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Assessment of the Performance of Long-Range-Corrected Density Functionals for Calculating the Absorption Spectra of Silver Clusters

Introduction

In a few years, the Time-Dependent Density Functional Theory (TD-DFT) has become one of the major theoretical approaches for calculating the absorption spectra of molecular systems. The developments in the last decade in both methods and algorithms, and also the increase of capacities of computers, now allow the theoretician to reproduce and interpret experimental spectra and to predict spectra of complex systems containing hundreds of electrons within a fully quantum treatment. For valence-excited states, the typical error lies within the range of 0.1-0.5 eV, which is comparable with the error of high-level post-Hartree-Fock methods like MRCI, EOM-CCSD or CASPT2. However, these correlated approaches are much more computer intensive, and consequently can be used only for small-sized systems, while TD-DFT represents a good compromise between accuracy and computational effort for the calculation of excited states of medium-sized and large-sized systems. The formal foundations of TD-DFT comprise the Runge-Gross theorem, 1,2 the time-dependent Kohn-Sham equations, 3 and then the derivation of the TD-DFT equations in the linear response formulation by Casida. 4 The resolution of the equations gives some properties of the excited states like excitation energies, oscillator strengths, geometries, etc. However, several approximations are employed in the derivation of the equations. Most calculations are still restricted to the adiabatic linear-response formulation of TD-DFT which is not able to describe states with substantial multi excitation character, despite some recent developments to go beyond the conventional approximations. [5][6][7][8] Furthermore, in practice TD-DFT is applied with approximate exchange-correlation density functionals, since no exact expression is available. Many functionals have systematic deficiencies and lead to bad descriptions for transitions with Rydberg states, longrange charge-transfer, or double-excitations character in the excited state, or even sometimes for single-excitation valence transitions. 3 Therefore, several extensive tests of various density functionals have been published in order to check their reliability for predicting accurate excited states in the framework of TD-DFT. [9][10][11][12][13][14] However, all these benchmarks mainly considered excited stated of organic molecules. In particular, the databases commonly used do not include metallic systems.

Meantime, many TD-DFT calculations on metallic particles have been published, particularly concerning noble metal clusters due to their unique optical properties with the well-known plasmon resonance at the nanometric scale. [15][16][17][18][19][20][21][22][23][24][25][26][27][28][29] Most calculations were performed with LDA (Local Density Approximation) or standard GGA (Generalized Gradient Approximations) density functionals.

To my knowledge, the first comparison of the reliability of density functionals in the prediction of excited states of metallic clusters concerned the calculation of absorption spectra of small silver and nickel (Ag 8 , Ni 8 , Ag 4 Ni 4 and Ag 11 Ni 2 ) clusters for which spectra calculated with BP86, 30,31 PBE 32 and B3LYP 33,34 functionals were found to be very similar. 22,23 It is well known that TD-DFT have problems with the calculation of charge-transfer excited states. The excitation are much low and the potential energy curves do not exhibit the correct asymptote (in 1/R where R is the distance between the positive and the negative charges of the charge-transfer state). This failure has been understood as an electron-transfer self-interaction error by Dreuw and Head-Gordon. 3 Peach and coworkers have proposed a test for judging the reliability of excitation energies associated with significant charge transfer character thanks to a calculation of the degree of spatial overlap between the occupied and virtual orbitals involved in excitations. 35 To give a more suitable description of charge-transfer excitations, a long-range correction should be applied to the exchange functional. The Coulomb operator in the LC-approach is split into two parts:

1

r 12 = 1 -er f (ωr 12 ) r 12 + er f (ωr 12 ) r 12 ,
where r 12 is the distance between two electrons, and ω is a range separation parameter. The first term of the right-hand side is a short-range term evaluating with the exchange potential from DFT, while the second term, the long-range part, is evaluating with exact Hartree-Fock exchange. The parameter ω has been optimized by Hirao et al [36][37][38] and the above partition can be applied in combination with various standard functionals, for example LC-BP86 is the functional resulting from the application of LC-approach to BP86. A recent benchmark 11 has shown the significant improvements coming from the above correction applied to standard GGA functionals in the description of excited states of small organic molecules. Yanai et al, in an extension of this above approach, have combined the hybrid B3LYP functional at short range with an increasing amount of exact Hartree-Fock exchange at long-range, resulting in a functional named CAM-B3LYP, 39 which give also good results for charge-transfer excitations. 11 Such so-called long-range-corrected (LC-) functionals have been used only very recently to investigate the optical properties of metal clusters. 28,[40][41][42] Using TD-DFT on metal systems like noble metal clusters or transition metal clusters is not easy due to the very large number of excited states in the visible range leading to quasi-continuum spectra when some hundreds electrons are considered (typically ten silver atoms). The presence of many quasi degenerated states leads to severe difficulties in the resolution of equations (problems of convergence in the Davidson diagonalization), and of course a strong computation effort. The use of the LC-approach leads to a strong reduction of the number of calculated excited states in the UV-visible range. Indeed, the spectra calculated with a conventional functional (like GGAs) include a large number of spurious states, often with low oscillator strengths, which is thought to be due to a bad description of charge-transfer transitions. These spurious states are removed, or push to higher excitation energies, with the inclusion of long-range corrections. 3,40,41 For example,

