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1 INTRODUCTION 
 

 

1.1 Foreword 

Metal clusters have started to play a major role in material science in the last decades. 
This is due to the peculiar behaviour showed by the matter at nanosize. Such different 
behaviours range from typical properties (cohesive energies, ionization potentials, 
average coordination numbers) up to reactivity (catalysis) and response to external 
electromagnetic fields (optical behaviours). Moreover matter at nanosize poses interesting 
questions to interpretative models: it is often hard to describe nanosystem with the 
paradigms typical of molecules or bulk systems. For such reasons in this field theory and 
in general computational studies can be very important to rationalize the observed 
behaviours. In the present study we have focussed on the optical properties of metal 
clusters, which include standard molecular transitions as well as collective phenomena 
like plasmons. The necessity to describe plasmons and therefore electron collective 
motion imposes to go beyond the one-particle (independent particle approximation), 
considering a linear response model like TDDFT, which offers the computational 
economy of DFT together the ability to describe collective phenomena. In particular a 
large part of efforts have been devoted to improve the complex polarizability TDDFT 
algorithm (POLTDDFT), an efficient method recently developed in the theoretical 
chemistry group of Trieste University to solve the TDDFT equations for large systems 
and for a wide energy interval, in order to avoid the limits of more traditional schemes 
like that due to Casida. In this respect a new scheme called Hybrid Diagonal 
Approximation (HDA) has allowed to apply hybrid functional in TDDFT calculations of 
large systems, obtaining excellent match with the experiment. Also in this work the 
development of a new density fitting basis set, optimized for POLTDDFT, has been 
carried out, giving to the generic user a valid tool to apply the method to a very wide 
range of targets.  Besides method development, also applications to open fields of cluster 
science, like Electronic Circular Dichroism (ECD) of chiral metal clusters in 
collaboration with Thomas Bürgi (Geneve University) as well as very accurate low 
temperature photoabsorption experiments in collaboration with Flavio Maran (Padua 
University) have been considered. In the specific field of plasmonics, also the effect of 
coupling two plasmonic chiral systems on the ECD has been studied, and the underlying 
coupling mechanism has been identified. The accuracy of the suggested method together 
with its computational efficiency make POLTDDFT a good candidate for even wider 
applications, but, more important, the quantitative accuracy obtained makes this method 
predictive, and therefore a good candidate also for the insilico design of novel materials 
with requested optical properties. 

   




 

1.2 Scope of the Thesis 

In this PhD thesis 3 main objectives were considered. First of all the development of an 
efficient scheme in order to give quantitative agreement with experimental 
photoabsorption data. This has been obtained employing the B3LYP functional but 
introducing an approximation in the exchange-correlation kernel called HDA, which 
allows to strongly speed up the calculation without loosing accuracy. The second 
objective is to render the POLTDDFT applicable to a wide set of problems. This second 
objective has been reached by developing a new set of density fitting basis, specifically 
optimized for POLTDDFT calculations. It is worth noting that both HDA and the new 
density fitting basis are already available in the latest version of the AMS suite of 
programs. The third objective is to show that such method can be profitably applied to a 
wide range of open problems in the field of nanoscience. This has also been reached 
showing interesting results for the ECD of chiral metal clusters, the photoabsorption 
study at low temperature and the effect of coupling a pair of chiral metal clusters on the 
ECD (plasmonic dichroism). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




 

1.3 Nanoparticles 
As NanoParticles (NPs) we refer to an aggregate of atoms, ions or molecules with 
dimensions between 1 nm to 100 nm, in this thesis we will be interested in metal clusters. 
These form a particular class of systems that possess specific properties that are 
intermediate between those of isolated molecules and those of the solid bulk [1.1-4]. 

 

Figure (1.1.1) Density of states as a function of the size of the system 

These peculiar properties make the NPs real attractive for their possible use in various 
fields of application. 

In particular the interest for the optical properties point of view: LED, for technical 
applications and energy saving, fluorescent materials, as labelling for diagnosis or 
lighting, plasmon resonance, for the study of materials or analysis with extremely low 
limit of detection, photocatalysis, water splitting, solar cells and much more [1.5-8].  

In this thesis more attention will be paid to noble metal NPs which are the most studied 
ones because are used in the medical field. Moreover their synthesis is well known and 
consolidated, essentially are produced by modification of the original Brust-Schiffrin 
synthesis. [1.9] 

The particular properties of NPs mainly arise from their size-scale, these systems can be 
produced in various shapes of different sizes such as spheres, rods, plates, prisms, cube, 
different polyhedral and wires. 

Another difference used to classify the metal clusters is the presence or absence of the 
protective layer, so distinguishing in “naked” (or bare) and protected clusters [1.10-17]. 




 

The naked clusters to be studied often require unconventional situations, for example 
molecular beams or their immobilization in inert matrices (typically insulating media 
such as silica or alumina), this is because the isolated cluster are very reactive and the 
have the tendency to aggregate with each other because they tend to minimize their 
surface. Or, from another point of view, they tend to maximize their average coordination 
number.  

This marked reactivity is also found in non-reactive metals, for example, it is known that 
solid gold is an inert metal, while its bare clusters are reactive and require passivation to 
be stable. 

Regarding the electronic properties of the metal clusters, there are stability islands linked 
to the number of valence electrons corresponding to the so-called magic numbers 
predicted according to the "Jellium" model. This model assumes a diffuse and 
homogeneous electron gas and the magic numbers correspond to the fully occupied 
orbitals: 1S, 1P, 1D, 2S, 2P, ... or they correspond to a number of electrons equal to 2n2 = 
2, 8, 18, 32, 50, ... (note that in the calculation of the electrons those of the eventual 
ligands must also be included). 

Protected clusters are more easily managed with conventional chemical techniques, for 
example it is possible to work in solution and it has now become quite easy to obtain 
crystals suitable for structural characterization by X-ray diffraction [1.1]. 

The protected clusters therefore consist of a metal core covered by an organic monolayer, 
bound by relatively strong covalent bonds or through weak physiadsorption (physical 
adsorption), depending on the type of interaction between metal and binder. 

The ligand layer, in addition to the task of passivating and stabilizing the metal, has 
significant implications on the cluster properties and in particular on the optical ones. 

In particular noble metal as gold and silver are commonly protected by thiolates ligands 
because they bind the metal very strongly. Aliphatic thiols are generally used due to the 
versatile modification of the tails. For example they can have precursors of reactive 
groups or contain elements that modify their solubility. In the specific case of gold, 
aromatic thiols are often used to enhance the plasmon intensity through conjugation with 
the π electrons (other groups can also give this effect, for example the -NO2 substituents), 
this phenomenon is known as the “plasmon rebirth”. [1.18] 

The theoretical description of these systems is necessary to understand their properties, 
because the normal qualitative tools of chemistry, grounded on the valence bond or on the 
molecular orbital theories, are often insufficient to describe such chemical bonds.  This 
essentially because the metal-metal interactions, which are characteristic of such systems, 
require refined models to be described correctly and realistically. Moreover, these 
quantum effects are what makes these types of compounds and their properties interesting 
and appealing indeed. 




 

One of the most interesting optical phenomena typical of metal nanoparticles is the 
Localized Surface Plasmon Resonance (LSPR)., that is the electronic collective excitation 
which is described as oscillation of the electronic density with the formation of an 
oscillating induced dipole.  The fundamental model able to describe a plasmon is based 
on classical electrodynamics and is the Discrete Dipole Approximation (DDA) [1.19] 

It is worth noting that there are clusters, like the nanorods, which are largely anisotropic, 
since they grows along a specific direction and this will amplify the plasmon in that 
direction. 

The LSPR is particularly interesting for gold and silver NPs because the absorption 
occurs in the UV-visible range, making it very useful for several applications and studies, 
for example for SERS [1.20] and single molecule detection [1.21]. 

The nature of the LSPR is strictly correlated with the cluster shape and size, for example 
for Ag and Au NPs a general red-shift and enhancement of the plasmonic peak is 
observed by increasing the size of the cluster [1.22]. This behavior is mainly due to the 
free motion of the conduction band electrons of the noble metal, independently from the 
ionic background. The red shift is also an effect of the spillover of the electrons with 
respect to the cluster surface. 
Recently the interest has also shifted towards nanoalloys due to their peculiar properties 
[1.23-30] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 




 

2 THEORY 
 
 

2.1 Density functional theory 

The DFT [2.1] is a rigorous quantum mechanical theory that employs the electronic 
density instead of the wavefunction to describe the system. This aspect and its 
implementation are the basis of its computational efficiency. 

The DFT has been known a very fast growing period in the last decades, since its ability 
to calculate medium and large systems with optimal compromise between accuracy and 
computational economy. In particular large metallic clusters can’t be properly described 
by the simplest abinitio method such as HF, due to the difficulty of HF to describe 
metallic systems. Moreover more accurate abinitio schemes beyond HF are too 
expensive. 

A functional is defined as a linear mapping from a vector space into its field of scalars. 
Specifically in the case of DFT, it is convenient to use an application that associates 
wavefunction to the space of electronic densities. 

 

Figure (2.1.1) Graphic representation of action an application between Ψ and ρ 

The generic Hamiltonian, in Born-Hoppenheimer approximation regime, for   interacting 
electrons in a molecular system is given by the following expression: 
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(2.1.1) 

The first term  ̂ is the kinetic energy of the electrons, the second  ̂   is the exact potential 

energy between electrons pairs, and the last  ̂    contains all contribution not considered, 
or rather, potential due to interactions between nuclei and electrons and other external 
potentials. However, the potential induced by nuclei is the uppermost and usually the  ̂    
takes the following expression: 
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(2.1.2) 

Now, let’s start introducing functional formalism. The first object which includes the first 

two Hamiltonian terms is  [ ]: 

 [ ]     
   

  |      |        |      |        

(2.1.3) 

This object is written according to the Levy-Lieb formalism and the minimization is done 
with constrain over the electronic density. 

The last term can be written in its classic form: 

  |     |    ∫ ( ̅)    ( ̅)  ̅ 

(2.1.4) 

It can all be collected in a single functional: 

 [ ]     
   

  |      |     |     |     [ ]  ∫ ( ̅)    ( ̅)  ̅ 

(2.1.5) 

Thanks to the variational principle it is possible to prove that the energy associated to any 
electron density is greater than or equal to that of the ground state: 

 [ ]      

(2.1.6) 

Is also possible to prove that the energy associated to the electron density of ground state 
is equal to the energy of ground state: 

 [   ]      

(2.1.7) 

The coexistence of the previous relations is also a consequence of the theorem of 
Hohenberg-Kohn, which assures the one-to-one mapping between ground-state density 
and external potential [2.2]. 




 

Lastly there are essentially two methods to address this problem: a direct method for 
example as in the Thomas-Fermi, that employs the electron density directly as variable, 
and indirect method, such as Kohn-Sham approach that uses spin-orbitals as variables. 

 

 

2.2 KohnSham approach 

The Kohn-Sham approach is an indirect method to solve the DFT equations, which uses a 
fictitious system of non-interacting electrons (     ) but with the same electronic 
density of the real one [2.3-4]. 

To sum up, this approach has only two terms: kinetic energy and a fictitious potential 
named Kohn-Sham potential (   ). 

Therefore, the only variable term is    , which is chosen in order to give the density of 
the real interacting system. 

These assumptions allow to separate this N-electrons Hamiltonian into several mono-
electronic Hamiltonians: 

    ∑( 
 

 
  )

 

   

 ∑   ( ̅ )

 

   

 ∑   ( )

 

   

 

(2.2.1) 

As a consequence, it is possible to write equations similar to Hartree-Fock ones: 
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      )         

(2.2.2) 

These equations can be solved in practice, introducing a basis set, this allows to recast the 
equations on matrix form similar to the Roothaan equations of Hartree-Fock theory: 

         

(2.2.3) 

The spin-orbitals or better the coefficients that determine them, starting from the basis 
functions, are obtained from the SCF procedure. Such procedure consists of an iterative 
loop which updates the potential from the orbitals of the last cycle, convergence is 
obtained when the density variation will go below a specific threshold. 




 

 

Figure (2.2.1) Graphic representation of SCF procedure 

Therefore the wavefunction of the non-interacting system is obtained as a single Slater 
determinant: 
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(2.2.4) 

And the electronic density as from the spatial part: 
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(2.2.5) 

At this point it is possible to write the kinetic energy functional expression in terms of 
Kohn-Sham orbitals of the non-interacting system: 
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(2.2.6) 
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(2.2.7) 

So the non-interacting kinetic energy written as   [ ] can be calculated exactly from the 
KS orbitals, it is worth noting that the only property that the interacting and non-
interacting systems share is the density, all the other ones differ, therefore a 0 subscript is 
conventionally adopted to designate a property relative to the non-interacting system. 

At this point the     must be found, for this purpose the equations of interacting and non-
interacting system are compared: 

  [ ]    [ ]  ∫   ( ̅) ( ̅)  ̅           non-interacting 

(2.2.8) 

 [ ]   [ ]     [ ]  ∫    ( ̅) ( ̅)  ̅     interacting 

(2.2.9) 

And it is required they have the same density. 

In order to simplify this comparison it is possible to rewrite the terms as follows: 

   [ ]   [ ]    [ ]   [ ]     [ ] 

(2.2.10) 

With this choice the    [ ] is defined as follow: 

   [ ]   [ ]    [ ]     [ ]   [ ] 

(2.2.11) 

This object remains without an explicit expression but can be appropriately modeled 
depending on the properties of the system to be studied. Useful expressions can be 
obtained for instance from the uniform and non-uniform electron-gas models. 

In this expression two new object are declared: the classical electrostatic interaction ( [ ]) 
and the exchange-correlation energy (   [ ]). 

The  [ ] is a well defined object and can be calculated exactly, its expression is: 
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(2.2.12) 

Where it is possible to recognize the classical electrostatic potential: 
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(2.2.13) 

On the other hand, the    [ ] is unknown but approximate expressions can be derived 
from models, as already observed. 

There are essentially three great families of functionals. Local Density Approximation 
(LDA) from uniform electron gas, that is used mainly to describe the electronic structure 
and for geometry optimizations [2.5]. The General Gradient Approximation (GGA) [2.6] 
from non-uniform electron gas, that is more suitable to describe energies of various 
processes with better accuracy. Finally hybrid functionals, which include also a part of 
the non-local HF exchange potential, which makes them computationally more 
demanding but usually much more accurate. The most popular and widely employed 
hybrid functional is B3LYP [2.7-9], in general leads to good results for both geometries 
and energies. 

More recently, more elaborate functionals have been suggested as meta- and hyper-GGA 
[2.10] and double hybrids [2.11] 

Finally, accordingly to the variational theorem on the density, we must minimize the E[] 
functional in presence of a constraint, namely the total number of electrons as 
tridimensional integral of electron density over all space: 

  ∫ ( ̅)  ̅ 

(2.2.14) 

This constraint is introduced by the Lagrangian multipliers, whose general form is: 

 (                         )   (            )  ∑  

 

   

  (            ) 

(2.2.15) 

Where   is the Lagrangian function that contains the original function   and   
constraints   , these constraints must be written in the form     , while the    
correspond to the Lagrangian multipliers. 

The condition to find the stationary points is that the gradient of the Lagrangian is equal 
to null vector (      ): 

                           (                         )  (                   ) 

(2.2.16) 
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(2.2.17) 

This is equivalent to solve the following system: 

{  

  

   
                     

                       

 

(2.2.18) 

In our case we have only one constrain over the number of electron that must be written 
in the form: 

∫  ( ̅)  ̅

  

  

     

(2.2.19) 

It follows that the Lagrangian function will be: 

 [ ]   [ ]   (∫ ( ̅)  ̅   ) 

(2.2.20) 

The condition to find the minimum (as particular stationary point) is to impose the 
functional derivative equal to zero: 
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(2.2.21) 

At this point, the     is found by comparing the interacting and non-interacting cases: 
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(2.2.22) 




 

So it follows that the expression for the     will be: 
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(2.2.23) 

Finally it is possible to write the complete expression of the KS Hamiltonian: 
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(2.2.24) 

 

 

2.3 Exchangecorrelation functionals 

As already seen in the chapter on the KS approach, the only unknown term in the KS 
equations is the    . 

Therefore this object must be approximated through a model, this operation is not trivial 
because a universal functional is not available. Moreover, there is still a large number of 
functionals that are designed for specific purposes. 

When we are interested in time-independent properties (or when time dependency is 
small) we can define a new object named exchange-correlation hole as follows, following 
Parr-Yang [2.1]: 
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Where    ( ̅   ̅ ) is the pair correlation function,    ( ̅   ̅ ) is the exchange-correlation 
hole and   ( ̅   ̅ ) is the pair density: 
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(2.3.4) 

   ( ̅   ̅ ) represents the difference between the conditioned and unconditioned 
probability, then in term of correlation function it is possible write: 

   ( ̅   ̅ )   ( ̅   ̅ )   ( ̅ ) 

(2.3.5) 

In a system of   electrons we can imagine   (     ) as the probability of finding the two 
electrons in the respective two volume elements neglecting (integrating) over the other 
    coordinates. 

The name and the meaning of     is related to its integrals: 

∫   ( ̅   ̅ )   ̅  ∫ ( ̅   ̅ )   ̅  ∫ ( ̅ )   ̅  (   )       

(2.3.6) 

So it corresponds exactly to the charge of one electron. 

In general we can assume that the better one functional approximates the     the better is 
the accuracy. 

Now it is possible to rewrite the electron-electron potential inserting the    : 

〈   〉  
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(2.3.7) 

Finally based on spin we can split the     in two part: 

   ( ̅   ̅ )    
     ( ̅   ̅ )    
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(2.3.8) 

Where the exchange term acts only over electrons that have the same spin instead the 
correlation term doesn’t has spin restriction. 

 




 

When models are introduced, with the aim to derive explicit expressions for EXC, it is 
possible to define a quantity which is the exchange-correlation energy density, which can 
be further split in the separate exchange and correlation contributions: 

          

(2.3.9) 

The oldest and simplest exchange-correlation functional group is the Local Density 
Approximation (LDA). 

The LDA assumes that the electrons are modeled as a uniform gas model, therefore 
partitioning the space in small volume elements in which the density is considered to be 
constant. 

Then the total    [ ] is obtained from the integral of the XC energy density     at a 
given density: 

   
   [ ( )]  ∫   

   [ ( )]  ( )   

(2.3.10) 

In this approach both   
    and   

    can be evaluated analytically, in particular the 
expression of   

    is: 
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(2.3.11) 

While the expression of   
    is more complex and can be evaluated by a fitting procedure 

of a set of discrte   
    values calculated by Quantum Monte Carlo approach [2.12]. 

As already mentioned this method is very simple, however it works surprisingly well in 
many cases, in particular for geometry and electronic structure and correlated properties 
such as lattice constants of solids, dipole moments, vibrational frequencies and Fermi 
surfaces of bulk materials. 

The LDA overestimate polarizabilities and underestimate electron affinities and IPs, 
moreover, KS eigenvalues result to be too low in magnitude, due to the fact that the xc 

potential does not go to zero correctly as  
 

 
 at large distances, but exponentially fast. 

In particular in this thesis it was used the VWN functional for the geometry optimization. 

To overcome the problems of LDA the Generalized Gradient Approximation (GGA) was 
introduced, that is defined as semi-local approximation because it include the gradient of 
the density to account the non-homogeneity of the real density. 




 

The GGA use a non-local correction for the exchange energy, this dependency on the 
gradient of the density has the general form: 
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(2.3.12) 

Where  ( ) is a function of parameter  : 
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(2.3.13) 

Where    is the Fermi wavevector and the function f(s) must satisfy  ( )    because in 
homogeneous density case (    ) the   

    must be equal to   
   . 

Typically the GGA functionals do not support the correct asymptotic coulomb decay 
behavior. 

LB94 [2.13], instead, is a model XC potential which supports the asymptotic behavior, 
such potential has been used in this thesis together BP86 [2.7] and PBE [2.14] for valence 
photoabsorption and dichroism spectra simulations. 

Other popular refinements of GGA are meta-GGA which use higher order derivatives. 

Finally other two similar classes can be mentioned, hyper-GGA and generalized random 
phase approximation, that respectively include the exact exchange energy density and the 
unoccupied orbitals contributions. 

In general the GGA functionals are more accurate for those properties that depend on 
energies. 

The last but very important type of functionals are the hybrid functionals that use a 
portion of exact non-local Hartree-Fock exchange. 

A large number of hybrid functional are avaible in literature but one of the most used is 
the B3LYP, which is an example of semi-empirical functional and its expression is: 

   
        

      (  
     

   )      
        

    (    )  
    

(2.3.14) 

Where   ,    ,     are the three parameters which define the potentials, and are 
approximately equal to 0,2, 0,8, 0,7, respectively.  




 

These types of functionals are very versatile and generally accurate but they may require 
a larger computational effort due to the HF non-local exchange.  

This may become an hard problem for TDDFT calculations, where non-local exchange 
kernel are extremely computationally demanding, especially when STO basis functions 
are employed. 

In the present thesis it was proposed a new approach named Hybrid Diagonal 
Approximation (HDA) which employs a simple assumption to reduce drastically the 
number of HF exchange integrals to calculate without losing accuracy and consequently 
enormous reduction of computation time. 

The HDA is a general approximation for hybrid functionals but in this thesis has been 
extensively used in combination of B3LYP.  

 

 

2.4 Linear response theory 

Both Casida [2.15] and pol-TDDFT [2.16-19] algorithms are specific implementations of 
the more general Linear Response Theory (LRT) [2.19-20] which hereafter is shortly 
reviewed. 

Starting with the expression of the time-dependent coefficients of final states, they change 
over time due to a small perturbation: 
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( )| ( )|  
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(2.4.1) 

Where, in previous expression,   
( ) is the initial state (the ground state),   

( ) is the n-th 

excited state, and           corresponds to their energy difference. The perturbative 
potential can be written as follows: 
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(2.4.2) 

In this expression the potential is separated in a spatial and time-independent part  ( ) 
and in a time-dependent one  ( ). 

The  ( ) represents the spatial shape of perturbation while the  ( ) represents the time-
dependent behavior.  




 

Therefore the previous expression for the coefficient of the final states will read: 

  ( )      | ( )|  ∫ ( ) 
       

 

  

 

(2.4.3) 

At this point, take a specific time-dependent property of the system indicating with  ( ), 
then we measure the difference between the expectation values of the perturbed function 
and the initial one: 

 〈 〉  〈 〉  〈 〉    | |   ⟨ 
( )| | ( )⟩ 

(2.4.4) 

From the perturbation theory at the first order and neglecting the second order 
perturbative terms we can write the perturbation of   as: 

 〈 〉  ⟨ ( )| |  ( )⟩  ⟨  ( )| | ( )⟩ 

(2.4.5) 

Replacing the perturbed eigenfunction with  its own expression in term of unperturbed 
eigenfunctions the result is: 

 〈 〉  ∑  ( )  | |   
     

 

 ∑  
 ( )  | |         

 

 

(2.4.6) 

And inserting the explicit expression of the coefficients we will get: 

 

 〈 〉    ∑  | |         

 

  | |  ∫ ( )        
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  | |  ∫ ( )         

 

  

 

(2.4.7) 

 

 

 




 

And grouping term by term:  

 〈 〉   ∫∑[  | |    | |       (   )    | |    | |        (   )]

 

 ( )  

 

  

 

(2.4.8) 

It is convenient to define the linear response function as: 

 (  |   )   ∑[  | |    | |       (   )    | |    | |        (   )]

 

 

(2.4.9) 

Then it is possible to write in compact form: 

 〈 ( )〉  ∫ (  |   ) ( )  

 

  

 

(2.4.10) 

The linear response function is the variation of 〈 〉 at time   caused by the perturbation   
at time  , notice that this function is defined only for (   )   , consistently with the 
principle of causality. Furthermore, this function depends only on the distance of    and   
and not on the two specific values. This dependency is included in  ( ). 

It is possible to calculate the effect of the perturbation acting on the observable  , but it is 
more practical to work in frequency domain by Fourier transform. 

As already mentioned, the dependence on specific times is included in  ( ). Then it is 
necessary to ensure that the perturbation acts on an unperturbed state, for this purpose an 
adiabatic switch term     is added so that:  

   
    

      

(2.4.11) 

In this way the perturbation is introduced gradually and it will assume values around 
unity       for the times of interest. 

The Fourier transform of  ( ) will be: 

 ( )     
 

  
∫  ( )

  

  

        
 

  
∫  ( )

  

  

   (    )    

(2.4.12) 




 

Therefore, by substitution we will obtain the following expression: 

 〈 ( )〉  
 

  
∫ ∫  ( )

  

  

   (    ) ∑[       
    (   )

 

 

  

        
     (   )]      

(2.4.12) 

It is possible to integrate over the   variable in order to have only the frequency 
dependence: 

{
 
 

 
 
∫   (        ) 
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  (        )
|
  

 

  
   (    ) 

 (        )

∫    (        ) 
 

  

                 
   (        ) 
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(2.4.13) 

In the end, we obtain by sostitution: 

 〈 ( )〉  
 

  
∫  ( )

  

  

   (    ) ∑[
      

        
 

      
        

]

 

   

(2.4.14) 

The object in the summation is defined as general frequency-dependent (dynamic) 
polarizability which is indicated as follows: 

∏(  | )  ∑[
      

        
 

      
        

]

 

 

(2.4.15) 

This represents the variation of   induced by   at frequency  , then we can write the 
previous integral in compact form: 

 〈 ( )〉  
 

  
∫  ( )

  

  

   (    ) ∏(  | )    

(2.4.16) 

If the spectral dependency  ( ) relative to the perturbation   is known, we can predict 
the 〈 〉 value at any time. 




 

The polarizability contains two singularities of the first order in the complex plane 
(simple poles) for           and          (the possibility to have null 
numerator requires a more refined analysis). 

Moreover, it is a very interesting case when the perturbation is in resonance with the 
transition, that is when      : 

   
    

∏(  |   )  
      
  

 

(2.4.17) 

This result is extremely useful and is the foundation of the new method pol-TDDFT 
particularly if we take into account the electric dipoles induced (observable) by the 
oscillating electric field of the electromagnetic radiation (perturbation). After all we will 
have an expression linked to the photoabsorption: 

  [    
    

∏(  |   )]   
|  | |  | 

 
 

(2.4.18) 

Note that we work with an imaginary object and it is proportional to the transition 
moment and then to the oscillator strength. 

Let's make a practical example: we take a monochromatic radiation of frequency    from 
which  we can write the perturbative potential as: 

 (   )   ( ) ( )   ( )    (   ) 

(2.4.19) 

Remembering that the Fourier transform (FT) of cosine function is: 

   (   )
            
→     [ (    )   (    )] 

(2.4.20) 

The variation of the expectation value of   will be: 

 

(2.4.21) 

 

 

 〈 ( )〉 =
1

2 
∫  [ (   0) +  ( +  0)]

+∞

 ∞

   ( +  ) ∏(  | )   

=
1

2
[  ( 0   ) ∏(  |  0)+    ( 0+  ) ∏(  | 0)] 




 

2.5 Random phase approximation and TDDFT 

The rigorous foundation of TDDFT is provided by the Runge-Gross theorem which is an 
extension of the Hohemberg-Kohn theorem to the case of time-dependent external 
potential [2.21]. Therefore it ensures that also in this case the density is unique (at any 
time) when the expression of external potential is known (applies vice versa, the 
connection is injective). Finally, the van Leeuwen theorem ensures that the density found 
is correct. 
In this thesis a new method to solve the TDDFT equations is proposed, for this reason is 
useful to show the connection between TDDFT and linear response theory. 

Let’s start from the first order perturbation theory, the first order perturbation can be 
written as: 

 ( )(   )     
         

    

(2.5.1) 

So the time dependent Schrödinger equation will be: 

[ ( )   (   
         

   )][  
( )
      

  (  
(   )

   (    )    
(   )

   (    ) )]

  
 

  
[  

( )
        (  

(   )
   (    )    

(   )
   (    ) )] 

(2.5.2) 

Where it is assumed that the perturbed wavefunction has only two components in time, 

   (    )  is associated with   
(   ) and    (    )  with   

(   ). 

The first order terms can be grouped according to their time behaviors: 

 

   (    ) [ ( )  
(   )

     
( )
 (    )  

(   )
]

    (    ) [ ( )  
(   )

      
( )
 (    )  

(   )
]    

(2.5.3) 

Such expression is null and it is a linear combination of two time dependent linear 
independent functions, therefore their coefficients must be zero. The coefficients 
correspond to the square brackets. 

Now we proceed with the implementation of this theory taking our unperturbed 
Hamiltonian as the Fock operator and our wavefunction relative to the ground state as the 
occupied orbitals. 




 

The perturbation of wavefunction must preserve the orthonormality condition over the 
occupied orbitals:  

⟨   |  ⟩  ⟨  |   ⟩    

(2.5.4) 

Each term is equal to zero. This means that the perturbed function is orthogonal to 
all the occupied orbitals and therefore it must be a linear combination of virtual orbitals: 

    ∑   |   

    

 

 

(2.5.5) 

Now it is possible to substitute the two perturbed wavefunctions with properly linear 
combination of virtual orbitals:  

  
(   )

 ∑     

    

 

 

(2.5.6) 

  
(   )

 ∑   
   

    

 

 

(2.5.7) 

As a consequence, the expressions of the two first order terms will be: 
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(2.5.8) 
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    |    (    )∑   
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(2.5.9) 

 

 




 

Then we can close the brackets with scalar product of another virtual orbital (bra): 

∑   | |   

    

 

       |  |    (    )∑      |   

    

 

   

(2.5.10) 

∑   | |   

    

 

   
     |   |    (    )∑   

    |     

    

 

 

(2.5.11) 

Remembering that    | |          and that the virtual orbitals are orthonormal, we 

can collapse the two sums of both equations in only one term: 

(       )       |  |      

(2.5.12) 

(       )   
     |   |      

(2.5.13) 

To be consistent with the literature, we consider the complex conjugate of the second 
equation and so our expressions will be: 

(       )       |  |      

(2.5.14) 

(       )       |  |      

(2.5.15) 

However, the perturbation modifies the orbitals and then also the Fock operator. As a 
consequence, we must evaluate this variation in order to calculate the term    |  |    

and to do this we use the first order perturbed Fock operator  ( ) defined as: 

 ( )  ∑⟨   ‖  ⟩  ⟨  ‖   ⟩

   

 

 

(2.5.16) 

 

 

 




 

Therefore, the matrix elements are: 

⟨  | 
( )|  ⟩  ∑⟨     ‖    ⟩  ⟨    ‖     ⟩

   

 

 

(2.5.17) 

We can substitute the expression of perturbed   with the corresponding linear 

combination of virtual orbitals: 

⟨  | 
( )|  ⟩  ∑∑     (   ⟨    ‖    ⟩     ⟨    ‖     )

    

 

   

 

 ∑∑    (   
 ⟨    ‖    ⟩     

 ⟨    ‖     )

    

 

   

 

 

(2.5.18) 

From this expression derives that: 

   |  |       | |    ∑∑   ⟨    ‖         ⟨    ‖    ⟩

    

 

   

 

 

(2.5.19) 

Now the   and   coefficients are unknown and   is the electric dipole operator. 

However, we have all terms of both coupled equations which can be rewritten as follows: 

(       )    ∑∑   ⟨    ‖         ⟨    ‖    ⟩      | |   

    

 

   

 

 

(2.5.20) 

(       )    ∑∑   ⟨    ‖    ⟩     ⟨    ‖          | |   

    

 

   

 

 

(2.5.21) 

Or in matrix form: 

(
  
    

) (
 
 
)   (

  
   

) (
 
 
)  (

  
   

) 

(2.5.22) 




 

Where the two submatrices (the other two are simply the complex conjugate ones) have 
the following matrix elements:  

             (     )  ⟨    ‖      

(2.5.23) 

       ⟨    ‖    ⟩ 

(2.5.24) 

By solving this matrix problem it is possible to obtain the coefficient   and   for a given 
 . In particular when the frequency is in resonance with the transition we formally have 
the values that goes to infinite. 

Now it is possible to observe that this object is connected with polarizability. First we 
consider the variation of the electric dipole as our observable: 

   ∑    | |       | |    

   

 

 ∑    | |       | |    

   

 

 

(2.5.25) 

Carrying on with the usual substitution of perturbed orbitals, which is the linear 
combination of virtual orbitals, we get: 

   ∑∑     (      | |          | |   )

    

 

   

 

 ∑∑    (   
    | |       
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(2.5.26) 

And by comparison with the expression of polarizability we obtain: 

∏(   | )  ∑∑      | |          | |   

    

 

   

 

 

(2.5.27) 

Therefore    goes to infinite (absorption) when   and   are the solutions of the pseudo-
eigenvalues equations: 

(
  
    

) (
 
 
)   (

  
   

) (
 
 
) 

(2.5.28) 




 

This formulation is well known as the Random Phase Approximation (RPA), which can 
be simplified with some more hypothesis and approximations: 

1)  If the molecular orbitals are real,      and      
2)  It is possible to neglect the   matrix, such approximation is known as the Tamm 

Dancoff Approximation (TDA) [2.22] 

Then we obtain the more common eigenvalues equation: 

      

(2.5.29) 

The substitution of Fock operator with the KS Hamiltonian leads to the TDDFT 
equations, which differ from RPA only for one bielectronic term in the submatrices and 
the presence of exchange-correlation potential in the KS formulation: 

             (     )  ⟨    ‖     

 {  

          (     )       |           |     

            (     )       |      ⟨    |   |    ⟩

 

(2.5.30) 

       ⟨    ‖    ⟩  {  

    ⟨    |    ⟩  ⟨    |    ⟩

      ⟨    |    ⟩  ⟨    |   |    ⟩

 

(2.5.31) 

Assuming both   and   are real matrices, the RPA matrix problem will become: 

{  
           

           
 

(2.5.32) 

Subtracting the second equation from the first one we obtain: 

(   )(   )   (   )  (   )   (   )  (   ) 

(2.5.33) 

Such expression is quite interesting for TDDFT, since only in that case the (   ) 
matrix is diagonal, this is not true in RPA. 

 




 

And from this follows that: 

[(   )    (   )  ](   )      

(2.5.34) 

Now is common to define the diagonal (   )   matrix as     and finally write the 
Casida formulation of TDDFT as follows: 

       

(2.5.35) 

Where it is defined     
 

 (   ) 
 

  and     
 

 (   ). 

This eigenvalues problem can be transformed in the following expression: 

(    )      (
 

   
    

)   
  

(2.5.36) 

Considering the variation of our observable    we obtain: 

     (   )     
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)   
  

 
   

(2.5.37) 

When the resonant condition is considered we can simplify the expression as follows:  

  

 

(2.5.38) 

For replacement of |   
 

    |
 

 with  |  | |  |  (is the same for the other two dipoles) 

we obtain: 

   
|  | |  | 

     
 

(2.5.39) 

 

 




 

Then, to solve the TDDFT equations with the Casida formulation it is necessary 
diagonalize the   matrix which has the following matrix elements: 

                  (     )
   √             √      

(2.5.40) 

Where          is the so called coupling matrix and it contains Exchange-Correlation 

kernel, in Adiabatic Local Density Approximation (ALDA) we will have: 

         ∫∫   ( )    ( ) [
 

 ̅   ̅ 
    

    ( ) ( ̅   ̅ )]    ( ̅ )   ( ̅ )  ̅   ̅ 

(2.5.41) 

Starting from the eigenvectors     corresponding to the eigenvalues    , it is possible 
extract the intensities as follows: 

    
 

 
 (|  | |  |  |  | |  |  |  | |  | )

 
 

 
(   

 
      

  
 
      

  
 
    ) 

(2.5.42) 

Until now the spin coordinate hasn’t been discussed; in this approach the spin 

contribution is simplified because spin flip is not allowed. 

The   matrix can conveniently take into account also for the spin value of the electrons 
involved in the transitions: 

1)    is the spin state of   and   orbitals 
2)    is the spin state of   and   orbitals 

and it is possible to adapt the kernel in order to distinguish, for closed shell systems, 
between singlet-singlet and singlet-triplet transitions. 

In practice, the eigenvalues and eigenvectors of the   matrix are extracted with the 
Davidson algorithm that is a very efficient method to extract the lowest roots of the 
excitation spectrum. However, when a large number of eigenvalues are required this 
procedure may become numerically unstable. 

To overcome these problems the theoretical chemistry group of Trieste has developed the 
pol-TDDFT that is an alternative and very efficient method to solve the TDDFT 
equations. 

 

 




 

2.6 polTDDFT absorption 

The Casida method is robust and very efficient method, however it requires the use of 
very large matrices (of the order of           ) that must be diagonalized with the 
Davidson's iterative algorithm.  
Unfortunately the Davidson’s algorithm is able to extract only “few” low energy 

eigenvalues, beyond which it becomes unstable and may give numerically deteriorated 
results. 
This problem is important in the case of metallic clusters because in this case the 
eigenvalues are very dense (high number of eigenvalues for small energy range), in 
particular when plasmonic phenomena are under study. 
To overcome these problems the theoretical chemistry group of Trieste has developed an 
alternative and very efficient method to solve the TDDFT equations named polTDDFT 
[2.11]. 
The polTDDFT method is actually present in the commercial ADF code (Amsterdam 
Density Functional) which is itself embedded the AMS driver (Amsterdam Modeling 
Suite). 
This new method uses the polarizability tensor and the LR-TDDFT (linear response 
TDDFT) to reduce drastically the size of the matrices to be diagonalized therefore it is 
extremely faster but above all it makes it possible to calculate the absorption and 
dichroism spectra of large systems up to the required excitation energy. 
In particular the polTDDFT is based on the extraction of the imaginary part of the 
frequency-dependent dynamic polarizability, derived from the time evolution of electron 
density as a first order perturbation. 
Let's start by giving the expression of the absorption spectrum  ( ), this will be 
calculated point by point starting from the imaginary part of the dynamic polarizability 
 ( ): 

 ( )  
   

 
  [ ( )] 

(2.6.1) 

Important note is that    , and in particular we can write: 

         
(2.6.2) 

Where the real part    is the part relating to the frequency of the photon (energy) while 
the imaginary part    represents the line enlargement that naturally arises from the 
uncertainty between lifetime and energy of the excited states. 
In term of oscillator strength we can write: 

 (  )  
     
 

  [ ( )] 

(2.6.3) 




 

The last expression [2.11] is useful to compare the intrinsically smoothed polTDDFT 
results with respect to discrete lines calculations (like Casida) broadened by lorentzian 

functions with Half Width Half Maximum (HWHM) = i. 

 ( )  ∑
    

(    )
    

 

   

 

(2.6.4) 

Where    factor guarantees that the maximum of the Lorentzian for      corresponds 
to the value of    when only one line is present. 
Starting from the definition we can write the diagonal elements of polarizability tensor as 
follows: 

   ( )  ∫  
( )(   ̅)    ̅ 

Where     is the  -th diagonal element of the polarizability tensor while   
( )(   ̅) is the 

component to which applied the Fourier transform returns the time-dependent first-order 
correction of the electronic density induced by the external electromagnetic field time 
dependent (incident radiation). 

From now on we will take as an example only the   component but the same 
considerations will apply to the other two directions    . 

In particular we use the average trace of the tensor: 

 ( )  
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(2.6.5) 

Where the index   runs on the three components x, y and z. An important observation is 
that the trace of the tensor is invariant with respect to the chosen coordinate system and 
therefore does not require the diagonalization or choice of the principal axes. 

At this point our unknown term is the   
( )(   ̅) that can be calculated starting from the 

Kohn-Sham dielectric susceptibility    (   ̅  ̅ ), which is referred to a non-interacting 
electron system, under the influence of an effective perturbative potential     

 (   ̅) sum 
of the external potential, the couloumb and exchange-correlation terms. 
 
 
 
 
 
 
 
 




 

In practice, the following system must be solved: 
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(2.6.6) 

The last expression contains the ALDA approximation (Adiabatic Local Density 
Approximation) [2.23-24] which implies that exchange-correlation kernel is local in time 
and space. 
Rewriting in the form of operators we obtain: 

{  

  
( )         

 

    
      

     
( )

 

(2.6.7) 

Where   contains the Coulomb and the exchange-correlation kernels: 
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(2.6.8) 

Given the linearity of the operators, the system of equations can be reworked as follows: 
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(2.6.9) 
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( )         
    (      )  

( )         
  

(2.6.10) 

To solve this matrix problem is convenient to expand the induced density as a linear 

combination of fitting function {  } frequency independent: 

  
( )(   ̅)  ∑  ( ̅)  ( )

 

 

(2.6.11) 




 

Then by simple substitution: 
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(2.6.12) 

and taking the scalar product we obtain: 

∑(   |       |    |   )  ( )
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(2.6.13) 

In terms of element of matrices: 

∑(       ( ))   ( )

 

   ( ) 

(2.6.14) 

Writing the non-homogeneous system in compact matrix form we obtain: 
[   ( )]    

(2.6.15) 

Where   is the overlap matrix of the fitting functions,   is the unknown vector of the 
frequency-dependent expansion coefficients and   is the known frequency-dependent 
vector and its expression is: 

      |   |   
(2.6.16) 

Where we have written     
   , that is the z-th component of the external oscillating 

dipole. 
The matrix  ( ) turns out to be a frequency-dependent matrix which should be 
calculated for each wavelength, this problem is computationally impossible to deal with 
and requires an approximation. 
The innovation of the polTDDFT method concerns precisely this aspect, the frequency-
dependent matrix  (   ̅  ̅ ) is expressed as a linear combination of a set of matrices 
{  } frequency-independent and frequency-dependent expansion coefficients   ( ): 

 ( )  ∑  ( ) 
 

 

 

(2.6.17) 

Therefore the matrix  ( ) is built by varying the coefficients   ( ) once the set of 
matrices has been constructed, this calculation is extremely fast and applicable for any 
frequency. 
 
 
 




 

To justify this approximation, the expression of dielectric susceptibility must be 
considered: 
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(2.6.18) 

Where           has been defined and the only frequency dependent object is    ( ), 
this is taken as "almost constant", this approximation is legitimate and is due to the fact 
that the     are close to each other, that is when the density of excitation energies at zero 
order is high.  
Let us consider to divide the scale of excitation energies into   ordered intervals   , that 
is {  }              which graphically translates into the following scheme: 

 
Figure (2.6.1) Graphic representation of energy grid 

Note that the minimum corresponds to the            , given the density of the 
excitation energies, one can approximate the energies as an arithmetic average as a good 
approximation: 
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(2.6.19) 

With this in mind, the double summation can be rewritten by extracting the part 
containing the excitation energies from the internal one: 
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(2.6.20) 

So the part of the frequencies and the space part have been separated.  




 

Generally we are interested only in the lower part of the spectrum so we can define a 
cutoff energy and from this the series is truncated.  
Therefore, the matrix  ( ) can be effectively constructed using the following 
expression: 

   ( )     |    |  ⟩  ∑   |  ( ) ̃
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(2.6.21) 

Therefore the   ( ) coefficients are determinates from the following expression: 

  ( )  
  ̅ 

    ̅ 
  

(2.6.22) 

Note that the    
  matrix can be conveniently separated in other two submatrices: 
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Corresponding to: 
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(2.6.25) 

Similar expressions can be derived for the elements of the d vector which appears in the 
non-homogeneous system [2.11]. 
So now we have all elements for determinate the unknown vector  ( ) of the equation 
[   ]    and with this explicitly determine the induced density: 

  
( )(   ̅)  ∑  ( ̅)  ( )

 

 

(2.6.26) 

Finally we can calculate the dynamic polarizability:  

   ( )  ∫  
( )(   ̅)    ̅  ∑  ( )∫  ( ̅)    ̅

 

 

(2.6.27) 




 

From whose imaginary part the spectrum will be extracted.  
A more accurate expression to evaluate the spectrum can be obtained with the Modified 
Sternheimer Approach and is described in ref. [2.11]. 
 

 

2.7 polTDDFT dichroism 

The method described in the previous chapter can also be easily extended in order to 
calculate the Electronic Circular Dichroism (ECD) spectrum [2.13]. It should be noted 
that in the following discussion the dependence on the current density in the exchange-
correlation functionals will be ignored. 
Let's start by giving the definition of circular dichroism, it is defined by the difference 
between the absorption of left and right circularly polarized light: 

         
(2.7.1) 

Where    and    are respectively the absorption of light describing a left-handed helix 
and the absorption of light describing a right-handed helix.  
If we now admit that the radiation propagates along the   direction, we can write that: 

       [⟨ |  | ⟩⟨ |  | ⟩    |  |    |  |  ] 

(2.7.2) 

Where    and    are respectively the i-th electric dipole component and the magnetic one 
(orthogonal to the direction of propagation) and   is a constant. 
It must be considered that the molecules in solutions are subject to free rotation, therefore 
it will be necessary to take into account an average of all possible orientations: 

   
 

 
   [  | |    | |  ] 

(2.7.3) 

This expression is known as the Rosenfeld equation, in terms of rotatory strength it can be 
written [2.h]: 

      [  | |    | |  ] 
(2.7.4) 

And this is the object that will be calculated, to do this it is convenient to examine the 
expression of the dipole induced by electromagnetic radiation: 
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Where as usual we define   the polarizability tensor,   the electric field and   the 
magnetic field while a new object has been introduced, the optical rotation tensor  , 
which is shown to be correlated to the rotatory strength through the following formula: 
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(2.7.6) 

Note that as already done for the polarizability, only the trace of the tensor has taken into 
account.  
Therefore the object to be calculated will be the matrix β, it will derive from the electric 

dipole induced by the external oscillating magnetic field, therefore considering only the 
component  , a perturbed time-dependent Hamiltonian can be written in a completely 
analogous way to what done in the chapter on polarizability: 
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(2.7.7) 

Using the linear response theory we can rewrite the dipoles induced (polarization) by the 
perturbation (incident radiation) in the following way: 
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(2.7.8) 

Where   is the term of adiabatic switch. 
Note that this result has been obtained through the Fourier transform (which is generally 
done in association with the use of linear response theory) and we have passed from the 
time domain to that of frequencies, in order to simplify the expression. 
If we assume real wavefunctions we can recast the magnetic dipole matrix element as 
follows, in the first step the hermiticity is used, in the second one the fact that the operator 
is purely imaginary: 
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(2.7.9) 

Where the real wave functions have been assumed, remembering that the electric dipole 
operator is Hermitian, it will be written that: 
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Then we have: 
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(2.7.11) 




 

However, this is a formal result because it is not possible to carry out the summation over 
all excited states, however the non-interacting Kohn-Sham method can be used, for which 
the expression of the induced density is obtained as a perturbation due to the magnetic 
field: 
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In this expression the potential induced by the induced density is defined as: 
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In a completely similar way to what was done for absorption, the induced density is 
expanded as a linear combination: 
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Where by simple substitution a matrix problem similar to the one faced in the case of 
absorption is obtained: 
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(2.7.15) 

The only new object compared to the previous chapter is the vector  , whose expression 
is: 
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Then the expression of the coefficient frequency-dependent is: 
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(2.7.17) 

So it can be seen that once the absorption spectrum (the objects contained in this method) 
has been calculated it is completely inexpensive to expand the calculation to the 
dichroism spectrum, since the only object not yet calculated is the column vector  .  
 
 




 

At this point we have all the necessary elements to have the spectrum of dichroism, to 
have a practical expression it will be necessary to rework some expressions, in particular: 
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Taking for example the component   we obtain,: 
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(2.7.19) 

So if we admit that we have a monochromatic radiation of pulsation   we can easily 
write the equation that describes the trend of the magnetic field over time: 
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Therefore its derivative will be: 
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Then by substitution: 
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Also in this case it is seen that in resonance case this object is a pole and the strength of 
the rotator will be extracted from the residue, in particular we will have that: 
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Therefore, considering the average over all orientations and considering closed-shell 
molecules (only the singlet-singlet transition) we obtain: 
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And by reordering, we finally get the strength of the rotator: 
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2.8 Technical remarks 

In this section some purely technical but extremely important strengths are briefly 
presented. This aspects are not explicitly mentioned by the articles produced and 
contribute to making the polTDDFT the method of choice for the calculation of large 
systems in a very flexible way both on small and large calculators.  
A short list of these of these technical remarks follows: 

  One of the fundamental differences from the Casida method (and from most of the 
calculation codes) is the possibility of fragmenting the computation at the Ak 
submatrix level (see section 2.6 and 2.7). This allows you to choose the amount of 
usable memory, the time estimate and therefore to choose a time limit according 
to the walltime imposed by the policy of the calculator used. It is also possible to 
perform a restart which makes the exploration of various numerical choices 
extremely fast. 

  polTDDFT and new innovation are perfectly integrated in ADF code, thus 
consider symmetry as  Wigner–Eckart theorem then this reduce computational 
effort and the time consuming. 

