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Abstract

We assess the accuracy of several long-range corrected (L@sjtyléunctionals for the
prediction of absorption spectra of silver clusters by time-dependewsitgdanctional the-
ory. Several types of LC-functionals, with the exact Hartree-Fockarge at long range, are
used: those applying the long-range correction to a standard GGAtypednal (LC-BP86,
LC-wPBE) or to a local meta-GGA functional (LC-MO06L), and two global hyltidctionals
(CAM-B3LYP andwB97x). The spectra calculated with those density functionals are in good
agreement with the recent accurate experimental measurements. We ahGA-B3LYP
and wB97x are ones of the most accurate functionals for evaluating the elecaxtitation
energies, while LC-MO6L is more effective in reducing the occurretigporious states. The
long-range correction appears to be essential in describing the tibeapectra of large clus-
ters. The description of the plasmon-like band with LC-functionals, asitiams associated
to excitations frons orbitals tos + p orbitals, is in fairly good agreement with the classical

interpretation as a collective excitation of valerseglectrons.

Keywords : TDDFT, long-range corrected functionals, apson spectra, silver clusters, noble

metal clusters

Introduction

In a few years, the Time-Dependent Density Functional Th€bD-DFT) has become one of the
major theoretical approaches for calculating the absammpectra of molecular systems. The de-
velopments in the last decade in both methods and algorjtantsalso the increase of capacities
of computers, now allow the theoretician to reproduce atelimet experimental spectra and to
predict spectra of complex systems containing hundredkiofrens within a fully quantum treat-
ment. For valence-excited states, the typical error lighiwithe range of 0.1-0.5 eV, which is
comparable with the error of high-level post-Hartree-Fawokthods like MRCI, EOM-CCSD or
CASPT2. However, these correlated approaches are much romguter intensive, and conse-

guently can be used only for small-sized systems, while T/O-Pepresents a good compromise
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between accuracy and computational effort for the calmradf excited states of medium-sized
and large-sized systems. The formal foundations of TD-Dbhprise the Runge-Gross theo-
rem,1? the time-dependent Kohn-Sham equatiéres)d then the derivation of the TD-DFT equa-
tions in the linear response formulation by CastdBhe resolution of the equations gives some
properties of the excited states like excitation energissillator strengths, geometries, etc. How-
ever, several approximations are employed in the derwatiohe equations. Most calculations are
still restricted to the adiabatic linear-response forriataof TD-DFT which is not able to describe
states with substantial multi excitation character, desgome recent developments to go beyond
the conventional approximatior®s® Furthermore, in practice TD-DFT is applied with approximat
exchange-correlation density functionals, since no exgotession is available. Many functionals
have systematic deficiencies and lead to bad descriptiotsaftsitions with Rydberg states, long-
range charge-transfer, or double-excitations charantérd excited state, or even sometimes for
single-excitation valence transitioAsTherefore, several extensive tests of various density-func
tionals have been published in order to check their religldbr predicting accurate excited states
in the framework of TD-DFT2-14However, all these benchmarks mainly considered excitddt
of organic molecules. In particular, the databases comyngsdd do not include metallic systems.
Meantime, many TD-DFT calculations on metallic particlasébeen published, particularly con-
cerning noble metal clusters due to their unique opticaperes with the well-known plasmon
resonance at the nanometric schile?? Most calculations were performed with LDA (Local Den-
sity Approximation) or standard GGA (Generalized Gradfgmproximations) density functionals.
To my knowledge, the first comparison of the reliability ohdiy functionals in the prediction of
excited states of metallic clusters concerned the caloulatf absorption spectra of small silver
and nickel (Ag, Nig, AgsNis and Ag1Ni») clusters for which spectra calculated with BP¥E!
PBE3? and B3LYP*3-**functionals were found to be very similaf:23

It is well known that TD-DFT have problems with the calcutettiof charge-transfer excited
states. The excitation are much low and the potential eneugyes do not exhibit the correct

asymptote (in 1/R where R is the distance between the pestin the negative charges of the



charge-transfer state). This failure has been unders®ad alectron-transfer self-interaction error
by Dreuw and Head-GordohPeach and coworkers have proposed a test for judging tladilei

of excitation energies associated with significant chargesfer character thanks to a calculation
of the degree of spatial overlap between the occupied atgabirbitals involved in excitation®

