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Abstract

Questo progetto di dottorato ¢ stato dedicato allo sviluppo e all’applicazione di approcci
computazionali per lo studio di proprieta ottiche e chiro-ottiche di sistemi molecolari nel range
dei nanometri. L'obiettivo del lavoro ¢ stato quello di estendere la teoria del funzionale densita
dipendente dal tempo (TDDFT) a sistemi di grandi dimensioni, nei quali il compromesso tra
accuratezza e costo computazionale rappresenta una sfida centrale.

In quest’ottica, I’ attivita di ricerca si &€ concentrata attorno al formalismo TDDFT basato sulla
polarizzazione (polTDDFT), con particolare attenzione all’Hybrid Diagonal Approximation
(HDA). L'introduzione di un algoritmo computazionale basato sulla Risoluzione dell’ Identita
(RI) ha permesso di accelerare in modo significativo il calcolo dei contributi HDA, rendendo
agevoli descrizioni TDDFT con funzionali ibridi anche a sistemi costituiti da centinaia di
atomi. Il formalismo RI-HDA cosi ottenuto ¢ stato testato su sistemi metallici rappresentativi,
mostrando un’elevato grado di accuratezza sia rispetto ad approcci computazionali pitl costosi
che in confronto a dati sperimentali registrati a basse temperature.

Un ulteriore risultato ¢ stata I’estensione dell’approccio RI-HDA ai funzionali ibridi
Range-Separated, quali il CAMY-B3LYP. Tali funzionali risultano fondamentali per una
corretta descrizione delle eccitazioni con trasferimento di carica e degli effetti elettronici a
lungo raggio.

Parallelamente allo sviluppo metodologico, gli strumenti computazionali realizzati sono stati
impiegati per affrontare diversi problemi di interesse chimico e fisico. In particolare, sono stati
studiati 1 contributi plasmonici al dicroismo circolare elettronico (ECD) in nanotubi metallici
chirali, evidenziando come I’interferenza distruttiva tra eccitazioni collettive possa portare
alla soppressione del segnale plasmonico ECD. Sono stati inoltre analizzati i meccanismi di
trasferimento di chiralita in cluster d’oro funzionalizzati con L-cisteina, mettendo in luce il
ruolo dell’accoppiamento metallo—legante e dell’organizzazione molecolare all’interfaccia.
Infine, ¢ stato sviluppato un approccio multiscala in grado di combinare una descrizione
quantistica TDDFT del sistema molecolare con un modello continuo per una nanoparticella
metallica, consentendo lo studio di effetti chiro-ottici in sistemi ibridi molecola—nanoparticella.

Nel suo insieme, questo lavoro di dottorato integra sviluppo algoritmico e caratterizzazione
di sistemi complessi, fornendo strumenti computazionali in grado di ampliare gli spazi di
applicabilita delle simulazioni TDDFT e di offrire una miglior interpretazione dell’origine

elettronica dei fenomeni osservati.
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Abstract (English)

The aim of this PhD project has been the development and application of advanced computa-
tional approaches for the simulation of optical and chiroptical properties of complex molecular
and nanoscale systems. In particular, this work focuses on extending the applicability of
time-dependent density functional theory (TDDFT) to large systems, where both accuracy
and computational efficiency represent critical challenges.

To this end, algorithmic developments have been carried out within the polarization—
based TDDFT (polTDDFT) formalism, with special emphasis on the Hybrid Diagonal
Approximation (HDA). A Resolution-of-Identity (RI) strategy has been implemented to
accelerate the computation of HDA corrections, enabling hybrid TDDFT calculations for
systems comprising hundreds of atoms. The resulting RI-HDA framework has been assessed
on representative systems, showing excellent agreement with high resolution experimental
data while achieving a substantial reduction in computational effort.

A further key aspect of this work is the extension of the RI-HDA approach to Range-
Separated (RS)hybrid functionals, such as CAMY-B3LYP. This development allows for an
improved description of charge-transfer excitations and long-range electronic effects, while
retaining the scalability of the polTDDFT approach. As a result, the methodology developed
in this thesis provides a general and efficient computational framework for the study of optical
and chiroptical properties in large and complex systems.

Alongside these methodological developments, the computational tools have been applied
to investigate a variety of physically relevant problems. These include the analysis of plasmon
enhanced electronic circular dichroism in chiral gold and alloyed nanowires, where destructive
interference among collective excitations was shown to suppress the ECD signal at the plasmon
resonance; the study of chirality transfer mechanisms in L-cysteine—functionalized gold
clusters, highlighting the role of metal-ligand coupling and molecular organization at the
interface; and the development of a multiscale quantum/continuum approach to describe
plasmon-enhanced chiroptical effects in hybrid molecular—nanoparticle systems.

Overall, this PhD project combines algorithmic development and physical interpretation,
providing computational tools that extend the reach of TDDFT-based spectroscopy and offer

insight into the electronic origins of chiroptical phenomena in complex systems.
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1 Introduction

This work focuses on the theoretical characterization of the chiro-optical response of metallic
Nanoparticles (NPs) and the development of computational methods, within the framework
of Density Functional Theory, to simulate it. Because our main goal was the reliable
reproduction of the UV-Vis absorption spectrum or Circular Dichroism signal for complex

systems in this first chapter we briefly introduce:

What a spectroscopy experiment is.

The computational tools at our disposal.

The key concepts of Nanoscience

Chirality and CD signal

The key concepts of Nanoplasmonics

1.1 Spectroscopy

The main object of interest of this work is to produce and study an "absorption spectrum". It
is the response of a system to a probe as a function of the probe’s energy. The science behind
the measurement of such spectra is spectroscopy.

Spectroscopy is one of the most powerful and versatile experimental tools to investigate
the structure and properties of matter[1, 2]. Its unique possibility to correlate microscopic
features (such as electronic, vibrational, or rotational states) with macroscopic observables,
made spectroscopy the ideal bridge between physics, chemistry, and materials science since
its very origins.

As clearly reported by Jaan Laane in his introduction to "Frontiers of molecular spec-
troscopy"[3] the historical development of spectroscopy highlights its central role in modern
science. Its origin could be ascribed to the first observations made by Newton about the
dispersion of light through a prism (1666). In the nineteenth century, thanks to the connection
between spectral lines and chemical composition established by Fraunhofer, Bunsen, and
Kirchhoff, marked the starting point of elemental analysis. Spectroscopy was also instrumental

to the emergence of quantum theory, from Planck’s law of blackbody radiation and Bohr’s
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model of the hydrogen atom to Schrodinger’s wave mechanics. In the twentieth century,
technological advances such as lasers, Fourier transform infrared (FT-IR) spectrometers, and
ultrafast techniques dramatically expanded its scope, making spectroscopy a cornerstone of
molecular sciences. Not surprisingly, more than twenty Nobel Prizes have been directly or
indirectly awarded for contributions related to spectroscopic discoveries.

Even now, although new advances in fundamental physics resulted mostly from work in
high-energy physics, when the fundamental symmetries of physics and their violations are
considered, spectroscopy could improve our fundamental knowledge [4].

Today, spectroscopic methods are widely used due to their accessibility, non-invasive
character, and the richness of the information they provide. Techniques such as UV-Vis
absorption, fluorescence, Raman and NMR allow one to probe not only the fundamental
electronic and vibrational states of molecules but also their ultrafast dynamics, environmental
effects, and nonlinear optical properties.

Nevertheless, the interpretation of experimental spectra is often far from trivial: thermal
fluctuations, vibronic couplings, and solvent or solid-state environments complicate the direct
assignment of spectral features [5]. The combination of experiment and theory thus has a
dual role: it is interpretative, as it helps rationalize and disentangle complex spectroscopic
signals, and predictive, since it allows the rational design of novel materials with tailored
optical properties. This duality is particularly relevant for applications such as solar energy
conversion, photonics, and optoelectronic devices, where a fine control of light—matter
interactions is essential.

The more general description of a spectroscopy experiment would consider a probe
interacting with the system under study and causing a transition from an initial state |i) to
a final state | f) which describes both the system and the probe (although often times it is
considered the two wavefunctions to be separated). The relative transition probability w is

given by Fermi’s golden rule:
2r AL 2
W=7 [ ¢ Hintly)|" 61(E; - E; — w) (1.1)

where Hint is the probe-system interacting term of the Hamiltonian.
Different spectra and spectroscopy techniques study different excitations caused by different

kind of interaction. Typical excitations, sorted according to the energy range involved, are:

* Vibrational excitations or free-carrier absorption involve energies in the infrared (IR)
range of the spectrum, typical techniques are IR absorption and high-resolution inelastic

scattering techniques [6].

* Spin excitations and resonant inelastic X-ray scattering involve energies in the range

100-500 meV [7] and a typical probe are neutrons [8].
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 Valence excitations are promoted by visible and ultraviolet (UV-vis) light absorption or
Raman scattering and typical techniques are photoabsorption spectra and Electronic
Circular Dichroism (ECD).

* The resonance energy of collective modes like Plasmons, depending on the dimension
of the system, could range from few meV (in nanostructures [9]) to many eV (in bulk
materials [10]).

* core excitations involving inner-shell electrons require energies up to hundreds of eV.

In summary, spectroscopy, originally born from the observation of light dispersed by a
prism, has evolved into a central discipline for understanding the structure and dynamics of
matter. The parallel development of increasingly sophisticated experimental techniques and
accurate theoretical models continues to enhance its scope, confirming spectroscopy as one

of the most indispensable tools of contemporary science.

1.2 Computational absorption spectroscopy

Absorption spectroscopy measures the amount of energy, in the form of electro-magnetic
radiation (r.e.m.), absorbed by a sample at a given range of photon frequencies. The energy of
the absorbed photons is used to promote neutral transitions of an electron (or more electrons)
from an occupied to a virtual orbital thus creating an electron-hole pair. This means that the
electron stays in the proximity of the newly created ion and feels the presence of the relative
hole. Such interaction have to be explicitly taken into account when modeling this class of
phenomena. Both for experimentalists and theoreticians, the hugely different energy ranges
and regimes of interaction mean different measurement techniques and simulation tools.
In this work we will focus our attention on UV-Visible absorption and Electronic Circular
Dichroism (ECD).

In this context, computational spectroscopy has become an indispensable complement to
experiment. The integration of quantum mechanical modeling and spectroscopy enables the
assignment of spectral bands to specific transitions, the extraction of hidden information from
band shapes and positions, and even the prediction of the optical properties of yet unknown
molecules and materials.

Wavefunction-based ab initio methods (e.g., post—Hartree—Fock approaches such as Coupled
Cluster) provide benchmark accuracy but are computationally feasible only for relatively
small molecular systems. Density Functional Theory (DFT) and its time-dependent extension
(TDDFT) [11] have revolutionized the field, offering a practical balance between accuracy

and computational cost.
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In particular, the quality of TDDFT calculations depends strongly on the choice of the
functional and the introduction of hybrid exchange-correlational (xc) functionals as B3LYP
[12-14], and range-separated (RS) ones as CAM-B3LYP [15, 16], drastically increased their
accuracy. However, the cost of the calculation increases together with the accuracy of the xc
functional, e.g. the inclusion of the exact Hartree-Fock (HF) non-local exchange, hence its
choice is strongly related to the system size.

The most popular TDDFT formalism was proposed by Casida [17], whose equations are
usually solved by means of the Davidson iterative algorithm [Davidson] in quantum-chemical
codes like Amsterdam Modeling Suite (AMS) [18-21] and TURBOMOLE [22]. Such
approach is efficient when a relatively small number of low excitation energies is extracted
but becomes unaffordable for large systems when a larger number of excitation is needed.
Therefore, the Casida’s formulation and its computational implementation work fine mostly
for small or medium-size molecules and large systems where only very few excited states are
studied.

When dealing with larger molecules various strategies to reduce the computational cost of
the simulation are possible: neglecting terms (like in Tamm-Dancoff approximation [23]),
partitioning into subsystems [24, 25], truncating the single orbital transition space [26] and
approximating integrals.

In this last category falls the approximation developed by Niehaus et al. called time
dependent density functional theory based tight binding (TD-DFTB) [27-29]. It starts from a
ground state DFTB calculation (cheaper because of the optimized minimum valence orbital
basis set and the approximated two-centered integrals) [30, 31] and recasts Casida’s linear
response approach in the tight binding framework. It has been used in several applications
and proved to yield good results for 1 — 7 transitions [27] but it inherits limitations from
the DFTB ground state calculation (limited accuracy with respect to DFT and needs careful
parametrization for different elements and systems).

The so called simplified Tamm Dancoff Approximation (sTDA) [32] and TD-DFT
(sTDDFT) [33] methods, proposed by Grimme, start from a DFT ground state calcula-
tion and approximates two-electron integrals using short-range damped Coulomb interactions
of transition density monopoles in the TDA/TD-DFT scheme.

A similar approach, denoted TDDFT+TB, is inspired by sSTDA and sTDDFT but it employs
only local functionals for the calculation of the excited states [34, 35].

Other alternative TDDFT strategies try to solve the limitation over the energy range of
the spectrum in different ways. It is possible to treat the time-propagation of the system
explicitly, as proposed by Yabana and Bertsch [36] and implemented, over a real space grid,
in OCTOPUS code [37] to simulate the optical response of large biomolecules [38] and metal
clusters up to 236 atoms [39].

A different approach is based on a superoperator formulation of TDDFT; the spectrum is
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extracted from the dynamical polarizability of the system by efficiently exploiting the Lanczos
method [40]. This idea has been implemented using plain waves basis set and applied to
study systems like Cgo, C79 [41] together with organic molecules like chlorophyll a [42]. This
approach is quite appealing for large systems because it allows for the simulation of the whole
spectrum at once without, at least in theory, intrinsic limitations over the energy range, as it is
for the Davidson diagonalization procedure. A similar idea lies at the core of PoOITDDFT [43,
441], the main algorithm used in this thesis work, but a more detailed description of it will be
offered in future chapters.

Other possibilities to study large metallic systems are the TDDFT time-propagation with
Transition Contribution Map (TCM) [45] by H"akkinen and the Nobusada’s massively parallel
implementation of TDDFT based on real time and real-space [46, 47]. In particular the TCM
is able to extract information regarding the nature of the transitions involved in the spectral
feature at a similar level as what granted by more Casida inspired procedures. Of course,
the availability of massively parallel supercomputers represents a strong stimulus for the
development of highly parallel ab initio and DFT codes like NWCHEM [48].

Thus, for small to medium-sized molecules, theoretical predictions can nowadays reach the
accuracy of state-of-the-art experimental measurements, while continuous methodological
and computational advances extend their applicability to increasingly large and complex

systems.

1.3 Nanoscience and Metallic Nano Clusters

Nanoscience examines materials structured or patterned below ~100 nm, a regime where size
1s not a mere geometric attribute but a control knob for quantum and collective phenomena.

To understand the importance and central role of this field of research: the wavelength of
visible light, the de Broglie wavelength of charge carriers, characteristic plasmonic length
scales, and even the dimensions of large biomolecules all lie inside this dimension range.
As aresult, at this scale, materials acquire size-dependent properties that are neither purely
molecular nor bulk-like [49].

