7). Such a large discrepancy on optical spectra can be attributed to significant changes in the input KS wavefunctions from one functional to another (see Fig. 4.9 and 4.10). The same qualitative result is obtained when comparing different functionals within the M06 series [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] (see Fig. 4.8 in SI).

To avoid such impasse, we choose a starting XCF that fulfills the ionization potential theorem [START_REF] Perdew | Comment on "Significance of the highest occupied Kohn-Sham eigenvalue[END_REF][START_REF] Perdew | Density-functional theory for fractional particle number: derivative discontinuities of the energy[END_REF][START_REF] Almbladh | Density-functional exchange-correlation potentials and orbital eigenvalues for light atoms[END_REF][START_REF] Casida | Correlated optimized effective-potential treatment of the derivative discontinuity and of the highest occupied Kohn-Sham eigenvalue: A Janak-type theorem for the optimized effective-potential model[END_REF][START_REF] Chong | Interpretation of the kohn-sham orbital energies as approximate vertical ionization potentials[END_REF]. Practically, we choose a value of α that minimizes the following quantity,

J(α) = evGW H (α) -KS H (α) , (4.7) 
which is the difference between the HOMO energies in evGW and DFT. showing the values of α that minimize J(α) for gas phase and embedding. The decrease in IP due to environmental screening effects reduces α from 0.59 to 0.45.

In Fig. 4.3, we show KS H and GW H computed as a function of α for gas phase AB-cis and see that the condition that minimizes J(α) is satisfied for α g = 0.59, where 'g' subscript,

we remind, stands for gas phase. We compare the S 1 and S 2 excitation energies and oscillator strengths of cis and trans AB computed with this approach with recent coupled cluster calculations [START_REF] Fliegl | Ab Initio calculation of the vibrational and electronic spectra of trans-and cis-azobenzene[END_REF] performed with aug-cc-pVTZ basis set, and find an excellent agreement with our BSE/GW g /DFT g results. For both molecules, a good agreement with experiment is obtained when the starting XCF is chosen using the environment consistent apprach described in the text. Experimental spectra in acetonitrile are in black [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF][START_REF] Bleger | o-fluoroazobenzenes as readily synthesized photoswitches offering nearly quantitative two-way isomerization with visible light[END_REF] and are arbitrarily scaled for better comparison.

The inclusion of solvent polarization at GW e level narrows the electronic gap of cis and trans AB (see Fig. 4.11): the electron removal energies decrease as shown in Fig. 4.3 whereas the electron addition energies increase due to the dielectric screening of the hole and electron. This polarization effect results in a smaller value of α arising from the matching of GWe and KS,DF Te , i.e. α e =0.45. This lowering of α is thus needed within DFT to follow the decrease in IP and thus mimics the screening of the charged excitation by the environment. We note here that the inclusion of the ground state polarization using the SMD model, i.e. DFT e , lowers 4.2. Article the KS eigenvalues by 0.3 eV and the quasiparticle energies GW g /DFT e by the same amount (i.e. without embedding at GW ). Thus, the dynamical screening by the solvent needs to be accounted for at the GW e level so as to determine an environment consistent IP. There has been much effort in the past few years in combining optimal tuning of range-separated hybrid functionals (OT-RSH) with classical solvation models [START_REF] Sachse | On combining the conductor-like screening model and optimally tuned range-separated hybrid density functionals[END_REF][START_REF] Kronik | Dielectric screening meets optimally tuned density functionals[END_REF][START_REF] Bhandari | Quantitative accuracy in calculating charge transfer state energies in solvated molecular complexes using a screened range separated hybrid functional within a polarized continuum model[END_REF][START_REF] Zheng | Effect of solid-state polarization on charge-transfer excitations and transport levels at organic interfaces from a screened range-separated hybrid functional[END_REF][START_REF] Bhandari | Fundamental gaps of condensed-phase organic semiconductors from single-molecule calculations using polarization-consistent optimally tuned screened range-separated hybrid functionals[END_REF]. In this respect, our method bears some resemblance with the optimally tuned screened range separated hybrid functionals (OT-SRSH) approach [START_REF] Refaely-Abramson | Gap renormalization of molecular crystals from density-functional theory[END_REF] coupled with a non-equilibrium PCM model, where the tuning of the amount of long-range Fock exchange is performed by using energies calculated with DFT+PCM [START_REF] Zheng | Effect of solid-state polarization on charge-transfer excitations and transport levels at organic interfaces from a screened range-separated hybrid functional[END_REF][START_REF] Joo | Solvation-mediated tuning of the range-separated hybrid functional: Self-sufficiency through screened exchange[END_REF][START_REF] Bhandari | Quantitative accuracy in calculating charge transfer state energies in solvated molecular complexes using a screened range separated hybrid functional within a polarized continuum model[END_REF][START_REF] Bhandari | Fundamental gaps of condensed-phase organic semiconductors from single-molecule calculations using polarization-consistent optimally tuned screened range-separated hybrid functionals[END_REF].

We then extend this approach to compute BSE spectra of molecules in solution using the full embedding QM/MM scheme, i.e BSE/GW e /DFT e @PBEh(α e ). In order to demonstrate the validity of the method, we compute the optical absorption spectra of 10 AB derivatives shown in Fig. 4.5 that exhibit varying values of S 1 band separation, ∆E(S 1 ), between trans and cis. For this purpose, we have chosen azo derivatives that exhibit (experimental) values of ∆E(S 1 ) ranging from 0.13 eV for 1 to 0.54 eV for 6 (see Table 4.8 and references within).

All experimental values are taken from the absorption spectra as the maxima of the n → π * transition [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF][START_REF] Siewertsen | Superior Z→E and E→Z photoswitching dynamics of dihydrodibenzodiazocine, a bridged azobenzene, by s 1 (n-π * ) excitation at λ =387 and 490 nm[END_REF][START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF][START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF]45] and they are tabulated in Table 4.8. To describe each isomer in solution we use the following procedure: (1) optimize the geometry using DFT e @PBE0; (2) determine the α that minimized J(α), which requires few GW e /DFT e @PBEh calculations at different α, (3) compute the optical spectra using BSE at the optimal α (see fig. For clarity, we report first the case of [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF][START_REF] Siewertsen | Superior Z→E and E→Z photoswitching dynamics of dihydrodibenzodiazocine, a bridged azobenzene, by s 1 (n-π * ) excitation at λ =387 and 490 nm[END_REF][START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF][START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF]45] taken as reference are tabulated in Table 4.8. The full list of E(S 1 ) is reported in Table 4.9.

The MAE of TDDFT is taken from published data [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF].

Fig. 4.5). In Fig. 4.4 we compare the BSE spectra computed using different levels of embedding with the experimental spectra measured in acetonitrile. Only a full embedding approach with the environment consistent IP choice (i.e. using α e ) reproduces the optical spectra of 1-cis and 2-cis molecules (magenta curves) in acetonitrile with an accuracy of less than a tenth of eV for E(S 1 ) (see Fig. 4.4), compared with experiment (black curves). Similar results are found for trans and are reported in Figs. 4.12 and 4.13. It is interesting to note that although one would expect to improve the agreement with experiment upon inclusion of embedding with GW e @DFT e but using α g (yellow curve in Fig. 4.4), the comparison instead worsens compared with the gas phase calculations (green curves). As for the the case of acrolein, when keeping the same starting XCF, we observe a blueshift for the n → π * excitation upon solvation [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF].

While for acrolein the blueshift resulted mainly from the effect of embedding at the DFT ground state level (Table S4), here embedding at DFT e and GW e contribute by similar amounts to the total shift as shown in Figs. Finally, the BSE/GW e /DFT e @PBEh(α e ) excitation energies of the 20 geometries (two isomers for each of the 10 derivatives) in different organic solvents are reported in Fig. 4.6 and compared with experimental values. It should be noted that the values of α e are determined for each AB derivative and trans-cis configurations, and vary only slightly from case to case (from 0.35 for 5-trans to 0.46 for 3-cis, see Table 4.8 for the full list of values). An excellent agreement with experimentally observed first excitation energies is achieved for both trans and cis (see Fig. 4.6) with a mean absolute error (MAE) for S 1 as low as 0.06 eV. For comparison, we also compute the BSE spectra using the full embedding scheme while using i) PBE0, ii) M06-2X, and iii) PBEh(α g ) throughout. Thus, the calculations follow the scheme BSE/GW e /DFT e @PBE0, BSE/GW e /DFT e @M06-2X and BSE/GW e /DFT e @PBEh(α g ), respectively. We also include results from a previous study using TDDFT@B3LYP with molecules embedded in a continuum using PCM [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF]. All data points are shown in Fig. 4.6 together with the MAEs of each set of calculations. The whole set of E(S 1 ) excitation energies are tabulated in Table 4.9. The MAE is slightly larger for M06-2X (0.08 eV) while it increases by more than a factor of three for PBE0 (0.19 eV). Interestingly, PBEh(α g ) performs similarly to PBE0 with a MAE of 0.18, while the former overestimates E(S 1 ) in general, the latter underestimates it. This reveals again the importance of the good amount of exact exchange. Finally, our approach largely outperforms recent embedded TDDFT calculations [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF] with MAE=0.28 eV (data shown in Fig. 4.18).

In conclusion, our calculations using the Bethe-Salpeter formalism combined with a nonequilibrium embedding scheme show an excellent agreement with experiments for the lowest singlet energy of a large set of solvated azobenzene derivatives. We evidence in particular the importance of tuning the starting point functional in systems where not only the energy levels, but also the shape of the KS molecular orbitals, may vary significantly as a function of the selected functional. This may lead to significant effects in the case of the very standard non-self-consistent or partially self-consistent BSE/GW schemes where the input Kohn-Sham eigenstates are kept frozen. The alignment of the KS and GW HOMO level energies offers a mean to select the starting functional on an ab initio basis, yielding an improved asymptotic density and leading, in the present case, to an excellent agreement with experimental data.

Supplementary information Computational details

The GW /BSE calculations are performed as implemneted in Fiesta package for Gaussian atomic orbital basis [START_REF] Blase | Charge-transfer excitations in molecular donor-acceptor complexes within the many-body Bethe-Salpeter approach[END_REF][START_REF] Blase | First-principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other molecules of interest for organic photovoltaic applications[END_REF]. Fiesta uses contour deformation scheme along with Coulombfitting resolution of identity techniques (RI-V) to perform frequency integrations evaluating the GW self-energy Σ(r, r ; E). The Weigend Coulomb fitting auxiliary bases are used within the RI-V approach [START_REF] Weigend | Accurate coulomb-fitting basis sets for H to Rn[END_REF]. In our calculations, all occupied states and a large number of unoccupied states ( 6.5 times that of number of occupied states) are used to calculate the independent particle susceptibility (χ 0 (r, r ; ω)). At GW level, 10 occupied and 10 unoccupied frontier energy levels are corrected explicitly and the rest of the states are rigidly shifted using the quasiparticle correction to the lowest/highest explictly corrected state (see table 4.10 for convergence test).

To achieve self-consistence on the quasiparticle eigenvalues, 3-4 iterations of evGW are carried out which converge the quasiparticle band gap within 50 meV. For buiding the BSE hamiltonian, all states with quasiparticle energy within 50 eVs from the electronic gap are used. The BSE is solved beyond the Tamm-Dancoff approximation, i.e. using the full BSE Hamiltonian. comparison between a previous study using the polarizable continuum model for the calculation of the reaction field matrix [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF] and the present study using a discrete model. The same basis set and the same DFT functional is used in the two situations. GW-DFT@PBEh(0.625) scheme; subscripts 'g' and 'e' correspond to gas phase and embedded system, respectively, as described in the paper. [START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF]; BSE excitation energies calculated using GW e /DFT e @PBEh(α e ) scheme as described in the paper. 5.2. Article azobenzene functionalities and this results in spectral features similar to the case of the gas phase azobenzene and the azo-functionalized ligand. The most noticeable difference is the significantly more intense S 1 band for cis in the MOF as compared to the free molecules which points to a faster and more complete cis→trans isomerization in the framework, with strong implications for the design of MOFs with high photoconversion efficiencies. Consistent with these findings, all the molecular models employed to represent the MOF, including the smallest, are found to yield a reasonable description of the low energy optical spectra (between 2 and 5 eV) of the periodic framework, with the exception of the stronger S 1 band of cis in the MOF, a feature that we attribute to a limitation of the fragment model to correctly represent the wavefunction of the extended framework.

Article

Introduction

Due to their controllable chemical structure and porosity, metal-organic frameworks (MOFs)

have attracted much attention during the past 20 years for a wide range of applications such as chemical sensing [START_REF] Gamonal | Divergent adsorption-dependent luminescence of amino-functionalized lanthanide metal-organic frameworks for highly sensitive NO 2 sensors[END_REF], gas storage [START_REF] Chen | Balancing volumetric and gravimetric uptake in highly porous materials for clean energy[END_REF], gas separation [START_REF] Qian | MOF-based membranes for gas separations[END_REF], catalysis [START_REF] Yang | Catalysis by metal organic frameworks: Perspective and suggestions for future research[END_REF], electronics [START_REF] Usman | Metal-organic frameworks: New interlayer dielectric materials[END_REF],

optoelectronics [START_REF] Resines-Urien | A switchable iron-based coordination polymer toward reversible acetonitrile electro-optical readout[END_REF][START_REF] He | Controllable broadband multicolour single-mode polarized laser in a dye-assembled homoepitaxial MOF microcrystal[END_REF], and energy storage devices [START_REF] Baumann | Metal-organic framework functionalization and design strategies for advanced electrochemical energy storage devices[END_REF]. The high internal surface area, pore volume, and selective affinity [START_REF] Poloni | Understanding trends in CO 2 adsorption in metal-organic frameworks with open-metal sites[END_REF][START_REF] Kim | Applicability of using CO 2 adsorption isotherms to determine BET surface areas of microporous materials[END_REF] for CO 2 make MOFs among the best candidate materials for CO 2 capture [START_REF] Vaidhyanathan | Direct observation and quantification of CO 2 binding within an amine-functionalized nanoporous solid[END_REF][START_REF] Mcdonald | Cooperative insertion of CO 2 in diamineappended metal-organic frameworks[END_REF][START_REF] Li | Recent advances in gas storage and separation using metal-organic frameworks[END_REF][START_REF] Ding | Carbon capture and conversion using metal-organic frameworks and MOF-based materials[END_REF][START_REF] Hu | Co2 capture in metal-organic framework adsorbents: An engineering perspective[END_REF]. The main issue associated with carbon capture technologies is that the adsorption and desorption cycles, performed for example by using temperature swing adsorption, are associated with large energy penalties and therefore high operating costs [START_REF] Huck | Evaluating different classes of porous materials for carbon capture[END_REF].

A fascinating strategy proposed to perform more energy-efficient adsorption/desorption cycles is the use of light-responsive frameworks. In these MOFs, the desorption of certain gases can be obtained using molecular photo-switches. Specifically, the use of light excitation, preferably in the visible range, rather than temperature for example, can enable a more energy efficient separation process, because the use of thermal energy can be fully or partially by-passed in favour of filtered sunlight, thus potentially reducing the cost of the separation/capture process.

The first work showing a reversible change in gas uptake upon light irradiation was reported in 2012 by Park et al. for PCN-123 MOF [45]. By functionalizing the ligands of MOF-5 [START_REF] Rosi | Hydrogen storage in microporous metal-organic frameworks[END_REF] with azobenzene moieties, the authors reported a significant change in CO 2 uptake upon UV-Vis irradiation possibly as a consequence of the photoisomerization of the azobenzenes anchored to the MOF scaffold. In the following years, a few experimental studies confirmed that the change in the gas adsorption properties in other photoresponsive azobenzene-functionalized MOFs is indeed related to different fractions of cis and trans isomers within the MOF [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF][START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF][START_REF] Kanj | Switching the enantioselectivity of nanoporous host materials by light[END_REF][START_REF] Jiang | Metal-organic frameworks with target-specific active sites switched by photoresponsive motifs: Efficient adsorbents for tailorable CO 2 capture[END_REF][START_REF] Mutruc | Modulating guest uptake in core-shell MOFs with visible light[END_REF]. In the case of PCN-123, the microscopic mechanism behind the reversible adsorption and desorption of CO 2 was later identified by some of us to be the blocking and unblocking of the metal node, i.e. the strongest adsorption site for CO 2 , by cis and trans configurations, respectively [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF]. Larger photoisomerization yields were predicted to result in larger differences in gas uptake [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF] between adsorption and desorption thus contributing to enhance the efficiency of the process. As such, designing MOFs with more efficient photoswitching properties can be considered as one of the central focuses in this field.

In the case of solvated azobenzene molecules, large photo-switching yields are obtained by exploiting the selective absorption of light by cis or trans at specific wavelengths [START_REF] Andersson | Flash photolysis experiments in the vapour phase at elevated temperatures I: spectra of azobenzene and the kinetics of its thermal cis-trans isomerization[END_REF][START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF][START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF][START_REF] Ladányi | Azobenzene photoisomerization quantum yields in methanol redetermined[END_REF].

Typically, cis → trans photo-switching is achieved upon irradiation with visible light (λ ∼ 420 nm) by exciting the S 1 peak (i.e. the n → π * transition) where cis has a larger molar absorption than trans, and viceversa, the trans → cis photo-switching is performed by exciting with UV light (λ ∼ 325 nm) the intense S 2 (π → π * ) of trans [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF]. In the case of MOFs, a few experimental studies have shown that the main spectral features of functionalized photoresponsive MOFs resemble the ligand case in the UV-Vis region and that photoisomerization does occur in the MOF [START_REF] Brown | Photophysical pore control in an azobenzene-containing metal-organic framework[END_REF][START_REF] Wang | Photoswitchable adsorption in metalorganic frameworks based on polar guest-host interactions[END_REF][START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF][START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF][START_REF] Mutruc | Modulating guest uptake in core-shell MOFs with visible light[END_REF]. However, due to the lack of computational studies on the subject, the nature of the excitations in the MOF and their similarity with the molecular case have not been established yet. This represents the first open question that we want to address in this work.