  All new feature are optimally parallelized at MPI level, in both symmetrical and 
non-symmetrical cases. 

  New HDA contains a special indexing that allows to switch between Casida and 
polTDDFT and vice-versa by calculating the necessary integrals only once (see 
the relative article). Also in this case it is possible choose how many integrals 
must be calculated and restart from this point. in this case a very precise estimate 
of the time required occurs.  

  All tests (not shown in this thesis) confirm that HDA is completely general and 
can be used with extreme precision even in other time dependent calculation (for 
example core spectra), with various hybrid functionals (other than B3LYP), 
different bases, etc. 

  Preliminary test suggest that the new fitting functions are very robust and can also 
be transferred to other bases and functionalities with excellent results, including: 
SZ, DZ, DZP, TZP, BP86, LB94, PBE, HDA, all with and without approximation. 

  Finally, large number of analysis tool are present: TCM, ICM, fragment analysis 
and other graphic representation. 

 
 
 

2.9 Relativistic effects 

In some circumstances the relativistic effects become important and they may have a 
large number of different implications [2.26-28]. 

These effects arise when we work with objects that move at speed “near” to the speed of 
light (c). 




 

In chemistry this situation occurs when heavy elements are considered because the 
electrons belonging to the inner orbitals, and in particular the 1s ones, have an average 
speed comparable to c. 

By the way, the relativistic treatment is also required when high accuracy is needed in 
simulation. 

In the relativistic theory there is a fundamental relation between mass and velocity: 
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(2.9.1) 

Where  (    ) is the effective mass that is function of velocity of the particle   and its 
rest mass   .  

The consequence of previous expression is that when the speed increases also the 
effective mass increases with the implication that a particle cannot exceed (or to equal) 
the speed of light. 

From the chemistry point of view the increase in mass affects the shape of atomic orbitals 
and more precisely a contraction of orbitals is observed, for example we can examine 
how the Bohr radius changes: 

   
     

 

   
 

(2.9.2) 

Although only deep core orbitals are directly affected by relativistic effects, also the 
higher orbitals show a contraction, as an indirect consequence of the orthogonality among 
the orbitals. Moreover, the contraction of s orbitals improves the nuclear shielding, 
therefore the orbitals with higher angular momentum are destabilized. 

Now a brief summary of the most salient relativistic effect is here considered: 

  Bond length and structure: the non-relativistic calculations overestimate the bond 
length, for example in the case of AuH and Au2 this effect is of the order of 0.2-
0.3Å. 
The metallophilic interaction is the tendency of heavy metals to “polymerize”, and 

in particular Au has a great tendency in fact often it refers to the specific term of 
aurophilicity. 
The flat structure of the small gold clusters (in contrast to the 3D arrangement of 
the Ag clusters) seems to be linked to relativistic effects and in particular to the 




 

strong 5d-6s hybridization, on the other hand contrary the Spin-Orbit interaction 

(SO) favors three dimensional structures for anions around  u1 
- . 

  Anomalies of reactivity and physical properties: the end of the third period of 
transition metal is strongly affected by the relativistic effects. Hg is the only liquid 
metal at room temperature ( 360°C lower melting point than Cd) and together Au 
and Pt are unexpectedly chemically inert (in particular Au and Pt are essentially 
unreactive) due to the strong contraction of 6s orbital. 
Regarding the following electrochemical reaction: 

Pb(s) + PbO2(s) + 2H2SO4(aq) →  PbSO4(s) + 2H2O(l) 
The calculated electromotive force at non-relativistic level returns 0,39V but the 
relativistic simulation returns the value of 2,13V (close to the experimental value 
of 2,107V), this is mainly due to of high energy of Pb(IV) compounds (PbO2 is 
rare example of neutral Pb(IV) stable compound) that is caused of the loss of high 
stable 6s electrons, we can say that “our car starts thanks to relativity”. 
Finally the well known lanthanide contraction gives special properties and gives 
very similar reactivity to all elements of this group. 
Essentially relativistic phenomena are the topological insulators in which an 
insulating compound, such as BixSb1-x or Bi2Se3, has metallic surface states 
created by SO coupling. 
Similar SO effects may arise in the Mott insulator transition. 

  Spin-orbit: As concerns the Spin-Orbit (SO) coupling, electronic excitations 
starting from a non-s core orbital generate doubly-split states.  
This splitting typically complicate the interpretation of the spectrum, for example, 
in Ti 2p core spectrum of TiC14 the calculated SO value is more than 5eV, while 
for S 2p in SO2 is 1.3eV, so the two spectral patterns, respectively associated to L3 
(2p3/2) and L2 (2p1/2) edges, strongly overlap and the consequent assignment of the 
calculated peaks is rather complicated. 

  Spectroscopic anomalies: the most famous “relativistic color effect” is that of  u, 

the non-relativistic calculation predict the color of Au similar to Ag with 
absorption in UV region, in contrast the relativistic contraction of 6s orbital and 
5d expansion narrow the gap resulting in a strong transition in visible region. 

A similar effect is observed in Pb l6
 - where the starting excitation orbitals have 

strong ligand character but the LUMO is prevalent 6s character. 
In the case of Pb(NO2)2 the color is attributed to a singlet-triplet transition of the 
nitrite induced by the SO coupling of the Pb center. 
At non-relativistic level triplet-singlet decay (phosphorescence) is forbidden but 
the SO coupling makes this process possible, therefore it is common to find 
phosphorescent materials doped with heavy elements, such as the case of Eu or 
Dy in Sr(AlO2)2. 

 




 

The quantum mechanical theoretical description including the relativistic effects has been 
developed by Dirac who suggested the Dirac equation,which consists in the extension of 
the Schrödinger equation to the relativistic case: 
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(2.9.3)  

Where the new Dirac Hamiltonian is composed of four components: 
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Where   is the usual moment operator: 

       

(2.9.5) 

   is a traceless 4x4 diagonal matrix: 
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With the form of the elements are: 
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(2.9.7) 

  is a vector   (        ) where the three components are traceless 4x4 diagonal 

matrix of the type: 
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Where    are the Pauli spin matrices, which they have the form: 
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Note that also the wavefunction is more complex, because we must consider the two 
possible spin of the electrons, and then we must consider the four component spinor: 
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(2.9.10) 

Where   and   refer to spin up and down respectively,   and   are the so-called large 
and small components. Now, introducing a potential   in the Hamiltonian we have: 
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And then: 

(          
    ) (   )    

(2.9.12) 

The treatment of this Hamiltonian poses some formal problems, for example the solution 
furnishes also eigenvalues with negative energy since the equation is not bound from 
below, therefore at the theoretical level the variational principle is no longer granted as 
the solutions do not have a minimum. 

Moreover this Hamiltonian requires special basis functions and its four-components 
nature makes it computationally very expensive. 

In practice it is possible to avoid the solution of the Dirac equation, for example by means 
of the Douglass-Kroll (DK) transformation [2.29] it is possible, with very good 
approximation, to decouple the large and the small components reducing the scheme from 
a four-components to a two-components one. Moreover, if also the Spin Orbit (SO) 
coupling is neglected, a one-component relativistic formulation is obtained, known also 
as Scalar Relativistic (SR).  

In the present thesis we always employed the Zero Order Regular Approximation 
(ZORA) [2.30] scheme to introduce relativistic effects. The SO coupling has been always 
neglected, so all the calculations have been performed at the SR-ZORA level of theory. 
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ABSTRACT: We probe the origin of photoluminescence of an
atomically precise noble metal cluster, Ag24Au1(DMBT)18 (DMBT =
2,4-dimethylbenzenethiolate), and the origin of chirality in its chirally
functionalized derivatives, Ag24Au1(R/S-BINAS)x(DMBT)18−2x, with x
= 1−7 (R/S-BINAS = R/S-1,1′-[binaphthalene]-2,2′-dithiol), using
chiroptical spectroscopic measurements and density functional theory
(DFT) calculations. Combination of chiroptical and luminescence
spectroscopies to understand the nature of electronic transitions has
not been applied to such molecule-like metal clusters. In order to
impart chirality to the achiral Ag24Au1(DMBT)18 cluster, the chiral
ligand, R/S-BINAS, was incorporated into it. A series of clusters,
Ag24Au1(R/S-BINAS)x(DMBT)18−2x, with x = 1−7, were synthesized.
We demonstrate that the low-energy electronic transitions undergo an
unexpected achiral to chiral and back to achiral transition from pure Ag24Au1(DMBT)18 to Ag24Au1(R/S-
BINAS)x(DMBT)18−2x, by increasing the number of BINAS ligands. The UV/vis, luminescence, circular dichroism, and
circularly polarized luminescence spectroscopic measurements, in conjunction with DFT calculations, suggest that the
photoluminescence in Ag24Au1(DMBT)18 and its chirally functionalized derivatives originates from the transitions involving
the whole Ag24Au1S18 framework and not merely from the icosahedral Ag12Au1 core. These results suggest that the chiroptical
signatures and photoluminescence in these cluster systems cannot be solely attributed to any one of the structural
components, that is, the metal core or the protecting metal−ligand oligomeric units, but rather to their interaction and that
the ligand shell plays a crucial role. Our work demonstrates that chiroptical spectroscopic techniques such as circular
dichroism and circularly polarized luminescence represent useful tools to understand the nature of electronic transitions in
ligand-protected metal clusters and that this approach can be utilized for gaining deeper insights into the structure−property
relationships of the electronic transitions of such molecule-like clusters.
KEYWORDS: metal clusters, chirality, circular dichroism, circularly polarized luminescence, gold clusters, alloy clusters

Atomically precise, thiolate-protected noble metal
clusters such as Au102(SR)44,

1 Au25(SR)18,
2,3

Au38(SR)24,
4−6 and Ag44(SR)30,

7−9 wherein −SR is an
alkyl or aryl thiolate, are a unique class of nanoparticles10,11

exhibiting molecule-like properties in their composition,
structure, and chemical reactivity.12 Many of these clusters
consist of an inner core containing a precise number of metal
atoms protected by a precise number of metal−ligand
oligomeric units. For example, Au25(SR)18 consists of an inner
Au13 icosahedron and six Au2(SR)3 units.2,3 These clusters
possess well-defined optical absorption bands which are
assigned to discrete transitions between their quantized
electronic energy levels.13−15 An important manifestation of
their molecule-like electronic structure is photoluminescence,

which has been useful for practical applications.16 The origin of
photoluminescence and various electronic relaxation pathways
of such clusters in terms of the role of their inner cores, ligands,
and the metal−ligand interface has been investigated.17−21

Processes such as ligand to metal charge transfer (LMCT) have
been proposed to be at the root of luminescence in some of these
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clusters.22 Recently, Jin et al. showed that the metal core is
mostly involved in the photoluminescence in a series of
structurally related gold clusters.23 However, in spite of being
atomically precise in their compositions and possessing well-
defined geometric and electronic structures, a detailed under-
standing of structure−property correlations of photolumines-
cence in these molecule-like clusters remains elusive.23

Circular dichroism (CD) and circularly polarized lumines-
cence (CPL) spectroscopies are essential tools for probing the
nature and the origin of the chirality in various systems. The
former technique measures the difference in the absorbance of
left and right circularly polarized light by a chiral molecule,
whereas the latter measures the difference in the intensity of
emission of left and right circularly polarized light. Therefore,
these two techniques are complementary to each other,

providing information about the chirality of the ground and
the excited electronic (emissive) states of molecules, respec-
tively.24−26 In atomically precise, ligand-protected noble metal
clusters, the origin of chirality has been attributed to the chirality
of the ligands,27−30 the chiral arrangement of achiral ligands on
the cluster surface,1,6 and to the inherently chiral inner metal
cores.31,32 Furthermore, discrete electronic absorption bands in
some of these clusters, (Au25(SR)18, for example),13 were
assigned to the transitions involving inner cores and outer
metal−ligand oligomeric units. Bearing inmind that the chirality
and electronic absorption bands could be correlated with the
structural features of these clusters, a combined CD and CPL
investigation, in conjunction with density functional theory
(DFT) calculations, is extremely helpful to unravel the origin of
chiroptical signatures and photoluminescence in atomically

Figure 1. Schematic of the crystal structure (A), negative ion mode ESI MS spectrum (B), UV/vis absorption (black trace), excitation (green
trace), and emission spectra (red trace) (C) of Ag24Au1(DMBT)18. Inset of (B) shows the theoretical (red) and experimental (black) isotopic
distribution corresponding to the formula, Ag24Au1(DMBT)18. The features labeled with * in (B) are due to typical fragments of the molecular
ion, [Ag24Au1(DMBT)18]

−, due to sequential losses of (Ag-DMBT) units (see Figure S1). Characteristic peak positions are marked in (B) and
(C). Color codes of atoms in (A): silver (green), gold (orange), sulfur (yellow), and carbon (gray). The H atoms are omitted for clarity. The
structure in (A) was created using the coordinates reported in ref 18. The dip at around 880 nm in the emission spectra shown in (C) is due to an
artifact from the monochromator response.
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precise, structurally well-defined, molecule-like noble metal
clusters. Such an approach, combining chiroptical and
luminescence spectroscopies toward understanding the nature
of electronic transitions have been used mostly for organic
molecules,33−35 and to the best of our knowledge, this method
has not been applied to such molecule-like ligand-protected
noble metal clusters. Ag24Au1(DMBT)18 (DMBT = 2,4-
dimethylbenzenethiolate) is an ideal system, in this regard,
owing to its well-defined composition and its precisely known
crystal structure.36 Most importantly, this cluster exhibits
intense photoluminescence. Ag24Au1(DMBT)18 possesses a
symmetric, achiral Ag12Au1 icosahedral core protected by six
Ag2(DMBT)3 units and is structurally analogous to the well-
known M25(SR)18 (M = Au, Ag) clusters (see Figure 1A).36

Recent experimental investigations suggested that the photo-
luminescence in Ag24Au1(DMBT)18 could be due to the charge
transfer processes involving the ligands.18 In contrast, theoretical
calculations by Aikens et al. suggest that the photoluminescence
inM25(SR)18 (M=Au, Ag) is due to the transitions involving the
icosahedral core-based superatomic orbitals and that the ligand-
based orbitals are not involved in these transitions.19 Hence, the
origin of photoluminescence in these clusters remains
ambiguous.
Here, we investigate the origin of chiroptical signatures and

photoluminescence of Ag24Au1(DMBT)18 and its chiral
derivatives using chiroptical spectroscopic measurements and
DFT calculations. In order to impart chirality to the achiral
Ag24Au1(DMBT)18 cluster, a chiral ligand, R/S-1,1′-[binaph-
thalene]-2,2′-dithiol (R/S-BINAS) was incorporated into it.
Electrospray ionization mass spectroscopic (ESI MS) measure-
ments showed that the overall composition of the cluster
remains unaltered after the incorporation of the BINAS ligand. A
series of clusters, Ag24Au1(R/S-BINAS)x(DMBT)18−2x, with x =
1−7, were synthesized. Ultraviolet/visible (UV/vis) absorption
and CD spectroscopic measurements showed systematic
changes in the lower-energy electronic transitions of
Ag24Au1(R/S-BINAS)x(DMBT)18−2x as a function of the
number of BINAS ligands. The CD spectroscopic measure-
ments revealed that the incorporation of BINAS induced
chiroptical signatures in the cluster and, in particular, that the
low-energy electronic absorption bands undergo an unexpected
achiral to chiral and back to achiral transition from pure
Ag24Au1(DMBT)18 to Ag24Au1(R/S-BINAS)x(DMBT)18−2x by
increasing the number of incorporated BINAS ligands in them.
Luminescence spectra of Ag24Au1(R/S-BINAS)x(DMBT)18−2x
c lus ters are red-sh i f ted with regard to that of
Ag24Au1(DMBT)18; furthermore, these clusters exhibit weak
CPL activity, providing further insights into the nature of the
excited states that are responsible for the photoluminescence.
Our analysis of the trends in the UV/vis, CD, luminescence and
CPL spectroscopic changes, in conjunction with DFT
calculations indicates that the photoluminescence in
Ag24Au1(DMBT)18 and its chirally functionalized derivatives
originate from transitions involving the whole Ag24Au1S18
framework, not merely from the icosahedral Ag12Au1 core.
Therefore, these results indicate that the photoluminescence in
these cluster systems cannot be solely attributed to any one of
the structural components, such as the metal core or the
protecting metal−ligand oligomeric units. Our work also shows
that, as in the case of common molecules, chiroptical
spectroscopic techniques are a potential experimental tool for
understanding the nature of electronic transitions in molecule-
like ligand-protected metal clusters.

RESULTS AND DISCUSSION

Synthesis and Characterization of [Ag24Au1(R/S-
BINAS)x(DMBT)18−2x][PPh4].A schematic picture of the crystal
structure of Ag24Au1(DMBT)18 is shown in Figure 1A.36 The
negative ion mode ESI mass spectrum of [Ag24Au1(DMBT)18]-
[PPh4] (Figure 1B) shows an expected band at m/z 5255. The
features labeled with * are due to typical fragments of the
molecular ion, [Ag24Au1(DMBT)18]

−, due to sequential losses
of (Ag-DMBT) units, as presented in the Supporting
Information (Figure S1). The theoretical and experimental
isotope patterns, shown in the inset of Figure 1B, further confirm
this assignment. Figure 1C shows the UV/vis absorption (black
trace) and luminescence excitation (green trace) and emission
(red trace) bands of Ag24Au1(DMBT)18. Hence, the mass
spectrometric and spectroscopicmeasurements presented above
confirm the purity and the identity of this cluster.
Incorporation of the chiral ligand, R/S-BINAS, into

Ag24Au1(DMBT)18 has been carried out using the method
described in the Experimental Section. Figure 2A−D shows the
ESI mass spectra of the clusters obtained after the reaction of
A g 2 4 A u 1 (DMBT) 1 8 w i t h R - B INAS a t v a r i o u s
Ag24Au1(DMBT)18/BINAS molar ratios.
Figure 2A shows that the parent cluster, Ag24Au1(DMBT)18

(see the feature corresponding to x = 0), is also present along
with a series of bands, separated by 42 Da, at the higher m/z
region. The mass separation of 42 Da corresponds to the loss of
two DMBT ligands and incorporation of a BINAS ligand (i.e.,
MBINAS(316)− 2×MDMBT(2× 137) = 42). Therefore, a general
molecular formula, Ag24Au1(R/S-BINAS)x(DMBT)18−2x (x =
number of BINAS ligands), is given to the BINAS-incorporated
clusters synthesized. The good agreement between theoretical
and experimental isotope patterns of one of the features that
corresponds to x = 3 in Figure 2A, which is due to
Ag24Au1(BINAS)3(DMBT)12 presented in Figure S2, further
confirms the incorporation of the BINAS ligand into
Ag24Au1(DMBT)18. Furthermore, note that the separation
between the features in the experimental isotopic pattern is 1
Da, indicating that these clusters bear single negative charge, as
in the case of [Ag24Au1(DMBT)18]

−. Figures 2A−D shows that
groups of clusters containing 0−3, 2−5, 3−5, and 4−7 BINAS
ligands can be synthesized by increasing the concentration of
BINAS in the reactionmixture. These four groups of clusters will
be referred to as groups I, II, III, and IV, respectively in the
following discussion for convenience. Group IV is the mixture
containing the maximum number of BINAS ligands, as shown in
Figures 2D and S3D. Further increase of the concentration of
the BINAS ligand did not result in the incorporation of more
than seven BINAS ligands; however, clusters of different
nuclearities which do not correspond to the general formula,
Ag24Au1(R-BINAS)x(DMBT)18−2x, were formed at higher
concentrations of BINAS, as presented in Figure 2D. Mass
spectra of the clusters synthesized with S-BINAS, such as
A g 2 4 A u 1 ( S - B INA S ) x (DMBT ) 1 8 − 2 x , a t s i m i l a r
Ag24Au1(DMBT)18/BINASmolar ratios are presented in Figure
S3, which further confirms the incorporation of BINAS.
Note that there were nomass spectral features observed which

correspond to the clusters formed by the loss of a single DMBT
ligand and incorporation of a single BINAS ligand. The features
corresponding to such clusters should appear at a mass
separation of 179 Da (i.e., MBINAS(316) − MDMBT(137) =
179); however, such features have not been detected in our
measurements. Therefore, the mass spectrometric measure-
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ments presented above confirm that one BINAS replaces two
DMBT on the clusters. It is known that the BINAS acts as a
bidentate ligand to structurally analogous clusters such as
Au25(SR)18 and Au24Pd(SR)18.

37,38 For example, in the case of
Au24Pd(SR)18, a single BINAS binds with two Au atoms; that is,
one of the two sulfur atoms of BINAS occupies the terminal
position of an Au2(SR)3 staple, and the other sulfur atom
occupies the bridging position of the adjacent Au2(SR)3 staple of
the cluster. Considering the structural similarity of Au24Pd-
(SR)18, and on the basis of the mass spectrometric measure-
ments presented above, we assume that the BINAS ligand binds
to Ag24Au1(DMBT)18 in a similar fashion. The bidentate mode
of binding was further confirmed by experiments with another
dithiolate ligand, namely, 1,1′-biphenyldithiol (BPT), which are
presented in Figures S4 and S5. Therefore, mass spectrometric
measurements unambiguously confirm the incorporation of the
BINAS ligand into Ag24Au1(DMBT)18 without altering the
overall composition, that is, the total number of metal atoms and
sulfur atoms and the charge state. This is surprising, considering
the fact that DMBT is the only ligand known so far to protect the
Ag25 and Ag24Au1 cores.

UV/Vis Absorption Measurements. UV/vis absorption
spectroscopic measurements showed systematic changes in the
low-energy band, at 619 nm, of Ag24Au1(DMBT)18 as a function
of the number of BINAS ligands incorporated. Figure 3 shows
the UV/vis absorption spectra of groups I−IV. These measure-
ments reveal that for I (i.e., Ag24Au1(R-BINAS)x(DMBT)18−2x
containing smaller numbers of BINAS i.e., x = 0−3) the spectral
bands (see trace a in Figure 3) are similar to those of
Ag24Au1(DMBT)18 (see inset of Figure 3), except for some
broadening of the band at around 619 nm. However, as the
number of incorporated BINAS ligands increases, this band
changes significantly. At higher concentration of BINAS (see
traces b and c in Figure 3), Ag24Au1(R-BINAS)x(DMBT)18−2x
exhibits a significantly broadened band with multiple features at
around 590 and 664 nm, compared to the single band at around
619 nm for Ag24Au1(DMBT)18. However, note that the shapes
and the peak positions of the bands at higher energies remain
almost unchanged irrespective of the number of BINAS ligands
incorporated. In particular, the band at 467 nm for the
Ag24Au1(DMBT)18 is almost unchanged. However, the hump
at ∼380 nm and a weak shoulder at ∼330 nm in parent
Ag24Au1(DMBT)18 disappeared and a weak hump/shoulder at
∼362 nm appeared when BINAS was incorporated. It is
interesting to note that for group IV (i.e., the Ag24Au1(R/S-
BINAS)x(DMBT)18−2x clusters containing 4−7 ligands; see
mass spectra Figures 2D and S3D), a single weak absorption
band, at around 590 nm, was observed in the low-energy side of
the spectrum (see trace d in Figure 3) in contrast to that in
groups II and III (see traces b and c in Figure 3), wherein two
bands were observed. UV/vis spectra of Ag24Au1(S-BI-
N A S ) x ( DMBT ) 1 8 − 2 x s y n t h e s i z e d a t s i m i l a r
Ag24Au1(DMBT)18/BINAS molar ratios are shown in Figure
S6, which further support this trend. We observed similar
changes in the UV/vis absorption bands (Figures S7 and S8) in
the experiments with BPT ligand, as well. Hence, the UV/vis
absorption spectroscopic measurements confirm that, as the
number of dithiolate ligands on the cluster increases, the low-
energy transitions are significantly altered; however, the higher
energy transitions remains almost unaffected. This implies that
the binaphthyl tail groups of the BINAS ligands do not
significantly alter the nature of the molecular orbitals associated
with higher energy transitions.
The crystal structure of Ag24Au1(DMBT)18 shows that this

cluster consists of an icosahedral Ag12Au1 core protected by six
Ag2(DMBT)3 staple motifs,36 which is similar to the structural
framework of well-known Au25(SR)18.

2,3 Previous DFT
calculations19 suggested that the lowest-energy UV/vis
absorption band of Ag24Au1(SH)18, at around 619 nm, is due
to the HOMO−LUMO electronic transition involving the
superatomic orbitals derived predominantly from the metal
atoms of the Ag12Au1 core (see however a more refined analysis
below) in contrast with the charge transfer mechanism involving
ligands.18 The bands at higher energies have been assigned to
transitions involving the orbitals with larger contributions from
the ligands.19 However, the clusters used in our experiments
contain aromatic thiols whose interaction with the metal core is
quite different with respect to the SH ligands which were used in
the previous calculations. For this reason, the present
calculations (see below) will furnish a different and more
realistic description of the electronic structure as well as of the
assignment of the most relevant optical transitions.
The incorporation of larger numbers of BINAS could lower

the symmetry of the Ag24Au1S18 framework, which might be the

Figure 2. Negative ion mode ESI mass spectra of Ag24Au1(R-
BINAS)x(DMBT)18−2x group of clusters I (A), II (B), III (C), and IV
(D) synthesized at various Ag24Au1(DMBT)18/BINAS molar ratios.
The features (labeled with *) which do not correspond to the
general formula, Ag24Au1(R-BINAS)x(DMBT)18−2x, were also
observed in (D), which could be due to decomposition or the
core transformation of the Ag24Au1(R-BINAS)x(DMBT)18−2x
resulting from the use of a slightly higher concentration of R-
BINAS in the reaction.
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reason for the changes in the low-energy UV/vis absorption
bands. Apart from any ligand-induced structural distortions, the
peak shifts and the changes in the shape of the UV/vis
absorption bands can also occur due to the conjugation of the π

electrons of the aromatic tail groups (i.e., binaphthyl and
biphenyl in BINAS and BPT, respectively). In order to test this,
we attempted to incorporate aliphatic dithiols such as 1,3-
propanedithiol and 1,4-butanedithiol (wherein the aromatic tail

Figure 3. The UV/vis absorption spectra of Ag24Au1(R-BINAS)x(DMBT)18−2x group of clusters I (a), II (b), III (c), and IV (d). Inset shows the
UV/vis spectrum of Ag24Au1(DMBT)18 for comparison. Traces (b), (c) and (d) have been shifted upward for sake of clarity.

Figure 4. CD spectra of Ag24Au1(R/S-BINAS)x(DMBT)18−2x groups of clusters I (a and a′), II (b and b′), III (c and c′), and IV (d and d′). Traces
a−d and a′−d′ correspond to the Ag24Au1(BINAS)x(DMBT)18−2x clusters containing R- and S-BINAS, respectively. Traces a−c (and a′−c′)
have been shifted upward (downward) for the sake of clarity.
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groups are absent) ; however , the reac t ions o f
Ag24Au1(DMBT)18 clusters with these aliphatic dithiols resulted
in decomposition of the cluster, and no ligand exchange was
observed, in contrary to a previously reported experiment with
structurally analogous Au25(SR)18.

39 Therefore, the above
experiments show that the changes in the UV/vis absorption
spectra of Ag24Au1(DMBT)18 clusters induced by dithiolate
ligands could be either due to structural distortions due to the
bidentate binding mode or due to the conjugation of the π
electrons of the ligand’s tail groups. Results of the DFT
calculations (see below for the details) show that structural
distortions to the Ag24Au1S18 framework indeed occur due to the
incorporation of BINAS ligands.
C i r c u l a r D i c h r o i sm o f Ag 2 4 A u 1 (R / S - B I -

NAS)x(DMBT)18−2x: Chiral to Achiral Transition in Low-
Energy Excitations. CD spectroscopy provides information
about the excited electronic state manifold in relation to the
ground state of a chiral molecule.24,26 As mentioned previously,
Ag24Au1(SR)18 has a symmetric structure consisting of an
icosahedral Ag12Au1 core and six Ag2(SR)3 staple motifs,36 and
hence, this cluster is achiral. However, in order to test whether
the incorporation of the chiral dithiolate ligand, BINAS, induces
any chiroptical signatures, CD measurements were carried out.
The CD spectra of groups I−IV, presented in Figure 4, reveal
that these clusters exhibit distinct CD bands at around 347, 475,
and 645 nm with exact mirror image relationships for the
clusters containing R-BINAS and S-BINAS ligands. Control
experiments with pure BINAS ligand and Ag-BINAS complexes
(see Figures S9 and S10) confirm that the observed CD bands
are due to the dissolved clusters and not due to any impurities
such as free ligands or metal−ligand complexes.
Note that group IV (see traces d and d′ in Figure 4) do not

show any CD band at 645 nm, whereas groups I−III exhibit this
band. The mirror image relationship is more clearly presented
for group II in Figure 5A. In order to correlate the UV/vis and
the CD spectral bands, a comparison of the UV/vis and CD
spectra of group II is presented in Figure 5B. It is evident from
Figure 5B that the strong CD band at around 475 nm coincides
with the UV/vis absorption band at around 465 nm. The CD
spectra of pairs of groups I, III, and IV presented separately in
Figures S11−S13 further support this observation.

The band at around 467 nm in the Ag24Au1(DMBT)18 has
been assigned to the transitions involving the molecular orbitals
derived from the metal atoms and ligands.19 The coincidence of
these CD and UV/vis absorption bands at 475 and 465 nm,
respectively, shows that the incorporation of the chiral BINAS
ligands induces chirality to the staple motifs of these clusters.
Similar induction of chirality has been observed in clusters such
as Au25(SR)18

37 and Au38(SR)24.
40 Furthermore, the fact that

peak maxima of the bands at higher energies in UV/vis and CD
spectra remain unchanged irrespective of the number of BINAS
ligands incorporated indicates that the nature of the tail groups
of the ligands, that is, 2,4-dimethylphenyl (in DMBT) versus
binaphthyl (in BINAS), does not alter the net energy gaps
between the molecular orbitals involved in these electronic
transitions and is confirmed by present calculations (see peaks at
473−484 nm in Figure 7, left panel).
More interestingly, we observed a weak, broad CD band at

around 645 nm (see Figures 4 and 5) that coincides with one of
the UV/vis bands (see Figure 5B). A comparison of the UV/vis
and CD traces in Figure 5B further shows that even though there
are two bands at 590 and 664 nm in the UV/vis spectrum (in
Figure 3), the corresponding CD spectrum shows only a single
band at 645 nm. However, the CD measurements show that
parent Ag24Au1(DMBT)18, which was originally achiral,
becomes chiral after functionalization with BINAS. For
Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters containing 4−7
BINAS ligands (i.e., for group IV), there are no CD bands
observed at lower energies (see Figures 4 and S13) that
correspond to its distinct UV/vis band at around 590 nm (see
Figures 3 and S6) showing that when a large number of ligands is
present the low-energy excitations lose their chiral character.
Note tha t even though the Ag2 4Au1(R/S -B I -

NAS)x(DMBT)18−2x clusters with x = 4 and 5 are commonly
present in groups III and IV, there is no CD band at around 600
nm for the latter. In order to understand this, we synthesized a
new group of Ag24Au1(R-BINAS)x(DMBT)18−2x clusters with x
= 3−5 (referred to as group V), wherein the cluster with x = 5 is
the most abundant species. No CD band at low energies at
around 645 nm was observed for group V, though there is a
distinct band at around 600 nm in the UV/vis spectrum, as in the
case of group IV (see Figures S14 and S15). Note that groups III
and V contain clusters with the same composition although at

Figure 5. CD spectra (A) and a comparison of the CD and the UV/vis absorption spectra (B) of Ag24Au1(R/S-BINAS)x(DMBT)18−2x group II.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c01183
ACS Nano 2020, 14, 9687−9700

9692

60

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01183/suppl_file/nn0c01183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01183/suppl_file/nn0c01183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01183/suppl_file/nn0c01183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01183/suppl_file/nn0c01183_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01183/suppl_file/nn0c01183_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01183?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01183?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01183?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01183?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01183?ref=pdf


different relative abundances. Themost abundant cluster in III is
the one with x = 4, and that in V is the one with x = 5. This
experiment clearly shows that this low-energy CD band in
Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters appears only for
clusters with x = 1−4: when x > 4, these clusters do not show any
CD features at low energies. Therefore, the absence of this CD
band at around 600 nm in groups IV and V, in spite of its
presence of clusters with x = 4 in it, could be because of their
lower concentrations in IV and V compared to that in III. A
probable reason for the absence of this CD band for groups IV
and V is provided below in light of the DFT calculations.
DFT Calculations on Ag24Au1(R/S-BINAS)x(DMBT)18−2x.

In order to gain better insight into the origin of the
experimentally observed electronic absorption and CD bands
of Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters, DFT calcu-
lations were performed. Note that irrespective of the
Ag24Au1(DMBT)18/BINAS molar ratios used in the synthesis,
a mixture of Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters was
formed. Furthermore, considering the structural similarity of
Ag24Au1(DMBT)18 with Au25(SR)18 and Au24Pd(SR)18,

2,3,36,38

we assume that the BINAS ligand in Ag24Au1(R/S-
BINAS)x(DMBT)18−2x exists in a bidentate fashion, binding
two adjacent Ag2(SR)3 staple motifs (see Figure 6).

The introduction of the new ligand (i.e., BINAS) onto
Ag24Au1(DMBT)18 generates a large number of structural
isomers because there are various unique binding sites (i.e., pairs
of S atom locations in adjacent staples; see Figure 6) for the new
ligand. For a single BINAS ligand, that is, for Ag24Au1(R/S-
BINAS)1(DMBT)16, there is only one unique binding site
available, and hence, no isomers exist. However, for x = 2 and x =

3, the number of unique binding sites increases, and hence, the
number of structural isomers increases to six and seven,
respectively.38 As it would be computationally very demanding
to perform computations on all of the isomers of Ag24Au1(R/S-
BINAS)x(DMBT)18−2x generated for each value of x, we focused
our computational analysis on a specific composition of
Ag24Au1(R/S-BINAS)x(DMBT)18−2x, namely, the [Ag24Au1(S-
BINAS)4(DMBT)10]

− cluster anion. The cluster, Ag24Au1(S-
BINAS)4(DMBT)10, has been chosen for simulations primarily
because this cluster is present in all of the four groups (I-IV) in
various abundances (although the mass spectral intensity of this
cluster is low in group I, Figure 2A), and hence, it would fairly
represent groups I−IV.
Structural models of [Ag24Au1(S-BINAS)4(DMBT)10]

− were
generated as follows. Starting from the reported experimental
single-crystal X-ray coordinates of the Ag24Au1(DMBT)18
cluster anion,36 we replaced four pairs of DMBT ligands with
4 S-BINAS ligands via a systematic docking procedure. We first
identified all of the possible pairs of S atoms suitable to host a S-
BINAS ligand on the Ag24Au1S18 framework as those belonging
to two neighboring S−Ag−S−Ag−S staples and lying at a
distance not larger than a chosen cut off of 4.5 Å (of the order of
the equilibrium distance between S atoms in the BINAS ligand).
We then generated an ensemble of [Ag24Au1(S-BI-
NAS)4(DMBT)10]

− isomers by docking the 4 S-BINAS ligands
onto the previously identified S atom pairs and completing the
rest of the ligand shell with 10 DMBT ligands. It turned out that
42 isomer structures were generated via this docking procedure.
Note that we did not take into account the cluster symmetry in
the structure generation. These structures were then subjected
to local relaxations with the internal Ag12Au1 core kept frozen
and the rest of the coordinates fully optimized. Two of the
isomeric structural models thus produced were found to be
almost isoenergetic and more stable than the others by few
tenths of electronvolts and were, therefore, selected for further
study (energies and coordinates of all isomer structural models
are reported in the Table S3): hereafter, these two most stable
isomers are referred to as “best 1” and “best 2” geometries.
Optical absorption spectra were simulated on these final
optimized geometries via real time time-dependent density
functional theory (TDDFT) and complex polarizability
algorithm41,42 approaches.
In Figure 7, the absorption and CD spectra of [Ag24Au1(S-

BINAS)4(DMBT)10]
− are reported, which are calculated at the

TDDFT/LB94/TZV level for “best 1” and “best 2” geometries
(reported in Table S4), fully optimized at the local density
approximation (LDA) level. As presented previously (see
Figures 3 and 4), incorporation of BINAS ligands most
significantly alters the low-energy UV/vis and CD bands (i.e.,
619 nm and at 632 nm, respectively) of Ag24Au1(DMBT)18,
whereas the bands at higher energies are less affected. DFT
calculations also reveal a similar trend as shown in Figure 7 (left
panel) when comparing [Ag24Au1(S-BINAS)4(DMBT)10]

−

with [Ag24Au1(DMBT)18]
−. The calculated absorption profiles

of the two geometries (“best 1” and “best 2”) show some
differences, suggesting that structural differences between
isomers play a role in photoabsorption. It is worth noting that
the bands calculated at 473 nm (for “best 1”) and 484 nm (for
“best 2”) are in nice agreement with the experimental
counterpart at 467 nm (see Figure 3) and the one at 356 nm
present only in “best 1”, which is in nice agreement with the
experimental band at 362 nm (see Figure 3). The matching
between theory and experiment is less precise at low energy: the

Figure 6. DFT/local density approximation fully relaxed geometry
of “best 1” isomer of the [Ag24Au1(S-BINAS)4(DMBT)10]

−. The
DMBT ligands and the hydrogen atoms are omitted for clarity.
Atom colors: Ag atoms in the Ag2S3 staples (cyan), in Ag12Au1
icosahedron (green), Au atom in center of the icosahedron (red), S
atoms of DMBT ligands (yellow) and that of BINAS ligands
(orange), carbon atoms (black). Some of the bridging and terminal
S atom locations (labeled Sb and St, respectively) aremarked to show
the nature of the binding of BINAS ligands.
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bands at 795 nm (for “best 1”) and at 775 nm (for “best 2”) do
not have an experimental counterpart. We argue that the
employed LB94 xc-potential underestimates the energy position
of these bands (as it occurs with this xc-functional) that are thus
missing as distinct bands in the experiment, probably hidden in
the long wavelength spectral tail of the experimental bands
which appear at around 619 nm. More accurate xc-functionals
(such as hybrid ones), presently not implemented with the
complex polarizability algorithm, on experimentally derived
geometries would be needed to achieve a good agreement
between theory and experiment also at low energies.43

Interestingly, from the analysis of the CD spectra in Figure 7
(right panel), it is clear that the calculated bands at 795 and 775
nm are not detected in CD-simulated spectra; that is, they have a
very low rotatory strength. Considering that the LB94 spectra
are qualitatively correct in terms of spectral bands,43 we use
them as an acceptable compromise. To further support this
strategy, we tried to employ the B3LYP functional44 with the
conventional Casida approach; however, due to the computa-
tional cost of the nonlocal exchange, it has been possible to
extract only very few discrete excitations, so the calculated
spectrum does not cover the spectral region below 500 nm.
Instead, we have been able to calculate the whole photo-
absorption spectrum at the B3LYP level by means of the very
recent hybrid diagonal approximation approach,45 and the
results are presented in Figure S16. Interestingly, the band
predicted by LB94 at around 800 nm is blue-shifted and reduced
in intensity and appears as a weak shoulder (around 745 nm) of a
stronger peak whose maximum lies at 653 nm. This comparison
shows that the description of the low-energy part of the
spectrum is improved if a hybrid xc-functional is employed,
corroborating our hypothesis to ascribe the disagreement
between theory and experiment at 800 nm to deficiencies of
the LB94 xc-potential. Experimentally derived geometries would
be needed to perfect the agreement between theory and
experiment.43 The other features at lower wavelengths are less
sensitive to the choice of the xc-functional.
In contrast with photoabsorption, the TDDFT-simulated CD

spectra shown in Figure 7 (right panel) are rather sensitive to the
difference in geometries of “best 1” and “best 2”. The
comparison with experiment is not straightforward for this
property; however, we can say that, at least qualitatively, most of
the experimental bands are reproduced by theory in the “best 1”
structure. The experimental CD profile of the S enantiomers of
groups I−IV (Figure 4) is characterized by a broad negative
minimum at 645 nm, followed by two other negative minima at
475 and 347 nm, further followed by a sudden change of sign of

the CD, which becomes positive below 300 nm. In the TDDFT-
simulated CD profile of “best 1”, we find a broad negative
minimum at 632 nm, followed by two additional minima at 480
at 380 nm and then a sudden change of sign of the CD which
becomes positive below 352 nm. The comparison is rather
satisfactory in terms of peak positions, albeit less quantitative in
terms of intensity. The disagreement between theory and
experiment may also be ascribed to the conformational degrees
of freedom of the ligands, which are not accounted for in the
present simulations and have important consequences on the
CD intensity.46

It is interesting to note that the UV/vis absorption band at
795 nm in “best 1” does not have a counterpart in its calculated
CD spectrum. This can be explained via an individual
component maps of rotatory strength (ICM-RS) analysis (see
ref 47). It represents the most sophisticated tool of chiroptical
response and is reported for [Ag24Au1(S-BINAS)4(DMBT)10]

−

(“best 1” configuration) in Figures S17 and S18, which shows
that all three magnetic dipole contributions to the CD spectrum
of “best 1” are nonzero but they nearly cancel each other to give
an almost zero chiroptical response. Moreover, a molecular
orbital (MO) analysis of this cluster shows that the ICM-RS
plots have contributions from several different excited
configurations. Table S1, reporting the analysis of the transition
density matrix of the excitation at 795 nm in terms one-electron
excited configurations (occupied-virtual pairs), provides more
detail. The largest contribution (30%) is given by theHOMO−2
→ LUMO configuration, mixed with 25% of the HOMO−1→
LUMO+1 and 11% of the HOMO−2→ LUMO+1 ones. Such
excited configurations are shown as vertical arrows in Figure 8,
where the MO energy levels are reported together with a
Mulliken analysis of Ag, Au, S, and C+H contributions. As
reported in Table S1 and in Figure 8, the occupied orbitals
playing a role in the transition at 795 nm are contributed mainly
by S 3p and Ag 5s atomic functions involved in the Ag−S staple
chemical bonds, whereas the virtual orbitals are mainly
contributed by Ag 5s. 3D plots of these molecular orbitals
reported in Figure S19 confirm their nature: whereas HOMO−1
and HOMO−2 appear to be localized near the Ag−S bonds,
LUMO and LUMO+1 are much more delocalized over the
metal atoms, extending on the metal core, as well. This suggests
that the low rotational strength at 795 nm may be due to
cancellation effects among occupied virtual pairs, with the same
virtual orbitals delocalized over the less chiral metallic core of the
cluster, whereas chirality is mainly induced by staples.
It is interesting to investigate also the nature of the CD band

calculated at 632 nm for “best 1” geometry. An analysis in terms

Figure 7. Photoabsorption oscillator strength ( f, left panel) and circular dichroism rotatory strength (R, right panel) calculated at the TDDFT/
LB94/TZV level for the geometries “best 1” (blue) and “best 2” (red) of the [Ag24Au1(S-BINAS)4(DMBT)10]

− cluster anion; see text for details.
The spectra for the [Ag24Au1(DMBT)18]

− cluster anion (black lines) are also shown for comparison.
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of excited configurations for this transition is reported in Table
S1, whereas the involved orbitals are the ones reported in Figure
S19. In this case, the involved virtual orbitals are LUMO+2 and
LUMO+3, which contain a dominant ligand contribution (see
the strong participation of the BINAS π orbitals; see Table S1
and Figure S19), while concomitantly the CD rotational
strength is muchmore pronounced with respect to the transition
calculated at 795 nm, where the ligand contribution is much
smaller. This suggests that the CD signal at 632 nm in calculated
spectra (see Figure 7, right panel), that we claim corresponds to
the broad experimental band centered at 645 nm (see Figures 4
and 5), is generated by the asymmetry of the Ag24Au1S18
framework induced by the ligands. For completeness, we report
in Table S1 also the analysis of the features calculated for the
“best 1” structure at 2.54 eV (488 nm) and 2.72 eV (356 nm),
which correspond to the experimental bands at 475 and 347 nm,
respectively. Unfortunately, these transitions are strongly mixed,
so their assignment is not straightforward. However, from the
orbitals involved, it can be seen that they are both mainly
contributed by the ligands (S 3p and C 2p) with a minor
contribution of the metal atoms. A more comprehensive
description can be extracted from the ICM-OS plots reported
in Figure S18. The strongly mixed character is corroborated by
the “spots” on the reference straight line, indicating mixing of
almost degenerate configurations. The minor role of the off-
diagonal spots rules out plasmonic behavior, as can be expected
due to the too small size of the cluster.
Further simulations on the “best 1” structure were conducted

to elucidate the origin of chiral i ty . In detail , a
[Ag24Au1(SCH3)18]

− model structure was generated from
“best 1” geometry of the [Ag24Au1(S-BINAS)4(DMBT)10]

−

anion by transforming its BINAS and DMBT ligands into
thiomethyl residues and relaxing the geometry, first keeping the
Ag24Au1S18 core frozen and using DFT/PBE-D3 with CP2K
code and then fully relaxing the resulting model using DFT/
LDA with ADF code (the final structure is named “best 1-
CH3”). Any residual chiral response of this model structure must
be related to a desymmetrization of the Ag24Au1S18 framework of
the parent Ag24Au1(DMBT)18

− induced by the replacement of

DMBT with BINAS ligands, significant enough to survive as a
local energy minimum even after the transformation into
thiomethyl ligands. The TDDFT-simulated CD spectrum of
“best 1-CH3” is reported in Figure 9 and compared with that of

the “best 1” structure. A residual, although much damped, CD
activity for “best 1-CH3” is apparent, with values of rotator
strength (R) ranging between −50 and +60. This finding
suggests that the chiral desymmetrization due to the BINAS
ligands partially transfers into the staple units but leaves the
icosahedral metal core almost unaffected, as visualized in Figure
S20, where we compare the Ag24Au1S18 skeletons of the
geometries: “best 1-CH3” with the experimental structure of
[Ag24Au1(DMBT)18]

−. Note that the TDDFT-simulated
rotatory strength of a [Ag24Au1(DMBT)18]

− model structure
calculated following the same protocol as used for [Ag24Au1(S-
BINAS)4(DMBT)10]

− is negligible (as shown in Figure S21),
confirming the achiral nature of the starting compound. We
conclude that the CD of the [Ag24Au1(S-BINAS)4(DMBT)10]

−

at 632 nm is not directly due to chiral BINAS ligands, but the
chiral ligands induce a structural lowering of the symmetry of the
Ag24Au1S18 framework, mainly in the staple units. The ligand’s
tail groups also contribute significantly to the intensity of these
CD bands.
DFT calculations predict the presence of a CD band at 632

nm, which is assigned to the experimental band at 645 nm for
groups I−III. As shown in Figure S20, the Ag24Au1S18 skeleton of
the “best 1-CH3” geometry of Ag24Au1(S-BINAS)4(DMBT)10
exhibits structural distortions compared to that in the
experimental structure of [Ag24Au1(DMBT)18]

−. The
Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters with x = 5−7 are
more uniformly surrounded by the BINAS ligands, and the
distortions by these uniformly arranged ligands could result in a
more symmetric Ag24Au1S18 skeleton compared to that in the
clusters with x = 1−4 in I−III. This could result in the absence of
this CD band at low energies. The absence of this band in group
IV, in spite of the presence of clusters with x = 4 in it, could be
because of their lower concentrations in IV compared to that in
III. Although the clusters with x = 4 exhibit a CD band at 645
nm, it could be invisible due to the low concentration of these
clusters compared to the other two clusters with x = 5−7 which

Figure 8. Molecular orbital (energy levels) diagram showing the
leading contributions to the two lowest transitions at 1.56 eV (795
nm) and 1.96 eV (632 nm) for the geometry “best 1” of the
[Ag24Au1(S-BINAS)4(DMBT)10]

− cluster anion. Orbital character
in terms of Mulliken analysis of Ag, Au, S, and C+H contributions is
given in terms of colors of the level, according to the inset legend.
HOMO and LUMO are at −7.60 and −6.33 eV, respectively.