So, we can interpret nanostructures and nanomaterials as belonging to a separate class
of matter: although they share the same atomic composition of the parent solid, their
properties can be tuned through a single, intuitive, parameter: their size. Maybe, the most
known example of this is provided by quantum dots, whose band gap and hence optical
absorption/emission can be shifted across the visible by reducing the particle radius, in line
with particle-in-a-box quantization where the level spacing scales as AE o« 1/L? [50, 51].

Similar size control extends to redox potentials, melting points, and phase behavior.

Historically, the notion that macroscopic dimensions influence electronic properties emerged

early: Fr'ohlich argued that a free-electron metal [53] confined to small particles would
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ELECTRON WAVE

.

d [
- Lgd
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space for the electron wave less space for the
electron wave

Figure 1.1: The dimension of the nanoparticle affects the electron wavefunction thus changing
its optical properties [52].

exhibit measurable deviations (e.g., in specific heat) from bulk behavior [54]. Experimental
hints were long indirect e.g., the colors of colloidal glasses [55, 56], until controlled syntheses
allowed systematic study of truly nanoscale, discrete systems [57-60].

Nowadays nanoscience represents a milestone at the crossroad of chemistry, physics, and
materials science and its applications span from catalysis and sensing [61] to photonics [62,
63], medicine [64, 65], and quantum technologies. As a consequence of this, chemistry,
among other disciplines, has a pivotal role: precise, bottom-up synthesis, purification, and

passivation translate quantum ideas into real, stable materials.

Among nanoscale objects, monolayer-protected metal nanoclusters (MPCs) occupy a
unique niche. These compounds comprise a metal core (often Au, Ag, or bimetallic alloys)
of well-defined atom count, protected by an organic monolayer, typically thiolates, but also
phosphines and related ligands, to prevent aggregation and to stabilize discrete stoichiometries.
Thanks to advances in wet-chemistry protocols, many MPCs can now be prepared with atomic
precision and fully characterized by high-resolution mass spectrometry and single-crystal
X-ray crystallography [61, 66—69]. This atomic-level knowledge has been instrumental in
establishing rigorous cross-validation between experiment and computation, enabling reliable
structure—property studies and the rational selection of quantum-mechanical (QM) methods
with controlled accuracy/cost trade-offs [70].

In this work we focus primarily on thiolate-protected gold nanoclusters (often denoted
RS—-AuNCs)[71-78], while keeping an eye on closely related metallic systems and on
extended, yet still nanoscale, architectures such as nanowires [79-84]. The first predicted
structure of Aups(SR)|, (later became a standard in the field) was reported by H"akkinen
and Gr"onback et al. in 2008 [72] and confirmed experimentally by two groups at the same
time [66, 85]. Over the last two decades, synthesis, total structural determination, and optical
characterization of RS—AuNCs have progressed hand in hand with theory, revealing rich
trends as a function of metal composition, ligand identity, and “staple” motif geometry at the
metal-ligand interface [70, 85-88].

The optical absorption of MPCs is a stringent benchmark for electronic-structure theory and,
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although a qualitative agreement between theory and experiment is generally obtained[89,
90], a quantitative match has rarely been achieved [91-93] because it reflects a subtle
interplay among three electronically distinct moieties: (i) a low-oxidation-state metallic
core, (i1) a metal-ligand interfacial shell comprising staple motifs, and (iii) the organic
ligands themselves. Accurate predictions therefore demand a balanced treatment across
chemically heterogeneous regions [91]. Time-dependent density functional theory (TDDFT)
has become the workhorse for simulating the photoabsorption of MPCs. Several lessons have
emerged from systematic validation studies. First, the geometry matters: using experimentally
resolved structures (when available) avoids error accumulation from geometry predictions [91].
Second, for the low-energy spectral region—where metal-ligand and interfacial transitions
dominate—hybrid exchange—correlation (xc) functionals (e.g., B3LYP in both ground-state
Kohn—Sham equations and response kernel) are generally required to achieve near-quantitative
agreement with experiment [94]. Semilocal GGAs tend to underestimate transition energies
in this window, while asymptotically corrected models (e.g., LB94, SAOP) often improve
higher-energy ligand-centered excitations yet still struggle at low energy without hybrid
exchange [92]. The broader implication is methodological: once a protocol is validated
on reference MPCs—accurate experimental geometry; hybrid xc functional and kernel;
careful basis/pseudopotential and environment choices—it can be predictively applied when
experimental spectra are unavailable, guiding materials design for sensing, photocatalysis,
and plasmon-assisted chemistry [95]. In this spirit, extending validation to families with
varied metal composition and ligands (e.g., M5 cores with Au/Ag/Pt admixtures and DMBT
or n-butyl thiolates) is essential to assess transferability and to map how metal-ligand
cooperativity sculpts optical features.

While atomically precise MPCs epitomize zero-dimensional confinement, one-dimensional
nanowires (and related anisotropic nanostructures) introduce directional quantization and
distinct surface plasmon modes [96]. Chemically, many of the same principles apply: ligand
passivation governs stability, charge transfer, and interfacial screening; composition and
cross-section tune resonant energies; and atomic-scale morphology can break symmetries,
enabling chiroptical activity [97]. From a simulation standpoint, these systems challenge
theory across length scales: TDDFT remains the gold standard at the tens—hundreds of atoms
scale, while efficient formulations (e.g., polarization-based TDDFT or real-time approaches)
help access broader spectral windows and larger electron counts without sacrificing essential

physics.

1.4 Chirality and Circular Dichroism in Nanostructures

One of the most interesting and studied properties in nature is chirality. It is the geometrical

property possessed by an object, or a system in general, that cannot be superimposed onto its
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mirror image. In symmetry terms this statement is equivalent to say the object lacks improper
symmetry elements S, such as mirror planes or an inversion center. Chirality is an intrinsic
property of a system which could manifest itself at any scale: from the single stereogenic centre
of a single molecule, then coiling of DNA helices, to viruses and macroscopic systems such
as human hands or even galaxies [98—100]. One of the most distinctive physical consequences
of chirality is optical activity the presence of a Circular Dichroism (CD) signal. CD measures
the difference in absorption between left- and right-circularly polarized light. Conceptually, a
CD experiment is very similar to a conventional absorption measurement, except that the
incident beam is circularly polarized and the transmitted intensity is recorded separately for
the two polarizations. The CD signal corresponds to the differential absorption of these
components and thus provides a direct signature of the chiral nature of the system. Depending
on the type of light-matter interaction involved, different spectroscopic regimes can be
explored: electronic CD (ECD) in the UV-Vis region, vibrational CD (VCD) in the infrared,
and circularly polarized luminescence (CPL) in emission experiments [101-103]. These
techniques are routinely employed to obtain conformational and three-dimensional structural
information about molecules and materials in various electronic or excited states [104]. In
the present work, we focus on electronic CD, which probes the electronic transitions of chiral
molecular systems and metal-based nanostructures. Within the Rosenfeld formalism, the
ECD intensity is proportional to the imaginary part of the scalar product between the electric

and magnetic transition dipole moments:
4
CD cc 2y Im({Olu|n) - (n|m|0)) (1.2)

where u and m are the electric and magnetic transition moments between the ground (|0))
and excited (|n)) states [105]. Chirality at molecular level is a well understood phenomena
but its extension to metallic, semiconducting, or hybrid nanostructures remains an active
field of research. Chiral nanomaterials occupy a unique position between molecular and
macroscopic systems, providing both practical applications and fundamental insights into the
origins of chirality. They have attracted growing attention for their roles in biomedicine [106],
enantioselective catalysis [107], and optical and photonic devices [108], thanks to their tunable
properties determined by size, shape, and composition [109—111]. In general, a nanoparticle
(NP) refers to a structure with dimensions between approximately 0.5 and 100 nm. Chirality

in such nanostructures can arise from several mechanisms [112-114]:

(i) Chiral shape: inherent asymmetry in the morphology of the nanostructure, as in twisted

nanorods, helical nanowires, or chiral metal clusters;

(i) Chiral assembly: collective arrangements of otherwise achiral nanoparticles into a

chiral superstructure, often leading to plasmon coupling effects;
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(iii) Molecule—nanoparticle interactions: where chirality is transferred from chiral ligands
or adsorbed molecules to an initially achiral metallic core, or even induced by achiral

ligands forming chiral patterns on the surface.

i) Chiral shapes i) Chiral assemblies i) Chirality induced by
ligands

Figure 1.2: possible sources of chirality at the nanoscale [105].

Examples of the first case of chirality are twisted gold clusters [115], helical ribbons [116],
and spiraled nanowires of Au, SiO,, or TiO; [117-119]. The plasmonic origin of the
CD signal for such systems is confirmed by the fact that their optical activity does not
depend on the temperature[120, 121]. The second case often involve the assembly of achiral
Nanoparticle guided by biomolecules or polymers; of course, being the source of chirality in
the spatial arrangement of the Nanoparticles, their optical response is particularly sensitive
to inter-particle distance and orientation [122—125]. The third scenario, chirality transfer
— observed by Whetten et al. for the first time in 1998 [126] — represents a connection
between chirality at the nanoscale and at the molecular level; a typical example are achiral
ligands disposed in a chiral pattern at the surface of a Nanoparticle [127]. In summary,
chiral nanostructures are at the cross-section of geometrical complexity and quantum effects,
and their optical phenomena needs the integration of both to be fully appreciated. Circular
Dichroism thus provides a fundamental spectroscopic probe to understand the nature of these
complex systems — from molecular transitions to collective plasmonic modes — providing

fundamental insight into how chirality manifests, transfers, and amplifies at the nanoscale.

1.5 Nanoplasmonics

One of the most dominant phenomena shaping the chemical and optical activity of metallic
nanostructures is the collective oscillation of valence electrons. This collective motion, known

as plasmon, have the ability to dramatically focus the electromagnetic field within a small
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region of space, thus obtaining a high electromagnetic energy density that could be exploited
to drive new chemical pathways or augment the intensity of otherwise weak signals [128].
The energy released upon their decay could lead to even more interesting phenomena like the
creation of energetic carriers or a local heating through scattering processes (electron-electron

or electron-photon scattering)[129].

Figure 1.3: schematic representation of the collective motion of electrons in two spherical
nanoparticles (in gray) in response to an electro-magnetic perturbation (in red) .

These plasmon-mediated effects form the foundation of plasmonic chemistry [130, 131]
where such collective excitations are used to drive and regulate chemical transformations in
potentially more efficient and sustainable ways [132]. When the plasmonic motion involved
electrons localized at the surface of the system we talk about localized surface plasmon
resonance (LSPR)[130].

Perhaps the most important thing about plasmons is that, being a collective motion, they
span a wider region then the normal, single electron excitation, for this reason its specifics are
strongly dependent on the shape, morphology and overall structure of the plasmonic system.
This dependence is strikingly manifested in metallic nanoparticles where, the conceptual and
practical tools of nanoscience can be used to optimally tailor such materials.

Over the last decade, the interaction between plasmonic modes and molecular excitations
has specialized into a research area referred to as molecular nanoplasmonics [133]. In broad
terms, molecular nanoplasmonics exploits the intense, spatially localized fields generated
by a plasmonic nanostructures to reshape the properties of a closely molecular system
[134-136]. This field brings together a wide spectrum of light-matter phenomena, including
surface-enhanced Raman scattering [134, 137], modulation of fluorescence by plasmonic
environments [138, 139], generation of high harmonics [140-143], plasmon-induced circular
dichroism [144, 145], and a variety of plasmon-driven photochemical processes [146, 147].

As mentioned at the incipit of this section, plasmonic influence could amplify inherently
weak molecular signals. A typical application example is the Surface-enhanced Raman

spectroscopy. Also the circular dichroism of chiral molecules, which would be inherently

10
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weaker than conventional absorption (because of the magnetic dipole contribution) can
increase several orders of magnitude under the influence of a plasmon, enabling detection at
extremely low concentrations [148—151].

As said before, the plasmon is a collective behavior that span the entirety, or at least a
larger section of the nanoparticle, this means its effect on nearby molecular systems strongly
depends on the morphological and structural details of the nanoparticle: size, shape and
chemical composition determine both the intensity and the character of the interaction. By
deliberately shaping these features, is it possible to tune the response of the molecular system;
which explains the ongoing effort in designing nanoparticles with tailored optical behaviour.

Central to this control is the excitation of localized surface plasmon resonances (LSPRs)
[152-154].

11






2 Theoretical introduction

This chapter aims to provide the theoretical framework underlying the computational protocols
employed in this thesis. After an introductory section, where a common vocabulary for
discussing quantum phenomena is established, we review the theoretical foundations of
the most relevant time-independent electronic-structure methods, namely Hartree—Fock and
Density Functional Theory. Finally, we provide the theoretical justification for extending
Density Functional Theory to the treatment of time-dependent phenomena.

The following sections are elaborated starting from well-established literature [155-159].

2.1 Addressing quantum mechanics

In Quantum Mechanics (QM), the time evolution of the state of a particle is governed by the

time-dependent Schrodinger equation:

0 n
iE‘P(r, t) =HY¥Y(r,1), (2.1)
where H denotes the Hamiltonian operator. If H is time independent, the solution takes the
separable form
Y(r, 1) = O(r) e E, (2.2)

and Eq. (2.1) reduces to the time-independent eigenvalue problem:
H @ (r) = E; O (x), (2.3)

where @, (r) and E; are the k-th eigenstate and eigenvalue, respectively. Since multiple
stationary states are possible, k represents a set of quantum numbers characterizing each
state.
The wavefunction is an abstract object and is not directly observable. Its physical meaning
is given by the probability density
[Pi(r) P, (2.4)

which describes the likelihood of finding the particle at position r when in state k.

Let us now recall some basic properties:

13
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* The probability density must be normalizable:

/d3r|d)k(r)|2 = 1. (2.5)

Throughout this thesis, the notation d*r denotes the volume element in three-dimensional

real space.

* Any linear combination of time-dependent solutions is itself a solution:
Y(r,t) = Ci ¥Yi(r,t) + C2 WYa(r, t), (2.6)

where C; and C, are arbitrary complex coeflicients.

All measurable properties of a quantum system are encoded in its wavefunction, and
the value of any observable is obtained by applying the corresponding operator. The

experimentally accessible quantity associated with an operator A is its expectation value:
(A)(1) = / &Er(r,1) A¥(r,1). (2.7)

In general, (A) is time dependent.

Operators act on the right:
D = AD, (2.8)

where @ is the resulting state. The Hermitian adjoint AT is defined through
/ d&’r ©*(AY) = / &’r (ATo)"y, (2.9)
and observables correspond to Hermitian operators:
A=AT (2.10)

Many-particle systems often involve operators that can be decomposed into sums of

independent contributions. If
C(ri,r2) = A(ry) + B(ra), (2.11)
with eigenvalue equations

ADy(r)) = Ay Dy (ry), Bdg(ry) = Bg Dp(r2), (2.12)

14
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then the eigenstates of C are direct products:

Wop(ri,ra) = @y (ry) Ppg(ry), (2.13)
Cap = Aq + B, (2.14)

This separability property will be pivotal when treating non-interacting electron systems.