By studying to which extent the optical properties of the functionalizing gas phase molecule or the ligand resemble the periodic MOF, we may validate the use of small MOF fragments for future studies. Besides, the resemblance of the character of the excitations between the MOF and the molecular counterpart (azobenzene here) has strong implications on the mechanism of isomerization and thus the quantum yield of isomerization.

Despite MOFs being crystalline solids, their electronic bands often feature small or negligible dispersion [START_REF] Mancuso | Electronic structure modeling of metal-organic frameworks[END_REF]. This has motivated several authors to employ molecular fragment models to study the electronic and optical properties of MOF crystals [START_REF] Gu | Experimental and theoretical investigations of the electronic band structure of metal-organic frameworks of HKUST-1 type[END_REF][START_REF] Fumanal | Optical absorption properties of metal-organic frameworks: solid state versus molecular perspective[END_REF][START_REF] Vermoortele | Electronic effects of linker substitution on lewis acid catalysis with metal-organic frameworks[END_REF][START_REF] Ji | Luminescent properties of metal-organic framework MOF-5: Relativistic time-dependent density functional theory investigations[END_REF][START_REF] Conti | The different photoisomerization efficiency of azobenzene in the lowest nπ* and ππ* singlets: the role of a phantom state[END_REF][START_REF] Fliegl | Ab Initio calculation of the vibrational and electronic spectra of trans-and cis-azobenzene[END_REF][START_REF] Zimmerman | The photochemical isomerization of azobenzene[END_REF][START_REF] Duarte | Structural and spectroscopic characterization of Eand Z-isomers of azobenzene[END_REF][START_REF] Crecca | Theoretical study of the isomerization mechanism of azobenzene and disubstituted azobenzene derivatives[END_REF]. Using fragments of MOFs, if justified, can be advantageous as it permits to employ accurate wavefunction methods such as coupled-cluster, configuration-interaction, or multiconfigurational methods with reasonable computational expense. The second aspect that we want to address is the accuracy of the fragment approach to study the optical absorption properties of this class of materials and this is done here for the paradigmadic case of PCN-123.

We employ the Bethe-Salpeter equation (BSE) formalism [START_REF] Salpeter | A relativistic equation for bound-state problems[END_REF][START_REF] Albrecht | Ab Initio calculation of excitonic effects in the optical spectra of semiconductors[END_REF][START_REF] Strinati | Application of the green's functions method to the study of the optical properties of semiconductors[END_REF][START_REF] Martin | Interacting Electrons[END_REF][START_REF] Rohlfing | Electron-hole excitations in semiconductors and insulators[END_REF][START_REF] Benedict | Optical absorption of insulators and the electron-hole interaction: An ab initio calculation[END_REF][START_REF] Onida | Electronic excitations: density-functional versus many-body green's-function approaches[END_REF][START_REF] Palummo | Ab initio electronic and optical spectra of freebase porphyrins: The role of electronic correlation[END_REF][START_REF] Ping | Electronic excitations in light absorbers for photoelectrochemical energy conversion: first principles calculations based on many body perturbation theory[END_REF][START_REF] Blase | The Bethe-Salpeter equation in chemistry: Relations with TD-DFT, applications and challenges[END_REF] to describe the two-body electron-hole bound state and the GW approach [START_REF] Hedin | New method for calculating the one-particle Green's function with application to the electron-gas problem[END_REF][START_REF] Martin | Interacting Electrons[END_REF][START_REF] Strinati | Dynamical correlation effects on the quasiparticle bloch states of a covalent crystal[END_REF][START_REF] Hybertsen | Electron correlation in semiconductors and insulators: Band gaps and quasiparticle energies[END_REF][START_REF] Onida | Electronic excitations: density-functional versus many-body green's-function approaches[END_REF][START_REF] Palummo | Ab initio electronic and optical spectra of freebase porphyrins: The role of electronic correlation[END_REF] to compute quasiparticle energies. Compared with the more standard timedependent density-functional theory [START_REF] Casida | Time-dependent density-functional theory for molecules and molecular solids[END_REF] (TD-DFT), the BSE/GW formalism exhibits a few advantages. The GW eigenvalues used for constructing BSE Hamiltonian are more accurate than DFT Kohn-Sham (KS) eigenvalues. Then, the non-local screened Coulomb interaction, W , provides an accurate description of the non-local Coulomb interaction between the electron and hole, of importance for charge-transfer or Rydberg excitations [START_REF] Faber | Excited states properties of organic molecules: from density functional theory to the gw and bethe-salpeter green's function formalisms[END_REF]. The latter of the two 5.2. Article is possibly the reason behind the success of BSE in accurately describing excitations of different types [START_REF] Jacquemin | Is the bethe-salpeter formalism accurate for excitation energies? comparisons with TD-DFT, CASPT2, and EOM-CCSD[END_REF][START_REF] Jacquemin | Benchmarking the bethe-salpeter formalism on a standard organic molecular set[END_REF][START_REF] Bruneval | A systematic benchmark of the ab initio Bethe-Salpeter equation approach for low-lying optical excitations of small organic molecules[END_REF].

First, we assess the validity of a molecular model by employing three different choices of fragments with a progressively increasing number of metal nodes and azobenzene functional groups, and we compare the results with the corresponding fully-functionalized periodic MOF.

A comparison is performed at the DFT level using Perdew-Burke-Ernzerhof (PBE) parametrized semilocal exchange-correlation (XC) functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF], at the GW quasiparticle level, and in fine using BSE to study the optical spectra and the character of the excitons. We find that the BSE/GW spectra of cis and trans PCN-123 closely resemble those of the free azobenzene molecule. The BSE/GW /PBE results show that all fragments, including small ones, yield optical spectra in good agreement with the periodic result between 2 and 5 eV (∼ 250 -600 nm), i.e.

the region where absorption is dominated by the azobenzene functionalities. Fragment models are used also to compute the cis and trans spectra using BSE/GW /PBEh, where the PBEh is the PBE global hybrid functional and the amount of exact exchange (EXX) in PBEh [START_REF] Perdew | Rationale for mixing exact exchange with density functional approximations[END_REF] is tuned have a DFT starting point fulfilling the ionization potential (IP) condition [START_REF] Perdew | Comment on "Significance of the highest occupied Kohn-Sham eigenvalue[END_REF]. This choice is motivated by our recent study [START_REF] Kshirsagar | Accurate prediction of the S 1 excitation energy in solvated azobenzene derivatives via embedded orbital-tuned Bethe-Salpeter calculations[END_REF] where we showed that this allows to achieve a good quantitative agreement with experimental S 1 for a series of solvated azobenzene derivatives. Besides providing the spectral region where the largest selective absorption of each isomer occurs, the calculated spectra point to the possibility of a more efficient cis → trans back isomerization in the MOF due to the significantly more intense S 1 (i.e. n → π * ) of cis azobenzene in the framework, as compared to gas phase of solvated azobenzene.

Computational methods

The GW method is adopted to correct the KS eigenvalues by using a self-consistent procedure on the 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] described below. The KS eigenvalues are corrected perturbatively, by replacing the exchange-correlation contribution to the KS eigenvalues by the expectation value of GW self-energy operator Σ(r, r , E) onto the KS eigenstates, as follows:

GW n = KS n + φ KS n Σ GW ( GW n ) -V XC φ KS n (5.1)
Here, the subscript n corresponds to n th KS state, the superscripts KS and GW denote the level of theory, φ KS n is the n th KS eigenstate, and V XC is the DFT XC potential. For the first iteration, G 0 W 0 , the Σ(r, r , E) is computed using the input DFT eigenstates KS n , φ KS n . In the subsequent iteration, the G 0 W 0 n replace KS n and so forth until the quasiparticle gap is converged within 0.1 eV to yield the so-called evGW quasiparticle energies. Only a limited number of frontier eigenvalues are corrected explicitly at GW level and the rest are corrected using the scissor operator. See below for more details.

The evGW energies and the KS eigenvectors evGW n , φ KS n are then used to build the BSE Hamiltonian. Within the BSE formalism, the optical excitations are computed by solving a
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Periodic calculations

The DFT calculations are performed using Quantum ESPRESSO [START_REF] Giannozzi | QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials[END_REF][START_REF] Giannozzi | Advanced capabilities for materials modelling with quantum ESPRESSO[END_REF]. Optimized normconserving Vanderbilt pseudopotentials obtained from Pseudo-DOJO vault are used to model the interaction between ionic core and the valence electrons [START_REF] Van Setten | The PseudoDojo: Training and grading a 85 element optimized norm-conserving pseudopotential table[END_REF][START_REF] Hamann | Optimized norm-conserving vanderbilt pseudopotentials[END_REF]. The geometry of PCN-123 MOF was optimized using the rev-vdW-DF2 functional [START_REF] Hamada | van der waals density functional made accurate[END_REF] by taking the global minimum configuration for trans and cis found in our previous work [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF]. Specifically, these geometries are obtained by performing a full geometrical optimization using the primitive cell of PCN-123 which contains six ligands and a total of 178 atoms, including the azobenzene functionalities.

In cis, all molecular functionalizations where optimized in the cis 2 configuration discussed in Ref. [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF], i.e. with each azobenzene ring blocking one metal node. The DFT eigenvalues and eigenstates for excited state calculations are obtained using PBE XC functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. Kinetic energy cut-off of 80 Ry and 320 Ry is used for truncation of basis set representing Kohn-Sham orbitals and Kohn-Sham charge density respectively. Reciprocal space is sampled using Γ point only which is found to be sufficient in absence of band dispersion.

The BSE/GW calculations are performed using YAMBO [START_REF] Marini | Yambo: An ab initio tool for excited state calculations[END_REF][START_REF] Sangalli | Many-body perturbation theory calculations using the yambo code[END_REF]. To avoid escalation of computational expenses, the frequency dependence of the dielectric matrix is approximated using Godby-Needs plasmon-pole model [START_REF] Oschlies | GW self-energy calculations of carrierinduced band-gap narrowing inn-type silicon[END_REF]. For the calculation of dielectric screening, a total 3000 KS states are used including the 380 valence states. Out of all the KS states, 128 valence states and 128 conduction states are corrected explicitly by GW and used to build the BSE Hamiltonian. To reduce the cost, only the resonant coupling between the electron and hole is considered for the BSE. For the same reason, the sizes of the plane-waves basis used for different steps in BSE and GW are truncated at lower kinetic energy cut-offs than the cut-off used for DFT. Details of the these truncation parameters and their convergences are provided in Tab. 5.2 of the supplementary information (SI). Bruneval-Gonze terminator is used to speed-up the convergence of correlation part of the GW self-energy with respect to sum over the number of unoccupied states [START_REF] Bruneval | Accurate GW self-energies in a plane-wave basis using only a few empty states: Towards large systems[END_REF].

Fragment calculations

The geometries of the fragments of PCN-123 are constructed by cleaving parts of the fully functionalized (i.e. every ligand is functionalized) and fully optimized PCN-123 MOF [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF] by terminating unsaturated bonds with H atoms. Because we focus on the low energy excitations which are possibly associated with the azobenzene functionalization, the fragments are constructed so as to keep the chemical connectivities of the ligand intact. In our earlier work, the structure of the azobenzene functionalization in PCN-123 was found to be sensitive to the MOF milieu due to steric factors and strong van der Waals interactions [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF]. To not deviate from the structure of periodic PCN-123, no further geometrical optimization is performed on the fragment except for the relaxation of the coordinates of the added H terminations.

Three different fragment models were adopted and these are shown in Fig. 5.1. The smallest, named P, includes only one metal node and an azobenzene-functionalized ligand; fragment Q includes two complete metal nodes and again one functionalized ligand; fragment R (176 atoms), includes four metal nodes and three functionalized ligands. An illustration of the fully functionalized periodic PCN-123, together with the ligand also used for comparison in this work, are also reported in Fig. 5.1.

The DFT calculations of the fragments are performed using NWChem [START_REF] Aprà | NWChem: Past, present, and future[END_REF]. The correlationconsistent basis sets aug-cc-pVDZ [START_REF] Dunning | Gaussian basis sets for use in correlated molecular calculations. i. the atoms boron through neon and hydrogen[END_REF][START_REF] Woon | Gaussian basis sets for use in correlated molecular calculations. iii. the atoms aluminum through argon[END_REF] are used for azobenzene, the PCN-123 ligand, and fragments P and Q. A cheaper minimally-augmented maug-cc-pVDZ [START_REF] Papajak | Efficient diffuse basis sets: cc-pVxZ+ and maug-cc-pVxZ[END_REF] basis set is used for the larger fragment R. LANL2DZ effective core potential (ECP) and the corresponding basis set is used for Zn in fragment R [START_REF] Roy | Revised basis sets for the lanl effective core potentials[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculations. potentials for the transition metal atoms Sc to Hg[END_REF]. The use of ECP and the smaller basis set for fragment R causes a blue shift by up to ∼0.2 eV in the BSE spectra (see Fig. The BSE/GW calculations for fragments are performed using FIESTA [START_REF] Blase | Charge-transfer excitations in molecular donor-acceptor complexes within the many-body Bethe-Salpeter approach[END_REF][START_REF] Blase | First-principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other molecules of interest for organic photovoltaic applications[END_REF][START_REF] Jacquemin | Benchmarking the bethe-salpeter formalism on a standard organic molecular set[END_REF]. Unlike for the periodic case, the frequency dependence of dielectric screening is not approximated by a plasmon-pole function. The contour deformation technique and the Coulomb-fitting resolution of identity (RI-V) with the universal Weigend Coulomb fitting auxiliary basis [START_REF] Weigend | Accurate coulomb-fitting basis sets for H to Rn[END_REF] are used for integration over frequencies to calculate the GW self-energy Σ(r, r , E). The full BSE Hamiltonian in considered in this case. The number of eigenvalues corrected at GW level and the number of states used to build the BSE Hamiltonian vary for each fragment and they are tabulated in Tab. 5.3.

To deal with the electrostatic polarization of the fragments due to the MOF environment in the ground state, a conductor like screening model [START_REF] York | A smooth solvation potential based on the conductor-like screening model[END_REF] (COSMO) as implemented in NWChem is used. The MOF environment is thus approximated using the optical dielectric constant of the periodic PCN-123 in the zero-frequency limit (ε opt ∼ 1.76) obtained using the random-phase approximation in YAMBO.

To account for the screening by the environment at the GW and BSE level, a QM/MM (Quantum Mechanics/Molecular Mechanics) approach is used by a employing discrete polarizable model [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF]. The MM part is modeled as a fixed cubic lattice of polarizable pseudoatoms which are assigned the atomic polarizability computed from the zero-frequency optical dielectric constant (ε opt or square of the refractive index) of periodic PCN-123 by using the Clausius-Mossotti formula. The reaction-field matrix which describes the screening by the MM part is computed using the MESCAL code [START_REF] D'avino | Electronic polarization in organic crystals: A comparative study of induced dipoles and intramolecular charge redistribution schemes[END_REF]. This screening from the environment is added to the screened Coulomb potential W by solving the following set of equations:

5.2. Article ṽ = v + vχ M M v (5.6) W = ṽ + ṽχ 0 W (5.7)
where χ 0 is the independent-particle susceptibility, v is the bare Coulomb potential which is dressed (i.e. ṽ) by the environment reaction field [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF], and thus W is the screened Coulomb potential incorporating the screening from the MM part. The GW energies are then corrected by using the ∆COHSEX correction [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF] (i.e. Coulomb-Hole screened exchange) which is essentially the difference between the COHSEX self-energy calculated with and without the MM screening. Practically, first the evGW eigenvalues are calculated in gas phase and then the ∆COHSEX correction is added. Here, evGW refers to G 3 W 3 and G 2 W 2 for PBE and PBEh DFT starting points, respectively. At the first GW step, only the HOMO and LUMO are GW corrected, and the scissor operator is applied. In the subsequent steps, more states are explicitely corrected to yield quasiparticle values converged within 0.1 eV similar to YAMBO.

The environmental effect are then included as follows:

GWe n

≈ GW n + ∆ COHSEX n = GW n + φ KS n Σ COHSEX/MM -Σ COHSEX φ KS n (5.8) 
A detailed description and the accuracy of use of QM/MM model in conjunction with GW and BSE has been discussed in literature [START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF][START_REF] Li | Accurate description of charged excitations in molecular solids from embedded many-body perturbation theory[END_REF][START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF][START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Kshirsagar | Accurate prediction of the S 1 excitation energy in solvated azobenzene derivatives via embedded orbital-tuned Bethe-Salpeter calculations[END_REF]]. The screened Coulomb potential including environmental effects is then used for the BSE Hamiltonian [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF][START_REF] Kshirsagar | Accurate prediction of the S 1 excitation energy in solvated azobenzene derivatives via embedded orbital-tuned Bethe-Salpeter calculations[END_REF].

Results and Discussion

Kohn-Sham ground state

The density of states (DOS) computed using PBE for the three fragment models of PCN-123, the gas phase azobenzene and the periodic PCN-123, is shown in Fig. 5.2. We only report the cis case, for clarity, the trans case being similar is reported in Fig. 
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The breaking of symmetry between the two benzene rings upon attachment of the carboxylic acid or groups in one of the two phenyl rings lead to two different π * states which localize predominantly on the N atoms and the benzenedicarboxylic acid (see lower panel of Fig. 5.2).

The electronic structure of the three fragments, in the vicinity of the band gap, maintains features similar to the periodic MOF in terms of energy and composition (see cyan strips in Fig. 5.2). The wavefunction corresponding to these states is plotted in the lower panel of Fig. 5.2 for cis fragment Q. A similar behavior is found for all MOF models. For comparison, these states are also plotted for azobenzene and for the ligand in Fig. 5.9. Even for the ligand, the DOS resembles the MOF case for the KS states near the gap; below -2.5 eV and above 2.5 eV this agreement vanishes due to the presence of the states associated with the Zn 4 O metal node. Moving away from the gap, the DOS of the three fragments P, Q and R which include single or multiple metal-oxide nodes show a reasonable resemblance with the f -PCN-123 case, for both occupied and unoccupied levels. A similar behavior is found for trans f -PCN-123 (see Fig. 5.8).

The DOS of cis fragment Q calculated using PBEh with 40% exact exchange is also shown in Fig. 5.2 for comparison (see Fig. 5.10 for trans). As expected, the PBE band gap of 2.1 eV for cis and 1.9 eV for trans increases to 5.5 and 5.2 eV, respectively, using PBEh, as expected from the EXX-tuning procedure that matches the DFT KS IP onto the evGW level.

