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A global analysis of excited states: the global transition contributions grids

In this work we develop and apply a tool allowing for a condensed analysis of the nature and energetics of the electronic excited states computed using Time Dependent Density Functional Theory (TD-DFT) inspired by the transition contribution map (TCM) analysis of Hakkinen and collaborators. This new analysis will be referred to as Global Transition Contribution Grid (G_TCG) and will be applied to compare the behavior of two families of exchange correlation functionals for the description of the excited states of a series of five polycyclic aromatic hydrocarbons (PAH) molecules. These latter are indeed known to be problematically described at the excited state by local and semi-local exchange correlation functionals. Although further improvement is possible, our results show that G_TCG can be used to qualitatively spot difference in the behavior of the different functionals not only in energetics but also in the nature of the computed transitions in a condensed and qualitative way.

More generally, the global grid based analysis could help in the analysis of the excited states of systems possessing a complex electronic structure and a dense molecular orbitals manifold close to the frontier orbitals, such as nanoparticles or large -conjugated systems, for which several hole-electron pairs are expected to contribute to single electronic transitions.

Introduction

Density Functional Theory (DFT) and Time Dependent DFT (TD-DFT) can nowadays undoubtedly be considered as the most spread quantum chemical methods to describe, respectively, ground and excited states of molecular systems within the chemists' community. [START_REF] Parr | Density-Functional Theory of Atoms and Molecules[END_REF][START_REF] Koch | A Chemist's Guide to Density Functional Theory[END_REF][START_REF] Ullrich | Time-Dependent Density-Functional Theory: Concepts and Applications Oxford Graduate Texts[END_REF] Their main advantage relies essentially on a very good accuracy to computational cost ratio while their main drawback is related to their intrinsically approximate nature, due to the necessity of using an approximate form of the -unknown and exact-universal functional.

Nonetheless, the recent and wide application of these methods to the description of different systems and properties, together with the increasing number of studies of comparison of their results with those obtained using wavefunction based quantum chemical approaches [START_REF] Adamo | [END_REF]5 in the case of both model and chemically relevant systems, helped also to clearly point out the main failures of DFT and TD-DFT or, at least, to trace the origin of their inaccuracy.

Focusing on electronic excited states, many papers have pointed out the intrinsic deficiencies of TD-DFT when used in conjunction with exchange correlation functionals not possessing the correct asymptotic behavior (such as all LDAs, GGAs and global hybrids not possessing a large -ideally 100%-of HF exchange) in describing electronic excitations with marked Charge Transfer (CT) character. 6,7,8,9 In particular, all these functionals are unable to correctly describe the dependence of the electronic excitation energy with respect to the variation of the CT distance (that is the hole-electron separation produced upon excitation) leading to the prediction of unphysical, low energy electronic states of CT character commonly referred to as ghost states. 10 One of the ways that has been proposed in literature to cure this erroneous behavior is to use functionals treating the electron-electron exchange for large interelectronic distances (that is at long range) as in Hartree Fock (HF), while describing electron-electron exchange at short interelectronic distances (that is at short range) at GGA level. This type of functionals -called range separated hybrids or Long Range Corrected functionals) is thus, by construction, expected to minimize the presence of ghost states. 10 Most of currently used range separated hybrids (such as CAM-B3LYP 11 or LC-PBE 12 ) are indeed practically free of an erroneous prediction of the presence of CT ghost states but are also known to sizably overestimate electronic transition energies thus predicting spectra normally shifted to higher energies. 13,14 Furthermore, the question may arise on how to define the short to long range separation that means when the electron-electron interaction may better be treated at HF or GGA level and if, given a GGA form, the parameter defining this range separation is unique and system independent or not.