2.1.1 Dirac notation

In Dirac notation, a state function ®@(r) is represented as a vector in Hilbert space, denoted
by a ket:
O(r) — [D), @*(r) — (@], (2.15)

where (®| is the corresponding bra, i.e., the complex conjugate transpose of the ket.

A general state can be written as a linear combination of basis states,
@) = c1 [@1) + c2[D2), (2.16)

with ¢ and ¢, complex coefficients. The scalar product between two states is defined as

(D |D,) = / d*r @ (r) Oy (r). (2.17)
An operator acting on a state, written in coordinate representation as
¥(r) = 0 O(r), (2.18)
corresponds in Dirac notation to
|¥) = O |®) = |0OD). (2.19)
Taking the Hermitian conjugate of this expression yields
(¥| = (®| 0" = (0D|. (2.20)

More generally, for two states |®;) and |®,) and an operator A, the following relation
holds:
(@1]4]@2))" = (@] AT|®1). (2.21)

Since vectors in Hilbert space are not necessarily normalized, the expectation value of an

operator O is defined as

A

5, _ (P[O|D)

(0) = ) (2.22)

15
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If the state is normalized, (®|®) = 1, and the denominator reduces to unity.

2.1.2 Matrix formulation

Quantum Mechanics can equivalently be formulated in terms of matrix analysis, as first
established by Heisenberg [160-162]. The key steps of this correspondence are summarized

below.

* Diagonal representation of an operator.

Consider an Hermitian operator A with eigenvalue equation
A®; = Ay Dy, (2.23)

where {®y },=12....m is an orthonormal set of eigenfunctions (possibly with M = co).

In Dirac notation this becomes
Alky = Ax k), (2.24)
where each eigenstate is represented as

0

k) — | 1], (k| — (0,...,1,...,0). (2.25)

In this basis, the operator A is represented by the diagonal matrix

A 0 -+ 0

. 0 Ay -~ 0

A— | . . (2.26)
0 0 --- Ay

The set {|k)} is referred to as the basis set.

* Expansion of arbitrary states.

16



2.1 Addressing quantum mechanics

By completeness, any state |'¥') can be expanded as

ci

)= alky — | T|=cC

k=1 :
m
and similarly,
M
<‘P| = Zcz<k| — (C"l‘ C; C*M) =C".
k=1

The coefficient c; represents the projection of |¥) onto the k-th basis vector.

* Matrix representation of an operator.

Let B be an operator acting on a state:
B|¥) = |Q).

Both states may be expanded in the chosen basis:

M M
@)= > culk) — €, 1Q) = > dilk) — D.
k:] k:l

Projecting the relation B|W) = |Q) onto (k| gives
M
Zkakader, k’=1,...,M,
k=1

where the matrix elements of B are

Bk/ks(k’|1§|k):/d3rcbz,(r)l§d>k(r).

In matrix notation this becomes the linear system

BC=D.

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

17
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Thus B is represented by the square matrix

Bi1  Bip Bim
N By B Boy
B — B= ]

Byi Bm2 -+ Buwm

which depends only on the choice of basis, not on the state |'V').

* Diagonalization and eigenvalue problem.

Let | 1) be an eigenstate of B with eigenvalue A:

B|A) = 1]4).

Expanding in the basis,

by
M by
1) :Zbk|k> — | |,
k=1 :
by
the eigenvalue equation becomes
by by
by by
B =41
by by
The corresponding secular equation reads
Bijy-4 B -+ Biu
By Bp—-a4 -+ By
det ] ) ) ]
Bumi By -+ Bum— 4

2.2 Time independent methods

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

Before examining the time-dependent response of a system it is appropriate to introduce how

we could describe the static problem. Two main possibilities are available: ab initio methods

18



2.2 Time independent methods

and DFT.

2.2.1 Ab initio: Hartree—-Fock

In the Hartree—Fock (HF) method, the ground-state wavefunction of an N-electron system
(described within the Born—Oppenheimer approximation) is approximated by a single Slater
determinant composed of the “best” Molecular Orbitals (MOs), determined through a
variational principle.

We consider a trial wavefunction in the form of an antisymmetrized Slater determinant:

yi(x1)  Ya(x)) - Un(xy)
1 |Yi1(x2) yYa(x2) -+ Yn(x2)

lP(X],...,XN) = —

Nl , (2.39)

Yi(xXy) Y2(xy) - Yn(Xy)

where /; denotes the i-th occupied MO.
We will show that the optimal set of orbitals for describing the ground state ¥y is obtained

as the first N solutions of the one-electron eigenvalue equation
Fy=ey, (2.40)

which is known as the Hartree—Fock equation. To derive it, we impose stationarity of the
electronic energy
E = (¥|A|¥y), JE=0. (2.41)

Using Slater rules, the HF variational energy for a single determinant reads

N

N N
Eo= > (ilhli) + 3 2. D). (2.42)

4 1 J

S

where /1 is the one-electron Hamiltonian and

@jlligy = Gjlig) = Gjlii) (2.43)

is the antisymmetrized two-electron integral. The general two-electron integral is defined as

1
Ir; — 12|

slkty = [ i w3 Wi (x1) n(x2) dx) dxo. (2.44)

The first contribution represents the Coulomb interaction; the second the exchange

contribution arising from fermionic antisymmetry.

The above expression holds only for orthonormal orbitals (i|j) = 6;;. We therefore
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introduce Lagrange multipliers ¢;; and define the Lagrangian

20

OCC. OcCcC.

L=Eo- Y > & ((ilj) - o). (2.45)
i

Since L is real, the matrix € must be Hermitian:
6,']' = E;l-. (246)

Computing the first-order variation yields

6L = Z((&imh‘) + (i|h|5i))
1 0CC. OcCC.
+5 0 DG + (8l + <ijllsif) + Gigli)) (2.47)
i

= 0> (i) + €i16))) €ja = 0.
i

Collecting all terms depending on (i|, and adding their complex conjugates (CC), leads to

oL = §Cj<6i

Since the variations (di| are arbitrary, the bracketed term must vanish:

occC. occC. occC.

iz|i>+ij|i>—ij|i>—2|j>eja +CC =0. (2.48)
J J J

occC. ocCcC. occC.

hliy+ > Jiliy= > Rl = > 17) € =0. (2.49)
J J J

The Coulomb operator associated with orbital ¢ ; is

5 [ (x2)|?
Jiwixi) = | 0 vi(x1) dxa. (2.50)
Ir; — 2
The exchange operator is non-local:
X Yl (x2) i(x2)
K;yi(xi) = / ¥ (x1) dxa. (2.51)
Ir1 — 1y
Summing over occupied orbitals we obtain:
OocCC. OcCC.
F=>J., K=>K,. (2.52)
J J
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We define the Fock operator as:
F=h+J-K. (2.53)

It represents an effective one-electron Hamiltonian describing motion in the external potential
of the nuclei plus the Coulomb—exchange field generated by the other electrons.

The previous result becomes
OocCC.

Fuy;= Z% €ji. (2.54)
J

Since € is Hermitian, it can be diagonalized by a unitary transformation. Because a Slater
determinant is invariant under unitary rotations of the occupied MOs, we may choose a basis

where € is diagonal, yielding the canonical HF equations:
Fyi= ey (2.55)

In practice, HF equations are solved via a Self-Consistent Field (SCF) procedure. Each
MO is expanded over a finite basis of Atomic Orbitals (AOs), turning the HF eigenvalue

problem into a matrix equation:
FC =SCE, (2.56)
known as the Roothaan—Hall equations, where:

* C is the matrix of MO coefficients in the AO basis,
* S is the AO overlap matrix,
* F is the matrix representation of the Fock operator,

* E is the diagonal matrix of orbital energies.

Since the Fock matrix depends on the orbitals themselves (via J and K), the procedure is
iterative: a guess density is used to build F, the generalized eigenvalue problem is solved,

new orbitals are obtained, and the procedure is repeated until self-consistency is achieved.

2.2.2 Density Functional Theory

Density Functional Theory (DFT) provides a formally exact alternative to ab initio approaches
such as Hartree—Fock and post-HF methods. Its computational appeal lies in the use of the
electron density as the basic quantity from which all observables of the N-electron system
(ground-state energy, dipole moment, polarizability, etc.) are derived.

Working with the electron density p(r), a function of only three spatial coordinates, rather
than the full many-body wavefunction ¥(xy, . .., Xy) depending on 3N coordinates, allows

the treatment of much larger and more complex systems.
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DFT relies on two foundational results: the Hohenberg—Kohn theorems. The first theorem

states:

Theorem 1 (Hohenberg—Kohn Theorem). For a finite, interacting N-electron system with a
given particle—particle interaction, there exists a one-to-one correspondence between the
external potential Ve and the ground-state density po. Therefore, Vex is a unique functional

of po, up to an arbitrary additive constant.

In the nonrelativistic Born—-Oppenheimer approximation, the electronic Hamiltonian is

H=T+V,, + Ve, (2.57)
or, in atomic units,
1 & T
H=-—— ) V24 ) — 4+ ) Vo (r). 2.58
> Zl ; Zj - Z} (1) (2.58)

The expectation value of Vst 18

(¥ |Vext| W) = / P i Vext(r;) ¥ dx; - - - dxp
i=1
= / p(r) Vexi(r) dr, (2.59)
where we used the definition of the electron density:
p(r) = N/|‘P(X1,X2, oo xy) P dwidx; - - - dxy. (2.60)

This relation is key to the proof of Theorem 1 (see Ref. [158]).
It is now necessary we specify what is a functional. It is a mapping that assigns a scalar

value to a function. In DFT, energy expressions are functionals of the electron density:
Flp]: p(r) — R. (2.61)

The total-energy functional is defined as

Elp] = grin(¥IT + Vow 4 Veul®) = Flpl + [ p(0) Veul0)dr, 262
where
Flp] = glin(‘ﬂf + Voo | W) (2.63)
—p

is a universal functional, independent of the external potential.

The second theorem by Hohenberg—Kohn is the following.
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Theorem 2 (Variational Theorem). Let pgs be the exact ground-state density and Egs its
energy. Then:

Elp] > Ecs  Vp, (2.64)
Elpas] = Egs. (2.65)
Thus the ground-state density is obtained by minimizing E[p]:

§
op(r)

E@]—y/}xHMW]:Q (2.66)

where the Lagrange multiplier u enforces particle-number conservation.

Using the decomposition

mm=ﬂm+/mmmmmL (2.67)

the Euler equation becomes
oF[p]

dp(r)

This provides a reformulation of the electronic many-body problem in which the wavefunc-

+ Vext(r) = p. (2.68)

tion W is replaced by the ground-state density pgs. The difficulty is that the exact universal
functional F[p] is unknown and must be approximated.

There are two principal ways to minimize E[p]:

* Direct methods, such as the Thomas—Fermi approach, in which the density is varied

directly.

* Indirect methods, such as the Kohn—Sham approach, in which the density is parametrized

through molecular orbitals.

2.3 The Kohn-Sham (KS) approach

In the Kohn—Sham (KS) approach, a reference system of non-interacting electrons is introduced
in place of the interacting many-electron system. The electron density of this fictitious system
is constrained to equal the density of the real interacting system through an effective, local,
one-electron potential Vks(r), which must be determined self-consistently.

The Hamiltonian of the KS non-interacting system is
N

N PN 1
Hgs =T + Vks = Z (—EV? + VKs(l'i)) , (2.69)
i=1
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and, by the Hohenberg—Kohn theorem, there is a one-to-one correspondence between Vks(r)
and the density pks(r) of this non-interacting system.

The associated energy functional is

Exslp] = Teslp] + / p(r) Vis (1), (2.70)

and the Euler equation takes the form

0Tks[p]

—— + Vks(r) = u. (2.71)
op(r)
However, the explicit functional form of Txs[p] is unknown.

For a non-interacting system, the ground-state wavefunction is (up to degeneracy) a single

Slater determinant:

1
Wks = —det[x1 x2 ... xnl (2.72)
VN!

where the spin-orbitals y; satisfy the one-electron KS equations:

(—%W + VKs(r)) Yi(r) = € xi(r), i=1,2,...,N. (2.73)

Expanding the orbitals on a finite basis leads to the matrix equation
Hxs C =S CE, (2.74)

analogous to the Roothaan—Hall equations of Hartree—Fock theory. The electron density is

then reconstructed as

N
prs(r) = ) leim)l” (2.75)
i=1

A self-consistent-field (SCF) procedure is used: a trial density generates a Vs, the KS
equations are solved, a new density is computed, and the cycle is repeated until convergence.

In practice, damping or mixing schemes are often introduced to avoid oscillations.

The key idea of KS theory is to choose Vks(r) so that the Euler equation for the non-
interacting system reproduces the density of the real, interacting system. To this end, the total

energy of the real system is written as

Elp] = T[p] + Velp] + / p(F) Vi (1) dr. (2.76)

It is convenient to decompose the electron—electron interaction term into:
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* the classical Coulomb (Hartree) energy

// £ T:)_pfflr ) grar, 2.77)

* an exchange—correlation (xc) functional defined as

Exc [p] = Tks [p] - T[p] + Vee [p] - J[p] (2.78)

The total energy functional becomes

EU&=RﬂM+JMMJ%Uﬂ+/p@Ha@Mm (2.79)

where the only unknown quantity is Ex.[p]. Although unknown, it is typically much smaller
than the other contributions and can be approximated.

With this expression for the energy functional, taking the functional derivative yields

0Tks|[pl] p(r’) o SExc[p]
op(r) Ir—r| op(r)

+ Vext(r) = H- (2.80)

Comparing this with the Euler equation for the non-interacting system shows that they

coincide if we define the KS potential as

‘@m—/f“ 4’ + Vye(r) + Ve (D), 2.81)

where the exchange—correlation potential is

SEx[p]
sp(r)

Vielpl(r) = (2.82)

Once the KS orbitals are obtained, the non-interacting kinetic energy Txs[p] is computed
exactly, the dominant part of the electron—electron interaction is captured by the Hartree
energy J[p], and all remaining many-body effects are collected into the xc functional Ex.[p].

Although E. is unknown, numerous accurate approximations exist.

2.4 Time-Dependent DFT

Because we are interested in time-dependent phenomena such as optical absorption, we
now extend Density Functional Theory to the time-dependent domain. The dynamics of an

N-electron interacting system evolving under a time-dependent external potential Vex (T, £) is
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governed by the time-dependent Schrodinger equation:

0 R
i WX D) = ) (XX ). (2.83)

This equation defines a mapping from the external potential to the full time-dependent

wavefunction, and therefore to the time-dependent electron density:
Vext(r’ t) - lP(t) - p(r, t)- (284)

To build a time-dependent analogue of DFT, we need to invert this relation: we must
prove the existence of a one-to-one correspondence between time-dependent densities and
time-dependent external potentials. This was established in the seminal work of Runge and
Gross (1984), which forms the foundation of Time-Dependent Density Functional Theory
(TDDFT).

Theorem 3 (Runge—Gross Theorem). Two densities p(r,t) and p’(r,t) evolving from the
same initial state Yo under two external potentials Vex(r, t) and V., (r, t), which may differ
only by a purely time-dependent additive function c(t), and which are both Taylor-expandable
around ty, will begin to differ infinitesimally after ty. Therefore, for any fixed initial state,

there exists a one-to-one correspondence between densities and external potentials.