The number of states below 6 eV decreases by a factor of about 4 when the long-range corrections are applied to the BP86 functional. For Ag 10 /Ag 12 clusters, the number of excited states is reduced from 380/500 to 99/124. 42 Thus, the extra computational cost induced by the inclusion of the exact Hartree-Fock exchange is partially offset by the decrease in the number of states.

We present here an assessment of the performance of long-range corrected density functionals for calculating the vertical absorption spectra of silver clusters in the adiabatic linear-response formulation of TD-DFT. The reliability of the TD-DFT predictions will be compared to both experimental spectra and to high-level ab initio calculations performed in the framework of the linear response equation-of-motion coupled cluster (EOM-CC) method. The latter can be considered as a reference method for prediction of transition energies and oscillator strengths for states dominated by single excited configurations, while they give less accurate results for excited states in which doubly excited configurations have a leading role. In experiments, spectra were measured on clusters embedded in rare gas matrix. 17,43,44 Although condensed rare-gases are the most inert solids, some effects on spectra may be expected. For example, it was shown on both potassium and silver clusters that the dielectric screening for the electron-electron interaction involve a redshift of the plasmon frequency as the dielectric constant of the matrix increases. 45 Moreover, clusters with differing local environments, known as site isomers, may coexist. Using quantum calculations on sodium clusters embedded in an argon matrix, Gervais et al 46,47 showed the possible coexistence of several site isomers and rationalized the matrix effects in two competing effects: the dielectric effect leading to a redshift and a confinement of the valence electrons of the clusters due to the presence of the rare-gas atoms leading to a blueshift. Other possible effects concern the eventual deformations of clusters structures during the deposition in matrix, though the deposition energy is low. Finally, some symmetry forbidden transitions may be observed when the cluster is embedded due to interaction with the rare-gas atoms. To reduce the matrix effects both the growth of the matrix and measurements of optical spectra are made at low temperature (27K, 17 6K 44 ). Previous works have shown that the matrix effects are relatively low, and TDDFT spectra calulated on clusters in gas phase compare well to experimental spectra measured on clusters embedded in rare-gas matrix. 17,44 We have selected the following functionals representative of several categories: LC-BP86,LC-ωPBE, 48 LC-M06L, CAM-B3LYP, and ωB97x. BP86 and PBE are GGA-type functionals. M06L is a local meta-GGA functional ("meta" denotes the inclusion of kinetic energy density, which depends on local derivatives of the spin orbitals) parametrized to have good performances for transition metal chemistry and to satisfy the uniform-electron-gas limit. 49 LC-BP86

and LC-M06L are obtained by applying the long-range correction of Hirao and coworkers 38 with ω = 0.47 to BP86 and M06L functionals respectively. LC-ωPBE is obtained from PBE with a parameter ω = 0.40. Those LC-functionals contain 0% Hartree-Fock exchange at short range and 100% at long range. CAM-B3LYP 39 and ωB97x 50 are long-range corrected hybrid density functionals. In the case of ωB97x, the percentage of Hartree-Fock exchange is 16% at short-range and 100% at long-range, while CAM-B3LYP comprises of 19% Hartree-Fock exchange at short-range and 65% Hartree-Fock at long-range. For all LC-functionals, the ω dependence on the excitation energies will be presented. We will give also the absorption spectra calculated with some non corrected functionals, namely BP86, M06L and also the hybrid M06-2X. 51

Methodology

All calculations were performed with the Gaussian09 suite of programs. [START_REF] Frisch | Gaussian 09 Revision A.1[END_REF] Pre-and post-processing operations were performed by using the graphical interface Gabedit. [START_REF] Allouche | [END_REF] The clusters geometries were the lowest-energy structures obtained at BP86 level from Reference. 17 They were locally optimized with each functional before doing the present calculation of optical properties. All structures are shown in Figure 1. Silver atoms were described through a relativistic effective core potential (called SDD in Gaussian09) so that only 19 valence electrons were treated explicitly. 54 The corresponding basis set was 8s7p6d1f contracted into 6s5p3d1f. For the smallest clusters, i.e.