Baer and collaborators 15 proposed a smart and efficient way to define the range separation parameter in order to provide extremely accurate CT energies leading to the formulation of the so-called tuned range separated functionals. If from one hand the results obtained with such an approach are definitely good, on the other hand the range separation parameter is indeed system dependent, questioning about their efficient use for the study of compounds of very different nature or even worst if aiming at describing reactions occurring at the excited state. More recently Double Hybrid functionals 16 were also proposed as a suitable but more expensive alternative to computed excited state 17 and tested also in the case of CT excitations. 18,19,20,21 In this scenario it has to be underlined that global hybrid functionals with low to medium percentage of HF exchange (i.e. below 30% such as for instance the popular B3LYP 22 or PBE0 23,24 ) normally produce very good results for valence excitations possessing local or limited CT character. [START_REF] Adamo | [END_REF] Of note the same class of functionals are also extremely well performing in the modeling of reactivity at the ground and, though validated to a minor extent, also at the excited state. 25 It is thus very tempting to use them and it would be interesting to be able to define -clearly and on the fly-their range of validity and accuracy. In this context it is important to try to establish connections between the pictures provided by the different classes of functionals for the description of vertical excited states comparing not only the excitation energies but also, and possibly in a condensed way of representation, their character and nature.

While comparing energetics provided by different methods (also with experiment) is rather straightforward, comparing the nature (or the character) of the electronic excited states or transition obtained with different functionals is a more delicate task. Within the TD-DFT formalism an excited state is described as (the sum of) one electron excitation(s) from occupied to virtual orbitals, thus its analysis requires inspection of all orbitals involved. This task may be simplified by the use of Natural Transition Orbitals (NTO) 26 allowing to obtain a more compact view of the hole-electron excitation. Analogously, descriptors quantifying the hole-electron separation may also help since condensate in a scalar 27 or vectorial quantity 28,29 the distance between the hole and the electron and thus allow to define the local or non local (thus CT) character of a transition though losing all information about the actual molecular orbitals involved.

In this work we apply a condensed way of analysis of the electronic transitions and compare the behavior of different functionals in the description of the excited states based on a 2D interlinked graphical representation of their energy and nature, inspired by the so called transition contribution map (TCM) analysis. 30 This new analysis will be referred to as Global Transition Contribution Grid (G_TCG) analysis and will be detailed in the next section. We have applied this type of analysis to molecular systems -depicted in Scheme 1-belonging to the family of polycyclic aromatic hydrocarbons (PAH) known to be problematically described at the excited state by local exchange correlation functionals. 31 Indeed, these molecules show two low lying excited states both of -* type commonly denoted as [START_REF] Parr | Density-Functional Theory of Atoms and Molecules[END_REF] La and 1 Lb : the first possessing transition density nodes at the atoms and the second at the bond midpoints. As a function of the increase in size of the systems (number of the aromatic rings), the [START_REF] Parr | Density-Functional Theory of Atoms and Molecules[END_REF] La state (also referred to as "ionic state") is strongly underestimated by local and global hybrids functionals while the [START_REF] Parr | Density-Functional Theory of Atoms and Molecules[END_REF] Lb state (also referred to as "covalent state") seems to be systematically overestimated by all functionals. On this basis, it was argued that the 1 La possesses a 'CT type character' while the 1 Lb state was considered as a locally excited state.

Due to the fact that a large difference between functionals can be found in the energetics predicted of these two transitions, 32,33 we selected this family of molecules as an ideal test to check if our graphical representation is able to spot difference in nature and energetics of the computed transition using different functionals.

The paper is structured as it follows: after the description of the different grids used for the analysis and the level of theory applied (Computational methods section), the results obtained for the different functionals are reported and commented in the Results and Discussion section.

Finally, same perspectives concerning the use of G_TCG analysis and their possible improvement is given. Of note we want to stress that the final aim of this paper is not to find the DFT approach that will allow to best describe the PAH molecules considered here but to show how the method of analysis proposed could enable to compare the nature and energetic of the excited states obtained using different functionals.