To give a more suitable description of charge-transfertations, a long-range correction should
be applied to the exchange functional. The Coulomb operatitrei LC-approach is split into two
parts:

1  l1-erf(wry) n erf(wriz)

ri2 M2 ri2

Y

whereris is the distance between two electrons, and a range separation parameter. The first
term of the right-hand side is a short-range term evaluatiiiy the exchange potential from DFT,
while the second term, the long-range part, is evaluatirij @exact Hartree-Fock exchange. The
parameterw has been optimized by Hirao et338 and the above partition can be applied in
combination with various standard functionals, for exampC-BP86 is the functional resulting
from the application of LC-approach to BP86. A recent benchkiianas shown the significant
improvements coming from the above correction applieddodard GGA functionals in the de-
scription of excited states of small organic molecules. arat al, in an extension of this above
approach, have combined the hybrid B3LYP functional at stasrgje with an increasing amount
of exact Hartree-Fock exchange at long-range, resultirg fumctional named CAM-B3LYB?
which give also good results for charge-transfer excitstd Such so-called long-range-corrected
(LC-) functionals have been used only very recently to ingast the optical properties of metal
clusters?®40-42

Using TD-DFT on metal systems like noble metal clusters angition metal clusters is not
easy due to the very large number of excited states in thiel@isange leading to quasi-continuum
spectra when some hundreds electrons are consideredaftypen silver atoms). The presence of
many quasi degenerated states leads to severe difficultibe resolution of equations (problems
of convergence in the Davidson diagonalization), and ofs®a strong computation effort. The

use of the LC-approach leads to a strong reduction of the nuofo=alculated excited states in
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the UV-visible range. Indeed, the spectra calculated witlhravzentional functional (like GGAS)
include a large number of spurious states, often with lowllasar strengths, which is thought to
be due to a bad description of charge-transfer transitidigse spurious states are removed, or
push to higher excitation energies, with the inclusion afj@ange correction*%41For example,
The number of states below 6 eV decreases by a factor of abwlied the long-range corrections
are applied to the BP86 functional. For &fAg1» clusters, the number of excited states is reduced
from 380/500 to 99/124? Thus, the extra computational cost induced by the inclusfdhe exact
Hartree-Fock exchange is partially offset by the decreasied number of states.

We present here an assessment of the performance of logg-canrected density function-
als for calculating the vertical absorption spectra ofesillusters in the adiabatic linear-response
formulation of TD-DFT. The reliability of the TD-DFT predions will be compared to both ex-
perimental spectra and to high-lewadd initio calculations performed in the framework of the linear
response equation-of-motion coupled cluster (EOM-CC) ntetfite latter can be considered as
a reference method for prediction of transition energies @stillator strengths for states domi-
nated by single excited configurations, while they give ssurate results for excited states in
which doubly excited configurations have a leading role. ¥pegiments, spectra were measured
on clusters embedded in rare gas matfi£344Although condensed rare-gases are the most inert
solids, some effects on spectra may be expected. For exaitnés shown on both potassium and
silver clusters that the dielectric screening for the etecelectron interaction involve a redshift of
the plasmon frequency as the dielectric constant of theixiiatreases® Moreover, clusters with
differing local environments, known as site isomers, magxest. Using quantum calculations on
sodium clusters embedded in an argon maitrix, Gervais*etashowed the possible coexistence
of several site isomers and rationalized the matrix effecte/o competing effects: the dielectric
effect leading to a redshift and a confinement of the valet®etrens of the clusters due to the
presence of the rare-gas atoms leading to a blueshift. @tssible effects concern the eventual
deformations of clusters structures during the depositionatrix, though the deposition energy is

low. Finally, some symmetry forbidden transitions may beeyled when the cluster is embedded



due to interaction with the rare-gas atoms. To reduce thebmeftects both the growth of the
matrix and measurements of optical spectra are made at fopetature (27K’ 6K44). Previous
works have shown that the matrix effects are relatively kg TDDFT spectra calulated on clus-
ters in gas phase compare well to experimental spectra meshsn clusters embedded in rare-gas
matrix.1”**We have selected the following functionals representaifveeveral categories: LC-
BP86,LCwPBE* LC-M06L, CAM-B3LYP, andwB97x. BP86 and PBE are GGA-type func-
tionals. MOG6L is a local meta-GGA functional ("meta" denotlee inclusion of kinetic energy
density, which depends on local derivatives of the spintal$)j parametrized to have good per-
formances for transition metal chemistry and to satisfyuthiéorm-electron-gas limif? LC-BP86
and LC-MO6L are obtained by applying the long-range coroectif Hirao and coworker$ with