Ag n with n ≤ 8, we have also calculated the absorption spectra with a quadruple zeta valence + polarization (QZVP) quality basis set. 55 The spectra were found very similar (they are given in Supplementary Information), and so optical spectra for larger clusters have been calculated with the SDD basis set to reduce the computational effort.

The absorption spectra presented below give the oscillator strength as a function of the excitation energy, together with a curve obtained by a Gaussian broadening (with a full width of half-height of 0.08 eV). Spectra include calculated excitation energies up to 6 eV, though states with multi excitations character, expected to be likely localized beyond about 5 eV, are not correctly described in present TDDFT calculations.

For small clusters Ag n (n = 4, 6, 8), we have performed calculations in the framework of the linear response equation-of-motion coupled cluster (EOM-CCSD) method. For Ag 4 , the basis set was extended to a quadruple zeta valence + polarization quality, 55 while the SDD basis set was used for Ag 6 and Ag 8 .

Results and Discussion

Comparison with experimental spectra

We first compare our calculated spectra to the experimental ones. For clarity, we only present in ωB97x(ω = 0.30). The ω dependence in results will be discussed in the next section.

We first present briefly some results on neutral silver atom and dimer, before we examine in details the spectra of silver clusters. As previously observed, 15,56 the relative energies of excited states of silver atom calculated in the framework of TD-DFT are not in complete agreement with available experimental data. The 4d 10 5s → 4d 10 5p excitation energy is calculated to be 3.91, 3.76, 4.02, 3.75, 4.15 eV at CAM-B3LYP, ωB97x, LC-M06L, LC-BP86, and BP86 levels respectively, while the experimental values are 3.66 and 3.78 eV for j = 1/2 and j = 3/2 spin-orbit split transitions. 57 The second allowed excitation correspond to 4d 10 5s → 4d 10 6p transition measured experimentally at the averaged value of 6.005 eV. 57 The corresponding transitions are calculated at 6.71, 6.60, 7.31, 6.96, and 6.52 eV with CAM-B3LYP, ωB97x, LC-M06L, LC-BP86, and BP86