Consequently, the potential, and therefore the Hamiltonian and wavefunction, become
functionals of the time-dependent density. This establishes the density as the central quantity

from which all time-dependent observables can, in principle, be obtained:

0(1) = (F[p] (IO ¥[p] (1)) = O[p](1). (2.85)

In order to exploit a non-interacting system like we did for the time-independent case,
now we ask whether two many-body systems with different particle—particle interactions and
different external potentials can nevertheless reproduce the same time-dependent density.

Van Leeuwen (1999) proved that the answer is yes.

Theorem 4 (van Leeuwen Theorem). Given a time-dependent density p(r,t) generated by
an interacting system with interaction w(|r — 1’|), external potential Vey, and initial state
W, there exists another many-body system with a different interaction w’'(|r — 1’|) and a
different potential V (r,t) (up to a purely time-dependent constant), which reproduces the
same density. The corresponding initial state ¥\) must be chosen so as to reproduce both the

density and its first time derivative at t.

This theorem provides the formal foundation for the time-dependent Kohn—Sham (TD-KS)
method.
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Like we did before, we introduce a non-interacting reference system with density constrained
to equal that of the interacting system by means of a KS potential Vkgs[p](r,¢). For systems

initially in their ground state, this potential can be written as:
Vks(r,1) = Vo(r) + V'(r,1) 6(1 — 19), (2.86)

where 6 is the Heaviside step function.

At t = t( the usual static KS-DFT scheme applies. Infinitesimally after ¢y the density is
N
pr,t) = > ly(r, 0P, (2.87)
j=1

and the orbitals evolve according to the time-dependent KS equations:

1 0
_EVZ + Vks [P] (I', t)) wj(r’ t) =1 EWJ(I" t)- (2.88)

The KS potential now contains three contributions:

p(r',1)
r—r|

VKS [p] (I‘, t) = Vext(ra t) + dr’ + ch [P] (I‘, t)’ (289)

where the time-dependent xc potential is defined by

O0Ex[p]
sp(r,1)°

Viclpl(r,1) = (2.90)

In practice, solving the static KS equations already requires an approximation to the ground-
state exchange—correlation functional. TD-KS propagation also requires an approximation to
the time-dependent xc potential, which enters the evolution of the orbitals ¢ (r, #). The most
widely used approximation is the adiabatic one, in particular the Adiabatic Local Density

Approximation (ALDA), which will be introduced later.

2.5 Linear response theory

Linear-response (LR) theory is a fundamental framework which, when combined with
TDDFT, allows the computation of excitation energies and optical spectra. LR theory applies
when a system—whose ground-state properties are fully characterized—is subjected to a
sufficiently weak external perturbation. In this regime, one does not need to solve the full
time-dependent Schrodinger or TDKS equations: to obtain information about the excitation
spectrum it is enough to analyse how a weak external field induces a small change in the

ground-state observables or in the density.

27



2 Theoretical introduction

The central quantity of LR theory is the susceptibility (or response function) y 45, which
describes how the expectation value of an observable A at time ¢ responds to a perturbation
coupling to an observable B at time ¢’. Once y 4p is known, the induced variation of A follows

from a time convolution, or, equivalently, from a product in frequency space:

5A0 = [ s =V P, AW =@ F@), Q9D
where F'(t) is the time-dependent perturbing field.

We should now provide a definition for the linear response of property A. Let A be a

quantum-mechanical observable. Its ground-state expectation value is
Ao = (Yol A|¥o), (2.92)

where |¥y) is the ground state of the unperturbed Hamiltonian Hy.

From time to onward, the system is subjected to a weak perturbation:
H(r) = Hy+ H (1), H'(t) = -F(1) B, (2.93)

where F(t) couples to the operator B. The wavefunction becomes time dependent and the

expectation value of A evolves as

A1) = (P(1)]A]P(1)). (2.94)

The response of the observable is defined as
0A(t) = A(t) — Ao. (2.95)
In LR theory we expand this in powers of the external field:

5A(t) = AV (1) + AP () +AP T + - -, (2.96)

and retain only the linear term.

To derive the expression for the linear response we need to recall some basic ideas about

the time-dependent evolution of many-body system of electrons. It is governed by the TDSE:
.0 A
i ¥@)=HO¥@®).  [¥()) = [¥o). (2.97)

which propagates an initial state W(xi, ..., Xy, fo) = ¥o over a time period [z, t]. Formally,
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2.5 Linear response theory

the solution is written in terms of the evolution operator:

(1)) = U(t, t0) Wo). (2.98)

To simplify the treatment in the presence of a weak perturbation, it is convenient to move to
the interaction picture. In this framework operators evolve according only to the unperturbed

Hamiltonian H, while states evolve only under the perturbation.

Operators in the interaction picture are defined as
OI(I) — eiﬁ()(f—fo)é e—iﬁo(t—lo), (2.99)

while states are defined as
[W(1)) = e U0 P (1)), (2.100)

In this picture the Schrodinger equation becomes
.0 N
i ¥1(0) = Hi(1) [¥1(1)) (2.101)
where the interaction Hamiltonian is

A1(1) = M=) f7 (1) ¢7iFo=10) = _F(5) By (). (2.102)

The formal solution is
[P (1)) = Ui(t, 1) [¥1(10)), (2.103)

where the interaction—picture evolution operator is

t
Ui(t,t0) = f'exp[—i/ dr’ ﬁl(t’)] , (2.104)
fo

Here 7 is a time—ordering operator. It enforces causal time evolution by rearrainging products
of time-dependent operators so that operators evaluated at later times appear to the left of

those evaluated at earlier times.
To first order in the perturbation we expand the exponential:
Ui(t,tg) =1 - i/ dt Hi(t') =1+ i/ dt' F(t') B;(t). (2.105)
to to
The adjoint operator is therefore
t

Ol (t,10) = 1 —i / dr' F(t') B (7). (2.106)

to
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Using the interaction picture, the expectation value of A is
At) = (P OIA(D1(0)) = (1 (t0)|U] (£, 10) A1 (1) Uy (1, 10)|¥1 (10))- (2.107)

Substituting the first—order expansions of U; and lA];r and retaining only the linear terms in
F(t), we obtain

A(t) = (P1(t0) A1 (1) |¥1(t0)) (2.108)

. / dt’ F(¢') (W, (t0)|A; (1) B (£) |1 (10))

to

v / dt' F (') (W1 (t0) B () A1 (1) ¥, (10)).

fo

Subtracting the ground—state expectation value we obtain the first—order response:

Ay = —i / dt' F(¢') (Pr(t0) |[ Ar(2), Bi(') 1] W1 (t0)) - (2.109)

to

Since Hy is time—independent, the commutator depends only on the time difference, and

we introduce the retarded response function:
xap(t—1) =—i6(t—1t") (P1(t0) [[A1(t = '), B1]| ¥1(10)) . (2.110)

The linear response is then

AV () = /mdt’)(AB(t —)F(1). (2.111)

(o)

Using the Fourier transform

flw) = / dt f(1) e, (2.112)
the retarded susceptibility becomes
xap(w) = =i / dr 6(1) (Wi(10) [[A1(1), B1| W1 (to)) e"". (2.113)

Finally, in the frequency domain the linear response takes the simple form
AD(w) = yap(w)F(w). (2.114)

If we apply this to study the response of the density we can derive the expression for the
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frequency-dependent density response

p! (7, w) = / & xpp (P 7 0) Vet (7, w) (2.115)
where y,, (7,7, w) is the density-density response function in the Lehmann representation

(its expression will be derived in the next section).

2.5.1 The spectrum from the polarizability

One of the main applications of LR theory is the calculation of excitation spectra. To make
this connection explicit, we analyse the frequency—dependent susceptibility y 45 (w) derived
in the previous section.

Let {¥,}1=0.12.... be the complete set of eigenfunctions of the unperturbed Hamiltonian

Hy, with excitation energies
Q, =E, - Ey, n=12,..., (2.116)

where E is the ground-state energy.

Inserting the completeness relation

ZI‘Pn)(‘PnI =1 (2.117)
n=0
into the expression for the retarded response function, we obtain
Xap(@) = =i ) / dr6(7) ei”’[<‘Po|A|‘Pn><‘Pn|B|lPo>e‘ign’
n=1v"%
— (Yol BIWn)(¥al A|¥o) ' . (2.118)

Using the integral representation of the Heaviside function,

i =] e—iu)’t
6(1) = lim —/ do’ (2.119)

n—0+ 21 J_o w +in’

and performing the time integration, one obtains the Lehmann representation of the linear

response function:

i 3, [<\P0|A|wn><\vn|3|%> _ CROIBIY) (Pl AIYo) 120
n—=0" n=1

w—-Q, +1in w+Q,+1in

This expression is central in LR theory because it shows that the poles of y4p(w) occur
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exactly at the excitation energies +€2,. The infinitesimal imaginary term in shifts the poles
just below the real axis, enforcing causality. The residues of these poles encode the transition

strengths through the matrix elements of A and B.

Im(w)

Figure 2.1: Schematic location of the poles of the retarded response function in the complex
frequency plane.

We now specialise to the physically important case where both A and B are dipole operators:
A=%79,2 B=%79,2. (2.121)

In this case, the response function becomes the dynamical polarizability tensor a,g(w). For

a single component, e.g. A = B = 2, hermiticity implies
(Wol 2| W) (Wal2|Wo) = |(Wol2| W) I . (2.122)

Near a resonance (w ~ €,,), the counter—rotating contribution (w + &, +in)~! is negligible,

yielding the standard approximation:

Wol2| W)
() = LRI (2.123)
1n
Thus, the poles of y4p(w) manifest as resonances in the polarizability.
The imaginary part of the polarizability determines the absorption cross section:
o(w) o« w Im[z cx(m(w)] : (2.124)
Using
1 n
Im = , 2.125
[a)—Qn+in (Q, — w)? +n? ( )
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2.6 Linear response KS time-dependent DFT

we see that each excitation produces a Lorentzian peak centered at Q,. As 5 — 0%, the
integral of each peak approaches m, and the strength of the peak is proportional to the

transition dipole moment:
m[a; ()] o< =1 )" (Wol2[¥)I7 . (2.126)
n>0

Thus, the imaginary part of the dynamical polarizability provides direct access to the
transition probabilities between ground and excited states, in accordance with Fermi’s golden

rule.

2.6 Linear response KS time-dependent DFT

From TDDFT we know that the exact time-dependent density of an interacting many-electron
system, evolving under an external potential Vex (1, t), can be reproduced by a non-interacting

KS system evolving under the effective KS potential

3 ,,O(I' t)
r —r'|

This relation can be inverted, so that the time-dependent density may be written as a

Vis[p](£.) = Ve (1. 1) + / Vielp](r.1). (2.127)

functional of the KS potential:
p(r,t) = p[Vks](r,1). (2.128)

In the linear—response (LR) regime we expand the density around its ground-state value.

The first-order variation of the density is
(D — ’ 3.0 v Ny
pO(rn) = [ [ & yis(ror . 0) Vg (r.1), (2.129)

where ygs is the KS density—density response function and V( )(r t) is the linear variation
of the KS potential.
Linearizing Eq. (2.127) we obtain:

t
Vi (e 1) = V(l)(r,t)+/d3 PUELD gy (2.130)

ext | _ ;l

where Ve(xt) is the linearized external perturbation, the second term is the linearized Hartree

potential, and V,S ) is the first-order variation of the xc potential:

OVielp t
v (r, t)—/dt/d3 ; WVaelpl(r,1)

S ) 01(r',1). (2.131)

PO

33



2 Theoretical introduction

This defines the xc kernel of LR-TDDFT:

oV, ,t
fetr i) = Zoclelb 0] @.132)
op(r',t) "
Now, by substituting the expression of Vks 1 into Eq. (2.129) yields:
(D — ’ 3. R ;o
p (I‘,t)—/df/dr)(s(r,t,r,t) VeXt,l(rat)
(2.133)

/dT/ d>x (60 __T) + fre(X', 1 X, T))pl(X, T)].

Because the unknown p‘") appears on both sides, this is a self-consistent integral equation.

After Fourier transform, we obtain the standard Dyson-like LR-TDDFT equation:

v, w)

ext

PV (r,w) = / & s (.1 w)

(2.134)

+ / d3x (lr’l—x| + fre(1, X, w))p(l)(x,w)].

From LR theory, the KS response function reads:

@) (r) g7 (r) (1) @) (1)
wrs(erw) = Y (fi - i AT (2.135)
J.k

W= wjg +1n

where (p? are the KS orbitals, f; their occupation numbers, and w; = € — €; the KS orbital

energy differences.

Equation (2.134) contains both the KS response function ygs and the full interacting
response y. This might seem problematic, because y ks has poles at the KS transition energies
w jk, whereas the physical response of the interacting system has poles at the true excitation
energies €,,.

The apparent inconsistency is resolved by the self-consistency of the Dyson-like equation
and, crucially, by the presence of the exchange—correlation kernel fi.. Together, the Hartree
term and fi. shift the poles of the KS susceptibility, replacing the unphysical single-particle

transitions w;; with the physical, many-body excitation energies £2,,.

This is the essential mechanism by which LR-TDDFT restores the correct excitation

spectrum of the interacting system.
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2.7 The Exchange—Correlation Energy, Potential and Kernel

2.7 The Exchange—Correlation Energy, Potential and
Kernel

In Kohn—Sham Density Functional Theory the exchange—correlation (XC) energy
Exc[p] (2.136)

acts as a placeholder for all the many-body effects that the auxiliary non-interacting Kohn—
Sham (KS) system cannot reproduce. By construction, the KS system yields the exact
ground-state density of the interacting electrons, but it lacks both the true many-body kinetic
effects and the full electron—electron interaction. For this reason, the XC energy collects two

distinct contributions:

Exc[pl = (T = Tks) + ((Vee) = J1p]) (2.137)

where T is the kinetic energy of the interacting system, Txs the kinetic energy of the KS
system, (V,.) the expectation value of the true electron—electron repulsion and J[p] the
classical Hartree term.

The name “exchange—correlation” can be explained as follows:

* Exchange. Is a purely quantum-mechanical effect arising from the antisymmetry of the
electronic wavefunction. Because of the Pauli exclusion principle, two electrons with
the same spin cannot occupy the same region of space. As a consequance their joint
probability distribution contains a node when their positions coincide, thereby reducing
the effective Coulomb repulsion compared to the classical Hartree description. This
reduction can be visualised through the exchange hole, which represents the depletion
of same-spin probability density around each electron. Exchange does not correspond
to a physical force: it emerges solely from the sign structure and symmetry of the

fermionic wavefunction.

