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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. 
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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). 
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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]. 
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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. 
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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] 
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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]. 
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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: 
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(2.2.1) 

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

             ( 
 

 
      )         

(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. 
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Figure (2.2.1) Graphic representation of SCF procedure 

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

    
 

√  
| ̅   ̅       ̅   

(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: 

 [ ]  
 

 
∬
 ( ̅) ( ̅ )

| ̅   ̅ |
  ̅  ̅  

(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) 
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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]: 

  ( ̅   ̅ )  
 

 
 ( ̅ ) ( ̅ )[     ( ̅   ̅ )] 

(2.3.1) 
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(2.3.2) 
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(2.3.3) 
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Where    ( ̅   ̅ ) is the pair correlation function,    ( ̅   ̅ ) is the exchange-correlation 
hole and   ( ̅   ̅ ) is the pair density: 

  ( ̅   ̅ )  
 (   )

 
∫| ( ̅   ̅     ̅ )|

   ̅   ̅    ̅  

(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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       ∫
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      ]   [ ]     [ ] 

(2.3.7) 

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

   ( ̅   ̅ )    
     ( ̅   ̅ )    

     ( ̅   ̅ ) 

(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. 
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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. 
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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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∫ ( ) ( ̅)
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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.  
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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: 

  ( )    ∫⟨  
( )| ( )|  

( )⟩        

 

  

 

(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: 

 

 (   )   ( ) ( ) 

(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.  
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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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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) 
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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: 

{
 
 

 
 
∫   (        ) 
 

  

               
   (        ) 

  (        )
|
  

 

  
   (    ) 

 (        )

∫    (        ) 
 

  

                 
   (        ) 

  (        )
|
  

 

  
   (    ) 

 (        )

 

(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. 
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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)] 
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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. 
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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) 
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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) 
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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) 
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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: 

   ∑∑     (      | |          | |   )

    

 

   

 

 ∑∑    (   
    | |       

    | |   )

    

 

   

 

 

(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) 
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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. 
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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) 
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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. 
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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) 
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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: 

 ( )  
 

 
∑   

 

   

 

(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. 
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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: 

{  

  
( )         
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(2.6.7) 

Where   contains the Coulomb and the exchange-correlation kernels: 

 ( ̅  ̅ )    ( ̅  ̅ )     ( ̅  ̅ )  
 

| ̅   ̅ |
  (    )

    
  

|
  

 

(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: 
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Then by simple substitution: 

∑(| 
 
       |    )   ( )

 

        
  

(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. 
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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: 

 ̅  
       

 
 

(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.  
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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) 
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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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(2.7.5) 
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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: 

  |  |     |  |  
     |  |   

(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: 

∏(    | )   ∫  
( ) (   ̅)   ̅ 

(2.7.11) 
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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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(2.7.12) 

In this expression the potential induced by the induced density is defined as: 

      (   ̅)  ∫
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(2.7.13) 

In a completely similar way to what was done for absorption, the induced density is 
expanded as a linear combination: 
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(2.7.14) 

Where by simple substitution a matrix problem similar to the one faced in the case of 
absorption is obtained: 

[   ( )]    
(2.7.15) 

The only new object compared to the previous chapter is the vector  , whose expression 
is: 
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(2.7.16) 

Then the expression of the coefficient frequency-dependent is: 

  ( )  
 

        
 

 

        
 

(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  .  
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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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(2.7.20) 

Therefore its derivative will be: 
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Then by substitution: 
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(2.7.22) 

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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(2.7.23) 

Therefore, considering the average over all orientations and considering closed-shell 
molecules (only the singlet-singlet transition) we obtain: 

   
      
   

 

(2.7.24) 

And by reordering, we finally get the strength of the rotator: 

    
   

  
  [ ( )] 

(2.7.25) 
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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). 
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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: 

 (    )  
  

√  (
 
 
)
 
 

(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 
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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. 
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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: 

 ̂  (   )    
  (   )

  
 

(2.9.3)  

Where the new Dirac Hamiltonian is composed of four components: 

 ̂          
   

(2.9.4) 

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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(2.9.8) 

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: 

 ̂   ̂            
     

(2.9.11) 

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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such as circular dichroism and circularly polarized luminescence represent useful tools to 
understand the nature of electronic transitions in ligand-protected metal clusters and the 
importance of theoretical simulation in explaining that chiral properties arise not only 
from chiral ligands but also from metal-sulfur staples. 
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TCM, electronic structure, fragment analysis, orbital visualization and transition 
composition) and wrote the first version of the results and computational method sections 
of the paper. This article shows how crucial it is to understand the correct arrangement of 
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also accurate spectroscopic simulations like polTDDFT. 
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efficient hybrid scheme for time dependent density functional theory”; J.  hem. Phys. 