w = 0.47 to BP86 and MOG6L functionals respectively. lGRBE is obtained from PBE with a
parameter = 0.40. Those LC- functionals contain 0% Hartree-Fock exchahgkat range and
100% at long range. CAM-B3LY® andwB97x°° are long-range corrected hybrid density func-
tionals. In the case abB97x, the percentage of Hartree-Fock exchange is 16% atsdroge and
100% at long-range, while CAM-B3LYP comprises of 19% HartFeek exchange at short-range
and 65% Hartree-Fock at long-range. For all LC- functionthls o dependence on the excitation
energies will be presented. We will give also the absorpsipactra calculated with some non

corrected functionals, namely BP86, MO6L and also the hyldioé-2X.51

Methodology

All calculations were performed with the Gaussian09 suifroegrams>®? Pre- and post-processing
operations were performed by using the graphical interfaabedit®>® The clusters geometries
were the lowest-energy structures obtained at BP86 level Referencée’ They were locally
optimized with each functional before doing the presentuation of optical properties. All
structures are shown in Figure 1. Silver atoms were destilr@ugh a relativistic effective core

potential (called SDD in Gaussian09) so that only 19 valexieetrons were treated explicithy.



The corresponding basis set was 8s7p6d1f contracted iBB64f. For the smallest clusters, i.e.
Agn with n < 8, we have also calculated the absorption spectra with argpkedzeta valence +
polarization (QZVP) quality basis set. The spectra were found very similar (they are given in
Supplementary Information), and so optical spectra fagdaclusters have been calculated with
the SDD basis set to reduce the computational effort.

The absorption spectra presented below give the oscilitength as a function of the ex-
citation energy, together with a curve obtained by a Gandsiaadening (with a full width of
half-height of 0.08 eV). Spectra include calculated exictaenergies up to 6 eV, though states
with multi excitations character, expected to be likelydliwed beyond about 5 eV, are not cor-
rectly described in present TDDFT calculations.

For small clusters Ag(n = 4,6,8), we have performed calculations in the framework of the
linear response equation-of-motion coupled cluster (EO®SD) method. For Ag the basis set
was extended to a quadruple zeta valence + polarizatioritgjdalwhile the SDD basis set was

used for Ag and Ag.

Results and Discussion

Comparison with experimental spectra

We first compare our calculated spectra to the experiments.oFor clarity, we only present in
Figures 2-5 spectra calculated with BP86, LC-BP86, LC-MO6L, CBBL-YP andwB97X func-
tionals, chosen as representative GGA, LC-GGA, LC-metaG@4 L&- hybrid functional fami-
lies respectively. Spectra calculated with MO6L, M06-2Kdd C-wPBE functionals are given in
Supporting Information. In this section, the valuewofs fixed to the default value in Gaussian09,
i.e. LC-wPBE(w = 0.40),LC-BP86(» = 0.47), LC-MO6L(w = 0.47), CAM-B3LYP(w = 0.33),
wB97x(w = 0.30). Thew dependence in results will be discussed in the next section.

We first present briefly some results on neutral silver atochdimer, before we examine in

details the spectra of silver clusters. As previously obs@t>°C the relative energies of excited