* Correlation. 1t describes the dynamical adjustment of the electronic motion due to their
mutual Coulomb repulsion. It includes both quantum (fluctuational) correlation and
classical correlation arising from instantaneous electrostatic avoidance. Correlation
include both kinetic correlation and Coulomb (dynamic) correlation energy. These
effects are absent in the Hartree term, which describes only a static density—density
interaction. Correlation further reduces the effective repulsion relative to the Hartree
picture. Similarly to the exchange, the Coulomb (dynamic) correlation can be visualised
through the correlation hole, describing the suppression of electronic probability around

a reference electron beyond the exchange-only effect.
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The qualitative picture above can be formalised using the pair density. For an N-electron

system, the pair density is defined as

p2(x1,Xx2) = N(N - 1)/ (X1, X2, ..., Xy) > dX3 . .. dxy, (2.138)

where x = (r, s) collects spatial and spin coordinates. It represents the probability of finding
one electron in dx; and another in dx; simultaneously. It is symmetric under particle exchange
and integrates to N(N — 1).

It is convenient to introduce the conditional probability density of finding an electron at x,

given that one electron is already at x;:

p2(X1,X2)

g(x2]xq) = (%)

) /g(X2|X1) dx; =N - 1. (2.139)

The deviation of this conditional probability from the unconditional density defines the

exchange—correlation hole:
hye (X1, %2) = g(X2|x1) — p(x2), (2.140)
which obeys the exact sum rule
/ hye (X1, X2) dxp = —1. (2.141)
After integrating over the spin variables, the spinless pair density may be written as

p2(r1,12) = p(r)p(r2) + p(r1) hxc(ry,12). (2.142)

Using this identity, the expectation value of the electron—electron repulsion becomes

1 1 hX £l
(Vee) = —//Mdndrzzj[p] +—//p(“) (P11 ey, (2.143)
2 ri2 2 ri2

The first term is the classical Hartree contribution. The second term describes the interaction

between the density and the XC hole and corresponds precisely to the quantity (V,.) — J[p]
appearing in the definition of E.. For conceptual purposes, the XC hole is often separated

into an exchange (Fermi) and a correlation (Coulomb) part:
hxe(r1,12) = hyx(r1,12) + he(ry,12), (2.144)

where hy integrates to —1 and affects only same-spin electrons, while h¢ integrates to zero
and affects all electrons. Only their sum has a strict physical meaning.

Once the exchange—correlation energy is defined, its first functional derivative with respect
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2.7 The Exchange—Correlation Energy, Potential and Kernel

to the density yields the XC potential and, in LR-TDDFT, the response of the XC potential to
infinitesimal variations of the density defines the XC kernel

Together, the hierarchy
Exlp] — Vie(r) — fie(r,x) (2.145)

provides the conceptual and mathematical link between DFT, TDDFT and linear-response
theory.

Within Density Functional Theory, several approximate expressions exist for Ex.[p],
ranging from simple local models to highly sophisticated non-local formulations. In the
following sections an overview of the most widely used exchange—correlation approximations

is presented.

2.7.1 Local Density Approximation (LDA)

In the Local Density Approximation the exchange—correlation energy functional is written as

EPMpl = [ p(o) ek (o) ar (2.146)

where &y, 1s the exchange—correlation energy per particle of a homogeneous electron gas of
density p.

LDA is therefore rooted in the uniform electron gas model: an idealized metal characterized
by an infinite system of valence electrons embedded in a uniform, neutralizing positive
background. Within this model, the exchange energy density has the exact analytical

expression

3 /(3 1/3
&% (p) = =5 (;) p', (2.147)

which however, not being free from self-interaction, displays the wrong asymptotic decay for
finite systems. The correlation energy density, e-PA(p), is obtained from accurate Quantum
Monte Carlo calculations of the homogeneous electron gas and parametrized accordingly
[163, 164].

LDA works remarkably well for systems with slowly varying electron densities, such
as solids and metallic systems, and it typically provides good structural properties. These
good results are probably a consequance of the fact that LDA is based on a real physical
system (thus it satisfy a number of exact conditions) and error cancellations are also involved.
However, it becomes less accurate for systems where the density is highly inhomogeneous,
such as atoms and molecules. In such cases LDA tends to overbind, underestimates band

gaps, and yields poor energetics despite reasonably good geometries.
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2.7.2 Generalized Gradient Approximation (GGA)

The Local Density Approximation assumes that the exchange—correlation energy density at a
point depends only on the value of the electron density at thet point p(r). In real systems,
however, the density is highly inhomogeneous. To account for this effect, Generalized

Gradient Approximations introduce an explicit dependence on the local density gradient:
ESMp] = [ p(6) £8N o6, Vo) dr. (2.148)

In this sense, GGAs go beyond LDA by incorporating information about the local
inhomogeneity of the electronic density. Early GGAs were initially motivated by the idea
of treating LDA as the leading term in an expansion around the homogeneous electron gas,
with gradient corrections representing higher-order terms. Although this interpretation is
conceptually useful, modern GGAs are no longer derived from a formal Taylor expansion,
but are instead constructed to satisfy exact physical constraints and sum rules for the
exchange—correlation hole.

Unfortunately gradient corrections did not consistently improve the accuracy of LDA. The
associated exchange—correlation holes often violated essential physical conditions—such as
normalization, negativity, and the correct short- and long-range behaviour—leading to poor
energetics and incorrect asymptotic decay of the resulting Kohn—Sham potentials.

Modern GGA functionals, such as B88 [165], LYP [166], (the combination of the two,
BLYP [12], its widly used) and especially PBE [167], address these issues by enforcing exact
constraints on the exchange—correlation hole. There have been also attemps to directly build
GGA functionals with the correct asymptotic behaviour like LB94 [168]. As a result, GGAs
typically reduce the strong overbinding of LDA, improve reaction energies and molecular
energetics, and provide more realistic electron densities, while still remaining computationally

inexpensive.

2.7.3 Hybrid Functionals

Exchange effects are generally larger in magnitude than correlation effects, and their accurate
description is essential for obtaining high-quality DFT results. The exact exchange energy of
a Slater determinant is known analytically and can be written as an interaction between the

density and the exchange hole:

1 jexact ,
E;xact — Eﬂ p(rl) X (rl 1‘2) drdrs. (2.149)
ri2

A natural question arises: why not combine exact exchange with an approximate correlation
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functional?
Ey = EX* + ED™T (2.150)

In practice, this “exact-exchange + DFT-correlation” approach fails for molecular systems and
for chemically relevant situations such as bond dissociation. The reason lies in the properties
of the exchange—correlation hole. In strongly inhomogeneous regions (for instance in stretched
chemical bonds) the exact exchange hole is highly delocalized, while the exact correlation
hole is delocalized in an opposite and compensating manner. Only their sum—the total XC
hole—is physically meaningful and remains properly localized. Combining a delocalized
exact exchange hole with a localized semilocal (DFT) correlation hole produces an unphysical
total hole and leads to poor energetics.

However, a rigorous framework for introducing exact exchange into density-functional
approximations is provided by the adiabatic-connection formalism. In the Kohn—-Sham

scheme, the exchange—correlation energy can be written as

1
Exlp] = /0 Wi [p] da. (2.151)

where W, is the non-classical part of the electron—electron interaction at coupling strength A.

The limits of the integration have a clear physical interpretation:

* at A = 0, the system reduces to the non-interacting KS reference and W= contains

only exact exchange;

* at A = 1, the fully interacting system is recovered and W2=! contains both exchange

and correlation, which must be approximated by a density functional.

To evaluate the integral, an explicit form of W, is needed for intermediate A, but this
quantity is not known. Becke proposed to interpolate between the 4 = 0 and A = 1 limits
by mixing a fraction of exact exchange with semilocal exchange, while retaining a DFT
description for correlation. Functionals that include a percentage of exact exchange are
called hybrid functionals. They represent a compromise between pure DFT exchange and
Hartree—Fock exact exchange and significantly improve thermochemistry, barrier heights and
reaction energetics.

The most widely used hybrid functional is B3LYP, introduced by Stephens et al. in 1994

[14]. Its exchange—correlation energy is given by

where the parameters a, b and ¢ control the fraction of exact exchange and the magnitude of the
gradient corrections. Their values are chosen to best reproduce experimental thermochemistry,

making B3LYP a semi-empirical hybrid functional.
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2.7.4 Range-Separated Hybrid Functionals

Global hybrid functionals, such as B3LYP or PBEQ [169], mix a fixed fraction of Hartree—Fock
(HF) exchange with semilocal DFT exchange. This improves upon LDA and GGA, especially
for thermochemistry and molecular elastic properties. However, a constant amount of exact
exchange is not sufficient to describe phenomena that depend critically on the long-range
behaviour of the exchange potential, such as Rydberg excitations, charge-transfer (CT)
excitations, and long-range non-covalent interactions.

In particular, semilocal functionals and global hybrids share the same fundamental limitation:
their Kohn—Sham exchange—correlation potential decays too rapidly (exponentially) with
distance, instead of following the correct Coulombic asymptotic form —1/r. As a consequence,
the virtual orbital manifold is too low in energy, and excitations where the electron is promoted
to a spatially distant region (e.g., from a donor to an acceptor fragment, or to diffuse Rydberg
orbitals) are severely underestimated.

To overcome this issue, range-separated (RS) hybrid functionals introduce a distance-

dependent partitioning of the Coulomb operator:

1 _1-wlhrm) «brm)
2 2 re

(2.153)

where w is a continuous switching function that varies smoothly from 0 at short inter-
electronic distances to 1 in the long-range limit, and y controls the separation between the
two regimes. This splitting allows HF exchange and DFT exchange to be applied selectively
in the short-range (SR) and long-range (LR) regions of the electron—electron interaction.
For molecular systems, it is advantageous to employ semilocal DFT exchange at short range,
where electrons are highly correlated and the exchange hole is compact, while enforcing
the exact HF exchange in the long-range limit, where the correct asymptotic behaviour is

essential. This ensures:
* the correct —1/r decay of the exchange potential,
* accurate orbital energy gaps,
* recovery of the —1/R electron-hole interaction for CT excitations,
* a physically correct virtual orbital spectrum, crucial for Rydberg states.

A widely used example is CAM-B3LYP [15, 16], where the short-range and long-range
exchange contributions are controlled by parameters «, S, and y:

1 _1-la+perfyri)]  a+pef(yr) (2.154)

r12 ri2 ri2
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Another popular functional, wB97X-D [170], employs approximately 22% short-range and
100% long-range exact exchange and includes empirical dispersion corrections, making it
particularly suitable for describing non-covalent interactions and solute—solvent effects.
Range-separated hybrids are therefore a natural choice when studying excited states
involving substantial electron displacement, such as the charge-transfer and Rydberg excitations
that are central in this thesis. By enforcing the correct asymptotic form of the exchange
potential, RS Hybrid functionals overcome fundamental limitations of semilocal kernels and

global hybrids and provide a more reliable foundation for linear-response TDDFT.

2.7.5 The Adiabatic approximation

As stated in the section dedicated to TDDFT, the time-dependent exchange—correlation (XC)
potential is a fundamental ingredient of the theory. Within the adiabatic approximation,
one exploits the wide variety of ground-state XC functionals by evaluating them at the

instantaneous time-dependent density:

Vie(r,1) = Vadtic[p(0)] (r)] (2.155)

po(r)—p(r,)

Here V3¢ denotes any ground-state approximation introduced in the previous sections
(LDA, GGA, hybrid, range-separated hybrid), and the approximation consists in replacing
the ground-state density with the instantaneous time-dependent one, p(r, t), neglecting all
history-dependent (memory) effects.

The most widely used time-dependent XC potential is the Adiabatic Local-Density
Approximation (ALDA). In ALDA, the XC potential at time ¢ is obtained by taking the
functional derivative of the LDA XC energy with respect to the density:

d 8LDA
VALDA(p ) = LExe_(P) : (2.156)
dp p=p(r.,1)
where eLPA(p) is the XC energy per particle of the homogeneous electron gas.

Moving to LR-TDDFT the key quantity of interest is the xc-kernel fi.(r,r’, w). Also in
this case we need suitable approximations and, the most widely used is, again, the adiabatic

approximation

Ape o WVelpol(x)
Jre(r,X') = W

It is frequency-independent and purely real. It can be interpreted as replacing the xc kernel at

(2.157)

each frequency with its static limit (it follows directly from a linearization of the KS equation
for a system under the influence of a static perturbation). Similarly to what we described

before, any approximate static xc potential will automatically give the corresponding Adiabatic
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xc kernel. We report here the expression for the ALDA xc kernel:

ALDA () = L2 (0) Sij{) j(p ) s(r—r) (2.158)
P™ lp=po(r)
Thus, ALDA is both local in space (it depends only on the density at the same point r) and
local in time (it responds only to the density at the same instant 7). These properties make
ALDA computationally efficient and remarkably successful for describing valence excitations
where occupied and virtual orbitals strongly overlap.
However, the spatial and temporal locality of ALDA introduces well-known limitations. In
particular, ALDA fails to describe:

* long-range charge-transfer (CT) excitations, where donor and acceptor densities do not

overlap;

* Rydberg excitations, due to the incorrect asymptotic decay of the KS potential inherited

from semilocal DFT;
* double excitations, which require a frequency-dependent (non-adiabatic) kernel.

These failures motivate the use of more sophisticated XC approximations, including hybrid
and range-separated hybrid functionals, which provide the correct long-range behaviour
required for CT and Rydberg excited states.
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This chapter is dedicated to the description of the computational protocols and tools used to
study and characterize the optical response of the system under study in the works presented

in the next chapter.

3.1 The Random Phase Approximation

In order to introduce the Casida formalism and Hybrid Diagonal Approximation, it is useful
to first recall how linear response theory is formulated at the Hartree—Fock (HF) level. The
resulting working equations are known as the Random Phase Approximation (RPA). RPA

describes the response of the single-particle HF orbitals to an external time-dependent

perturbation.
Throughout this section we assume a closed-shell HF reference. Indices i, j, ... denote
occupied spin—orbitals, and indices a, b, . . . denote virtual (unoccupied) orbitals and atomic

units are used unless otherwise stated.

Let us assume to have solved the stationary HF problem
0 0
FO 3% =& x, (3.1)

where F(© is the unperturbed Fock operator and ; are the orbital energies. The corresponding

time-dependent orbitals are
w0 = ¢ e (32)

We now consider how the HF solution evolves in the presence of a weak external perturbation
N,
F(0) i) = i (0). (33)

In particular, we consider an external pertubation of frequency w and, because the HF
potential depends on the electron density, and the density depends on the orbitals, the external
perturbation induces a self-consistent variation of the Fock operator. For this reason we

express the perturbed Fock operator as

F(1) = FO 4+ 2(A,e™™ + A_,e™) + A(FL) e 1+ F) ), (34)
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where:
* A., describe the external perturbation,
. FLIJ account for the self-consistent change of the HF potential.

Note that, although we refer to the perturbation as oscillating at frequency w, a real
time-dependent field must contain both complex Fourier components e ! and e**!. Indeed,

any real oscillating function such as cos(wt) can be written as
cos(wt) = £ (e7" + &™),

For this reason, and in order for the Fock operator and the density to remain Hermitian at all
times, the response of the system must include contributions at both +w and —w. This leads
naturally to the appearance of the two exponential terms in the expansion of F(¢).