functionals respectively. The level energy of the 4d 9 5s 2 excited state is strongly underestimates whatever the functional used, since the calculated value is 3.49, 3.43, 3.30, 3.66, and 3.09 eV with CAM-B3LYP, ωB97x, LC-M06L, LC-BP86 and BP86 functionals respectively, to be compared with the experimental data of 3.75 and 4.30 eV for j = 5/2 and j = 3/2 spin-orbit split transitions. 57 Hence, the lowest excited state is 4d 9 5s 2 instead of 4d 10 5p. Finally, the level energy of the 4d 10 6s excited state is calculated at 5.17, 4.93, 5.81, 5.51, and 5.27 eV with CAM-B3LYP, ωB97x, LC-M06L, LC-BP86, and BP86 functionals respectively, while the reference data is 5.28 eV. 57 For Ag 2 , the calculated energies of allowed transitions are given in Table 1 together with the experimental data measured on clusters in gas phase or embedded in rare gas matrices. Spectra are given in Supporting Information. Transition energies for the so-called states A and C are correctly calculated with all functionals. The experimental B ( 1 Π u ) transition at 4.44-4.68 eV is not correctly described with the standard functional BP86 since the transition is calculated at 3.72 eV with a nearly zero oscillator strength. Previous works have shown that both LDA and B3LYP functionals also fail in the description of that state. 44,56 In contrast, all LC-functionals describe well the state B. In Table (n = 1 -9) clusters embedded in solid neon matrix have been published very recently, 44 while spectra of larger clusters are available in solid argon matrix. 17,43 Absorption spectra calculated for Ag 4 , Ag 6 and Ag 8 clusters are shown in Figure 2 and Figure 3 together with the experimental spectra. We have calculated the absorption spectra with several non LC-functionals, named BP86, M06L, M06-2X, PBE, and B3LYP, but as the spectra are found to be very similar, we only show in Figure 2 and Figure 3 the spectra calculated at the BP86 level (Other spectra can be found in Supporting Information). The long-range correction applied to BP86, giving the LC-BP86 functional, leads to significant changes in the absorption spectra. First, the number of excited states below 6 eV is strongly reduced. Second, the shape of the spectra is modified. the LC-BP86 spectrum presents two small peaks at 3.17 and 3.47 eV, in contrast with the BP86 spectrum which has only one peak at 2.99 eV. The spectra calculated at LC-BP86 level seem to be in better agreement with the experimental spectra though the agreement is not perfect. For Ag 4 , the experimental data show two main transitions at 3.07 and 4.23 eV, in correct agreement with the LC-BP86 spectrum. The experimental spectrum of Ag 6 shows a main peak at 3.45 eV with a second less intense one at 3.65 eV (Figure 2). The latter could correspond to the peak at 3.26 eV in the LC-BP86 spectrum. For Ag 8 , two different structures of symmetry T d and D 2d compete for the lowest-energy isomer (see Figure 1). Previous studies have shown that the ordering is de-pendent on both the basis set and the functional used. 17,[64][65][66] In the present study, the T d structure is found to be the lowest-energy isomer at BP86, M06-2X, LC-BP86, LC-ωPBE, CAM-B3LYP and ωB97x levels, while at M06L and LC-M06L levels the T d structure lies 0.01 eV (0.03 eV at LC-M06L/QZVP level) above the D 2d isomer. The experimental spectrum of Ag 8 presents two small narrow peaks at 3.12 and 3.20 eV and two intense transitions at 3.65 and 4.00 eV. Three transitions (at 3.12, 3.20 and 4.00 eV respectively) could correspond to transitions calculated at LC-BP86 level for the T d isomer, while the experimental intense transitions at 3.65 and 4.00 eV are well reproduced by transitions calculated for the D 2d isomer at 3.88 and 4.11 eV respectively.

As previously suggested, 17 both isomers could be likely present in the experiment, the experimental spectrum being then a sum of the spectra for both isomers. The spectra of Ag 4 , Ag 6 and Ag 8 calculated at LC-M06L level are similar to those obtained at LC-BP86 but with a redshift of about 0.1 eV. Finally, the transitions calculated with the long-range corrected hybrid density functionals, CAM-B3LYP and ωB97x, are redshifted by about 0.1 eV with respect to those obtained at LC-M06L, and are in better agreement with the experimental data. However, a disagreement with the experimental spectrum of Ag 6 remains: the small peak is shifted on the low energy side of the main transition to about 3.0 eV (versus 3.65 eV in experiment).

Interestingly, we have calculated the mean absolute deviations (MADs) from the experiment.

The MADs were calculated using only the main transitions for each size. Both experimental data and calculated values which were used in the calculation of MADs are given in a Table in Supporting Information. We should note that the experimental spectra present also various less intense structures, that do not appear clearly in plots of Figure 2 and Figure 3, but were well identified in the original paper. 44 For clarity, we will not discuss the position of all peaks, while they are roughly well described by the present calculations. Calculations with the BP86 functional produce an average deviation of 0.21 eV, M06L is a little better, while the hybrid M06-2X leads to a relatively large MAD (0.32 eV) due to a systematic redshift of the main transitions. CAM-B3LYP and ωB97x functionals, with MADs of 0.05 and 0.07 eV respectively, are clearly the best functionals, and even outperform the present EOM-CCSD predictions. Figure 4 shows the calculated absorption spectra of Ag 10 and Ag 12 clusters. For Ag 10 , the BP86 spectrum gives a main peak at 3.08 eV followed by a very large structure without dominant transition. In contrast, spectra calculated with LC-functionals present two main transitions (for examples at 3.32 and 4.32 eV for CAM-B3LYP, and 3.30 and 3.99 for ωB97x respectively), and a small peak (at 3.90 and 4.49 eV for CAM-B3LYP and ωB97x respectively). In experiment, the formation of the Ag 10 cluster is unfavorable and only one spectrum can be found in the litterature. 17 Although the signal to noise ratio of the experimental spectrum is low, it shows three distinct narrow lines at 3.79, 3.98 and 4.15 eV, which could correspond to the present three peaks. However, the experimental spectrum should be confirmed because its similarities with the spectrum of Ag 9 suggest a fragmentation of Ag 10 into Ag 9 + Ag atoms after the mass selection, so that the spectrum could be associated to Ag 9 cluster. 17 The absorption spectra of large Ag n (n = 15 -25) clusters are characterized by the emergence of a dominant and relatively broad peaks between 3.5 and 4.0 eV, sometimes accompanied by one or two absorption peaks at higher energies but smaller intensities. 17,43 The features are similar to the plasmon excitation observed in metal nanoparticles of several nm in diameter and previously interpreted as collective excitations of valence s-electrons. However, in the case of noble metal, the polarization effects of the d-electrons were showed to greatly influence the optical response.