states of silver atom calculated in the framework of TD-DF& @ot in complete agreement with
available experimental data. The®5s — 4d195p excitation energy is calculated to be 3.91,
3.76,4.02, 3.75, 4.15 eV at CAM-B3LYRB97x, LC-MO6L, LC-BP86, and BP86 levels respec-
tively, while the experimental values are 3.66 and 3.78 @\j fe 1/2 andj = 3/2 spin-orbit split
transitions®’ The second allowed excitation correspond 43%s — 4d1%p transition measured
experimentally at the averaged value of 6.005%\he corresponding transitions are calculated
at6.71, 6.60, 7.31, 6.96, and 6.52 eV with CAM-B3LY#B97x, LC-MO6L, LC-BP86, and BP86
functionals respectively. The level energy of th#’Bs? excited state is strongly underestimates
whatever the functional used, since the calculated val8et, 3.43, 3.30, 3.66, and 3.09 eV with
CAM-B3LYP, wB97x, LC-MO6L, LC-BP86 and BP86 functionals respectively, to bepared
with the experimental data of 3.75 and 4.30 eV for 5/2 and j = 3/2 spin-orbit split transi-
tions>’ Hence, the lowest excited state id°8s? instead of 41%p. Finally, the level energy of
the 41196s excited state is calculated at 5.17, 4.93, 5.81, 5.51, a?dl &/ with CAM-B3LYP,
wB97x, LC-MO6L, LC-BP86, and BP86 functionals respectively, while reference data is 5.28
ev.5’

For Ag, the calculated energies of allowed transitions are giwefable 1 together with the
experimental data measured on clusters in gas phase or datbedrare gas matrices. Spectra
are given in Supporting Information. Transition energies the so-called states A and C are
correctly calculated with all functionals. The experimard (11,) transition at 4.44-4.68 eV is
not correctly described with the standard functional BP8&6esthe transition is calculated at 3.72
eV with a nearly zero oscillator strength. Previous workgehshown that both LDA and B3LYP
functionals also fail in the description of that st&fe® In contrast, all LC- functionals describe
well the state B. In Table 1, we have assigned the calculatekispgbove 5 eV to the so-called D
(sometimes with two calculated values) and H states bedhegeare's] states. The calculated
values strongly overestimate the experimental data of @\8ftbr D - X transition (by more than 1
eV), while the calculated state near 7 eV fit well the expentakdata of 7.23 eV for H state.

We now present results on clusters/Ag Agoo. In experiments, high resolution spectra of,Ag



Table 1. Absorption spectra of Ag. Energies are given in eV2 Experimental data in gas
phase>8-63b Experimental data in neon matrices**

States Expt Expt CAM-B3LYP wB97x LC-MO6L LC-BP86 BP86

Alsl 285 296 3.04 299  3.09 3.14 3.06
BN, 444 468 4.40 434 451 4.48 3.72
clm, 467 478 4.69 474  4.98 4.95 4.80
Dsf 484 485 5.86,6.07 6.00  6.29 6.28 5.33;6.37
En, 4.98 5.07

HiZ; 7.23 6.92 6.96  7.15 7.25 6.43

(n = 1-9) clusters embedded in solid neon matrix have been publisaey recently?* while
spectra of larger clusters are available in solid argon iméafr*3 Absorption spectra calculated
for Ags, Ags and Ag; clusters are shown in Figure 2 and Figure 3 together with xper@mental
spectra. We have calculated the absorption spectra widraawn LC-functionals, named BP86,
MO6L, M06-2X, PBE, and B3LYP, but as the spectra are found todyg similar, we only show
in Figure 2 and Figure 3 the spectra calculated at the BP86 (@tker spectra can be found in
Supporting Information). The long-range correction aggblio BP86, giving the LC-BP86 func-
tional, leads to significant changes in the absorption spedtirst, the number of excited states
below 6 eV is strongly reduced. Second, the shape of therspsciodified. The main peaks
are blueshifted from 2.95 to 3.18 eV for Agfrom 3.23 to 3.77 eV for Ag and from 3.82 to
4.13 for Ags (Tq isomer). Interestingly, for Aga new peak at 3.26 eV is obtained with LC-BP86.
It does not correspond to any transitions of the BP86 specti@milarly, for Ags (Tq isomer)
the LC-BP86 spectrum presents two small peaks at 3.17 and 9,4 eontrast with the BP86
spectrum which has only one peak at 2.99 eV. The spectralasdduat LC-BP86 level seem to be
in better agreement with the experimental spectra thouglagiteement is not perfect. For Ag
the experimental data show two main transitions at 3.07 a8 dV, in correct agreement with
the LC-BP86 spectrum. The experimental spectrum of slgows a main peak at 3.45 eV with
a second less intense one at 3.65 eV (Figure 2). The lattdéd couwespond to the peak at 3.26
eV in the LC-BP86 spectrum. For Agtwo different structures of symmetifyy andD,q compete

for the lowest-energy isomer (see Figure 1). Previous stuldave shown that the ordering is de-