Figure 9. Circular dichroism rotatory strength (R) calculated at the
TDDFT level for the [Ag24Au1(S-BINAS)4(DMBT)10]

− cluster
anion (geometry “best 1”) and a [Ag24Au1(SCH3)18]

− model
structure derived from the “ “best 1” ” by transforming the BINAS
and DMBT ligands into thiomethyl residues; see text for details.
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do not show any such CD band. Therefore, we think that the
absence of the CD band at 645 nm for IV could be due to the
different relative concentrations of these two different types of
clusters.
Luminescence and Circularly Polarized Luminescence

Measurements. Figure 10 shows the photoluminescence

spectra of Ag24Au1(DMBT)18 and Ag24Au1(R -BI-
NAS)x(DMBT)18−2x group of clusters I−IV. The excitation
spectra of groups II and III are presented in Figures S22 and S23,
respectively. The emission spectra of the parent
Ag24Au1(DMBT)18 and group II clusters collected at various
excitation wavelengths are presented in the Figures S24 and S25,
which shows that the nature of the emission band does not
depend on the excitation wavelength. The emissionmaximum of
groups I−IV undergoes a red shift of∼30 nm with regard to that
of Ag24Au1(DMBT)18. The red shift of the luminescence was
further confirmed with clusters containing another bidentate
ligand, namely, BPT, as presented in Figures S26 and S27.
The observed red shift in the emission bands of I−IV could

either be due to the change in the ligand’s tail group, that is, from
2,4-dimethylbenzyl to binaphthyl (through the extended
conjugation of π electrons) or due to the structural distortion
of the Ag24Au1S18 framework due to the bidentate mode of
binding, as discussed previously. DFT calculations on
Ag24Au1(S-BINAS)4(DMBT)10 reveal that there is structural
distortion on the Ag24Au1S18 framework. However, we note that
the red shift of photoluminescence for the BPT-containing
clusters (∼15 nm) is less and almost half compared to that of
BINAS-containing clusters (∼30 nm), even though both the
ligands are bidentate in nature. Furthermore, it is interesting to
note that the red shift for the clusters containing 5−7 BPT
ligands (see Figures S5 and S26) is less compared to that for the
clusters with 4−7 BINAS ligands (see Figures 2D, S3D, and 10).
However, there is no gradual increase in the red shift for these
clusters as a function of the number of BINAS and BPT ligands
in them. This can be due to the fact that all of the binaphthyl or
biphenyl tail groups may not be able to adopt a favorable

(planar) arrangement on clusters. Hence, an increasing
conjugation of the π electrons (resulting in an increased red
shift) with increasing number of BINAS or BPT ligands may not
be possible. These observations suggest that the conjugation
effects indeed play a role in the observed red shift of the
luminescence; however, the conjugation alone cannot be the
reason for the red shift of absorption and emission bands and
that both of these effects are contributing to the observed
changes in the absorption and emission features of BINAS-
containing clusters. As the cluster Ag24Au1(S-BI-
NAS)4(DMBT)10 represents the Ag24Au1(R/S -BI-
NAS)x(DMBT)18−2x clusters in general, as mentioned pre-
viously, and DFT calculations show the involvement of
binaphthyl groups in the MOs (see Table S1 and Figure S19)
associated with the low-energy transitions, we think that the
changes in absorption and emission bands could be due to the
incorporation of the BINAS ligands and associated effects
mentioned above. However, it is difficult to disentangle the
contributions of the structural distortion and conjugation in
greater detail from the present study.
The CD spectroscopic measurements presented above reveal

that the incorporation of BINAS induces chiroptical signatures
in these clusters. Therefore, it is worthwhile to check whether
this induced chirality has any effect on the luminescence of these
clusters. In order to test this, we carried out CPL spectroscopy
on groups I−IV. Our measurements show that even though
there are well-defined signatures in the CD spectra, these
clusters exhibit very weak CPL activity, as shown in Figures S28
and S29. Due to the weak signal, averaged spectra are presented
for each sample. Due to instrumental limitations, the
fluorescence maximum could not be reached, so we can just
say that within the observed range one may estimate a value of
1.5 × 10−4 for the glum ratio, whereas gabs for the lowest-energy
band is about 5−8 × 10−4. We note that the clusters with R-
BINAS and S-BINAS exhibit positive and negative CPL bands,
respectively, which is in accordance with the signs of their CD
bands (see Figures 4 and 5). Furthermore, we note that the
group IV (i.e., Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters
with 4−7 BINAS ligands) do not exhibit any CPL bands within
our detection limit (see Supplementary Note 1): this sample
exhibits distinct UV/vis and CD bands at 475 and 347 nm (see
Figure 3, traces d and d′ in Figure 4 and Figure S13) but no CD
signal at 645 nm (in the same experimental conditions of the
other samples). A further discussion on the origin of
luminescence in these clusters is presented in the next section
in light of DFT calculations.

Discussion on the Origin of Chiroptical Features and
Photoluminescence in Ag24Au1(SR)18 and Ag24Au1(S-
BINAS)4(DMBT)10. The Ag24Au1(SR)18 is structurally analo-
gous to Au25(SR)18 and Ag25(SR)18. These clusters share
common structural features, that is, an M13 icosahedral core and
sixM2(SR)3 staple motifs (M =Ag/Au).2,3,36,48 All three clusters
(anions) are superatoms49,50 with eight free valence electrons
contributed from the metal atoms of their icosahedral cores and
an overall negative charge. Considering the electronic
absorption spectra, previous theoretical calculations suggest
that the low-energy absorption band of these clusters (at ∼690
nm for Au25(SR)18, ∼680 nm for Ag25(SR)18, and ∼619 nm for
Ag24Au1(SR)18) originates from the intraband transitions
involving superatomic orbitals derived from the metal atoms
of their M13 icosahedral core.13,19 The electronic absorption
bands at higher energies are due to various transitions involving
the molecular orbitals with significant contributions from the

Figure 10. Luminescence spectra of Ag24Au1(DMBT)18 (black) and
Ag24Au1(R-BINAS)x(DMBT)18−2x group of clusters I (red), II (wine
red), III (blue), and IV (green) collected at excitation wavelength of
467 nm.
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sulfur atoms and the tail groups of their ligands.19 However,
there are contradicting conclusions on the nature of the
transitions responsible for their photoluminescence. As
mentioned previously, experiments suggest that the photo-
luminescence in Ag24Au1(DMBT)18 is due to the charge transfer
processes involving the ligands,18 whereas theoretical calcu-
lations by Aikens et al. suggest that the photoluminescence in
M25(SR)18 (M = Ag/Au) clusters is due to the transitions
involving the icosahedral core-based superatomic orbitals and
that the contribution of the ligands and the metal atoms in the
staple motifs is not significant in these transitions.19 We solve
this discrepancy by noting that the orbital analysis in that work
was limited to SH groups, instead of DMBT ligands, whose
aromatic ligands are expected to behave quite differently with
respect to the much simpler SH, due to coupling via conjugation
between the ligand and the metal core.51 Based on our
experimental observations and DFT calculations presented
above, we now discuss the nature of the electronic transitions
responsible for the photoluminescence of Ag24Au1(DMBT)18
and Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters.
UV/vis spectra show that the absorption band at around 619

nm for Ag24Au1(DMBT)18 undergoes systematic changes with
increasing number of incorporated BINAS ligands. The group of
clusters I, II, and III exhibit strong absorption bands in the UV/
vis spectra and corresponding CD bands (see Figures 3, 4, and
S6). Similarly, the luminescence maximum of groups I−IV is
red-shifted with regard to that of Ag24Au1(DMBT)18. Interest-
ingly , even though the group IV Ag24Au1(R -BI-
NAS)x(DMBT)18−2x clusters with 4−7 BINAS ligands exhibit
a band in the UV/vis spectra at around 590 nm (Figure 3), this
sample does not have the corresponding CD band (i.e., there is
no band in traces d and d′ at low energies, corresponding to the
ones at 645 nm for groups I−III; see Figure 4). Paralleling the
UV/vis and the CD responses, no CPL was observed for this
sample (see Supplementary Note 1), whereas weak CPL was
observed for the other three Ag24Au1(R-BINAS)x(DMBT)18−2x
clusters containing lower numbers of BINAS ligands.
In order to understand the origin of luminescence and CPL in

Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters, the nature of
molecular orbitals (in terms of the contributions of the metal
atoms, in the cores and the staples, and ligands) involved in these
transitions are to be considered. The MO diagram, based on the
calculations on the model system, [Ag24Au1(S-BI-
NAS)4(DMBT)10]

−, shows the leading contributions to the
two lowest transitions at 795 nm (1.56 eV) and 632 nm (1.96
eV) for the geometry “best 1”, as shown in Figure 8. The DFT
calculations show that the calculated CD band at around 632 nm
is due to HOMO−1 → LUMO+2 and LUMO+3 transitions.
Furthermore, the analysis of themolecular orbitals (see Figure 8,
Figure S19, and Table S1) shows that the occupied molecular
orbital (i.e., HOMO−1) for this transition is mostly localized on
the metal−ligand staple motifs (with noticeable Ag and S
contributions), and the excitedMOs (i.e., LUMO+2 and LUMO
+3) are mostly localized on the ligand’s carbon atoms, giving an
appreciable CD signal. However, this level of DFT predicts low-
energy bands (estimated to lie around 795 nm by our TDDFT
but arguably in the tail of the 632 nm at the experimental level),
associated with HOMO−1, HOMO−2 → LUMO, LUMO+1
transitions, which are dark in the CD spectrum. For the
photoluminescence and CPL activity, we can then argue that
they should be assigned to an excitation transfer from the 632
nm band to its neighboring low-energy excited states (LUMO/
LUMO+1, those calculated by TDDFT around 795 nm), which

should become the leading decay channel in luminescence and
CPL. This suggests that the luminescence and CPL activity of
Ag24Au1(R/S-BINAS)x(DMBT)18−2x clusters could arise from
these low-lying excited states (LUMO and LUMO+1) where
the contribution of the ligand’s tail groups (C and H atoms) is
lower compared to that in the higher excited states (LUMO+2
and LUMO+3) (see Figure 8). However, the contributions from
of the whole ligand (all of the atoms, S, C, and H) are important,
as indicated by the red shift in the luminescence maximumwhen
the DMBT ligands are exchanged with BPT and BINAS ligand
which have larger aromatic tail groups. The red shift could be
due to the fact that corresponding molecular orbitals have lower
energies in BPT and BINAS compared to that in DMBT. The
nature of the LUMO and LUMO+1 also explains the low values
of circularly polarized luminescence, as chiral bands are lost in
the evolution of these excited states in which electrons reside in
the less chiral Ag24Au1S18 framework of the cluster. As the CD
response of the bands predicted at 795 nm is very weak, we
expect a very low CPL signal, in agreement with experiment.
This assignment is strongly corroborated by the red shift of≈30
nm in the calculated photoabsorption band at 795 nm in going
f r om Ag 2 4 A u 1 (DMBT) 1 8 t o A g 2 4 A u 1 (R / S - B I -
NAS)x(DMBT)18−2x (see Figure 7, left panel), which matches
a corresponding red shift as measured in the experimental
photoluminescence spectra. In Table S2, an analysis of the
calculated spectral bands at 765 and 590 nm of the parent,
achiral cluster, Ag24Au1(DMBT)18 is shown with the orbitals
involved (see Figure S30). Their nature is similar as found in the
[Ag24Au1(S-BINAS)4(DMBT)10]

− cluster, and the only differ-
ence is the absence of the ligand’s aromatic ring participation at
the 590 nm transition. Therefore, theoretical results and the
correlations between the observed UV/vis, CD, luminescence,
and CPL bands of groups I−IV with that of the
Ag24Au1(DMBT)18 confirm that the luminescence in these
clusters occurs due to the transitions involving the whole
Ag24Au1S18 framework and not merely from the icosahedral
Ag12Au1 core.

CONCLUSIONS
In summary, we presented an experimental approach utilizing
chiroptical spectroscopic techniques to probe the origin of
electronic transitions responsible for the photoluminescence of
an atomically precise noble metal cluster, namely,
Ag24Au1(DMBT)18, and chiroptical responses in its chirally
functionalized derivatives. To the best of our knowledge, a
combination of the chiroptical and luminescence spectroscopies
to understand the nature of electronic transitions has not been
applied in such molecule-like metal clusters. In order to enable
the use of chiroptical techniques, a chiral ligand, R/S-1,1′-
[binaphthalene]-2,2′-dithiol (R/S-BINAS) was incorporated
into Ag24Au1(DMBT)18, and a series of clusters of the general
formula Ag24Au1(R/S-BINAS)x(DMBT)18−2x, with x = 1−7,
were synthesized without altering the overall structure and
composition. The effect of BINAS on the UV/vis, CD,
luminescence, and CPL bands of these clusters was systemati-
cally analyzed, which reveals an unexpected transition of the low-
energy electronic excitations from achiral to chiral and back to
achiral from Ag24Au1(DMBT)18 to Ag24Au1(R/S-BI-
NAS)x(DMBT)18−2x by increasing the number of incorporated
BINAS ligands. Our chiroptical spectroscopic measurements, in
conjunction with DFT calculations, suggest that the photo-
luminescence in Ag24Au1(DMBT)18 and its chirally function-
alized derivatives originates from the transitions involving the
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whole Ag24Au1S18 framework and not merely from the
icosahedral Ag12Au1 core, with an important contribution of
conjugation effects with aromatic tails of the ligands.51 These
results show that the photoluminescence in these cluster systems
cannot be solely attributed to any one of the structural
components, that is, the metal core or the protecting metal−
ligand oligomeric units, but rather to their interaction and that
the ligand shell plays a crucial role.52 Our work demonstrates
that chiroptical spectroscopic techniques such as circular
dichroism and circularly polarized luminescence represent
useful tools to understand the nature of electronic transitions
in ligand-protected metal clusters and that this approach can be
utilized for gaining deeper insights into the structure−property
relationships of the electronic transitions of such molecule-like
cluster systems.

EXPERIMENTAL SECTION
Materials Used. Silver nitrate (AgNO3), 2,4-dimethylbenzene thiol

(DMBT), tetraphenylphosphonium bromide (PPh4Br), and sodium
borohydride (NaBH4) were purchased form Sigma-Aldrich. Chloro-
(triphenylphosphine)gold(I) (AuClPPh3) was purchased from Acros
Chemicals. All solvents used, dichloromethane (DCM), methanol, etc.,
were of analytical grade and used without further purification. 1,1-
[binaphthalene]-2,2-dithiol (BINAS) and 1,1′-biphenyldithiol (BPT)
were synthesized by adopting the method reported previously.53−55 Bio
Beads SX-1 (Bio-Rad) for column size-exclusion chromatography was
purchased from Bio-Rad Companies, USA.
Instrumentation. Ultraviolet−visible spectra were recorded on a

Varian Cary 50 spectrophotometer using a quartz cuvette with a 10 mm
path length. CD spectra were recorded on a JASCO J-815SE CD
spectrometer using a quartz cuvette with a 2 mm path length. All CD
and UV/vis measurements were carried out using DCM as the solvent.
Electrospray ionization mass spectra were measured on a QSTAR

pulsar i (AB Sciex) using a quadrupole and time-of-flight analyzers. The
spectra were measured in the mass range of m/z 500−12,000 in the
negative ion mode. Further details of the instrumental parameters used
for the measurements are provided in the Supporting Information.
Emission spectra were measured on a Fluorolog-3 fluorescence

spectrometer (Horiba JobinYvon) equipped with a liquid nitrogen-
cooled NIR photomultiplier tube with an extended detection capability
in the visible region (R5509-73, Hamamatsu). The measurements were
carried out using a quartz cuvette with a 1 cm path length. DCM was
used as solvent for all of the measurements. All of the emission spectra
were collected at an excitation wavelength of 467 nm (unless otherwise
stated) with an excitation monochromator slit of 5 nm and an emission
slit of 2 nm.
Circularly polarized luminescence spectra were measured using a

home-built spectrometer (allowing to simultaneously record also
fluorescence spectra).56 DCM was used as solvent for all of the
measurements. The same solutions employed for CD measurements
were used in a 10 mm × 2 mm fluorescence quartz cell. Excitation
radiation (470 nm wavelength) was brought to the sample through an
optical fiber from a Jasco FP8200 fluorimeter. Thirty scans were
accumulated for each spectrum, with the following conditions: incident
bandwidth of 20 nm, emission band pass of approximately 10 nm, and
scan speed of 0.5 nm/s. The signal is very noisy due both to low
fluorescence of samples and to low sensitivity of the instrument in the
spectroscopic region of interest; for this reason, the spectra are plotted
after an “adjacent average” over 100 points (data pitch 0.25 nm). The
original spectra are reported in Figure S29.
Synthesis of [Ag24Au1(DMBT)18][PPh4]. [Ag24Au1(DMBT)18]-

[PPh4] was synthesized by the reaction of [Ag25(DMBT)18][PPh4]
with AuClPPh3 by adopting a reported procedure36 with slight
modifications. [Ag25(DMBT)18][PPh4] was synthesized by adopting
a reported procedure.48 To synthesize [Ag24Au1(DMBT)18][PPh4], 16
mg of [Ag25(DMBT)18][PPh4] was dissolved in 5 mL of DCM. Two
hundred microliters of AuClPPh3 solution (4.2 mg in 500 μL of DCM)
was then added to it. The reaction mixture was gently shaken by hand

and kept undisturbed for about 2 h. The color of the solution changed
from dark brown to dark green during this time interval, indicating the
formation of [Ag24Au1(DMBT)18][PPh4]. Formation of the alloy
cluster was confirmed using UV/vis spectroscopy. The reactionmixture
was then centrifuged at a speed of∼ 10000 rpm for about tenminutes in
order to remove any insoluble materials formed (AgCl, for example)
and the supernatant DCM solution was collected and dried using a
rotary evaporator. Then the reaction mixture was passed through a size
exclusion chromatographic column using DCM as the eluting solvent.
The pure [Ag24Au1(DMBT)18][PPh4] thus obtained was dried using
rotary evaporation.

Synthesis of [Ag24Au1(R/S-BINAS)x(DMBT)18−2x][PPh4]. These
clusters were synthesized through a ligand exchange reaction of
[Ag24Au1(DMBT)18][PPh4] with R/S-BINAS. The number of BINAS
ligands incorporated (i.e., x) in the general molecular formula,
Ag24Au1(R/S-BINAS)x(DMBT)18−2x, is controlled by varying the
Ag24Au1(DMBT)18/BINAS molar ratios. The groups of Ag24Au1(R/
S-BINAS)x(DMBT)18−2x clusters with varying numbers of BINAS in
them, I (x = 0−3), II (x = 2−5), and III (x = 3−5), were synthesized at
Ag24Au1(DMBT)18/BINAS molar ratios of 0.5:1.0, 0.25:1.0, and
0.1:1.0, respectively. The Ag24Au1(S-BINAS)x(DMBT)18−2x clusters
of group IV (x = 4−7) were synthesized at a Ag24Au1(DMBT)18/S-
BINAS molar ratio of 0.01:1.0. The Ag24Au1(R-BINAS)x(DMBT)18−2x
of group IV was synthesized by furthering the ligand exchange of the
corresponding group II, wherein x = 2−5. For the synthesis of
Ag24Au1(R/S-BINAS)x(DMBT)18−2x, typically, ∼2.5 mg of
[Ag24Au1(DMBT)18][PPh4] was dissolved in 1 mL of DCM. Then,
various volumes of R/S-BINAS solution (2 mg in 100 μL of DCM) was
added to it. The mixture was then shaken gently by hand and kept
undisturbed for about 1.5 h at room temperature. The reaction mixture
was then purified by size exclusion chromatography using DCM as the
eluting solvent.

Synthesis of [Ag24Au1(BPT)x(DMBT)18−2x][PPh4]. These clusters
were synthesized through a ligand exchange reaction of
[Ag24Au1(DMBT)18][PPh4] with BPT. Typically, 2.0 mg of
[Ag24Au1(DMBT)18][PPh4] was dissolved in 1 mL of DCM. Then,
various volumes of BPT solution (2 mg of BPT in 100 μL of DCM)
were added to it. The mixture was then shaken gently by hand and kept
undisturbed for about 1 h at room temperature. The reaction mixture
was then purified by size exclusion chromatography using DCM as the
eluting solvent.
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(21) Mustalahti, S.; Myllyperkiö, P.; Lahtinen, T.; Salorinne, K.;
Malola, S.; Koivisto, J.; Hakkinen, H.; Pettersson, M. Ultrafast
Electronic Relaxation and Vibrational Cooling Dynamics of
Au144(SC2H4Ph)60 Nanocluster Probed by Transient Mid-IR Spec-
troscopy. J. Phys. Chem. C 2014, 118, 18233−18239.
(22) Green, T. D.; Yi, C.; Zeng, C.; Jin, R.; McGill, S.; Knappenberger,
K. L., Jr. Temperature-Dependent Photoluminescence of Structurally-
Precise Quantum-Confined Au25(SC8H9)18 and Au38(SC12H25)24
Metal Nanoparticles. J. Phys. Chem. A 2014, 118, 10611−10621.
(23) Li, Q.; Zhou, M.; So, W. Y.; Huang, J.; Li, M.; Kauffman, D. R.;
Cotlet, M.; Higaki, T.; Peteanu, L. A.; Shao, Z.; Jin, R. A Mono-
Cuboctahedral Series of Gold Nanoclusters: Photoluminescence
Origin, Large Enhancement, Wide Tunability, and Structure-Property
Correlation. J. Am. Chem. Soc. 2019, 141, 5314−5325.
(24) Riehl, J. P.; Richardson, F. S. Circularly Polarized Luminescence
Spectroscopy. Chem. Rev. 1986, 86, 1−16.
(25) Kumar, J.; Nakashima, T.; Kawai, T. Circularly Polarized
Luminescence in Chiral Molecules and Supramolecular Assemblies. J.
Phys. Chem. Lett. 2015, 6, 3445−3452.
(26) Longhi, G.; Castiglioni, E.; Koshoubu, J.; Mazzeo, G.; Abbate, S.
Circularly Polarized Luminescence: A Review of Experimental and
Theoretical Aspects. Chirality 2016, 28, 696−707.
(27) Schaaff, T. G.; Whetten, R. L. Giant Gold-Glutathione Cluster
Compounds: Intense Optical Activity in Metal-Based Transitions. J.
Phys. Chem. B 2000, 104, 2630−2641.
(28) Zhu, M.; Qian, H.; Meng, X.; Jin, S.; Wu, Z.; Jin, R. Chiral
Au25Nanospheres and Nanorods: Synthesis and Insight into the Origin
of Chirality. Nano Lett. 2011, 11, 3963−3969.
(29) Sanchez-Castillo, A.; Noguez, C.; Garzon, I. L. On the Origin of
the Optical Activity Displayed by Chiral-Ligand-Protected Metallic
Nanoclusters. J. Am. Chem. Soc. 2010, 132, 1504−1505.
(30) Noguez, C.; Garzon, I. L. Optically Active Metal Nanoparticles.
Chem. Soc. Rev. 2009, 38, 757−771.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c01183
ACS Nano 2020, 14, 9687−9700

9699

67

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Sementa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Medves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Fortunelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5337-4450
http://orcid.org/0000-0001-5337-4450
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Fu%CC%88rstenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6227-3122
http://orcid.org/0000-0002-6227-3122
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanna+Longhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0011-5946
http://orcid.org/0000-0002-0011-5946
https://pubs.acs.org/doi/10.1021/acsnano.0c01183?ref=pdf
https://dx.doi.org/10.1126/science.1148624
https://dx.doi.org/10.1126/science.1148624
https://dx.doi.org/10.1021/ja800594p
https://dx.doi.org/10.1021/ja800561b
https://dx.doi.org/10.1021/ja800561b
https://dx.doi.org/10.1021/ja102934q
https://dx.doi.org/10.1021/ja102934q
https://dx.doi.org/10.1021/ja103592z
https://dx.doi.org/10.1021/ja103592z
https://dx.doi.org/10.1038/ncomms1802
https://dx.doi.org/10.1038/ncomms1802
https://dx.doi.org/10.1038/ncomms1802
https://dx.doi.org/10.1038/nature12523
https://dx.doi.org/10.1038/ncomms3422
https://dx.doi.org/10.1038/ncomms3422
https://dx.doi.org/10.1039/c2nr30773a
https://dx.doi.org/10.1021/acs.chemrev.6b00769
https://dx.doi.org/10.1021/acs.chemrev.6b00769
https://dx.doi.org/10.1021/acs.chemrev.5b00703
https://dx.doi.org/10.1021/acs.chemrev.5b00703
https://dx.doi.org/10.1021/acs.chemrev.5b00703
https://dx.doi.org/10.1038/ncomms13447
https://dx.doi.org/10.1038/ncomms13447
https://dx.doi.org/10.1021/ja801173r
https://dx.doi.org/10.1021/ja801173r
https://dx.doi.org/10.1021/jp8090914
https://dx.doi.org/10.1021/jp8090914
https://dx.doi.org/10.1021/cr500506r
https://dx.doi.org/10.1021/cr500506r
https://dx.doi.org/10.1039/B920748A
https://dx.doi.org/10.1039/B920748A
https://dx.doi.org/10.1039/B920748A
https://dx.doi.org/10.1021/nl101225f
https://dx.doi.org/10.1021/nl101225f
https://dx.doi.org/10.1021/acs.jpcc.7b01730
https://dx.doi.org/10.1021/acs.jpcc.7b01730
https://dx.doi.org/10.1021/acs.jpcc.7b01730
https://dx.doi.org/10.1021/acs.jpcc.7b11706
https://dx.doi.org/10.1021/acs.jpcc.7b11706
https://dx.doi.org/10.1021/acs.jpcc.7b11706
https://dx.doi.org/10.1021/nn506711a
https://dx.doi.org/10.1021/nn506711a
https://dx.doi.org/10.1021/jp505464z
https://dx.doi.org/10.1021/jp505464z
https://dx.doi.org/10.1021/jp505464z
https://dx.doi.org/10.1021/jp505464z
https://dx.doi.org/10.1021/jp505913j
https://dx.doi.org/10.1021/jp505913j
https://dx.doi.org/10.1021/jp505913j
https://dx.doi.org/10.1021/jacs.8b13558
https://dx.doi.org/10.1021/jacs.8b13558
https://dx.doi.org/10.1021/jacs.8b13558
https://dx.doi.org/10.1021/jacs.8b13558
https://dx.doi.org/10.1021/cr00071a001
https://dx.doi.org/10.1021/cr00071a001
https://dx.doi.org/10.1021/acs.jpclett.5b01452
https://dx.doi.org/10.1021/acs.jpclett.5b01452
https://dx.doi.org/10.1002/chir.22647
https://dx.doi.org/10.1002/chir.22647
https://dx.doi.org/10.1021/jp993691y
https://dx.doi.org/10.1021/jp993691y
https://dx.doi.org/10.1021/nl202288j
https://dx.doi.org/10.1021/nl202288j
https://dx.doi.org/10.1021/nl202288j
https://dx.doi.org/10.1021/ja907365f
https://dx.doi.org/10.1021/ja907365f
https://dx.doi.org/10.1021/ja907365f
https://dx.doi.org/10.1039/b800404h
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01183?ref=pdf


(31) Zeng, C.; Chen, C.; Liu, C.; Nobusada, K.; Rosi, N. L.; Jin, R.
Gold Tetrahedra Coil Up: Kekule-́Like and Double Helical Super-
structures. Sci. Adv. 2015, 1, No. e1500425.
(32) Pelayo, J. J.; Whetten, R. L.; Garzon, I. L. Geometric
Quantification of Chirality in Ligand-Protected Metal Clusters. J.
Phys. Chem. C 2015, 119, 28666−28678.
(33) Tanaka, H.; Kato, Y.; Fujiki, M.; Inoue, Y.; Mori, T. Combined
Experimental and Theoretical Study on Circular Dichroism and
Circularly Polarized Luminescence of Configurationally Robust D3-
Symmetric Triple Pentahelicene. J. Phys. Chem. A 2018, 122, 7378−
7384.
(34) Longhi, G.; Castiglioni, E.; Abbate, S.; Lebon, F.; Lightner, D. A.
Experimental and Calculated CPL Spectra and Related Spectroscopic
Data of Camphor and Other Simple Chiral Bicyclic Ketones. Chirality
2013, 25, 589−599.
(35) Mori, T. Frontiers of Circularly Polarized Luminescence
Chemistry of Isolated Small Organic Molecules. Circularly Polarized
Luminescence of Isolated Small Organic Molecules, 1st ed.; Springer:
Singapore, 2020; pp 1−10.
(36) Bootharaju, M. S.; Joshi, C. P.; Parida, M. R.; Mohammed, O. F.;
Bakr, O. M. Templated Atom-Precise Galvanic Synthesis and Structure
Elucidation of a [Ag24Au(SR)18]

− Nanocluster. Angew. Chem. 2016,
128, 934−938.
(37) Knoppe, S.; Bürgi, T. The Fate of Au25(SR)18 Clusters upon
Ligand Exchange with Binaphthyl-Dithiol: Interstaple Binding vs
Decomposition. Phys. Chem. Chem. Phys. 2013, 15, 15816−15820.
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(40)Molina, B.; Sańchez-Castillo, A.; Knoppe, S.; Garzoń, I. L.; Bürgi,
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Parameters used for ESI MS measurements

The sample solubilized in dichloromethane was analyzed by electrospray high resolution mass 

spectrometry (ESI HRMS) with the general instrumental parameters: 

nano ESI voltage: 1900 kV (negative),

Curtain gas (N2): 20 psi, 

Declustering and focusing lenses: DP = -110 V, DP2 = -20 V, FP = -250 V

Mass range: m/z 500 – 12’000 (accumulation time = 1s) with external TOF calibration (Agilent) 

Bin:1 (automatic signal smoothing)

Data processing software: PeakView 2.2 (AB Sciex)

Computational Details 

Density-functional theory (DFT) calculations of BINAS docking and thio-methyl models were 

conducted using the CP2K package.1 Geometry optimizations were performed at the DFT/PBE 

level2 plus Grimme-D3 dispersion terms.3 In the DFT-PBE simulations, based on the hybrid 

Gaussian/Plane-Wave scheme (GPW)4 as implemented in CP2K, double-zeta-valence-plus 
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polarization DZVP basis sets5 plus GTH pseudopotentials6 were used to represent the DFT 

Kohn–Sham orbitals, while the cut-off for the auxiliary plane wave representation of the density 

was set to 300 Ry. The so generated geometries were then fully optimized (no constraints) using 

the ADF package,7 the Local Density Approximation (ALDA),8 and a basis set of Slater Type 

Orbitals (STO) included in the ADF database of triple-zeta polarized (TZP) quality.

Chiroptical spectra were simulated using time-dependent DFT (TDDFT) via a complex 

polarizability algorithm,9, 10 the ADF package,7 and the LB94 exchange-correlation potential,11 

while the exchange-correlation kernel in the TDDFT part was approximated according to the 

Adiabatic LDA (ALDA).12 A STO basis set of TZP quality was employed, which has proven to 

provide fully converged results.13 The Zero Order Regular Approximation (ZORA)13 was 

employed to include relativistic effects, which are important for heavy elements such as gold. 

The imaginary frequency employed to introduce finite lifetime of the excited state was fixed to 

0.075 eV.

TDDFT/LB94 spectra were also analysed in terms of Individual Component Maps of Rotatory 

Strength (ICM.-RS) plots, as proposed in Ref. 14. These plots illustrate the contribution to the 

Rotatory Strength from the single-particle excitations in the (virtual/occupied) Molecular Orbital 

plane for an excited state at a given energy and in a given Cartesian direction, see Ref. 14 for a 

detailed discussion of the approach.
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Figure  S1.  ESI MS spectrum of [Ag24Au1(DMBT)18][PPh4] showing the molecular anion, 
[Ag24Au1(DMBT)18]-, and its typical fragmentation pattern as shown in the inset.
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Figure S2. Negative ion ESI MS spectra showing the theoretical (red trace) and experimental 
(black trace) isotope patterns of Ag24Au1(BINAS)3(DMBT)12.
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Figure  S3.  Negative ion ESI MS spectra of Ag24Au1(S-BINAS)x(DMBT)18-2x  groups I (A), II 
(B), III (C) and IV (D)  synthesized at various Ag24Au1(DMBT)18:BINAS molar ratios.
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Figure S4. Negative ion ESI MS spectra of Ag24Au1(BPT)x(DMBT)18-2x clusters synthesized at 
Ag24Au1(DMBT)18:BPT molar ratio of 0.3:1.0. The inset shows a zoomed in view of the 
features.
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Figure S5. Negative ion ESI MS spectra of Ag24Au1(BPT)x(DMBT)18-2x clusters synthesized at 

Ag24Au1(DMBT)18:BPT molar ratio of 0.2:1.0. The features at below m/z 4500 are due to the 

fragments (as presented in Figure S1) of the molecular ion features which are labeled. Inset 

shows a zoomed in view of the molecular ion region of these clusters.
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Figure  S6.  UV/Vis absorption spectra of Ag24Au1(S-BINAS)x(DMBT)18-2x  group of clusters I 
(red trace), II (green trace), III (blue trace) and IV (wine red trace) synthesized at various 
Ag24Au1(DMBT)18:BINAS molar ratios. The mass spectra of these samples are presented in 
Figure S3.
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Figure  S7. UV/Vis absorption spectra of Ag24Au1(BPT)x(DMBT)18-2x clusters synthesized at 

Ag24Au1(DMBT)18:BPT molar ratio of 0.3:1.0.
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Figure  S8. UV/Vis absorption spectra of Ag24Au1(BPT)x(DMBT)18-2x clusters synthesized at 

Ag24Au1(DMBT)18:BPT molar ratio of 0.2:1.0.
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Figure S9. CD spectra of R-BINAS (red) and S-BINAS (black) measured in DCM.
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Figure S10. CD spectra of Ag-(R-BINAS) complex dispersed in DCM.
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Figure  S11.  CD spectra of Ag24Au1(R/S-BINAS)x(DMBT)18-2x  group I. Black and red traces 
correspond to clusters containing R- and S-BINAS, respectively. The mass spectra of these 
samples are presented in Figures 2A and S3A.
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Figure  S12.  CD spectra of Ag24Au1(R/S-BINAS)x(DMBT)18-2xgroup III. Black and red traces 
correspond to clusters containing R- and S-BINAS, respectively. The mass spectra of these 
samples are presented in Figures 2C and S3C.
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Figure  S13.  CD spectra of Ag24Au1(R/S-BINAS)x(DMBT)18-2xgroup IV. Black and red traces 
correspond to clusters containing R- and S-BINAS, respectively. The mass spectra of these 
samples are presented in Figures2D and S3D.
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Figure S14. Negative ion mode ESI mass spectra of groups III, IVand V.
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Figure S15. CD spectra of Ag24Au1(R-BINAS)x(DMBT)18-2xgroups III (black), IV (green) and 
V (red) and their UV/Vis absorption spectra in the inset.
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Figure S16. Oscillator strength (f) calculated at the TDDFT level with LB94 and HDA - B3LYP 
functionals for the [Ag24Au1(DMBT)10(S-BINAS)4]- cluster anion (for the geometry “best1”). 
Experimental data (present work) are reported with arbitrary normalization.
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Figure S17. ICM-RS plots calculated at the TDDFT level for the excited state at 1.56 eV (795 
nm) (left) and at 1.96 eV (632 nm) (right) of the [Ag24Au1(DMBT)10(S-BINAS)4]- cluster anion 
(for the geometry “best1”). All three electric dipole Cartesian components are shown, see text for 
details.
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Figure S18. ICM-OS plots calculated at the TDDFT level for the excited state at 2.54 eV (488 
nm) (left) and at 2.72 eV (356 nm) (right) of the [Ag24Au1(DMBT)10(S-BINAS)4]- cluster anion 
(for the geometry “best1”). All three electric dipole Cartesian components are shown, see text for 
details.
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Table S1.  Analysis of the TDDFT/LB94/TZP excitation of [Ag24Au1(S-BINAS)4(DMBT)10]- at 
1.56 eV (795 nm), 1.96 eV (632 nm), 2.54 (488 nm), 2.72 (356) for the “best1” geometry.

Eexc (eV / nm) f excited state composition 

1.56 / 795 0.103
30%   HOMO-2    LUMO
25%   HOMO-1    LUMO+1 
11%   HOMO-2    LUMO+1

1.96 / 632 0.123 13%   HOMO-1   LUMO+2
10%   HOMO-1    LUMO+3

2.54 / 488 0.233

 7%   HOMO-2     LUMO+14
 6%   HOMO-1     LUMO+14 
 5%   HOMO-3     LUMO+11
 3%   HOMO-19   LUMO+1
 3%   HOMO-2     LUMO+12 
 3%   HOMO-21   LUMO 
 2%   HOMO-20   LUMO 
 2%   HOMO-17   LUMO+1 
 2%   HOMO-21   LUMO+1
 2%   HOMO-1     LUMO+15
 2%   HOMO-19   LUMO 
 1%   HOMO         LUMO+13 
 1%   HOMO-22   LUMO+1 
 1%   HOMO-5     LUMO+11 
 1%   HOMO-20   LUMO+1

2.72 / 356 0.438

 3%   HOMO-2    LUMO+14
 3%   HOMO-24  LUMO+1 
2%   HOMO-23  LUMO
2%   HOMO-26LUMO
2%   HOMO  LUMO+23
2%   HOMO-1   LUMO+19
1%   HOMO-27  LUMO
1%   HOMO-2    LUMO+18
1%   HOMO-7    LUMO+7
1%   HOMO-25LUMO
1%   HOMO-6    LUMO+8
 1%   HOMO-6      LUMO+8
 1%   HOMO-26  LUMO+1 
1%   HOMO-12  LUMO+2
1%   HOMO-24  LUMO
 1%   HOMO-25   LUMO+1

Molecular Orbital energies 
(eV) Molecular Orbital composition
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-9.113
-9.084
-9.024
-9.020
-8.999
-8.923
-8.907
-8.816
-8.788
-8.724
-8.605
-8.427
-8.278
-8.205
-8.098
-7.864
-7.784
-6.419
-6.383
-5.956
-5.892
-5.785
-5.769
-5.636
-5.567
-5.522
-5.395
-5.360
-5.174
-5.118
-4.970

HOMO-27 = 38% 3p S, 13% 2p C
HOMO-26 = 41% 3p S, 3% 5s Ag
HOMO-25 = 28% 3p S, 4% 5s Ag, 3% 2p C
HOMO-24 = 29% 3p S, 13% 2p C, 4% 5s Ag
HOMO-23 = 33% 3p S, 3% 2p C, 7% 5s Ag, 2% 7s Au, 1% 4d Ag
HOMO-22 = 29% 3p S, 8% 2p C, 4% 5s Ag, 2% 7s Au
HOMO-21 = 38% 3p S, 6% 2p C, 3% 5s Ag
HOMO-20 = 51% 3p S, 3% 2p C
HOMO-19 = 38% 3p S, 4% 5s Ag, 2% 2p C
HOMO-17 = 38% 3p S, 5% 2p C, 4% 5s Ag
HOMO-12 = 33% 3p S, 12% 2p C, 1% 5s Ag
HOMO-7 = 42% 3p S, 8% 2p C, 2% 5s Ag
HOMO-6 = 50% 3p S, 8% 2p C, 2% 4d Ag
HOMO-5 = 52% 3p S, 24% 2p C, 1% 5p Ag
HOMO-3 = 48% 3p S, 19% 2p C, 4% 4d Ag, 2% 5s Ag, 1% 5p Ag
HOMO-2 = 37% 3p S, 26% 5s Ag, 6% 6p Au, 2% 5p Ag
HOMO-1 = 32% 3p S, 23% 5s Ag , 5% 6p Au, 3% 5p Ag, 2% 2p C
LUMO      = 33% 5s Ag , 12% 3p S, 9% 5p Ag
LUMO+1 = 30% 5s Ag, 11% 3p S, 9% 5p Ag
LUMO+2 = 21% 2p C, 13% 5s Ag, 9% 5p Ag, 3% 3p S
LUMO+3 = 62% 2p C
LUMO+7 =  22% 2p C, 5% 5s Ag, 1% 5p Ag, 1% 3p
LUMO+8= 65% 2p C
LUMO+11 = 63% 2p C, 1% 5s Ag
LUMO+12 = 19% 5s Ag, 12% 5p Ag, 7% 3p S, 3% 2p C
LUMO+13 = 13% 2p C, 11% 5s Ag, 4% 7s Au, 2% 3p S, 1% 6s Ag, 1% 5p Ag
LUMO+14 = 17% 2p C, 11% 5s Ag, 5% 7s Au, 2% 5p Ag, 1% 3p S
LUMO+15 = 22% 2p C, 11% 5s Ag, 3% 5p Ag, 1% 6s Ag, 1% 3p S
LUMO+18 = 52% 2p C, 1% 5s Ag, 1% 3p S
LUMO+19 = 51% 2p C
LUMO+23 = 36% 2p, 1% 5s Ag
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Figure S19. Plots of the Molecular orbitals mostly involved in the excited state at 1.56 eV (795 
nm) and at 1.96 eV (632 nm) of the [Ag24Au1(DMBT)10(S-BINAS)4]- cluster anion (geometry 
“best1”), see Table S1 and text for details. Isosurfaces are drawn at 0.015 e/Å3/2.

Supporting Information 21

Figure S20. Depiction of the Ag24AuS18 skeletons from the geometries: “best1CH3” and the 
experimental structure of [Ag24Au1(DMBT)18]- (see main text for more details). Color 
convention: Ag, S atoms of the experimental (symmetric) structure in light blue and red, 
respectively; Ag, S atoms of the “best1CH3” (dissymmetric) structure in pink and orange, 
respectively. Due to the graphics software, some fictitious bonds among neighboring atoms 
pertaining to the two different structures are also present.
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Figure S21. Circular dichroism rotational strength (R) calculated at the TDDFT level for the 
[Ag24Au1(S-BINAS)4(DMBT)10]- cluster anion (geometry “best1), for the [Ag24Au(SCH3)18]- 
model structure derived from the previous one by transforming the BINAS and DMBT ligands 
into thio-methyl residues, and for the experimental structure of [Ag24Au1(DMBT)18]-. See text 
for details.
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Figure S22. Excitation and emission spectra of Ag24Au1(R-BINAS)x(DMBT)18-2x group II. 
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Figure S23. Excitation and emission spectra of Ag24Au1(R-BINAS)x(DMBT)18-2x group III.
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Figure S24. Emission spectra of Ag24Au1(DMBT)18 collected at excitation wavelengths of 330 
nm (black), 467 nm (red) and 619 nm (wine red).
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Figure  S25.  Emission spectra of Ag24Au1(R/S-BINAS)x(DMBT)18-2x group  II collected at 
various excitation wavelengths.
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Figure  S26.  Emission spectra of Ag24Au1(DMBT)18 (black trace) Ag24Au1(BPT)x(DMBT)18-2x 
clusters synthesized at Ag24Au1(DMBT)18:BPT molar ratios of 0.3:1.0 (red trace) and 0.2:1.0 
(green trace). 
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Figure S27. Excitation and emission spectra of Ag24Au1(BPT)x(DMBT)18-2x clusters synthesized 
at Ag24Au1(DMBT)18:BPT molar ratio of 0.2:1.0.
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Figure  S28.  CPL spectra (semi-difference between R and S) of Ag24Au1(R/S-
BINAS)x(DMBT)18-2x group of clusters I (a), II (b) and III(c). Trace (d) correspond to the 
achiral cluster, Ag24Au1(DMBT)18. Traces are rescaled after normalization of the corresponding 
fluorescence spectra. Plots are obtained after an “adjacent average” over 100 points (data pitch 
0.25 nm). The original spectra are reported in the Figure S29.
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Figure  S29.  Original CPL spectra of Ag24Au1(R/S-BINAS)x(DMBT)18-2x group of clusters I 
(left), II (middle) and III (right). The superimposed black and red traces correspond to the 
fluorescence spectra recorded on the same instrument: (R) black trace, (S) red trace.  values are 
obtained after normalization of the corresponding fluorescence spectra and corrected for 
instrumental response, see also the following note.

Supplementary Note 1

The group IV seemed to be much less fluorescent (and hence, much more gain had to be used 
during measurement) and for this reason, the CPL is even more noisy than the other three 
clusters. With such a noise, it is difficult to confirm if the signal is null or not and hence, the CPL 
spectra of group IV is not presented. However, the other three clusters show a weak but distinct 
CPL activity compared to the achiral cluster, when measured in similar conditions.

The spectra recorded on the CPL apparatus (Figures S28 and S29) are slightly blue shifted with 
respect to the one reported in Figure 10. This is due to the limitations of the apparatus whose 
optical response is limited to 900 nm, but also falls dramatically above 860 nm. For this reason, 
the real CPL (and fluorescence) maximum cannot be reached; we may just be content that the 
couples of enantiomers give a trend with opposite sign, confirming emission with circularly 
polarized components.

The presented CPL signals have all been corrected taking into account a reference lamp with 
known emission spectrum.
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Table S2.  Analysis of the TDDFT/LB94/TZP excitation of [Ag24Au1(DMBT)18]- at 1.62 eV 
(765 nm) and at 2.10 eV (590 nm) for the “best1” geometry.

Eexc (eV / 
nm)

f
excited state composition 

1.62 / 765 0.063
36%   HOMO-2    LUMO
30%   HOMO-1    LUMO+1 
14%   HOMO-2    LUMO+1

2.10/ 590 0.102

17%   HOMO-2    LUMO+2
16%   HOMO-1    LUMO+2
14%   HOMO-7    LUMO+1
12%   HOMO-1    LUMO+3
10%   HOMO     LUMO+3

Molecular Orbital energies 
(eV) Molecular Orbital composition

-8.255
-7.787
-7.706
-7.600
-6.326
-6.275
-5.840
-5.670

HOMO-7 = 47% 3p S
HOMO-2 = 37% 3p S, 27% 5s Ag, 4% 6p Au
HOMO-1 = 29% 3p S, 26% 5s Ag , 5% 6p Au, 3% 5p Ag
HOMO     = 34% 3p S, 30% 5s Ag , 6% 6p Au, 5% 5p Ag
LUMO      = 31% 5s Ag , 12% 3p S, 10% 5p Ag, 2% 6d Au
LUMO+1 = 34% 5s Ag, 13% 3p S, 7% 5p Ag, 1% 6d Au
LUMO+2 = 23% 3p Ag, 23% 5s Ag, 9% 3p S, 1% 6d Au
LUMO+3 = 25% 5s Ag, 20% 3p Ag, 13% 3p S, 2% 7s Au
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Figure S30. Plots of the Molecular orbitals mostly involved in the excited state at 1.62 eV (765 
nm) and 2.10 eV (590 nm) of the [Ag24Au1(DMBT)18]- cluster anion, see Table S2 and text for 
details. Isosurfaces are drawn at 0.015 e/Å3/2.
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ABSTRACT: We report the X-ray crystal structure of Au36‑xAgx(SPh-tBu)24
alloy nanomolecules, optical properties, and the substitutional disorder
refinement protocol to obtain a reliable structural model. Single crystal X-ray
crystallography (SC-XRD) revealed a composition of Au33.17Ag2.83(SPh-
tBu)24 with 2 Ag doped on the 28-atom face centered cubic core surface and
0.83 Ag distributed over metal atoms on dimeric staple motifs. Electrospray
ionization mass spectrometry revealed a composition of Au32.5Ag3.5(SPh-
tBu)24 complementing the SC-XRD data. Optical properties were
investigated by steady-state and transient absorption spectroscopies and
computational studies, showing faster excited-state decay for Ag-doped
clusters due to enhanced electronic coupling. A previously published SC-XRD based Au36‑xAgx(SPh-tBu)24 structure used
positional disorder refinement and concluded that the structure is "solely motif-doped". But the structure has unusually large
and small thermal ellipsoids indicating potential problems with the atom assignment. Here, we have modeled our SC-XRD data
using both positional disorder and substitutional disorder. Subtitutional disorder modeling gave better R1 and other refinement
indicators, and similarly sized thermal ellipsoids. The resulting substitutional disorder model structure has Ag atoms not as
“solely motif-doped” but is found both in the staple motifs and in the core. The substitutional disorder refinement for alloy
nanomolecules must be performed at each metal site with independent free variables to determine the partial occupancy of
hetero atoms. The positional disorder refinement should be performed for atoms or groups disordered over different positions
typically found in disordered tBu group ligands.