In particular, the core polarization screens the valence electron interaction and leads to a redshift of the surface plasmon energy. 67,68 Recently, the optical response of medium-sized (n = 15 -22) clusters has been associated to excitation of d-electrons from calculations using GGA-type functionals. 17,18,21 In Figure 5 we give the calculated spectra for the Ag 18 , Ag 20 , and Ag 22 clusters.

For Ag 18 , the experimental spectrum shows a large band centered at 3.62 eV with a shoulder at 4.04 eV. 43 Spectra calculated with LC-functionals reproduce rather well the experimental ones but with a blueshift of about 0.1-0.3 eV, the main band being centered at 3.90, 3.90, 3.80 and 3.72 eV with LC-BP86, LC-M06L, CAM-B3LYP and ωB97x functionals respectively. For Ag 20 , the experimental spectrum presents a main transition at 3.70 eV and a less-intense peak at 3.97 eV. 43 The calculated spectra are blueshifted by 0.18-0.39 eV. The best predictions are those from CAM-B3LYP (3.88 eV) and ωB97x (3.91 eV) calculations. The band width of the spectrum for Ag 20 is narrower than that for Ag 18 whatever the functional used, in good agreement with the experiment.

For Ag 22 , all calculated spectra present two main bands visible in Figure 5 (centered at 3.80 and 4.05 eV at CAM-B3LYP level and at 3.83 and 4.13 eV for ωB97x level). To my knowledge, no experimental spectrum is available for comparison. The mean deviation of calculated peaks versus experimental ones confirms the good performances of CAM-B3LYP and ωB97x functionals (see MAD3 in Table 2), while LC-BP86 and LC-M06L functional are less accurate for large clusters (Ag 18 and Ag 20 ).

Description of plasmon like band

Interestingly, spectra calculated with the BP86 functional for Ag 18 and Ag 20 are very different than those obtained with LC-functionals. They present some strongly broadened and damped bands resulting in very large structures. The spectra are biased by many spurious states beyond 3 eV. The BP86 spectra do not reproduce well the plasmon-like bands of experimental spectra because a strong bottom signal still exists beyond 4 eV while no transition is measured in experiments. The same feature are found with other GGA-type functionals, and also with M06L (Spectra are given in Supporting Information). The long-range correction appears here to be essential in describing the absorption of large metallic clusters. In previous works, 17,40 the spectra calculated with non LC-functionals (like BP86 or PBE) were found to better reproduce the experimental spectra than present BP86 calculations do. It was due to the use of the small LANL2DZ basis set which is not large enough to calculate states beyond 4 eV (including spurious states), and also a truncation in the spectra at about 4 eV. But when calculations are made up to 5 eV and with a more suitable basis set, many spurious states appear beyond the plasmon band. Moreover, at GGA level the main transitions are due to the excitations from orbitals, with a shape associated to s and d contributions, to the outer region with an s + p character distributed on the whole cluster. For Ag 20 , important contributions come from inner d-orbitals HOMO-n, n = 6 -30. In contrast, the role of d-electrons are less important in calculations with LC-functionals since the transitions are mainly due to excitations from HOMO-n (n = 0 -5) s-type orbitals. The excitations from d-orbitals to the outer region distributed on the whole clusters are pushed to much higher energies. Since they present a long-range charge-transfer character, these excitations are properly described only with a correct asymptotic potential. The description of the plasmon band with LC-functionals is in better agreement with the classical interpretation as a collective excitation of valence s-electrons. We can conclude that the use of LC-functionals should be preferred for a good description of plasmon like band.

Importance of the ω value

To complete the study, Figure 6 presents the number of states calculated by each functional below a threshold of 6 eV, together with the sum of oscillator strengths below the same threshold. As expected, the number of states calculated with a standard functional, like BP86, is very large.