Computational methods

All the calculations were performed with the Gaussian program. 34 Ground state structural optimization were performed, in the gas phase, using the B3LYP 22 functional and the 6-31G(d) basis set. 35,36 Vertical singlet excited states were computed at the TD-DFT level using the following exchange-correlation functionals: BLYP, 37,38 B3LYP, 22 CAM-B3LYP, 11 PBE, 39 PBE0, 23,24 LC-PBE. 12 The Dunning's correlation consistent triple zeta basis set, cc-pVTZ basis set, 40, was used for all vertical excited states calculations.

The transition contribution map (TCM) analysis is a way to represent the computed excited states in terms of one sum of one-electron excitations and in particular in terms of contributing hole-electron pairs. This analysis -firstly proposed by Hakkinnen 30 and collaborators and later on applied by other groups 41,42 -is indeed very useful in the case of systems characterized by excited states and transitions displaying contributions of several electron-hole pairs. This fact makes difficult to have a simple view of each vertical excitation in terms of the contributing hole-electron pairs. The TCM analysis relies on the fact that each excited state can be defined as sum of one electron excitations and allows to easily identify the contribution of each holeelectron pair to the transition. This is the contrary of the standard analysis based on global transition density analysis.

In a more formal way three axes are defined in TCM : i) the x axis that reports the eigenvalue energy of the occupied KS orbital (that can be considered the energy of the hole state); this is referred to as εocc; ii) the y axis that reports the eigenvalues of the unoccupied KS orbitals (that can be considered the energy of the electron state); this is referred to as εunocc; and iii) the z axis which corresponds to a quantity to which a defined hole-electron pair can contribute. In the original TCM analysis this z-axis was associated to squared magnitude of the coefficient ⌈𝑐 𝑖𝛼 𝜔 ⌉ 2 describing the contribution of each i- hole-electron pair to an electronic transition of frequency . The individual transitions are broadened by Gaussian functions for visualization purposes using a smoothing parameter Δε (of the order of 0.1 eV in previous publications) leading to the general formula:

𝑇𝐶𝑀(𝜀 𝑜𝑐𝑐 , 𝜀 𝑢𝑛𝑜𝑐𝑐 ) = ∑ ∑ ⌈𝑐 𝑖𝛼 𝜔 ⌉ 2 𝑢𝑛𝑜𝑐𝑐 𝛼 𝑒 [-( 𝜀 𝑜𝑐𝑐 -𝜀 𝑖 ∆𝜀 ) 2 -( 𝜀 𝑢𝑛𝑜𝑐𝑐 -𝜀 𝛼 ∆𝜀 ) 2 ] 𝑜𝑐𝑐 𝑖 (1)
In literature, other choices for the axes of the TCM. 30 In the present work, starting from the original TCM idea we applied the following variations :

1) Instead of considering the energies of the occupied and unoccupied orbitals we considered a regular grid identifying each occupied and unoccupied orbital by its orbital number. Of course, in this case no broadening is applied.

2) Instead of considering a different grid for each electronic transition, we sum up over all computed excited states: the corresponding global TCM so obtained is actually depicting the contribution of each hole-electron pair to all the computed electronic transitions.

These modification leads to what we will call Global Transition Contribution Grids

(G_TCG). In this grid for each occupied/unoccupied orbital pairs a z-value is defined as it follows:

𝐺_𝑇𝐶𝐺(𝑖, 𝛼) = ∑ ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 𝐴=1 (2)
where Nstates indicates the total number of excited states that have been computed while i and  runs over all occupied and unoccupied orbitals number, respectively. In the present work the first 20 excited states will be considered for each functional.

For purpose of analysis other Global Transition Contribution Grids have been plotted including a weighting of global quantities related to the electronic transition such as the oscillator strengths (f, eq. ( 3)), the excitation energies (EA, eq. 4) or the charge transfer character quantified by the charge transfer distance (DCT eq. 5). In the last two cases the z-axis is in eV and Å, respectively.