■ INTRODUCTION

Alloy nanomolecules (NM) exhibit new or enhanced proper-
ties compared to that of the parent compound.1−6 Alloying or
doping of a heterometal atom compound can be achieved by
co-reduction of different metal salts and thiolate ligand
mixture, by reacting a homometallic NMs with a heterometal
salt, and by reacting nanomolecules of different metals.6−12

Other types of ligands such as alkynyl, selenophenol, and
triphenylphosphines are also being employed as protecting
groups instead of thiolate ligands.13−16 Each of these methods
have opened new avenues for making nanoalloys with
interesting properties.5,7,8,17−20

A wide array of Au and Ag based alloy nanomolecules have
been reported and several have also been crystallographically
studied.9,21−27 Single crystal X-ray crystallography (SC-XRD)
of the alloy NMs is crucial because it enables us to understand
how the properties are tuned by doping heteroatoms at the
atomic level.2,28−34 The structural model refinement of the
homometallic NMs are straightforward. However, alloy NMs
structural model must be performed by substitutional disorder

refinement with individual free variables for each of the metal
sites to achieve a reliable model.
Au36 with 28 core Au atom with four interpenetrating

cuboctahedra in a FCC arrangement is one of the stable
nanomolecules and it has been prepared with different types of
ligands: thiolates, selenolates, and alkynes.14,35−41 Au36
protected by TBBT can be synthesized in high yields and
can be stored for several years.42,43 Aromatic thiolate protected
Au36 NMs have two optical absorption bands ∼370 nm and
∼575 nm with an optical band gap of ∼1.7 eV and an
electrochemical gap of ∼2 V.39,44 It has been shown to be an
electrocatalyst for oxygen reduction reaction with relatively low
overpotential and a 4e− process yielding water.45 Au36 also
reversibly interconverts to Au30 upon ligand exchange with the
tBuSH.46 Au36(TBBT)24 has been studied with Ag doping at
various Au:Ag ratios and a unique evolution of absorption
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enhancement with doping levels was observed.47 Au36 have so
far been alloyed with Ag and Cu, but both of these crystal
structures have not used individual free variables for substitu-
tional disorder modeling, leading to mis-assignment of
locations of heteroatoms (Ag/Cu), namely, the “solely motif-
doped” (vide infra).48,49 Au36 with a different type of kernel co-
capped by chloride and 4-tert-butylbenzyl thiolate ligands has
been reported.50

Although the crystal structure models hold valuable and rich
structure-bonding information to understand the properties of
nanomolecules and their alloy counterparts, care must be taken
in modeling the structure to provide a model which would best
represent the experimental diffraction data. In particular, the
substitutional disorder refinement of partial occupancies of
alloys must be done correctly using individual free variables. In
the literature, some alloy crystal structures have been
incorrectly refined using positional disorder (special position)
modeling with EXYZ and EADP cards, leading to mis-
assignments, and specifically assignments of heteroatoms to
locations, where there is none.
Here, we report the following: (1) X-ray crystal structure of

Au36‑xAgx(TBBT)24, (2) mass spectrometric analysis of the
nanoalloy to determine the Ag composition, (3) a detailed
substitutional disorder refinement protocol for alloy NMs, and
a comparison with previous crystal structure that incorrectly
used positional disorder modeling, (4) optical properties,
studied both in absorption and via (4a) electron dynamics and
(4b) computational studies.

■ EXPERIMENTAL SECTION
Materials. Hydrogen tetrachloroaurate(III) (HAuCl4·

3H2O; Alfa Aesar ACS grade), silver nitrate (AgNO3; Alfa
Aesar ACS grade), sodium borohydride (NaBH4; Acros, 99%),
4-tert-butylbenzene thiol (TBBT; TCI America, >97%),
cesium acetate (Acros, 99%), and anhydrous ethyl alcohol
(Acros, 99.5%) were used as received. HPLC grade solvents
methylene chloride (DCM), tetrahydrofuran (THF), toluene,
methanol, and ethanol were purchased from Fisher Scientific.
All materials were used as received.
Synthesis. The Au36‑xAgx(SPh-tBu)24 nanomolecule was

synthesized in two steps, first a polydisperse crude mixture of
(AuAg)x(TBBT)y was obtained and thermochemically etched
to obtain the product containing Au36‑xAgx as a major product.
Step 1. HAuCl4·3H2O (50 mg) and AgNO3 (Au:Ag =

1:0.33) were dissolved in THF (10 mL) and stirred (1200
rpm) for 10−15 min. Subsequently, TBBT ligand (AuAg:HSR
= 1:5) was added to the solution and stirred for 30 min. This
reaction mixture was reduced with NaBH4 (AuAg:NaBH4 =
1:10) dissolved in ice cold water (5 mL). The reaction was
stopped after 5 min and the solvent removed under reduced
pressure, yielding an oily crude product. The crude product
was washed with excess water and methanol to remove the
byproducts and excess thiols.
Step 2. The crude product was then thermochemically

etched51 with excess TBBT ligand at 65 °C for 2 d. The etched
product was washed with excess methanol to remove the
byproducts and excess thiols. Final extraction was from DCM
or toluene.
Crystallization. The single crystals of Au36‑xAgx(SPh-

tBu)24 alloy nanomolecules were grown by dissolving 5 mg
of the as obtained etched product in DCM (1.5 mL) and
layered with ethanol (1 mL) at 4 °C for ∼2 months. The
block-like black single crystals were used for SC-XRD study.

Crystal Structure. Crystal structure for C240H312Ag2.83-
Au33.17S24; formula weight 10805.42; orthorhombic; space
group P21212; a = 24.016(5) Å; b = 28.775(6) Å; c =
22.090(4) Å; α = 90°; β = 90°; γ = 90°; volume = 15 266(5)
Å3; Z = 2; ρcalc = 2.351 g/cm3; μ = 16.246 mm−1; F(000) =
9779.0; 2Θ range = 2.83° to 46.234°; 225984 reflections
collected; 21503 unique (Rint = 0.0722); giving R1 = 0.0331,
wR2 = 0.0742 for 21503 with [I > 2σ(I)] and R1 = 0.0385, wR2
= 0.0768 for all 225 984 data. Residual electron density (e-·Å-
3) max/min: 3.14/-1.30.
SC-XRD data collection was performed at 273 K on a

Bruker Apex II diffractometer with Mo Kα (λ = 0.71073 Å)
radiation source. The reflections were indexed by using the
APEX II program suite. Data were corrected for absorption
effects with SADABS using multiscan methods.52 The structure
was solved with SHELXT53 and subsequent structure refine-
ments were performed with SHELXL54 using Olex2
program.55 All non C and H atoms were refined anisotropically
and the H atoms were added as riding atoms.

Alloy Crystal Structure Substitutional Disorder
Refinement. The structure solution from the experimental
diffraction was obtained by assigning all the metal atoms as Au,
i.e., a formula of C240S24Au36 was used. The solution was then
refined by SHELXL54 least-squares method. One by one, all
metal atom sites are assigned individual free variables in two
PART instructions for Au and Ag partial occupancy along with
EXYZ and EADP cards and refined (Figure S1). For a two
component substitutional disorder refinement, the site
occupancy factor (sof) for each metal site has to be modified
from 11.0000 to 21.0000 (in PART 1), -21.0000 (in PART 2),
and 31.0000 (in PART 1), -31.0000 (in PART 2) and so forth
for all the metal sites (Figure S1). Accordingly, the element
symbol in atom name and positional number in the SFAC line
to indicate atom type for PART 2 instruction should be
modified (Figure S1). After several cycles of refinement, sites
with ≥10% Ag occupancy are retained for partial occupancy
and the remaining are reverted to Au only. Then, followed by
the several cycles of refinement, sites with ≥10% Ag occupancy
are retained for partial occupancy, and the remaining are
reverted to Au only. After repeating this procedure, sites that
possess significant Ag occupancies can be reliably modeled for
the nanoalloy molecule. The detailed ellipsoidal models,
anisotropic displacement parameter (ADP) values, and partial
occupancies during the various steps of substitutional disorder
refinement are shown in Figures S2−S5.

Transient Absorption Measurements. Femtosecond
transient absorption measurements were carried out at the
Center for Nanoscale Materials, Argonne National Laboratory
on Au36 and Ag-doped Au36.

56 Briefly, a Spectra Physics
Tsunami Ti:sapphire, 75 MHz oscillator was used to seed a 5
kHz Spectraphysics Spitfire Pro regenerative amplifier. 95% of
the output from the amplifier is used to pump a TOPAS
optical parametric amplifier, which is used to provide the pump
beam in a Helios transient absorption setup (Ultrafast Systems
Inc.). A pump beam of 370 nm was used for the
measurements. The remaining 5% of the amplified output is
focused onto a sapphire crystal to create a white light
continuum that serves as the probe beam in our measurements
(450 to 750 nm). The pump beam was depolarized and
chopped at 2.5 kHz and both pump and probe beams were
overlapped in the sample for magic angle transient measure-
ments. Optical absorption measurements were carried out to
monitor the stability of the clusters with laser excitation.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b09060
J. Phys. Chem. C 2019, 123, 29484−29494

29485

105

http://dx.doi.org/10.1021/acs.jpcc.9b09060


Instrumentation. Electrospray Ionization mass spectrum
(ESI-MS) was collected using a Waters Synapt HDMS
instrument with THF as the solvent. Cesium acetate dissolved
in anhydrous ethanol was used to facilitate the ionization. UV−
vis absorption spectrum was collected using a Shimadzu UV-
1601 spectrophotometer with toluene as the solvent.

■ RESULTS AND DISCUSSION

Crystallography. The Au36‑xAgx(SPh-tBu)24 NMs crystal-
lized in an orthorhombic unit cell in the P21212 space group
with 2 molecular units per unit cell . The final
Au33.12Ag2.88(SPh-tBu)24 structural model has a R1 value of
3.31%. The crystal structure of Au33.17Ag2.83 nanoalloy is
presented in Figure 1. The structural framework of the
Au33.17Ag2.83(SPh-tBu)24 nanoalloy is identical to that of the
parent compound Au36(SR)24. This framework can be
described in two different way; here we adopt the original
description based on 28 metal atom FCC core protected by 12
bridging thiolate ligands (−Au-S(R)-Au-) and 4 dimeric staple

motifs (-(R)S−Au−S(R)−Au-S(R)−)37,39 (for an alternative
one see Theivendran et al.47). The truncated tetrahedral 28
metal atom core is made up of 4 interpenetrating cuboctahedra
consisting of 4 atom tetrahedron in the center and 24 atoms on
the surface (Figure 1). On the core-surface, four dimeric staple
motifs protect 8 metal atoms and the remaining 16 metal
atoms are protected by 12 bridging ligands. In the Ag-doped
Au36, the 4 sites on the surface of the core are heavily doped
(∼50%) by Ag while the remaining 20 surface atoms and 4
center atoms are Au only (Figure 1a and 1b). The four Ag
atoms (Ag16, Ag16′, Ag18, and Ag18′, designated ExTd by
Theivendran.47) on the core-surface are doped in a
tetrahedrally symmetrical fashion on the vertices of inter-
penetrating cuboctahedron protected by dimeric staple motifs
(Figure 1b, only Ag containing sites are labeled for clarity, site
numbers were assigned as in the crystallographic information
file (CIF)). The partial occupancies at Ag16/Ag16′ and Ag18/
Ag18′ are 44% and 56%, respectively. These 4 heavily doped
sites on the core contribute to 2 Ag in the overall composition
(accounting for ∼71% of Ag in the overall composition). The

Figure 1. X-ray crystal structure of Au36‑xAgx(SPh-tBu)24 NMs. (a) 4 tetrahedral central Au atoms (red). (b) 24 metal atom sites following the
central atoms, where 4 tetrahedrally symmetrical vertices sites are doped with Ag (16, 16, 18 and 18), contributing 2 Ag to the total composition.
(blue, Au and gray, Ag partial occupancy sites) (c) 4 dimeric staples with 8 metal sites of which two metal sites (13, 13) has no Ag occupancy and
rest of the sites contribute 7.17 Au and 0.83 Ag to the total composition. (d) 28 metal atom core protected by 4 dimeric staples and 12 bridging
ligands. The anisotropic displacement parameter (ADP) is a key indicator to identify sites occupied by hetero metal atoms. Thermal ellipsoids’ size
and shape are visual indicators which reflects the ADP value and it is not revealed by typical ball and stick models. Therefore, metal sites are
intentionally displayed as thermal ellipsoids to reveal the equally sized ellipsoids after modeling for substitutional disorder refinement (vide infra).
Black bonds are bonds between metal atoms in core, gray bonds are S bonds to the metal sites. C and H groups of the ligand shell are excluded for
clarity. Site-wise composition for the 36 metal sites is listed on the right-hand side table. SC-XRD and ESI-MS based (Au,Ag) composition are
(33.17,2.83) and (32.5,3.5), respectively. The site numbers were assigned as in the crystallographic information file (CIF). Two sites have same site
number (e.g., 16, 16) as the asymmetric unit in the crystal structure is half a molecule. Refer Figures S6 and S7 for ball and stick model view and the
24 surface atom site numbers, respectively. In the discussion below, some metal sites are described with a prime (′) for clarity, they are symmetric
sites generated from the asymmetric unit (for example, Ag16/Ag16′).
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remaining 0.83 Ag is spread out on the 6 dimeric staple motif
sites (Ag14/Ag14′, named ExSt-Near and Ag15/Ag15′ and
Ag17/Ag17′, named ExSt-Far in Theivendran et al.47) with
partial occupancies of 12.5%, 11%, and 18%, respectively
(Figure 1C). The remaining two dimeric staple sites (Au13/
Au13′) are exclusively Au only (Figure 1C). Clearly, the level
of Ag doping here achieved is smaller than that investigated
previously,47 so that we do not observe here phenomena such
as the nonmonotonic behavior of optical properties as a
function of doping content, as reported in our previous work.
In the case of phenylethanethiolate protected Au25‑xAgx and

Au38‑xAgx, Au atoms were doped exclusively on the core
surface. In the case of aromatic TBBT ligand protected
Au36‑xAgx, it was reported that the Ag atoms are exclusively
doped on the 8 Au atoms in dimeric staple motifs with 50% Ag
occupancy at each of those sites (using positional disorder)
contributing to 4 Ag atoms in the overall composition.48

However, here we show that better modeling with improved R1
values is obtained allowing for partial Ag occupancy by refining
for substitutional disorder,57 leading to a significant population
of the core surface sites (Figure 2), similar to the results
discussed in Figure 1. This directly contradicts with the “solely
motif-doped” conclusion from the earlier report.48 This finding
is more consistent with computational results indicating that
Ag doping on the core surface is energetically preferred.47

Substitutional Disorder vs Positional Disorder Re-
finement of Au36‑xAgx. One of the key indicators for
substitutional disorder in metal sites is the presence of large or
small atomic displacement parameter (ADP) values compared to
other sites which are occupied by only one element. The ADP
values of the sites occupied with multiple elements, vary
significantly after refining for substitutional disorder with
individual free variables (Figure 2) and is reflected in the size
of the ellipsoids. Figure 2 shows the comparison between
ellipsoidal models for SC-XRD data from this work, 2016
report48 and 2016 model re-refined following the protocol

described above (detailed protocol is provided in the
Experimental Section).
The erroneous use of positional disorder modeling (instead

of substitutional disorder modeling) resulted in the conclusion
that the Ag atoms are “solely motif-doped”. For the 2016 Zhu
paper, we extracted the data from the published crystallo-
graphic information file (CIF) embedded with hkl data, we
hypothesized that the small and large thermal ellipsoids arise
from substitutional disorder. We modeled it for substitutional
disorder (instead of positional disorder as in 2016 Zhu paper)
and the resulting model after refinement resulted in equally
sized thermal ellipsoids and improved R1 values. The Ag
occupancy sites and percentage Ag partial occupancies in the
re-refined model of 2016 Zhu paper (Figures 2b, S4, and S5)
are very similar to the findings in this work (Figures 1, 2a, S2,
and S3).
To describe this in crystallographic terminology, Figure 2b

was modeled by using positional disorder modeling for Au/Ag
partial occupancy of the 8 staple motif metal sites with a special
position, site occupancy factor (sof) of 10.5000 for Au and Ag
sites in PART instructions coupled with EXYZ and EADP
cards. (EXYZ assigns same x, y and z parameters to the named
atoms, for example, EXYZ Au18 Ag18, instructs two elements
to occupy the same position (coordinates). EADP assigns same
isotropic or anisotropic displacement parameters for the
named atoms.) This led to fixed 50% Ag occupancy on staple
motifs metal sites and unusually large and small thermal
ellipsoid sizes, as indicated by the red and blue arrows in
Figure 2b, respectively. The sof value of 10.5000 for an atom in
an ordered structure conveys that the site is at a special
position located on a 2-fold axis or on an inversion center.57 In
the 2016 report, using the special position sof for substitutional
disorder refinement lead to the “solely motif-doped” structure
with 50% Ag occupancy on staple metal sites. In Figure 2c,
after substitutional disorder modeling (Figures S4 and S5), the
thermal ellipsoids were equally sized and Ag occupancy sites
are similar to Figure 2a result from our work. We also refined

Figure 2. Comparison of X-ray crystal structure models refined for substitutional disorder by Ag doping in Au36(SPh-tBu)24 nanomolecules.
Au36‑xAgx(SPh-tBu)24 alloy structure model (a) from this present work, (b) from 2016 report with one free variable fixing 50% occupancy for 8
metal atom sites on dimeric staple motifs, and (c) structural model from 2016 report re-refined with independent free variables for each metal sites.
Three of the thermal ellipsoids in (b) are indicated by red arrows revealing relatively higher ADP value than other Au atoms and in (c) ADP for the
same site drops upon refinement for Ag partial occupancy leading to ∼40−50% Ag occupancy on those sites. Blue arrow in (b) indicates a staple
motif metal site (shrunk) with low ADP value whereas after refining for substitutional disorder, in (c) that site has only Au and the thermal ellipsoid
is of similar size as neighboring sites. Totally in frame 2c, there are four Ag occupancy sites on the 28 atom FCC core surface, same as the structure
obtained in the present work (Figure 1). Refer to the Experimental Section and Figures S2−S5 for detailed explanation on the substitutional
disorder refinement. The work by Zhu et al.48 is referred to as 2016 Zhu in (b) and (c).
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our SC-XRD data similar to 2016 Zhu paper instead of
substitutional disorder to illustrate how that affects the
structure model (Figure S8). The staple motif metal sites
were modeled for 50% partial occupancy by positional disorder
refinement. It led to an increase in R1 value from 3.31% to
4.73%, unusually large and small thermal ellipsoids, and site 13
which has no significant Ag occupancy showed a non-positive
definite.
In the Au36‑xCux structure report, the model has several

metal sites linked by only two free variables for Au/Cu partial
occupancy with sof values of 21.0000,-21.0000 (4 sites) and
31.0000,-31.0000 (10 sites) instead of 14 independent free
variables.49 This led to a Cu partial occupancy of 21.5% and
13.3% in 4 sites and 10 sites, respectively (Figure S8).49 Figure
S9 reveals the unusually elongated thermal ellipsoids on 4
staple motif sites with 21.5% Cu occupancy linked by one free
variable, instead of four independent free variables.
Mass Spectrometry. The composition of Au36‑xAgx(SPh-

tBu)24 alloy NMs was determined by ESI-MS to independently
veri fy the composit ion determined by SC-XRD.
Au36‑xAgx(SR)24 alloy NMs ionized in its +2 charge state
with two Cs+ adducts facilitating the ionization of the neutral
compound. The m/z peaks were observed at 5617, 5572, 5527,
5482, 5438, and 5393 Da with a difference of ∼45 Da
corresponding to half the mass difference between an Au and
Ag atom (89 Da/2; Figure 3). The Agx ranges from 1 to 6 and
the average Ag contribution to the total composition was
determined by considering the peak intensities, yielding an
average composition of Au32.49Ag3.51(SPh-tBu)24 (Figure 3).
The relative contribution from each Au36‑xAgx(SR)24 species
(Au35Ag1, Au34Ag2, Au33Ag3, Au32Ag4, Au31Ag5, and Au30Ag6)
are 4.96, 15.8, 29.6, 28.9, 15.0, and 5.86%, respectively (Figure
3 table). The average Ag composition determined by mass
spectrometry is in reasonable agreement with the crystallo-
graphically determined formula of Au33.17Ag2.83(SPh-tBu)24.
The difference in AuAg composition between mass spectrom-
etry and SC-XRD could stem from the fact that the
crystallographic model accounts only for significant Ag partial
occupancies (≥10%) over several cycles of refinement and/or
difference in ionization efficiency. The SC-XRD re-refined
model of the previous report48 has a composition of
Au32.88Ag3.12(SPh-tBu)24 and it is also in close agreement
with our results and similar site occupancies.
Optical Studies. The Au36‑xAgx(TBBT)24 alloy nano-

molecule exhibits absorption features at ∼373 and ∼565 nm
and a prominent shoulder at ∼425 nm whereas the

homometallic Au36(TBBT)24 nanomolecule has two prom-
inent absorption bands at ∼376 nm and ∼575 nm and a broad
shoulder at ∼412 nm (Figure 4). The 373 and 376 nm features

are almost similar in both the systems whereas there is a red
shift in the shoulder at ∼412 to ∼425 nm and a blue shift in
the ∼575 nm peak to ∼565 nm. Apart from these details, one
can observe that at this low level of Ag doping the overall
appearance of the optical absorption spectra is similar for both
pure Au and Ag-doped species. The optical band gap of the
Au36‑xAgx(TBBT)24 alloy is not altered, and it is ∼1.7 eV. The
static optical response of the Au36‑xAgx(TBBT)24 alloy
nanomolecule is similar to the previous report by Zhu et
al.48 This indicates that independent of the synthetic route the
doping pattern and property of Au36 system is constant.
However, we will see that Ag doping brings about significant
differences in the dynamical optical response of
Au36‑xAgx(TBBT)24 alloy nanomolecules.

Transient Absorption Analysis. Metal doping of gold
clusters can affect both ground and excited state optical
properties. However, the optical absorption measurements of
Au36 and AgAu36 reported above show no striking differences,
suggesting that Ag-doping at this low level has little effect on
the ground state optical properties. It is however still
interesting to see the influence of Ag-doping on the excited
state optical properties. Shown in Figure 5a are the excited
state absorption (ESA) spectra at different time delays for Au36
after excitation at 370 nm. Immediately after photoexcitation, a
transient with a maxima around 480 and 660 nm is observed.

Figure 3. ESI mass spectra of Au36‑xAgx(SPh-tBu)24 alloy NMs with x = 1−6. Au36‑xAgx(SPh-tBu)24Cs22+ peaks of the alloy NMs. Each peak has a
m/z difference of 89/2 Da corresponding to the 2+ charge state and mass difference between Au and Ag. The total Ag contributed to overall
composition based on mass spectrometry is determined based on the peak intensity and are listed in the table.

Figure 4. (a) UV−vis absorption spectra and (b) photon energy plot
of Au36‑xAgx(SPh-tBu)24 alloy compared with the parent compound
Au36(SPh-tBu)24. red is Au36‑xAgx alloy and blue is Au36. *
instrumental artifact.
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This transient grows and decays, giving rise to a bleach with a
maximum around 570 nm. Species-associated spectra obtained
from global fit analysis (Figure 5b) show three main
components: the first one with a time scale of 480 fs, a
second one with 10 ps and a long-lived transient. Subpico-
second relaxation of the 480 fs transient is assigned to intracore
state relaxation, while the 10s of picosecond relaxation is
related to the growth of the transient and is assigned to the
thermalization that was observed only for Au36 with aromatic
ligands. The long-lived transient has a lifetime of 160 ns as
determined from time-resolved luminescence measurements.
The observed excited state relaxation is typical of most ligand-
protected gold clusters. Let us now examine how the metal-
doping altered the excited state relaxation dynamics.
Contrary to what is observed in steady-state measurements,

the excited state absorption measurements show that Ag-
doping has a significant effect on the excited state relaxation
dynamics. Shown in parts c and d of Figure 5 are the excited
state absorption at short and long-time delays for AgAu36 after

excitation at 370 nm. A decay of ESA from 150 fs to 20 ps at
490 nm followed by an increase between 550 to 630 nm is
observed (Figure 5c). However, a consistent decay is observed
at all wavelengths from 20 to 700 ps (Figure 5d) suggesting
that the excited state relaxation became faster with Ag-doping
with respect to pure Au36. For a better understanding, species-
associated spectra were obtained from global fit analysis and
are shown in Figure 5e. Interestingly, 4 components can be
derived from this global fit analysis. The first component has a
time scale of 250 fs that can be assigned to ultrafast intra-core
state relaxation for AuAg36. It appears that the intra-core state
relaxation becomes faster with Ag-doping. The 4.1 ps
component spectral properties matched well with long-lived
excited state of Au36 indicating that the faster intra-core state
relaxation populates the lowest excited state of Au36 but that
decays to give rise to another state which decays with 170 ps
and 2.8 ns. A comparison of kinetic traces at 490 and 595 nm
(Figure 5f) shows the 250 fs and 4.1 ps decay components
followed by faster charge recombination back to ground state

Figure 5. (a) Excited state absorption spectra at different time delays for Au36 and (b) species-associated spectra obtained from global fit analysis.
Excited state absorption spectra at different time delays for Au36‑xAgx (noted as AuAg36) after excitation at 370 nm: (c) 150 fs to 20 ps and (d) 20
to 700 ps. (e) Species associated spectra obtained from global fit analysis. (f) Kinetic decay comparison at 490 nm (black) and 595 nm (red)
showing the early relaxation and long-lived at two different wavelengths for AuAg36.
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when compared to Au36. A comparison of long-lived states
(Figure S10) of Au36 and AuAg36 shows that overall lifetime of
Au36 has decreased to around 2 ns from 160 ns of Au36.
Overall, the excited state relaxation of Ag-doped Au36 can be

summarized as shown in Scheme 1. Intra-core state relaxation

and thermalization followed by 160 ns decay with photo-
luminescence is observed for Au36. Upon Ag-doping, the intra-
core state relaxation became faster ending with the lowest
excited state of (AuAg)36 which decays to give rise to dark
states with probable contributions from the shell-gold
comprising of Ag. These shell-gold states decay nonradiatively
with lifetimes of 170 ps and 2.8 ns, which are much faster than
those observed in Au36.

Theoretical Analysis of the Optical Response. The
structural and static optical properties of AgxAu36‑x(TBBT)24
nanomolecules were investigated using first-principles density-
functional theory (DFT) and time-dependent DFT (TDDFT)
modeling, along the lines of our previous work.47 Within our
computational method, we cannot achieve a statistical
occupation of sites by Ag, therefore we have taken the
experimental X-ray structure and produced a few isomers
(homotops) by replacing selected Au atoms with Ag. In
particular, in the following we will focus on two models with
composition Ag4Au32(TBBT)24, in which we replaced either
the [17,17′,18,18′] Au atoms (Ag4Au32-ExTd-ExStFar in the
nomenclature of Theivendran et al.47) or the [15,15′,16,16′]
Au atoms (Ag4Au32-ExTd-ExStNear in the nomenclature of
Theivendran et al.47). The coordinates of the (Ag/Au,S) atoms
were frozen to those of the AgxAu36‑x(TBBT)24 crystallo-
graphic structure, while the organic part (CH atoms) were

Scheme 1. Cartoon Diagram Depicting the Excited-State
Relaxation in Au36 and AgAu36 Clusters

Figure 6. ICM-OS plots (x Cartesian component) for Au36(SPh-tBu)24 and the two homotop Ag4Au32(SPh-tBu)24 model clusters considered in
this work in the energy region corresponding to the 580 nm (upper boxes) and 500 nm (lower boxes), see text for details.
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relaxed at DFT level. DFT calculations were performed by
employing the CP2K code58 within the hybrid Gaussian/
Plane-Wave scheme (GPW). Core electrons were described
with pseudopotentials derived by Goedecker, Teter, and
Hutter59 whereas DZVP basis sets60 were used for representing
the DFT Kohn−Sham valence orbitals. The cutoff for the
auxiliary plane wave representation of the density was 400 Ry.
Calculations were performed spin-unrestricted. The semi-
empirical Grimme-D3 correction61 was added to Perdew−
Burke−Ernzerhof (PBE)62 exchange and correlation (xc-)
functional to take into account dispersion interactions. It can
be noted that the Ag4Au32-ExTd-ExStFar homotop is more
stable than the Ag4Au32-ExTd-ExStNear homotop by 0.19 eV,
in contrast with the findings of Theivendran et al.,47 Table S1,
suggesting that the use of experimental geometries can tune
the theoretical predictions, as previously observed.63

On the so-derived geometries, optical spectra were simulated
using TDDFT via a complex polarizability algorithm,64,65 the
ADF package,66 and the LB94 exchange-correlation poten-
tial,67 while the exchange-correlation kernel in the TDDFT
part was approximated according to the Adiabatic LDA
(ALDA).68 A STO basis set of TZP quality was employed,
which has proven to provide accurate results.69 The Zero
Order Regular Approximation (ZORA)70 was employed to
include relativistic effects. The imaginary frequency employed
to introduce finite lifetime of the excited state was fixed to
0.075 eV. Calculations were performed spin-restricted for
predicting TDDFT response.
TDDFT/LB94 spectra were also analyzed in terms of

Individual Component Maps of Oscillator Strength (ICM.-
OS) plots, as proposed in Theivendran et al.47 These plots
visualize the contribution to the Oscillator Strength from
single-particle excitations in the (virtual/occupied) molecular
orbital plane for an excited state at a given energy and in a
given Cartesian direction of the exciting electric field.
The calculated photoabsorption profiles of Au36(SPh-tBu)24

and the two homotop Ag4Au32(SPh-tBu)24 model nano-
molecules are reported in Figures S11 and S12. A qualitatively
similar profile was obtained for the pure and doped clusters in
agreement with the experimental data. It is reasonable
considering the low level of doping and the fact that most of
Ag atoms occupy the ExTd sites which are energetically
favorable (and should thus be preferably occupied when
doping achieves thermodynamic equilibrium) but induce a
smaller effect on optical absorption47 (a more detailed
discussion is provided in the SI). Although the absorption
spectrum is not strongly affected by silver alloying, the
transient absorption analysis has identified, for the silver doped
clusters, two-state dynamics. This indicates that the decay
mechanism passes through a higher exited state (at 500 nm)
whose population constantly decreases, followed by a low-lying
excited state (at 580 nm) whose population increases before
eventually decaying to the ground state. To shed light on this
mechanism however being unable to model long-time excited-
state dynamics, we investigated the nature of the excited states
at the ICM-OS level, which corresponds to the experimental
features at 500 and 580 nm. ICM-OS plots are reported in
Figure 6. The nature of the low-lying excited state (upper
panels) is similar for the pure gold clusters and the two alloy
homotops containing 4 silver atoms: the presence of only one
spot on the straight line corresponding to orbital energy
differences equal to the excitation energy suggests a
“molecular” behavior without coupling. In contrast, the nature

of the higher-energy excited state (lower panel) is more
complex: two spots on the straight line are supplemented by a
third spot which is off-diagonal and suggests a strong coupling
with lower-energy configurations. The third off-line spot
corresponds to the low-energy excited state, so that a coupling
between higher- and lower-energy excited states is disclosed
from this analysis. Even more interestingly, such off-diagonal
spot is much more pronounced in the silver alloys than in the
pure gold cluster, suggesting that such coupling is much more
effective in the presence of silver. This helps rationalize the
dynamics observed in the transient absorption experiment:
while in pure gold cluster the decay to the ground state is
direct, since there is weak coupling with the low-lying state, in
silver alloys such coupling is stronger and the decay to this
intermediate low-lying excited state is favored. To give a more
complete description of the different excited states, in Figures
S13, S14, and S15 of the SI we report plots of the molecular
orbitals involved. These plots show that all occupied and
virtual orbitals mostly contributing to the single-particles
excitations here involved are localized on the cluster ligand
shell and outer metal core, with strong S contribution as well as
significant contributions from metal staple atoms and atoms on
the cluster surface, while the contribution of the organic
residues are smaller although not negligible. The present
analysis demonstrates the usefulness of the ICM-OS analysis to
reveal coupling between excited states. Finally, the ICM-OS
plots in Figure 6 also reveal that the similar absorption
intensity between pure and Ag-doped systems actually results
from a compensation (negative interference) between single-
particle contributions giving rise to increasing and decreasing
intensity: as discussed in Theivendran et al.,47 absorption
intensity corresponds to an absolute value and can therefore
mask subtle quantum effects which are revealed in dynamics.

■ CONCLUSIONS

In summary, the crystal structure of TBBT protected Au36‑xAgx
nanomolecules has revealed that the core-centered metal sites
are occupied by Au atoms only (Au4), Ag hetero atoms
significantly populates 4 sites on the core-surface (Au22Ag2),
and Ag occupies 10−20% on 6 metal sites in the dimeric staple
motifs while 2 sites are occupied by Au only. The doping
pattern observed here is more consistent with computational
results indicating that Ag doping on the core surface is
energetically preferred.47 The composition of the Au36‑xAgx
nanomolecules determined by mass spectrometry agrees
reasonably well with the SC-XRD structure. The optical
absorption spectrum of the nanoalloy has absorption features
at ∼373, ∼ 425, and ∼565 nm. It is similar to the previous
report by Zhu et al.48 and the re-refined structural model of
their data also exhibits a similar doping pattern as determined
in this work. It indicates that care must be taken in performing
the substitutional disorder refinement to obtain a reliable
structural model.
We also studied the excited state optical properties of the

Au36 and Au36‑xAgx alloy nanomolecules and ICM-OS analyses
to provide insights into the experimental results. Transient
absorption studies revealed that, Ag doping leads to faster
excited state decay lifetimes compared to the Au36 nano-
molecules. ICM-OS analyses revealed that Ag doping in Au36
leads to a stronger coupling between higher- and lower-energy
excited states complementing the results from transient
absorption measurements.
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Table S1. Crystal data and structure refinement for auag2_a 
Identification code  auag2_a 
Empirical formula  C240H312Ag2.83Au33.17S24 
Formula weight  10805.42 
Temperature/K  273 
Crystal system  orthorhombic 
Space group  P21212 
a/Å  24.016(5) 
b/Å  28.775(6) 
c/Å  22.090(4) 
α/°  90 
β/°  90 
γ/°  90 
Volume/Å3  15266(5) 
Z  2 
ρcalcg/cm3  2.351 
μ/mm1  16.246 
F(000)  9779.0 
Crystal size/mm3  0.15 × 0.1 × 0.05 
Radiation  MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.83 to 46.234 
Index ranges  26 ≤ h ≤ 26, 31 ≤ k ≤ 31, 24 ≤ l ≤ 24 
Reflections collected  225984 
Independent reflections  21503 [Rint = 0.0722, Rsigma = 0.0368] 
Data/restraints/parameters  21503/70/747 
Goodnessoffit on F2  1.020 
Final R indexes [I>=2σ (I)]  R1 = 0.0331, wR2 = 0.0742 
Final R indexes [all data]  R1 = 0.0385, wR2 = 0.0768 
Largest diff. peak/hole / e Å3 3.14/1.30 
Flack parameter  0.032(3) 
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TDDFT study. In Figure S10 and S11 we report the photoabsorption profiles of Au36(SPh-tBu)24 

and two homotop Ag4Au32(SPh-tBu)24 model clusters as simulated by our TDDFT approach (see 

main text for details). As discussed in the main text, the overall appearance of the spectra, is 

similar, with tiny differences rather sensitive to the chemical ordering of Ag doping. In general we 

observe that TDDFT-simulated features are shifted towards higher wavelength (lower energy) 

with respect to the experiment, which can be attributed to the deficiencies of the employed 

exchange-correlation potential. In order to discuss the intricate set of results, it is useful to identify 

in the simulated spectrum three different region: the first one around 600 nm to be compared with 

the experimental features at 575 – 565 nm, the second one around 500 nm to be compared with 

the experimental shoulder at 412-425 nm and the third one just above 400 nm to be compared 

with the experimental peak at 373-376 nm. Starting the discussion from lower wavelengths, the 

calculated feature in the third region is in agreement with the experiment: the pure gold cluster 

shows the lowest absorption with respect to the alloy homotops considered. Considering then the 

second region from 500 to 550 nm, we notice that the alloys spectral features lie at higher 

wavelengths with respect to the pure gold cluster, which is consistent with the observed red shift 

in the experimental shoulder at 412-425 nm. Finally in the region around 600 nm the comparison 

of the intensity trend is not in agreement with the experiment, as the calculated pure-gold cluster 

exhibits the largest absorption, whereas a slight increase is actually measured in the experiment 

as an effect of Ag doping. However, it is worth noting that in this energy region the calculated 

profiles of the alloys are in general blue-shifted with respect to the pure gold cluster, an effect 

which is in agreement with the experiment. In general we can conclude that theory is able to 

correctly reproduce the energy shift of the bands although the experimental intensity distribution 

is not always reproduced. This is not surprising, since intensity is in general very sensitive to small 

differences in the electronic structure description, and is therefore more sensitive to the 

deficiencies of the exchange-correlation potential than the energy positions of the spectral 

features. 
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Figure S1. Terminologies and the corresponding numbers in the result (.res) file for substitutional 

disorder refinement. 
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Figure S2. Thermal ellipsoid model of Au36xAgxS24 NMs during various stages of substitutional 
disorder modelling. (this work SCXRD data) (a) Structure solution obtained with 36 metal sites 
as Au only. (b) All the 36 metal sites have been modelled for Au/Ag partial occupancy. (c) Reliable 
model obtained after several cycles of refinement after reverting sites with less than 10% Ag to 
Au only. (d) An overlay of the frame (a) and (c), frame (a) has been grouped as one entity in black 
color to illustrate how the ADP values vary at Au/Ag occupancy sites and Au only sites. Au – red, 
Ag – silver, and S – yellow. 
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Figure S3. Changes in (a) ADP values and (b) Au/Ag partial occupancy during various stages of 
substitutional disorder modelling. (this work SCXRD data) Solid black, square – all Au, solid blue, 
stars – all sites modelled for Au/Ag partial occupancy and solid red, spheres – final reliable model 
with 2.83 Ag. stars and spheres; filled %Au and hollow  %Ag.   

   

a 

b 
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Figure S4. Thermal ellipsoid model of Au36-xAgxS24 NMs during various stages of substitutional 

disorder modelling. (2016 data – re-refined) (a) published Au36-xAgxS24 structure (2016), (b) 36 

metal sites as Au only. (c) An overlay of the frame (a) and (b), frame (b) has been grouped as one 

entity in black color to illustrate how the ADP values vary at Au/Ag occupancy sites and Au only 

sites. . (b) All the 36 metal sites have been modelled for Au/Ag partial occupancy. (e) Reliable 

model obtained after several cycles of refinement after reverting sites with less than 10% Ag to 

Au only. (f) An overlay of the frame (a) and (e), frame (a) has been grouped as one entity in black 

color to illustrate how the ADP values vary at Au/Ag occupancy sites and Au only sites. Au – red, 

Ag – silver, and S – yellow. 
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Figure S5. Changes in (a) ADP values and (b) Au/Ag partial occupancy during various stages of 

substitutional disorder modelling. (2016 data – re-refined) Solid black, square – all Au, solid blue, 

stars – all sites modelled for Au/Ag partial occupancy, solid red, spheres – final reliable model 

with 3.1 Ag and solid green, triangles published AuAg36 structure from 2016 Nanoscale. Stars, 

spheres, and triangles; filled -%Au and hollow - %Ag. 
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Figure S6. Ball and stick model of Au36-xAgx(SPh-tBu)24 NMs. (a) 28 metal atom core protected 

by 4 dimeric staples with 8 metal sites of which two metal sites (13, 13’) has no Ag doping and 

rest of the sites contribute 0.83 Ag to the total composition. (b) 28 metal atom core sites where 4 

tetrahedrally symmetrical vertices sites are doped with Ag (16, 16’. 18 and 18’), contributing 2 Ag 

to the total composition. C and H groups of the ligand shell are excluded for clarity. Site-wise 

composition for the 36 metal sites is listed on the right-hand side table. SC-XRD and ESI-MS 

based (Au,Ag) composition are (33.17,2.83) and (32.5,3.5), respectively. (c) Au36-xAgx(SPh-tBu)24 

alloy NMs in the orthorhombic unit cell. The site numbers were assigned as in the crystallographic 

information file (CIF). Sites with “ ‘ “ are symmetric sites generated from the asymmetric unit. 
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Figure S7. Surface 22 metal atom site numbers as in the CIF file. 
 

 
Figure S8. (a) Substitutional and (b) positional disorder refinement of our SC-XRD data in this 

work. The orientation of the structure is similar to that of Figure 1 and 2 in the main text. In panel 

(b), we performed positional disorder refinement of our data similar to 2016 Zhu paper (by using 

a sof value of 10.50000) and the structure model resulted with higher R1 value and unusually 

larger and smaller thermal ellipsoids. In the site 13 where there is no significant Ag occupancy, 

upon modeling for 50% occupancy, the model shows a non-positive definite. 
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Figure S9. Thermal ellipsoidal view of Au36-xCux(m-MBT)24 crystal structure. Red arrows indicate 

4 sites linked by one free variable leading to 21.5% Cu occupancy at all 4 sites. All those 4 sites 

have elongated ellipsoids with higher ADP values. [Zhu et al. Dalton Trans., 2018, 47, 475.] 
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Figure S10. Comparison of kinetic decay traces of Au36 at 495 nm and (AgAu)36 at 540 nm both 
depicting the longlived decays. The solid lines are fitted lines. 
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Figure S11. Absorption of Au36-xAgx(SPh-tBu)24 nanoalloys with different homotops. Energy scale 

in eV. 
 

 
Figure S12. Absorption of Au36-xAgx(SPh-tBu)24 nanoalloys with different homotops. Wavelength 

scale in nm. 
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Figure S13. Molecular orbitals of Au36(SPh-tBu)24 involved in the excited states calculated at 1.98 

eV and 2.62 eV. Isovalues 0.01 bohr-3/2. 
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Figure S14. Molecular orbitals of  Ag4Au32(SPh-tBu)24 (Near) involved in the excited states 

calculated at 2.14 eV and 2.60 eV. Isovalues 0.01 bohr-3/2. 
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Figure S15. Molecular orbitals of    Ag4Au32(SPhtBu)24 (Far) involved in the excited 
states calculated at 2.00 eV and 2.62 eV. Isovalues 0.01 bohr3/2. 
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ABSTRACT
A hybrid approach able to perform Time Dependent Density Functional Theory (TDDFT) simulations with the same accuracy as that of
hybrid exchange-correlation (xc-) functionals but at a fraction of the computational cost is developed, implemented, and validated. The
scheme, which we name Hybrid Diagonal Approximation (HDA), consists in employing in the response function a hybrid xc-functional
(containing a fraction of the non-local Hartree–Fock exchange) only for the diagonal elements of the omega matrix, while the adiabatic local
density approximation is employed for the off-diagonal terms. HDA is especially (but not exclusively) advantageous when using Slater type
orbital basis sets and allows one to employ them in a uniquely efficient way, as we demonstrate here by implementing HDA in a local version
of the Amsterdam Density Functional code. The new protocol is tested on NH3, C6H6, and the [Au25(SCH3)18]− cluster as prototypical
cases ranging from small molecules to ligand-protected metal clusters, finding excellent agreement with respect to both full kernel TDDFT
simulations and experimental data. Additionally, a specific comparison test between full kernel and HDA is considered at the Casida level
on seven other molecular species, which further confirm the accuracy of the approach for all investigated systems. For the [Au25(SCH3)18]−

cluster, a speedup by a factor of seven is obtained with respect to the full kernel. The HDA, therefore, promises to provide a quantitative
description of the optical properties of medium-sized systems (nanoclusters) at an affordable cost, thanks to its computational efficiency,
especially in combination with a complex polarization algorithm version of TDDFT.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005954., s

I. INTRODUCTION

Chiro-optical absorption spectra represent one of the most
direct, routine, and cheap experimental probes in chemistry, provid-
ing important information on the electronic structure of the system
under study. For complex systems, however, a reliable assignment
of the observed spectral features, leading to their rationalization
and, eventually, design, is not straightforward. In this context, the-
ory and computational simulations play an increasingly crucial role
in arriving at an in-depth understanding of experimental observa-
tions.1 The development and implementation of efficient compu-
tational schemes for the calculation of molecular photoabsorption
spectra that can enable predictive simulations of complex systems is,
thus, a very active area of current research.1 Time Dependent Den-
sity Functional Theory (TDDFT) has gained a leader role in this race,

due to its optimal compromise between accuracy and computational
economy. The most popular TDDFT implementation in quantum
chemistry has been proposed by Casida,2 which corresponds to a
density-matrix approach according to the classification by Görling
et al.3 and consists in setting up and solving an eigenvalue problem
over a basis of single-particle excitations. In addition to the Casida
one, other TDDFT formulations have been developed and success-
fully implemented, which are briefly summarized as follows. One is
based on an explicit time-propagation technique. This scheme was
introduced in the pioneering work of Yabana and Bertsch4 and is
typically implemented over real space grids, like in the OCTOPUS
code.5 Another possibility is based on a super-operator formula-
tion of TDDFT and has been implemented employing a Lanczos
method and plane wave basis set.6 The third, a more recent scheme,
has been introduced by Grimme, and it consists in a simplified
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Tamm–Dancoff Approximation (TDA)7 and TDDFT.8 A linear-
scaling TDDFT has been developed by Zuehlsdorff et al.9 An effi-
cient method for large systems is the TDDFT time-propagation by
Malola et al.10 Recently, Noda et al. have developed a massively par-
allel implementation of TDDFT based on real time and real space,11

which allowed them to study clusters containing up to 1414 gold
atoms.12 Finally, a complex polarizability algorithm for TDDFT13–15

(called polTDDFT in the following) is particularly suitable for appli-
cation to very large systems and will also be employed in the
present work.16

These methods, especially the more recent ones, have achieved
a high level of computational efficiency, allowing, nowadays, the
treatment of molecules containing several hundreds of atoms at the
TDDFT level.12,16 Accuracy is, however, a more complicated issue at
both DFT and TDDFT levels since it depends crucially on the choice
of the exchange-correlation (xc-) functional employed to derive DFT
Kohn–Sham (KS) orbitals and energies and in the response ker-
nel of TDDFT. Although the search for increasingly more accurate
xc-functionals and kernels is still active and new proposals appear
continuously in the literature,17,18 at the moment, the most accu-
rate and popular choices correspond to hybrid xc-functionals for
both DFT and TDDFT kernels, i.e., functionals containing a vari-
able fraction of the exact [Hartree–Fock (HF)] non-local exchange.
Among hybrid xc-functionals, B3LYP19,20 is the most widely utilized
one. B3LYP has the advantage of being rather versatile, that is, of
performing reasonably well for both ground state (geometry opti-
mization, bonding energy, and vibrational frequencies) and excited
state (photoabsorption spectra) properties. Moreover, B3LYP has
recently proven to be able to successfully describe vibronic effects
in core electron excitations (NEXAFS) at the TDDFT level21 and
core electron ionization (XPS) at the DFT level within the ΔSCF
scheme.22 Some limitations have, however, shown up in special
instances, such as, for example, the absence of Rydberg states due to
the lack of a correct asymptotic Coulombic behavior or the predic-
tion of core-excited spectra shifted by several eV with respect to the
experiment. Both deficiencies can be solved: the former, by adding
Long-range Correction (LC),23 and the latter, by adding Short-range
Correction (SC)24 to B3LYP. In this work, we will, therefore, imple-
ment and test our approach using the B3LYP functional although
the scheme we propose here is quite general and can hold for any
hybrid functionals.