Because we do not impose any symmetry constraint during the geometrical optimization, the steric hindrance of the pendant groups inside the MOF results in different configurations of the six azobenzenes within the unit cell and in the twisting and bending of the BDC (benzenedicarboxylate) ligands [START_REF] Yang | Tuning gas adsorption by metal node blocking in photoresponsive metal-organic frameworks[END_REF]. Such geometrical distortions and configurational disorder mimic to some extent the structural disorder of the pendant groups found experimentally in PCN-123 [45] and lead to the broadening of the DOS and the BSE spectra (vide infra). The GW correction was also computed for all the fragment models and for the PCN-123 ligand. The final evGW quasiparticle gaps are reported in Tab. 5.1. In case of non-periodic systems, the evGW eigenvalues are reported after applying the ∆COHSEX correction accounting for environment screening as explained in the previous section. The ∆COHSEX procedure closes the band gap by about ∼0.7-0.9 eV with respect to the gas phase evGW value (see Fig. 5.14). This arises from polarization (screening) effects that stabilize holes and electrons.

E G3W3 g =5.73 E KS g =1.90 DF T G 0 W 0 G 1 W 1 G 2 W 2 G 3 W 3
The evGW quasiparticle energies for the ligand and fragment models plotted against the KS eigenvalues are reported in Fig. 5.13.

The comparison of the evGW quasiparticle corrections computed for the periodic MOF, the three fragment choices, and the ligand, are reported in Fig. 5.12. Overall, the correction shows the same qualitative behaviour. We find a good quantitative agreement among the non-periodic models, but we note some discrepancy between the non-periodic and the periodic 5.2. Article models. The periodic YAMBO calculations yield smaller evGW corrections compared to the non-periodic FIESTA calculations (see Fig. 5.12). Thus despite the PBE gap being essentially the same for the periodic and non-periodic case (within 0.2 eV), the periodic evGW band gap is ≈ 1 eV smaller (∼ 0.8 -1.1 eV) compared to the non-periodic case (see Tab. 5.1).

This difference may be attributed to the different computational approaches such as the use of pseudopotentials and the plasmon-pole approximation, in YAMBO, and the use of incomplete bases in FIESTA, as shown and discussed in detail in Ref. [START_REF] Van Setten | GW100: Benchmarking G0W0 for molecular systems[END_REF]. Also, on the fragment side, the possible discrepancies on the long-range contribution to the screened Coulomb potential W , as described by the QM/MM ∆COHSEX scheme, may affect the fragment GW calculations. As shown below, the much better agreement of optical BSE excitations, for which the impact of a change in the environmental screening is known to be much smaller, points in this direction.

Finally, the fragment approximation may result in somehow different KS eigenstates. This can be inferred by looking at the independent-particle spectra computed for the periodic model and for fragment Q using the epsilon.x utility of Quantum ESPRESSO (see Fig. 5.22) for both calculations. Specifically, the ratio between the first two excitations is significantly different in the two cases, with the first excitation being significantly less intense (compared to the second) in the fragment as compared to the periodic MOF.

For non-periodic models, the evGW eigenvalues are calculated also with PBEh with 40% exact exchange as starting point (see Tab. for both cis and trans. As mentioned above, this is possibly due to the much reduced impact of environmental screening onto the neutral optical excitations, for which solvatochromic shift are known to be much smaller than the shift in electronic energy levels. As a matter of fact, errors in the screened Coulomb potential enters with opposite sign in the quasiparticle gap than in the electron-hole interaction, leading to well-known cancellation of errors at the BSE level. Thus, large differences in the quasiparticle gap may reduce in the corresponding optical gap [START_REF] Faber | Electronic, excitonic and polaronic properties of organic systems within the many-body GW and Bethe-Salpeter formalisms : towards organic photovoltaics[END_REF].

For cis configuration, the first optical band corresponds to the HOMO → LUMO (n → π * 1 ) transition, similar to the case of gas phase or solvated azobenzene. The second optical band (yellow in Fig. 5.4), the S 2 , corresponds to the n → π * 2 excitation which is absent in azobenzene. The third (sky-blue) optical band, the S 3 , is due to the π → π * 1 excitation. The S 4 , in red, contains mixed π → π * 1 /π → π * 2 excitations. From the fourth optical band onwards, the oneto-one correspondence among excitons of different models fades away, mostly owing to the increasing contribution of O atoms of the ZnO 4 noded and to the more delocalized character of the exciton.

For trans, the S 1 band (gray) is due to the n → π * 1 excitation, whereas the S 2 (yellow) is dominated by π → π * 1 along with some contribution from n → π * 2 and π → π * 2 , specifically for fragment R and the periodic system. The character and energy of S 1 and S 2 are similar to the azobenzene molecule. It is important to stress that for fragment R, the energy of S 1 and S 2 for both cis and trans is blueshifted compared to the smaller PCN-123 fragments possibly due to the use of effective-core-potentials and a smaller basis, as discussed in the computational section. This is shown in Fig. 5.7 where the effect of these approximations on the calculation of the BSE spectrum is reported for a smaller fragment.

To illustrate the similarities among the different models, the electron-averaged hole density (in yellow) and the hole-averaged electron density (in green) of the n → π * 1 and π → π * 1 transitions are plotted, respectively, for cis and trans, in Fig. 5.5 for the ligand, fragments Q and R, and the periodic MOF. For clarity, we neglect fragment P which exhibits the same character of the exciton. We plot the excitonic density for these two transitions, since these correspond to the most intense bands in the low energy range which are usually employed for excitation in the UV-Vis range to induce large photoisomerization yields. Excitation at the maxima of these two bands will result in efficient trans-to-cis photoisomerization when the S 2 (of trans) is excited, and viceversa, when the S 1 (of cis) is excited [START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF][START_REF] Ladányi | Azobenzene photoisomerization quantum yields in methanol redetermined[END_REF] 5.36). This implies that excitations in the visible, near-UV and mid-UV spectral region can be used to target azobenzene excitation thus possibly resulting in isomerization provided that the excited state dynamics is similar to the molecular case and that steric hindrance is not a limiting factor. This is unlike many other azobenzene based photo-switching systems where use of UV light for azobenzene isomerization is very restricted due to absorption in that range by other chemical entities [START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF].

To better visualize the spectral regions with large selective absorption, we plot the BSE/evGW /PBE spectra of trans and cis in the same figure, for azobenzene, the PCN-123 ligand (in gas phase geometry), fragment R and the f -PCN-123 (see Fig. 5.6). For fragment R we plot also the BSE/evGW /PBEh spectra.

Moving from azobenzene to fragment R and finally to f -PCN-123, the most intense peak in both trans (i.e. π → π * 1 ) and cis (i.e. n → π * 1 ) undergoes a blueshift by ∼0.5 eV and ∼0.2, respectively. It is important to note that the n → π * 1 optical band of cis in the periodic calculations exhibits a significantly higher intensity compared to any other fragment model. The visual inspection of the n → π * 1 exciton in the different MOF models discussed above and reported in the upper panel of Fig. 5.5 allow to establish a good correspondence between the periodic and the fragment models. However, the spatial localization and the symmetry of the wavefunction may differ quantitatively thus affecting directly the value of the oscillator strength. As discussed above, this is confirmed by the independent-particle spectra computed for both the periodic and the fragment Q. The two spectra have similar features and the biggest difference is the signficantly more intense first excitation in the case of f -PCN-123 as shown by the plotted ration between the two cases in the lower panel of Fig. 5.22. Thus, we attribute this discrepancy in the intensity of the first excitiation to a limitation of the fragment approach in describing the correct KS periodic eigenstates.

The excitation energies and the oscillator strengths of n → π * excitation of azobenzene calculated with BSE/GW was shown to be very sensitive to the choice of DFT functional [START_REF] Kshirsagar | Accurate prediction of the S 1 excitation energy in solvated azobenzene derivatives via embedded orbital-tuned Bethe-Salpeter calculations[END_REF] owing to the change in the KS states. On the other hand, the position of π → π * optical band is comparatively resilient to change in the DFT functional. This occurs also in this case: we report the comparison of the BSE/evGW spectra of gas phase azobenzene computed with PBE and with the IP-tuned PBEh (60% EXX) in Fig. 5.19. The experimentally-extracted values of the azobenzene S 1 energy (cis: 2.92 eV, trans: 2.82 eV) are in excellent agreement with the BSE S 1 excitation energies computed using the IP-tuned PBEh (cis: 3.00 eV, trans: 2.83 eV) [START_REF] Andersson | Flash photolysis experiments in the vapour phase at elevated temperatures I: spectra of azobenzene and the kinetics of its thermal cis-trans isomerization[END_REF][START_REF] Vetráková | The absorption spectrum of cisazobenzene[END_REF][START_REF] Kshirsagar | Accurate prediction of the S 1 excitation energy in solvated azobenzene derivatives via embedded orbital-tuned Bethe-Salpeter calculations[END_REF]. A non-negligible deviation from experiment is instead found when using the PBE starting point (cis: 2.23 eV, trans: 2.43 eV.)

In light of these results, to attempt a quantitative description of the optical properties of this material we compute the BSE spectra of fragment R with PBEh using 40 % of exact exchange which tunes the Kohn-Sham IP to the evGW IP. The BSE spectra of either isomers is shown in the lower panel of Fig. 5.6. When PBEh is used, the energy of n → π * 1 blueshifts by ∼0.5 eV for both cis and trans. The π → π * 1 excitation of trans does not vary appreciably in energy. The oscillator strength of n → π * 1 increases for cis from 0.012 to 0.033 (∼ 2.7 times) upon change in the functional. The wide and intense band found for cis in the range of 4.5-5.0 eV is blueshifted to energies higher than 5 eV making trans the dominant absorber between 4 and 5 eV. In case of trans, the use of hybrid functional separates the π → π * 1 excitations from n → π * 2 and π → π * 2 excitations resulting in two distinct optical bands instead of a single one as in the case of PBE.

Like for the PBE case, the BSE/evGW /PBEh spectra show a small blueshift of the S 1 of cis and the S 2 of trans in the PCN-123 MOF as compared to gas phase azobenzene (in Fig. 5.

19).

The S 1 of cis is at 3.0 eV for azobenzene (see Fig. Finally, we briefly comment on the effect of the geometry of the azo-molecules on the optical absorption properties, in particular when fragment models are employed. Because of the structural disorder within the MOF and because the geometry of the fragments is taken by carving one (fragment Q) or multiple (fragment R) ligands from the periodic MOF containing six geometrically different ligands, it can happen that by taking only one of these, such as in fragment Q, the relative intensity between trans and cis could change. This is indeed the case when we compute the BSE/evGW /PBEh (40% EXX) spectra of trans and cis using a fragment Q taken by carving the specific ligand that exhibits the largest distortion compared to the other five ligands (and compared to gas phase). This specific choice would yield spectra with the n → π * 1 excitation in trans being more intense than in cis (see Fig. 5.20). Some caution is advised in this regard to avoid a biased result.

Conclusion

To summarize, our study of the optical absorption spectra of cis and trans PCN-123 MOF, performed by employing the BSE/evGW approach allows to shed light for the first time on the nature of the electronic excitations of an azobenzene-functionalized MOF. Similarities and differences among the optical absorption of the fully functionalized MOF, the azobenzene molecule and the MOF azobenzene-functionalized ligands are shown and discussed. On the computa-5.3. Supplementary information tional point of view the accuracy of the fragment model is assessed by adopting a QM/MM approach where the environmental effects are considered both at the DFT level and at the GW and BSE level. In the low energy region, up to 4.5 eV, a satisfactory description of the optical properties of the periodic material can be obtained already by using the smallest fragment (fragment P) which consists of one metal node and a single functionalized ligand. The agreement systematically improves as we increase the size of the fragment by adding an increasing number of metal nodes and azo-functionalized ligands. In this region the spectral features of the MOF resemble closely the case of gas phase azobenzene, and the ligand. This is consistent with recent experimental studies of azobenzene functionalized IR-MOF-74 [START_REF] Brown | Photophysical pore control in an azobenzene-containing metal-organic framework[END_REF][START_REF] Wang | Photoswitchable adsorption in metalorganic frameworks based on polar guest-host interactions[END_REF], ortho-fluoro-azobenzene functionalized SURMOF [START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF] and core-shell MOF [START_REF] Mutruc | Modulating guest uptake in core-shell MOFs with visible light[END_REF] showing a good similarity between the optical absorption of the MOF and the ligand case [START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF]. One important difference between the azobenzene or ligand molecule with respect to the MOF is the stronger S 1 feature in cis predicted in the latter. This suggests a faster and more complete cis→trans isomerization in the MOF upon excitation of the S 1 band, compared to the molecular case [START_REF] Zimmerman | The photochemical isomerization of azobenzene[END_REF][START_REF] Ladányi | Azobenzene photoisomerization quantum yields in methanol redetermined[END_REF] for which indeed slow and incomplete back-isomerization is observed. We believe this results has important implications for the design of photoswitches-based MOFs.

In conclusion, in terms of spectral features and character of the excitations, the periodic MOF resembles the case of free azobenzene and the azobenzene-functionalized ligand of the MOF, with the most intense bands slightly blueshifted in the MOF compared to the azobenzene molecule. Our calculations place the largest selective absorption by cis at around 3.2 eV and by trans at ∼4.2 eV. The most important difference between the molecular and periodic models is the ratio between the oscillator strength of cis and trans for the S 1 , which is found to be significantly larger in the periodic MOF compared to any fragment model, including the free azobenzene molecule as discussed above. This is attributed to the limitation of non-periodic models to provide a quantitative description of the electronic structure of the periodic system at the DFT level. As the excitation energy increases the fragment model becomes less adequate to describe the MOF due to the more delocalized character of the exciton and to the increasing contribution from the metal nodes.

We hope this study will help accelerate the design of photoactive frameworks with good photoisomerization efficiencies and enhanced capture performances. trans -AB

Supplementary information

π n π * -3 -2 -1 0 1 2 3 cis -ligand π n π * 1 π * 2 -3 -2 -1 0 1 2 3 Total N O trans -ligand π n π * 1 π * 2
Density of states (DOS) PBEh 6.2. Article

E -E f (eV) (a) (b) π (c) n (d) π * 1 (e) π * 2 (f) π (g) n (h) π * (i) π (j) n (k) π * 1 (l) π * 2 (m) π (n) n (o) π *
n π π *  π *  Fermi Total Zn 4 O N (2p) O(2p) -8 -6 -4 -2 0 2 4 E -E f (eV) PBE n π π *  π *  Density of states (DOS) (a) cis n π π *  π *  PBEh Fermi Total Zn 4 O N (2p) O(2p) -8 -6 -4 -2 0 2 4 E -E f (eV)
E evGW g =6.33 E KS g =1.90 evGW (Q) KS (Q) (f) -2 -1 0 1 2 3 4 ε KS -ε HOM O KS (eV) -4 -2 0 2 4 6 8 ε GW -ε HOM O KS (eV) E evGW g =6.52 E KS g =-1.94 evGW (R) KS (R) (g) 
E evGW g =6.66 E KS g =5.43 evGW (Q) KS-PBEh (Q) (c) cis -2 0 2 4 6 8 ε KS -ε HOM O KS (eV) -4 -2 0 2 4 6 8 10 ε GW -ε HOM O KS (eV) E evGW g =6.48 E KS g =5.19 evGW (Q) KS-PBEh (Q) (d) trans -2 0 2 4 6 8 ε KS -ε HOM O KS (eV) -2 0 2 4 6 8 10 ε GW -ε HOM O KS (eV) E evGW g =6.62 E KS g =5.28 evGW (R) KS-PBEh (R) (e) cis -2 0 2 4 6 8 ε KS -ε HOM O KS (eV) -2 (eV) 

Article

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] Qian | MOF-based membranes for gas separations[END_REF][START_REF] Ding | Carbon capture and conversion using metal-organic frameworks and MOF-based materials[END_REF][START_REF] Hu | Co2 capture in metal-organic framework adsorbents: An engineering perspective[END_REF][START_REF] Resines-Urien | A switchable iron-based coordination polymer toward reversible acetonitrile electro-optical readout[END_REF][START_REF] He | Controllable broadband multicolour single-mode polarized laser in a dye-assembled homoepitaxial MOF microcrystal[END_REF][START_REF] Gamonal | Divergent adsorption-dependent luminescence of amino-functionalized lanthanide metal-organic frameworks for highly sensitive NO 2 sensors[END_REF].

One of the first 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 metal-organic framework[END_REF]. This framework, made of Zn 4 O 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 fields of optoelectronics [START_REF] Butler | Electronic structure modulation of metal-organic 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, CH2, N2O, and N2 on 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 [START_REF] Song | MOF-5/n-Bu4NBr: an efficient catalyst system for the synthesis of cyclic carbonates from epoxides and CO)2 under mild conditions[END_REF][START_REF] Hermes | Metal@MOF: Loading of highly porous coordination polymers host lattices by metal organic chemical vapor deposition[END_REF][START_REF] Rodríguez | Structural characterization, optical properties and photocatalytic activity of MOF-5 and its hydrolysis products: implications on their excitation mechanism[END_REF].

During these years, there have been several experimental studies reporting significant discrepancies in the description of the electronic structure, the optical excitations and photoluminescence in MOF-5. At first, it was identified as a semiconductor with optical band gap of 3.4-3.7

eV featuring ligand to metal charge transfer [START_REF] Bordiga | Electronic and vibrational properties of a MOF-5 metal-organic framework: ZnO quantum dot behaviour[END_REF][START_REF] Alvaro | Semiconductor behavior of a metal-organic framework (MOF)[END_REF][START_REF] Tachikawa | Photoinduced charge-transfer processes on MOF-5 nanoparticles: Elucidating differences 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 any 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] Gascon | Isoreticular MOFs as efficient photocatalysts with tunable band gap: An operando FTIR study of the photoinduced oxidation of propylene[END_REF][START_REF] Khajavi | Unraveling the optoelectronic and photochemical behavior of Zn 4 O-based metal organic frameworks[END_REF][START_REF] Feldblyum | Photoresponse characteristics of archetypal metal-organic frameworks[END_REF][START_REF] Lin | In silico screening of carbon-capture materials[END_REF][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].