𝐺_𝑇𝐶𝐺_𝑓(𝑖, 𝛼) = ∑ 𝑓 𝐴 ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 𝐴=1 (3) 𝐺_𝑇𝐶𝐺_𝐸(𝑖, 𝛼) = ∑ 𝐸 𝐴 ⌈𝛿 𝑖𝛼 𝐴 ⌉ 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 𝐴=1 𝛿 𝑖𝛼 𝐴 = 1 𝑖𝑓 𝑐 𝑖𝛼 𝐴 > 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 𝛿 𝑖𝛼 𝐴 = 0 (4) 
𝐺_𝑇𝐶𝐺_𝐷(𝑖, 𝛼) = ∑ 𝐷 𝐶𝑇 ⌈𝛿 𝑖𝛼 𝐴 ⌉ 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 𝐴=1 𝛿 𝑖𝛼 𝐴 = 1 𝑖𝑓 𝑐 𝑖𝛼 𝐴 > 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 𝛿 𝑖𝛼 𝐴 = 0 (5) 
The charge transfer distance -DCT-appearing in eq. 5 has been computed using the original formulation reported in reference 29, that is as distance between the barycenters of the charge distribution associated to the density depletion (hole charge density) and density increment (electron charge distribution) upon excitations. The density here considered are the unrelaxed densities. 27 As a consequence, for centrosymmetric molecules this index will be consistently null independently of the nature of the transitions considered. For a more detailed description of the index, we point the interested readers to the original reference on DCT. 29 

Results and Discussion

For the sake of clarity, we will discuss in detail the results obtained for the triphenylene molecule (see Scheme 1) in the main text while corresponding figures for all other molecules are reported in supporting information and will only comparatively discussed in the main text.

The trends observed in the G_TCG plots for two different families of exchange correlation functionals, namely the non-parametrized PBE family and the BLYP derived one will be analyzed. For each of the two families a GGA (PBE and BLYP, respectively), a global hybrid (PBE0 and B3LYP) and a range separated hybrid (LC-PBE and CAM-B3LYP) have been considered. Of note, both global hybrid considered contains a similar percentage of HF exchange and are normally claimed to provide a very similar description of the excited states and to be subject to the same pathological behavior (i.e. the prediction of ghost states for long range, through space charge transfer) while the two range separated functionals have a slightly different asymptotic behavior, only LC-PBE recovering 100% HF type exchange at long distance.

The computed G_TCG for the two families are reported in Figure 1 for triphenylene. In supporting information are reported the grids computed for all other molecules together with all corresponding molecular orbitals representations. Of note if orbital energies spreading varies depending the functional considered, the MO ordering is the same meaning that all functionals predict the same ordering of the molecular orbitals thus making possible a direct comparison of the maps. Not surprisingly, overall the computed transitions (which are the first lowest 20) are mostly involving molecular orbitals close to the HOMO-LUMO ones (in particular HOMO to HOMO-2 i.e. 60 to 58 for the holes and LUMO to LUMO+2 i.e. 61 to 63 for the electrons).

It is clear that, in contrast to the differences obtained between GGA/hybrid and range-separated patterns, no qualitative and quantitative difference can be found comparing the two patterns computed using GGAs or global hybrids of the two families. In particular, one can note that the PBE and BLYP patterns are practically identical, both qualitatively and quantitatively, and that the same holds for the PBE0 and B3LYP ones, the only sizable difference in this latter case being a slight contribution of the H→L+5 (60→66) and H-5→L+1 (55→62) hole-particle pairs to the excited state that cannot be highlighted for the PBE0 pattern. On the other hand, a more important difference can be found when comparing the patterns computed at CAM-B3LYP More generally, comparing GGA to global or range separated hybrids within each family one can note that the contribution of higher lying unoccupied molecular orbitals to the computed transitions progressively vanishes and that seems somehow connected to the percentage of HF exchange (for instance this type of contributions is minimal in the case of LC-PBE). This general feature is somehow also retained in the case of the pyrene, chrysene and benzopyrene molecules while it is not observed in the case of phenanthrene, as reported in Supporting

Information.