152 (2020); 184104  

For this article M. Medves did the implementation of the method and integrated it into the 
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article provides a very fast, accurate and robust method to use hybrid functionals (not 
only B3LYP discussed in this work) in time-dependent calulations. HDA is also a general 
approximation, which thanks to its representation as super operator, makes it very easy to 
implement it in other codes of chemistry and physics. 
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simulations”; J.  hem. Phys. 155 ( 0 1); 084103 

For this article M. Medves did all the TDDFT calculations, the following analysis (ICM, 
TCM, electronic structure, fragment analysis, orbital visualization and transition 
composition) and wrote the first version of the results and computational method sections 
of the paper. This article shows the great importance in the choice of the functional (also 
depending on the energy range and therefore on the transitions involved), the limits of the 
Casida method were further demonstrated, overcome with that of the polTDDFT. This is 
the first article where HDA approximation was used giving really accurate results (in the 
entire energetic range of the experimental spectrum), especially when compared to low 
temperature spectra. 
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support (especially the parallelization part) wrote part of the first version of the 
computational method sections of the paper. This article aims to explore the destructive, 
constructive and structural interactions related to nanostructures with a strong plasmonic 
character. In particular the interest is aimed at the part of circular dichroism, the use of 
analysis tools such as ICM and TCM turns out to be fundamental in the rationalization of 
destructive or constructive couplings by evaluating their energy and intensity. 

6) Marco  Medves, Daniele Toffoli, Mauro Stener, Luca Sementa, Alessandro 
Fortunelli; “Coupling between plasmonic and molecular excitations: TDDFT 
investigation of an ag-nanorod/bodipy-dye interaction”; J. Phys. Chem. A; accepted 

For this article M. Medves did all the TDDFT calculations, the following analysis(ICM, 
TCM, electronic structure, fragment analysis, orbital visualization and transition 
composition) and wrote the first version of the results and computational method sections 
of the paper. This article provides an example of coupling between a plasmon and a 
fluorescent organic compound, this is a starting point for the theoretical design of new 
sensors, radiation sources (also circularly polarized) and a deeper understanding of the 
coupling trend as the distance varies. 

7) Marco Medves, Giovanna Fronzoni, Mauro Stener; “Optimization of density fitting 
auxiliary slater type basis functions for time dependent density functional theory”; 
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For this article M. Medves did the implementation of the method, suggested many 
procedures for basis optimization and pruning, did all the following calculations as well 
as the relative analysis and wrote the first version of the theory, results and computational 
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method sections of the paper. This article is rather technical but real important in having a 
great diffusion of the polTDDFT to a wide audience of users, as it provides small but very 
accurate as well as general bases. This work required the development of an “automatic” 

code written in various programming languages: shell scripting for use/modify 
environmental variables and interaction with AMS and monitoring, Python for high-level 
operation such as file/object-oriented one and resource management, Fortran for brute 
force calculation and parallelization, finally Visual Basic for Application for post-
processing and specific graphics for data visualization. We were inspired by some typical 
concepts of Machine Learning (ML) with particular attention to memory management and 
an impressive number of calculations to perform with calculators of different design 
(many processors & limited walltime like  INE  ’s supercomputer or few processors & 
large walltime) so one of the main differences with the ML is the ability to restart. 
Fundamental was the introduction of a new descriptor alternative to the well-known 
cosine of similarity, this descriptor turns out to be an effective statistical tool for fields of 
application very different from theoretical chemistry. The code is not implemented in 
AMS but very easy to use and flexible. 
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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.
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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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T.; Tlahuice-Flores, A. Structures and Chiroptical Properties of the
BINAS-Monosubstituted Au38(SCH3)24 Cluster. Nanoscale 2013, 5,
10956−10962.
(41) Baseggio, O.; Fronzoni, G.; Stener, M. A New Time Dependent
Density Functional Algorithm for Large Systems and Plasmons inMetal
Clusters. J. Chem. Phys. 2015, 143, 024106.
(42) Baseggio, O.; Toffoli, D.; Fronzoni, G.; Stener, M.; Sementa, L.;
Fortunelli, A. Extension of the Time Dependent Density Functional
Complex Polarizability Algorithm to Circular Dichroism: Implementa-
tion and Applications to Ag8 and Au38(SC2H4C6H5)24. J. Phys. Chem. C
2016, 120, 24335−24345.
(43) Baseggio, O.; De Vetta, M.; Fronzoni, G.; Toffoli, D.; Stener, M.;
Sementa, L.; Fortunelli, A. Time-Dependent Density-Functional Study
of the Photoabsorption Spectrum of Au25(SC2H4C6H5)18 Anion:
Validation of the Computational Protocol. Int. J. Quantum Chem. 2018,
118, No. e25769.
(44) Becke, A. D. Density-Functional Thermochemistry. III. The Role
of Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(45) Medves, M.; Sementa, L.; Toffoli, D.; Fronzoni, G.; Fortunelli;
Stener, M. An Efficient Hybrid Scheme for Time Dependent Density
Functional Theory. J. Chem. Phys. 2020, 152, 184104.
(46) Toffoli, D.; Baseggio, O.; Fronzoni, G.; Stener, M.; Fortunelli, A.;
Sementa, L. Pd Doping, Conformational, and Charge Effects on the
Dichroic Response of a Monolayer Protected Au38(SR)24 Nanocluster.
Phys. Chem. Chem. Phys. 2019, 21, 3585−3596.
(47) Chang, L.; Baseggio, O.; Sementa, L.; Cheng, D.; Fronzoni, G.;
Toffoli, D.; Apra,̀ E.; Stener, M.; Fortunelli, A. Individual Component
Map of Rotatory Strength and Rotatory Strength Density Plots as
Analysis Tools of Circular Dichroism Spectra of Complex Systems. J.
Chem. Theory Comput. 2018, 14, 3703−3714.
(48) Joshi, C. P.; Bootharaju, M. S.; Alhilaly, M. J.; Bakr, O. M.
[Ag25(SR)18]