In parallel, several computational works [START_REF] Choi | Tunability of electronic band gaps from semiconducting to metallic states via tailoring Zn ions in MOFs with co ions[END_REF][START_REF] Yang | Theoretical investigations on the chemical bonding, electronic structure, and optical properties of the metal-organic framework MOF-5[END_REF][START_REF] Lin | In silico screening of carbon-capture materials[END_REF][START_REF] Pham | Engineering of band gap in metal-organic frameworks by functionalizing organic linker: A systematic density functional theory investigation[END_REF][START_REF] Warmbier | Dielectric properties of selected metal-organic frameworks[END_REF] 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 established 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 defined as the difference between the ionization energy and the electron affinity. Second, the Kohn-Sham gap is not the fundamental gap, not even in exact Kohn-Sham theory. Besides, it should be noted that a semiconducting behaviour is not common in MOFs, especially in those with highlylocalized dispersionless bands such as in MOF-5 [START_REF] Pham | Engineering of band gap in metal-organic 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] Stavila | MOF-based electronic and opto-electronic devices[END_REF].

In this study, we employ many-body perturbation theory methods, such as the GW approximation [START_REF] Strinati | Application of the green's functions method to the study of the optical properties of semiconductors[END_REF], together with the Bethe-Salpeter equation [START_REF] Salpeter | A relativistic equation for bound-state problems[END_REF] (BSE) formalism to compute the quasiparticle gap and the two-body bound state of the electron and hole 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 [START_REF] Strinati | Application of the green's functions method to the study of the optical properties of semiconductors[END_REF][START_REF] Onida | Electronic excitations: density-functional versus many-body green's-function approaches[END_REF][START_REF] Sottile | Efficient Ab Initio calculations of bound and continuum excitons in the absorption spectra of semiconductors and insulators[END_REF], are recently gaining much momentum in the physical chemistry community [START_REF] Loos | Pros and cons of the Bethe-Salpeter formalism for ground-state energies[END_REF]. 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 gap [START_REF] Golze | The GW compendium: A practical guide to theoretical photoemission spectroscopy[END_REF]. The GW quasiparticle energies are then used to build the BSE Hamiltonian which gives the optical excitation energies upon diagonalization. Because the quasiparticle correction is computed perturbatively using the KS eigenvalues and eigenfunctions, we employ different choices of the XC functions to show the robustness of the method. Regardless of the starting DFT functional, the quasiparticle GW gap of MOF-5 is computed to be ∼ 8 eV. The BSE/GW 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 metal-organic frameworks[END_REF][START_REF] Rathnayake | Analytical approach to screen semiconducting MOFs using bloch mode analysis and spectroscopic measurements[END_REF]. We show that 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 difference 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 exchangecorrelation contribution to the KS eigenvalues by the GW self-energy, Σ(r, r , E), which accounts for the many-body exchange-correlation effects. 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 first GW iteration we employ the KS eigenvalues and wavefunctions to compute the expectation value of self-energy Σ(r, r , E) .

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, evGW n

. All calculations are performed using such an self-consistency on the eigenvalues. Thus, henceforth the GW refers to evGW . Due to the significant computational expense, only a limited number of states are corrected explicitly at GW level and the rest are shifted rigidly using the scissor operator (see computational details in SI). The quasiparticle energies and the KS eigenvectors GW n , φ KS n are then used to build the BSE Hamiltonian. Within the BSE, the optical excitations are computed by solving a linear algebra problem equivalent to the Casida equation in time-dependent density functional theory (TD-DFT) [START_REF] Casida | Time-dependent density functional response theory for molecules[END_REF]. The eigenvalues of the BSE are the excitation energies and the eigenvectors are two-body wavefunctions written in the KS transition basis for the electron and hole. In comparison to TD-DFT, the BSE/GW formalism yields significantly more accurate results because of the quasiparticle GW eigenvalues used to build the BSE Hamiltonian (rather than the KS DFT in TD-DFT) and because of the 6.2. Article non-local screened Coulomb interaction, W , which provides an accurate description of the nonlocal Coulomb interaction between electron and hole [START_REF] Faber | Excited states properties of organic molecules: from density functional theory to the gw and bethe-salpeter green's function formalisms[END_REF]. These are the main reasons behind the extraordinary success of the BSE approach coupled with the GW many-body formalism in describing different types of electronic excitations, including charge transfer and Rydberg excitations, for which TD-DFT may fail [START_REF] Jacquemin | Is the bethe-salpeter formalism accurate for excitation energies? comparisons with TD-DFT, CASPT2, and EOM-CCSD[END_REF][START_REF] Jacquemin | Benchmarking the bethe-salpeter formalism on a standard organic molecular set[END_REF][START_REF] Bruneval | A systematic benchmark of the ab initio Bethe-Salpeter equation approach for low-lying optical excitations of small organic molecules[END_REF]. We perform BSE/GW calculations for MOF-5 using both periodic boundary conditions and a molecular fragment model illustrated in Fig. 6.4. Additionally we compute the electronic structure and the optical absorption spectrum of the BDC ligand (BDC=1,4benzenedicarboxylic acid) in solution. An excellent agreement with experimental data found in the literature is found in all cases.

The calculations of MOF-5 using periodic boundary conditions 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 normconserving 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][START_REF] Scherpelz | Implementation and validation of fully relativistic gw calculations: Spin-orbit coupling in molecules, nanocrystals, and solids[END_REF]. For comparison, the BSE/GW calculations are performed using both semilocal PBE and the hybrid Gau-PBE which incorporates 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-Perdue-Burke-Ernzerhof)[END_REF]. To avoid large computational expense in YAMBO, the frequency dependence of the dielectric matrix is approximated using Godby-Needs plasmonpole model [START_REF] Oschlies | GW self-energy calculations of carrierinduced band-gap narrowing inn-type silicon[END_REF]. The Kohn-Sham eigenvectors and GW eigenvalue attributed to them are used to build the BSE Hamiltonian. 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] for DFT and FIESTA [START_REF] Blase | Charge-transfer excitations in molecular donor-acceptor complexes within the many-body Bethe-Salpeter approach[END_REF][START_REF] Blase | First-principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other molecules of interest for organic photovoltaic applications[END_REF] for BSE/GW . The DFT calculations for molecular systems are performed using the PBE and PBE0 functionals. The frequency dependence of the dielectric screening is explicitly calculated for molecular models, unlike the YAMBO calculations. In case of molecular models, a QM/MM scheme is employed to describe the enviroment both at the ground state and at the GW and BSE level. For the latter, a discrete polarizable model is used to calculate a reaction field matrix which effectively captures the dielectric screening of electronic excitations by the solvent (for the ligand) or the MOF environment (for the MOF fragment) [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF][START_REF] D'avino | Electronic polarization in organic crystals: A comparative study of induced dipoles and intramolecular charge redistribution schemes[END_REF]. The reaction field matrix is incorporated in the screened Coulomb potential W used in GW and BSE calculations. This method has allowed to correctly describe the electronic structure and the optical excitations of both solvated molecules [START_REF] Duchemin | The Bethe-Salpeter formalism with polarisable continuum embedding: reconciling linear-response and state-specific features[END_REF][START_REF] Kshirsagar | Accurate prediction of the S 1 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 supplementary information (SI) for detailed description of computational methods. The hole-averaged electron densities and electron-averaged hole densities corresponding to key excitons are plotted below the spectra.

We first discuss the ligand. The BSE/GW /PBE0 optical spectrum of BDC ligand in water is compared with experimental spectra taken from Ref. [START_REF] Láng | Absorption Spectra in the Ultraviolet and Visible Region[END_REF][START_REF] Vaiano | Degradation of terephthalic acid in a photocatalytic system able to work also at high pressure[END_REF][START_REF] Kush | Investigations of potent biocompatible metal-organic framework for efficient encapsulation and delivery of gemcitabine: biodistribution, pharmacokinetic and cytotoxicity study[END_REF] in Fig. 6.1. The BSE correctly reproduces all the spectral features reported experimentally. The first weak excitation 6.2. Article corresponds to HOMO-LUMO transition with π → π * character and it is localized on the benzene ring and marginally on the O atoms of the carboxylic group. This is followed by two dark excitons with zero oscillator strength which are 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 the these excitations we plot the hole-averaged electron density and the electron-averaged hole density as obtained from BSE eigenvectors (lower panel of Fig. 6.1). A qualitatively similar result for both GW and the BSE is predicted when using different functionals such as PBE0 [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF], 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] and CAM-B3LYP [START_REF] Yanai | A new hybrid exchange-correlation 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 pDOS plots in Fig. 6. For the third set of excitations (violet), the most intense ones are composed mainly of ligandcentered π → π * transitions (70%) with a small contribution from metal-node to metal-node transition (v 3 → c 2 , 12 %). A good agreement is found between the BSE spectra of MOF-5 calculated with Gau-PBE hybrid and PBE-GGA functional (see fig. 6.9). Also, the BSE spectra of the molecular model (B) calculated on top of PBE0 ground state is also very comparable with the spectra of MOF-5 calculated with Gau-PBE functional (see fig. 6.10). The similarity between the spectra of periodic and molecular models calculated with and without plasmon-pole approximation attests that the use of plasmon-pole approximation is acceptable even for hybrid systems like MOFs. A large number of experimental studies is found in the literature concerning the optical properties of MOF-5. However, most of them report the excitation and emission spectra while few report on the optical absorption properties. Only very recently, the optical absorption spectrum of impurity-free MOF-5 has been experimentally reported [START_REF] Rathnayake | Analytical approach to screen semiconducting MOFs using bloch mode analysis and spectroscopic measurements[END_REF]. We note, however, that if one neglects the lowest energy peak in the UV-Vis absorption spectra reported by Tachikawa et al. [START_REF] Tachikawa | Photoinduced charge-transfer processes on MOF-5 nanoparticles: Elucidating differences 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 result and with Ref. [START_REF] Rathnayake | Analytical approach to screen semiconducting MOFs using bloch mode analysis and spectroscopic measurements[END_REF] 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). BSE spectra reported here, in agreement with Tachikawa et al., has the maximum of the spectra at 5.2 eV and a small peak at 4.5 eV. In a report by Feldblyum et al. [START_REF] Feldblyum | Photoresponse characteristics of archetypal metal-organic frameworks[END_REF], the peaks of absorption spectra are located at 4.1 eV (300 nm) and 5.0 eV (250 nm). From the diffuse reflectance spectra reported in Refs. [START_REF] Rodríguez | Structural characterization, optical properties and photocatalytic activity of MOF-5 and its hydrolysis products: implications on their excitation mechanism[END_REF] and [START_REF] Rodríguez | A simple computational model for MOF-5w absorption and photoluminescence to distinguish MOF-5 from its hydrolysis products[END_REF], the onset of absorption can placed at 320 nm (3.9 eV) similar to the result of Ref. [START_REF] Feldblyum | Photoresponse characteristics of archetypal metal-organic frameworks[END_REF], also in agreement with our first band located at 4.5 eV.

The quasiparticle and the optical gaps of MOF-5 and the ligand are reported in Tab. 6.1.

The difference between the quasiparticle gap and the optical band gap gives an estimation of the binding energy of the hole and electron of the corresponding exciton which is 3.5 eV for MOF-5 (Gau-PBE) and 4.7 eV for the BDC ligand (4.7 eV).

We finally comment on the reasonable agreement between the PBE gap and the optical gap.

This agreement is not fortuitous and it should not be seen as a cancellation of errors. Because in Kohn-Sham theory the virtual orbitals are described in the mean field of N-1 electrons, owing to the presence of the exchange-correlation hole, these represent excited Kohn-Sham orbitals.

As discussed in Refs. [START_REF] Van Meer | Physical meaning of virtual Kohn-Sham orbitals and orbital energies: An ideal basis for the description of molecular excitations[END_REF][START_REF] Baerends | The Kohn-Sham gap, the fundamental gap and the optical gap: the physical meaning of occupied and virtual Kohn-Sham orbital energies[END_REF], in molecules, the stabilization of the unoccupied KS states due to this exchange-correlation hole is quantitatively similar to the stabilization of optically excited electron by the hole that it leaves behind [START_REF] Van Meer | Physical meaning of virtual Kohn-Sham orbitals and orbital energies: An ideal basis for the description of molecular excitations[END_REF][START_REF] Baerends | The Kohn-Sham gap, the fundamental gap and the optical gap: the physical meaning of occupied and virtual Kohn-Sham orbital energies[END_REF]. For this reason, in finite systems the KS gap provides a good first approximation of the optical gap [START_REF] Baerends | From the Kohn-Sham band gap to the fundamental gap in solids. an integer electron approach[END_REF]. Even in case of approximated Kohn-Sham such as GGA functionals, the gap yields a good estimate of the first excitation energy except for charge-transfer and Rydbergs excitations [START_REF] Baerends | From the Kohn-Sham band gap to the fundamental gap in solids. an integer electron approach[END_REF].

In summary, the GW quasiparticle energies and BSE excitations allow us to quantitatively differentiate between the optical and the fundamental gap. A recent TD-DFT study by Smit et al. has shown that the distinction between the fundamental and the optical gap is important to understand the excitations in porphyrin based MOF [START_REF] Ortega-Guerrero | From isolated porphyrin ligands to periodic al-PMOF: A comparative study of the optical properties using DFT/TDDFT[END_REF], yet, a quantitative prediction of the fundamental gap is absent. We show a large difference of 3.5 eV between the fundamental and optical gap with strong implications in the design and use of MOFs in optoelectronics [START_REF] Stavila | MOF-based electronic and opto-electronic devices[END_REF].

The ambiguous claims found in literature of a semiconducting behavior established using KS PBE and the agreement with the experimental optical gap are here discussed and clarified. The insulating character is not surprising for MOF-5, where the frontier states are highly localized on the ligand molecules. The highly localized nature of the exciton coupled with the low screening by the MOF environment yield strongly bound electron-hole pairs. The almost 50% difference between the fundamental and the optical gap indicates that the use of UV-Vis spectroscopy for determination of electronic band gaps in complex materials such as MOFs is highly questionable.

Direct and inverse photoemission spectroscopy should be employed to study charged excitations and provide the electron removal or addition energies that we compute using GW . We are confident that future experiments of this kind will confirm our results.

Supplementary information 6.3.1 Computational details

Periodic calculations

The geometries of the MOF are optimized using the rev-vdW-DF2 functional [START_REF] Hamada | van der waals density functional made accurate[END_REF]. Kinetic energy cut-off of 90 Ry and 360 Ry is used for truncation of basis set representing Kohn-Sham orbitals and Kohn-Sham charge density respectively. Reciprocal space is sampled using Γ point only which is found to be sufficient in absence of band dispersion.

A total 2000 KS states including the 366 valence states are considered for the calculation of dielectric screening. To build the BSE Hamiltonian, 96 occupied and 96 unoccupied states are used. Only the resonant coupling between the electron and hole is considered for the BSE.

For reduction of the computational expense of BSE/GW calculations, the plane-waves basis used at different steps in BSE and GW are truncated at lower kinetic energy cut-offs than the cut-off used for DFT. Details of the these truncation parameters are provided in table 6.3 of the supplementary information (SI). Bruneval-Gonze terminator is used to speed-up the convergence of correlation part of the GW self-energy with respect to sum over the number of unoccupied states [START_REF] Bruneval | Accurate GW self-energies in a plane-wave basis using only a few empty states: Towards large systems[END_REF].

Fragment and ligand calculations

The correlation-consistent basis sets aug-cc-pVTZ and aug-cc-pVDZ [START_REF] Dunning | Gaussian basis sets for use in correlated molecular calculations. i. the atoms boron through neon and hydrogen[END_REF][START_REF] Woon | Gaussian basis sets for use in correlated molecular calculations. iii. the atoms aluminum through argon[END_REF] are used for BDC ligand and fragment A, respectively. For fragment B, smaller minimally augmented maug-cc- pVDZ [START_REF] Papajak | Efficient diffuse basis sets: cc-pVxZ+ and maug-cc-pVxZ[END_REF] basis set is used for H, C and O atoms, while LANL2DZ effective core potential (ECP) and the corresponding basis set is used for Zn [START_REF] Roy | Revised basis sets for the lanl effective core potentials[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculations. potentials for the transition metal atoms Sc to Hg[END_REF].

The BSE/GW calculations for fragments are performed using Fiesta program [START_REF] Blase | Charge-transfer excitations in molecular donor-acceptor complexes within the many-body Bethe-Salpeter approach[END_REF][START_REF] Blase | First-principles GW calculations for fullerenes, porphyrins, phtalocyanine, and other molecules of interest for organic photovoltaic applications[END_REF].

The frequency dependence of the dielectric screening is explicitly calculated, unlike the Yambo calculations. The contour deformation technique in conjunction with the Coulomb-fitting resolution of identity (RI-V) with Weigend Coulomb fitting auxiliary basis is used for integration over frequencies to calculate the GW self-energy Σ(r, r , E). In case of fragment models A and B, the GW description does not include the dielectric screening offered by the MOF environment. The GW band gap is corrected a posteriori using a QM/MM (Quantum Mechanics/Molecular Mechanics) approach. The MM part is modeled, simply, as a cubic lattice of pseudo-atoms which are assigned the atomic polarizability computed from the zero-frequency optical dielectric constant (ε opt or square of the refractive index = 1.27) of periodic MOF-5 as obtained from Yambo BSE calculations. The reaction-field matrix χ M M which describes the screening by the MM part is computed within classical electrostatics using the MESCAL code [START_REF] D'avino | Electronic polarization in organic crystals: A comparative study of induced dipoles and intramolecular charge redistribution schemes[END_REF]. This screening from the environment is added to the screened Coulomb potential W as follows: ṽ = v + vχ M M v (6.1)

W e = ṽ + ṽχ 0 W (6.2)

where χ 0 is the independent-particle susceptibility, v is the bare Coulomb potential which is dressed (i.e. ṽ) by the environment reaction field [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF][START_REF] Li | Combining the many-body gw formalism with classical polarizable models: Insights on the electronic structure of molecular solids[END_REF], and thus W e is the screened Coulomb potential incorporating the screening from the MM part. The correction to the GW band gap is then calculated using ∆COHSEX approach [START_REF] Duchemin | Combining the gw formalism with the polarizable continuum model: A state-specific non-equilibrium approach[END_REF] (i.e. COHSEX stands for Coulomb-Hole screened exchange) which gives the difference between the COHSEX self-energy calculated with and without the MM screening. Practically, first the evGW eigenvalues are calculated in gas phase and then the ∆COHSEX correction is added as follows to account for environmental effect: ε KS (eV)

DFT G 0 W 0 G 1 W 1 G 2 W 2
ε GW (eV)

E G3W3 g = 8
.12 E KS g = 3.56 

DFT G 0 W 0 G 1 W 1 G 2 W 2 G 3 W 3

Conclusions and perspectives

At the beginning of the doctoral project, there were many new experimental works on azobenzene functionalized metal-organic frameworks (MOFs) demonstrating light-tunable gas uptake.