Since the frequency of the response must be the same as that of the perturbation, we write

the perturbed occupied orbitals as

i

wl(t) - Xi(o)e—iE[l +1 I:Xl_(ls+)e—i(8[+w)t +X(1v_)e—i(8[—w)t] . (35)

Using these expressions for the wavefunction and the Fock operators leads to:

i

emilerto [F(o) (e w) M 4 ( A, + F(f,“) X(O)]
(3.6)
4 e i(Eimw) [F(O)Xl.(l’_) - (& —w) )(l.(l’_) + (A_w + FEB) /\(l.(o)] =0.

from which it follows that each term multiplying the exponential factors must vanish. Thus:

I b

(F(O) —g+ w) Xi(l,—) - _ (A—w + FEB)X(O).

(FO -6 - w) ¥ = = (4y+ F") 1
(3.7)

1

What we need now are operative expressions for the first-order perturbed orbitals and,
consequently, for the Fock operator.
In order to preserve the first order orthonormality of the occupied orbitals, we express their

variation as a linear combination of the virtual ones:

virt virt

1, 1,— *
=Y Xalay,  x"7 =D v la). (3.8)
a a

doing so we can interpret X;, and Y;, as response amplitudes i.e. how much the occupied

orbital y; mixes with virtual orbital y, at frequencies (&; + w) and (g; — w) respectively.
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3.1 The Random Phase Approximation

The HF Fock operator has the standard form

F=h+ > ¢ill- i) (3.9)

jeoce

where (pg||rs) denote antisymmetrized electron—repulsion integrals. Differentiating with

respect to the orbital variations yields

occC

F = 3" (-84l ) + il - 67)) (3.10)
4

Since the first—order variation of an occupied orbital is

§j = XJ(I) _ XJ(-L-'—) e—i(8j+a))t +XJ(1,—) e—i(a‘j—(u)t = 5]+ +6)7, (3.11)

we can write the corresponding variation of the Fock operator as

oF = 30 (G iy et s iy Py et

Je€oce

+ N T Ty ) Ga)

and, by comparison with the definition of the perturbed Fock operator, we identify the

coefficients of ¢~'“! and e*'“, obtaining
1 L=y . 1,
FS = 3 (a0 + Gl ). (3.13)
J€occ
1 1 . . 1,
FO = 3 (™ + Gl ). (3.14)
JE€oce

Substituting the operative expression just defined into equation 3.7, we obtain:
T (FO =~ o = ) Xigla) = = | Ay + 2T (Vo b1l ) + X ¢l 8)) | 1)
T (FO — o+ ) Yila) = = | Ay + T 5™ (X5, Coll - ) + Y, ¢l B)) | 1)

(3.15)
and projecting onto a virtual orbital {c| yields the coupled equations

Xic(ec — &i —w) + X jp Xps (cJlliD) + 23 Yii {cbllif) = —(c|Auli),

Yie(gc = &i + w) + 2 Xjp (ifllch) + Xjp Yjp (ibllcj) = —(ilAulc).

(3.16)
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We now introduce two square matrices A and B, each of dimension (Nocc Nyirt):

Ajcjp = (cjllib) + (ec — &i) 6ij0ch, (3.17)
Bic jb = {cbllij). (3.18)

Allowing us to express the coupled equations above in compact form

A B\[X I 0)(X —(clAuli
= w + <C| w|l> , (3'19)
B* A*|\Y 0 -I1]\Y —(ilAulc)
where [ is the identity matrix and the column vectors:
X —(cl|Awli)
Y —(i|Aulc)

have dimension 2 X (No..Nyirt) and are obtained, respectively, by attaching a vector X
containing the X;. coefficients to a vector Y containing the Y;. coefficients and by considering

all the possible ic pairs.

The above expression describe the forced oscillation of the electronic density to an external
perturbation. Solving it for a given driving frequency w yields the coefficients X (w) and
Y (w). Whenever the driving frequency approaches a true excitation energy of the system, the
response formally diverges. This reflects the fact that the excitation energies correspond to

the poles of the linear response function.

To make this connection explicit, consider the variation of the expectation value of a

one-body operator B, such as the electric dipole:

6(B(1)) = Z ((6¢i|Blgi) + (¢l Bl6g:)) -

As shown previously, the first-order variation of the occupied orbitals can be expanded in the

virtual space. Substituting this expansion gives

5By = > > e (YialalBli) + Xia(ilBla))

i€occ gevirt

+ Z Z et (X7 (a|Bli) + Y} (i| Bla)) . (3.20)

i€occ gevirt

By comparing this with the form of the linear response function we derived in the section

dedicated to Linear Response (for the special case where a monochromatic perturbation of
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frequency wy is considered) one identifies the quantity

xpa(@) = D" D" (Yia(@)(dal Blgi) + Xia(@)(#1BIga)) ,

i€occ gevirt

whose poles determine the excitation energies.

Therefore, absorption occurs when the amplitudes X and Y satisfy the homogeneous system

A B I 0
=w
B* A* 0 -1

which is the well-known Random Phase Approximation (RPA) and the eigenvectors satisfy

X
Y

X

M (3.21)

the normalization condition
X'x-v'y=1. (3.22)

The positive roots w correspond to excitation energies, and the vectors X and Y encode the
forward and backward transition amplitudes, respectively. .

This problem simplifies in two common cases: (i) when the molecular orbitals are real, so
that A = A* and B = B*; (ii) when the coupling matrix B is neglected, leading to the more

familiar eigenvalue equation
AX = wX, (3.23)

known as the Tamm—Dancoft approximation (TDA) [23].

3.2 The Casida Algorithm

The Casida [17] formulation of linear-response TDDFT can be derived in close analogy with
the Random Phase Approximation (RPA) equations introduced for Hartree—Fock theory. In
the HF case, the response matrix is built from the Coulomb and exact exchange contributions
of the Fock operator. In a DFT framework, the situation changes because the Kohn—Sham
Hamiltonian contains no exact exchange. Instead, the electron—electron interaction enters
through the Hartree potential and the exchange—correlation kernel fy.. In this section we start
from the RPA structure and adapt it to the Kohn—Sham setting in order to derive the standard
Casida equation.

In RPA matrices A and B contain antisymmetrized two-electron integrals like:
(ajllib) = (aj | ib) = {aj | bi), (3.24)

where the first term originates from the Coulomb interaction and the second from the exact
exchange.

In TDDFT, the starting point is the Kohn—Sham reference system. The KS Hamiltonian
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contains the Coulomb interaction but not the exact exchange. Correlation and exchange
effects are instead included through an effective exchange—correlation kernel fy.. Assuming a

local kernel in the adiabatic approximation, the RPA-like coupling matrices become

Ajajb = (8a — &) 8ij0ap + (aj | ib) + {aj|fL|ib), (3.25)

Biaj» = (ab | ij) + (ab|fa]ij). (3.26)

Because KS orbitals of a closed-shell system can be chosen real, the matrices A and B are

real and symmetric.
The linear-response problem for the vectors X and Y takes the form

AX + BY = wX,
(3.27)
BX + AY = - Y.

ans now, by forming symmetric and antisymmetric combinations of the amplitudes, these

equations can be rewritten as

(A+B)(X+Y)=w(X-Y),

(3.28)
(A-B)(X-Y)=w(X+Y).
At this point, it is useful to examine the expression for matrix (A — B),
(A = B)ia,jb = (8a — €i) 6ajbap + (aj | ib) —(ab | i]). (3.29)

For real closed-shell Kohn—Sham orbitals the two-electron Coulomb-like integrals satisfy
(aj | ib) = (ab | ij),

so that the last two terms in Eq. (3.29) cancel. Thus matrix

is diagonal, with elements
Eia,jb = (84 — &) 6ij6ab- (3.30)

From the second equation of (3.28) we immediately obtain

X-Y=wel(X+Y). (3.31)
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3.2 The Casida Algorithm
Substituting Eq. (3.31) into the first line of (3.28) leads to
(A+B)(X+Y) =w?e (X +7). (3.32)

Because ¢ is diagonal, we may define its matrix square roots,

8;]./2 = 5ij Eij, 81._].1/2 = 51’]’ Eij-
Multiplying Eq. (3.32) on the left by £!/? gives
e2(A+B) e P 2(X+Y) = w2 (X +7Y). (3.33)
This shows that the vector
F=e1"2(X+Y) (3.34)
is an eigenvector of the matrix
Q=¢"2(A+B)e'?, (3.35)

with eigenvalue w?.

We thus arrive at the celebrated Casida equation:
QF = w*F. (3.36)

The eigenvalues w are the true excitation energies of the interacting system (within
the adiabatic approximation), while from the eigenvectors F' the corresponding excitation
amplitudes can be derived.

In practical implementations, Casida’s equation is solved by explicitly diagonalizing the
matrix Q defined in Eq. (3.36). This matrix lives in the space of single particle-hole (1h—1p)
transitions and therefore carries four indices: two for occupied orbitals and two for virtual

orbitals, with an additional spin index when necessary. The dimension of €2 is thus
Noce X Nyirt,

corresponding to the total number of KS transitions i — a. In a spin-resolved formulation,

the matrix elements take the form

Qiqo, jbt = Oor 5ij Oab (84 — 81')2 +2+/eqs — & Kigo, jbt VEb — &j, (3.37)

where 7, j run over occupied orbitals, a, b over virtual orbitals, and o, T denote spin.

The matrix K appearing in (3.37) is the coupling matrix, which contains contributions from
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the Coulomb interaction, the exchange—correlation potential, and the exchange—correlation

kernel. In the adiabatic local-density approximation (ALDA), it reads

1

=7

+ RPN ) 6(r = 1) | 05 (r7) e () dr i
(3.38)
This kernel couples different transitions and is responsible for redistributing oscillator strengths

Kiao-, jbt = / (bi(r(r) ¢a0'(r) [

and generating collective excitations.
Once the eigenvalue problem
2
QF, no = wno F n0

is solved, the eigenvectors Fjo contain all the information needed to compute transition
properties. For example, the oscillator strength associated with the transition from the ground

state |0) to the excited state |n) is given by

2
fio = 5 o (I(nbxl0) 2 + (aly 0} + [CnlzlO) ). (3:39)

Within the Casida formalism, these transition dipoles can be written directly in terms of
the eigenvector F,,0. Using the connection between the RPA amplitudes and the Casida’s

eigenvectors derived previously we obtain the compact expression
2( 5 12 Fa1/2 o172
an = 5 (X e '“Fy0+ y € Fo+z'e FnO) , (3.40)

where x, y, z denote the dipole transition vectors in the particle-hole basis. Hence, both
the excitation energies w,o and the corresponding intensities are obtained consistently from
Casida’s eigenvectors.

Although Egs. (3.36) and (3.37) give a formally exact (within the adiabatic approximation)
representation of the TDDFT excitation problem, the direct diagonalization of €2 is rarely
feasible.

In practice, the Casida eigenvalue problem is solved using iterative subspace algorithms,
most commonly the Davidson method [171, 172], which efficiently extracts only the lowest
excitation energies and corresponding eigenvectors. Davidson’s method performs very well
for both small and large molecules, but it is limited to the extraction of a small number of low

energy excitations; it becomes inefficient or numerically unstable when:

* many excited states are required,
* the spectrum is dense,

* strong coupling between transitions makes convergence slow.

For such systems, alternative approaches to solving TDDFT response equations have been
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3.3 PolTDDFT algorithm

developed, including real-time propagation schemes, density-matrix based formulations,
and iterative methods exploiting sparsity or locality. These approaches are particularly

advantageous for large-scale systems such as metallic nanoclusters.

3.3 PolTDDFT algorithm

An alternative formulation of TDDFT exists which avoids the explicit solution of Casida’s
eigenvalue equation and instead works directly with the frequency—dependent induced
density. When a time—dependent external perturbation Ve (r,w) acts on a system, it
induces a first—order density variation p" (r, w) witch can be expressed using the dielectric

susceptibility y of the system

oV (r,w) = / & x (1,1, ) Ve (', w). (3.41)

The interacting susceptibility y is, however, not directly accessible in practice. Instead, the
same induced density may be equivalently obtained using the Kohn—Sham susceptibility
Xks of a non—interacting reference system, provided that the external field is replaced by an
effective field Vgcr. The advantage is that ygs has a simple explicit expression in terms of

KS orbitals and energies:

occ virt

st = 51 S OO ) e = c) .

,- w? — (& — €)?

The self—consistent effective field consists of the external perturbation plus the linearized

Coulomb and xc contributions:

P (r,w

Vocr(r, ) = Ve (1, @) + / ) 3 + / fo(tt, ) p V(K ) B, (3.43)

r—r’|

where fy. is the TDDFT xc kernel. Thus the induced density satisfies the self—consistent

relation
pO(r, ) = / B (6,1, ) Vee (' ). (3.44)

From p‘! one obtains the dynamical polarizability; for example, the zz component reads
— (D) 3
@, (w) = / zp; (r,w)d’r. (3.45)

We mentioned before how the Casida equation involves the diagonalization of the large

matrix €, which becomes computationally prohibitive when:

* one needs a wide energy window for the absorption spectrum;
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* large systems with dense manifolds of excitations are considered.

To overcome these limitations, the Trieste theoretical chemistry group developed an alternative
algorithm, named PolITDDFT [43, 44, 173], which extracts the spectrum point—by—point from
the imaginary part of the complex dynamical polarizability a(w).

The photoabsorption spectrum is obtained through
4w
o(w) = — Im a(w), (3.46)
c

where a(w) is the isotropic polarizability (its trace divided by 3). Accordingly to this
algorithm the polarizability must be evaluated at complex frequencies w = w, + iw;, where
wy 1s the photon energy and w; introduces a physical line broadening that mimics the finite
lifetime of excited states.

Equations (3.44)—(3.43) can be written in compact operator form:

pY = yksVscr, (3.47)
Vscp = Vex + K p, (3.48)

where K is the full Coulomb+xc coupling operator. Exploiting the linearity to eliminate Vscp

we derive the TDDFT response equation:
[1- xksK] PV = xksVext. (3.49)

To solve Eq. (3.49), we expand the induced density in an auxiliary density—fitting basis
{fu(r)},
PV (r,w) = > £u(6) bu(w), (3.50)
7

restricting the fitting space to functions relevant for the valence region only. Projecting
Eq. (3.49) onto the auxiliary basis leads to a non-homogeneous linear system. In matrix form
it reads:

[S-M(w)]b=4d, (3.51)

where:

Suv = {ful fv) is the fitting functions overlap matrix,

* b contains the coefficients of the expansion b, (w),

d, = {fulxks(w)|z) are the known non-homogeneous terms,

Muv = <fu |XKS(w)K|fV>
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3.3 PolTDDFT algorithm

The computational cost is dominated by the construction of the frequency—dependent
matrix M (w), which requires a double sum over occupied and virtual orbitals for each

frequency.

A central feature of POITDDFT is a controlled approximation that rewrites M (w) as a linear
combination of frequency—independent matrices with frequency—dependent coeflicients. By

inspecting the explicit expression of the KS susceptibility,

occ virt

’ 4Eia / ’
xks(r,r,w) = @i(r)@q(r) @a(r)ei(r’) (3.52)
2.2,
= ) 0ia(r) dia (@) O (r'), (3.53)
where
4€ia
€ia = €4 — €, ®ia (l‘) = (,Di(l')(Pa(l'), /lia (w) = ) 5 -
w* —€

ia
we see that the frequency dependence appears only in 4;,(w), which varies smoothly for

transitions with similar ¢;,,.

e,
¢ Er  Ern Ep Epy

- e

I 5] Iy Ip

E €XC.