The long-range correction, implying the exact Hartree-Fock exchange, reduces significantly the number of states. For example, in the case of Ag 12 , the number of calculated states is reduced from 500 to 115 when the long-range correction is applied to BP86. It is interesting to note that the sum of oscillator strengths calculated at BP86 and LC-BP86 levels are roughly similar. Actually, the long-range correction increases significantly the oscillator strengths of dominant transitions (see for example LC-BP86 spectra versus BP86s in Figure 4), while it removes a large number of states with low (frequently zero) oscillator strengths. The combination of these two effects leads to a quasi conservation of the sum of oscillator strengths. The inclusion of Hartree-Fock exchange at long-range in the functional is clearly responsible of the removing of many spurious states, it pushes the charge-transfer states to higher excitation energies or eliminates them. Hence BP86 calculates a large number of spurious states with low oscillator forces (but sometimes leading to a damping of absorption bands) which are likely not to be located in this energy range of the absorption spectrum. The elimination of spurious charge-tansfer states using LC-functionals has been already discussed in previous works, 3,36,37,39 indicating that a correct description of optical properties needs a correct asymptotic behavior of the exchange potential. Interestingly, Figure 6 shows that the LC-hybrid functionals CAM-B3LYP and ωB97x calculate more states than LC-BP86 and LC-M06L functionals. For instance, in the case of Ag 22 , CAM-B3LYP and ωB97x

calculates 443 and 345 states respectively, while LC-BP86 and LC-M06L calculate 250 and 205 states respectively. In the case of CAM-B3LYP, the long-range part uses at most 60% Hartree-Fock exchange, and so the long-range asymptotic behavior of the charge-transfer states is not fully corrected. This could explain why many spurious states are not removed. However, the calculated spectra at CAM-B3LYP and ωB97x levels reproduce very well the experimental spectra.

We have studied the ω dependence in the excitation spectra for several functionals. For LC-M06L, in addition to the last optimized value of 0.47, 38 we have tested the original value of 0.33 suggested by Hirao et al., 36 and also 0.15, 0.60 and 0.80. For the main peaks, a blueshift of about 0.3 eV together with an increase of about 30% of their oscillator strengths are observed with increasing ω from 0.15 to 0.80. Meantime, the number of states is strongly reduced (see Figure 7).

All calculated spectra are in Supporting Information. Table 3 indicate that the value of 0.33 leads to the smallest MAD (0.09). A value of 0.60 lead to a MAD of 0.20, similar to that calculated for the non corrected M06L (ω=0) functional. A large part of exact exchange at short range is then not suitable. Interestingly, we have studied the effect of the ω value on 4d 10 5s → 4d 10 5p and 4d 10 5s → 4d 9 5s 2 excitation energies for a single atom. The former transition is calculated to increase from 3.23 to 4.21 eV with increasing ω value from 0.05 to 1.0, while the latter decrease from 4.15 down to 3.83 eV. The best agreement with the experimental data is obtained for ω in the 0.8-0.9 range, where the 4d 10 5p state become lower than the 4d 9 5s 2 state. Unfortunately, the value of ω = 0.80 leads to rather bad results when used to calculate spectra for clusters of several atoms (MAD of 0.23 eV, see Table 3). This result shows that fitting the value of ω on excitation energies on a single atom does not necessary lead to good spectra on clusters. For LC-ωPBE, we have also found a small blueshift of the main peaks with increasing ω, the value of 0.40 give the smallest MAD. We have also tested several values of ω in the case of hybrid CAM-B3LYP and ωB97x

functionals, without changing the other functionals' parameters. The ω dependence was found to be relatively small. The original values, 0.33 and 0.30 for CAM-B3LYP and ωB97x respectively, are found to be the best chooses.

Conclusions

Absorption spectra of silver clusters Ag n (n = 4 -22) have been calculated in the framework of the adiabatic linear-response formulation of TD-DFT using various long-range corrected density functionals. The performances of functionals have been evaluated with comparison of their predictions on isolated clusters to available experimental data measured on clusters embedded in rare gas 
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 2 Figures 2-5 spectra calculated with BP86, LC-BP86, LC-M06L, CAM-B3LYP and ωB97X functionals, chosen as representative GGA, LC-GGA, LC-metaGGA, and LC-hybrid functional families respectively. Spectra calculated with M06L, M06-2X, and LC-ωPBE functionals are given in Supporting Information. In this section, the value of ω is fixed to the default value in Gaussian09, i.e. LC-ωPBE(ω = 0.40),LC-BP86(ω = 0.47), LC-M06L(ω = 0.47), CAM-B3LYP(ω = 0.33),