−: The “Golden” Silver Nanoparticle. J. Am. Chem. Soc.
2015, 137, 11578−11581.

(49) Walter, M.; Akola, J.; Lopez-Acevedo, O.; Jadzinsky, P. D.;
Calero, G.; Ackerson, C. J.; Whetten, R. L.; Grönbeck, H.; Hak̈kinen, H.
A Unified View of Ligand-Protected Gold Clusters as Superatom
Complexes. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 9157−9162.
(50) Hak̈kinen, H. Atomic and Electronic Structure of Gold Clusters:
Understanding Flakes, Cages and Superatoms from Simple Concepts.
Chem. Soc. Rev. 2008, 37, 1847−1859.
(51) Sementa, L.; Barcaro, G.; Dass, A.; Stener, M.; Fortunelli, A.
Designing Ligand-Enhanced Optical Absorption of Thiolated Gold
Nanoclusters. Chem. Commun. 2015, 51, 7935−7938.
(52) Rambukwella, M.; Sakthivel, N. A.; Delcamp, J. H.; Sementa, L.;
Fortunelli, A.; Dass, A. Ligand Structure Determines Nanoparticles’
Atomic Structure, Metal-Ligand Interface and Properties. Front. Chem.
2018, 6, 330.
(53) Fabbri, D.; Delogu, G.; De Lucchi, O. Preparation of
Enantiomerically Pure 1,1′-Binaphthalene-2,2′-Diol and 1,1′-Binaph-
thalene-2,2′-Dithiol. J. Org. Chem. 1993, 58, 1748−1750.
(54) He, H.; Chen, L.-Y.; Wong, W.-Y.; Chan, W.-H.; Lee, A. W. M.
Practical Synthetic Approach to Chiral Sulfonimides (CSIs) - Chiral
Brønsted Acids for Organocatalysis. Eur. J. Org. Chem. 2010, 2010,
4181−4184.
(55) Knoppe, S.; Azoulay, R.; Dass, A.; Bürgi, T. In Situ Reaction
Monitoring Reveals a Diastereoselective Ligand Exchange Reaction
between the Intrinsically Chiral Au38(SR)24 and Chiral Thiols. J. Am.
Chem. Soc. 2012, 134, 20302−20305.
(56) Castiglioni, E.; Abbate, S.; Longhi, G. Revisiting with Updated
Hardware an Old Spectroscopic Technique: Circularly Polarized
Luminescence. Appl. Spectrosc. 2010, 64, 1416−1419.

ACS Nano www.acsnano.org Article

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

9700

68



Supporting Information for the paper:

Chiral Functionalization of an Atomically Precise Noble Metal Cluster: Insights into the 
Origin of Chirality and Photoluminescence

Kumaranchira Ramankutty Krishnadas *a,Luca Sementab, Marco Medvesc, Alessandro 
Fortunelli,bMauro Stener,* cAlexandre Fürstenberg,d Giovanna Longhi,e Thomas Bürgi* a

aDépartement de Chimie Physique, Université de Genève, 30 Quai Ernest-Ansermet, 1211 
Genève 4, Switzerland

bCNR-ICCOM & IPCF, Consiglio Nazionale delle Ricerche, Via Giuseppe Moruzzi 1, Pisa, 
Italy.

cDipartimento di Scienze Chimiche e Farmaceutiche, Università degli Studi di Trieste, Via 
Giorgieri 1, 34127 Trieste, Italy.

dDépartement de Chimie Analytique et Minérale, Université de Genève

30 Quai Ernest-Ansermet, 1211 Geneva 4, Switzerland.

eDipartimento di Medicina Molecolare e Traslazionale, Università di Brescia, Viale Europa 11, 
25123,Brescia, Italy.

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-26LUMO
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-25LUMO
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.
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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.

ATTENTION: this is incomplete supporting information, please visit the article online
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