Nonetheless it is worth to recall that the analysis performed up to now takes into account all computed transitions independently of their oscillator strength that is independently of the fact that the corresponding excited states will contribute to the observed spectra (bright transitions 𝑓 > 0) or not (dark transition 𝑓 = 0 or small).

To analyze the possible difference in the nature of the transitions actually contributing to the computed absorption spectra, in Figure 2 are reported the plots corresponding to G_TCG_f, for the triphenylene molecule where each of the hole-particle pairs is weighted for the oscillator strength of the transition to which it is contributing. In these maps the brighter the electronic transitions (that is the larger the associated f) the higher will be the weight of the contributing hole-electron pair. These charts will be discussed together with the plots corresponding to the G_TCG_E, reported in Figure 3, where each of the hole-particle pairs is weighted for the energy of the transition to which it is contributing.

The general patterns discussed previously for the unweighted hole-electron pairs clearly still holds and are even more clearly showing up. Comparing with the G_TCG maps shows the inner to high energy unoccupied orbitals hole-electron pairs actually mainly contribute to dark transitions since the corresponding spots practically disappear in the G_TCG_f maps independently on the functional. On the other hand, all hybrid functionals (global or range separated) show a more important contribution stemming from the HOMO/HOMO-1 to LUMO+1 pairs (it should be considered that the global and range-separated z-axis value is double the GGA's) while the HOMO-2 to LUMO/LUMO+1 hole-electrons pair seems to be contributing to bright transitions for all functionals but only to a smaller extent for CAM-B3LYP.

These general trends are also clearly appearing for all the other molecules considered (refer to Supporting information for corresponding figures). Furthermore, symmetry consideration may Please note that the z axis color scale is not the same for all functionals.

Yet, the analysis of the G_TCG_f maps still does not allow to draw definitive conclusions on the difference between the different functionals since, for instance a given hole-electron pair may have a relevant contribution to the G_TCG_f map either because it is strongly contributing to few -or even only to one-bright electronic excitation or because it is contributing to many but less intense transitions. It is thus worth to analyze the G_TCG_E maps reported in Figure 3. In all cases it seems that hole-electrons pairs are actually contributing to more than one transition since they show from a sizable to a high value in the corresponding G_TCG_E plots. Furthermore, all GGAs and global hybrid functionals display a relatively similar pattern while range separated hybrids are characterized by small but numerous contributions to electronic excitations also by inner molecular orbitals and higher lying unoccupied MOs as more clearly

shown by the plots, reported in Figure 4, where the G_TCG_E grids are weighted by the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 coefficients. In this case the following formula has been used :

𝐺_𝑇𝐶𝐺_𝐸(𝑖, 𝛼, ) = ∑ 𝐸 𝐴 ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 𝑁𝑠𝑡𝑎𝑡𝑒𝑠 𝐴=1
. This trend, that can be found also for the other molecules reported in SI, is particularly evident in the case of pyrene both for the non-scaled and the scaled G_TCG_E maps, as reported in Finally, in order to see if some global insights can be drawn on the nature of the computed excited states (local or non-local nature) we decided to plot the computed G_TCG_D and the corresponding G_TCG_D grids weighted by the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 coefficients, reported in Figure 5 and6, respectively, for triphenylene and in Supporting Information for all other systems. Interestingly, in this case the plots obtained for the different functionals show sizable differences. In particular, one can note that if GGA and global hybrids, independently on the family, show very similar trends, range separated hybrids and particularly LC-PBE show a different global behavior and more importantly an overall more local value (roughly reduced by a factor of 2).

Finally, considering the transitions actually contributing to the computed absorption spectra (Figure 7), the computed G_TCG_D*f grids scaled for the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 factor display a relatively similar pattern for GGAs functionals in comparison with the Figure 6, while the grids for global hybrids and range separated hybrids functionals are characterized by contributions to electronic excitation by molecular orbitals very close to HOMO-LUMO ones. These trends are also observed for one of the other molecules possessing a non -symmetryvanishing DCT that is benzopyrene but not in the case of phenanthrene, as reported in Figure 8.