However, the microscopic mechanisms underlying this tunable gas uptake and the optical properties of the azobenzene functionalized MOFs were not well understood. The thesis work presented here attempts to probe these materials using ab initio computational methods and gain insights into their physical properties relevant to light-tunable gas uptake.

The central themes of my work are (1) the description of the microscopic mechanism of experimentally reported light-tunable CO 2 uptake in azobenzene functionalized MOF PCN-123 and (2) a thorough characterization of the electronic structure and optical spectra of this MOF to guide future design towards its efficient use for carbon capture. For better understanding of (1) and (2), I also investigated the optical excitations of azobenzene derivatives and electronic structure and excitations of MOF-5, a paradigmatic MOF widely studied in literature. For this, I have used density functional theory (DFT) and many-body perturbation theory (MBPT).

Chapter 3 presents a computational study of the reversible uptake of CO 2 in azobenzene functionalized PCN-123 MOF using DFT and classical simulations. The study shows that the principal mechanism behind the light-tunable reversible change in CO 2 uptake in PCN-123 is the blocking and un-blocking of the metal node, a prominent adsorption site of CO 2 , by azobenzene functionalization in cis and trans configuration, respectively. The consideration of the two different chiral geometries of cis azobenzene is found to be crucial. The symmetry breaking of the azobenzene molecule in the MOF results in an additional stabilization of one of the chiralities of cis through strong van-der-Waals interaction of the pendant benzene ring with the metal node. With this insight, a computational screening of different compositions of the metal-node is performed to suggest MOFs with possible superior performance in terms of the working capacity of gas capture.

The photoisomerization of azobenzene can bring about different changes in properties of azobenzene-functionalized MOFs such as change in pore size, change in the dipole moment of azobenzene moiety, blocking/unblocking of diffusion channels and blocking/unblocking of adsorption site. In principle, for each distinct azobenzene functionalized MOF, the role of each of these (and other) properties in alteration of the CO 2 uptake should be assessed. Although the study presented in chapter 3 focuses only on two different MOFs, i.e. PCN-123 and Cu 2 (AzoBPDC) 2 (AzoBiPyB), one can expect that the phenomenon of metal-node blocking may play key role in many other azobenzene functionalized MOFs because the van-der-Waals interaction between the metal-node and the pendant benzene of azobenzene will consistently stabilize the configuration of azobenzene near to the metal node resulting in a blocking effect for gas uptake. The obvious exceptions where this mechanism will take a back-seat are the azobenzene functionalized MOFs in which the azobenzene cannot closely approach the metal node, and the case of large gas molecules which cannot properly adsorb at the metal node because of steric hindrance [START_REF] Wang | Photoswitchable adsorption in metalorganic frameworks based on polar guest-host interactions[END_REF].

The work presented in chapter 4 concerns devising of a practical computational method for the accurate calculation of the n → π * excitation energy of solvated azobenzene derivatives in order to set the ground for the study of the optical properties of the azobenzene-functionalized MOFs. A strong dependence on the DFT starting point for BSE/evGW excitation energies has been reported in literature for n → π * excitations [START_REF] Jacquemin | Is the Bethe-Salpeter formalism accurate for excitation energies? Comparisons with TD-DFT, CASPT2, and EOM-CCSD[END_REF][START_REF] Azarias | Calculations of n → π * transition energies: Comparisons between TD-DFT, ADC, CC, CASPT2, and BSE/GW descriptions[END_REF]. In case of azobenzene, the origin of such dependence is the change in the shape of non-bonding n orbital subject to change in functional (fig. 4.9). This is also reflected in the exceptionally large variation in n → π * excitation energy and oscillator strength of cis and trans azobenzene, calculated using BSE (fig.

4.2)

. Tuning the fraction of exact exchange in global hybrid functionals to fulfil the condition of the DFT ionization potential (IP) is found to be an effective strategy to accurately calculate the experimentally reported excitation energies, within BSE/evGW . The tuning of the highest occupied n orbital can be interpreted as an imposition on the DFT functional which recovers the correct asymptotic decay of Kohn-Sham density which is dominated by the decay of the highest occupied orbital. The extension of this method to the case of solvated molecules required consideration of the renormalization of the electronic gap while tuning the DFT functional. The presence of the dielectric environment was found to have an effect on the appropriate choice of the DFT functional. Finally, the environment consistent IP-tuned BSE predicted the n → π * excitation energies of 20 azobenzene derivatives and its separation between cis and trans isomers with excellent accuracy when compared with experimental data.

As the system of the solvated azobenzene derivatives may be seen as analogous to the system of molecular fragment of azobenzene functionalized MOF screened by the MOF milieu, the study presented in this chapter served as a pilot study for the BSE/evGW methods used later for azobenzene functionalized MOF PCN-123. The method of IP-tuning of DFT functional, employed here, for accurate calculation of n → π * excitation energies using BSE/GW can possibly be used for azobenzene and other organic molecules with n → π * excitations in complex environments such as biochemical systems and molecular assemblies, provided that the environmental screening is properly taken into account. IP-tuning can also be thought to make the highest occupied Kohn-Sham orbital consistent with the MBPT, as the orbital assumes the GW electron removal energy. Since such tuning does not necessarily make other occupied and unoccupied orbitals consistent with MBPT, we do not expect that the tuning of the highest occupied Kohn-Sham orbital can guarantee an accurate BSE/evGW spectra. In the case of azobenzene, the tuning is successful because recovering the correct asymptotic decay of the n orbital is incidentally more important for the spectra. Further investigations of the large functional dependence of the n → π * excitation are on going.

The BSE/GW study of the optical excitations of the azobenzene functionalized PCN-123 MOF is presented in chapter 5. It is shown that the frontier electronic structure and the lowenergy (upto 5 eV) optical spectra of PCN-123 is dominated by azobenzene functionalization, a finding consistent with many experiments. It is demonstrated that molecular fragments of the MOF can be adequate for the description of low-energy optical spectra dominated by the ligand. Such a comparison of BSE/GW spectra of fragments of increasing size with the periodic MOF was not reported in literature before, and will be useful for the evaluation of fragment models for description of ligand centered excitations in other MOFs.

In the calculated BSE spectra, the optical bands of the key azobenzene excitations, n → π * and π → π * , undergo considerable blueshift in PCN-123, relative to their positions in azobenzene spectra. The BSE/GW results suggest that the absorption in visible range by cis isomer is relatively higher in PCN-123 MOF as compared to the molecular azobenzene. This is very promising for achieving efficient two-way photoswitching since cis to trans isomerization is known for sluggish and incomplete isomerization.

In the proof-of-concept experimental studies on azobenzene functionalized MOFs, the choice of the light used for irradiating azobenzene does not, typically, correspond to absorption maxima. The time-scales associated with achievement of significant photoswitching yield, therefore, can be large (tens of minutes to hours) [45,[START_REF] Wang | Tunable molecular separation by nanoporous membranes[END_REF]. The computational framework employed here can be useful for an efficient but quantitative calculation of the optical spectra of azobenzene functionalizations in photoresponsive MOFs, and may assist to choose the energy of irradiation corresponding to absorption maxima for faster kinetics and larger yields of photoswitching.

The initial intention of calculation of the BSE/GW spectra of periodic MOF-5 was to assess the results obtained from MBPT methods by comparing them with experimental band gap and spectra of MOF-5, since no experimental optical spectra are available for PCN-123. The calculated BSE spectra are found to be in an excellent agreement with experiment [START_REF] Rathnayake | Analytical approach to screen semiconducting MOFs using bloch mode analysis and spectroscopic measurements[END_REF]. Furthermore, the calculation of the GW electronic structure and BSE optical spectra of the iconic MOF-5 has resolved many inconsistencies in literature regarding the reported semiconductor behavior of MOF-5 with < 4 eV band gap [START_REF] Bordiga | Electronic and vibrational properties of a MOF-5 metal-organic framework: ZnO quantum dot behaviour[END_REF][START_REF] Alvaro | Semiconductor behavior of a metal-organic framework (MOF)[END_REF][START_REF] Tachikawa | Photoinduced charge-transfer processes on MOF-5 nanoparticles: Elucidating differences between metal-organic frameworks and semiconductor metal oxides[END_REF][START_REF] Lin | In silico screening of carbon-capture materials[END_REF][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]. A difference of ∼ 3.5 eV between the large insulating GW gap of 8 eV and the BSE optical gap of 4.5 eV points to the presence of strongly bound excitons in MOF-5. In this light of, it is clear that MOF-5 is not a semiconductor as reported in literature. The energy gap estimated from optical measurements, i.e. the optical gap, was erroneously assumed to be the electronic band gap. Consequently, the DFT gap of 3.6 eV [START_REF] Pham | Engineering of band gap in metal-organic frameworks by functionalizing organic linker: A systematic density functional theory investigation[END_REF] calculated using the PBE semilocal exchange-correlation approximation was thought to be in agreement with the experimental band gap. This was puzzling given that PBE functional is known for yielding a Kohn-Sham gap which is lower than the fundamental gap by typically by 50%. This ambiguity is resolved since the PBE gap is not in agreement with the large GW gap and underestimates it.

The high excitonic binding of the excitons localized on the organic ligands (benzenedicarboxylate) of MOF-5 is not surprising considering that: (1) the dielectric screening in MOFs is very low and (2) the excitations in stand-alone organic linker molecules are known to feature strong excitonic bindings. Nonetheless, the MBPT results have strong implications since the distinction between the fundamental gap and the optical gap MOFs is seldom made in the literature. The strong excitonic binding in MOF-5 also raises questions over the estimations of semiconductor-like band gaps of many MOFs determined using optical measurements. This makes the proposed opto-electronic applications of MOFs uncertain. The MBPT results point to the need of photoemission and inverse-photoemission experiments on MOFs to determine their correct fundamental gaps.

The thesis work indicates that many-body perturbation theory methods can be very useful for gaining physical insights and for quantitative estimation of electronic structure of complex materials such as metal-organic frameworks.

(

  IP) de la DFT et de la GW soient adaptés à la réalisation du théorème du potentiel d'ionisation (IP) de la DFT. Le réglage du potentiel d'ionisation couplé à l'intégration en non-équilibre à l'BSE/GW permet d'obtenir des énergies d'excitation très précises et des séparations de bandes cis-trans d'une série de dérivés de l'azobenzène. Les spectres BSE/GW du MOF PCN-123 avec des configurations cis ou trans sont calculés à l'aide des modèles périodiques et moléculaires en utilisant le point de départ de la DFT semi-locale. Dans le régime de basse énergie, le visible, le proche UV et le moyen UV, les excitations optiques du MOF fonctionnalisé par l'azobenzène sont associées à l'azobenzène. Dans le régime de basse énergie, les spectres BSE/GW des modèles moléculaires intégrés des MOF sont en accord raisonnable avec ceux des MOF périodiques, ce qui permet d'estimer à moindre coût les spectres optiques des MOF fonctionnalisés par des ligands. L'utilisation des méthodes MBPT permet également une estimation quantitative des énergies d'addition et d'élimination des électrons pour les MOF. Le MOF-5, le MOF parent du PCN-123, était auparavant considéré comme un semi-conducteur par plusieurs études informatiques et expérimentales. Les calculs GW /BSE effectués ici suggèrent qu'il s'agit d'un isolant à large gap (8 eV) avec ses excitations optiques présentant de fortes liaisons excitoniques de plus de 3 eVs. Dans l'ensemble, la thèse jette une nouvelle lumière sur les excitations chargées et neutres dans les MOF fonctionnalisés à l'azobenzène, suggérant de nouvelles stratégies de calcul efficaces et précises.
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 11 Figure 1.1: Diagrammatic representation of the life-cycle chain of fossil fuel use. CO 2 separation
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 12 Figure 1.2: A schematic of carbon capture process using porous adsorbents (a), schematic of the adsorption isotherms of CO 2 in one cycle of carbon capture (b).
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 13 Figure 1.3: (a) A schematic of MOF and its subunits , (b) four different MOFs corresponding

Figure 1 . 4 :Figure 1 . 5 :

 1415 Figure 1.4: Illustration of azobenzene isomerization from trans (left) to cis configuration and vice-versa. Colour code as follows, C: gray, N: blue, H: white.
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 16 Figure 1.6: Schematic illustration of tunable, remote-controllable molecular selectivity by a photoswitchable MOF membrane. The molecular feed mixture (left-hand side), where the molecules are depicted in red and blue, is separated by the nanoporous membrane. The molecular separation factor, giving the composition of the permeation flux (right-hand side), can be continuously tuned by light irradiation. Figure and caption taken from ref. [48] distributed under Creative Commons Attribution 4.0.

  fig.1.7). Though the debate about the isomerization mechanism is ongoing, the more recent studies suggest that both the rotation and inversion motions contribute to the isomerization mechanisms, rotation being the more dominant[START_REF] Tan | Fast photodynamics of azobenzene probed by scanning excited-state potential energy surfaces using slow spectroscopy[END_REF][START_REF] Conti | The different photoisomerization efficiency of azobenzene in the lowest nπ* and ππ* singlets: the role of a phantom state[END_REF].
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 17 Figure 1.7: Key motions involved in azobenzene photoisomerization as per mechanisms proposed in literature. Figure taken from ref. [57] distributed under Creative Commons Attribution 4.0.
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 18 Figure 1.8: Ground and excited state potential energy surfaces of azobenzene molecule along change in CNNC dihedral angles computed in this thesis using CASSCF/CASPT2 method (basis: cc-pVTZ) and in agreement with previous studies by Gagliardi and coworkers [66, 67].
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 19 Figure 1.9: Optical spectra of cis and trans azobenzene in methanol solution (data taken from
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 110 Figure 1.10: Illustration of isomerization of ortho-fluoro azobenzenes using green and blue light (left). The well separated absorption peaks of n → π * excitations of cis and trans isomers.
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  Figure reproduced from ref. [77].
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 111 Figure 1.11: Illustration of the metal-node blocking effect by cis isomer in photoresponsive azobenzene functionalized PCN-123 MOF (left), the ligand and metal-node are shown using gray and magenta colors resp. ; adsorption isotherms to structures of cis and trans PCN-123 computed using classical molecular simulations (right) by our collaborators Lin et al. at The Ohio State University. Fig. taken from graphic table of contents of ref. [82], a publication based on the work performed during this thesis.

  of periodic and fragment models of PCN-123 MOF. Rigorous analysis of the PCN-123 spectra is presented by characterizing the associated excitons. The computationally inexpensive fragment models are compared with the periodic calculations to asses their validity for description of the optical spectra. Optimized hybrid DFT exchange-correlation functional fulfilling ionization potential (IP) theorem is used for accurate calculation of the BSE spectra. The BSE spectra calculated with the optimized hybrid functional and the semilocal Perdew-Burke-Ernzerhof (PBE) functional are compared to gauge the effect of orbital tuning on the BSE spectra of PCN-123. Finally, the PCN-123 spectra is compared with azobenzene spectra to draw important conclusions and perspectives regarding optical absorption by azobenzene anchored to the MOF.The work presented in chapter 6 sheds new light on the electronic structure and the optical spectra of paradigmatic, first ever synthesized metal-organic framework: MOF-5. MOF-5 is also the parent MOF of PCN-123. MOF-5 has been described as a semiconductor in earlier computational and experimental studies. MBPT methods are used to calculate the quasiparticle electronic structure and the optical spectra to show that MOF-5 is an insulator with a large band gap and its optical excitations feature strong excitonic binding of several eVs. The chapter also discusses in detail questionable interpretations of past experiments estimating band gap of MOF-5 and the implications of the MBPT results for the entire MOF family of materials.
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 21 Figure 2.1: A schematic of a hole-quasiparticle formed by ejection of electron.

  's function obtained by plugging {f n , n } calculated from Hartree-Fock into equation 2.29. The GW approximation, thus, improves upon the Hartree-Fock picture in two ways: (1) the propagation of electrons happens in a fullly interacting system and (2) the Coulomb interactions among the electrons are screened. Practice For calculation of G, a guess of the quasiparticle single-particle wavefunctions and corresponding energies is required. Kohn-Sham orbitals and eigenvalues {φ KS n , KS n } serve reasonably as an input for the GW calculation. The eigenvalues in Kohn-Sham already show resemblance to the ionization potentials or the electron removal energies as discussed earlier. Replacing the Lehman amplitudes and electron addition removal energies {f n , n } in equation 2.29 by the Kohn-Sham {φ KS n , KS n } yields the Green's function G. The susceptibility χ for calculation of the screened Coulomb potential W is built from the Kohn-Sham independent electron susceptibility χ 0 within the random phase approximation (RPA), by solving the Dyson equation given as:

  L 0(1,[START_REF] Rogelj | Scenarios towards limiting global mean temperature increase below 1.5 °C[END_REF][START_REF] Metz | Carbon dioxide capture and storage[END_REF] 4) is the four-point susceptibility given by product of interacting Green functions of two particles which do not see each other (L 0 (1, 2, 3, 4) = G(1, 4)G(2, 3)). In the second term, iΞ[START_REF]CCUS in clean energy transitions[END_REF][START_REF] Haszeldine | Carbon capture and storage: How green can black be?[END_REF][START_REF] Rochelle | Amine scrubbing for CO 2 capture[END_REF] 8) is the BSE kernel given by: iΞ(5, 6, 7, 8) = v(5, 7)δ[START_REF]CCUS in clean energy transitions[END_REF][START_REF] Haszeldine | Carbon capture and storage: How green can black be?[END_REF]δ(7, 8) + i δΣ(5, 6) δG(7, 8) (2.45)
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 22 Figure 2.2: A schematic of a discrete QM/MM scheme used at GW and BSE level.
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  .1 b), whereas the second angle, NNCC, describes the torsion of the free phenyl ring alone with respect to the rest of the molecule (pink arrow in Figure 3.1 b). The tPES computed for cis as a function of the CCNN and NNCC angles in the [180-360]°r ange is reported in Figure 3.1. A symmetric PES is expected for CCNN and NNCC within the [0-180]°range. The double-lobe-shaped PES computed in gas phase as shown in Figure 3.1 a reflects the chirality of the cis isomer (the two chiralities are shown in the insets of Figure 3.1 a). Note that because the fully optimized cis configuration is employed to compute the

Figure 3 . 1 :

 31 Figure 3.1: Torsional potential energy surface (tPES) of the cis azo-molecule computed as a function of the CCNN and NNCC dihedral angles (a) in the gas phase and (c) within the MOF-5 framework in the [0-30 eV] range. The pink and blue arrows in (b) illustrate the two dihedral angles in the conformation trans for clarity. Although the two lobes represent the same structures with different chiralities in the gas phase [see the insets in (a)], within the MOF these correspond to two different geometries that are denoted as cis 1 and cis 2. The fully relaxed structures for cis 1 and cis 2 are shown in (d). Color code: Zn: purple; C: grey; O: red; H: white; N: blue.