pendent on both the basis set and the functional 46&¢#:%°In the present study, tHE structure
is found to be the lowest-energy isomer at BP86, M06-2X, LC-BR&BwPBE, CAM-B3LYP
and wB97x levels, while at MO6L and LC-MOG6L levels thig structure lies 0.01 eV (0.03 eV at
LC-MO6L/QZVP level) above th®,y isomer. The experimental spectrum of gAgresents two
small narrow peaks at 3.12 and 3.20 eV and two intense tramsiat 3.65 and 4.00 eV. Three
transitions (at 3.12, 3.20 and 4.00 eV respectively) coolgaspond to transitions calculated at
LC-BP86 level for thely isomer, while the experimental intense transitions at 3ué® 4.00 eV
are well reproduced by transitions calculated forEhg isomer at 3.88 and 4.11 eV respectively.
As previously suggestetf,both isomers could be likely present in the experiment, ¥pegmen-
tal spectrum being then a sum of the spectra for both isonidrs.spectra of Ag Ags and Ag
calculated at LC-MO6L level are similar to those obtained@tBP86 but with a redshift of about
0.1 eV. Finally, the transitions calculated with the lormagge corrected hybrid density function-
als, CAM-B3LYP andwB97x, are redshifted by about 0.1 eV with respect to thoseimdxaat
LC-MO6L, and are in better agreement with the experimentel.ddowever, a disagreement with
the experimental spectrum of Agemains: the small peak is shifted on the low energy sideef th
main transition to about 3.0 eV (versus 3.65 eV in experiment

Interestingly, we have calculated the mean absolute dem@a{MADSs) from the experiment.
The MADs were calculated using only the main transitionssfach size. Both experimental data
and calculated values which were used in the calculation ADBlare given in a Table in Sup-
porting Information. We should note that the experimerelcsra present also various less intense
structures, that do not appear clearly in plots of Figure @ Rigure 3, but were well identified
in the original papef? For clarity, we will not discuss the position of all peaks, ilgtthey are
roughly well described by the present calculations. Catmurla with the BP86 functional produce
an average deviation of 0.21 eV, MOG6L is a little better, whiie hybrid M06-2X leads to a rela-
tively large MAD (0.32 eV) due to a systematic redshift of thain transitions. CAM-B3LYP and
wB97x functionals, with MADs of 0.05 and 0.07 eV respectivelse clearly the best functionals,

and even outperform the present EOM-CCSD predictions.
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Table 2: Mean absolute deviations (in eV) from the experimentMADL1 is calculated with the
main transitions of spectra of Ag, clusters withn=4,6,8. MAD2 is calculated with the main
transitions of spectra of Ag, clusters withn=4,6,8,12  MAD3 is calculated with the main
transitions of spectra of Ag, clusters with n=4,6,8,12 18 20. Present values ofw are the
default values in Gaussian09.

MAD1 MAD2 MADS3

BP86 0.21 0.30 0.29
MO6L 0.16 0.20 0.20
MO06-2X 0.32 0.34 0.29

LC-wPBE@=0.40) 012 0.10 0.12
LC-BP86( = 0.47) 019 0.8 0.21
LC-MO6L(w=0.47) 012 0.12 0.16
CAM-B3LYP(w=0.33) 0.05 0.05  0.08
wBI7x(w = 0.30) 0.07 0.7  0.09
EOM-CCSD 0.10

Figure 4 shows the calculated absorption spectra ahAmd Ag» clusters. For Ago, the
BP86 spectrum gives a main peak at 3.08 eV followed by a vegglstructure without dominant
transition. In contrast, spectra calculated with LC-funictils present two main transitions (for
examples at 3.32 and 4.32 eV for CAM-B3LYP, and 3.30 and 3.99u897x respectively), and
a small peak (at 3.90 and 4.49 eV for CAM-B3LYP aB97x respectively). In experiment, the
formation of the Agg cluster is unfavorable and only one spectrum can be fouriititteraturet’
Although the signal to noise ratio of the experimental speutis low, it shows three distinct
narrow lines at 3.79, 3.98 and 4.15 eV, which could corredpothe present three peaks. However,
the experimental spectrum should be confirmed becausenitmsties with the spectrum of Ag
suggest a fragmentation of Aginto Agg + Ag atoms after the mass selection, so that the spectrum
could be associated to Aglusterl’ For Ag;,, the experimental spectrum, which presents three
strong lines at 3.42, 3.91, and 4.38 éVis well reproduced by all calculations. In particular, the
predictions of CAM-B3LYP (3.41, 3.96, and 4.27 eV) anB97x (3.41, 3.84, and 4.24 eV) are
in excellent agreement with the experimental data. In Tabkkhe mean deviation called MAD2
includes the spectrum of Agin the reference set in addition to those of4/A8gs and Ag. The
deviation for BP86 calculations strongly increases due tdahift of 0.4 eV in the prediction of