Figure 3.1: Discretization of the excitation energy axis with selected eigenvalue differences.

Thus, the energy axis spanned by the set of excitation energies {¢€;,} is partitioned into P

intervals /. Within each interval the €;, values are approximated by the midpoint energy

-  Ey+E
B, = 2k . kel
so that 4;,(w) may be replaced by
4Ey
sk(w) = —.

With this approximation, the susceptibility becomes
P

Xs(E 1, 0) = D 51 (@) ) Oia(r) O (1), (3.54)

k=1 €ia€ly
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and inserting Eq. (3.54) into the definition of M, yields

sk(w) G* (3.55)

M,le(a)) = /JV’

M~

k=1

where the frequency—independent matrices G* collect all orbital-dependent terms:

Gl = > (ful®ia) (@ialKIfy)- (3.56)

€iq€ly
A similar decomposition holds for the non—-homogeneous term:

P

du(@) = Y s1(@) D (ful®ia)(Oial2). (3.57)

k=1 emelk

Thus the computationally expensive orbital-dependent quantities are evaluated once at
the beginning of the calculation. At each new frequency, assembling M (w) requires only
forming the linear combination with the scalar coefficients s (w).

Solving Eq. (3.51) for b(w) provides the expansion coefficients of the induced density.

The dynamical polarizability follows from
— (1) 3. = 3
@z (W) = / 2o (r,w) &r = Zbﬂ(w) / 2 fu(r) &r. (3.58)
7

Its imaginary part yields the absorption spectrum, and the use of complex frequencies
introduces a physically meaningful broadening without diagonalizing any excitation matrix.

PolTDDFT therefore provides a numerically efficient and scalable frequency—domain
alternative to the Casida approach, particularly well-suited for large systems and wide spectral

windows.

3.3.1 PolITDDFT implementation

In a later chapter, a new efficient evaluation of the diagonal correction within the Hybrid
Diagonal Approximation (HDA) for TDDFT will be presented. Its implementation relies
heavily on the infrastructure developed for the POITDDFT algorithm; for this reason, it is
useful to analyse in detail the computational realization of the POITDDFT scheme.

The algorithm was originally developed within the ADF code and is currently available in
its successor package, AMS. The AMS framework provides several analytical integrals and

precomputed quantities essential to the POITDDFT implementation. Among them:

* Density—fitting overlap matrix

Suv = <f#|fv>; (3.59)
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Density—fitting Coulomb matrix

1
r—r'|

F,uv = <f,u fv> 5 (3.60)

Pair—fitting integrals, involving two basis basis functions and one fitting function:

(fuloT); (3.61)

Dipole integrals between basis functions

(olz]T); (3.62)

Molecular orbital energies and coefficients: {€,} and {csp}.

The implementation proceeds as follows. First, the excitation—energy grid is constructed
and the KS energy differences €;, = €, — ¢; are assigned to the corresponding intervals /.
Next, the fitting functions are selected and the matrices needed to assemble the POITDDFT

linear system are built.

The contribution of interval k to the matrix M (w) is:

Gy = > (ul®u)@ulKIf) = > Afiq B, (3.63)
€ia€l €a€ly
where:
AL i = (Ful©ia(D)), (3.64)
1
Bl]'(a,v = <®ia(r,)|K|fv> = <®ia m fv> + <®ia|fxc|fv>- (3.65)

By taking advantage of the AMS pair—fitting integrals, A is written as:
AL i = (fuleiga) = ) (fuloT) Coicra. (3.66)
oT

This is the most computationally demanding step of the algorithm, because it scales over all

AQ pairs contributing to the KS transition densities ©;,.

The first contribution in Eq. (3.65) is handled using the resolution of the identity in the
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fitting basis:

1 1
Ojq ) —— v = % S_l o P A%
< )= f> ;< L) Sy ol =g )
= ((AHTs71F),, . (3.67)
where (A¥)T denotes the conjugate transpose.
The xc contribution to B¥ takes an analogous form:
(Oial fiel £) = D (Oral FyYSya(fyl frcl )
iz
= ((AHTs7'2),, .. (3.68)
where:
Zuv = <f,u|fxc|fv> (3.69)
is the matrix of xc-kernel integrals in the fitting basis (computed once).
Putting the Coulomb and xc contributions together:
B, = ((AN'STH(F +2)),,,. (3.70)
It is now convenient to introduce:
D* = AF(AM)T, (3.71)
L=SYF+2), (3.72)
so that each interval contribution assumes the compact form:
G* =DF L. (3.73)

This avoids explicitly constructing BX for each k. Only A* and L must be computed, and the

remaining operations reduce to matrix multiplications.

Thus the PoITDDFT matrix M (w) becomes:

P P P
M(w) = Z sp(w)GF = Z si(w)D¥L = (Z si(w)D¥| L. (3.74)

k=1 k=1 k=1

Finally, the linear term in the TDDFT equation, d,, = {f.|xxs(w)|z), is obtained directly
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from the previously constructed A*:

P

dy =) sc(w) D Al Leilzled)

k=1 €ia€ly

b
=D k(@) D AL ) (@ leln)egicra. (3.75)
k=1 ot

€ia€ly

Once M (w) and d(w) are available, the solution of the linear system from Eq. (3.51) yields

the induced-density expansion coefficients for each complex frequency w.

3.3.2 Unrestricted extension of PoITDDFT

In this section we propose an extension of the POITDDFT algorithm to Open-Shell systems.
An open-shell system is a quantum system whose electronic ground state contains one or
more unpaired electrons, i.e. at least one molecular (or atomic) orbital is singly occupied.
These systems are not properly described by a restricted formalism if only one determinant is
employed in the description of the groun state. They require an unrestricted (spin-polarized)
treatment, where @ and g electrons are allowed to occupy different spatial orbitals. The
TDDFT treatment of open-shell molecular excitations has been an open question since the
first works by Hirata and Head-Gordon [174], where they calculated the lowest two excitation
energies for open-shell diatomic and organic radicals, to nowadays, where complex relativistic
spin-orbit coupling effects are introduces perturbativly on top on top of a restricted open-shell
Kohn—Sham (ROKS) TDDFT-TDA calculation [175]. To see how it would be possible
to describe such systems within the POITDDFT algorithm, let us now relax the restricted
closed-shell condition and consider an unrestricted formalism. Accordingly, all quantities
become spin-dependent, including molecular orbitals, induced densities, susceptibilities, and

response kernels.

In practice, our proposed implementation relies on an unrestricted single-determinant
description of the ground state, and spin—flip effects are not included. Within such a scheme,
the Slater determinant is not a spin eigenfunction; this condition could in principle be restored

by adopting a multi-determinant wavefunction, which we do not pursue here.

The operatorial equations for the induced density and the effective self-consistent field

potential, witch we described before, are generalized to the spin-resolved case as
P (@) = x> () ViF (), (3.76)

Py (@) = x5 (@) Vi (), (3.77)
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with the corresponding effective potentials

Vy (@) = V(W) + Ke oy (@) + py (@) + Ko i (0) + KX pg (@), (3.78)

Vi (w) = V(W) + Kc(pi (@) + pf (@) + Kpspy (@) + Kgapl (@) (3.79)

In this formulation the KS susceptibilities yX5 and ng differ, as they are built from distinct
occupied—virtual manifolds for @ and S spins. Explicitly, the KS dielectric susceptibility is

decomposed into two contributions arising from « and g spin channels:

Xis (6,1, @) = )~ 030 (1) dia (@) O (1) (3.80)
=Y > 0L AL (W) O, () + Y > 0L (1) A (w) &) (381)

i€ aca i€f acp
= x52(rr,w) + x5S (r,r, ). (3.82)

where each term involves only occupied—virtual pairs of the same spin.
The effective potentials are also spin-dependent: the exchange—correlation kernel KX¢
couples the different spin channels, whereas the Coulomb interaction is spin-independent.
Eliminating the self-consistent potentials from Egs. (3.76)—(3.79) leads to a coupled system
of linear equations for the spin-resolved induced densities:
1 1
[1 = x55 (Kc + Kaa)| £ = X&S (Kc + Kap) pf = x5SV, (3.83)
|1 x5 (K + Kgo) | £ = 1§ (Kc + Kpa) b = x5V, (3.84)

Projecting the induced densities onto an auxiliary density-fitting basis {f,} yields the

matrix formulation:

(S+Mw(w) Mp(w) )(ba(m) _ (da«u)), (3.85)

M,Ba' (a)) S+ Mﬁlg (w) bﬁ(w) dﬁ (a))
where:
* S,v = {fulfy) is the fitting functions overlap matrix,

* b7 contains the coeflicients of the expansion of the induced density due to the o

channel,

* dj = (fulxgg(w)|z) are the known non-homogeneous terms,

« M) = (fulxgg(w)(Kc + KX 1),

here o~ and 7y stand for the possible spin variable.
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In the closed-shell limit, the unrestricted formulation reduces to the restricted one: spin-
dependent densities and susceptibilities become equal, each being one half of the restricted
quantity, and the exchange—correlation kernel coincides with its restricted counterpart

(KXC+ K2S) = % (kS + KAC) = Kxc (3.86)

| =

The construction of the frequency-dependent matrices M, (w) follows the same strategy
introduced for the restricted case. Exploiting the high density of KS excitation energies, the
KS susceptibility is expressed as a linear combination of frequency-independent matrices
weighted by frequency-dependent coefficients, allowing the matrix in Eq. (3.85) to be

assembled efficiently at each photon energy.

In practice, in order to calculate the frequency-independent matrices G(kry we could follow

closely what is already done for the restricted case:
G,” =DJLe, (3.87)

where
Dy = AT (AN Ly, =SV (F+277) (3.88)

and the non-homogeneous term would be written as:
O- = <fu|)(]€s(w)|z>

‘Zwv) PIRACACHEACIE

g; Elk
P
=Y si(w) DL AR (7 12l6]). (3.89)
k=1 e7ely

To do so we would need to build the spin-dependent matrices:

Ai = (fulel el = Z<fu|nf> Coi €7a (3.90)
Ve

z7) = <f,1 a;C fv> 3.91)
Y

The proposed unrestricted formulation retains the computational efficiency of the complex
polarizability approach, while extending its applicability to spin-polarized open-shell systems.

The implementation of the present theoretical scheme is currently ongoing
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3.4 Hybrid Diagonal Approximation (HDA)

As discussed earlier, the most widely adopted formulation of TDDFT in quantum chemistry
is the Casida approach. Hybrid exchange—correlation functionals such as B3LYP often
yield improved excitation energies with respect to semi—local functionals. However, the use
of hybrid kernels in TDDFT introduces severe numerical difficulties due to the non—local
Hartree—Fock (HF) exchange operator.

With Gaussian—type orbitals (GTOs), analytic expressions for the four—center HF exchange
integrals are available, making hybrid TDDFT computationally feasible. In contrast, the
Slater—type orbitals (STOs) used in AMS/ADF do not have analytic solutions for products of
orbitals on different centers. In this case, the HF exchange contributions must be evaluated
through density fitting techniques by expanding the orbital product in an auxiliary basis.
While this keeps hybrid DFT ground—state calculations tractable, the HF contribution to
the TDDFT kernel becomes prohibitively expensive due to its unfavorable scaling with the
number of occupied—virtual pairs.

A natural workaround could be to use a hybrid functional only at the DFT KS level, and
to evaluate the TDDFT kernel within the Adiabatic Local Density Approximation (ALDA).
However, this leads to a well-known inconsistency: the inclusion of HF exchange in the
KS equations shifts virtual orbitals upward, whereas a full hybrid kernel would produce a
compensating downward shift via the diagonal elements of the Casida matrix. Since ALDA
lacks this corrective contribution, excitation energies become systematically overestimated by
toolarge amount.

This imbalance is most transparent when TDDFT is written in its RPA-like form:

A B\(x I 0)(x
= , (3.92)
B* A*|\Y 0 —-I/\y
For hybrid TDDFT, the matrix elements read:
Aia,jb = 0ij0ab(€a—€)+{Papjlpitr)—alpapjlpppi)+(1-a) { ¢a Bp Pien|i) (3.93)
6VXC %
Bia,jb = (appleiv;) — a{paplejei) + (1 — @) (@a |7 @,0)| ¢i) - (3.94)
ap

where « is the fraction of HF exchange and ALDA is used for the last term in both equations.

The diagonal elements of A highlight the origin of the problem:

Aiaia = (€4 — €) + {0ail@iva) — a{@apilpapi) + (1 — @) <90a ‘Pi> . (3.95)

The third term, arising from non—local HF exchange, provides the crucial negative shift
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that counterbalances the KS overestimation of the virtual-occupied gap. If this contribution
is omitted from the kernel, the imbalance between the KS reference and the response kernel
leads to overly large excitation energies.

This consideration motivated the development of the Hybrid Diagonal Approximation
(HDA) [176], introduced by the Trieste group. The central idea is to keep the HF exchange
only in the expression for the diagonal elements of the A matrix, while evaluating all its
off—diagonal elements and the entire B matrix at the ALDA level. This preserves the essential
energetic correction while avoiding the expensive evaluation of the full HF—exchange kernel.

Under this approximation:

an *
Ajajb = 0ij0ap(€q — € — Aig) + {@ajleivp) + <50a a—pc ©iPb 90i>, (3.96)
Ve
Biajb = {Papplpi)) + <‘10a a—/’)‘c OpPj 90i>- (3.97)
The corrective shift A;, entering Eq. (3.96) is:
Ve
Aia = a{papilpapi) + @ <()0a a—pxc @i ¥a <pl->, (3.98)

where the second term is generally much smaller and often neglected in practice. With this
new expression for the A and B matrices their difference is still diagonal, as it is customary
for TDDFT with local kernel, so it is possible to solve the RPA-like equation and obtain the
standard Casida expression for the Q matrix. The only difference is the diagonal term A;,
A key advantage of HDA is the dramatic reduction in computational cost: the number of
HF-exchange integrals decreases from the full (NOCCNVm)2 elements of the Casida matrix to
the NoccNyirt diagonal terms only. Additional savings are obtained by applying an energy
cutoff so that A;, is computed only for transitions lying within the spectral region of interest.

The implementation is straightforward in both TDDFT frameworks:

* Casida formulation: all matrix elements are evaluated at ALDA level except for the

diagonal elements of A, which are corrected by A;,.

» PolTDDFT formulation: the KS energy differences €, — ¢; are replaced by (€, —€; — A;y),
which modifies the distribution of the occupied-virtual energy differences along the

excitation energy axis.
Finally, HDA is a general acceleration scheme and can be effectively applied also to large

hybrid TDDFT calculations in GTO-based codes, where density fitting of HF exchange may
become a bottleneck for very large systems.
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3 Computational Methods

3.5 Efficient HDA through Resolution of the Identity (RI)

HDA reduces drastically the cost of an hybrid calculation but the numerical calcultation of
the first term of equation (3.98) is still time-consuming. It is therefore highly desirable to
develop a more efficient strategy for evaluating these integrals.