It should be recalled that the use of hybrid functionals may
present severe numerical issues connected with the HF non-local
exchange, whose evaluation over basis sets involves matrix ele-
ments that can be treated efficiently when basis sets of Gaussian
Type Orbitals (GTOs) are employed, but becomes problematic with
other basis sets, such as Slater Type Orbitals (STOs) or Plane
Waves (PWs). It should be observed that when using STO basis
sets and hybrid xc-functionals, the SCF procedure becomes less effi-
cient but is still computationally affordable even for large systems,
whereas the TDDFT problem becomes soon intractable due to the
extremely heavy computational cost of the HF non-local part of
the kernel.

To solve these issues and arrive at an operational and efficient
TDDFT approach employing hybrid xc-functionals, in the present
work, we propose, develop, and validate an approximate treatment
of the TDDFT kernel, which we call Hybrid Diagonal Approx-
imation (HDA), and justify it by simple theoretical arguments.

The HDA is based on utilizing the hybrid exchange only for the
diagonal terms in the response equations: this allows one to limit
the computational cost of the TDDFT simulation while keeping
basically the same accuracy as in the full TDDFT scheme using
hybrid xc-functionals, as we will demonstrate hereafter. We imple-
ment our HDA approach both in the conventional Casida TDDFT
scheme and in the more recent polTDDFT complex polarizability
algorithm,13 within a local version of the Amsterdam Density Func-
tional (ADF) package, which will be distributed in a forthcoming
release. Although the present work focuses on the implementation
of HDA using STO basis sets, the fundamental idea behind the HDA
approach is completely general and can be profitably extended to
other basis sets as well, such as plane waves.

The article is organized as follows: we first provide a the-
oretical justification of the HDA. We then describe its imple-
mentation for both Casida and polTDDFT complex polarizabil-
ity algorithms. Third, we validate and benchmark the method by
comparing its results with respect to a standard Casida approach
employing B3LYP in both DFT and in the TDDFT kernel, as well
as with accurate experimental data for small systems (NH3 and
C6H6). We also validate our approach on a larger system, a medium-
sized metal cluster [Au25(SR)18]−, for which both the x-ray crys-
tal structure and the experimental optical absorption spectrum are
available, in order to demonstrate the computational efficiency and
economy of the HDA. Finally, we test the HDA with respect to
the full kernel at the Casida level for seven other systems, in order
to corroborate the general validity of the suggested approxima-
tion and provide information regarding the errors introduced by
this scheme.

II. THEORETICAL METHOD AND IMPLEMENTATION
A. Casida TDDFT formulation

The standard (and most widely employed) TDDFT formulation
in quantum chemistry consists in expanding the molecular Kohn–
Sham (KS) orbitals as a linear combination of atomic functions and
recast the TDDFT equations in terms of a diagonalization of a matrix
omega (Ω) according to the density-matrix formulation of Casida.2

In practice, the KS equations are first solved,

HKSφi = εiφi . (1)

Then, the Ω matrix is diagonalized,

ΩFI = ω2
IFI , (2)

where the matrix elements of the Ω matrix can be calculated from
the solution of KS equation (1):

Ωia,jb = δijδab(εa − εi)
2 + 2
√
εa − εiKia,jb

√
εb − εj , (3)

and in expression (3), the coupling matrix K ia ,jb is defined as

Kia,jb = ⟨aj∣ ib⟩ + ⟨aj∣ f XCστ ∣ib⟩. (4)

In Eq. (4), f XCστ is the xc-kernel, with σ and τ being spin vari-
ables. The Casida problem consists in finding eigenvalues and eigen-
vectors of Ω, Eq. (2). The eigenvalues of (2) correspond to the
squared excitation energies, while from the eigenvectors, the intensi-
ties (absolute oscillator strengths) can be extracted.2 It is worth not-
ing that the Ω matrix elements span the first-order density matrix,
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which corresponds to all the products between occupied and vir-
tual KS orbitals, so that the dimension of the Ω matrix is Nocc
× Nvirt and can be quite large (≈105) for a cluster containing more
than 100 metal atoms. The Casida approach is efficiently imple-
mented in many quantum chemistry codes, such as, for example,
ADF code,25–27 which takes advantages of the molecular symme-
try (employing the Wigner–Eckart theorem for the TDDFT part),
of the Davidson diagonalization algorithm, of efficient fitting tech-
niques of the first-order density through the use of auxiliary basis
functions to improve matrix-vector multiplication within the David-
son algorithm, and finally of the parallelization of the code which
can exploit modern supercomputer architectures. Although the for-
malism is quite general, issues can arise when hybrid xc-functionals
and xc-kernels are chosen. When GTO are utilized, hybrid func-
tionals and kernels can be implemented without hampering numer-
ical efficiency, due to the availability of analytic formulas for non-
local exchange integrals (although for large molecules, density
fitting techniques28,29 must be used, which can be problematic with
large basis sets). On the contrary, many problems arise when using
non-GTO basis sets, such as STO or PW. When STO are employed,
non-local exchange integrals can be calculated in practice by means
of density fitting techniques,28,29 which allow one to approximate a
product of STO centered on different atoms as a linear combina-
tion of auxiliary functions, employed to fit the electron density. This
allows one to solve the DFT KS equations with a reasonable effort
also for large systems, but in TDDFT, the non-local kernel becomes
soon impracticable. For example, for a moderate-size metal cluster
such as Au25(SR)18, the TDDFT part calculated with hybrid B3LYP
kernel needs 60 times more central processing unit (CPU)-time
than a conventional generalized gradient approximation (GGA),
i.e., non-hybrid calculation. It would then be appealing to reduce
the computational effort of the hybrid xc-kernel without giving up
to the high accuracy afforded by the use of hybrid xc-functionals
for the description of the electronic structure of the systems
under study.

A first possibility would be to employ the hybrid functional only
for the DFT KS part and use the Adiabatic Local Density Approxi-
mation (ALDA)30 for the TDDFT kernel. However, the presence of
the non-local HF exchange in the KS equations causes a relevant shift
(up to several eV) of the virtual orbital eigenvalues to higher ener-
gies rendering the calculated spectrum inaccurate. It is worth noting
at this point that when a hybrid kernel is used, this effect is compen-
sated by a shift in the opposite direction of the diagonal elements of
the matrix, caused by the non-local HF exchange of the xc-kernel.
This is best seen by casting the TDDFT equations in the Random
Phase Approximation (RPA) structure,

(
A B
B∗A∗)(

X
Y) = ω(

1 0
0−1)(

X
Y) , (5)

where the submatrices A and B take the following general form for
hybrid kernels:

Aia,jb = δijδab(εa − εi) + ⟨aj∣ ib⟩ − α⟨aj∣bi⟩ + (1 − α)⟨a∣
∂VXC

∂ρ
j∗b∣i⟩,

(6)

Bia,jb = ⟨ab∣ ij⟩ − α⟨ab∣ ji⟩ + (1 − α)⟨a∣
∂VXC

∂ρ
b∗j∣i⟩, (7)

where in expressions (6) and (7) α represents the fraction of the non-
local HF exchange in the xc-kernel and ALDA is assumed in the last
terms of both equations.

Now, let us consider the diagonal elements of the RPA matrix,
which corresponds to the diagonal elements of the matrix A,

Aia,ia = (εa − εi) + ⟨ai∣ ia⟩ − α⟨ai∣ai⟩ + (1 − α)⟨a∣
∂VXC

∂ρ
i∗a∣i⟩. (8)

The third element in the right-hand side of expression (8) is
responsible for recovering the too high occupied-virtual energy dif-
ference obtained in the KS equation when a hybrid xc-functional,
containing a fraction of the HF exchange, is used. This simple obser-
vation suggests that a possible strategy is to employ the non-local
HF exchange of the kernel only for the diagonal elements of the A
matrix, while treating at the simpler ALDA level (no HF exchange)
all the off-diagonal elements of the A matrix and the full B matrix.
With this choice, which we call Hybrid Diagonal Approximation
(HDA), the matrices A and B take the following expressions:

Aia,jb = δijδab(εa − εi − Δia) + ⟨aj∣ ib⟩ + ⟨a∣
∂VXC

∂ρ
j∗b∣i⟩, (9)

Bia,jb = ⟨ab∣ ij⟩ + ⟨a∣
∂VXC

∂ρ
b∗j∣i⟩, (10)

where in expression (9), we have introduced a diagonal corrective
term,

Δia = α⟨ai∣ai⟩ + α⟨a∣
∂VXC

∂ρ
i∗a∣i⟩. (11)

In expression (11), the second term is much smaller than the
first one and can be safely neglected. With the expressions (9) and
(10) for the A and B matrix, the difference A-B is still diagonal as it is
customary in TDDFT with local kernels, so it is possible to solve the
RPA-like equation with respect to Y and obtain again conventional
Casida equation (3) for the Ω matrix, with the only difference being
limited to the eigenvalue differences, which must be corrected by
term (11).

Importantly, following this approach, the number of needed
exchange integrals is only (Nocc ×Nvirt) instead of (Nocc ×Nvirt)2,
i.e., it is greatly reduced. The implementation of such a scheme start-
ing from a Casida code is straightforward: the elements of the Ω
matrix are calculated according to the conventional ALDA expres-
sions with the exception of the diagonal elements, while the orbital
energy differences are corrected according to Eqs. (9) and (11). In
correction (11), the first term is calculated numerically, while the
second term is neglected. Since the Davidson method is usually
employed to diagonalize the Ω matrix, only the lowest part of the
excitation spectrum is obtained. Therefore, it is not necessary to cor-
rect all the diagonal elements of the A matrix, but only those which
correspond to excitation energies not too far from the energy range
of the spectrum extracted by the Davidson procedure. To this pur-
pose, we have introduced a cutoff parameter that can be chosen in
input.

B. Complex polarizability TDDFT formulation
Despite the efficiency of numerical diagonalization techniques

such as the Davidson one, it becomes hard to calculate valence
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photoabsorption spectra over a wide excitation energy range when
large systems are considered. The Davidson iterative algorithm, gen-
erally employed in all the TDDFT codes, which use the Casida
method, is efficient on large Ω matrices, but is limited to extract-
ing a relatively small number of lowest eigenvalues and eigenvec-
tors. Therefore, the Casida TDDFT algorithm remains efficient for
large systems only when attention is focused on few low-energy
transitions, but cannot be employed in practice to calculate a pho-
toabsorption spectrum over a wide energy range, often necessary
for a thorough simulation of and comparison with an experiment.
As the molecule/cluster size increases, the diagonalization prob-
lem becomes more and more pathological, eventually rendering the
approach unfeasible. In order to overcome this problem, we have
recently proposed the complex polarizability TDDFT (polTDDFT)
algorithm.13 This approach is able to treat very large systems and
avoid the bottleneck of the diagonalization via a direct solution
of the response equations. The reader is referred to the original
work for a detailed description of the algorithm,13 together with its
implementation in the ADF program.14

In practice, the photoabsorption spectrum σ(ω) is calculated
point by point, from the imaginary part of the dynamical polariz-
ability α(ω),

σ(ω) =
4πω
c

Im[α(ω)]. (12)

This expression is of practical interest when the polarizability is
calculated for complex frequency, i.e., ω = ωr + iωi, where the real
part ωr is the scanned photon frequency (energy) and ωi is the imag-
inary part, which corresponds to a broadening of the discrete lines
and can be interpreted as a pragmatic inclusion of the excited states
finite lifetime. The complex dynamical polarizability is calculated by
solving the following non-homogeneous linear system:

[S −M(ω)]b = d. (13)

In Eq. (9), S is the overlap matrix between fitting functions, b
is the unknown vector with the expansion coefficients bμ(ω) of ρ(1)z ,
d is the frequency-dependent vector corresponding to the known
non-homogeneous term, and finally the elements of the frequency-
dependent matrix M are

Mμν = ⟨ fμ∣χKS(ω)K∣fν⟩. (14)

In Eq. (14), χKS refers to the Kohn–Sham frequency-dependent
dielectric function and K to the kernel. Notice that the matrix ele-
ment is between density fitting functions, so the present implemen-
tation of the algorithm allows one to employ only density dependent
kernels. For this reason, the density matrix dependent HF exchange
kernel, which is an ingredient of hybrid functionals, is ruled out.
The original characteristic of the polTDDFT method is the intro-
duction of a simple approximation, which enables the construction
of M(ω) as a linear combination of frequency independent matrices
Gk with frequency-dependent coefficients sk(ω), with the following
expression:

M(ω) =∑
k
sk(ω)G

k. (15)

With this idea, a set of matrices {Gk} is calculated and stored
only once at the beginning, and then the matrix M(ω) is calculated

very rapidly at each photon energy ω, as a linear combination of the
{Gk} matrices with the following coefficients:

sk(ω) =
4Ek

ω2 − Ē2
k

, (16)

where in expression (16) Ek refers to the center of the interval which
discretizes the excitation energy variable and in the original formu-
lation, corresponds to the difference between virtual and occupied
orbital energies: εa-εi.

The discrepancies observed between the polTDDFT-HDA and
the Casida TDDFT HDA results must be ascribed to the approxi-
mations inherent with the polTDDFT algorithm, namely, the choice
of the fitting functions to represent the matrix of Eq. (13) and the
energy discretization of Eq. (15).

Coming now to the present proposal, in order to apply within
the polTDDFT algorithm the HDA approach already discussed for
the Casida procedure, it is enough to correct the orbital energy dif-
ferences with same corrective term (11) as already carried out for
expression (9): εa-εi-Δia. With this “rescaling” of the excitation ener-
gies, the occupied-virtual pairs will change their position along the
excitation energy axis, and expression (16) can be employed to cal-
culate the coefficients sk(ω) to build matrix (15) at any given photon
energy. Also, in this case, in correction (11), the first term is calcu-
lated numerically, while the second term is neglected and a cutoff
parameter is introduced in order to avoid corrections of terms so
high in energy that do not play a significant role in the calculation.

III. COMPUTATIONAL DETAILS
All the DFT KS calculations reported in this work were per-

formed employing a TZP basis of STO functions (included in the
ADF database) and the B3LYP hybrid xc-functional. The TDDFT
calculations were carried out after the KS section and were per-
formed with the Casida or the polTDDFT algorithms. For the Casida
procedure, both the full B3LYP kernel and the simplified HDA
scheme have been employed and compared, whereas the polHDA-
B3LYP level is the only available scheme for the hybrid functional
within polTDDFT. For both Casida and polTDDFT, the HDA has
been implemented by exploiting the parallelization at the general
Message Passing Interface (MPI) level. The Casida scheme furnishes
the spectra in terms of discrete lines, which have been broadened
with Lorentzian functions of HWHM = 0.075 eV in the figures. The
polTDDFT furnishes spectra which are already broadened, and in
order to be consistent with the Casida broadened profiles, the imag-
inary part of the photon energy [see ωi after Eq. (12)] has been
set to 0.075 eV as well. When comparing with experimental data,
we employed a broadening equal to the experimental resolution
(HWHM = 0.5 eV). All the calculations were performed with a local
version of the ADF code, while the HDA implementation for both
Casida and polTDDFT algorithms will be distributed in a forthcom-
ing ADF release. The calculations for the gold cluster in Sec. IV C
were performed employing the Zero Order Regular Approximation
(ZORA) in order to include relativistic effects at the scalar level.

IV. RESULTS AND DISCUSSION
We have fully tested the performances of the HDA scheme

implemented in this work on two small systems (NH3, C6H6) and
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a medium-sized ligand-protected metal cluster Au25(SR)18. The goal
is to achieve a firm assessment of the accuracy of the HDA at both
Casida and complex polarization algorithms using the hybrid B3LYP
functional with respect to the full B3LYP kernel at the Casida level
as well as to the experiment. For the metal cluster, also an analysis of
the performances in terms of computational saving will be provided.
Moreover, we have also tested the HDA with respect to the full ker-
nel only at the Casida level for an additional set of seven systems, in
order to show the effect of HDA on the excitation energies and the
oscillator strengths, to corroborate the HDA validity and provide at
least an estimate of the expected errors.

At the moment, the program is installed on a HP ProLiant
DL580 Gen10 server (with four processors each with 18 cores
Intel® Xeon® Gold 6140 CPU @ 2.30 GHz, in total, 72 cores and
728 GB of RAM), on which the present calculations were run using
24 cores at most. The implementation is general MPI.

A. NH3

In the upper panel of Fig. 1, we have reported three calcu-
lated spectra for NH3: (1) the Casida profile at the B3LYP level with
the full kernel (blue line), (2) the Casida profile at the B3LYP level
with the HDA kernel (red line), and (3) the polTDDFT profile at

FIG. 1. Valence excitation spectra of NH3. Upper panel: calculated profile with
the Casida approach (blue line), Casida HDA (red line), and polTDDFT (green
line), broadened with HWHM = 0.075 eV. Lower panel: low-resolution experimental
data31 (black line and circles) and calculated profile with polTDDFT (green line),
broadened with HWHM = 0.5 eV.

the B3LYP level with the HDA kernel (green line), which we call
hereafter pol-HDA. To validate the HDA approach, we compare the
Casida full kernel with respect to HDA. As apparent from Fig. 1, the
two profiles are almost superimposed: a very modest discrepancy
is seen for the feature around 13.6 eV, but the difference is mod-
est, the energy difference in peak positions is below 0.1 eV, and the
intensity is also only slightly affected. This observation demonstrates
the accuracy of the HDA scheme. It is worth noting that if a pure
ALDA kernel would have been chosen in the TDDFT procedure
after a B3LYP KS calculation, the first peak around 6 eV would have
been shifted by about 0.7 eV to higher energy. This demonstrates
our working hypothesis that the role of the non-local HF exchange
in the kernel is limited to the diagonal elements, providing a robust
argument to justify the HDA scheme. Also, the pol-HDA profile is
in excellent agreement with the Casida HDA one, suggesting that the
approximations introduced by polTDDFT are adequate for a proper
description of the excitation process.

Although the goal of the present work is to assess the validity
of the HDA with respect to the full kernel for B3LYP, it is also inter-
esting to compare the theoretical excitation spectrum with respect
to the experiment, to have an indication of the adequacy of the
B3LYP xc-functional to describe valence excitation spectra. For this
reason, the low-resolution total photoabsorption experimental mea-
surement from the work of Brion et al.31 has been shown (black line)
in the lower box of Fig. 1, where in the reported calculated pro-
file, the same broadening as the experimental resolution has been
employed (HWHM = 0.5 eV). Note that we have preferred to employ
a much lower broadening (HWHM = 0.075 eV) for comparison
among different computational schemes (upper panel) to amplify
possible differences.

The first band with a maximum at 6.5 eV is assigned by present
calculations to the 3a1 (HOMO) → 4a1 (mixed valence –Rydberg
3s), in line with previous assignments. The energy position is prop-
erly described by theory, with few tenths of eV of error if we take
the vertical values, and the absolute intensity is in fairly good agree-
ment with the experiment as well. The next experimental feature is
a very weak vibrational progression (visible in the high-resolution
experiment reported in Ref. 31) encompassing the region between
7.5 eV and 8.5 eV, which is properly described by theory as a
very weak peak; also, in this case, the transition corresponds to the
excitation of the HOMO 3a1 to the 2e virtual orbital, with mixed
valence, Rydberg nature, but this time of 3p instead of 3s nature.
From 8.8 eV up to 11 eV, at least four different vibrational pro-
gressions have been identified in the experimental data,31 which are
not present in the calculated profiles. This is not surprising since
these correspond to high Rydberg states ns with n > 3, which are
not supported by the present theoretical approach for two reasons:
(1) the B3LYP xc-functional does not have the correct asymptotic
Coulomb behavior and, therefore, cannot support high-lying Ryd-
berg states; (2) even using xc-functionals with the correct asymptotic
behavior, for example Long-range Corrected (LC) ones32 or more
simple models such as LB9433 or SAOP,34 the description of high-
lying Rydberg states requires improved basis set, augmented with
very diffuse functions. Since the present HDA scheme has been pro-
posed in order to save computational efforts when B3LYP is used
in TDDFT calculations of large systems where Rydberg state does
not play a relevant role, we did not try to improve the descrip-
tion of this spectral region. The ionization limit of NH3 is around
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10.85 eV;31 therefore, beyond this energy, the comparison with the
experiment should include photoionization channels which are not
considered in the present TDDFT formalism. Anyway, the “shape
resonance” around 12 eV is properly described by two discrete bands
in the calculated spectrum, and also, the following intensity increase
around 14 eV is consistent with the discrete transition calculated
at 13.7 eV. Therefore, we can conclude the analysis of NH3 say-
ing that B3LYP is adequate for a quantitative description of the
valence excitation spectrum, with errors of few tenths of eV, and
that HDA and polHDA exhibit similar accuracy as the full ker-
nel simulations. Known limitations regarding Rydberg states are
not expected to be important for applications to large systems. In
any case, the possibility to use LC functionals and the basis set
supplemented by diffuse functions is possible also in connection
with the HDA approach, so this limitation is not intrinsic to the
methodology.

B. C6H6

The same analysis pursued for NH3 has been applied to C6H6,
and the results are shown in Fig. 2: in the upper panel, the three cal-
culated profiles broadened with HWHM = 0.075 eV are reported,
while in the lower panel, the polTDDFT calculation broadened with

FIG. 2. Valence excitation spectra of C6H6. Upper panel: calculated profile with
the Casida approach (blue line), Casida HDA (red line), and polTDDFT (green
line), broadened with HWHM = 0.075 eV. Lower panel: low-resolution experimental
data35 (black line and circles) and calculated profile with polTDDFT (green line),
broadened with HWHM = 0.5 eV.

the experimental resolution corresponding to an HWHM of 0.5 eV
is reported together with the low-resolution total photoabsorption
experimental data from Feng et al.35 (black line). This time, the
results of the Casida scheme using the HDA are in good agreement
with the full kernel results, with differences in excitation energies
below 0.3 eV in the worst cases. Intensities are properly reproduced
as well, with modest discrepancies, the largest being an underesti-
mate of 30% of the transition at 9.7 eV, but notice that the intensity
of first strong π–π∗ transition at 7 eV is underestimated by only 5%.
When the pol-HDA is considered, some discrepancies are apparent
above 11 eV, but limited to the intensity of the transitions, whereas
their energy positions remain in excellent agreement with the Casida
results. Anyway, these discrepancies are inherent to the polTDDFT
scheme and not to the HDA approach.

Also, for C6H6, it is interesting to compare the calculated results
with respect to low-resolution measurement, in order to assess the
quality of the B3LYP xc-functional. The first intense experimental
band with a maximum at 6.94 eV has been ascribed35 to the valence
π–π∗ transition 1E1u ←

1A1g, confirmed by present calculations at
6.89 eV in excellent quantitative agreement. Also, the absolute nor-
malization of the first peak is satisfactory, considering the arbitrari-
ness of the broadening and the irregular shape of the experimental
band.

For C6H6, the first vertical ionization energy falls at 9.45 eV,
and the tiny structures in the range 8–9.5 eV have been ascribed to
vibrational progressions of Rydberg transitions,35 not supported by
the present formalism. Beyond the first ionization limit, the pho-
toionization continuum should be included for comparison with
the experiment; however, the simple discrete spectrum here calcu-
lated is nevertheless able to describe with semi-quantitative accuracy
the weak spectral features measured above 9.45 eV. In summary,
also for C6H6, the HDA approximation is proven to be accurate,
and B3LYP is confirmed to be able to describe properly the valence
excitation spectrum, with quantitative agreement for the first π–π∗
transition.

C. [Au25(SCH3)18]−

Finally, we tested the performance of the HDA approach
on a much more complex system, in particular, on a medium-
sized gold cluster protected by thiolate ligands. We choose the
[Au25(SCH3)18]− system for several reasons: first, the structure of
this system has been completely characterized by x-ray diffrac-
tion;36 second, experimental photoabsorption data are available for
comparison;37 and third, this system has been already employed
in our previous work to validate and assess the performances
of computational protocols38 such as xc-functional and basis set
choice, ligand simplification, and geometry optimization protocols
for ligands.

In Fig. 3, we report the results of the Casida full kernel and
HDA, as well as the pol-HDA calculated profiles, together with
experimental data.37 Note that in this case, we did not consider abso-
lute intensity, so we adopt an arbitrary unit intensity scale. Note
also that the calculations have been performed for SR ligands with
R = CH3, to allow us to perform full kernel B3LYP TDDDFT cal-
culations with our computational resources, while the experiment
has been performed with SR′ ligands with R′ = CH2CH2C6H5 (this
simplification will be further discussed below). Figure 3 shows an
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FIG. 3. Valence excitation spectra of [Au25(SCH3)18]−. Calculated profile with the
Casida approach (blue line), Casida HDA (red line), and polTDDFT (green line),
broadened with HWHM = 0.075 eV and experimental data37 (black line).

excellent match between full kernel and HDA TDDDFT Casida pro-
files apart from a minor deviation around 3.4 eV. Regarding the
pol-HDA profile, it follows very well the Casida ones up to 2.6 eV,
with a minor deterioration (less than 0.1 eV) for the first peak at
1.8 eV. Beyond 2.6 eV, the polTDDFT-HDA is in better agreement
with the full kernel Casida than with the HDA one. The compari-
son with respect to the experiment is fairly good: for the first peak at
1.8 eV, the agreement between the Casida results and the experiment
is quantitative, with pol-HDA worsening the agreement by less than
0.1 eV. We can recall that this first peak is quite hard to be prop-
erly reproduced, despite the previous studies38 improving the basis
set, changing the xc-functional, including full ligands (not simplified

methyl residues) in the calculation, and fully or partially optimizing
the geometry. At the moment, the B3LYP seems to be the best xc-
functional to reproduce quantitatively the experimental data. Addi-
tional spectral features appear in the experiment at higher energies,
namely, at 2.75 eV, 3.1 eV, and 3.9 eV, and all of them are properly
reproduced by theory, with deviations of few tenths of eV. It must be
considered that, in the region around 3 eV, the nature of the ligand
is important to properly assess the spectrum, so the simplification
of R′ = CH2CH2C6H5 with the smaller R = CH3 can be the cause
of this deterioration. In fact, it has been shown that, at the SAOP-
TZP level, the substitution of R′ with R induces an energy widening
between the two peaks at 2.47 eV and 3.0 eV, see Fig. 3 and Table I
in Ref. 38.

Finally, it is worth mentioning the CPU time of the calcula-
tions on this cluster. The calculations ran on the hardware described
in the computational details, employing 24 cores for each run. In
terms of elapsed time, the Casida with a full kernel spent 60.6 h,
Casida with an HDA 8.75 h, and polTDDFT 16.4 h. The HDA
allows us to get a factor of seven in the speedup of Casida pro-
cedure, and polTDDFT is four times faster than Casida with full
kernel but allows one to calculate the spectrum to much higher
energies.

D. Specific tests with the Casida method
In order to assess the effect of the HDA approximation, we

decided to compare the B3LYP full kernel results with respect
to the HDA at the Casida level for a set of seven additional
molecules. In order to span different chemical situations, we con-
sidered five paradigmatic organic molecules (taken from Refs. 39
and 40): all-E-hexatriene (C6H8), pyridine (C5H5N), cytosine, 6,6′-
difluoro-indigo, p-benzoquinone (C6H4O2), together with a metal-
lorganic complex ferrocene Fe(C5H5)2, and finally a chiral model
metal cluster, Ag8.15,41 In Figs. 4–6, we have reported the calculated

FIG. 4. Valence excitation spectra of
NH3, C6H8 (all-E-Hexatriene), C6H6, and
C5H5N (pyridine). Calculated profiles
with the Casida full kernel approach
(black lines) and Casida HDA (red
lines); discrete excitations are reported,
together with broadened Lorentzian pro-
files by HWHM = 0.075 eV.
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FIG. 5. Valence excitation spectra of cytosine, 6,6′-difluoro-indigo, and C6H4O2
(p-benzoquinone). Calculated profiles with the Casida full kernel approach (black
lines) and Casida HDA (red lines); discrete excitations are reported, together with
broadened Lorentzian profiles by HWHM = 0.075 eV.

spectra both as discrete lines and as broadened profiles with
Lorentzian functions of HWHM = 0.075 eV by using black lines
for the full kernel and red lines for HDA. Since we add discrete
lines in the chiro-optical spectra, in our analysis, we included also
the three systems considered in Secs. IV A–IV C in order to see
the HDA effects on the individual discrete lines of these systems
as well.

In Fig. 4, NH3 together three small organic molecules (C6H6,
C6H8, and C5H5N) is considered: as a general statement, the dif-
ference between the calculated spectra are modest, although one
should consider that different energy scales have been employed
in the figures since the spectra are quite different from each other.
Only for benzene and pyridine, we have employed the same energy
scale due to their chemical similarity. In general, the errors in exci-
tation energies are of the order of few tenths of eV, not exceed-
ing 0.3 eV. All-E-hexatriene (C6H8) gives the worst agreement;
in this case, the spectrum is dominated by only one transition
around 4.7 eV. It is important to underline that we do not advo-
cate employing HDA for small systems like the present ones, for

which superior methods are available and practicable. We con-
sider here small systems simply to assess HDA performance and
have an idea of its accuracy when it is applied to large sys-
tems, where the B3LYP TDDFT full kernel scheme would be not
practicable at all.

In Fig. 5, larger organic molecules are considered. Apart from
p-benzoquinone, whose spectra appear much more complex and
richer of spectral features, also in this case, all the spectra calcu-
lated at the HDA level show only modest differences with respect
to the full kernel results, and in general, the excitation energy
discrepancies remain below 0.2 eV. In occasional circumstances,
more pronounced deterioration is apparent, such as, for exam-
ple, the feature around 4 eV in 6,6′-difluoro-indigo and the first
strong peak of p-benzoquinone, the latter corresponding to the
largest found disagreement in present study which is 0.4 eV. In
general, the HDA performs better when the molecule is larger
and the spectrum is rich of features, and this is probably due to
the fact that when many transitions are close together in a nar-
row energy interval, their mutual coupling tends to reduce the
effect of the non-local xc-kernel. Such an effect is particularly evi-
dent from Fig. 6, where the largest systems are compared with
each other.

We start the discussion of Fig. 6 noting that the discrete exci-
tation spectrum of the [Au25(SCH3)18]− cluster is characterized by
groups of discrete excitation, well separated by gaps, for exam-
ple, there is a large gap between 1.8 eV and 2.4 eV and two nar-
row ones between 2.6 eV and 2.8 eV and between 3.0 eV and
3.2 eV. The HDA simulates nicely such feature of the excitation
energies, but also the intensity distributions is very well repro-
duced, as demonstrated by the mutual agreement of the broad-
ened profiles as well. The only appreciable yet modest deterio-
ration is around 3.3 eV, where HDA slightly underestimates the
intensity.

For Fe(C5H5)2, the spectrum is dominated by the intense
transition at 6.9 eV, which is shifted by only 0.1 eV and slightly
reduced in intensity when HDA is employed. The remaining spec-
tral features are less prominent and are satisfactorily reproduced
by HDA.

Finally, we have included in the present analysis the bare clus-
ter Ag8, which was already employed previously as a model sys-
tem to study the Circular Dichroism (CD) in chiral metal clus-
ters.15,41 Also, in this case, the photoabsorption oscillator strengths
(left lower panel of Fig. 6) calculated by HDA are in good agreement
with the full kernel B3LYP results, and the first strong transition
at 1.3 eV is underestimated by only 0.1 eV and slightly reduced
in intensity when HDA is introduced. In the right lower panel of
Fig. 6, the Ag8 CD expressed as Rotatory strength (R) is reported.
It is worth noting that the HDA is suitable to reproduce quantita-
tively the peak positions, their sign, and also the R values. For the
HDA scheme, the usual gauge-dependence of the CD spectrum is
expected, so the employment of a good quality basis set is neces-
sary. The present basis set of TZP size has proven to be suitable in a
previous study.15

We conclude from this section that the HDA scheme
has proven suitable to reproduce nicely the photoabsorption
and CD spectra of molecular systems, ranging from small
organic molecules to metallorganic complexes and large metal
clusters.
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FIG. 6. Valence excitation spectra of
[Au25(SCH3)18]−, Fe(C5H5)2, and Ag8.
Calculated profiles with the Casida
full kernel approach (black lines) and
Casida HDA (red lines); discrete excita-
tions are reported, together with broad-
ened Lorentzian profiles by HWHM
= 0.075 eV. For Ag8, also the Rotatory
strengths (R) are reported (right lower
panel) in units of 10−40 esu2 cm2.

V. CONCLUSIONS

We propose and develop an approximate but physically
grounded and accurate approach to greatly accelerate TDDFT
simulations using hybrid xc-functionals, which we name Hybrid
Diagonal Approximation (HDA). It is known that when hybrid xc-
functionals are employed to solve the TDDFT equations, the ker-
nel is called to recover the too wide energy gap introduced in the
occupied-virtual orbital energy differences by the HF exchange. In
this work, we show that this correction is essentially given by the
diagonal part of the kernel, thus justifying the present simplified
HDA scheme, in which the fraction of the HF exchange is employed
only for the diagonal matrix elements, while for off-diagonal matrix
elements, the simple ALDA is assumed. HDA is especially conve-
nient in connection with Slater Type Orbitals (STO) basis sets as in
the present work. In fact, the current TDDFT codes using STO basis
sets are not efficient because the non-local HF exchange contribu-
tion of the kernel needs a CPU-demanding density fitting procedure
to calculate two-electron integrals. Additionally, although the Gaus-
sian Type Orbital (GTO) basis set does not suffer this problem due
to its analytical product expansions,28,29 significant speedups by a
factor larger than four have still been achieved in explorative tests
using GTO and the NWChem suite of codes.42 In fact, HDA is
a general approach and, therefore, can also help accelerate hybrid
calculations on large molecules that use density fitting techniques
for GTOs since density fitting for the exchange terms is known
to be problematic for large basis sets. Moreover, the implementa-
tion of HDA is rather straightforward since it consists in disabling
the calculation of the non-local kernel for the extradiagonal ele-
ments of the omega matrix rescaling the ALDA contribution to
100%, a procedure which should be easily implementable in any
TDDFT code.

We applied the HDA approach to ten different systems,
conducting a full comparison with experiment in particular for
NH3, C6H6, and [Au25(SCH3)18]− as test cases, finding excellent

agreement with respect to both the full kernel and experimen-
tal data. For the metal cluster, a speedup of a factor of 7 has
been obtained with respect to the full kernel implementation. The
TDDFT-HDA/B3LYP protocol, therefore, promises to greatly facil-
itate achieving a quantitative description of the optical proper-
ties of medium-sized and complex systems, thanks to its com-
putational efficiency, especially in the field of nanoclusters. Here,
we have also developed and tested the implementation of the
HDA within the complex polarization algorithm (polTDDFT)
and proved that the approach is equally accurate and efficient,
while allowing for the prediction of the high-energy part of the
spectrum.

In addition to the three systems which we have analyzed in
detail, we have also tested the validity of the HDA within the Casida
approach by comparison with full kernel results for seven additional
systems, ranging from simple to larger organic molecules, one met-
allorganic complex, and one chiral bare metal cluster. In all cases,
the HDA has proven to be a good approximation of the full kernel
results, with deviations with respect to excitation energies usually
well below 0.3 eV and a slight reduction in the calculated intensity.
For the metal cluster, the HDA has given an excellent quantitative
reproduction of the CD spectrum.

As an overall conclusion of this work, we believe that the
HDA is very promising to extend the range of applicability of
TDDFT/B3LYP and in general, TDDFT using hybrid functionals,
to very large systems, when the non-local Fock exchange kernel
becomes prohibitive, a problem that plagues primarily non-GTO
basis set, such as STO and plane waves (PWs), and also GTO basis
sets.

Future extensions of the present methodology will include
xc-functionals with Long-range Correction (LC), which should
improve the description of virtual orbitals or with Short-range Cor-
rection (SC), for example, for applications in core excitation spec-
tra,24 as well as the implementation in codes using GTO and plane
wave basis sets.
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ABSTRACT
We report a computational study via time-dependent density-functional theory (TDDFT) methods of the photo-absorption spectrum
of an atomically precise monolayer-protected cluster (MPC), the Ag24Au(DMBT)18 single negative anion, where DMBT is the 2,4-
dimethylbenzenethiolate ligand. The use of efficient simulation algorithms, i.e., the complex polarizability polTDDFT approach and the
hybrid-diagonal approximation, allows us to employ a variety of exchange-correlation (xc-) functionals at an affordable computational cost.
We are thus able to show, first, how the optical response of this prototypical compound, especially but not exclusively in the absorption
threshold (low-energy) region, is sensitive to (1) the choice of the xc-functionals employed in the Kohn–Sham equations and the TDDFT
kernel and (2) the choice of the MPC geometry. By comparing simulated spectra with precise experimental photoabsorption data obtained
from room temperature down to low temperatures, we then demonstrate how a hybrid xc-functional in both the Kohn–Sham equations and
the diagonal TDDFT kernel at the crystallographically determined experimental geometry is able to provide a consistent agreement between
simulated and measured spectra across the entire optical region. Single-particle decomposition analysis tools finally allow us to understand
the physical reason for the failure of non-hybrid approaches.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056869

I. INTRODUCTION

Atomically precise nanoclusters, also called nanomolecules or
monolayer-protected clusters (MPCs), i.e., metal nanoclusters pro-
tected by a layer of coating ligands with a well-defined stoichiometry
and chemical structure, constitute a class of materials of great inter-
est in fundamental science and applications1–27 and are also ideal
systems to test and validate our physicochemical understanding
of the phenomena exhibited by metal nanostructures at work.28–31

Knowledge of the MPC precise chemical entity allows researchers to
apply multiple characterization schemes, both experimental and the-
oretical, to these systems, thus cross-validating methods and results

in a rigorous framework. This possibility is especially important in
the field of the computational prediction of the structure and prop-
erties of materials. Given the availability of widely different compu-
tational methods and schemes employing different approximations
and techniques, it is crucial to assess precisely the performances
and also the pitfalls of these different choices, so as to identify the
computational protocols best reproducing experimental results and
properties. These protocols can then be employed to obtain accurate
information also in those cases in which theory is called to provide
missing information that would be difficult or even impossible to
obtain experimentally. In other words, once validation is success-
fully achieved, the computational protocol can be trusted within
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well-understood limits and can be applied with grounded confidence
in a predictive way to design new materials with desired optical
properties.

The experimental photo-absorption spectrum of MPC com-
pounds is one of the properties in strong need of validation
studies.32,33 Although qualitative agreement between experimen-
tally observed and theoretically simulated spectra has been estab-
lished,34–36 quantitative agreement has been achieved only in few
cases.37–39 For example, to the best of our knowledge, the first
response calculations using a hybrid exchange-correlation (xc-
)functional both in the Kohn–Sham part and in the time-dependent
density-functional theory (TDDFT) kernel were reported in Ref.
37, where real-time TDDFT/B3LYP simulations were conducted on
the “green gold” Au30(S-tBu)18 nanomolecule. In that work, via a
detailed comparison with low-temperature experimental spectra, it
was clearly demonstrated that a sophisticated and computationally
expensive level of theory (hybrid xc-functionals in both Kohn–Sham
orbitals and TDDFT kernel and experimentally validated geome-
try) is mandatory to predict, with good accuracy, both the posi-
tion of the low-energy peak and especially the ratio of oscillator
strengths between the low-energy peak and the higher energy exci-
tations of Au30(S-tBu)18, where both the position of the low-energy
peak and the intensity ratio give this aliphatic MPC its unique green
color.

The challenge in achieving quantitative accuracy in theoreti-
cal predictions is due to the difficulties brought about by the co-
existence in these species of three components with very differ-
ent electronic properties: (1) the metal core where the metallic
bond is dominant, (2) the cationic-like metal species in the “staple”
motifs interacting simultaneously with the metal core and the lig-
ands, and (3) the anionic-like dichalcogenide atoms in the ligands,
again simultaneously interacting with the metal core surface and the
cationic-like metal species. The simultaneous presence of these dif-
ferent M–Mδ+, Xδ−–Mδ+, and Xδ−–M interactions with partial ionic
and partial covalent character (where M stands for a metal atom
and X for a dichalcogenide atom) and the sensitivity of the prop-
erty of interest (here, the photo-absorption spectrum) to fine details
of the atomistic structure make the choice of a theoretical approach
able to predict accurately both the structure and the chiroptical
response of these compounds very difficult.37,38 For example, it has
been shown that, at the time-dependent density-functional theory
(TDDFT) level, simulations using non-hybrid xc-functionals, such
as gradient-corrected ones (GGA), in their kernel tend to under-
estimate the absorption threshold of MPCs.34 This in turn poses
serious questions on the reliability or at least the accuracy of these
approaches in the prediction of more complex, photo-absorption-
derived phenomena, such as optical photoluminescence, in which
the low-energy excitations close to the absorption threshold play an
essential role.40–43

To make progress in this field, here we focus on the photo-
absorption spectrum of the Ag24Au(DMBT)18 singly negative anion,
where DMBT is the 2,4-dimethylbenzenethiolate ligand. This is a
complex and realistic case exhibiting many of the prototypical fea-
tures and physicochemical phenomena of the MPC class of materi-
als. Indeed, the Ag24Au(DMBT)18

− compound has the characteris-
tics of presenting: (1) both Ag and Au atoms, (2) aromatic thiolate
ligands directly attached to the sulfur atoms, and (3) a well-defined
and robust structure. These characteristics are advantageous for a

validation study because they allow one to test: (1) an alloyed sys-
tem, (2) ligands electronically conjugated with the metal core, and
(3) an unequivocal configurational framework. The present study
thus significantly extends our previous study on the Ag25(CH3)18

−

anion, in which we considered an MPC exhibiting a single metal ele-
ment (Au) and aliphatic (non-aromatic and non-sulfur-conjugated)
ligands38 and our previous work on the aliphatic Au30(S-tBu)18
nanomolecule.37 To study the more complex Ag24Au(DMBT)18

−

compound, we apply advanced, recently developed simulation and
analysis tools44,45 that allow us to predict the chiro-optical spec-
trum of this medium-sized cluster at the TDDFT level using a
hybrid xc-functional in the kernel, to analyze it in terms of single-
particle excitations, and to compare the results with those obtained
using a non-hybrid xc-functional. Additionally, we also compare
and validate theoretical predictions with experimental photoab-
sorption spectra obtained in the range from room to low (77 K)
temperatures. Clearly, MPCs with conjugated ligands, as consid-
ered here, are more challenging than MPCs with aliphatic ligands,
as previous literature regarding the accuracy of density-functional
theory (DFT) and TDDFT in the prediction of geometries46 and
optical spectra47 of conjugated organic molecules has shown that
a high-level of theory is needed for these components, and thus,
in turn, it is also necessary to make predictions for MPCs with
conjugated ligands in which the conjugated organic ligands res-
onating with the metal–sulfur core must be described accurately to
achieve a comparable level of accuracy for the composite system.
However, we stress that qualitatively analogous conclusions hold
also for MPCs with aliphatic ligands,37,38 as we discuss at the end
of Sec. IV.

As an outcome of this study, (i) we first demonstrate that the
combination of hybrid xc-functionals in the kernel and experimen-
tal geometry is validated as a quantitatively predictive tool and that
we can (ii) identify the reasons for the failure of non-hybrid TDDFT
in achieving accurate simulations of the optical response of MPC
compounds and (iii) single out which type of excitation is not cor-
rectly modeled by the use of non-hybrid approaches, thus providing
insights into the nature of electronic excitations in these materi-
als. The so-derived information should be useful in future studies,
both computational and experimental, as it provides progress in
methodological tools and physical understanding.

II. THEORETICAL METHOD
Density-functional theory (DFT) is nowadays the most popu-

lar approach in quantum chemistry (QC) due to the optimal balance
of accuracy and computational effort.48 Although in principle an
exact theory, in practice its accuracy depends significantly on the
approximation of the xc-functional employed in any given case and
is also system-dependent.49 The most basic and also the most com-
putationally efficient of these approximations is the Local Density
Approximation (LDA).48 At a higher level, but still typically requir-
ing a comparable computational effort, lie the gradient-corrected xc-
functionals, among which the generalized gradient approximation,
GGA, and in particular the Perdew–Burke–Ernzerhof (PBE) flavor,
is the most used.50 A substantial increase in computational com-
plexity is instead entailed by so-called hybrid xc-functionals, i.e., xc-
functionals including a component of the Hartree–Fock exchange,
among which B3LYP is one among the most used variants.51,52
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Since the Hartree–Fock exchange is non-local, the evaluation of its
matrix elements within hybrid xc-functionals represents a signifi-
cant challenge for all QC codes based on periodic basis sets, such
as plane waves, as well as localized but non-transferable basis sets,
such as Slater-type orbitals (STOs). A compromise between GGA
and hybrid xc-functionals is provided by mixed schemes, such as
the LB94 one,53 in which a correction term exhibiting an asymp-
totic Coulombic tail is added to the KS Hamiltonian and corrects
one (however, not all) of the issues of semi-local xc-functionals.

DFT is a ground-state theory. Its response analogue is the
Time-Dependent DFT (TDDFT) approach.54 The most common
implementation of the TDDFT approach consists in expanding
the molecular Kohn–Sham (KS) orbitals as linear combinations of
atomic functions and recast the TDDFT problem in terms of diag-
onalizing a matrix omega (Ω) along the density-matrix formulation
of Casida.55 In practice, the KS equations are solved first,

HKSϕi = εiϕi. (1)

Then, the Ω matrix is diagonalized,

ΩFI = ω2
IFI , (2)

where the matrix elements of the Ω matrix can be calculated from
the KS orbitals and eigenvalues (1),

Ωia,jb = δijδab(εa − εi)
2
+ 2
√
εa − εiKia,jb

√
εb − εj, (3)

and in Eq. (3) the coupling matrix elements K ia,jb are defined as

Kia,jb = ⟨aj∣ ib⟩ + ⟨aj∣ f
XC
στ ∣ib⟩. (4)

In Eq. (4), f XCστ is the XC kernel, with σ and τ being spin
variables. The Casida problem consists in finding eigenvalues and
eigenvectors of the matrix Ω [Eq. (2)]. The eigenvalues of Eq. (2)
correspond to squared excitation energies, while from the eigenvec-
tors the intensities (absolute oscillator strengths) can be extracted.55

Note, importantly, that the choice of the xc-functional translates
within TDDFT into a double choice of: (1) which xc-functional to
use to derive KS orbitals and (2) which xc-functional to use in the
XC kernel f XCστ in Eq. (4).

Even using efficient diagonalization algorithms, such as
Davidson’s, it becomes very difficult to calculate photoabsorption
spectra over a wide excitation energy range when big systems are
considered. The Davidson algorithm is efficient on large Ω matri-
ces, but only for the extraction of a relatively small number of lowest
eigenvalues and eigenvectors. Therefore, the Casida TDDFT algo-
rithm cannot be employed in practice to calculate photoabsorp-
tion spectra over a wide energy range. To overcome this problem,
we have proposed the complex polarizability TDDFT (polTDDFT)
algorithm.56 This approach is able to treat very large systems and
avoid the bottleneck of the diagonalization via a direct solution of
the response equations and provides very good accuracy when con-
trasted with the exact Casida solution.38,57 The reader is referred to
the original work for a detailed description of the algorithm56 and its
implementation in the ADF program.58

In practice, the photoabsorption spectrum σ(ω) is calculated
point by point, from the imaginary part of the dynamical polariz-
ability α(ω),

σ(ω) =
4πω
c

Im[α(ω)]. (5)

This expression is of practical interest when the polarizability
is calculated for complex frequency, i.e., ω = ωr + iωi, where the real
part ωr is the scanned photon frequency (energy) and ωi is the imag-
inary part, which corresponds to a broadening of the discrete lines
and can be interpreted as a pragmatic inclusion of the excited state
finite lifetime. The complex dynamical polarizability is calculated by
solving the following non-homogeneous linear system, working with
a basis set of density-fitting functions,

[S −M(ω)]b = d. (6)

In Eq. (6), S is the overlap matrix between fitting functions,
b is the unknown vector with the expansion coefficients bμ(ω) of
ρ(1)z , and d is the frequency-dependent vector corresponding to the
known non-homogeneous term, and finally, the elements of the
frequency-dependent matrix M are

Mμν = ⟨ f μ∣χKS(ω)K∣ f ν⟩. (7)

In Eq. (7), χKS refers to the Kohn–Sham frequency-dependent
dielectric function and K to the kernel. Note that the matrix ele-
ment in Eq. (7) is between density fitting functions, and therefore,
the present implementation of the algorithm allows one to employ
only density-dependent kernels. For this reason, the density-matrix-
dependent Hartree–Fock exchange kernel, which is an ingredient of
hybrid xc-functionals, cannot directly be employed in polTDDFT.
However, it is still possible to employ hybrid kernels with non-
local Hartree–Fock exchange components in polTTDDFT, if the
Hybrid Diagonal Approximation (HDA) is employed. The HDA
that we have recently proposed (see Ref. 44 to which we refer
for further details) is a very efficient and robust approximation
to TDDFT: by correcting only the diagonal matrix elements of
the Casida Ω matrix in Eq. (2) with non-local exchange terms,
while including local-density (Coulomb-type) terms of the kernel in
the off-diagonal elements, the computational complexity is drasti-
cally reduced while keeping an excellent accuracy.44 The HDA has
been implemented in both Casida and polTDDFT methods within
the AMS suite of codes [https://www.scm.com/product/ams/] and
allows users an important saving in the computational effort as
well as, crucially, the possibility of using hybrid xc-functionals, such
as B3LYP in polTDDFT, thereby achieving an accuracy otherwise
impossible using LDA or GGA xc-funtionals, as we will report
below.