Figure 3 . 2 :

 32 Figure 3.2: Comparison between the simulated and experimental[45] isotherms for the trans and cis conformations of PCN-123 at 295 K. A linear fit to the low-pressure region of the cis experimental isotherm is included as a better reference, as described in the text. The experimental CO 2 adsorption isotherm[START_REF] Walton | Understanding inflections and steps in carbon dioxide adsorption isotherms in metal-organic frameworks[END_REF] in MOF-5 at 298 K is also included.

Cu 2 (Figure 3 . 3 :

 233 Figure 3.3: Density maps of CO 2 in (a) MOF-5, (b) cis PCN-123 (in cis 2), (c) Cu 2 (AzoBPDC) 2 (AzoBiPyB) and (d) cis Cu 2 (AzoBPDC) 2 (AzoBiPyB) (also in cis 2) calculated using NVT simulations with one CO 2 molecule inside the structure (xy plane). The color bar represents the relative probability of finding CO 2 at a given position. Warmer colors represent more favorable adsorption sites. For better visualization, the color bar range is [0-1.2] and [0.02-1.0] in the upper and lower panels, respectively. Color code: Zn: purple; C: grey; O: red; H: white; N: blue.

  Figure 3.33 (Supporting Information) illustrates the strong correlation between the uptake change and the polarizability of alkane guest molecules.

Figure 3 .

 3 3 c and d clearly illustrates the decrease in adsorption due to metal node-blocking by cis. On the contrary, the isomerization of the ligand along the z axis negligibly affects the adsorption due to the larger length of the ligand and longer distance of the free phenyl from the neighboring Cu 2 O 8 node (see the Supporting Information, section 3.3.10, for more details). We note that a recent experimental work also demonstrated the

Figure 3 . 4 :

 34 Figure 3.4: (a)Relative CO 2 uptake difference in PCN-123 as a function of the azobenzene density and pressure. (b) CO 2 uptake difference in PCN-123 and Mg-PCN-123 at 1 bar and 300 K.
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 31535 Figure 3.5: Comparison of experimental CO 2 adsorption isotherms in trans and cis forms of PCN-123[45] at 295 K and that of MOF-5[147] at 298 K.

  Ry and 400 Ry, respectively. The geometrical optimizations were performed until the forces on atoms are less then 3 meV/ Å and the stress less than 0.015 kbar. Binding energies are computed by placing a single CO 2 molecule inside the primitive cells of the MOF. With PWSCF we use the formula of E(MOF+CO 2 )-E(MOF)-E(CO 2 ), where the E(CO 2 ) is computed by placing the gas molecule inside the same unit cell and location used for MOF+CO 2 . This allows to remove the spurial contribution from periodic images to the CO 2 binding energy. With SIESTA, as explained above, we adopt the counterpoise correction and each binding energy calculation is the result of 7 total energy calculations and 2 of which include ghost orbitals.

Figure 3 . 6 :

 36 Figure 3.6: The comparison of the measured[147] and GCMC-simulated CO 2 adsorption isotherms in MOF-5 at 298 K.

Figure 3 . 7 :

 37 Figure 3.7: The comparison between the GCMC-simulated CO 2 isotherms using the scaled DREIDING force field parameters (15% reduction in ε and 5% reduction in σ) and the experimental isotherm (measured after the first heating)1 in trans PCN-123 at 295 K.

  in PCN-123, a shallow potential was also found. For this reason the effect of the neighbouring framework results in the appearance of three local minima with very different configurations and with no planarity of the azobenzene molecule. A full geometric optimization allowed to identify the global minimum which is reported in the lower lower right panel of Figure3.9 and which is used to build the fully functionalized PCN-123. The yellow diamond symbol in the tPES (Figure3.9) indicates the torsional angles of the geometry found at the relaxed global minimum geometry. The two other local minima were found to be approximately 80 and 70 meV higher in energy.

Figure 3 . 8 :

 38 Figure 3.8: The comparison of CO 2 interaction energies computed using REPEAT-determined charges and connectivity-based charges for 100 randomly selected CO 2 configurations in cis PCN-123 with 4 azobenzene molecules.

Figure 3 . 9 :

 39 Figure 3.9: Torsional potential energy surface of trans azobenzene in (a) gas phase and (c) anchored in PCN-123. The right vertical bar shows the energy scale in eV. Panel (b) illustrates the dihedral angles CCNN (blue arrow) and NNCC (pink arrow) varied for the calculation of the PES. Panel (d) shows the optimized geometry of the global minimum found in the tPES of trans PCN-123 which corresponds to the yellow diamond of panel (c).

Figure 3 . 10 :

 310 Figure 3.10: Torsional potential energy surface computed based on a geometry fully optimized in the cis 1 configuration. Energy scale in eV.

Figure 3 . 11 :

 311 Figure 3.11: Torsional potential energy surface computed using (a) PBE and (b) vdW-DF2 functional. A larger energy difference between cis 1 and cis 2 was found when dispersive interactionswere included.

1 and cis 2 ,

 2 in PCN-123 and Mg-PCN-123, respectively, as shown in Figure3.12. For clarity, PCN-123 is denoted as Zn-PCN-123 in Figure3.12. Considering the high-energy difference between cis 1 and cis 2 and the relatively small energy barrier, one can expect most azobenzene molecules being in cis 2 configuration after light treatment.

Figure 3 . 12 :

 312 Figure 3.12: NEB calculations reveal the existence of an energy barrier of 0.086 eV (0.080 eV) from cis 1 to cis 2 and 0.188 (0.170) eV from cis 2 to cis 1 for Zn-PCN-123 (Mg-PCN-123).
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 34533 Figure 3.13: (a) Illustration of a Zn 4 O metal node in MOF-5. (b) Two distinct types of faces: ZnO 3 and Zn 3 O. Each metal node contains four Zn 3 O faces and four ZnO 3 faces. Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white.

Figure 3 . 14 :Figure 3 . 15 :

 314315 Figure 3.14: The density map of CO 2 in MOF-5 at 295 K. The Zn 3 O and ZnO 3 faces are high-lighted by a red circle and a black circle, respectively. The color bar represents the relative probability of finding the carbon atom of CO 2 molecules at a given position on the x-y plane, and warmer colors represent more favorable adsorption sites. Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white.
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 35 Optimized trans PCN-123 and cis PCN-123 structures

Figures 3 .

 3 Figures 3.16 and 3.17 respectively show the optimized structures of trans PCN-123 and cis PCN-123. These are fully functionalized materials with 24 azobenzene molecules per unit cell (i.e., 712 atoms per unit cell).

Figure 3 . 16 :

 316 Figure 3.16: The fully optimized structure of trans PCN-123 with views (a) along (100) and (b) along (110). Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white; N atoms: blue.

Figure 3 . 17 :

 317 Figure 3.17: The fully optimized structure of cis PCN-123 (cis 2) with views (a) along (100) and(b) along (110). Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white; N atoms: blue.
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 361233 Figure 3.18 shows the density maps of CO 2 in cis 1 PCN-123 and cis 2 PCN-123. As discussed in the article, in contrast to the density map of PCN-123 with cis 1 configurations shown inFigure S6-1(a), the blocking of the stronger binding Zn3O face can be clearly seen for cis 2 PCN-

Figure 3 . 18 :

 318 Figure 3.18: The density maps of CO 2 molecules in PCN-123 with (a) cis 1 and (b) cis 2 configurations at 295 K. The color bar represents the relative probability of finding the CO 2 molecule located at a given position. Warmer colors represent more favorable adsorption sites, whereas white color indicate inaccessible regions. Color code -Zn atoms: purple; C atoms: grey; O atoms:red; H atoms: white; N atoms: blue.

  3 O faces. Two different views of the density maps in trans PCN-123 are given in Figures 3.20

Figure 3 . 19 :

 319 Figure 3.19: The density map of CO 2 molecules in cis PCN-123 (all azobenzene molecules are in cis 2 configurations) at 295 K. The color bar reflects the relative probability of finding a CO 2 molecule at a given position, with warmer colors representing more favorable adsorption sites.The region highlighted as #1 illustrates the blocking of the Zn 3 O faces, and regions of #2 and #3 indicate the enhanced adsorption by the proximity of cis molecules. The adsorption of CO 2 at metal nodes becomes more favorable due to the additional interactions from proximate cis molecules(#2), while #3 represents the adsorption enhancement by a special arrangement of two approaching cis molecules. Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white; N atoms: blue.

Figure 3 . 20 :

 320 Figure 3.20: The density map of CO 2 molecules in trans PCN-123 (all azobenzene molecules are exclusively in trans configurations) at 295 K. The color bar reflects the relative probability of finding a CO 2 molecule at a given position, with warmer colors representing more favorable adsorption sites. The region highlighted as #2 illustrates the enhanced CO 2 adsorption at the Zn 3 O faces. Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white; N atoms:blue.

# 4 Figure 3 . 21 :

 4321 Figure 3.21: The density map of CO 2 molecules in trans PCN-123 (all azobenzene molecule sare exclusively at trans configurations) at 295 K. The color bar reflects the probability of finding a CO 2 molecule at a given position, with warmer colors representing more favorable adsorption sites. The region highlighted as #4 demonstrates that trans molecules block the ZnO 3 faces, leading to inaccessible adsorption sites. Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white; N atoms: blue.

Figure 3 . 22 :

 322 Figure 3.22: Adsorption isotherms of CO 2 in trans and cis PCN-123 with the Coulombic interactions included (red symbols) and excluded (black symbols). The corresponding uptake difference in percentage is also given for each case.

Figure 3 . 23 :

 323 Figure 3.23: Binding geometry of CO 2 adsorbed in (a) MOF-5 and (b) trans PCN-123. The distances between two oxygen atoms of CO 2 at the binding location and the closest metal atom are given in both MOF-5 and trans PCN-123. The distance between the closest O(CO 2 ) and N(azobenzene molecule) in trans PCN-123 is also shown. Color code -Zn atoms: purple; C atoms:grey; O atoms: red; H atoms: white; N atoms: blue.
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 324 Figure 3.24: Isosteric heats of adsorption for CO 2 computed by GCMC simulations in trans PCN-123, cis PCN-123, and MOF-5 as a function of pressure.

Figure 3 . 25 :

 325 Figure 3.25: The density map of methane (CH 4 ) in (a) bare MOF-5, (b) in cis PCN-123, and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding the carbon atom of methane molecules at a given position.

Figure 3 . 26 :

 326 Figure 3.26: The density map of ethane (C 2 H 6 ) in (a) bare MOF-5, (b) in cis PCN-123, and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding ethane molecules at a given position (i.e., center position of two carbon atoms).

Figure 3 . 27 :

 327 Figure 3.27: The density map of propane (C 3 H 8 ) in (a) bare MOF-5, (b) in cis PCN-123, and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding propane molecules at a given position (i.e., position of the central carbon atom).

Figure 3 . 28 :

 328 Figure 3.28: The density map of n-butane (C 4 H 1 0) in (a) bare MOF-5, (b) in cis PCN-123, and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding n-butane molecules at a given position (i.e., center position of two central carbon atoms).

Figure 3 . 29 :

 329 Figure 3.29: The density map of n-pentane (C 5 H 1 2) in (a) bare MOF-5, (b) in cis PCN-123, and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding n-pentane molecules at a given position (i.e., position of the central carbon atom).

Figure 3 . 30 :

 330 Figure 3.30: The density map of carbon monoxide (CO) in (a) bare MOF-5, (b) in cis PCN-123,and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding carbon monoxide molecules at a given position (i.e.,position of the carbon atom).

Figure 3 . 31 :

 331 Figure 3.31: The density map of hydrogen sulfide (H2S) in (a) bare MOF-5, (b) in cis PCN-123,and in (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding hydrogen sulfide molecules at a given position (i.e.,position of the sulfur atom).

Figure 3 . 32 :

 332 Figure 3.32: The density map of sulfur dioxide (SO 2 ) in (a) bare MOF-5, (b) in cis PCN-123, andin (c) in trans PCN-123 computed at 295 K (projection onto the x-y plane). The color bar represents the relative probability of finding sulfur dioxide molecules at a given position (i.e., position of the sulfur atom).

Figure 3 . 33 :

 333 Figure 3.33: Isosteric heats of adsorption for CO 2 computed by GCMC simulations in trans PCN-123, cis PCN-123, and MOF-5 as a function of pressure.

Figure 3 .

 3 [START_REF] Anderson | Role of pore chemistry and topology in the CO 2 capture capabilities of MOFs: From molecular simulation to machine learning[END_REF] shows the node blocking mechanism by cis 1 and cis 2 in the fully functionalized Cu 2 (AzoBPDC) 2 (AzoBiPyB).

Figure 3 . 34 :

 334 Figure 3.34: The fully optimized structure of cis 1 and cis 2 of Cu 2 (AzoBPDC) 2 (AzoBiPyB) MOF. Ligand along the z direction. Color code -Cu atoms: light orange; C atoms: grey; O atoms:red; H atoms: white; N atoms: blue.
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 32 Figure 3.35: Adsorption isotherms computed for fully functionalized Cu 2 (AzoBPDC) 2 (AzoBiPyB), for trans and cis configurations.

Figure 3 . 36 :

 336 Figure 3.36: The density map of CO 2 in (a) bare Cu 2 (BPDC) 2 (BiPyB) MOF and (b) in cis Cu 2 (AzoBPDC) 2 (AzoBiPyB) computed at 295 K (projection onto the x-y plane). Both cis 1 and cis 2 are inserted in the ligands of the plane. The color bar represents the relative probability of finding the carbon atom of CO 2 molecules at a given position, and warmer colors represent more favorable adsorption sites. The free phenyl ring prevents adsorption at the metal node in both cases. Some enhancement of adsorption is found on the faces that are not closed by phenyl rings due to a structural distortion. Color code -Cu atoms: orange; C atoms: grey; O atoms: red; H atoms: white.

Figure 3 . 37 :

 337 Figure 3.37: Illustration of the ligand rotation in trans PCN-123 defined by the dihedral angle OCCC (green arrow). Color code -Zn atoms: purple; C atoms: grey; O atoms: red; H atoms: white.

Figure 3 .

 3 Figure 3.38: DFT-vdW-DF2 energy versus ligand rotation for MOF-5 (upper left panel), cis PCN-123 (upper right panel), and trans PCN-123 (lower panel).

Figure 3 . 39 :

 339 Figure 3.39: Illustration of the twisting angle between the two phenyl rings (orange arrow) and the whole ligand rotation in cis 1 Cu 2 (BPDC) 2 (AzoBiPyB) defined by the dihedral angle OCCC. Color code -Cu atoms: orange; C atoms: grey; O atoms: red; H atoms: white.

Figure 3 . 40 :

 340 Figure 3.40: Upper panels: DFT-vdW-DF2 energy versus twisting angle between the two phenyl rings of the x-y ligand (left) and as function of the rotation of the whole ligand around the axis passing through the C-C bond (right). Lower panel: Energy versus ligand rotation for cis 1.
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 41 Figure 4.1: Workflow of the non-equilibrium embedded BSE/GW scheme adopted in this work.

Figure 4 . 2 :

 42 Figure 4.2: Optical spectra of cis-AB in gas phase calculated with BSE/GW /DFT@PBEh(α), with α being the fraction of exact exchange. The spectra show a large dependence on DFT functional. E(S 1 ) increases by around 1 eV when α is increased from 0 to 0.75.
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 43 Figure 4.3: HOMO energy of AB-cis in gas and methanol-solvated phase as a function of α

  .u.) AB in methanol (expt.) GW g |DFT g @PBEh(α g ) GW e |DFT e @PBEh(α g ) GW e |DFT e @PBEh(α e ) in acetonitrile (expt.) GW g |DFT g @PBEh(α g ) GW e |DFT e @PBEh(α g ) GW e |DFT e @PBEh(α e )

Figure 4 . 4 :

 44 Figure 4.4: BSE optical spectra of 1-cis and 2-cis calculated with different embedding schemes.
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 1045 Figure 4.5: Schematic illustration of the AB derivatives studied in this work.
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 46 Figure 4.6: Experiment versus calculation comparison for the first excitation energy, E(S 1 ), of the AB derivatives in the solvated phase and MAEs. The experimental values[START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF][START_REF] Siewertsen | Superior Z→E and E→Z photoswitching dynamics of dihydrodibenzodiazocine, a bridged azobenzene, by s 1 (n-π * ) excitation at λ =387 and 490 nm[END_REF][START_REF] Beharry | Azobenzene photoswitching without ultraviolet light[END_REF][START_REF] Müller | Switching thin films of azobenzene-containing metal-organic frameworks with visible light[END_REF] 45] 

Figure 4 . 7 :

 47 Figure 4.7: BSE spectra of 1-trans in gas phase, calculated with different XCFs within the PBEh family.

Figure 4 . 8 :

 48 Figure 4.8: BSE spectra of 1-cis (upper figure) and 1-trans (lower figure) in gas phase, calculated with different XCFs within the M06 family.
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 2 (b) ψ α=0 2 -ψ α=0.25 2 (c) ψ α=0 2 -ψ α=0.5 2 (d) ψ α=0 2 -ψ α=0.75 2 

Figure 4 . 9 :

 49 Figure 4.9: (a) Isocontour plot (isovalue:0.005) of squared amplitude of HOMO of gas phase cis-AB calculated with PBE; (b), (c) and (d) are isocontour plots (isovalue: 0.001) for red and -0.001 for blue) of differences of squared amplitudes of HOMO computed using PBEh (α = 0.25, 0.5, 0.75) with the squared amplitude of HOMO calculated using PBE. Superscript α of ψ corresponds to fraction of HF exchange (α) used.