the spectrum of Ag versus the experiment.
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The absorption spectra of large Afn = 15— 25) clusters are characterized by the emergence
of a dominant and relatively broad peaks between 3.5 andV} €oenetimes accompanied by one
or two absorption peaks at higher energies but smallersitteal”-43 The features are similar to
the plasmon excitation observed in metal nanoparticlegwéral nm in diameter and previously
interpreted as collective excitations of valerselectrons. However, in the case of noble metal,
the polarization effects of the-electrons were showed to greatly influence the opticalaesg.

In particular, the core polarization screens the valeneeten interaction and leads to a redshift
of the surface plasmon ener§%%8 Recently, the optical response of medium-sized=(15—
22) clusters has been associated to excitatiod-efectrons from calculations using GGA-type
functionals1”1821n Figure 5 we give the calculated spectra for thg &d\g,o, and Ag: clusters.
For Agig, the experimental spectrum shows a large band centere82€¥. with a shoulder at
4.04 eV Spectra calculated with LC-functionals reproduce rathdrtive experimental ones but
with a blueshift of about 0.1-0.3 eV, the main band being eed at 3.90, 3.90, 3.80 and 3.72
eV with LC-BP86, LC-M06L, CAM-B3LYP andvuB97x functionals respectively. For Ag the
experimental spectrum presents a main transition at 3.78neMa less-intense peak at 3.97 &V.
The calculated spectra are blueshifted by 0.18-0.39 eVbEkepredictions are those from CAM-
B3LYP (3.88 eV) andvB97x (3.91 eV) calculations. The band width of the spectrunigyg is
narrower than that for Ag whatever the functional used, in good agreement with thergxynt.
For Agp», all calculated spectra present two main bands visible guifeéi 5 (centered at 3.80 and
4.05 eV at CAM-B3LYP level and at 3.83 and 4.13 eV toB97x level). To my knowledge, no
experimental spectrum is available for comparison. Themadeiation of calculated peaks versus
experimental ones confirms the good performances of CAM-B3a&#wB97x functionals (see

MAD3 in Table 2), while LC-BP86 and LC-MO6L functional are lesarate for large clusters

(Agig and Ag).
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Description of plasmon like band

Interestingly, spectra calculated with the BP86 functidoaAg1g and Agyg are very different than
those obtained with LC-functionals. They present some gtydiroadened and damped bands re-
sulting in very large structures. The spectra are biaseddnyyrspurious states beyond 3 eV. The
BP86 spectra do not reproduce well the plasmon-like bandxméranental spectra because a
strong bottom signal still exists beyond 4 eV while no tréosiis measured in experiments. The
same feature are found with other GGA-type functionals, aed with MO6L (Spectra are given
in Supporting Information). The long-range correction egms here to be essential in describing
the absorption of large metallic clusters. In previous wgrk*® the spectra calculated with non
LC-functionals (like BP86 or PBE) were found to better repradtie experimental spectra than
present BP86 calculations do. It was due to the use of the $rABIL2DZ basis set which is not
large enough to calculate states beyond 4 eV (includingigpsistates), and also a truncation in
the spectra at about 4 eV. But when calculations are made upetb &d with a more suitable
basis set, many spurious states appear beyond the plasmdn beoreover, at GGA level the
main transitions are due to the excitations from orbital$h & shape associated $andd con-
tributions, to the outer region with ax p character distributed on the whole cluster. Fobég
important contributions come from inndrorbitals HOMO#A, n = 6 — 30. In contrast, the role of
d-electrons are less important in calculations with LC-finr@ls since the transitions are mainly
due to excitations from HOM®-(n = 0— 5) stype orbitals. The excitations frouhorbitals to
the outer region distributed on the whole clusters are plishenuch higher energies. Since they
present a long-range charge-transfer character, thegatexts are properly described only with a
correct asymptotic potential. The description of the plasiand with LC-functionals is in better
agreement with the classical interpretation as a colle@xcitation of valencs-electrons. We can
conclude that the use of LC- functionals should be prefemwed fjood description of plasmon like

band.
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Importance of the w value