In this case the computed DCT values turn out to be higher for range separated hybrids functionals than GGA's or global hybrids. This behavior can be observed comparing the G_TCG_D grids weighted by the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 coefficients computed at PBE, PBE0 and LC-PBE level (Figure 8, left column). 

Conclusions and Perspectives

From the analysis of the different global grids derived from the Transition Composition Maps here proposed the following general conclusions and perspectives for further improvements can be drawn:

-G_TCG can be used to qualitatively spot differences in the behavior of the different functionals not only in energetics but also in the nature of the computed transitions in a condensed and qualitative way -Analysis of the transition contributing to the computed spectra can be performed by the analysis of the G_TCG_f maps -When aiming at comparing grids computed with different functionals this analysis nonetheless requires previous comparison of the molecular orbitals involved which may reveal tedious -Global maps, here as reported have been drawn for a given -fixednumber of excited states which results in a different span of the computed absorption energies. An alternative choice could be to constructing global grids not at fixed number of excited states but summing up all excited states within a given spectral window of interest -Analogously here all contributions to the excitations have been considered. A -largerthreshold on the contributing ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 factors may simplify the pattern and allow a better qualitative interpretation of the spectra -A different type of analysis could be provided focusing exclusively on contribution of specific occupied -i-unoccupied -orbital pairs More generally, we believe that the global grid based analysis could help in the case of systems possessing a complex electronic structure and a dense molecular orbitals manifold close to the frontier orbitals, such as nanoparticles or large -conjugated systems, for which several holeelectron pairs are expected to contribute to single electronic transitions.
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 1 Scheme 1. Polycyclic aromatic hydrocarbons (PAH) analyzed in this work.

Figure 1 .

 1 Figure 1. Computed G_TCG (unweighted hole-electron pairs) for the BLYP and PBE families (triphenylene molecule; HOMO=60; LUMO=61). To facilitate comparison, the axis z color scale is the same for all functionals.

  further reduce the number of bright electronic transitions such as in the case of the molecule of pyrene, showing an extremely reduced number of electron-hole pair corresponding to bright transitions (see for instance Figure SI.23).

Figure 2 .

 2 Figure 2. Computed G_TCG_f of triphenylene for the BLYP and PBE families (HOMO=60; LUMO=61).

Figure 3 .

 3 Figure 3. Computed G_TCG_E of triphenylene for the BLYP and PBE families (HOMO=60; LUMO=61). Please note that the z axis color scale is not the same for all functionals.

Figure 4 .

 4 Figure 4. Computed G_TCG_E scaled for the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 factor of triphenylene for the BLYP and PBE families (HOMO=60; LUMO=61). Please note that the z axis color scale is not the same for all functionals.

Figure SI. 24

 24 Figure SI.24 and SI.25.

Figure 5 .

 5 Figure 5. Computed G_TCG_D of triphenylene for the BLYP and PBE families (HOMO=60; LUMO=61). Please note that the z axis color scale is not the same for all functionals.

Figure 6 .

 6 Figure 6. Computed G_TCG_D of triphenylene scaled for the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 factor 43 for the BLYP and PBE families (HOMO=60; LUMO=61). Please note that the z axis color scale is not the same for all functionals.

Figure 7 .

 7 Figure 7. Computed G_TCG_D*f of triphenylene scaled for the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 factor for the BLYP and PBE families (HOMO=60; LUMO=61). Please note that the z axis color scale is not the same for all functionals.

Figure 8 . 2 coefficients reported in Figure 8 (

 828 Figure 8. Computed G_TCG_D (left) and G_TCG_D*f (right), both scaled for the ⌈𝑐 𝑖𝛼 𝐴 ⌉ 2 factor, of phenanthrene for the PBE family of functionals

Acknowledgments C. M. and I.C. thank the European Research Council (ERC) for funding under the European Union's Horizon 2020 research and innovation programme (grant agreement No 648558, STRIGES CoG grant).