(a) ψ α=0 2

 2 (b) ψ α=0 2 -ψ α=0.25 2 (c) ψ α=0 2 -ψ α=0.5 2 (d) ψ α=0 2 -ψ α=0.75 2 

Figure 4 .

 4 Figure 4.10: (a) Isocontour plot (isovalue:0.005) of squared amplitude of LUMO of gas phase cis-AB calculated with PBE; (b), (c) and (d) are isocontour plots (isovalue: 0.001) for red and -0.001 for blue) of differences of squared amplitudes of LUMO computed using PBEh (α = 0.25, 0.5, 0.75) with the squared amplitude of LUMO calculated using PBE. Superscript α of ψ corresponds to fraction of HF exchange (α) used.
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 411 Figure 4.11: Ionization potential and electron affinities of cis and trans AB calculated with

  .u.) AB in methanol (expt.) GW g |DFT g @PBEh(α g ) GW g |DFT e @PBEh(α g ) GW e |DFT e @PBEh(α g ) GW e |DFT e @PBEh(α e ) .u.) AB in methanol (expt.) GW g |DFT g @PBEh(α g ) GW g |DFT e @PBEh(α g ) GW e |DFT e @PBEh(α g ) GW e |DFT e @PBEh(α e )
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 475 Figure 4.12: BSE spectra of 1-cis (AB) (upper figure) and 1-trans (lower figure) calculated with different schemes; similar to Figure 4.5 of the main paper. Experimental spectra of molecules in methanol are in black [70].

Figure 4 . 13 :

 413 Figure 4.13: BSE spectra of 2-cis (upper figure) and 2-trans (lower figure) calculated with different schemes; similar to Figure 4.5 of the main paper. Experimental spectra of molecules in acetonitrile are in black [77].

Figure 4 . 14 :

 414 Figure 4.14: Isocontour plots (isovalue:0.005) of electron-averaged hole density and hole-averaged density of the first two excitations in cis-AB solvated in methanol.BSE/GW e /DFT e @PBEh(α e ) computational scheme has been used for the calculation of the densities. More details of the excitations are tabulated in table 4.7.

Figure 4 . 15 :

 415 Figure 4.15: Isocontour plots (isovalue:0.005) of electron-averaged hole desity and hole-averaged density of the first two excitations in trans-AB solvated in methanol.BSE/GW e /DFT e @PBEh(α e ) computational scheme has been used for the calculation of the densities. More details of the excitations are tabulated in table 4.7.

2 Figure 4 .

 24 Figure 4.16: (a) Isocontour plot (isovalue:10 -3 ) of squared amplitude of HOMO of AB-cis;(b), (c) and (d) are isocontour plots (isovalue: 10 -4 for red and -10 -4 for blue) of differences of squared amplitudes of HOMO computed using different schemes. Subsripts 'g' and 'e' of ψ correspond to gas phase and solvated phase (methanol) respectively. Superscripts α g and α e of ψ correspond to fractions of exact exchange (α) used, which match Kohn-Sham HOMO energy with IP of molecule, in gas phase and solvated phase (methanol), respectively.

2 (d) |ψ αe e | 2 -ψ αg g 2 Figure 4 .

 2224 Figure 4.17: (a) Isocontour plot (isovalue:10 -3 ) of squared amplitude of n KS orbital of trans-AB; (b), (c) and (d) are isocontour plots (isovalue: 10 -4for red and -10 -4 for blue) of differences of squared amplitudes of n KS orbital computed using different calculation schemes. Subsripts 'g' and 'e' of ψ correspond to gas phase and solvated phase (methanol) respectively. Superscripts α g and α e of ψ correspond to fractions of exact exchange (α) used, which match Kohn-Sham HOMO energy with IP of molecule, in gas phase and solvated phase (methanol), respectively.
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 418 Figure 4.18: Experiment vs calculation comparison for first excitation energy of AB-derivatives in solvated phase. Experimental and TDDFT (B3LYP/6311G*/PCM) values used from reference[START_REF] Knie | ortho-fluoroazobenzenes: Visible light switches with very long-lived z isomers[END_REF]; BSE excitation energies calculated using GW e /DFT e @PBEh(α e ) scheme as de-

  5.7). For fragment Q and R, both PBE and PBEh with 40% EXX are used to compute the DFT ground state. Such a percentage of EXX in the PBEh global hybrid functional has been tuned to reproduce the GW quasiparticle ionization potential with the DFT highest-occupied molecular orbital (HOMO) eigenvalue.

5 . 8 .

 58 The total DOS (gray) and the projected-DOS (pDOS) are shown in each case. For the latter we plot the DOS projected onto the 2p-states of N (blue), the 2p-states of the O atoms connecting the metal-node and the ligand (yellow), and the states associated with the Zn 4 O node (red). The magenta strips in the case of azobenzene highlight the π, n, π * states which are involved in the excitations found in the UV-Vis region of the absorption spectra and leading to photoisomerization[START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF], as discussed in the introduction. For the PCN-123 ligand, the frontier orbitals retain a character analogous to the π, n and π * of cis and trans azobenzene (see Fig.5.9 of SI) with some mixing of p-states of O atoms into π and π * . Two anti-bonding π states close in composition and energy, i.e. π * 1 and π * 2 , arise in all cases in place of the single π * of azobenzene and are highlighted in cyan in the PDOS.

  n

Figure 5 . 2 :

 52 Figure 5.2: (a) pDOS of different models of cis PCN-123 calculated with PBE. The upper panel represents the pDOS of the fully-functionalized periodic system, i.e. f -PCN-123 while (P), (Q) and (R) represent fragments with a progressive increase in size as illustrated in Fig. 5.1. A 0.1 eV broadening is applied in every case. For fragment Q the PBEh (40% exact exchange) is also plotted for comparison. The DOS and pDOS are presented with different scales for different models. (b) and (c) π, (d) n, (e) π * 1 and (f) π * 2 KS eigenstates of cis fragment Q represented by plotting isosurface of |φ n | 2 with green and yellow depicting opposite signs of the original wavefunction ±φ n . The midpoint of the fundamental gap is taken as the Fermi level.
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 53 Figure 5.3: GW quasiparticle energies (in eV) of cis f -PCN-123 computed at four GW iterations.
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 54551 Figure 5.4: BSE/evGW spectra of different models of cis (a) and trans(b) PCN-123 obtained by multiplying the oscillator strength by a Lorentzian of 0.1 eV broadening (HWHM). The color strips denote the optical bands involving excitations with similar character (see text).

  . The excitonic densities of the fragment model are reported in Figs. 5.24-5.29 (for cis) and Figs. 5.31-5.36 (for trans). For the n → π * 1 and π → π * 1 excitations, a good correspondence is found among the different MOF models. The character of the excitation is fairly maintained, however, the exciton may delocalize when models with multiple ligands are employed. In general, as the energy of the exciton increases the character becomes more delocalized (see Figs. 5.29 and 5.36). The localization on multiple ligands is found also for certain excitons in the S 1 band for both cis (see Figs. 5.29 and 5.28) and trans (see Figs. 5.36 and 5.35). Furthermore, excitons localized on different ligands can have a different character on each ligand. For example, the exciton number 23 in trans f -PCN-123 plotted in Fig. 5.36 consists of both n and π holes on different ligands and, similarly, the electron has both π * 1 and π * 2 character on different ligands. Overall, the non-periodic models reproduce fairly well the optical absorption of the periodic MOF up to 4.5 eV, consistent with excitons being localized on the azobenzene-functionalized ligands in this spectral region, while at higher energies the absorbance of the Zn 4 O nodes becomes significant. See for example, the excitons of the S 4 for cis f -PCN-123 (Fig. 5.29), and the S 3 and S 4 for trans f -PCN-123 (Fig.

Figure 5 . 6 :

 56 Figure 5.6: BSE/evGW /PBE spectra of azobenzene, PCN-123 ligand, fragment R, and f -PCN-123. All spectra in the low energy region are multiplied by 10 for visual clarity. The lower panel show the BSE/evGW /PBEh (40% EXX) spectra of fragment R.

5 . 19 )

 519 Fig. 5.6) and the S 2 of trans at 3.9 eV for azobenzene and 4.1-4.5 eV for PCN-123.

  -pVDZ LANL2DZ ECP for Zn and maug-cc-pVDZ for the rest

Figure 5 . 7 :

 57 Figure 5.7: BSE/evGW /PBE spectra of cis configuration of fragment Q calculated using (1)aug-ccPVDZ basis and (2) maug-ccPVDZ and LANL2DZ ECP. The later method is used for calculations of fragment R due to avoid large computational expense.
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 1258 Figure 5.8: (a) Projected density of states of different models of trans-PCN-123 calculated with PBE XCF; (b) π, (c) n, (d) π * states of trans-fragment Q.
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 59 Figure 5.9: (a) Projected density of states of cis and trans configurations of azobenzene (AB) and PCN-123 ligand calculated with PBE.

Figure 5 .

 5 Figure 5.10: (a) Projected density of states of fragment Q in cis and trans configuration calculated with PBE and PBEh with 40% exact exchange.
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 2511 Figure 5.11: Evolution of GW quasiparticle energies of trans f -PCN-123 with evGW iterations.
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 512 Figure 5.12: Comparison of evGW corrections to KS eigenvalues for periodic and non-periodic models.

Figure 5 . 13 :

 513 Figure 5.13: Comparison of PBE KS eigenvalues and evGW quasiparticle energies for ligand and fragment models of PCN-123.
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 514 Figure 5.14: ∆COHSEX corrections to quasiparticle eigenvalues of different non-periodic models of cis (a) and trans (b) PCN-123.
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 515 Figure 5.15: Comparison of PBE hybrid KS eigenvalues and evGW quasiparticle energies for ligand and fragment models of PCN-123.

Figure 5 . 16 :

 516 Figure 5.16: Comparison of evGW corrected eigenvalues computed with PBE and PBEh starting point.
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 517 Figure 5.17: BSE/evGW /PBE spectra of cis-ligand calculated with and without embedded scheme.
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 5185195 Figure 5.18: BSE/evGW /PBE spectra of cis fragment Q calculated with and without embedded scheme.
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 521522 Figure 5.21: BSE/evGW spectra of PCN-123 fragment Q 2 using PBE and PBEh (40% exact exchange). The part of spectra on the left of dashed line is multiplied by 15 for visual clarity.
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 523524525123526 Figure 5.23: Excitonic densities of gas phase cis-azobenzene calculated using BSE/GW /PBE scheme .
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 527 Figure 5.27: Excitonic densities of cis configuration of fragment Q of PCN-123 calculating using PBEh with 40% exact exchange for description of ground state (BSE/GW /PBEh).

Figure 5 . 28 :

 528 Figure 5.28: Excitonic densities of cis configuration of fragment R (BSE/GW /PBE).

Figure 5 . 29 :

 529 Figure 5.29: Excitonic densities of periodic f -PCN-123 in cis configuration calculated using BSE/GW /PBE scheme (Yambo).
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 530 Figure 5.30: Excitonic densities of gas phase trans-azobenzene (BSE/GW /PBE).
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 531 Figure 5.31: Excitonic densities of trans configuration of PCN-123 ligand (BSE/GW PBE).

Figure 5 . 32 :

 532 Figure 5.32: Excitonic densities of fragment P of PCN-123 in its trans configuration (BSE/GW /PBE).
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 533 Figure 5.33: Excitonic densities of fragment Q of PCN-123 in its trans configuration (BSE/GW /PBE).

Figure 5 . 34 :

 534 Figure 5.34: Excitonic densities of fragment Q of PCN-123 in its trans configuration calculated using PBEh exchange-correlation with 40% exact exchange to describe the DFT ground state.

Figure 5 . 35 :

 535 Figure 5.35: Excitonic densities of fragment R of PCN-123 in its trans configuration (BSE/GW /PBE).

Figure 5 . 36 :

 536 Figure 5.36: Excitonic densities of periodic f -PCN-123 in trans configuration calculated using BSE/GW /PBE scheme (Yambo).
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 61 Figure 6.1: Comparison between the computed BSE/GW and the experimental spectra of BDC ligand. The experimental spectra are taken from Ref. [275] (Expt. 1), [276] (Expt. 2), and [277] (Expt. 3). The BSE spectrum is plotted by applying a Lorentzian broadening of 0.1 eV.
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 6263 Figure 6.2: Density of states of periodic MOF-5 using PBE, Gau-PBE and evGW /Gau-PBE approaches. Frontier Kohn-Sham orbitals (Gau-PBE) are plotted below.

Σ

  COHSEX/MM -Σ COHSEX φ KS n (6.3) A detailed description QM/MM model used with GW and BSE has been discussed in literature[138, 142, 140, 137, 141]. The screened Coulomb potential including environmental effects can be used later for construction of the BSE Hamiltonian[140, 141].
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 64 Figure 6.4: Molecular models of MOF-5. Color code: Zn-cyan, O-red, C-gray, H-white).
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 65 Figure 6.5: Projected density of states (a) of MOF-5 ligand terephthalic acid or (bdc) using different DFT functionals and its frontier orbitals (b).

Figure 6 . 6 :

 66 Figure 6.6: BSE/GW spectra of of MOF-5 ligand terephthalic acid calculated using different DFT functionals.

Figure 6 . 7 :

 67 Figure 6.7: Comparison of GW /Gau-PBE quasiparticle eigenvalues with DFT eigenvalues. The eigenvalues are shifted such that DFT ionization potential is set to zero.

Figure 6 . 8 :

 68 Figure 6.8: Comparison of GW /PBE quasiparticle eigenvalues with DFT eigenvalues. The eigenvalues are shifted such that DFT ionization potential is set to zero.
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 69 Figure 6.9: Comparison of BSE/Gau-PBE spectra of periodic MOF-5 calculated with PBE and Gau-PBE DFT functional.

Figure 6 . 10 :

 610 Figure 6.10: Comparison of BSE spectra calculated with periodic (Gau-PBE) and non-periodic (PBE0) approach.

  Background CO 2 of MOFs surpassing other benchmark porous materials (carbon powder and zeolite) by a factor of ∼ 2 was first shown by Yaghi et al. in 2005

The adsorption properties of MOFs are also very tunable as a function of their composition. Many techniques such as ligand functionalization, inclusion of open metal sites, shortening or widening of ligand length, etc. are used to design MOFs with desired adsorption properties. The exceptionally high capacity of gravimetric storage of 1.1.

Addition/removal of electrons Quasiparticle Screening Charged Excitations Ground state Kohn-Sham/Hartree-Fock

  

	2)	(2.32)
	Within Hedin's set of equations which form a self-consistent loop of exact equations, the
	above equation can be rewritten in terms of other quantities namely, the susceptibility χ(1, 2) =
	∂n/∂U where n is the electronic density, the inverse dielectric function ε -1 and the screened
	Coulomb potential,	

Table 3 .

 3 1: Uptake difference upon isomerization in PCN-123 computed for several gas molecules.The relative uptake difference (trans vs. cis) is evaluated within the Henry region and presented in percentage. The uptake change predicted with the Coulombic interaction turned off is provided in the parenthesis for CO, H 2 S, and SO 2 .

Table 3 .

 3 2: CO 2 binding energies in metal-substituted-MOF-5. For comparison, the binding energy in MOF-5 (i.e., at the Zn 4 O node) is 21.7 kJ mol -1 . Here, MZn 3 O (M=metal) corresponds to one metal substitution per node in accordance with experiments and the binding energies were computed by setting CO 2 closest to the substituted metal atom.

	Substituted metal node Be4O Mg4O Ca4O CoZn3O CrZn3O FeZn3O
	Binding energy kJ/mol	20.0	26.6	23.2	18.9	24.9	23.8

  3.3.2 Computational detailsIn this work, computational techniques including state-of-the-art molecular simulations and first-principles calculations were utilized to investigate the adsorption properties of CO 2 and a variety of other gas molecules including linear alkanes molecules (C1 to C5) and toxic gases (CO, H 2 S,and SO 2 ) in photo-responsive MOFs with a focus on CO 2 . Monte Carlo simulations were used to compute gaseous adsorption isotherms and to probe the free energy landscape of guest molecules residing in the framework. The free energy landscape is presented using the density map of guest molecules, showing the probability of finding the molecule at a given position of the framework. A higher probability presented by a warmer color indicates a lower, more favorable free energy. Density functional theory (DFT) calculations were employed to optimize geometries, to explore the torsional potential energy surface of the azobenzene molecule within the framework, and to compute CO 2 binding energies.

  123 with the largest fraction of molecules in trans configuration. For consistency, we applied the same force-field scaling factor for all azobenezne functionalized MOFs (i.e., PCN-123 and Cu 2 (AzoBPDC) 2 (AzoBiPyB)) studied in this work. Given parameters for Mg and Cu atoms in Mg-PCN-123 and Cu 2 (AzoBPDC) 2 (AzoBiPyB) MOF are not available in the DREIDING forcefield, parameters from the UFF force field

Table 3 .

 3 3: L-J parameters for the framework atoms of MOF-5 adopted from the DREIDINGforce field.

Table 3 .