To complete the study, Figure 6 presents the number of stateslated by each functional below
a threshold of 6 eV, together with the sum of oscillator gjtba below the same threshold. As
expected, the number of states calculated with a standatidnal, like BP86, is very large.
The long-range correction, implying the exact Hartreelkexchange, reduces significantly the
number of states. For example, in the case ofAthe number of calculated states is reduced
from 500 to 115 when the long-range correction is applied tB@m is interesting to note that the
sum of oscillator strengths calculated at BP86 and LC-BP88dere roughly similar. Actually,
the long-range correction increases significantly thellasor strengths of dominant transitions
(see for example LC-BP86 spectra versus BP86s in Figure 4)evili@moves a large number of
states with low (frequently zero) oscillator strengthseTombination of these two effects leads
to a quasi conservation of the sum of oscillator strengthe iliclusion of Hartree-Fock exchange
at long-range in the functional is clearly responsible & temoving of many spurious states, it
pushes the charge-transfer states to higher excitatiorgieseor eliminates them. Hence BP86
calculates a large number of spurious states with low agoiliforces (but sometimes leading to
a damping of absorption bands) which are likely not to betedtan this energy range of the
absorption spectrum. The elimination of spurious chaagesfer states using LC-functionals has
been already discussed in previous wotk8;3’-3%ndicating that a correct description of optical
properties needs a correct asymptotic behavior of the exgehpotential. Interestingly, Figure 6
shows that the LC-hybrid functionals CAM-B3LYP armeB97x calculate more states than LC-
BP86 and LC-MO6L functionals. For instance, in the case 0f2AGCAM-B3LYP and wB97x
calculates 443 and 345 states respectively, while LC-BP8@.@MO06L calculate 250 and 205
states respectively. In the case of CAM-B3LYP, the long-rapae uses at most 60% Hartree-
Fock exchange, and so the long-range asymptotic behavibeaharge-transfer states is not fully
corrected. This could explain why many spurious states areemoved. However, the calculated
spectra at CAM-B3LYP andB97x levels reproduce very well the experimental spectra.

We have studied the» dependence in the excitation spectra for several fundsorteor LC-
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MOG6L, in addition to the last optimized value of 0.47we have tested the original value of 0.33
suggested by Hirao et al% and also 0.15, 0.60 and 0.80. For the main peaks, a blueshift o
about 0.3 eV together with an increase of about 30% of theitlatr strengths are observed with
increasingw from 0.15 to 0.80. Meantime, the number of states is stroreglyced (see Figure 7).
All calculated spectra are in Supporting Information. &Blindicate that the value of 0.33 leads
to the smallest MAD (0.09). A value of 0.60 lead to a MAD of Q.80milar to that calculated for
the non corrected M06Lu§=0) functional. A large part of exact exchange at short rasgjgen not
suitable. Interestingly, we have studied the effect ofd¢healue on 411%s — 4d195p and 411%s

— 4d%5¢% excitation energies for a single atom. The former transit®calculated to increase
from 3.23 to 4.21 eV with increasing 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 idaibtained forw in the 0.8-0.9
range, where thed#95p state become lower than the%s® state. Unfortunately, the value of
w = 0.80 leads to rather bad results when used to calculate sgectthusters of several atoms
(MAD of 0.23 eV, see Table 3). This result shows that fitting #alue ofw on excitation energies
on a single atom does not necessary lead to good spectrastarsiu~or LCeoPBE, we have also
found a small blueshift of the main peaks with increasimghe value of 0.40 give the smallest
MAD. We have also tested several valueswwin the case of hybrid CAM-B3LYP andB97x
functionals, without changing the other functionals’ paeters. Thev dependence was found to
be relatively small. The original values, 0.33 and 0.30 foVGB3LYP and wB97x respectively,

are found to be the best chooses.