  are obtained with the LC-hybrid functionals CAM-B3LYP and ωB97x indicating that a portion of exact Hartree-Fock exchange at short range improves the predictions. LC-M06L (with ω = 0.33) and LC-ωPBE (with ω = 0.40) give also very good results. As LC-M06L calculates fewer states, it could be competitive for calculating the spectra of very large clusters not accessible with LChybrid functionals. For large clusters, the long-range correction appears to be essential in describing the absorption spectra, since the calculated spectra with non corrected functionals do not reproduce well the plasmon-like excitation and strongly overestimate the role of d electrons in transitions. The description of the plasmon band with LC-functionals, as transitions associated to excitations from s orbitals to s+ p orbitals, is in fairly good agreement with the classical interpretation as a collective excitation of valence s-electrons. The present results show that LC-functionals should be preferred to simulate the spectra of large clusters.
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 1 Figure 1: Structures of lowest-energy isomers of Ag n clusters.
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 2 Figure 2: Absorption spectra of Ag 4 (D 2h symmetry) and Ag 6 (D 3h symmetry) clusters. Plots of the experimental results (last row) were generated using digitizing software on the original spectra.44 
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 3 Figure 3: Absorption spectra of Ag 8 (T d symmetry in first column, D 2d symmetry in the second column). The lowest-energy isomer is the T d structure at BP86, LC-BP86, CAM-B3LYP and ωB97x levels, while it is the D 2d isomer at the LC-M06L level. Plots of the experimental results(last row) were generated using digitizing software on the original spectra.44 
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 4 Figure 4: Absorption spectra of Ag 10 (D 2d symmetry) and Ag 12 (C s symmetry). Plot of the experimental spectrum (last row) was generated using digitizing software on the original spectra.1720
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 6 Figure 6: Number of states below 6.0 eV and the sum of oscillator strengths below a threshold energy of 6.0 eV. The value of ω is ωB97x(ω=0.30), LC-M06L(ω=0.47), CAM-B3LYP(ω=0.33), LC-BP86(ω=0.47), LC-ωPBE(ω=0.40).
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 8 Figure 8: Table of Contents Graphic

Figure 3 :

 3 Figure3: Absorption spectra of Ag 2 . Plots of the experimental spectrum (last row) was generated using digitizing software on the original spectra.1 

Table 1 : Absorption spectra of Ag 2 . Energies are given in eV. a Experimental data in gas phase. 58-63 b Experimental data in neon matrices 44

 1 1, we have assigned the calculated peaks above 5 eV to the so-called D (sometimes with two calculated values) and H states because they are 1 Σ + u states. The calculated values strongly overestimate the experimental data of 4.84 eV for D -X transition (by more than 1 eV), while the calculated state near 7 eV fit well the experimental data of 7.23 eV for H state. We now present results on clusters Ag 4 to Ag 22 . In experiments, high resolution spectra of Ag n

	.	States Expt a Expt b CAM-B3LYP ωB97x LC-M06L LC-BP86 BP86 A 1 Σ + 2.85 2.96 3.04 2.99 3.09 3.14 3.06 u 4.68 4.40 4.34 4.51 4.48 3.72 B 1 Π u 4.44 4.78 4.69 4.74 4.98 4.95 4.80 C 1 Π u 4.67 D 1 Σ + 4.84 4.85 5.86;6.07 6.00 6.29 6.28 5.33;6.37 u 5.07 E 1 Π u 4.98 H 1 Σ + u 7.23 6.92 6.96 7.15 7.25 6.43

  The main peaks are blueshifted from 2.95 to 3.18 eV for Ag 4 , from 3.23 to 3.77 eV for Ag 6 , and from 3.82 to 4.13 for Ag 8 (T d isomer). Interestingly, for Ag 6 a new peak at 3.26 eV is obtained with LC-BP86.It does not correspond to any transitions of the BP86 spectrum. Similarly, for Ag 8 (T d isomer)

Table 2 : Mean absolute deviations (in eV) from the experiment. MAD1 is calculated with the main transitions of spectra of Ag n

 2 

clusters with n = 4, 6, 8. MAD2

is calculated with the main transitions of spectra of Ag n

  

clusters with n = 4, 6, 8, 12. MAD3

is calculated with the main transitions of spectra of Ag

  n clusters with n = 4,6, 8, 12, 18, 20. 