III. COMPUTATIONAL DETAILS
The cluster geometry has been taken from the experiment,59

then it has been fully or partially optimized in the staple units
(both cases have been considered), where in the partial optimiza-
tions, the metal core and the staple units (i.e., the metal and sul-
fur atoms) have been kept fixed at their experimental geometry,
whereas only the metal core has been frozen in the fully relaxed
staple geometries. Geometry relaxations were performed using the
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CP2K package60 at the DFT/PBE level50 with the addition of the
Grimme-D3 dispersion terms.61 DFT simulations, based on the
hybrid Gaussian/Plane-Wave scheme (GPW),62 employed Double-
Zeta-Valence-plus Polarization (DZVP) basis sets63 to represent the
DFT Kohn–Sham orbitals, GTH pseudopotentials for describing the
core-electrons of all the atomic species,64 and an auxiliary set of
plane-waves whose cutoff was set to 300 Ry.

Once geometries were thus derived as described above, opti-
cal response calculations were performed with the Amsterdam
Modeling Suite (AMS) [https://www.scm.com/product/ams/] set of
programs,65,66 employing a basis set of Slater-type orbital (STO)
functions of Triple Zeta plus Polarization (TZP) quality. Scalar
relativistic effects have been included via the Zero Order Regu-
lar Approximation67 (ZORA). Three different xc-functionals have
been considered: (1) the standard GGA PBE,50 (2) LB94 that car-
ries the correct asymptotic Coulombic tail,53 which is an important
feature to obtain more accurate TDDFT results but is not sup-
ported by standard GGA functionals, and (3) the hybrid B3LYP
that includes a portion of Hartree–Fock non-local exchange and
provides consistently the most accurate predictions. As recalled in
Sec. II, the use of hybrid xc-functionals is computational demanding
because of the non-local nature of the Hartree–Fock exchange espe-
cially in the TDDFT kernel, which can be efficiently managed when
Gaussian basis functions are used, but becomes dramatically inef-
ficient when using an STO basis. We can, however, include hybrid
xc-functionals via the Hybrid Diagonal Approximation (HDA).44

The HDA scheme can be employed in both the traditional Casida
approach and the polTDDFT approach, in the latter case by simply
correcting the differences between KS orbital energies by the non-
local exchange term. In short, HDA allows one to run B3LYP calcu-
lations with STO basis sets with a standard CPU usage using both
Casida and polTDDFT algorithms. In order to facilitate the compar-
ison with respect to the experiment, the Casida discrete spectra have
been broadened with Lorentzian functions of 0.150 eV of Full Width
at Half Maximum (FWHM). The polTDDFT results are intrinsically
broadened by a Lorentzian function, and in order to have the same
0.150 eV FWHM, we employed in Eq. (5) an imaginary frequency ωi
of 0.075 eV.

IV. RESULTS AND DISCUSSION
Figure 1 shows the photoabsorption spectra of [Ag24Au-

(DMBT)18] anion, simulated via TDDFT using the Casida for-
malism55 and the LB9453 and B3LYP51,52 xc-functionals in both
the Kohn–Sham equations and the TDDFT kernel, together with
the experimental spectrum taken at room temperature.42 In pan-
els (a) and (b), discrete bars are shown together with the continu-
ous spectrum obtained by broadening these peaks (with a FWHM
of 0.15 eV), while in box (c) the continuous spectra simulated
using both xc-functionals are compared with the experimental pro-
file. Note that the theoretical spectra are simulated using a fully
DFT-relaxed geometry of the MPC anion. The LB94 spectrum in
panel (a) was extracted including the 500 lowest eigenvalues of
the Casida matrix, thus spanning an excitation energy interval up
to 3.52 eV (wavelengths >352 nm). In this case, it is not numer-
ically safe to extract more than 500 eigenvalues of the Casida
matrix because numerical instabilities start to appear. The B3LYP
spectrum in panel (b) was obtained including only the 20 lowest

FIG. 1. Photoabsorption spectrum of [Ag24Au(DMBT)18]− (discrete lines and
broadened with Lorentzian functions with a FWHM of 0.150 eV) calculated with
the TZP basis set with the Casida method with different functionals: (a) LB94 and
(b) B3LYP. In (c), a comparison between broadened LB94 and B3LYP is reported
together with experimental data.42

eigenvalues of the Casida matrix, thus reaching an excitation energy
of 2.46 eV (504 nm), before incurring into excessively long calcula-
tions. The reason for such a drastic reduction of the spectral energy
interval accessible using B3LYP with respect to LB94 is connected
with issues when using a hybrid xc-functional in our codes. When
using a hybrid xc-functional, in fact, the efficiency of the ADF code
is strongly hampered by the use of Slater-type orbital (STO) basis
functions, which require a computationally heavy fitting procedure
to calculate the non-local exchange in the response kernel. Fortu-
nately, we have recently shown that this limitation can be overcome
by employing the Hybrid Diagonal Approximation,44 as we will see
hereafter. In panel (c), the simulated broadened photoabsorption

J. Chem. Phys. 155, 084103 (2021); doi: 10.1063/5.0056869 155, 084103-4

Published under an exclusive license by AIP Publishing

144

https://scitation.org/journal/jcp
https://www.scm.com/product/ams/


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

profiles are compared with experiment.42 Although the energy span
of the B3LYP spectrum is quite limited, we are nevertheless able to
assess the accuracy of TDDFT using two different xc-functionals
on the lowest-energy peak, which in experiment falls at 619 nm
(2.00 eV), while theory predicts it at 765 nm (1.62 eV) at the LB94
level and at 685 nm (1.81 eV) at the B3LYP level, respectively. It
is clear that for this spectral feature, B3LYP performs much bet-
ter than LB94 when compared with experiment, yielding an error
of ∼0.2 eV, which is half the error given by LB94. Quite interest-
ingly, the prominent experimental feature at 468 nm (2.65 eV) is very
nicely reproduced by LB94, which predicts it at 459 nm (2.70 eV).
The B3LYP simulations unfortunately do not reach this value of
excitation energy, and therefore, it is not possible to compare B3LYP
predictions for this peak. From this preliminary analysis, we con-
clude that the low energy features are reproduced reasonably well by
the hybrid B3LYP xc-functional but not by the local density approx-
imation nor even Coulomb-tail-corrected, the LB94 xc-functional.
LB94, however, appears to perform well for the features at higher
energy, as noted in previous studies (see Ref. 38 and references
quoted therein). What, to the best of our knowledge, cannot be
found in previous literature and is still missing is: (1) to extend
this analysis to higher excitation energies; (2) to analyze the differ-
ent nature of the transitions involved to understand why the low
energy spectral feature is not well described at the non-hybrid level.
Hereafter, we will try to give an answer to these open questions.

As a next step, we investigated the effect of the choice of the
cluster geometry on the photo-absorption spectrum. Our previous
analysis38 showed that, in the case of atomically precise nanoclus-
ters made of Au and aliphatic ligands, in order to obtain a good
agreement between simulations and experiment in the calculation
of photoabsorption spectra, it is important to employ the experi-
mental geometry in the calculations (at least for the cluster core,
i.e., the metal atoms and the sulfur atoms in the ‘staple’ fragments),
rather than a fully DFT-relaxed geometry. Indeed, a worse agree-
ment between theoretical and experimental spectra was obtained
when fully optimized geometries were employed in the simulations
in Ref. 38. Figure 2(a) shows the photo-absorption spectra, simu-
lated using the LB94 xc-functional on the fully optimized geometry
and on a partially optimized geometry, in which the cluster core (Ag,
Au, and S atoms) is kept fixed and only the organic residues are
optimized, together with the experimental spectrum taken at room
temperature. To avoid the limitations connected with the diagonal-
ization of large Casida matrices, whose difficulties hamper the cal-
culation of the spectrum beyond 500 eigenvalues for LB94, and thus
prevent access to features above 3.52 eV, in Fig. 2 and hereafter, we
calculated all the spectra using the polTDDFT method, which does
not have energy limitations and whose accuracy has been validated
to be within ∼0.1 eV in the peak position with respect to the Casida
approach.57 In this connection, it must be noted that the accuracy of
polTDDFT is now improved with respect to the original tests of the
approach because it benefits from the use of the new auxiliary basis
sets (here employed in Figs. 4, 9, and 10). To illustrate this point,
we underline that polTDDFT using the new auxiliary basis set now
provides an essentially quantitative agreement with respect to the
Casida results even for very small gold clusters, such as, for example,
Au6 (as shown in Fig. S3 of the supplementary material), whereas
the polTDDFT error in peak positions was up to 0.5 eV for the Au2
system when using the original auxiliary basis set.56 As apparent in

FIG. 2. Photoabsorption spectrum of [Ag24Au(DMBT)18]− calculated with the TZP
basis set with the polTDDFT method and LB94 functional with different geome-
tries. Experimental data from Ref. 42. In (a), the energy scale is in eV; in (b), the
wavelength scale is in nm.

Fig. 2, the agreement between the calculated and measured spectra
improves when using the experimental geometry in simulations. We
thus conclude that, also in the present case of an alloyed MPC and
conjugated ligands analogously to what has been observed previ-
ously for pure Au MPCs and aliphatic ligands,38 a fixed-core partially
optimized geometry gives a better agreement with experiment, espe-
cially for the lowest-energy spectral feature, which is very sensitive to
the choice of the geometry and is also the most difficult to describe
by theory. In detail, using polTDDFT/LB94, the position of this low-
energy peak is 1.60 eV for the fully optimized geometry, 1.73 eV for
the fixed-core partially optimized and 2.00 eV at the experimental
level. Note that for the prominent feature at higher energy (around
2.65 eV), we still find a very good agreement between theory and
experiment, so this agreement is not sensitive to the choice of geo-
metry, the differences being all below 0.1 eV. Regarding even higher
excitation energies, we find that the smooth experimental structure
around 3.75 eV has counterparts in the calculated profiles (in the
range between 3.30 and 3.70 eV), whereas the sudden experimental
increase with a steep slope above 4.2 eV is not properly reproduced
by theory. In Fig. 2(b), we show the spectrum also in the wavelength
scale, and in this format, the discrepancy between LB94 predic-
tions and experiment for the low-energy (high-wavelength) feature
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is even more evident. We have also checked if the same conclusion,
i.e., a better agreement between theory and experiment is obtained
when using the experimental vs the DFT-optimized geometry, holds
for TDDFT/B3LYP simulations as it does for TDDFT/LB94 simula-
tions. The comparison of TDDFT/B3LYP results using the original
and the new auxiliary basis set is reported in Fig. S1 of the supple-
mentary material and fully supports the conclusion drawn from the
LB94 analysis.

Having assessed that the experimentally constrained geometry
gives a better agreement with experiment, in Fig. 3 we then inves-
tigate the effects of the choice of the xc-functional, while keeping
frozen the experimental geometry of the cluster core and optimizing
only the organic residues as described in Sec. III—panel (a) refers to
the energy plot, and panel (b) refers to the wavelength plot. Besides
the LB94 xc-functional, we considered the standard GGA PBE func-
tional50 as well as the hybrid B3LYP51,52 within the HDA:44 as noted
at the beginning of this section, employing the HDA together with
the polTDDFT scheme allows us to study the complete energy range
of interest, overcoming the severe limitations of the standard Casida
B3LYP scheme in the accessible excitation energy range. From Fig. 3,
it is apparent that LB94 and PBE profiles are very similar, with a large
error for the low energy feature with respect to experiment. On the
contrary, the polTDDFT/B3LYP-HDA profile performs quite nicely

FIG. 3. Photoabsorption spectrum of [Ag24Au(DMBT)18]− calculated with the TZP
basis set with the polTDDFT method and different functionals (B3LYP-HDA, LB94,
and PBE). Experimental data from Ref. 42. In (a), the energy scale is in eV; in (b),
the wavelength scale is in nm.

with respect to experiment on the complete energy range. The low
energy structure is calculated at 2.04 eV by B3LYP-HDA, in excel-
lent agreement with experiment (2.00 eV). Moreover, not only the
other features at higher energy remain in nice agreement with the
experiment, but one can also see an increase in the oscillator strength
intensity at 4.5 eV that parallels the sudden slope increase above
4.2 eV in experiment, although with a blue shift of about 0.3 eV to
higher energy. The excellent result obtained with the B3LYP-HDA
scheme is particularly evident when photo-absorption is plotted
against wavelength, as shown in the lower panel of Fig. 3(b).

For completeness, in Fig. 4, we investigate the role of the differ-
ent approximations to TDDFT/B3LYP, and specifically of B3LYP-
HDA, within the ADF code, to identify precisely which scheme
affords the best compromise between accuracy and efficiency. First,
we considered the pure effect of using the HDA, i.e., still within a
Casida scheme (not polTDDFT): this scheme predicts the lowest-
energy spectral feature at 1.96 eV (632 nm) vs 1.81 eV (685 nm)
at the full B3LYP Casida (without HDA, see Fig. 1). The HDA
per se thus introduces an error of only 0.15 eV, in line with pre-
vious work.44 Keeping now the HDA but employing the polT-
DDFT scheme instead of the Casida one, the low energy feature
is calculated at 2.04 eV (608 nm), so the polTDDFT approxima-
tion introduces a discrepancy of only 0.08 eV with respect to the

FIG. 4. Photoabsorption spectrum of [Ag24Au(DMBT)18]− calculated with the TZP
basis set with the B3LYP-HDA functional. Casida and polTDDFT results are
reported. PolTDDFT calculated with a new basis of fitting functions is also reported.
Experimental data from Ref. 42. In (a), the energy scale is in eV; in (b), the
wavelength scale is in nm.
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FIG. 5. Molecular orbital (energy levels) diagram showing the contributions to
the four lowest leading transitions at 1.94, 2.20, 2.72, and 3.38 eV for the
[Ag24Au(DMBT)18]− cluster anion, calculated at the TZP and B3LYP-HDA level
of theory. Orbital character in terms of Mulliken analysis of Ag, Au, S, and C + H
contributions is given in terms of colors of the level, according to the inset legend.
HOMO and LUMO are at −2.94 and −0.65 eV, respectively.

Casida HDA scheme. This result was obtained using the origi-
nal fitting basis functions derived in Ref. 44. We have recently
derived a new set of density fitting basis functions purposely opti-
mized for polTDDFT/B3LYP-HDA calculations, a brief description
of this set can be found in the supplementary material. Further
discussion of these new fitting functions will be the subject of a
future publication but details can also be found in the code doc-
umentation as they have been included in the 2021 version of the
AMS [https://www.scm.com/product/ams/] suite of programs.65,66

The polTDDFT/B3LYP-HDA profile obtained using this new set of
density-fitting auxiliary functions (green curve in Fig. 4) is improved
with respect to the old set and is in excellent agreement with the
TDDFT/B3LYP-HDA Casida profile, giving a low-energy feature at
1.94 eV (639 nm) with an error of only 0.02 eV with respect to exper-
iment together with a significant improvement in the prediction of
the absolute intensity of this and other peaks.

Having so derived a very robust computational protocol, it
remains as a scientifically important question to identify the nature

of the most relevant spectral features in the photoabsorption spec-
trum. Moreover, it is also very important to understand why the low
energy feature is the most difficult to predict via theory. A summary
of the transition assignments, from the polTDDFT/B3LYP/HDA
calculations with the new density fitting basis set, are gathered
in Fig. 5. The details of the transitions are provided in Table I.
The transition at 1.94 eV is ascribed to a mixed character HOMO
→ LUMO + 1, HOMO − 1 → LUMO, HOMO − 2 → LUMO,
and HOMO − 1 → LUMO + 1. The B3LYP orbitals involved in
this and the following transitions are depicted in Fig. 6 (occupied
ones) and Fig. 7 (virtual ones), respectively. They can be character-
ized as follows: the occupied orbitals are strongly mixed with high
Ag and S contributions and can be classified as Ag–S bonds at the
staple units with the involvement of Ag atoms belonging to the clus-
ter. The involved unoccupied levels are localized in the same spatial
region of the occupied ones. The transition at 2.20 eV is weak and
is not detected in the experiment. The next transition at 2.71 eV can
be ascribed to HOMO − 1 → LUMO + 3 and HOMO → LUMO
+ 4. Interestingly, the involved occupied orbitals are the same as
in the low-energy peak, whereas the virtual orbitals are completely
different. Note that the LUMO and LUMO + 1 are almost degener-
ate, whereas the LUMOs at higher energy are well separated. From
the plot of the virtual orbitals, it is apparent that the LUMO + 3
and LUMO + 4 still have strong Ag and S contribution, but they
are shifted toward the cluster core with respect to the staple units.
The next transition at 3.38 eV is instead ascribed to π → π∗ ligand
transitions, with the virtual π∗ strongly mixed with S–C bonds and
Ag atoms, so that for such transition some ‘charge transfer’ charac-
ter from ligands to metal is found. As in the first three absorption
bands the same occupied orbitals are involved in the transitions, we
can conceivably ascribe the difficulty in describing the low energy
bands via TDDFT/LB94 to an error in the energy positions of the
virtual orbitals. LB94 is indeed known to excessively stabilize the
lowest virtual orbitals (LUMO and LUMO + 1) and to place them at
too low energies, whereas B3LYP, containing a Hartree–Fock non-
local exchange component, raises the energy of virtual orbitals thus
yielding more accurate results. We can further conjecture that such
effects must compensate each other for the orbitals beyond LUMO
+ 2 since the higher experimental features are properly described
by both LB94 and B3LYP. However, to identify, with precision, the
reasons for the better performances of B3LYP in comparison with
standard or tail-corrected GGA approaches (such as PBE and LB94),

TABLE I. Analysis of the most salient photoabsorption excitations of [Ag24Au(DMBT)18]− in terms of excited configurations obtained at the B3LYP-HDA polTDDFT level. Mulliken
population analysis of the molecular orbitals involved is also reported.

Transition energy (eV) f Assignment (only contribution >10%)

1.94 0.23

21.7% HOMO (28% Ag 4s, 18% S 3p, 10% Ag 4p)→ LUMO + 1 (34% Ag 4s, 18% Ag 4p, 11% S 3p)
17.9% HOMO − 1 (27% Ag 4s, 20% S 3p)→ LUMO (31% Ag 4s, 19% Ag 4p)

17.3% HOMO − 2 (28% Ag 4s, 19% S 3p)→ LUMO
16.7% HOMO − 1→ LUMO + 1

2.20 0.13 34.7% HOMO − 1→ LUMO + 2 (28% Ag 4p, 26% Ag 4s)

2.72 0.50 19.9% HOMO − 1→ LUMO + 3 (27% Ag 4s, 24% Ag 4p, 10% S 3p)
16.3% HOMO→ LUMO + 4 (25% Ag 4s, 24% Ag 4p)

3.38 0.72 11.5% HOMO − 12 (37% S 3p, 18% C 2p)→ LUMO + 5 (31% Ag 4p)
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FIG. 6. Plots of the occupied molecular orbitals involved in the lowest transitions
of the [Ag24Au(DMBT)18]− cluster anion, calculated at the TZP and B3LYP level
of theory. Isolines correspond to 0.015 e−/Å3/2.

we show in Table II the outcome of an analysis of the low energy
transition predicted by the LB94 level at 1.74 eV. Interestingly, sev-
eral similar excited configurations are involved in this transition,
although with different weights with respect to B3LYP. More sur-
prisingly, a comparison between Figs. 6 and 7 with Fig. 8 (where we
show the orbitals calculated at the LB94 level) shows that the vir-
tual orbitals are almost identical from the two methods, whereas the
occupied ones (HOMO, HOMO − 1, and HOMO − 2) are mainly S
3p in LB94 and Ag 4s in B3LYP. Our conclusion is that the B3LYP
functional is more accurate in describing the electronic structure of
these clusters, with a more balanced contribution from Ag and S,
while LB94 tends to overestimate the role of S 3p in the HOMO and
HOMO − 1 orbitals by putting them at too low energies. This is the
origin of the too low energy of the LB94 excitations at the absorption
threshold, which are instead correctly placed by B3LYP in the proper

FIG. 7. Plots of the virtual molecular orbitals involved in the lowest transitions of
the [Ag24Au(DMBT)18]− cluster anion, calculated at the TZP and B3LYP level of
theory. Isolines correspond to 0.015 e−/Å3/2.

(higher) energy region, overlapping with other excitations involving
the same sets of occupied and virtual orbitals. Clearly, this differ-
ence has consequences also on the coupling between the orbitals,
which takes place at the TDDFT level, and indeed the composition of
the transition in terms of one-electron excited configurations is also

TABLE II. Analysis of the lowest photoabsorption excitation of [Ag24Au(DMBT)18]− in terms of excited configurations obtained at the LB94 polTDDFT level. Mulliken population
analysis of the molecular orbitals involved is also reported.

Transition energy (eV) f Assignment (only contribution >10%)

1.74 0.12

24.0% HOMO − 2 (31% S 3p, 28% Ag 4s, 6% Ag 4p)→ LUMO (32% Ag 4s, 11% Ag 4p, 10% S 3p)
19.2% HOMO − 1 (32% S 3p, 30% Ag 4s)→ LUMO + 1 (34% Ag 4s, 12% S 3p, 11% Ag 4p)

16.7% HOMO − 2→ LUMO + 1
12.7% HOMO (35% S 3p, 33% Ag 3s)→ LUMO + 1

10.0% HOMO − 1→ LUMO
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FIG. 8. Plots of the occupied and virtual molecular orbitals involved in the low-
est transition of the [Ag24Au(DMBT)18]− cluster anion, calculated at the TZP and
LB94 level of theory. Isolines correspond to 0.015 e−/Å3/2.

somewhat changed in going from LB94 to B3LYP (Hartree–Fock
exchange terms in the diagonal matrix elements of the TDDFT ker-
nel change linear response both affecting directly excitation energies
and indirectly by changing the composition of the excited states44).
Therefore, we are led to ascribe the better performances of B3LYP
to its more accurate capacity to describe the electronic structure
of the clusters, in particular the balance between metal and ligand
contributions.

To complete our validation study, since the TDDFT-
HDA/B3LYP scheme has proven the best choice for the present
mixed and conjugated MPC compounds, we decided to check
its performances also for the [Au25(SR)18]− system, a non-
conjugated and pure Au case that was investigated in our pre-
vious work.38 In Fig. 9, the experimental data obtained for the
[Au25(SCH2CH2C6H5)18]− TOB+ system in the present work
are compared with the simulated spectrum of the simpler

FIG. 9. Photoabsorption spectrum of [Au25(SCH3)18]− calculated with the TZP
basis set with the B3LYP-HDA functional. Casida and polTDDFT results are
reported. PolTDDFT calculated with the new basis of fitting functions is also
reported. Experimental data: this work.

[Au25(SCH3)18]− anion, using an experimental geometry for the
AuSC core68 and optimizing only the positions of the hydrogen
atoms. In fact, in our previous work,38 we have shown that for this
aliphatic ligand (the phenyl ring is not directly bonded to the sulfur
atom, but is tethered through an ethylene bridge), it is reasonably
accurate to model the ligand by keeping the experimental geome-
try but simplifying it with the smaller SCH3 fragment. This does not
drastically deteriorate the appearance of the spectrum at low energy.
From Fig. 9, it is apparent that the polTDDFT B3LYP HDA results
with the new basis follow very accurately the Casida profile (more
accurately than the old basis). The comparison with the experiment
is also fairly nice, with the first two experimental features detected
at 1.80 and 2.75 eV well reproduced by theory at 1.82 and 2.62 eV,
respectively. The next experimental feature at 3.1 eV can be ascribed
to the calculated structure in the range between 2.84 and 2.94 eV,
obtaining quantitative match at low energy and a discrepancy about
0.2 eV at this higher energy.

As a final remark, it is important to note that calculations give
spectral features that are more resolved with respect to the experi-
ment. This is due to the fact that simulations correspond to frozen
geometries or formally a temperature of 0 K, whereas experiments
are conducted at room temperature and are therefore affected by
thermal broadening of spectral features. For a more accurate com-
parison and validation of theory vs experiment, it is important to
perform photo-absorption experiments at low temperatures.

We have therefore performed a series of experiments aimed
at measuring low-temperature photoabsorption spectra of the
Ag24Au(DMBT)18 single negative anion (experimental details are
provided in the supplementary material). We collected spectra down
to 77 K, and a series of representative spectra obtained at differ-
ent temperatures is shown in Fig. S2. The comparison between the
absorption spectrum experimentally measured at 77 K and simu-
lated via polTDDFT/B3LYP using the new auxiliary basis set at the
core-frozen geometry is reported in Fig. 10. This comparison shows
an excellent accuracy, which is extremely encouraging because the
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FIG. 10. Photoabsorption spectrum of [Ag4Au(SCH3)18]− calculated with the TZP
basis set with the B3LYP-HDA functional and polTDDFT with the new basis of
fitting functions. Experimental data taken at 77 K (this work).

much better resolved spectral features observed in the experimen-
tal spectrum compare even better with the features of the simu-
lated spectrum. As the only discrepancy, a composite feature of
the low-energy peak may be noted, exhibiting a small feature at
around 740 nm, which is not present in the simulated spectrum.
This discrepancy may be due to three main reasons: first, geometry
effects connected with the difference between the solid-state and the
solution environment. Indeed, the experimental spectra in Fig. S2
clearly show how sensitive is the lowest-energy peak with respect to
vibronic coupling. Second, our predictions are based on a Lorentzian
broadening of the theoretical spectra with a constant energy value
throughout the excitation interval: especially at low energies, this
may hide fine details and features when the energy splitting is
below the broadening. Finally, Spin–Orbit Coupling (SOC) effects
could also cause split peaks especially in the low-energy region.68 At
present, we cannot include SOC effects into our modeling, but we
are currently working to solve this issue.

V. CONCLUSIONS
Atomically precise nanoclusters, or monolayer-protected clus-

ters (MPCs), represent an ideal playground to assess and validate

the performance of computational methods via a stringent compari-
son with chemical–physical experimental data, enabling singling out
accurate simulation protocols that can then be applied with predic-
tive confidence in the rational design of the optical properties of new
metal-cluster-based materials.1–39 Here, we focus on the prediction
of the optical response (the photo-absorption spectrum) of these sys-
tems, we consider a prototypical compound, the Ag24Au(DMBT)18
single negative anion (DMBT = 2,4-dimethylbenzenethiolate lig-
and) as an alloyed and ligand-conjugated MPC, and we conduct
a validation study to investigate which DFT/TDDFT simulation
tools provide the best agreement between predicted and measured
spectra.

For this purpose, we use efficient simulation algorithms, i.e.,
the complex polarizability polTDDFT approach and the Hybrid-
Diagonal Approximation (HDA), that allow us to employ a variety
of exchange-correlation (xc-) functionals with the needed accuracy
and an affordable computational cost. We are so able to demon-
strate that the spectrum of this prototypical compound, especially
but not exclusively in the absorption threshold (low-energy) region,
is sensitive to the choice of both the xc-functional and the MPC
geometry. Technically, we confirm that the polTDDFT and HDA
approaches achieve an accuracy within ≈0.1–0.2 eV in the position
of the main photo-absorption peaks that are accessible to an exact
TDDFT prediction.

Moreover and importantly, the comparison of simulated and
experimentally determined spectra recorded from room tempera-
ture down to 77 K allows us to validate that a hybrid xc-functional
employed in both the Kohn–Sham equations and the diagonal
TDDFT kernel at the crystallographically determined experimental
geometry (as proposed in Refs. 37 and 38) is able to provide a consis-
tent agreement (∼0.1 eV accuracy) between simulated and measured
spectra across the entire optical region. This level of accuracy is also
obtained for a Au25(CH3)18 single negative anion, also included in
this work as an example of a pure Au and non-ligand-conjugated
MPC.

Finally, we conduct a single-particle decomposition analysis
of the results and are so able to trace the physical reasons for
the failure of non-hybrid xc-functionals in predicting the optical
response of these systems. These are found to be due to the inabil-
ity of non-hybrid xc-functionals to correctly describe the balance
between metal and sulfur contributions to the electronic structure
of these systems, and in particular to their tendency to put S 3p
orbital contributions to bands around the HOMO–LUMO gap at
too low energies, thus underestimating the position of the cor-
responding excitations that are instead correctly blue-shifted and
merged with higher-energy peaks when hybrid xc-functionals are
employed.

SUPPLEMENTARY MATERIAL

See the supplementary material for tests using the B3LYP xc-
functional with fully optimized geometry, Cartesian coordinates of
the structures used in the TDDFT simulations, numerical raw data
for Figs. 1–4 and 9, and brief description of the new fitting set.
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Hereafter we report the details of the experiments in which we recorded the photo-absorption 

spectrum of Ag24Au(DMBT)18
-, down to liquid nitrogen temperature, in addition to further 

computational details and tests, the Cartesian coordinates of the structures used in the TDDFT 

simulations, and the numerical raw data for Figures 1,2,3,4,9 of the main text. 

 

Chemicals. Silver nitrate (Sigma-Ald  c , ≥99.0%),  yd   en tet  c l    u  te  t   yd  te  (S    -

Aldrich,  99.9%),  tetra-n-octylammonium bromide (Sigma-Aldrich, 98%), NaBH4 (Sigma-Aldrich, 

99%),  triphenylphosphine (Sigma-Aldrich, 99%), 2,4-dimethylbenzenethiol (Sigma-Aldrich, 95%), 

dichloromethane (DCM, Sigma-Ald  c , ≥99.9%),  tet   yd  fu  n  ( HF,  S    -Aldrich,  

99.9%),  toluene  (Sigma-Aldrich,  99.7%),  methanol  (Sigma-Aldrich,  99.8%),  acetonitrile (Carlo 

E b  RS),   ex ne  (Ald  c ,  ≥99%), pent ne  (S gma-Aldrich, 99.8%), butyronitrile (Sigma-

Ald  c , ≥99.0%), p  p  n t  le (S    -Aldrich, 99%) were used as received.  

 Ag24Au(SPhMe2)18
− was synthetized according to a known procedure,1 with minor 

modifications.  

   [nOct4N+][Ag25(SPhMe2)18
   ]. 0.478 mL of 2,4-dimethylbenzenethiol (3.54 mmol, 3 equiv) 

was slowly added to a solution of 200 mg (1.18 mmol) AgNO3 dissolved in 10 mL of methanol. To 

the resulting opaque yellow mixture, 90 mL of DCM was added, and the mixture stirred for 30 min 

at 0 °C. A solution of tetra-n-octylammonium bromide (n-Oct4N
+, 64.4 mg, 0.118 mmol, 0.1 equiv) 

in 3 mL methanol was added, and then 3 mL of an ice-cold NaBH4 aqueous solution (89.1 mg, 2.35 

mmol, 2 equiv) was added dropwisely. The resulting dark-brown mixture was stirred for 4 h at 0 

°C. The product was filtered on paper to remove black/dark grey residues. The brown/dark orange 

solution was concentrated and the product was precipitated with methanol and then dried. [n-

Oct4N
+][Ag25(SPhMe2)18

   ] is obtained as a dark-brown orange powder, which was stored at 4 °C in 

the dark.    

  AuClPPh3. To a solution of 50 mg (0.127 mmol) HAuCl4·3H2O in 5 ml THF, 100 mg (0.381 

mmol, 3 equiv) triphenylphosphine in 5 ml THF was added dropwise. The yellow solution quickly 

became colorless, and was then concentrated to 2 mL. The white product was precipitated with 

pentane and washed with methanol (4 x 10 mL). 

 [nOct4N+][Ag24Au(SPhMe2)18
   ]. AuClPPh3 (1 mg in 1 mL DCM) was added to 5 mL DCM 

containing 20 mg of [n-Oct4N
+][Ag25(SPhMe2)18

−]. The solution was stirred for 4 h during which 

the color of the solution changed from brown/orange to green. Then, the solution was concentrated 

and the product was precipitated with pentane and washed with methanol (4 x 10 mL). The solid 

was extracted with acetonitrile, concentrated, precipitated with a mixture toluene:hexane 1:1, and 

154



finally washed with pentane. [n-Oct4N
+][ Ag24Au(SPhMe2)18

   ] was obtained as a black/dark green 

powder, which was stored at 4 °C in the dark.    

 

UVvis Absorption Spectroscopy  

Photoabsorption measurements were carried out with a near-infrared VARIAN Cary 5000 

spectrophotometer with a spectral resolution of 0.5 nm. The spectra were collected over a 

range of 250–1200 nm. [n-Oct4N
+][Ag24Au(DMBT)18−] was dissolved in a 5:4:2 vol 

butyronitrile/propionitrile/dichloromethane solution, which we found to form a clear glass at 

low temperatures. The solution was adjusted to obtain an absorbance of 0.5 at 460 nm, using 

a 1 mm optical-path quartz cuvette. The temperature was controlled with an OptistatDN 

cryostat equipped with a MercuryiTC temperature controller (Oxford Instrument). A HiCube 

80 Eco, DN 63 ISO-K turbo pumping station (PFEIFFER Vacuum) was used to generate a 

high vacuum inside the outer vacuum chamber of the cryostat. Before experiment, the 

sample holder was purged with high-purity helium, which was used as the temperature-

exchange gas. The temperature of the cryostat was lowered using liquid nitrogen. Spectra 

were obtained as a function of temperature (40 K intervals) after 10 min equilibration at 

each temperature. Figure S2 shows the spectra. 

 

New density fitting basis set. 

When the polTDDFT method is employed within the ADF code, it is necessary to use a 

basis set of Slater Type Orbitals in order to expand the vector b in equation (6).  In the 

original work such basis was available only for a very limited number of elements of the 

periodic table. With the release of the 2021 version of AMS 

(https://www.scm.com/product/ams) such basis sets have been reoptimized and extended to 

the whole periodic table (with the exceptions of lantanides and actinides). More precisely for 

each element considered we have considered at least three different molecules (in order to 

consider the same element in different chemical environments) for each molecule the 

spectrum has been calculated with the Casisda method for reference, then several spectra (of 

the order of few thousands) have been calculated with the polTDDFT but with different 

density fitting functions sets. In practice we start from the almost complete density fitting 

STO set already used by ADF for the fitting of the SCF density, deleting gradually the 

fitting function reducing the size of the set. The quality of the set has been evaluated 

defining several de c  pt   .   e ‘be t’ b      et     been c   en    t e be t c  p     e 

between accuracy (best descriptor) and computational economy (lowest number of basis 
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elements). As an example in Figure S3 we have reported the comparison for the planar D3h 

cluster Au6, between the original basis, the new reoptimized basis and the Casida reference 

calculation. As can be seen the new basis gives quantitative match with respect to Casida, 

while original basis set was less accurate. 
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Fig. S1. Photoabsorption spectrum of [Ag24Au(DMBT)18]

- calculated with the TZP basis set and the 
new basis set of fitting functions using the polTDDFT method and the B3LYP functional at two 
different geometries as described in the main text, in comparison with experimental data from 
Ref.[37]. In panel (a) the energy scale is in eV, while in panel (b) the wavelength scale is in nm. 
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Fig. S2. Photoabsorption spectra of [Ag24Au(DMBT)18]

- obtained at temperatures from 297 to 77 
K, as specified in the graph. For clarity, the spectra obtained at temperatures lower than 297 K have 
been vertically shifted. 
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Fig. S3. Photoabsorption spectrum of Au6 calculated with TZP basis set with the Casida method 
and with the polTDDFT method (original and new densitiy fitting basis). B3LYP-HDA functional. 
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Abstract: We report a computational study at the time-dependent density functional theory (TDDFT)
level of the chiro-optical spectra of chiral gold nanowires coupled in dimers. Our goal is to explore
whether it is possible to overcome destructive interference in single nanowires that damp chiral
response in these systems and to achieve intense plasmonic circular dichroism (CD) through a
coupling between the nanostructures. We predict a huge enhancement of circular dichroism at
the plasmon resonance when two chiral nanowires are intimately coupled in an achiral relative
arrangement. Such an effect is even more pronounced when two chiral nanowires are coupled in a
chiral relative arrangement. Individual component maps of rotator strength, partial contributions
according to the magnetic dipole component, and induced densities allow us to fully rationalize these
fndings, thus opening the way to the feld of plasmonic CD and its rational design.

Keywords: plasmon; circular dichroism; nanoplasmonics; metal clusters

1. Introduction

Among the wide variety of phenomena which emerge at the nanoscale régime, the
localized surface plasmon resonance (LSPR), typical of nanostructured metals, plays a
major role in nanotechnology due to its ability of focusing the electromagnetic feld with
a high energy density in a small region of space [1–3]. This effect has direct application
in enhanced spectroscopic techniques, such as surface enhanced Raman spectroscopy [4],
and in single-molecule spectroscopy [5,6]. Additionally, the possibility of having LSPR
exhibiting chiral features is extremely appealing, because it would allow one to enhance the
specifcity and selectivity of sensing devices, especially in the biological applications [7]. It
is worth noting that, while conventional plasmons in extended systems are well understood
as collective motions of conduction band electrons, for fnite systems such as nanoclusters
and nanowires, their nature is still debated [8–12]. The picture is even less clear in the feld
of chirality, as experiments are here much more diffcult to conduct and interpret, and less
conclusive. For all these reasons, contribution from theoretical insight and understanding
is dramatically required.

Chiral systems generally give a non-zero circular dichroism (CD) signal. The CD
response is routinely employed to study biomolecules, while frontier applications are in
the emerging feld of chiral sensing [13]. Managing the CD signal is challenging due to its
intrinsic weakness, usually fve orders of magnitude less intense than the corresponding
absorption signal, as a consequence of the electric-dipole/magnetic-dipole scalar product
that governs the CD intensity according to the Rosenfeld equation [14]. For this reason, the
amplifcation of the CD signal in plasmonic systems is quite intriguing, and many attempts
have been reported along this research direction [15–18]. It is convenient to classify plas-
monic CD into structural and induced CD [18], according to its physical origin. A chiral
plasmonic metal cluster or nanostructure gives rise to structural plasmonic CD [19], while
a chiral arrangement of non-chiral systems promotes an induced plasmonic CD. Although
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induced plasmonic CD is easier to obtain at the experimental level, [20] the feld of struc-
tural chiral plasmonics, although still in its infancy, offers very promising possibilities,
for example, chiral growth promoted by hot electron mechanisms in nanocrystals [21] or
hot-electron transfer [22]. Despite the interest in these new developments, at present, at
the experimental level, only modest plasmonic CD enhancements have been observed [18].
We believe that a rationalization of both structural and induced plasmonic CD in terms of
quantum mechanics is needed to allow understanding the issues limiting experimental
observations, the design of optimal systems, and the ensuing exploitation of this phe-
nomenon. To this aim, some of us recently studied the CD of a series of chiral plasmonic
gold nanowires by means of time dependent density functional theory (TDDFT) [23]. As a
main outcome of this work, we found that chiral linear gold nanowires do not give rise
to a plasmonic CD, notwithstanding the presence of a very strong and sharp plasmonic
resonance in absorption. In contrast, a very strong plasmonic CD was predicted when the
chiral nanowires were no longer linear, but assumed a helical shape winding around the
external surface of a cylinder. An analysis based on the individual component mapping
of the rotator strength (ICM-RS) [24] allowed us to ascertain that, for linear nanowires,
the absence of CD in correspondence of the plasmon absorption is due to a destructive
interference among huge contributions of opposite sign. This fnding then triggered the
present analysis, where we now try to overcome and bypass the destructive interference
phenomenon and also recover a plasmonic CD in linear nanowires (that are much easier to
synthetize) by coupling two chiral nanowires. As we will detail below, the ICM-RS analysis
in fact suggested that the nanowire/nanowire interaction can perturb the interference
between positive and negative contributions to CD, thus greatly decreasing its destructive
character, and therefore leading to plasmonic circular dicroism.

In the present work, we considered various coupling modes between the chiral
nanowires: we started with two chiral nanowires coupled via an achiral relative arrange-
ment (pure structural CD); then we considered two chiral nanowires coupled in a chiral
relative arrangement (structural and induced CD). In the latter case, in order to identify the
effect of pure induced CD, we also considered two achiral nanowires coupled in a chiral
relative arrangement. We then showed that the nanowire coupling indeed produced the
expected effect of strongly diminishing the destructive interference phenomenon, such that
we predicted to the best of our knowledge for the frst time an intense plasmonic CD also
in linear nanowire systems. ICM-RS, partial contributions according to the magnetic dipole
components, and induced densities were then exploited to fully rationalize our fnding.
In general, gold nanowires are systems which, besides chirality, are interesting for their
properties, e.g., their propensity to form hybrid structures such as encapsulation in single
wall carbon nanowires (SWCN) [25].

2. Discussion

In our previous work [23], the structure of the (5,3)NT nanowire was inspired by
experimental work on the synthesis of helical gold multi-shell nanowires [26]. The starting
point is given by the helical linear structure (constructed according to the prescription of
Senger et al. [27]) that is intrinsically chiral. The calculated plasmon was very intense in
absorption, but no CD signal was found at the energy of the plasmon resonance [23].

Since we found that the plasmon CD was suppressed by destructive interference,
we suggested that a perturbation of the system might remove, at least partially, such
destructive interference. In this work, we explored this idea considering the interaction
between pairs of nanowires.

The simplest interaction between two nanowires is obtained by keeping their axis
parallel to each other and changing only their relative distance. In Figure 1a, the geometry
actually employed in the calculations is reported, where the original structure of the (5,3)NT
taken from ref. [23] has been repeated two times in order to keep the C2 symmetry z-axis:
we will refer to this system in the following as the parallel geometry.

161



Molecules 2022, 27, 93 3 of 18

Molecules 2022, 26, x FOR PEER REVIEW 3 of 17 
 

 

actually employed in the calculations is reported, where the original structure of the 
(5,3)NT taken from ref. [23] has been repeated two times in order to keep the C2 symmetry 
z-axis: we will refer to this system in the following as the parallel geometry.  

 
Figure 1. (a) Structure of a pair of interacting gold chiral nanowires with parallel axis so their ar-
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with axis rotated by 45 degrees so their relative orientation is chiral. (d) side view and (e) top view 
of a pair of interacting gold achiral nanowires with axis rotated by 45 degrees so their relative ori-
entation is chiral. 

Figure 1. (a) Structure of a pair of interacting gold chiral nanowires with parallel axis so their
arrangement is not chiral. (b) side view and (c) top view of a pair of interacting gold chiral nanowires
with axis rotated by 45 degrees so their relative orientation is chiral. (d) side view and (e) top view of a
pair of interacting gold achiral nanowires with axis rotated by 45 degrees so their relative orientation
is chiral.

The distance between the two nanowires has been set to 2.88 Å, equal to the bulk
gold–gold interatomic distance. Note that, in this case, the two nanowires were both
chiral but their relative orientation was achiral. The chosen distance between Au atoms
corresponds to the distance of physical systems not otherwise constrained (the nanowires
will tend to touch each other to minimize energy). We have also tried a larger distance
between nanowires equal to 5 Å; however, in that case the nanowires were non-interacting
and we did not obtain an appreciable difference in absorption and CD spectra with respect
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to a single nanowire. Distances between 2.88 Å and 5 Å were diffcult to explore because
the chemical bonds connecting the two nanowires were partially broken, making the SCF
diffcult to converge.

In Figure 1b,c another geometric confguration is reported, which is derived from the
previous parallel geometry obtained via a rotation of only one of the two nanowires by
45 degrees around the C2 z-axis: we will refer to this system as the rotated geometry. In
Figure 1 we have reported the same system viewed from two different perspectives: in the
side view (b), the chemical bonds connecting the two nanowires are visible, while in top
view (c) it is possible to appreciate the relative rotation of the two nanowires. In this case,
the relative orientation itself is chiral; in fact, in the present relative orientation, we do not
have any symmetry plane and a chiral system is obtained. We may therefore distinguish
between structural chirality (of the single nanowire) and induced chirality (by the relative
orientation between the two objects). In order to distinguish even more clearly the two
effects we have also considered a chiral relative orientation of two achiral nanowires, like
in Figure 1d,e. In this case we frst built an achiral nanowire with the same size of the
chiral one (152 gold atoms), whose structure has been generated starting from the Au12
icosahedral cluster with a gold–gold interatomic distance of 2.88 Å, adding 14 equatorial
ribbons of Au10 units, obtaining fnally the Au152 cluster with D5d symmetry. Then two
of such clusters were paired in the same way as the rotated geometry of the previous
Figure 1b,c. This new confguration was reported in Figure 1d,e and will be referred to as
rotated achiral; note that, in this case, only induced plasmonic CD is expected.

The photoabsorption (upper panel) and CD (lower panel) for the single chiral nanowire
(red lines) and the pair of interacting gold chiral nanowires with parallel axis (blue line) are
reported in Figure 2. The single chiral nanowire results have been taken from our previous
work [23]. The effect of coupling on the photoabsorption is an intensity enhancement
with the absorption approximately doubled in the two-nanowire systems, and a blue shift
from 1.04 eV to 1.24 eV of the plasmon peak. These results can be rationalized in terms of
plasmon coupling: the induced dipoles on the two nanowires are parallel; as a consequence,
the coupled plasmon energy is increased due to their repulsive interaction. In contrast, the
effect of nanowire coupling on the CD is striking: while the single nanowire gives negligible
CD at the plasmon energy, the pair with parallel axis gives a huge positive contribution,
with a peak value exceeding 10,000 � 10−40 esu2�cm2, i.e., an increase of four orders of
magnitude of the CD signal with respect to the single-nanowire system. This value is
of the same order of magnitude as that obtained for the helical nanowires [23], which
reached a maximum around 40,000 � 10−40 esu2�cm2. In the Figure 3 we have reported the
ICM-RS plots of both present pair of interacting nanowires (boxes (a) and (c)) as well as
those of the single chiral nanowire (boxes (b) and (d)) taken from our previous work [23].
Moreover, we have generated both 2D (boxes (a) and (b)) as well as 3D plots (boxes (c) and
(d)) in order to have a more direct visualization of the effects. All the details regarding
the defnition and calculation of the ICM-RS plots have been reported in Appendix A.2
of the Appendix A of the present work. Such plots consist of decomposing the rotator
strength (R) of a given transition in its components in terms of occupied-virtual pairs; on
the x and y axis, the occupied and virtual orbital energies are considered. The presence
of a ‘spot’ indicates that the orbital pair that had the corresponding energy is involved
in the transition. In 2D, the ‘intensity’ of the involvement is given by a colour scale; for
3D plots, the ‘intensity’ corresponds to the scale of the z axis. As observed previously
and considering the present Figure 3b,d, the negligible CD of the single chiral nanowire
is a consequence of a destructive interference of two opposite and large contributions.
These opposite (positive and negative) contributions in the ICM-RS spectrum of the (5,3)
nanowire are individually very large but are practically equal in absolute value. They thus
cancel each other almost perfectly, producing a nearly zero CD spectrum. This suggested
that by perturbing the system with a proper coupling, it should be possible to remove, at
least partially, such a destructive interference, allowing the manifestation of a plasmonic
CD. The present results fully confrm this hypothesis: here we have demonstrated that
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the coupling between a pair of nanowires is suffcient to allow a partial suppression of
the destructive interference phenomenon. Indeed, in Figure 3a,d, we report the ICM-RS
plots of the parallel pair taken at the energy corresponding to the maximum dichroism.
Only the y dipole component was considered (along the direction of maximum nanowire
length), the other components being negligible. It is evident that there was still destructive
interference, since there were regions with the opposite sign, but now the positive region
was wider and more intense than the negative one, such that there was only a partial
cancellation. However, this also shows that the destructive interference had been only
partially removed, and that there was still wide room for further increasing the dichroism,
suggesting a promising path for future work.
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Figure 3. ICM-RS plots relative to the y component taken at the energy corresponding to the
maximum CD: 1.04 eV for the single nanowire in panels (a,c); 1.24 eV for the pair of interacting gold
chiral nanowires with parallel axis in panels (b,d) as in Figure 1. εi and εa are energies of occupied
and virtual orbitals, respectively.