 3 4: Scaled L-J parameters (15% and 5% reductions in ε and σ, respectively) for the framework atoms of PCN-123, Mg-PCN-123 and Cu 2 (AzoBPDC) 2 (AzoBiPyB) based on DREIDING and UFF (for Mg and Cu only) force fields

	Atom type ε/k b (K) σ (\AA)
	Zn	23.525		3.842
	Mg	47.479		2.557
	Cu	2.139		2.958
	C	40.678		3.299
	H	6.502		2.704
	O	40.934		2.881
	N	33.107		3.099
	Atom type ε/k b (K) σ ( Å) q (e -)
	C (CO2)	79	3.05	-0.35
	O (CO2)	27	2.8	0.7

Table 3 . 5

 35 

: Force field parameters for CO 2 with the C=O bond distance of 1.16 Å (Adopted from the TraPPE force field).

Table 3 . 6

 36 

3.3.7 CO 2 adsorption mechanism in PCN-123

  The IP is approximated here by the quasiparticle energy, evGW , computed at each value of α. This approach allows us to resolve the arbitrariness in the choice of the starting XCF while improving the asymptotic decay of the density. Because the highest occupied KS orbital dominates the asymptotic decay of the

	density[98, 96, 99] (φ KS H (r) → e --9 -6 √ -2 0.2 -8 -7 HOMO (eV)	0.4 α e	0.6 α g	DFT g GW g @DFT g DFT e GW e @DFT e	0.8 -9 -6 -8 -7
		α			

H |r| ), and because the exact density of a N-electron system exponentially decays as[100] n(r) → e -2 √ -2IP |r| , the orbital tuning performed via minimization of equation 4.7 yields an asymptotic behavior of the density close to the exact-density case.

  The comparison of the excitation energies is reported in TableChapter4. Accurate prediction of E(S 1 ) in solvated azobenzenes via embedded φ-tuned BSE 82 4.6, together with results from previous CASPT2[START_REF] Conti | The different photoisomerization efficiency of azobenzene in the lowest nπ* and ππ* singlets: the role of a phantom state[END_REF] and recent TDDFT[START_REF] Pal | Calculation of linear and nonlinear optical properties of azobenzene derivatives with Kohn-Sham and coupled-cluster methods[END_REF] calculations.

  and 2 using 4 different computational schemes that gradually include the solvent effects to a full embedding scheme, and again, compare it with experiment. The S 1 excitation energies reported in Table4.1 show that the best agreement with experiment is obtained with BSE/GW e /DFT e @PBEh(α e ).

	isomer	αg	αe	BSE/GWg DFTg(αg) DFTe(αg) DFTe(αg) DFTe(αe) Exp. BSE/GWe
	1-trans	0.63 0.48	2.835	2.896	3.002	2.893	2.804
	1-cis	0.59 0.45	3.016	3.077	3.112	2.914	2.882
	1-∆E(S1)	-	-	0.182	0.181	0.110	0.022	0.078
	2-trans	0.62 0.44	2.529	2.707	2.816	2.668	2.719
	2-cis	0.59 0.46	3.121	3.194	3.227	3.027	2.995
	2-∆E(S1)	-	-	0.592	0.486	0.411	0.358	0.276

4

.12 and 4.13. The wavefunction is also modified when the SMD model is used in DFT almost as much as upon changing α, as illustrated in Figs.

4

.16 and 4.17. To further assess the accuracy of this approach we report the value of and ∆E(S 1 ) for 4.2. Article molecules 1

Table 4 .

 4 

1: S 1 excitation energies and band separation, ∆E(S 1 ), in eV, of 1-trans and cis and 2 computed using different embedding schemes. For clarity we use the notation DFT(α) rather than DFT@PBEh(α).

Table 4 .

 4 2: Basis set convergence of DFT gap, evGW gap and gas phase S 1 and S 2 excitation energies of trans-azobenzene calculated using PBEh0.75.

	Basis	Kohn-Sham gap evGW gap BSE energies (eV)
		(eV)	(eV)	E(S1)	E(S2)
	cc-pVDZ	7.556	7.780	3.080	4.053
	cc-pVTZ	7.510	7.616	3.076	3.913
	cc-pVQZ	7.491	7.564	3.071	3.881
	maug-cc-pVDZ	7.449	7.607	3.096	3.941
	maug-cc-pVTZ	7.459	7.535	3.062	3.866
	aug-cc-pVDZ	7.452	7.518	3.004	3.843
	aug-cc-pVTZ	7.462	7.514	3.035	3.842

Table 4 .

 4 3: Convergence study of GW -HOMO, evGW gap, and BSE first excitation energy of cis azobenzene in acetonitrile computed as a function of the lattice spacing of the MM cubic lattice using PBE0/aug-cc-pVDZ. A MM sphere of 48 Å is used in each calculation.

	24	-7.403	6.642	2.629
	36	-7.419	6.635	2.647
	48	-7.447	6.621	2.658

Radius ( Å ) E HOMO (eV) Egap (eV) E(S1) (eV)

Table 4 .

 4 

	Embedding Method	Embedding E(S1) (∆ shift ) (eV) E(S2) (∆ shift )(eV)
	Expt.	gas in H2O	3.69 3.94 (+0.25)	6.42 5.89 (-0.53)
		GWg/DFTg	3.736	6.498
	cc-pVTZ, PCM@DFT, PCM@GW, PBE0[140]	GWg/DFTe	3.968 (+0.232)	6.386 (-0.112)
		GWe/DFTe	3.988 (+0.252)	6.214 (-0.284)
		GWg/DFTg	3.712	6.515
	cc-pVTZ, SMD@DFT, Discrete@GW, PBE0	GWg/DFTe	4.025 (+0.313)	6.387 (-0.128)
		GWe/DFTe	4.042 (+0.330)	6.397 (-0.118)

4: Convergence study of GW -HOMO, evGW gap, and E(S 1 ) of cis azobenzene in acetonitrile computed as a function of the radius of the MM sphere built around the solute using PBE0/aug-cc-pVDZ. The molecular cavity for the calculation of the reaction field matrix is built from a superposition of spheres whose radius is set by the van der Waals radii of the QM atoms. In each case a 4 Å spacing of the cubic lattice is used.

Table 4 .

 4 5: BSE/GW excitation energies and estimated solvatochromic shifts of acrolein in water:

Table 4 .

 4 

								λ (nm)
		600	550	500	450	400	350	300	250
		0.8			PBEh(0.75)	
	Absorbance (a.u.)	0.2 0.4 0.6			PBEh(0.50) PBEh(0.25) PBE	
		0	2.25 2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5 4.75
							Energy (eV)

6: S 1 and S 2 excitation energies and oscillator strengths of AB-trans and cis in gas phase, calculated using different theoretical approaches.
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	Chapter 4.				
	Geom. State	Composition	Energy (eV) Osc. str.
	cis	S1	HOMO → LUMO (71.8 % ), HOMO-4 → LUMO (19.2 % )	2.914	0.042
	cis	S2	HOMO-1 → LUMO (45.9 % ), HOMO-4 → LUMO (21.0 % )	4.353	0.110
	trans	S1	HOMO-1 → LUMO (96.1 % )	2.892	0.000
	trans	S2	HOMO → LUMO (98.5 % )	3.750	0.896
	Table 4.7: Composition, energy and oscillator strengths of the first two electronic excitations of
	azobenzene solvated in methanol; calculated with BSE/GW e /DFT e @PBEh(α e ) computational
	scheme.				

Table 4 .

 4 8: Comparison of S 1 excitation energies, E(S 1 ), and S 1 band separations between cis and trans geometries for different AB-derivatives. All E(S 1 ) values are reported in electron-

	MAE	0.19	0.08	0.18	0.06	-

volts. α e is the environment-consistent fraction of exact exchange in PBEh XCF as described in the paper.

Table 4 . 9

 49 

	Levels corrected 5	10	15	20	25
	E(S1)	2.9750 2.9925 2.9892 2.9857 2.9816
	E(S2)	4.0010 4.0230 4.0231 4.0213 4.0173
	Table 4.10: BSE excitation energies of gas phase trans-azobenzne calculated with different
	number of frontier eigenvalues corrected explicitly with GW (XCF:PBEh(α = 0.75))

: List of all S 1 excitation energies, E(S 1 ), computed in this work.

Table 5 .

 5 1: DFT and evGW gaps for periodic and non-periodic models of PCN-123 calculated

with PBE and PBEh (see text). The evGW gap for the non-periodic calculations are computed by employing an embedding scheme to account for environmental effects at both the ground state and GW level, using ∆COHSEX for the latter.

Table 5 .

 5 2: Parameters used in BSE and GW calculations for f -PCN-123 using Yambo.

	Parameter

Table 5 .

 5 3: Number of frontier Kohn-Sham states explicitly corrected at GW level and number of states used for construction of BSE Hamiltonian for Fiesta calculations.

  [START_REF]CCUS in clean energy transitions[END_REF], except for PBE, for which the O 2p states are at the edge of the band gap. The BSE spectra corresponding to different functionals are presented in Fig.6.6. PBE predicts a small KS gap of 3.58 eV consistent with previous studies[START_REF] Pham | Engineering of band gap in metal-organic frameworks by functionalizing organic linker: A systematic density functional theory investigation[END_REF], while PBE0, M06-2X and the range-separated hybrid CAM-B3LYP predictions range from 5.63 eV to 7.83 eV. The GW quasiparticle gap shows resilience to variation in functional and yields values ranging from 7.81 eV and 7.95 eV ( gas phase: 9.23 and 9.37 eV), depending on the functional choice. The computed values for the KS gap and the GW gap are reported in Tab. 6.1. The renormalization of the fundamental gap of BDC ligand due to solvent effects is large, i.e. ∼ 1.4 eV. On the other hand the optical gap is negligibly affected (∼ 0.1 eV) consistent with a reduced effect of the polarizable medium on neutral excitations. The small dependence of the GW and BSE results on the choice of the XC functional confirms the robustness of the method. of the carboxylate group and Zn 4 O metal node for PBE and Gau-PBE are plotted in Fig.6.2. As expected, and in agreement with previous studies on MOF-5[START_REF] Civalleri | Ab-initio prediction of materials properties with CRYSTAL: MOF-5 as a case study[END_REF][START_REF] Butler | Electronic chemical potentials of porous metal-organic frameworks[END_REF][START_REF] Pham | Engineering of band gap in metal-organic frameworks by functionalizing organic linker: A systematic density functional theory investigation[END_REF][START_REF] Butler | Electronic structure modulation of metal-organic frameworks for hybrid devices[END_REF][START_REF] Warmbier | Dielectric properties of selected metal-organic frameworks[END_REF][START_REF] Ryder | Understanding and controlling the dielectric response of metal-organic frameworks[END_REF], the use of a hybrid functional yields 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 Zn 4 O very close to the band gap. For Gau-PBE, the frontier states are localized on the BDC ligand, with little contribution from the carboxylate O-2p. Upon application of the GW correction, the HOMO-LUMO gap is widened greatly to 8 eV. Apart from the widening of the gap, the pDOS too undergoes certain rearrangements as shown in Fig.6.2. In the GW DOS, the frontier states (v 1 , v 2 , c 1 ) are localized on the ligands and the deeper occupied and unoccupied states (v 3 , c 2 ) 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. The GW band gaps calculated for the periodic MOF-5 are in a reasonable agreement with Hartree-Fock band gap of 8.43 eV reported in ref.[START_REF] Pham | Engineering of band gap in metal-organic frameworks by functionalizing organic linker: A systematic density functional theory investigation[END_REF].

	A further validation of the approach is provided by the good resemblance between the computed quasiparticle (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)[279, 280]. For MOF-5, the density of states (DOS) and the projected DOS onto the C-2p of the ligand, Fundamental gap (eV) Optical gap (eV) DFT Model Kohn-Sham evGW ∆SCF BSE PBE BDC ligand 3.59 9.23 (7.81) 8.39 4.57 (4.48) M06L (4.46) BDC ligand 4.07 9.37 (7.95) 8.67 4.63 (4.46) PBE0 BDC ligand 5.63 9.30 (7.87) 8.95 4.61 (4.53) M06-2X BDC ligand 7.55 9.38 (7.91) -4.66 (4.56) CAM-B3LYP BDC ligand 7.87 9.33 (7.88) -4.65 (4.56) PBE fragment A 3.61 8.52 6.79 4.55 M06L fragment A 3.91 8.61 7.19 4.52 PBE0 fragment A 5.37 8.62 (8.23) 8.04 4.52 (4.51) PBE fragment B 3.58 -5.66 -M06L fragment B 3.89 -6.03 -PBE0 fragment B 5.32 8.75 (8.37) -4.80 (4.80) PBE fragment C 3.59 -5.05 -M06L fragment C 3.89 -5.63 -PBE MOF-5 3.57 8.12 -4.49 O-2p System Gau-PBE MOF-5 4.49 7.97 -4.58

Table 6 .

 6 1: Band gaps of MOF-5 and BDC ligand calculated with different computational approaches. Values in parenthesis correspond to GW band gaps corrected for environmental screening at static limit.

	6.2. Article

E -E f (eV) GW/Gau-PBE E g =7.97 eV v  , v  v 

Table 6 .

 6 2: Composition of key excitations in the BSE/Gau-PBE spectra of periodic MOF-5.

Table 6 .

 6 Number of bands used for calculation of correlation part of Σ 2000 GbndRngeNo. random Q-points for Monte-Carlo integral of Coulomb potential 3 Million RandQpts Plasma frequency for Godby-Needs plasmon-pole approx. 12.66 eV PPAPntXp PW energy cut-off for calculation of dielectric screening (BSE) 6 Ry BSENGblk 3: Parameters used in BSE and GW calculations for f -PCN-123 using Yambo.

	Parameter

Table 6 .

 6 Model/fragment No. of GW corrected states No. of states used for BSE 4: Number of frontier Kohn-Sham states explicitly corrected at GW level and number of states used for construction of BSE Hamiltonian for Fiesta calculations.

		Occupied	Unoccupied	Occupied	Unoccupied
	Ligand	10	30	30	295
	Fragment A	10	20	130	130
	Fragment B	20	50	160	160
	Periodic	12	12	165	180

The same database is used within NWchem to implement the SMD model, see http://comp.chem.umn.edu/solvation/mnsddb.pdf

6.3. Supplementary information
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Abstract

The optical absorption spectra of the azobenzene-functionalized metal-organic framework, PCN-123, are calculated in cis and trans configurations using the Bethe-Salpeter equation (BSE) formalism and the GW approximation using periodic and non-periodic models. In the visible, near-UV and mid-UV region the optical excitations in the MOF are associated with the linear algebra problem similar to the Casida equation of TD-DFT [START_REF] Casida | Time-dependent density-functional theory for molecules and molecular solids[END_REF]. The BSE eigenvalue problem can be written compactly as:

where R (R * ) represents the resonant coupling between electron-hole excitations (deexcitations), whereas, the off-diagonal blocks C and C * describe the non-resonant coupling between excitations and de-excitations. X µ and Y µ are the excitation and de-excitation components, respectively, of the two-body electron-hole (eh) eigenstate Ψ µ (r e , r h ) expressed in the transition basis [φ v (r h )φ c (r e )] and µ is the index of excitation, with φ v and φ c representing the KS valence and conduction states. Thus Ω µ are the eigenvalues of BSE, i.e. the excitation energies, and the corresponding eigenvectors Ψ µ (r e , e h ) are written as:

The eigenvectors yield the probability amplitude of finding the electron and hole at r e and r h , respectively. To compare the character of the exciton between the different approaches, we compute and plot for each relevant excitation, µ, the hole-averaged electron density and charge-averaged hole density as follows:

ρ µ (r h ) = dr e Ψ µ (r e , r h )Ψ * µ (r e , r h ) (5.5) 

Abstract

During the past years, one of the most iconic metal-organic 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 an insulator with a fundamental gap of ∼ 8 eV. The strong excitonic effects, arising from highly localized states and low screening, result in an optical gap of 4.5 eV and in an optical absorption spectrum in good agreement with experiments. The origin of the incorrect conclusion reported by past studies and the implication of this result are discussed.

The molecular models of MOF-5 are illustrated in Fig. 6.4. Although the use of a fragment model has its limitations in mimicking the MOF dielectric screening, electrostatic potential as well as the true chemical bonding, we employ it for two reasons: 1) to validate the use of the plasmon-pole approximation in the periodic calculations (since FIESTA computes the whole frequency dependence of the dielectric screening), and 2) to gain more insight into the nature of neutral and optical excitations. We have used two different molecular models of MOF-5, named A and B, (see Fig. To further confirm the large 8 eV insulating gap of MOF-5, we performed ∆SCF calculations which estimate the electron addition and removal energies for molecules using differences of ground state total energies of molecules' neutral and charged state. We used 3 different molecular models of MOF-5 (see fig. 6.4), A, B and C with increasing size from 1 ligand and 2 metal nodes in A to 6 ligands and 7 metal nodes in C. For the largest molecular model C, the ∆SCF using PBE predicts a larger band gap of 5.05 eV compared to the PBE band gap of 3.59 eV. Use of meta-GGA functional M06L further increases the ∆SCF band gap of model C to 5.63 eV. If the size of the molecular system is decreased the ∆SCF band gap increases, e.g. using PBE it goes from 5.05 eV for C to 6.79 eV for A. For system A, the ∆SCF band gap is calculated using three different kinds of functionals, namely PBE, M06L and PBE0. The variation is ∆SCF band gap (6.79-8.04 eV) is similar to that in the DFT band gaps (3.61-5.37 eV) corresponding to these functionals. On the other hand, for the BDC ligand, the ∆SCF band gap (8.39-8.95 eV) is less susceptible to variation in functional compared to the DFT gap (3.59-5.63 eV). In case of BDC, the DFT band gap is ∼60% smaller than the GW quasiparticle gap where as the ∆SCF band gap is only ∼9% smaller.

The BSE/GW /Gau-PBE optical spectrum of MOF-5 is in excellent agreement with the experimental one [START_REF] Rathnayake | Analytical approach to screen semiconducting MOFs using bloch mode analysis and spectroscopic measurements[END_REF] reported in Fig. 6.3. The excitations are shown with red, orange and violet dots and the hole-electron densities corresponding to these excitations are visualized in sub-figures below. The excitons plotted in Fig. 6.3 are very similar to those of the ligand plotted in Fig. 6.1, except for some minor localization on the zinc-oxide metal node. For excitons highlighted in orange and violet colors, the localization on the metal-node is clearly seen in the excitonic plots. In table 6.2 we report the composition of these excitations in terms of occupied 
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