Present values of ω are the default values in Gaussian09.

  

		MAD1 MAD2 MAD3
	BP86	0.21	0.30	0.29
	M06L	0.16	0.20	0.20
	M06-2X	0.32	0.34	0.29
	LC-ωPBE(ω = 0.40)	0.12	0.10	0.12
	LC-BP86(ω = 0.47)	0.19	0.18	0.21
	LC-M06L(ω = 0.47)	0.12	0.12	0.16
	CAM-B3LYP(ω = 0.33) 0.05 ωB97x(ω = 0.30) 0.07	0.05 0.07	0.08 0.09
	EOM-CCSD	0.10		

  For Ag 12 , the experimental spectrum, which presents three strong lines at 3.42, 3.91, and 4.38 eV,17 is well reproduced by all calculations. In particular, the predictions of CAM-B3LYP (3.41, 3.96, and 4.27 eV) and ωB97x (3.41, 3.84, and 4.24 eV) are in excellent agreement with the experimental data. In Table2, the mean deviation called MAD2 includes the spectrum of Ag 12 in the reference set in addition to those of Ag 4 , Ag 6 and Ag 8 . The deviation for BP86 calculations strongly increases due to a redshift of 0.4 eV in the prediction of the spectrum of Ag 12 versus the experiment.

Table 3 : Variations of mean absolute deviations (in eV) from the experiment with the value of ω. See Table 2 for the definition of MAD1, MAD2, MAD3.

 3 

		MAD1 MAD2 MAD3
	LC-M06L(ω = 0.15)	0.08	0.11	0.11
	LC-M06L(ω = 0.33)	0.07	0.07	0.09
	LC-M06L(ω = 0.47)	0.12	0.12	0.16
	LC-M06L(ω = 0.60)	0.15	0.15	0.20
	LC-M06L(ω = 0.80)	0.17	0.17	0.23
	LC-ωPBE(ω = 0.20)	0.12	0.14	0.12
	LC-ωPBE(ω = 0.40)	0.12	0.10	0.12
	LC-ωPBE(ω = 0.60)	0.21	0.18	0.20
	CAM-B3LYP(ω = 0.15) 0.08	0.08	
	CAM-B3LYP(ω = 0.33) 0.05	0.05	0.08
	CAM-B3LYP(ω = 0.45) 0.06 ωB97x(ω = 0.15) 0.12 ωB97x(ω = 0.30) 0.07 ωB97x(ω = 0.45) 0.12	0.09 0.07 0.07 0.09	0.09

matrix. Calculated spectra are found to be in good agreement with experimental spectra though calculations on single atom and dimer do not reproduce well the experimental data. For main transitions, the mean deviation from the experiment is found to be less than 0.2 eV with the five longrange corrected functionals of interest, namely LC-BP86, LC-ωPBE, LC-M06L, CAM-B3LYP and ωB97x. In particular, very good results both on position of peaks and oscillator strengths,

Table 1 :

 1 Main transitions of the absorption spectra of Ag n (n = 4, 6, 8, 12, 18, 20) clusters.

Experimental data are taken from References. 1-3 EOM-CC values are taken form Refer- ences. 4,5

  

	n	expt BP86 LC-BP86 LC-M06L CAM-B3LYP wB97x EOM-CC
	4	3.07 2.95 3.18	3.12	3.05	2.98	3.21
	4	4.23 4.08 4.02	4.30	4.09	4.09	4.29
	6	3.45 3.23 3.77	3.67	3.48	3.51	3.69
	8 (T d )	4.00 3.82 4.13	4.11	4.04	3.98	4.16
	8 (D 2d ) 3.65 3.33 3.88	3.83	3.72	3.69	
	8 (D 2d ) 4.00 3.72 4.11	4.11	4.01	3.93	
	12	3.42 3.07 3.62	3.59	3.41	3.41	
	12	3.91 3.38 4.09	4.01	3.96	3.84	
	12	4.38 3.80 4.48	4.47	4.27	4.24	
	18	3.62 3.68 3.90	3.90	3.80	3.72	
	18	4.04				
	20	3.70 3.33 4.09	4.09	3.88	3.91	
	20	3.97				
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Figures 1 and2 show the absorption spectra of Ag 6 and Ag 8 using two different basis sets: SDD and QZVP. They show that spectra are similar with the two basis sets.

Figure 3 shows both calculated and experimental spectra of Ag 2 .

Table 1 gives the positions of main peaks.