We then analyzed the rotated geometry described in Figure 1b,c, whose photoab-
sorption and dichroism are reported in Figure 4, together with the results of the parallel
geometry for comparison. The plasmon in absorption of the rotated systems displayed a
red shift with respect to the parallel one, going from 1.24 eV to 1.10 eV, while the oscillator
strengths showed only a modest decrease. The red shift could be easily rationalized if we
described the plasmon as the sum of the dipolar plasmons of the individual nanowires. The
destabilizing interaction between the dipoles was reduced in the rotated systems, producing
a red shift. We tried to study the effect of varying the angle between the nanowires on the
spectral features. This was not a straightforward task, since the mutual orientation between
the two nanowires had to allow a suitable formation of chemical bonds between them; if
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such bonds were too deformed, the SCF procedure would not converge, hampering such
analysis. The only angle we were able to consider was 30�; we have reported in Figure 4 the
corresponding plots as a red line. Such results (both in terms of photoabsorption and CD)
were very similar to those obtained by a rotation of 45�, lying in between the 45� and the
parallel ones. For this reason, we limit further discussion to the geometry rotated by 45�.
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166



Molecules 2022, 27, 93 8 of 18

In contrast, the difference between the CD profles is dramatic: while the parallel
system gives in practice only one very strong positive feature up to 10,000� 10−40 esu2�cm2,
the one rotated by 45� gave a pair of strong peaks with opposite sign, separated by only
0.14 eV, with rotator strength up to �50,000 � 10−40 esu2�cm2. This fnding suggests
that, in this case, induced plasmonic CD was stronger than structural plasmonic CD,
analogously to what was reported in our previous work for the comparison between
linear and helical nanowires [23]. It is hard to say if this is a general behavior or one
specifc to the present systems. In fact, it is worth noting that the structural plasmonic
observed in the parallel situation kept a large amount of destructive interference; therefore,
it is still possible that more effective coupling between nanowires may remove further
the destructive character giving rise to much higher structural plasmonic CD. Induced
densities of the rotated geometry at the two energies corresponding to the maximum and
minimum CD, respectively 0.96 and 1.10 eV, are reported in Figure 5. In both cases, the
induced density displays a clear dipolar shape for each individual nanowire, typical of a
plasmon. However, at lower energy, the individual dipoles of the wires displayed opposite
direction, corresponding to a negative scalar product; at higher energy, the dipoles had the
same direction.

In order to have a better understanding of the phenomenon, we show in Figure 6 the
ICM-RS of the two CD peaks at 0.96 eV (left boxes) and 1.10 eV (right boxes). Both x dipole
component (upper boxes), as well y dipole component (lower boxes), are reported. Such
ICM-RS plots are quite different from that of the parallel system (Figure 3). Indeed, we did
not observe any destructive interference for the rotated geometry for x and y components
of the dipole. In fact, for both energies, the x component was positive and the y component
was negative for all of the spots on the 2D ICM-RS plot. More precisely, at 0.96 eV, the x
component was more positive than the negative y component, a situation that was reversed
at 1.10 eV; here, the order of magnitude of the x component did not change, while the
negative y components increased by two orders of magnitude and became preponderant.
Since the present ICM-RS analysis suggests that the mutual interplay between individual
dipole components was fundamental to rationalize the specifc CD behavior, in Figure 7
we have considered, for both parallel and rotated geometries, the photoabsorption and
CD partial profles from the dipole components. For the parallel geometry the situation
was obviously quite simple: only the y component played a fundamental role for both
photoabsorption and CD, the y axis being along the nanowires axis. For the rotated
geometry, instead, the situation was more interesting: the total photoabsorption peak was
contributed essentially by both x and y components; however, while the y component had
a single maximum at 1.10 eV, the x component displayed two maxima at 0.98 and 1.10 eV.
Consistently with what was already found in the ICM-RS analysis the x component had
very similar values at the two energies, while the y component increased by a factor of
four, going from 0.98 eV to 1.10 eV. In practice, the feature at 0.98 eV almost disappeared in
the total profle; thus, only a sketched shoulder can be hardly seen in the left side of the
peak. Passing to the CD, the partial profles display similar shape (two maxima for the x
dipole and one maximum for the y dipole); however, the y component was negative, which
explains the observed behavior in the total profle.
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Figure 6. ICM-RS plot relative to the x and y components taken at the energy corresponding to the
maximum CD (0.96 eV) and the minimum CD (1.10 eV) of a pair of interacting gold chiral nanowires
with axis rotated by 45 degrees as in Figure 2. εi and εa are energies of occupied and virtual orbitals,
respectively.
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Figure 7. Dipole components partial contributions of photoabsorption (left panels (a,c)) and CD (right
panels (b,d)) for the pair of interacting gold chiral nanowires with parallel axis (upper panels (a,b))
and rotated axis (lower panels (c,d)). Oscillator strengths are given in atomic units, while R is given
in 10−40 esu2�cm2, x, y, z and total contributions are in red, green, blue and black lines, respectively.

In order to better identify the role of the induced plasmonic CD, we report in Figure 8
the photoabsorption and the CD of the rotated achiral system, whose geometry is reported
in Figure 1d,e, together with the profles of the rotated chiral system for comparison. We
observed a blue shift for both photoabsorption and CD profles; the photoabsorption was
slightly attenuated, while, for CD, the weakening seemed more pronounced. The nanowires
that constitute this system are achiral, so the CD is purely an induced one: its maximum
and minimum values of 30,000 � 10−40 and −40,000 � 10−40 esu2�cm2 are roughly a factor
of three larger than the pure structural CD reported in the previous Figure 2 for the parallel
geometry. We may conclude this analysis by saying that, at least for the system considered
in the present study, the strength of the induced CD was roughly three times the structural
one, and these effects sum up when both of them are present in the same system.
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Figure 8. Photoabsorption (upper panel) and CD (lower panel) for the pair of interacting gold chiral
nanowires with rotated axis (black line) and achiral nanowires with rotated axis (red line). Oscillator
strengths are given in atomic units, while R is given in 10−40 esu2�cm2.

3. Conclusions

In this work, TDDFT simulations were performed on a series of dimers (pairs) of chiral
gold nanowires to explore whether an enhancement of circular dichroism at the plasmon
resonance is possible through a coupling between nanostructures.
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We fnd that, when two chiral nanowires are coupled in an achiral relative arrangement,
a strong enhancement of the plasmonic CD is predicted by theory with respect to the
separate nanowires, which individually did not give any appreciable plasmonic CD. This
demonstrates that coupling between two ‘inactive because of destructive interference’ chiral
plasmonic systems could still give strong structural CD. We fully rationalized this fnding
via an analysis of ICM-RS plots. The enhancement is even more pronounced when two
chiral nanowires are coupled in a chiral relative arrangement, because, in this confguration,
the structural and induced effects sum up to give the largest effect. In order to distinguish
between structural CD and induced CD we also considered two achiral nanowires coupled
in a chiral relative arrangement, in which case the plasmonic CD was purely induced. From
such analysis, at least for the gold clusters and the confgurations considered in this work,
we found that the induced plasmonic CD is somewhat more intense than the structural
one and the two effects sum up when they are simultaneously present. Further studies
to demonstrate the generality of the present conclusions would be desirable, especially
to identify which are the most effective coupling between chiral systems to produce the
highest plasmonic CD phenomenon. In this respect we can, e.g., hypothesize that the
addition of ligands adsorbed on the wires, thus locally perturbing their wave functions in a
proper way, could be a possible (and technically easier to materialize) alternative to obtain
a strong plasmonic CD with respect to coupling pairs of nanowires as in the present work.
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Appendix A. Theoretical Method

The computational study of CD in plasmons is challenging due to the large size of
the metal clusters involved and the chirality, which implies very low symmetry (if any),
of the system. Therefore, very accurate (explicitly correlated) ab-initio methods are ruled
out, while the density functional theory (DFT) and TDDFT represent reliable options. The
frst CD calculation at the TDDFT level has been done by Autschbach and Ziegler [28]
using the Casida scheme [29], which consists of diagonalizing a large matrix, with di-
mensions corresponding to the number of occupied-virtual orbitals pairs. This method
is very effcient to investigate the lowest part of the spectrum, a situation which is not
effective for nanoclusters in which a large number of roots are needed to cover the optical
region. For this reason, a TDDFT algorithm which avoids large matrix diagonalization
has been implemented [30], named polTDDFT, and extended to the calculation of the CD
spectrum [31].
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Appendix A.1. The Complex Polarizability Method

The reader is referred to the original work for a detailed description of the algo-
rithm [30], together with its implementation in the ADF program [32].

In practice, the photoabsorption spectrum σ(ω) is calculated point by point, from the
imaginary part of the dynamical polarizability α(ω):

σ(ω) =
4πω

c
Im[α(ω)] (A1)

This expression is of practical interest when the polarizability is calculated for complex
frequency, i.e., ω = ωr + iωi, where the real part ωr is the scanned photon frequency (energy)
and ωi is the imaginary part that corresponds to a broadening of the discrete lines and can
be interpreted as a pragmatic inclusion of the excited states’ fnite lifetime. The complex
dynamical polarizability is calculated by solving the following non-homogeneous linear
system:

[S−M(ω)]b = d (A2)

In Equation (A2) S is the overlap matrix between ftting functions, b is the unknown
vector with the expansion coeffcients bµ(ω) of the induced density ρ(1)

z, d is the frequency
dependent vector corresponding to the known non-homogeneous term, and fnally the
elements of the frequency dependent matrix M are:

Mµν =



fµ

��χKS(ω)Kj fνi (A3)

In Equation (A3), χKS refers to the Kohn-Sham frequency-dependent dielectric function
and K to the kernel.

The original characteristic of the polTDDFT method is the introduction of a simple
approximation which enables the construction of M(ω) as a linear combination of frequency
independent matrices Gk with frequency dependent coeffcients sk(ω), with the following
expression:

M(ω) = ∑
k

sk(ω)Gk (A4)

With this idea, a set of matrices {Gk} was calculated and stored only once at the
beginning. Then the matrix M(ω) was calculated very rapidly at each photon energyω, as
a linear combination of the {Gk} matrices with the following coeffcients:

sk(ω) =
4Ek

ω2 − E2
k

(A5)

where in Equation (A5) Ek refers to the centre of the interval which discretizes the excitation
energy variable and in the original formulation corresponds to the difference between
virtual and occupied orbital energies: εa − εi.

In order to introduce the complex polarizability method to calculate the CD of large
clusters, we briefy recall the basic theory of CD. For a molecule with fxed orientation,
the CD of an electronic transition from the ground state j0 to the n-th excited state jn
corresponds to the difference between the absorbance of left and right circularly polarized
light, which propagates along the X direction as follows [33]:

CD = AL − AR = 2γIm(h0jµYjnihnjmYj0i+ h0jµZjnihnjmZj0i) (A6)

where in (6) µ and m are the electric dipole and magnetic dipole moment operators and γ
is a constant.
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In solution or in the gas phase molecules are randomly oriented, thus Equation (A6)
must be rotationally averaged, and the Rosenfeld equation is obtained:

CD =
4
3

γIm(h0jµjni � hnjmj0i) (A7)

The rotatory strength, R0n, is therefore defned as follows:

R0n = Im(h0jµjni � hnjmj0i) (A8)

To calculate R0n by the complex polarizability algorithm [30], it is convenient to
consider the dipole moment induced by an electromagnetic feld [34]:

µ0u = ∑
v

αuvEv −∑
v

βuv

c
∂Bv

∂t
. (A9)

In Equation (A9) Ev and Bv are the electric and magnetic feld components, c is the
speed of light, α is the dynamical polarizability tensor and β is the optical rotation tensor,
which is related to the rotatory strength by the following sum over states (SOS) expression:

β =
1
3∑

u
βuu =

2c
3 ∑

n

R0n

ω2
0n −ω2

(A10)

In Equation (A10) ω is the photon energy and ω0n corresponds to the j0!jn excitation
energy. Therefore, it is convenient to extract R0n from the β imaginary part as in conven-
tional photoabsorption. From Equation (A9), β consists in the electric dipole moment
induced by a time-dependent (TD) magnetic feld and can be calculated by the following
expression:

βzz(ω) =

�
− ic

ω

�occ

∑
i

virt

∑
a
hφijmzjφaiP

a
i (A11)

with

P
a
i = tk(ω)

"
hφajµzjφii+

f it

∑
µτ

�
Ak
�+

ia,µ
Lµτbτ

#
(A12)

In Equations (A11) and (A12), the Ak
µ,ia are integrals between the auxiliary ftting

function fµ and the product between the i-th occupied and the a-th virtual orbitals, ϕijµzjϕa
and ϕijmzjϕa are the electric and magnetic dipole moment matrix elements respectively,
between the same occupied-virtual (ia) orbitals pair, the matrix L is defned by Equation (28)
of Ref. [31], tk is given by:

tk(ω) =
1

ω−ω0n + iε
+

1
ω + ω0n + iε

(A13)

and the vector b is the solution of the linear system (2).
In practice, the resolution of the TDDFT equations is recast to the linear system

(2) (see Ref. [30] for a detailed description), which was already solved to calculate the
photoabsorption, so the CD calculation is computationally irrelevant. It is worth noting
that the linear system (2) was solved by employing the auxiliary density ftting functions
as a basis set to represent vectors and matrixes. This means that the dimension of (2) was
much smaller with respect to the Casida approach.

Equation (A2) was then solved point by point for each photon energy. Moreover,
the real part of the photon energy was supplemented with a small imaginary part, thus
generating a Lorentzian broadening of the discrete transition.

174



Molecules 2022, 27, 93 16 of 18

Appendix A.2. Individual Component Maps of Rotatory Strength (ICM-RS) Analysis

Recently, an analysis tool of the absorption spectra derived from TDDFT simulation
has been proposed [35], i.e., individual component maps of oscillatory strength (ICM-OS)
plots, which allows one to investigate the connection between absorption and single-particle
excitations (ICM-OS). This feld is subject to intense research efforts, and there are currently
many efforts to fnd a proper method to rationalize CD (or in general spectral features)
obtained from response calculations [36].

The same approach has been extended from the oscillator strength to the rotator
strength, so in an analogous way we defned individual component maps of rotatory
strength (ICM-RS) plots [24] as analysis tools of chiro-optical linear response spectra
derived from TDDFT simulations. Starting with the expression of rotator strength at each
given frequency (z component) calculated as the imaginary part of the zz diagonal element
of the circular dichroic tensor:

CDz(ω) = −3ε

2
Re

 
occ

∑
i

virt

∑
a
hφijmzjφaiP

a
i [z]

!
(A14)

where in Equation (A14) ε corresponds to the Lorentzian energy broadening, P
a
i is the

density-matrix element given by previous Equation (A12), due to the perturbation induced
by the z-component of the electric dipole, and ϕijmzjϕa is the matrix elements of the
magnetic dipole over a pair of occupied/virtual single-particle molecular orbitals. Then

the plot of the individual ϕi

���mz

���ϕaP
a
i [z] components as functions of the single-particle

energies of occupied (εi) and virtual (εa) orbitals is generated. ICM-RS (ω) plots allow
one to visualize the source of chiral response in momentum space, including signed
contributions, therefore highlighting cancellation terms that are ubiquitous and critical in
chiral phenomena.

Appendix A.3. Computational Details

The geometry of the single gold nanowire (5,3)NT has been taken from our previ-
ous work, see Figure 1 in Ref. [23]. The DFT calculations have been performed with a
Triple Zeta plus Polarization (TZP) basis set of Slater Type Orbitals (STO) functions. The
LB94 [37] exchange-correlation (XC) potential with the correct asymptotic behaviour has
been employed. All the systems considered in this work belong to the C2 point group,
the z axis being the binary rotation axis, such symmetry has been exploited in the calcula-
tions. Core electrons have been kept frozen up to the Au 4f level. Relativistic effects have
been considered at scalar level employing the zero order regular approximation (ZORA)
level [38].

The TDDFT equations have been solved by means of the polTDDFT method [30,31]
assuming adiabatic local density approximation for the response XC kernel.

In the polTDDFT scheme we have divided the excitation energy in intervals with a
step of 0.025 eV and a cutoff of 2 eV above the excitation energy has proven accurate. An
imaginary part of 0.060 eV has been employed in the photon energy, corresponding to an
intrinsic lorentzian broadening of the same HWHM value.

All the calculations have been performed with the AMS–ADF suite of programs [39].
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Abstract

A time-dependent density functional theory (TDDFT) computational approach is employed to study 

the optical coupling between a plasmonic system (a Ag50 nanorod) and a fluorescent dye 

(BODIPY). It is found that the BODIPY dye can interact with a plasmonic systems in a rather 

different and selective way according to the mutual orientation of the fragments. Indeed, (i) the 

plasmon excitation turns out to be sensitive to the presence of the BODIPY transition and (ii) this 

can lead to amplify or suppress the resonance accordingly to the relative orientation of the 

corresponding transition dipoles. To understand the coupling mechanism, we analyse the shape of 

the induced density in real space and the Individual Component Map of the Oscillator Strength 

(ICM-OS) plots, and achieve a simple rationalization and insight on the origin and features of the 

coupling. The resulting possibility of understanding plasmon/fluorophore interactions by simple 

qualitative arguments opens the way to a rational design of hybrid (plasmon + dye) systems with 

the desired optical behaviour. 

*Corresponding authors’email: stener@units.it (MS) and alessandro.fortunelli@cnr.it 
(AF)
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2

1. Introduction

Fluorescence of molecular dyes1 is a phenomenon that has a wide range of applications in several 

diverse fields, ranging from biology and medicine (sensing, imaging)2,3, to food analysis4 as well as 

optoelectronic devices5 - 7, etc. Among the class of fluorescent dyes, 4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene, commercially known as BODIPY, is one of the most robust and versatile 

compound, giving rise to a large and extensively employed family of derivative species8 - 10. Of 

great current interest in this field are the effects arising from the interaction between fluorescent 

molecules with semiconductor or metal nanoparticles11 - 14. The coupling of extended and 

sometimes collective resonant excitations in the nanostructures with the localized excited states of 

the fluorescent molecule can give rise to varied and subtle phenomena, such as energy transfer 

processes, that can e.g. enhance or in general finely tune (also anisotropically) the absorption cross-

section of the system15 - 18 or quench the fluorescence signal by surface energy transfer with the 

metal nanostructure19, thus greatly extending the scope of potential applications. Although the basic 

concepts and theoretical framework of these phenomena have been established 20 - 22, the number of 

possible combinations of different systems and the need to understand the details of the 

nanostructure/fluorophore interaction to be able to properly control the final response together with 

new effects arising e.g. in the strong coupling régime, etc.23,24 make that investigations in this field 

represent an active topic of current research2. An ideal tool to provide a rigorous ground to such 

investigations is via predictive simulations25,26, whose controlled accuracy can simultaneously 

cross-validate experimental results in complex systems thus helping their interpretation27, as well as 

suggest configurations and combinations28 which would otherwise be difficult to single out even 

from high-throughput techniques29, or explore exotic confinement effects on the interaction between 

electromagnetic cavity fields and quantum emitters30. To this purpose, among the possible 

theoretical approaches time-dependent density functional theory (TDDFT) 31 - 33 currently represents 

the most convenient and effective compromise between accuracy and computational effort34. 

Although the exact prediction of the excitation spectrum of some fluorescent dyes, including 

BODIPY, presents accuracy issues at the TDDFT level and alternative post-Hartree-Fock methods 

have been proposed to overcome these issues,35 in addition to including possible effects such as 

solvent36, the possibility of treating systems of realistic dimensions37 that is offered by recent 

software and TDDFT algorithmic advances38 - 40 makes of TDDFT the method of choice for 

shedding theoretical light on the coupling of plasmonic-nanostructure/fluorophore optical 

excitations.

Here we follow such line of research, and investigate at the TDDFT level system composed 

of BODIPY and a model of a plasmonic metal nanorod (Ag50). We have selected BODIPY as one 
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3

of the most common fluorophores, and a silver nanostructure (in particular a Ag50 nanorod) because 

this element supports plasmons already at small cluster size, typically already with few tens of 

atoms. We investigate different configurations of the two fragments and try to analyze/understand 

the interaction mechanisms between the plasmon and the dye excitations. We find that the 

interaction is significant only when the transition dipole of the dye excitation is parallel to the 

plasmonic one. The interaction can be constructive or destructive, i.e., it can increase or decrease 

the intensity of the plasmon resonance, and which of these two opposite effects is predominant can 

be discriminated and predicted by inspecting the induced density plots at the excitation energy, 

where a parallel or antiparallel interaction among the corresponding dipoles corresponds to an 

increase or a decrease, respectively, in the absorption intensity. 

The article is structured as follows. In Section 2 we describe briefly the theoretical methods 

employed in our calculations. In Section 3, the results are presented and discussed, as grouped in 

three sections: free BODIPY, free plasmonic Ag50, and the adduct BODIPY-Ag50. Finally the 

conclusions are given.

2. Theoretical methods and computational details

Initial atomistic configurations of the Ag50 plasmonic cluster were taken from a previous work on 

Au nanowires41, simply by substituting the element Au with Ag in the Au50 <110> nanowire. For 

BODIPY we employed the experimental geometry from Ref. 42.

Photoabsorption spectra were evaluated using the Casida formalism31 as well as the complex 

polarizability algorithm43, both available in the ADF program44. In the complex polarizability 

algorithm, the absorption spectrum is extracted from the imaginary part of the complex dynamical 

polarizability, solving the TDDFT equations over the space of the density instead of the occupied-

virtual pairs of the density matrix. The induced time-dependent density is represented employing an 

auxiliary basis set of Slater Type Orbitals (STO).43,45 Such method (referred to as complex 

polarizability TDDFT algorithm, or polTDDFT) has proven to be efficient to describe metal 

particles with many hundreds of atoms.46 

It is worth noting that in the present work we consider two fragments at different distances, and this 

may represent a delicate issue in terms of accuracy due to the numerical integration employed in 

ADF. We carefully checked this point and found that the default integration scheme based on Becke 

Fuzzy Cells47 is quite accurate and robust when the distance between the two fragments is varied. 

On the contrary, we noticed that the Voronoi grid48 scheme is less robust, and the Voronoi 

integration technical parameters need a very careful fine-tuning in order to obtain accurate results. 
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4

We thus employed the default Becke Fuzzy Cells as numerical integration scheme. The numerical 

robustness of the simulation is further corroborated by the regular behavior of the transition 

intensity with distance, see the discussion below.

The BP86 exchange-correlation (xc-) functional49,50 is chosen to solve the KS equations while 

the Adiabatic Local Density Approximation51 (ALDA) is used in the TDDFT part for the exchange-

correlation kernel. The basis set employed is included in the ADF code and consists in Slater Type 

Orbitals (STO) of Triple-ζ Polarized (TZP) quality for H atom and with Frozen Core (FC) of 1s 

shell for B, C, N and F atoms, while for Ag a DZ basis with FC up to 4p shell has been employed.

Although relativistic effects are rather weak for Ag, we have employed the Zero Order Regular 

Approximation (ZORA) to include relativistic effects at the scalar level in the calculations52.

In terms of analysis tools, we have used two complementary ones.

The Individual Component Map of the Oscillator Strength (ICM-OS) 53 tool has been employed 

to analyze and better understand the features of electronic transitions. This tool allows one to 

decompose a specific absorption peak in terms of electronic transitions labeled by the energy of the 

occupied (x-axis) and virtual (y-axis) orbitals involved. Briefly, the diagonal line formed by the 

most intense features in the ICM-OS plots corresponds to the energy of the exciting photon 

(indicated above each plot), which results from the energy difference between virtual and occupied 

molecular orbitals. Therefore, spots on the diagonal correspond to single-particle excitations, 

whereas the presence of off-diagonal features indicates a collective behaviour typical of plasmons. 

These collective plasmonic features are characterized by occupied and virtual orbitals with smaller 

energy differences than the analyzed excitation energy, indicating that the excitation involves more 

than one single-particle excitation. Importantly, in addition to the weight of each pair of orbitals in 

the oscillator strength, ICM-OS also accounts for the signs of the associated dipole contributions, 

which may result in constructive or destructive interferences among excited configurations.

In this work we have also analyzed the induced density associated of selected excitations, which 

has proven to be very informative in order to discriminate between constructive and destructive 

interactions of the two interacting systems with a concomitant increase or decrease of the intensity, 

respectively. The induced density consists in the time-dependent first-order perturbation of the 

electron density as an effect of the external time-dependent electromagnetic field. This quantity is a 

fundamental ingredient of the complex polarizability algorithm and can be conveniently plotted for 

analysis as a 3D isosurface with a phase (positive and negative induced density means electron 

density accumulation or depletion respectively).
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5

3. Results and discussion
Our goal in the present study is assessing the mechanisms of interaction between a plasmon 

resonance and the molecular transitions of a fluorescent dye. For the dye, we have chosen BODIPY 

due to its major role in many photochemical processes8,9. As a model plasmonic system, we have 

chosen a silver nanorod (Ag50) because, as recalled in the introduction, silver supports plasmonic 

excitations already in structures of small size, typically few tens of atoms, at variance with gold 

which needs larger sizes54. As well known, this is due to the presence in gold of the quenching 

effect of the 5d band55, whereas in silver the 4d band is deeper and does not suppress the plasmon. 

The size and shape of Ag50 has been chosen because for this nanocluster the plasmon resonance 

falls at the same energy as that of the lowest transition of the BODIPY, and this is expected to 

maximize their mutual interaction: we note however that, in general, it is easy to tune Ag nanorods 

to give the desired plasmon frequency to maximally interact with other transitions56 - 58. We start by 

briefly describing the excitation spectra of the isolated systems, then we couple them in a system 

which we shall designate as the adduct, and analyse and try to rationalize the changes occurred 

upon interaction. In the interaction system, the two fragments have been positioned in different 

mutual orientations, in order to have the dipole transition density of the BODIPY pointing towards 

or away from the nanorod, and at different distances.

3.1. The BODIPY excitation spectrum

The three lowest TDDFT excitations of the BODIPY molecule calculated using the Casida 

approach31 are reported in Table 1, while in Figure 1 we report the optical absorption spectrum 

calculated using two different methods: the Casida approach31 and the polTDDFT method43, where 

the latter is an approximation of TDDFT that enables us to perform calculations on large systems 

such as those involving a nanorod. In Figure 1 we use the label of the C2V point group symmetry to 

classify excitations and molecular orbitals, while the BODIPY structure is reported at the top of 

Figure 2, together with the main orbitals (the occupied 3a2, 4a2, and 6b1, and the virtual 7b1) 

involved in the low-energy excited states. Note that the C2 axis corresponds to the z direction, while 

the molecular plane lies in the yz plane (actually only the two F atoms do not belong to this plane). 

The lowest-energy 1B2 transition corresponds to the y component of the electric dipole, and its 

assignment shows that it can be ascribed as a linear combination of two one-electron excited 

configurations: 55% 3a2(HOMO-1)  7b1(LUMO) and 44% 4a2(HOMO)  7b1(LUMO). As 

apparent from Figure 2 where schematic depictions of these molecular orbitals are reported, they 

are all  orbitals, the molecular plane being nodal. The lowest-energy 1B2 transition finds its 

counterpart in the third 2B2 transition, that not only has the same symmetry, but also has a similar 
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6

percent composition in terms of the same two excited configurations. We can obtain a qualitative 

but very useful understanding of such configuration mixing by looking at the induced density plots 

reported at the bottom of Figure 1: while for the 2B2 excitation a typical dipolar shape along the y 

direction is apparent, for the 1B1 it seems that two dipoles with opposite direction are 

interpenetrating each other. This finding has a simple interpretation: when the dipoles have opposite 

direction their energy is lower due to the stabilizing effect between charges of opposite sign, but 

concomitantly the oscillator strength is lower due to the destructive interference between the 

dipoles. This clearly rationalizes why the interpenetrating induced density corresponds to a lower 

excitation energy and a lower intensity in Figure 1. The second 1A1 transition (see Table 1) 

corresponds to the z component of the electric dipole transition moment, it has an almost pure 

(97%) 6b1(HOMO-2)  7b1(LUMO) nature, but has a negligible intensity due to the reduced 

extension of the molecule along the z direction. We also note that the energy of the TDDFT-

calculated lowest vertical excitation energy (3.00 eV) is overestimated with respect to the 

experimental value (2.46 eV)42. As recalled in the introduction, such a discrepancy is well known: 

previous abinitio studies on BODIPY and its derivatives59,60 have shown that this shortcoming is 

not related to the choice of the exchange-correlation functional within TDDFT, but rather is 

intrinsic to the TDDFT single-particle excitation formalism (only one-electron excited 

configurations are used in the description of the excited state), and that two-electron excited 

configurations must be included in the calculation in order to obtain accurate excitation energies. 

We underline, however, that the goal of the present work is not an accurate description of an 

experiment, but rather a fundamental investigation of the nature of interaction between a plasmonic 

and molecular excitations. To this end we must employ the same approach to describe the excited 

states of both the plasmonic system and the dye, and at the moment it is not computationally 

feasible to employ highly correlated post-Hartree-Fock abinitio methods to treat plasmonic 

systems, which typically consist of a metal nanostructure containing several tens of metal atoms. 

We expect that the neglect of two-electron excitations will deteriorate only the energy position of 

the transitions, but will not change the global description of the coupling mechanism between the 

plasmon and the dye.

3.2. The Ag50 excitation spectrum

In Figure 3 we report the excitation spectrum of Ag50 calculated using the polTDDFT method, 

together with induced density plots of the tow major excitations reported at the bottom of Figure 3. 

The shape and the structure of Ag50 were constructed by following a suggestion taken from a 

previous work on gold nanowires41: with respect to these previously derived nanorod atomistic 
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7

arrangements, we simply tuned the length of the present Ag nanorod so that its plasmon falls at the 

same energy as the lowest-energy BODIPY absorption transition. Indeed, as apparent from Figure 

3, the first intense absorption peak of Ag50 falls nearly exactly at 3.00 eV. The plasmonic nature of 

this absorption peak is confirmed by the ICM-OS analysis, which is reported in Figure 4 for the z 

Cartesian component as 2D plot (upper panel) and 3D plot (lower panel). In fact in the 2D plot we 

find two spots that are considerably far from the straight line connecting orbital energy differences 

equal to excitation energies, thus indicating strong coupling among different single-particle 

excitations, while the 3D plot shows in a clearer way the absolute scale of the ICM-OS components. 

Moreover it can be observed that the shape of the induced density of the peak at 3 eV, reported in 

the bottom of Figure 3, displays a characteristic dipolar shape, typical of plasmons. The higher-

energy peak at 3.76 eV exhibits about half the intensity of the main peak, and quite interestingly its 

induced density plot shows the interpenetration and thus the coupling of two parallel dipoles, 

located at different locations along the longitudinal cluster direction. We may describe this situation 

as a pair of plasmons, each one belonging to one half of the cluster, coupled to give constructive 

interference (sum) of their dipoles.

3.3. The BODIPYAg50 longitudinal and lateral adducts: excitation spectrum

The interaction between the nanorod and the BODIPY will depend on their distance and the 

mutual orientation. To have a systematic picture, we have explored all the possible relative 

configurations, but here we will report explicitly only those giving the most noticeable effects. In 

general we noticed that the interaction effects are much larger when the BODIPY dipole component 

y of the most intense transitions (both with B2 symmetry, see Figure 1) is parallel to the Ag50 

longitudinal direction, which is also the dipole orientation of the plasmon. This can be achieved in 

two different configurations: the longitudinal one (shown in the inset of Figure 5) and the lateral 

one (shown in the inset of Figure 7).

Starting with the longitudinal geometrical configuration, first, in Figure 5 we report two 

calculated absorption profiles: the absorption profile of the adduct system at a distance in which 

BODIPY is ‘touching’ the cluster, with a Ag-H distance of 1.507 Å, and the absorption profile 

obtained by summing the spectra of the isolated Ag50 + BODIPY fragments. This direct comparison 

allows us to appreciate even tiny effects on the optical features of the plasmon excitation following 

interaction with the BODIPY. From Figure 5 it is well apparent that both peaks at 3.00 eV and 3.75 

eV gain intensity with respect to sum of the isolated systems. Since the changes are of the order of 

10-30% of the peak themselves, it is necessary to check that they are not due to numerical artefacts. 

Thus, in order to check the numerical stability of our approach, we have calculated the spectra at 
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various BODIPY/nanorod distances, and we have integrated the oscillator strength as a function of 

this distance. The results of this exercise are reported in Figure S1 of the Supplementary 

Information (SI). As apparent from Figure S1, we obtain a smooth evolution of the spectrum, thus 

validating the numerical stability of our approach. Note in passing that in practice it is enough to 

increase the distance between the two fragments by 10 Å to recover a spectrum that is practically 

identical to that of the sum of the isolated species, pointing to a fast decrease of the coupling with 

inter-separation distance.

To better analyse these findings, we have plotted the induced densities corresponding to the two 

main absorption peaks, also reported at the bottom of Figure 5. It is apparent from these plots that 

the dipolar-like main excitations of the silver cluster sum up constructively with the dipolar-like 

excitation of the BODIPY (note the opposite colours at the touching sides): this explains why we 

observe a gain in the absorption intensity for both bands. A similar conclusion can be drawn by 

inspecting the ICM-OS plot, reported in Figure 6 for the main, lowest-energy peak along the z 

Cartesian coordinate. From the 2D plot (upper panel in Figure 6), we find that the plasmonic peaks 

in the ICM-OS appear in the same region of the peaks observed in the previous Figure 4, but with a 

different intensity: in particular, the peaks associated with the virtual orbitals at higher energies 

acquire intensity with respect to the separated-fragment case, which is the main reason of the 

increase in total absorption strength. Additionally, the contribution of the interaction of the nanorod 

with BODIPY is also apparent in a small spot in the region of the BODIPY excitations, that we 

have highlighted with a white circle in Figure 6 (upper panel) to help the reader to identify its 

position. The BODIPY contribution can be identified even  more clearly in the ICM-OS 3D plot 

(lower panel of Figure 6), this time it is included in a yellow circle. It is noteworthy and quite 

interesting that the BODIPY spot is weak in terms of ICM-OS contribution, so it cannot be 

considered as directly responsible for the increase in the intensity of the 3 eV band, but that the 

nanorod plasmonic spots are nevertheless amplified by the presence of the dye. We are lead to 

conclude that the intensity gain of the plasmonic peak is not due to the fact that the BODIPY 

absorption is summed with that of the silver cluster, but rather that the presence of the fluorophore 

makes the silver plasmon more intense due to coupling matrix elements which increase the electric 

dipole transition moment. 

Second, we consider the lateral configuration, and report the spectra of the adduct system in 

Figure 7: one at a distance in which BODIPY is almost ‘touching’ the cluster before the formation 

of a chemical bond and one obtained by summing the spectra of the isolated Ag50 + BODIPY 

fragments. Interestingly, for this interaction configuration we find a behaviour opposite to that 

observed for the longitudinal one: the first plasmonic peak is now strongly quenched, while the 
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second peak is still slightly amplified by the fluorophore/nanorod mutual interaction. Also in this 

case the induced densities reported at the bottom of Figure 7 help to explain and fully rationalize the 

observed behaviour. In the lowest-energy peak the excitation dipole of the BODIPY is antiparallel 

with respect to the plasmonic one, so that the intensity is finally reduced by about 35%. At variance, 

in the induced density plot corresponding to the second peak the excitation dipoles of the two 

fragments are parallel, so that the final intensity is slightly larger than that for the isolated systems. 

To further analyse and understand, the ICM-OS plot for the first peak of the lateral geometry is 

reported in Figure 8: the corresponding 2D plot in the upper panel shows that the BODIPY 

contribution is so weak that it cannot be identified. The 3D plot in the lower panel of Figure 8 

allows us to identify a very weak negative BODIPY contribution, which has been included in a 

yellow circle for sake of clarity, suggesting a suppressing effect (destructive interference). Also in 

this case this tiny destructive effect cannot explain the significant amount of plasmon quenching: 

rather, this can be ascribed to the fact, apparent in Figures 6 and 8, that the plasmonic spots are less 

intense than in the longitudinal geometry.

4. Conclusions
The goal of the present work is to investigate via TDDFT simulations the optical coupling 

between a plasmonic system (a Ag50 nanorod) and a fluorescent dye (BODIPY), a topic with several 

perspective applications2 - 7 and on which rigorous information is strongly needed. As a major 

outcome of this study, we have found that the BODIPY dye can interact with a plasmonic systems 

in a very different and selective way according to the mutual orientation of the fragments.

The plasmon excitations of Ag50 (two major plasmonic peaks are found in the optical spectra of 

this nanorod) turned out to be sensitive to the presence of the BODIPY transition and can be 

amplified or suppressed accordingly to the relative orientation of the corresponding transition 

dipoles. We found that the alignment of the transition dipoles in the longitudinal configuration gives 

rise to a constructive interference and therefore to an enhancement of absorption intensity for both 

major plasmonic peaks of the nanorod, whereas in the case of the lateral arrangement the lowest-

energy peak is quenched by an unfavourable interaction with the BODIPY excitations (destructive 

interference).

We have then shown that the coupling mechanism responsible for these effects can be clearly 

and easily singled out and understood via two analysis tools: (i) by inspecting the shape of the 

induced density in real space and (ii) by analysing the ICM-OS plots in the space of one-electron 

excited configurations. The possibility of understanding plasmon/fluorophore interactions by simple 

arguments and physical observables which can be easily represented in real space, such as the 

Page 9 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

187



10

induced density plots, or in momentum space, such as the ICM-OS plots, opens the way to a 

rational design of hybrid (plasmon + dye) systems with a desired optical behaviour. Moreover, the 

fact that it is possible to rationalize qualitatively the changes in absorption intensity in terms of 

simple interactions between dipoles, suggests that simplified models, for example based on exciton 

models, can be effective and efficient for predicting and for such rational design activity, a fact that 

is especially convenient for studying large and complex systems. In perspective, the present 

simulations provide thus the basis for a multi-scale modeling of complex materials composed of 

several plasmonic and BODIPY units simultaneously interacting, i.e. of a TDDFT-informed 

excitonic models describing the response of these systems 27,61,62.

Finally, a further promising perspective of the present line of research is to combine BODIPY 

compounds63 (possibly functionalized so as to be chiral) with chiral nanowires,64 - 66 thus achieving 

Circularly Polarized Luminescence67 - 69.
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longitudinal and lateral adducts at minimum distance.

Acknowledgements

This work was supported by Stiftung Beneficentia and by Finanziamento per la Ricerca di Ateneo, 

(FRA) of the Università degli Studi di Trieste, Italy.

Page 10 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

188



11

References

1 Joseph R. Lakowicz, "Principles of Fluorescence Spectroscopy" (Springer US, Boston, 2006)
2 Bossi, M.; Fölling, J.; Belov, V. N.; Boyarskiy, V. P.; Medda, R.; Egner, A.; Eggeling, C.; 
Schönle, A.; Hell, S.W. Multicolor Far-Field Fluorescence Nanoscopy through Isolated Detection 
of Distinct Molecular Species Nano Letters 2008, 8, 2463-2468.
3 Wu, Z.; Jin, R. On the Ligand’s Role in the Fluorescence of Gold Nanoclusters, Nano Letters 
2010, 10, 2568-2573. 
4 Christensen, J.; Nørgaard, L.; Bro, R.; Engelsen, S. B. Multivariate Autofluorescence of Intact 
Food Systems Chemical Reviews 2006, 106, 1979-1994.
5 Katz, E.; Itamar Willner, I. Integrated Nanoparticle–Biomolecule Hybrid Systems: Synthesis, 
Properties, and Applications, Angew. Chem. Int. Ed. 2004, 43, 6042-6108.
6  Cai, X.; Su, S.-J. Marching Toward Highly Efficient, Pure-Blue, and Stable Thermally Activated 
Delayed Fluorescent Organic  Light-Emitting Diodes Adv. Funct. Mater. 2018, 28, 1802558.
7 Lee, J.-H.; Chen, C.-H.; Lee,  P.-H.; Lin, H.-Y.; Leung, M.; Chiu T.-L.; Lin, C.-F. Blue organic 
light-emitting diodes: current status, challenges, and future outlook, J. Mater. Chem. C, 2019,7, 
5874-5888.
8 Karolin, J.; Johansson, L. B.-A.; Strandberg, L.; Ny, T. Fluorescence and Absorption 
Spectroscopic Properties of Dipyrrometheneboron Difluoride (BODIPY) Derivatives in Liquids, 
Lipid Membranes, and Proteins, J. Am. Chem. Soc. 1994, 116, 7801-7806.
9 Boens, N.; Verbelen, B.; Ortiz, M. J.; Jiao, L.; Dehaen, W. Synthesis of BODIPY dyes through 
postfunctionalization of the boron dipyrromethene core, Coord. Chem. Rev. 2019, 399, 213024.
10 Niu, S. L.; Ulrich, G.; Ziessel, R.; Kiss, A.; Renard, P.-Y.; Romieu, A.
Water-Soluble BODIPY Derivatives Org. Lett. 2009, 11, 2049-2052.
11 Kazan, R.; Zhang, B.; Bürgi, T. Au38Cu1(2-PET)24 nanocluster: synthesis, enantioseparation and 
luminescence Dalton Trans., 2017, 46, 7708-7713.
12 Yu, Y.; Luo, Z.; Chevrier, D. M.; Leong, D. T.; Zhang, P.; Jiang, D.; Xie, J. Identification of a 
Highly Luminescent Au22(SG)18 Nanocluster, J. Am. Chem. Soc. 2014, 136, 1246-1249.
13 Goswami, N.; Yao, Q.; Luo, Z.; Li, J.; Chen, T.; Xie, J. Luminescent Metal Nanoclusters with 
Aggregation-Induced Emission, J. Phys. Chem. Lett. 2016, 7, 962-975.
14 Jin, R.; Zeng, C.; Zhou, M.; Chen, Y. Atomically Precise Colloidal Metal Nanoclusters and 
Nanoparticles: Fundamentals and Opportunities Chem. Rev. 2016, 116, 10346-10413.
15 Medintz, I. L.; Mattoussi, H. Quantum dot-based resonance energy transfer and its growing 
application in biology, Phys. Chem. Chem. Phys., 2009, 11, 17-45.
16 Beljonne, D.; Curutchet, C.; Scholes, G. D.; Silbey, R. J. Beyond Förster Resonance Energy 
Transfer in Biological and Nanoscale Systems J. Phys. Chem. B 2009, 113, 6583-6599.
17 Efros, A. L.; Nesbitt, D. J. Origin and control of blinking in quantum dots Nature Nanotech 2016, 
11, 661–671.
18 Medintz, I. L.; Pons, T.; Susumu, K.; Boeneman, K.; Dennis, A. M.; Farrell, D.; Deschamps, J. 
R.; Melinger, J. S.; Bao, G.; Mattoussi, H. Resonance Energy Transfer Between Luminescent 
Quantum Dots and Diverse Fluorescent Protein Acceptors J. Phys. Chem. C 2009, 113, 18552-
18561. 
19 Riccardi, L.; Gabrielli, L.; Sun, X.; De Biasi, F.; Rastrelli, F.; Mancin, F.; De Vivo M. 
Nanoparticle-Based Receptors Mimic Protein-Ligand Recognition, Chem. 2017, 3, 92-109.
20 Fermi, E. Quantum theory of radiation. Reviews of modern physics, 1932, 4, 87.
21 Förster, Th.  Zwischenmolekulare Energiewanderung und Fluoreszenz, Annalen der Physik, 1948, 
437, 55-75.
22 Yeung M. S.; Gustafson, T. K. Spontaneous emission near an absorbing dielectric surface Phys. 
Rev. A 1996, 54, 5227.