Conclusions

Absorption spectra of silver clusters Agh = 4 — 22) have been calculated in the framework of
the adiabatic linear-response formulation of TD-DFT usmgous long-range corrected density
functionals. The performances of functionals have beeluated with comparison of their predic-

tions on isolated clusters to available experimental datasured on clusters embedded in rare gas

15



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

MAD1I MAD2 MAD3
LC-MO6L(w=0.15)  0.08 0.11  0.11
LC-MO6L(w=0.33)  0.07 0.07  0.09
LC-MO6L(w=0.47) 012 0.12 0.16
LC-MO6L(w=0.60)  0.15 0.15  0.20
LC-MO6L(w=0.80)  0.17 0.17  0.23
LC-wPBE@=020) 012 0.14 0.12
LC-wPBE@=0.40) 012 0.10 0.12
LC-wPBE@=0.60) 021  0.18  0.20
CAM-B3LYP(w=0.15) 0.08  0.08

CAM-B3LYP(w=0.33) 0.05 0.05  0.08
CAM-B3LYP(w=0.45) 0.06  0.09

wB97x(w = 0.15) 0.12  0.07
wB97x(w = 0.30) 0.07 0.07  0.09
wBI7x(w = 0.45) 0.12  0.09

matrix. Calculated spectra are found to be in good agreemigntexperimental spectra though
calculations on single atom and dimer do not reproduce Welekperimental data. For main tran-
sitions, the mean deviation from the experiment is foundet¢elss than 0.2 eV with the five long-
range corrected functionals of interest, namely LC-BP86,BE, LC-M06L, CAM-B3LYP
and wB97x. In particular, very good results both on position ofyseand oscillator strengths,
are obtained with the LC-hybrid functionals CAM-B3LYP aw97x indicating that a portion of
exact Hartree-Fock exchange at short range improves tloécpoms. LC-MO6L (withw = 0.33)
and LC-wPBE (with w = 0.40) give also very good results. As LC-MO6L calculates fewates,

it could be competitive for calculating the spectra of veaggk clusters not accessible with LC-
hybrid functionals. For large clusters, the long-rangeexiion appears to be essential in de-
scribing the absorption spectra, since the calculatedispeth non corrected functionals do not
reproduce well the plasmon-like excitation and stronglgregtimate the role a electrons in
transitions. The description of the plasmon band with LCefigmals, as transitions associated to
excitations frons orbitals tos+ p orbitals, is in fairly good agreement with the classica¢ipteta-
tion as a collective excitation of valenselectrons. The present results show that LC- functionals

should be preferred to simulate the spectra of large clster
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Figures 1 and 2 show the absorption spectra of Ags and Agg using two different basis sets. SDD
and QZVP. They show that spectra are similar with the two basis sets.
Figure 3 shows both cal culated and experimental spectra of Agy.

Table 1 gives the positions of main peaks.
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Figure 1. Absorption spectra of Agg (D3, symmetry) and Agg (Tq symmetry) clusters with LC-
BP86 and wB97x functionals and using two basis sets: QZVP and SDD.
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Figure 2: Absorption spectra of Agg (D3, symmetry) and Agg (Tq symmetry) clusters with LC-
MO6L and CAM-B3LY P functionals and using two basis sets: QZVP and SDD.
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Figure 3: Absorption spectra of Ag,. Plots of the experimental spectrum (last row) was generated
using digitizing software on the original spectra.®



Table 1: Main transitions of the absorption spectra of Ag, (n = 4,6,8,12,18,20) clusters.
Experimental data are taken from References:—3 EOM-CC values are taken form Refer-

encest®
n expt BP86 LC-BP86 LC-M06L CAM-B3LYP wB97x EOM-CC
4 307 295 3.18 312 3.05 2.98 321
4 423 408 4.02 4.30 4.09 4.09 4.29
6 345 323 377 3.67 3.48 351 3.69
8(Ty) 4.00 382 413 411 4.04 3.98 4.16
8(Dyy) 3.65 333 388 3.83 3.72 3.69
8(Dy) 400 372 411 411 4.01 3.93
12 342 307 362 3.59 341 341
12 391 338 4.09 4.01 3.96 3.84
12 438 380 448 4.47 4.27 424
18 362 368 390 3.90 3.80 3.72
18 4.04
20 370 333 4.09 4.09 3.88 3.91
20 3.97
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