Page 11 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

189



12

23 Thomas, R.; Kumar, J.; George, J.; Shanthil, M.; Naidu, G. N.; Swathi, R. S.;Thomas, K. G. 
Coupling of Elementary Electronic Excitations: Drawing Parallels Between Excitons and Plasmons 
J. Phys. Chem. Lett. 2018, 9, 919-932.
24 Thomas, R.; Thomas, A.; Pullanchery, S.; Joseph, L.; Somasundaran, S. M.; Swathi, R. S.; Gray, 
S. K.; Thomas, K. G. Plexcitons: The Role of Oscillator Strengths and Spectral Widths in 
Determining Strong Coupling ACS Nano 2018, 12, 402-415. 
25 Improta, R. Toward effective and reliable fluorescence energies in solution by a new state specific 
polarizable continuum model time dependent density functional theory approach J. Chem. Phys. 
2007, 127, 074504.
26 Scalmani, G.; Frisch, M. J.; Mennucci, B.; Tomasi, J. Geometries and properties of excited states 
in the gas phase and in solution: Theory and application of a time-dependent density functional 
theory polarizable continuum model J. Chem. Phys. 2006, 124, 094107.
27 Fortunelli, A.; Stener, M. Optical Properties of Metal Nanoclusters—Theory, Encyclopedia of 
Interfacial Chemistry, Surface Science and Electrochemistry 2018, Pages 534-545 (Elsevier).
28 Peruffo, N.; Gil, G.; Corni, S.; Mancin, F.; Collini, E. Selective switching of multiple plexcitons 
in colloidal materials: directing the energy flow at the nanoscale Nanoscale, 2021,13, 6005-6015
29 Yamankurt, G.; Berns, E. J.; Xue, A.; Lee, A.; Bagheri, N.; Mrksich M.; Mirkin, C. A. 
Exploration of the nanomedicine-design space with high-throughput screening and machine 
learning Nat. Biomed. Eng. 2019, 3, 318–327. 
30 Ciracì, C.; Jurga, R.; Khalid, M.; Della Sala F. Plasmonic quantum effects on single-emitter 
strong coupling Nanophotonics, 2019, 8, 1821-1833.
31 Casida, M. E. In Recent Advances in Density-Functional Methods; Chong, D. P., Ed.; World 
Scientific: Singapore, 1995; p 155.
32 Zhang, C.; Noguez, J.Z. Plasmonic Optical Properties and Applications of Metal Nanostructures. 
Plasmonics 2008, 3, 127–150.
33 Adamo, C.; Barone, V. Inexpensive and accurate predictions of optical excitations in transition-
metal complexes: the TDDFT/PBE0 route, Theor. Chem. Acc. 2000, 105, 169–172.
34 Guillemoles, J.-F.; Barone, V.; Joubert, L.; Adamo, C. A Theoretical Investigation of the Ground 
and Excited States of Selected Ru and Os Polypyridyl Molecular Dyes J. Phys. Chem. A 2002, 106, 
11354-11360.
35 Jacquemin, D.; Planchat, A.; Adamo, C.; Mennucci, B. J. Chem. Theory Comput. 2012, 8, 2359-
2372. 
36 Egidi, F.; Trani, F.; Ballone, P. A.; Barone, V.; Andreoni, W. Low-lying electronic excitations of 
a water-soluble BODIPY: from the gas phase to the solvated molecule Theoret. Chem. Acc. 2016, 
135, 264. 
37 Trani, F.; Scalmani, G.; Zheng, G.; Carnimeo, I.; Frisch, M. J.; Barone, V. Time-Dependent 
Density Functional Tight Binding: New Formulation and Benchmark of Excited States J. Chem. 
Theory Comput. 2011, 7, 3304-3313.
38 Medves, M.; Sementa, L.; Toffoli, D.; Fronzoni, G.; Fortunelli, A.; Stener M. An efficient hybrid 
scheme for time dependent density functional theory J. Chem. Phys. 2020, 152, 184104.
39 Asadi-Aghbolaghi, N.; Rüger, R.; Jamshidi, Z.; Visscher, L. TD-DFT+TB: An Efficient and Fast 
Approach for Quantum Plasmonic Excitations J. Phys. Chem. C 2020, 124, 7946-7955.
40 Giannone, G.; Della Sala F. Minimal auxiliary basis set for time-dependent density functional 
theory and comparison with tight-binding approximations: Application to silver nanoparticles J. 
Chem. Phys. 2020, 153, 084110.
41 Piccini, G. M.; Havenith, R. W. A.; Broer, R.; Stener, M. Gold nanowires: a Time Dependent 
Density Functional assessment of plasmonic behaviour, J. Phys. Chem. C, 2013, 117, 17196 – 
17204.
42 Arroyo, I. J.; Hu, R.; Merino, G.; Tang, B. Z.; Peña-Cabrera, E. The Smallest and One of the 
Brightest. Efficient Preparation and Optical Description of the Parent Borondipyrromethene System

Page 12 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

190



13

J. Org. Chem. 2009, 74, 5719-5722.
43 Baseggio, O.; Fronzoni, G.; Stener, M. A new time dependent density functional algorithm for 
large systems and plasmons in metal clusters J. Chem. Phys. 2015, 143, 024106.
44 te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra, C.; van Gisbergen, S. J. A.; 
Snijders, J. G.; Ziegler, T. Chemistry with ADF J. Comput. Chem. 2001, 22, 931-967.
45 Baseggio, O.; De Vetta, M.; Fronzoni, G.; Stener M.; Fortunelli A. A new Time Dependent 
Density Functional Method for molecular plasmonics: formalism, implementation and the 
Au144(SH)60 case study. Int. J. Quantum Chem. 2016, 116, 1603–1611
46 Baseggio, O.; De Vetta, M.; Fronzoni, G.; Stener, M.; Sementa, L.; Fortunelli A.; Calzolari A. 
Photoabsorption of icosahedral noble metal clusters: an efficient TDDFT approach to large scale 
systems J. Phys. Chem. C 2016, 120, 12773–12782.
47 Franchini, M.; Philipsen, P. H. T.; Visscher, L. The Becke Fuzzy Cells Integration Scheme in the 
Amsterdam Density Functional Program Suite, J. Comput. Chem. 2013, 34, 1819-1827.
48 te Velde G.; Baerends, E. J. Numerical Integration for Polyatomic Systems, J.  Comput.  Phys. 
1992, 99, 84-98.
49 Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic 
behavior, Physical Review A 1988, 38, 3098-3100.
50 Perdew, J. P. Density-functional approximation for the correlation energy of the inhomogeneous 
electron gas, Phys. Rev. B 1986, 33, 8822-8824.
51 Gross, E. K. U.; Kohn, W. Time-Dependent Density-Functional Theory. Adv. Quantum Chem. 
1990, 21, 255−291
52 van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Relativistic regular two-component Hamiltonians. 
J. Chem. Phys. 1993, 99, 4597−4610.
53 Theivendran, S.; Chang, L.; Mukherjee, A.; Sementa, L.; Stener, M.; Fortunelli, A.; Dass, A. 
Principles of Optical Spectroscopy of Aromatic Alloy Nanomolecules: Au36–xAgx(SPh-tBu)24. J. 
Phys. Chem. C 2018, 122, 4524–4531.
54 Zheng, J.; Cheng, X.; Zhang, H.; Bai, X.; Ai, R.; Shao, L.; Wang, J. Gold Nanorods: The Most 
Versatile Plasmonic Nanoparticles Chem. Rev. 2021, 121, 13342-13453.
55 Desclaux, J. P.; Pyykko, P. Dirac-Fock one-centre calculations. The molecules CuH, AgH and 
AuH including p-type symmetry functions Chem. Phys. Lett. 1976, 39, 300-303.
56 Johnson H. E.; Aikens, C. M.; J. Phys. Chem. A 2009, 113, 4445-4450.
57 Giannone, G.; Śmiga, S.; D’Agostino, S.; Fabiano, E.; Della Sala, F. Plasmon Couplings from 
Subsystem Time-Dependent Density Functional Theory J. Phys. Chem. A 2021, 125, 7246-7259.
58 Barcaro, G.; Sementa, L.; Fortunelli, A.; Stener, M. Optical Properties of Silver Nanoshells from 
Time-Dependent Density Functional Theory Calculations J. Phys. Chem. C 2014, 118, 12450-
12458.
59 Chibani, S.; Laurent, A. D.; Le Guennic, B.; Jacquemin, D. J. Chem. Theory Comput. 2014, 10, 
4574−4582,.
60 Momeni, M. R.; Brown, A. Why Do TD-DFT Excitation Energies of BODIPY/Aza-BODIPY 
Families Largely Deviate from Experiment? Answers from Electron Correlated and Multireference 
Methods. J. Chem. Theory Comput. 2015, 11, 2619–2632.
61 Bonatti, L.; Gil, G.; Giovannini, T.; Corni, S.; Cappelli, C. Plasmonic Resonances of Metal 
Nanoparticles: Atomistic vs. Continuum Approaches Front. Chem. 2020, 8, 340.
62 Mennucci, B., Corni, S. Multiscale modelling of photoinduced processes in composite systems. 
Nat Rev Chem 2019, 3, 315–330.
63 Yang, Q.; Fusè, M.; Bloino, J. Theoretical Investigation of the Circularly Polarized Luminescence 
of a Chiral Boron Dipyrromethene (BODIPY) Dye Front. Chem. 2020, 8, 801.
64 Kumar, J.; Liz-Marzán, L. M. Recent Advances in Chiral Plasmonics — Towards Biomedical 
Applications Bull. Chem. Soc. Jpn. 2019, 92, 30–37.

Page 13 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

191



14

65 Toffoli, D.; Russi, A.; Fronzoni, G.; Coccia, E.; Stener, M.; Sementa, L.; Fortunelli, A. Circularly 
Polarized Plasmons in Chiral Gold Nanowires via Quantum Mechanical Design. J. Phys. Chem. 
Lett. 2021, 12, 5829–5835.
66 Toffoli, D.; Medves, M.; Fronzoni, G.; Coccia, E.; Stener, M.; Sementa, L.; Fortunelli, A. 
Plasmonic Circular Dichroism in Chiral Gold Nanowire Dimers. Molecules. 2022, 27, 93.
67 Tanaka, H.; Inoue, Y.; Mori, T. Circularly Polarized Luminescence and Circular Dichroisms in 
Small Organic Molecules: Correlation between Excitation and Emission Dissymmetry Factors 
ChemPhotoChem 2018, 2, 386–402.
68 Han, J.; Guo, S.; Lu, H.; Liu, S.; Zhao, Q.; Huang, W. Recent Progress on Circularly Polarized 
Luminescent Materials for Organic Optoelectronic Devices Adv. Optical Mater. 2018, 6, 1800538.
69 Krishnadas, K. R.; Sementa, L.; Medves, M.; Fortunelli, A.; Stener, M.; Fürstenberg, A.; Longhi, 
G.; Bürgi, T. Chiral Functionalization of an Atomically Precise Noble Metal Cluster: Insights into 
the Origin of Chirality and Photoluminescence ACS Nano 2020, 14, 9687-9700.

Page 14 of 24

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

192



15

Table 1. The three lowest BODIPY electronic excitations calculated at TDDFT level with BP86 

XC functional and TZP basis set.

Excitation Excitation E (eV) f assignment

1B2 3.00 0.131 55% 3a2  7b1; 44% 4a2  7b1

1A1 3.33 0.0182 97% 6b1  7b1

2B2 3.89 0.404 54% 4a2  7b1 43% 3a2  7b1
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Captions to Figures

Figure  1. The discrete and smoothed (by lorentzian function) Casida (black line) and 

polTDDFT (blue line) excitation spectrum of BODIPY up to 5 eV (upper panel). HWHM for 

lorentzian broadening and imaginary photon energy both equal to 0.075 eV. Lower panel: induced 

density of the two most intense transitions (isolines 0.03 e-/bohr3).

Figure 2. Molecular orbitals of BODIPY involved in the three lowest excitations. Isolines 0.03 

(e-)1/2(bohr)-3/2.

Figure 3. The polTDDFT excitation spectrum of Ag50 up to 5 eV (upper panel). Lower panel: 

induced density of the two most intense transitions (isolines 0.10 and 0.03 e-/bohr3 for first and 

second peak respectively).

Figure 4. The ICM-OS analysis of the first peak of Ag50 at 3.00 eV. Upper and lower panels 

report the 2D and 3D representations respectively.

Figure 5. The polTDDFT excitation spectrum of the longitudinal Ag50–BODIPY adduct up to 5 

eV (upper panel). Lower panel: induced density of the two most intense transitions (isolines 0.03 e-

/bohr3).

Figure 6. The ICM-OS analysis of the first peak of the longitudinal Ag50–BODIPY adduct at 

2.98 eV. Upper and lower panels report the 2D and 3D representations respectively.

Figure 7. The polTDDFT excitation spectrum of the lateral Ag50–BODIPY adduct up to 5 eV 

(upper panel). Lower panel: induced density of the two most intense transitions (isolines 0.03 e-

/bohr3).

Figure 8. The ICM-OS analysis of the first peak of the lateral Ag50–BODIPY adduct at 2.98 eV. 

Upper and lower panels report the 2D and 3D representations respectively.
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Fig. 2

BODIPY
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Abstract

A new set of auxiliary basis function suitable to fit the induced electron density is presented. 

Such set has been optimized in order to furnish accurate absorption spectra using the complex 

polarizability algorithm of TDDFT. An automatic procedure has been set up, able, thanks to the 

definition of suitable descriptors, to evaluate the resemblance of the auxiliary basis dependent 

calculated spectra with respect to a reference. In this way it has been possible to reduce the size 

of the basis set maximizing the basis set accuracy. Thanks to the choice to employ a collections 

of molecules for each element, such basis has proven transferable to molecules outside the 

collection. The final sets are therefore much more accurate and smaller than the previously 

optimized ones and have been already included in the database of the last release of the AMS 

suite of programs. The availability of the present new set will allow to improve drastically the 

applicability range of the polTDDFT method with higher accuracy and less computational 

effort.

*Corresponding author: stener@units.it 
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1. Introduction

The present study has been promoted by the recent new Time Dependent Density Functional 

Theory (TDDFT) algorithm1, whose implementation within the ADF-AMS program using Slater 

Type Orbitals (STO) basis sets2 has proven very efficient to treat very large systems3 -  6. Such 

algorithm, which consists to extract the photoabsorption spectrum from the imaginary part of the 

complex polarizability, will be referred as the polTDDFT algorithm in the following. The great 

advantage of polTDDFT consists to avoid the diagonalization (as in the typical Casida 

implementation of quantum chemistry7), in fact the spectrum is calculated point by point solving a 

linear system of equations at each photon energy. The unknown term of the linear system is the 

induced density, so it is quite natural to represent such an equation over a basis set of density fitting 

functions. In this way the matrix dimension remains much smaller than in Casida or in Random 

Phase Approximation (RPA) where the size of the matrix to be diagonalized has a dimension equal 

to the product between the number of occupied and virtual orbitals. On the other hand, in order to 

employ in practice the polTDDFT method, it is necessary to have available the auxiliary density 

fitting basis set, which must be optimized for polTDDFT calculation. In fact it has been found that 

the standard density fitting auxiliary STO basis set included in the ADF program, which is 

employed to fit the SCF electron density for the calculation of the coulomb term of the Kohn-Sham 

Hamiltonian matrix, is too large for polTDDFT1. It is too large because it was developed to fit the 

electron density from deep core to valence orbitals, while in polTDDFT usually we need only a 

limited energy interval, typically up to 10 eV at most. In fact one is usually interested in the optical 

region of photoabsorption, so it is not necessary to include in the density fitting set functions which 

describe core electron density. Up to now polTDDFT optimized fitting set were available only for 

few elements1, with present work we have generated a database to be employed for polTDDFT 

calculations of the whole periodic table of the elements, with the exception of lanthanides and 

actinides.

The optimization of basis functions is a well consolidated problem in quantum chemistry, 

although it has been recently found, especially for solid state applications, that the ‘system-specific’ 

basis can be much more accurate than the ‘all-purposes’ ones8. The optimization of the basis set is 

usually performed variationally and this ensures that the resulting basis set will be optimized for the 

total energy. Therefore other properties may have more stringent basis set requirements to obtain 

convergent results9,10. Similar situations happen for density fitting auxiliary basis set: they are 

usually employed to fit the SCF density for the efficient calculation of the coulomb term. For such 

task it is possible to employ a variational scheme11 or a ‘pair fitting’ scheme as in ADF12 or with a 

partitioning technique as in AMS13. Pair fitting is quite appealing since it consists in splitting the 
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exact density in two-center contributions and in fitting separately each pair: this is very efficient and 

numerically stable, since the problem is recast into a Cholesky decomposition. This allows to 

employ very large density fitting auxiliary basis functions without incurring in numerical 

instabilities and gaining high accuracy in coulomb integrals. Unfortunately, this density fitting set 

cannot be directly employed in polTDDFT algorithm: it is suitable for pair fitting but it is not 

suitable to fit the induced density for the whole molecules. In fact the polTDDFT algorithm is 

numerically less stable than Cholesky decomposition therefore the auxiliary basis must be in any 

case heavily reduced. It is worth noting that the optimization of the density fitting functions to gain 

accurate TDDFT spectra has been already considered, for example to realize efficient matrix-vector 

products avoiding the construction of the omega Casida matrix14. More recently it has been 

surprisingly found that for bare silver clusters a ‘minimal basis’ density fitting set consisting of only 

one s orbital per atom is enough accurate to give quantitative match with respect to reference 

TDDFT15.

Another important issue concerns the optimization method: while it is natural to assume a 

variational criterion to fit the coulomb potential, it is much less natural to find a method to optimize 

the density fitting set in order to reproduce at best the photoabsorption polTDDFT spectrum. 

Several attempts in this direction can be found in the literature16. More recently new techniques 

based on Artificial Intelligence (AI), like Artificial Neural Networks (ANN), have proven very 

suitable for basis set optimization, in particular to identify a descriptor defining the resemblance of 

an approximate spectrum with respect to a reference one17.

Also in the present work we have employed two different descriptors in order to define how 

much ‘resemblance’ there is between a calculated spectrum and a reference spectrum which we 

assume, by definition, correct. Therefore the quality of a given auxiliary basis set is simply given by 

the value of the adopted descriptor, and the optimization process consists to find the auxiliary basis 

set which maximizes such descriptor. 

The present work is organized as follows: first a short review of the polTDDFT and the Casida 

algorithms is given in order to stress the role of the density fitting auxiliary basis set, second an 

efficient method to reduce the size of the large density fitting set already available in the ADF-AMS 

database is described. Third, a procedure to optimize the exponents of the reduced fit is also 

proposed. The size reduction of the basis set is then applied to all the elements of the periodic table 

(except the f-blocks), while the optimiziation of the exponents has been applied only to a selected 

subset of elements. Finally a description of the database generate for the AMS program is 

presented. 

 

Page 3 of 29

John Wiley & Sons, Inc.

Journal of Computational Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

208



For Peer Review

4

2. Theoretical methods and procedures

2.1 The polTDDFT method

The polTDDFT algorithm consists in an alternative method to solve the TDDFT equations. It is 

convenient to start with standard first-order linear response TDDFT equations1:

(1) {  

𝜌(1)
𝑧 (𝜔,𝑟) = ∫𝜒𝐾𝑆(𝜔,𝑟,𝑟′)𝑉𝑧𝑆𝐶𝐹(𝜔,𝑟′)𝑑𝑟′

𝑉𝑧𝑆𝐶𝐹(𝜔,𝑟) = 𝑉𝑧𝐸𝑋𝑇(𝜔,𝑟) + ∫
𝜌(1)
𝑧 (𝜔,𝑟′)
|𝑟 ― 𝑟′| 𝑑𝑟′ +

∂𝑉𝑋𝐶
∂𝜌 |𝜌0𝜌(1)

𝑧 (𝜔,𝑟)

In equation (1) refers to the Fourier component of  frequency of the time-dependent 𝜌(1)
𝑧 (𝜔,𝑟) 

first-order density induced by the external potential polarized along the z direction and   𝜒𝐾𝑆(𝜔,𝑟,𝑟′)

is the dielectric susceptibility of the Kohn-Sham non-interacting systems.  is the sum of 𝑉𝑧𝑆𝐶𝐹(𝜔,𝑟′)

three terms. The first one is the external potential (in present case only the dipole field is 

considered), the second one is the Coulomb response of the system to the induced density (i.e. the 

electrostatic field generated by the induced density) finally the third term is the XC response, 

already approximated at the Adiabatic Local Density Approximation (ALDA) level18.

It is formally possible to solve the above system with respect to the first order density:

(2) (1 ― 𝜒𝐾𝑆𝐾)𝜌(1)
𝑧 = 𝜒𝐾𝑆𝑉𝑧𝐸𝑋𝑇

If we now represent equation (2) within a basis set to expand the induced density, the following 

non-homogeneous linear system is obtained:

(3) [𝑆 ―𝑀(𝜔)]𝑏 = 𝑑

In practice by solving the linear system (3) we obtain the vector b, which contains the 

coefficients of expansion of the induced density:

(4) 𝜌(1)
𝑧 (𝜔,𝑟) = ∑

𝜇𝑓𝜇(𝑟)𝑏𝜇(𝜔)

In expression (4)  are the auxiliary basis functions employed to represent the induced density. 𝑓𝜇(𝑟)

Once the linear system (3) is solved, it is possible to calculate the dynamical polarizability tensor:
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(5) 𝛼𝑧𝑧(𝜔) = ∫𝜌(1)
𝑧 (𝜔,𝑟)𝑧𝑑𝑟

 as well as the photoabsorption spectrum:

(6) 𝜎(𝜔) =
4𝜋𝜔
𝑐 𝐼𝑚[𝛼(𝜔)]

The photoabsorption spectrum is therefore calculated point by point, with a scan on the excitation 

energy (step of 0.02 eV) and employing a small but still finite imaginary photon energy. Such 

imaginary energy corresponds to the reciprocal lifetime of the excited state and makes the 

calculated spectrum intrinsically broadened by a lorentzian function with Half-Width-Half-

Maximum (HWHM) equal to the imaginary photon energy 0.075 eV.

Such spectrum can be also obtained in terms of oscillator strengths:

 

(7) 𝑓(𝜔𝑟) =
2𝜔𝑖𝜔𝑟

3 𝐼𝑚[𝛼(𝜔)]

Expression (7) is quite useful since it can be directly compared with photoabsorption spectra 

obtained as discrete lines, provided the last ones are broadened by lorentzian functions with 

HWHM equal to the imaginary frequency (reciprocal lifetime) employed in the polTDDFT1.

It is worth noting that in polTDDFT calculations we must specify two different basis sets: first the 

standard basis set employed to expand the KS orbitals, second the auxiliary basis set to expand the 

induced density. To avoid any confusion we will refer to former as the ‘standard basis’ and to the 

latter as the ‘auxiliary basis’. In fact to build the M matrix and the d vector in the linear system (3) 

we need the KS orbitals and their energies (eigenvalues) which are taken from a preliminary DFT 

KS calculation, employing a ‘standard basis’ of Slater Type Orbitals of TZP type and the B3LYP 

XC hybrid functional19,20. The practice goal of the present study is to generate an optimized set of 

‘auxiliary basis’ , and we require that such set would be a good compromise between 𝑓𝜇(𝑟)

accuracy and computational economy. This means that we try to minimize the number of elements 

of the ‘auxiliary basis’ but we must also maximize its goodness. In order to maximize the goodness 

we must select a standard reference spectrum which we assume to be error-free and then define 

(with some degree of arbitrariness) a degree of ‘resemblance’ between the polTDDFT spectrum and 

the standard one. Then the auxiliary basis set is changed in order to maximize the ‘resemblance’ 

and minimize the basis size.

2.2The reference Casida TDDFT method
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As we have pointed out in previous section, in order to optimize the auxiliary basis with 

polTDDFT, we must define a reference spectrum. It is quite natural to choose the Casida method7 to 

obtain the reference spectrum, in fact in this case it is possible to employ exactly the same 

numerical choice such as the standard basis and the XC functional. The Casida TDDFT 

implementation consists in solving the following eigenvalue equation:

(8) Ω𝐹 = 𝜔2𝐹

It is worth noting that the dimension of the  matrix corresponds to the product of the number of 

occupied orbitals times the number of virtual orbitals and becomes rapidly very large. Therefore the 

Davidson algorithm is usually employed to extract at least the lowest part of the excitation spectrum 

in terms of discrete lines with specific energy and intensity (oscillator strength). In order to obtain a 

spectrum that can be consistently compared with that obtained with the polTDDFT method, it is 

necessary to broaden the discrete lines with a lorentzian function, whose width has been discussed 

previously. In practice the following broadening is performed:

(9) 𝑓(𝜔) =
𝑁

∑
𝐼

𝜂2𝑓𝐼
(𝜔― 𝜔𝐼)2 + 𝜂2

where in expression (9)  and  are the energies and the oscillator strenghts of the I-th discrete 𝜔𝐼  𝑓𝐼

linerespectively, while  is the HWHM. With this representation of the spectrum, in presence of 𝜂

only one discrete line we obtain a lorentzian function centered at the excitation energy having the 

maximum corresponding to the oscillator strength1.

2.3 The quality descriptors

The choice of the descriptors is somehow arbitrary, in fact the deviations of a spectrum with respect 

to the reference one may weight different aspects, for example the energy of the spectral features, 

their intensity, the area under the absorption band and so on. In order to define the descriptors, it is 

convenient to arrange the polTDDFT spectrum, which consists in a set of N pairs (Ei,  fi) (energy 

and oscillator strength respectively), in a set of N two-dimensional vectors . 𝑣𝑖 = (𝐸𝑖,𝑓𝑖) = (𝑥𝑖,𝑦𝑖)

The same can be done for the reference Casida spectrum, in this case we designate the vectors as 𝑣′𝑖

. The first descriptor considered (named 2D_xy) has been inspired by the = (𝐸𝑖′,𝑓𝑖′) = (𝑥𝑖′,𝑦𝑖′)

Cosine Similarity (CS)21, which is a typical measure of similarity in data analysis:
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.𝑐𝑜𝑠𝑖𝑛𝑒 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 =
𝑣 ∙ 𝑣′

‖𝑣‖‖𝑣′‖

2𝐷_𝑥𝑦 =
1
𝑁

𝑁

∑
𝑖 = 1

𝑣𝑖 ∙ 𝑣′𝑖
‖𝑣𝑖‖‖𝑣′𝑖‖

The Euclidean norm  is adopted in this work. Such 2D_xy descriptor takes the ‖𝑣𝑖‖ = 𝑥2
𝑖 + 𝑦2

𝑖

value 1 for perfect match and 0 for absence of match (orthogonal vectors). This descriptor is 

defined for a single spectrum, if a collection of spectra is considered then the descriptor of the 

collection is defined as the arithmetic mean of the descriptors relative to the single spectra. 

Since it is useful to consider more descriptors, in order to check that the results are robust 

enough, we introduce another descriptor designed as nD_y:

𝑛𝐷_𝑦 =
𝑦 ∙ 𝑦′

‖𝑦‖‖𝑦′‖

where the vector  contains only the polTDDFT intensities and  𝑦 = (𝑓𝑖) = (𝑦𝑖) 𝑦′ = (𝑓𝑖′) = (𝑦𝑖′)

contains only the Casida intensities.

This second descriptor is less stringent for the intensity: in fact in presence of a spectrum which has 

the same shape of the reference one but is just rescaled with respect to the intensity, a perfect match 

is obtained since nD_y=1. 

2.4 Procedure to optimally reduce the auxiliary basis set

In the previous section we have defined the reference spectrum and two possible measures of 

the quality of the approximated polTDDFT spectrum (2D_xy and nD_y descriptors). The next 

step consists to assess a practical procedure to identify an auxiliary basis which is expected to be 

an optimal compromise between the auxiliary basis of minimum size and the descriptor being as 

close as possible to +1 (best quality). All the following steps are graphically considered in the 

flow chart Scheme 1. It is worth noting that a very large auxiliary basis set is already available 

within the database included in the AMS package, but such set is not useful for polTDDFT 

calculations since it is far too large. We designate such set as the Initial Almost Complete 

Auxiliary Set (IACAS) represented by the yellow box in Scheme 1. In fact such set was 

specifically designed to fit the electron density of each atom pairs (“pair fitting”) in order to 

obtain the electrostatic potential of the Hartree term of the Kohn Sham hamiltonian. This set 

must be very large, virtually complete, in order to get the required numerical accuracy, but it 

can be safely employed since a Cholesky decomposition is performed to fit the pair density, 

which is numerically very stable. On the other hand for polTDDFT a too large auxiliary basis 

might give rise to problems of numerical linear dependence. For these reasons our ‘target’ 
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auxiliary basis set is required to be small not only to be computationally cheap but also to safely 

avoid numerical instabilities. Therefore we have considered first a procedure consisting to 

reduce systematically the number of auxiliary basis function starting from the IACAS which is 

already available. It is worth noting that the IACAS contains functions to fit the electron density 

from the compact deep core orbitals to the more diffuse outer valence, while for polTDDFT we 

need only to perturb the outer valence orbitals. To this purpose a pre-reduction is preliminary 

done on the IACAS just deleting all the STO having an exponent larger than 15. This simple 

procedure (green box in Scheme 1) has proven useful in order to start with a set containing a 

much lower number of auxiliary functions having cancelled all those needed to fit the core 

electron density. Moreover the so obtained auxiliary set, although still too large, does not 

usually suffer of the numerical instability problems so it can be employed to run polTDDFT 

calculations. In some circumstances, such set was still too rich and it was not possible to run the 

polTDDFT calculation due to numerical linear dependence problems. In that case we simply 

further reduced the set doing a diagonalization of the overlap matrix and then deleting the basis 

element with higher contribution in the eigenvector with minimum eigenvalue. This procedure 

can be repeated until the set is suitable for the polTDDFT calculation. At this point we have set 

up an automatic procedure which, starting with the pre-reduced IACAS consisting of n auxiliary 

basis function, calculates n polTDDFT spectra, one for each basis set consisting of n1 

elements, obtained deleting 1 basis function from the original set (blues boxes in Scheme 1). For 

every polTDDFT spectrum the 2D_xy descriptor is calculated, and in this way the best set 

consisting of n1 auxiliary functions is chosen as the set giving the best 2D_xy descriptor 

(closest to 1), as reported in the red box of Scheme 1. This step can be iterated n times, until the 

set is reduced to one single function. In this way we can associate a descriptor to each basis set 

of decreasing size. The evolution of the descriptor can be profitably described as reported in 

Figure 1. The T index reported on the x axis corresponds to each different set considered: the 

vertical straight lines corresponds to a jump to a basis set with one less function. Within the 

rectangles there are many blue dots which correspond to the different basis, the best basis (the 

highest) is designated in red. So when we jump to the next rectangle we start from the best basis 

of the previous one, and again all the basis consisting of n-1 elements are tested (blue dots) and 

the best one (red dot) is kept for the next step. It is interesting to note that within a rectangle the 

blue dots are distributed over a rather wide descriptor range, indicating that some basis elements 

are crucial to obtain accurate spectra and their suppression introduces a strong deterioration in 

the calculated spectrum.
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In order to better appreciate the evolution of the best set, in Figure 2 we have reported only the 

red dots which correspond to the best set of a give size. It is worth noting that up to T = 30 we 

observe a very slight improvement reducing the basis size (as T increases) which at the 

beginning is regular, but for T beyond 20 the behaviour starts to be irregular although still 

increasing as average. Beyond T=30 a sudden and fast regular deterioration is found. The 

observed behaviour indicates clearly that the reduction of the basis set up to T=30 does not 

decrease the accuracy, but beyond this point a rapid loose of accuracy is evident. At this point 

the chosen optimal auxiliary basis is the one just before the sudden accuracy drop: this criterion 

allows to choose the basis having the smallest possible size but giving an accuracy comparable 

with that of larger sets. It is worth noting that the behaviour reported in Figures 1 and 2 refers to 

the Sn element, but it is completely general, in fact it has been found in all the elements of the 

periodic table considered in the present work. Another very important point consists in the 

choice of the descriptor employed to reduce the basis set. Although in general the descriptors 

are consistent each other (they usually identify the same function to be deleted) in cases where 

more than one function have very similar descriptors the outcome can be descriptor dependent. 

Since the 2D_xy descriptor has proven more stringent, we have used this one for the reduction 

process. Instead, in order to choose the best auxiliary basis, both descriptors have been checked, 

in order to take the safer choice. In practice we have calculated both descriptors for the 

reduction series and the basis is selected so that both descriptors are maximized with the basis as 

small as possible. 

A very important issue consists in the transferability of the obtained basis set: we must 

guarantee that the optimized basis for a given element using a specific molecule as a reference 

can be employed in other systems containing such element. This is not trivial at all, in fact from 

preliminary tests we found that if only one molecule is taken as reference the obtained set is not 

transferable in general. This problem can be solved taking a collection of k molecules 

containing the same element as reference: so a set of k reference spectra will be defined and a 

set of different k descriptors will be obtained for each auxiliary basis. Then a ‘collection’ 

descriptor can be defined taking the arithmentic mean of the k ones, and the same procedure can 

be applied to optimize the auxiliary basis over the collection. The so obtained auxiliary basis has 

proven transferable, in fact we always checked this by comparing a polTDDFT and a Casida 

spectrum on a molecule outside the collection and we always got an acceptable match. In order 

to obtain a transferable auxiliary basis set it is important that the collection contains the same 

elements in various chemical environment, but mainly as it concerns the oxidation state and the 

coordination number. From a computational point of view the procedure is quite cheap: taking a 
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collection of 4 molecules consisting of few tens of atoms, the optimal reduced basis takes a 

couple of days using around 20 cores on a HPE ProLiant ML350 Gen9 server with processor 

Intel® Xeon® CPU E5-2650 v3 @ 2.30GHz. 

In summary, as an example, Table 1 reports the original IACAS auxiliary set, the pre-reduction 

operated by cutting the >15 exponents, and the final reduced set (bold functions and 

exponents) for the Sn atom. The effect on size is dramatic, going from 57 to 6 different 

functions. If we take into account the angular momentum multiplicity 2L+1, the reduction is 

similar, going from 209 to 20 basis elements.

2.5 Procedure to refine the auxiliary basis set

In the previous section we have described how to select the most important auxiliary basis 

elements starting from an initial very large set, the IACAS, so in the procedure the STO 

exponent were kept constant. Now we want to optimize the exponents in order to obtain an even 

better basis set, the procedure is described in the following and is graphically described in 

Scheme 2. The start is from the reduced set obtained in the previous section (upper yellow box 

in Scheme 2). Then, the exponent of each function is optimized separately: the exponent of the 

first function is varied over a set of values (blues boxes) , the potTDDFT spectra are calculated 

and the 2D_xy descriptor is calculated. The exponent giving the best descriptor is then chosen 

(red box), and the next exponent is optimized (inner loop), using the optimized value of the 

previous exponent. This procedure is repeat until all the exponents are optimized. Since each 

exponent is optimized independently of the other ones, the cycle is repeated again on all the 

exponents until convergence is reached (outer loop), typically only 3 or 4 cycles are necessary. 

The procedure is performed on the same collection of molecules employed in the previous 

section. In order to increase the efficiency, the procedure is split in two successive steps: in the 

first step the basis is optimized only on the first decimal digit, in the second step also the second 

digit is optimized. So in the first step the exponent is varied on an interval which is wider but 

with steps of 0.1, then in the second step the interval is narrower but a step of 0.01 is employed. 

The interval wideness and step size are indicated by  and  respectively in the blue boxes of 

Scheme 2. Such optimization procedure is much more demanding than the simpler reduction, 

requiring about one order of magnitude more of computer time, typically 2 or 3 weeks using 20 

cpu on the same server. However, we have found that for most of the elements the reduction is 

enough to get a basis of good accuracy, so we have applied the exponent optimization only for 

few elements which were less easy to optimize or for which we required a special accuracy.
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2.6 Computational details

In all calculations the basis set for the expansion of the molecular Kohn-Sham orbitals has been 

taken from the AMS database of STO functions. The accurate Triple Zeta plus Polarization 

(TZP) set has been chosen. For the geometry optimization of the molecules considered in the 

collection, the exchange correlation energy functional has been approximated at the Local 

Density Approximation (LDA) with the VWN parametrization22. In order to have accurate 

spectra calculations, we have considered in both Casida and polTDDFT calculations the B3LYP 

hybrid energy functional for both SCF and response part. In the response part the non-local 

exchange of the kernel has been approximated at the Hybrid Diagonal Approximation (HDA 

level) in order to save computer time without loss of accuracy23. Since we have considered also 

heavy elements we have included relativistic effects at the ZORA level24.

3. Results and discussion
3.1.Reduction of the auxiliary basis set

In order to describe how to realize the procedure previously described, we have selected one 

element of the period table (Sn) as a typical example. For the collection we chose the following 4 

molecules: SnO2, SnCl2, SnF4 and Sn(CH3)4, in order to have two oxidation states (+2 and +4) as 

well as two coordination numbers (2 and 4). The geometries have been optimized and are reported 

in the Supporting Information. In Table 1 we have reported the IACAS of Sn atom which initially 

consists of 57 STO, we have highlighted the 22 exponents >15 which have been deleted before to 

start the reduction procedure, so the pre-reduced set consists of 35 STO. In Figure 3 we have 

reported the polTDDFT spectrum of SnCl2 employing the pre-reduced fit, compared with the 

Casida one. The match is excellent but the auxiliary set is by far too large with respect to the real 

necessity. In Figure 4 we have reported the 2D_xy descriptor trends for each molecule of the 

collection, together with their arithmetic mean. It is apparent that at the beginning of the procedure 

the reduction does not deteriorate the quality, but around T=30 a sudden drop out is apparent for all 

the here considered systems. Quite interestingly in Figure 5 we have considered the nD_y descriptor 

trend on the basis set selected by the 2D_xy descriptor: not only the behaviour is the same but also 

the same ‘best’ basis set would have been identified by the nD_y descriptor. This suggests that the 

selection procedure is quite robust and although intrinsically descriptor-dependent, in practice the 

descriptor choice does not seem to represent a critical issue. Actually this is not true in general: in 

some circumstances the selection would be different, in that case we checked both set (one selected 

by 2D_xy and the other one selected by nD_y) and we always found that the selection from nD_y is 

more accurate. In summary the 2D_xy descriptor has been employed to do the reduction but the 
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nD_y descriptor has been chosen to select the final basis. We also tried to do the reduction by nD_y 

descriptor, but this proven not accurate since the resulting spectra were less accurate in terms of 

intensity. This was not unexpected, due to the nature of the nD_y descriptor which is not sensitive 

to errors due to a rescaling of the intensity. Finally, in Figure 6 we report the polTDDFT spectrum 

calculated for a system chosen outside the collection (Sn(CH2CH3)2Cl2), in order to verify the 

transferability of the so obtained auxiliary basis set. As we can see the agreement with the reference 

Casida results is very satisfactory confirming the transferability. In practice, this procedure has been 

applied to all the atoms of the periodic table, except the f-block elements, taking into account only 

closed shell molecules for the collection.

3.2.Exponent optimization of the auxiliary basis set

In most cases and for standard purposes, the basis set obtained by reduction as in the previous 

section does not need to be further optimized as concerns the exponents. However there are 

situations in which this is necessary. In particular at the beginning of the procedure we do not have 

any basis available at all. Therefore we started from hydrogen as the first element, which we take 

from a previous optimization1. Then we reduced and optimized in order the following elements: C, 

O, Cl, S, F, N, Se, Si, P, Br and I. In case the collection includes elements not yet available, we 

employed the previous optimized auxiliary basis set from1.

Carbon has demonstrated as one of the most tricky atoms to optimize, probably due to its very 

complex chemistry which makes it to be in very different chemical contexts.

As a typical example, we discuss the optimization results relative to the exponent refinement of the 

auxiliary basis set for the chlorine atom. The collection employed for optimization and previous 

reduction consists of three molecules: HCl, CCl4 and Cl2O. The trend of the descriptor during the 

process of exponent optimization is considered in figure 7, where the value of the 2D_xy descriptor 

is reported for each basis calculated accordingly to the procedure outlined in previous Section 2.5. It 

is well apparent that the optimization is quite smooth: at the beginning of the process the descriptor 

increases, but it assumes quickly a flat behaviour indicating that the optimization is in practice 

completed. In figure 8 we have reported the polTDDFT spectra of the three molecules belonging to 

the Cl collection, calculated with the optimized Cl basis set, in comparison with the reference 

Casida TDDFT spectra. The agreement is fairly nice for all molecules over the complete energy 

range here considered. In order to check the ‘transferability’ of the basis, we have repeated the same 

analysis for six molecules not belonging to the collection, namely: S2Cl2, SOCl2, SO2Cl2, VOCl3 

AgCl and ArCl2, whose spectra are reported in Figure 9. ArCl2 is just a model system we used to 

reduce the basis for argon, in which Cl is in an unconventional molecular context: nevertheless the 
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agreement between Casida and polTDDFT is excellent in this case as well. This finding suggests 

that the so-obtained auxiliary basis are transferable in different chemical context, keeping the good 

accuracy showed during the reduction or optimization processes.

As a final test we have considered that in a recent work from Della Sala group15 it has been found 

that for silver clusters it is possible to obtain very accurate photoabsorption spectra by using a 

minimal auxiliary basis set to fit the transition density. So we have directly optimized the exponent 

of a single 1S STO function for a collection consisting of only the Ag20 Td neutral cluster, obtaining 

a best exponent value equal to 0.40. The agreement with the reference Casida spectrum is fairly nice 

indeed (upper panel in Figure 10). Such basis allows to calculate huge systems, for example in the 

lower panel of Figure 10 we have reported the polTDDFT absorption spectrum of [Ag301]3+ 

calculated with the optimized auxiliary minimal basis, a conventional DZ basis for the molecular 

orbital and the LB94 functional25, in order to be consistent with the spectrum already reported for 

the same systems3. Thanks to the minimal size of the basis set, such calculation is extremely cheap: 

using the hardware described in previous section 2.4. the whole calculation took only 64 hours 

using 24 cores. We optimized a minimal basis set for gold, but the spectrum obtained was very 

poor: gold atom is more demanding in terms of basis size. This is due to the more important role 

played by the 5d shell, while for Ag the 4d manifold is much deeper, and only 5s electrons are 

responsible for the optical properties. 

3.3 Auxiliary basis set database organization

The database covers all the periodic table of elements, except lanthanides and actinides. The 

auxiliary basis are all obtained by reduction, furthermore for the C, O, Cl, S, F, N, Se, Si, P, Br and 

I elements also the exponent optimization has been done. The set is already available in the last 

AMS2022 distributed release, in the $AMSRESOURCES/POLTDDFT directory. The complete 

auxiliary basis sets have been reported in the Supporting Information.

4. Conclusions
In the present work a new procedure to generate a set of STO auxiliary basis function suitable to 

fit the induced electron density is proposed, implemented and applied. Such set has been 

optimized for each element of the periodic table (except the f-block elements) in order to furnish 

accurate absorption spectra using the complex polarizability algorithm of TDDFT, also known 

as polTDDFT. To obtain such result we have set up an automatic procedure which is able, 

thanks to the definition of suitable descriptors, to evaluate the resemblance of the auxiliary basis 

dependent calculated spectra with respect to a reference spectrum. In particular two different 
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descriptors have been considered, which are very easy to calculate and have proven very 

efficient to quantify the resemblance of a calculated spectrum with respect to the reference 

spectrum. In this way it is possible to reduce the size of the basis set maximizing the basis set 

accuracy. Thanks to the choice to employ a collection of molecules for each element, such basis 

has proven transferable to molecules outside the collection. It has been found that for most 

elements the reduction of the auxiliary basis set size by deleting the unnecessary functions is 

enough to get accurate results and small auxiliary basis sets. For some elements a further 

exponent refinement has been found useful for a further improvement. The final sets are 

therefore much more accurate and smaller than the previous ones and have been already 

included in the database present in the last release of the AMS program. The availability of the 

present new set will allow to improve drastically the applicability range of the polTDDFT 

method with higher accuracy and less computational effort.

Supporting Information

Geometries of all the collections of molecules employed to obtain the auxiliary basis set and 

final optimized basis set.
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Captions to Figures

Scheme 1. Flow chart relative to the procedure to reduce the auxiliary basis set.

Scheme 2. Flow chart relative to the procedure to optimize the exponents of the auxiliary basis 

set.

Figure  1. Evolution of the 2D_xy descriptor during the automated reduction of the auxiliary 

basis set for the Sn element.

Figure 2. Evolution of the best 2D_xy descriptor along the reduction of the auxiliary basis set 

for the Sn element.

Figure 3. Comparison between reference (Casida) and polTDDFT spectra with reduced basis 

set for SnCl2, which belongs to the Sn collection.

Figure 4. Evolution of the best 2D_xy descriptor along the reduction of the auxiliary basis set 

for the Sn element for each molecule of the collection. The arithmetic mean is reported as well.

Figure 5. Evolution of the nD_y descriptor along the best 2D_xy reduced series of the auxiliary 

basis set for the Sn element.

Figure 6. Comparison between reference (Casida) and polTDDFT spectra with reduced basis 

set for Sn(CH2CH3)2Cl2, which does not belong to the Sn collection.

Figure  7. Evolution of the 2D_xy descriptor along the optimization procedure (exponent 

refinement) of the auxiliary basis set for the Cl element, calculated as arithmetic mean for HCl, 

CCl4 and Cl2O, which belong to the Cl collection.

Figure  8. Comparison between reference (Casida) and polTDDFT spectra with optimized 

exponents basis set for HCl, CCl4 and Cl2O, which belong to the Cl collection.

Figure  9. Comparison between reference (Casida) and polTDDFT spectra with Cl optimized 

exponents basis set for AgCl, Ar-Cl2, VOCl3, S2Cl2, SOCl2 and SO2Cl2, which do not belong to 

the Cl collection.

Figure 10. Upper panel: comparison between reference (Casida) and polTDDFT spectra with 

auxiliary minimal basis with optimized exponent (=0.40) for Ag20. Lower panel: polTDDFT 

spectra calculated with auxiliary minimal basis with optimized exponent (=0.40) and DZ 

conventional basis for the molecular orbitals and LB94 XC potential for [Ag301]3+.
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Table 1. The original density fitting auxiliary basis basis set for Sn atom. The broken line refers 

to the pre-reduction of the exponents with >15. The final optimally reduced basis elements are 

in bold.

ns  np  nd  nf  ng 

1s 64.80 2p 55.70 3d 46.60 4f 35.80 5g 25.30

1s 39.22 3p 45.83 4d 34.44 5f 24.00 6g 14.59

2s 43.94 4p 37.10 5d 25.64 6f 16.38 7g 8.67

2s 29.81 5p 29.94 6d 19.26 7f 11.37 8g 5.28

3s 29.67 5p 20.10 6d 12.43 7f 6.95 8g 2.88

3s 21.38 6p 16.25 7d 9.43 8f 4.89

4s 20.36 6p 11.26 7d 6.27 8f 3.08

4s 15.25 7p 9.14 8d 4.80

5s 14.23 7p 6.50 8d 3.27

5s 10.96 8p 5.30 9d 2.53

6s 10.11 8p 3.85 9d 1.76

6s 7.95 9p 3.15

7s 7.29 9p 2.33

7s 5.83

8s 5.33

8s 4.32

8s 3.50

9s 3.19

9s 2.62

9s 2.15

9s 1.76

.
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Pre-reduction
<15 dim=n<<N
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dim=n-1
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dim=n-1
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dim=n-1

Delete function n 
dim=n-1………

Select best 2D_xy 
of dim=n-1

n>1?Yes End
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Scheme 1.
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Reduced auxiliary basis

j-th exponent

α-Δ α-Δ+δ α-Δ+2δ α+Δ
………

Select exponent
with best 2D_xy 

2D_xy(i+1) = 2D_xy(i)?
Yes

End

No, loop j=j+1 
Last exponent?

Yes
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Scheme 2.
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Figure 2
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 Fig 5
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5 CONCLUSION 
 

 

The present thesis work has been devoted to the accurate computational description of the optical 
properties of metal clusters. Although the TDDFT is already a well consolidated technique to 
describe optical properties of large systems, when the systems become very large (many hundreds 
of atoms) specific issues must be considered. For this reason in the present Thesis we did not use 
the conventional Casida TDDFT formulation, but rather the complex polarizability algorithm (also 
known as polTDDFT) has been employed. This choice has been driven by the need to avoid the 
diagonalization of a large matrix which becomes prohibitive and numerically unstable as the 
systems size grows. In order to improve the accuracy with respect to the experiment, the first target 
of this thesis was to make the calculations with hybrid functional (like B3LYP) feasible for large 
systems as well. This task is not trivial, since the non-local exchange term of the hybrid TDDFT 
kernel makes the calculation extremely time-consuming. This problem is even worse when non-
conventional basis are employed, like STO as in the ADF code since it is not possible to exploit the 
advantage offered by GTO for analytic integration. Therefore in this thesis the Hybrid Diagonal 
Approximation (HDA) has been introduced and implemented in the ADF code. This scheme, which 
consists to employ the full non-local kernel only in the diagonal matrix elements of the TDDFT 
equation, has proven very accurate and extremely efficient. This new feature allowed to obtain a 
quantitative match with respect to a low temperature experiment for the cluster Ag24Au(DMBT)18]

-. 
In addition to the new HDA scheme, also a new density fitting basis set has been optimized for 
POLTDDFT, by means of an automatic procedure inspired by Artificial Intelligence (AI) 
techniques. Such procedure allowed to define a set of descriptors which can be considered as 
indexes of the ability of the fitting basis set to correctly reproduce the photoabsorption spectrum. 
Such procedure allowed to build a database of fitting functions for the atoms of whole the periodic 
table, with the exceptions of lanthanides and actinides. So the availability of a competitive scheme 
like HDA as well as a very efficient density fitting, allowed to apply the method to systems which 
were not tractable before and with an unprecedented accuracy. In the present thesis the method has 
been applied to study and rationalize the ECD of chiral clusters, the photoabsorption at low 
temperature and the coupling between plasmonic systems.  

In summary, the joint efforts between method development as well as technical improvements, have 
allowed to improve the potential applications of the polTDDFT method. Since now the method has 
gained almost quantitative accuracy with respect to the experiment, it can be profitably employed, 
for example, also with predictive potential, for example for the insilico design of new optical 
materials. 

Future directions starting from the present work can be envisaged, for example with the inclusion of 
Range Separated (RS) functional in the HDA scheme, the extension of polTDDFT to open shell 
systems by means of an unrestricted formulation, the extension of some part of the codes to more 
efficient parallelization and the inclusion of the ligand conformational motion by means of 
molecular dynamics technique.  

Regarding the HDA a further step forward concerns the use of STO fitting (the same optimized 
bases) rather than use of numerical integration, this was performed during a master's thesis work (of 
which I was co-supervisor), this upgrade makes possible a further speedup in the calculation from 



  

one to two orders of magnitude, bringing HDA to be comparable with a GGA functional like LB94 
with a very slight deviation from numerical calculations.  

This thesis work is focused on providing new tools and methods rather than producing results in the 
form of simulations. In addition to the scientific interest in itself, the proposed simulations are to be 
considered as examples of the innumerable possible applications of polTDDFT and the AMS 
package. Various undergraduates and PhD students have and are using the code deriving from this 
thesis work, using it in very different sectors, for example: CD and ABS spectra of protein (where 
many structures of medium-large molecule are required), quantum dots and various doped carbon-
based materials (that requires different element basis set and fast methods), nanoalloys, metal 
clusters (non only noble metal), organic shell protected clusters, surface doping, supramolecular 
compounds, and much more. Other interesting application are: photochemistry (synthesis, artificial 
CO2 fixation, coupling reaction), sensor (fluorescence quenching or enhancement, 
chemiluminescence, colorimetric test, plasmon resonance devices such as immunoassay), LED 
(more efficient or more exotic, for example circular polarized light, far UV source), photodiode (as 
sensor or photovoltaic panels), photocatalysis (water splitting, waste destruction and autocleaning 
materials), fluorescent dye (paint, reagent, labelling), nanomotor, lighting technology, etc. 
Nowadays, all these applications require a preliminary theoretical study, as they are phenomena 
with a relevant quantum component and therefore not easy to interpret and rationalize, moreover 
this allows to save reagents and time by being able to limit the number of compounds to be 
synthesized.  
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