A viable and efficient approach is to express the two—electron integral in Eq. (3.98) as a
sum of analytical integrals by exploiting the Resolution of the Identity (RI) [177, 178]. In
RI-HDA, the electron density of each molecular orbital is expanded in an auxiliary basis of
density—fitting functions, allowing the Coulomb interaction to be evaluated analytically even
for STOs on different centers.

This idea was explored and implemented within the AMS code.

We begin by rewriting the corrective diagonal integral, noting that the KS orbitals are

(Cuiloa) = // @a(r1)@a(r1) @i(r2)i(rs) dry dr». (3.99)

Ir; — 12

real-valued:

The numerator is simply the product of the orbital densities:

pa(r1) = @a(r1)?, (3.100)
pi(r2) = ¢;(r2)?. (3.101)

Both densities can be approximated in the auxiliary fitting basis { fk}iv S

Nfr

pa(r1) = D fi(r) Cra, (3.102)
k=1
N

pi(r2) % ) fin(r2) G (3.103)
m=1

Inserting these expressions into Eq. (3.99) yields

Nr Nr

<§0a90i|()0a¢i> ~ Z Z Cra [/ Mdl‘ldl‘z Chi. (3.104)
k=1 m=1

Ir; — 17|

We define the Coulomb matrix in the fitting basis:

Vka/ Mdrldl‘z, (3.105)

Ir; — 12

which is analytically computable in AMS even for STOs on different centers.

Thus,
Nr Ng

(Patilapr) © D> CL Vi Coi. (3.106)
k=1 m=1
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3.5 Efficient HDA through Resolution of the Identity (RI)

What we need now are the coefficients Cy,. By taking the scalar product of Eq. (3.100)

with another fitting function f,, we obtain:

NF NF
Soloa) = D ol fid Cra = ), 81 Cras (3.107)
k=1 k=1
where S/ is the overlap matrix of the fitting basis.

For each virtual orbital ¢, we define a vector d, with elements

dpa = <fp|pa>~

Equation (3.107) then becomes a linear system:

Ny
f _

Z Spkcka = Upas

k=1

whose solution is
Ny
Cra = Z(Sip)_ldpa-

k=1

An analogous expression holds for the occupied orbital ¢;.

Substituting these expressions for the coefficients into Eq. (3.106) gives:

Ny Ny Ny Ny

(Pail@ap) ¥ Y > D" > di (SNt Vin (S )y i (3.108)
n p k m

It is therefore convenient to define the matrix
Q = (s v(shH™, (3.109)
so that the diagonal correction becomes simply:

(Pailpapi) ~ dQ d;. (3.110)

This formulation transforms a numerically expensive two—electron integral into a sequence
of matrix multiplications involving precomputed analytical matrices, thus drastically reducing
the cost of hybrid TDDFT calculations using the HDA scheme.
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3.6 Implementation of the Efficient HDA Scheme

As discussed in Section 3.3.1, the AMS framework already computes and stores several
matrices and integrals essential for the PoOITDDFT implementation. These pre—existing
objects can be reused to efficiently implement the HDA correction introduced in the previous
section. We first describe the construction of the matrix Q, and then the evaluation of the

vectors d, and d; entering the diagonal HDA term.

Within the PolTDDFT module of AMS, routine CalcMatrixL. f90 defines the matrix
Z = (sH7ly, (3.111)

where S/ is the density—fitting overlap matrix and V collects the kernel-related integrals. The

matrix Z is obtained by solving the linear system
s’z =v, (3.112)

using ScalLAPACK routines designed for distributed linear algebra.

The HDA scheme requires the matrix
Q=2z(s)". (3.113)
To compute it we can multiply from the right by S/
0S8/ =2z. (3.114)

by taking the transpose matrix and using the fact that both S/ and Q are real symmetric
matrices,
sHo = 7. (3.115)

Thus, Q is obtained as the solution of the linear system
slo =27 (3.116)

This is formally identical to the system used to compute Z, meaning that the same numerical
routines can be reused. In practice, the Z' matrix must first be constructed and stored.

The final evaluation of Q is implemented directly inside CalcMatrixL. £90.

A new routine, Calcdpadqi . £90, has been created to evaluate the vectors d, and d; entering
the diagonal HDA correction. The implementation closely follows that of CalcAk. £90,
which constructs the matrices AX used in PoITDDFT (see Section 3.3.1). The analogy
emerges by comparing the definitions of the matrix elements.
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3.6 Implementation of the Efficient HDA Scheme

The matrix A* contains the density—fitting representation of the KS transition density:

A 0 = Sulei(0)ga (1)),

On the other hand, the HDA diagonal term requires integrals of the form:
dpa = (fplpa(r)) = (fpl@a(r)@a(r)).

Thus, the structure of d),, is identical to that of Az .o €xcept for the substitution of the
occupied orbital index i with the virtual orbital index a. This observation makes it possible to

reuse the efficient density—fitting machinery already implemented in AMS for PoITDDFT.

By exploiting the Resolution of the Identity (RI), the numerical evaluation of the diagonal
corrective term becomes a sum of analytical density—fitting integrals, dramatically accelerating

the computation compared to a brute—force approach.

An additional modification concerns the normalization of the orbital densities when they are
represented in the auxiliary density—fitting basis. While the exact orbital products ¢;(r)p;(r)
are properly normalized, the corresponding fitted densities obtained through the expansion
over the fitting basis set do not automatically preserve this normalization. To recover the

correct integral, a constraint must be imposed so that the fitted density integrates to unity.

Following the strategy adopted in the present implementation, the normalization is enforced

b

via a standard Lagrange—multiplier approach. In matrix form, this corresponds to “bordering’
the density—fitting overlap matrix S/: an extra row and column are added, containing the

normalization integrals
3
Wy :/f#(r)d r,

thus the overlap matrix S is augmented as

S w
S — (WT 0), (3.117)

and each vector d'P) is augmented with the normalization constant (unity in this case)

dw
v — ( ) (3.118)

accordingly as

1

thereby enforcing the normalization condition on the fitted orbital density.

This modification stabilizes the solution of the fitting equations and ensures that the
reconstructed orbital densities retain the correct integral even in the presence of numerical
approximations intrinsic to the RI procedure. The usefulness of this constraint has long been

recognized in the context of efficient Hartree—potential evaluation during SCF cycles, and it
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3 Computational Methods

is now adopted as a standard component of the POITDDFT/HDA infrastructure.

3.7 Computational analysis tools

The analysis and interpretation of optical absorption spectra of complex systems, such as
hybrid metal—organic nanostructures or ligand-protected metal clusters, often require more
than the direct inspection of excitation energies and spectral intensities. In these systems, the
optical response typically arises from the interplay of multiple electronic subsystems and a
large number of single-particle excitations, making a straightforward assignment of spectral
features difficult. For this reason, additional analysis tools are essential to rationalize the
microscopic origin of the absorption spectrum and to disentangle the contributions associated

with different electronic degrees of freedom.

For this purpose, POITDDFT algorithm adopt the Modified Sternheimer Approach (MSA)
formulation [179] of linear response. The first-order perturbation of the Kohn—Sham orbitals

can be found as the solution of the following inhomogeneous equations:

(Flﬁs -& - w) ¢§1’_) = —Vscr ¢i,

o (1.4) A (3.119)
(HKS —&t w) ¢, =—=Vscr ¢i.
and consequently, the first-order perturbed electron density can be expressed as
ocC
- 1,+) *
PV =23 ¢ [ 47 () + 4" ()] (3.120)

Equations (3.119) and (3.120) are used to obtain a direct analysis in terms of one-electron

excited configurations.
This is possible because, if the perturbed orbitals are expanded over the virtual Kohn—Sham

orbitals, the operator in brackets in Eq. (3.119) becomes diagonal.

virt

6/ (1) = > e gu(n), (3.121)

a

Moreover Vscr has been already calculated from the linear system (3.51) and so, the following

expressions for the expansion coefficients are obtained:

(8a — &1 — W) ¢f~ = —(PalVscrldi),

A (3.122)
(€a —€i + W) {7 = —(palVscrldi).
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The dynamical polarizability is now written as
occ virt occ virt
(W) =20 Y (ilzlda) (i~ +cf*) = Y > Udilzlga) P, (3.123)
i a a

i

It is convenient now to introduce the density-matrix elements (dipole amplitudes)

P{=2(cf™ + i) (3.124)
The above expression for the polarizability thus becomes
occ virt

(W) = D ) (dilzlga) P (3.125)

If we use Eq. (3.122) to derive an expression for the expansion coeflicients:

O 114 [ Y PO VA ) (3.126)
E,+w

Ek—w

where, in a POITDDFT faschion we approximated the occupied-virtual energy difference to

E}.. Substituing in the expression of the density matrix and using the definition of s (w), one

obtains

P =2(cf + i) (3.127)

_o | ilViga)  (9ilVIga) (3.128)
E,—w Er,+w

o (Bt o)+ (B w)
- 2 _<¢1|V|¢a> E]% _ w2 ] (3-129)
e 2Bk
=2 _—<¢Z|V|¢a> G w2] (3.130)
_ 4B
gy ($ilV|da) (3.131)
= sk (w) ($i|V|pa) (3.132)

Eq. (3.123) represents an expression for the polarizability analogous to eq. (3.58) and has
proven to be more accurate. For this reason, in the actual implementation of the code, the

spectrum is extracted from this formulation.

From an implementation point of view, exploiting already available objects, the density
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matrix can be calculated as follow:

P! = si() [{@ilzl@a) + ) ALY Lye be (3.133)
ut
In the present work, two complementary analysis tools derived within the TDDFT
linear-response framework are employed to investigate the absorption spectra: (i) a fragment-
projection analysis of oscillator strength, and (ii) independent component maps of oscillatory
strength (ICM-OS). Together, these approaches provide both a real-space and an energy-
resolved description of the electronic excitations underlying the optical response.

3.7.1 Fragment-projection analysis of absorption spectra

The fragment-projection analysis [180] is aimed at clarifying the role played by different
parts of a complex system in shaping its optical absorption spectrum. The basic idea consists
in partitioning the system into a set of fragments and decomposing the absorption intensity
according to electronic transitions occurring within or between these fragments.

According to TDDFT formalism, an excited state is described as a linear combination of
one-electron excited configurations, where an electron is excited from an occupied Kohn—Sham

orbital to a virtual one
occ virt

[Py = ch;’(m |@¢), (3.134)

The |c{ (K) |2, already tell us how much each Slater determinant ®¢ weight in the description
of the excited state Wg.

Let us now subdivide our system into chemically relevant fragments. We want to investigate,
within each of these electronic configurations, at which fragment the occupied and virtual
molecular orbitals involved in the corresponding transition belong to. This can be done
by performing a Mulliken population analysis of the molecular orbitals. Starting from the
normalization condition for a molecular orbital and expanding it over the basis set of atomic

orbitals we get:

1= <¢t|¢l> - Z S/l/z i (3.135)
= Z My = Z DM (3.136)
F uefF
= Z Mpi (3.137)
F
where we defined
My= > CiSuCu » Mri= ) My (3.138)
lambda ueF
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3.7 Computational analysis tools

here F is an index running over the fragments we created.

Now, because the coefficients c? are normalized too, it is possible to write

L= 1efP > Mpi Y Mca= ) > Mrg (3.139)
ia F G G

F

where we defined
Mrc = ) 1c¢ 1" MriMca (3.140)
ia
The fragment contributions of eq.3.140 are used to split the absorption spectrum.

To implement the fragment projection analysis within the complex polarizability algorithm
we can compare the expressions for the diagonal elements of the complex dynamical
polarizability (see eq. —) to that of the oscillator strength (witch is proportional to the
imaginary part of the polarizability and to the squared modulus of the dipole transition

moment between the ground and the excited states):

a 4 2 4 . a
fow) = K Y 1m[PE] (9| 2] da) == K" [(Lol2l¥D|" = K’ (Wolz|¥1) D (ilzla) cf
ia i,a
(3.141)
it appears reasonable to consider the coefficient ¢ proportional to the density matrix elements
under the condition that they must be normalized:

Im|P¢
= mtril 310

C m[pf

i,a

This provides the expression for the coefficients to be used in the above equations

This fragment-projection analysis provides an intuitive and chemically meaningful inter-
pretation of the absorption spectrum, enabling the identification of metal-centered excitations,
ligand-localized transitions, and charge-transfer processes between different subsystems.
While the present implementation relies on a Mulliken-based projection scheme, the general
strategy is not restricted to a specific population analysis and can be extended to alternative

fragmentation approaches.

3.7.2 Independent component maps of oscillatory strength

A complementary and more detailed insight into the nature of the electronic excitations
contributing to the absorption spectrum is provided by Independent Component Maps of
Oscillatory Strength (ICM-OS) [181]. This analysis tool allows one to resolve the absorption
intensity in terms of individual single-particle excitations characterized by specific occupied

and virtual molecular orbitals energy difference.
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The ICM-OS approach is based on the expression of the oscillator strength as the imaginary

part of the dynamical polarizability tensor

occ virt

a(w) = ) > (ilzlpa) P (3.143)

i a
Within this formulation, the absorption intensity at a given photon energy can be written as a
sum of contributions involving products of dipole matrix elements and induced density-matrix
elements between occupied and virtual orbitals.

In an ICM-OS plot, these individual contributions are represented as a function of the
energies of the occupied (g;) and virtual (g,) orbitals involved in the excitation and the
optical absorption intensity at each given energy is proportional to the integral of ICM-OS
at the given energy over the (&;, &,) plane. For a fixed photon energy, the resulting map
highlights which regions of the occupied—virtual energy space dominate the optical response.
To enhance the readability of the maps, the discrete contributions are typically broadened
using a Gaussian smearing.

An important feature of ICM-OS plots is that they preserve the sign of the individual
contributions, allowing one to identify constructive and destructive interference effects
between different single-particle excitations. This makes the ICM-OS analysis particularly
well suited for the investigation of collective excitations, such as plasmon-like modes, where

the absorption intensity arises from the coherent superposition of many electronic transitions.

3.8 Extension to Electronic Circular Dichroism

The PolTDDFT formalism described in the previous chapter provides the photoabsorption
spectrum by extracting it from the complex dynamical polarizability tensor. The same
machinery has been extended by Baseggio et al. [182] to the simulation of electronic circular
dichroism (CD) spectra. In this implementation, like in the original work of Autschbach and
Ziegler [183], the dependence on the current density of the xc functionals is neglected.

For a transition from the ground state |0) to an excited state |n), we already introduced in

Section 1.4 the Rosenfeld equation:
CD(w) oc Im[(0]a2|n) - (n|mm[0)], (3.144)
which defines the rotatory strength as
Ron = Im[{0lft|n) - (n||0)] . (3.145)

Within the complex—polarizability framework, the CD response is extracted from the
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3.8 Extension to Electronic Circular Dichroism

optical rotation tensor 8(w), which appears in the expression of the dipole moment induced

by an electromagnetic field

: 19B,
Hu= D @@ Ey = Buv(w) e (3.146)

where a(w) is the dynamical polarizability tensor, E, and B, are the electric and magnetic
field components, and c is the speed of light. 8(w) is related to the rotatory strengths via the

sum—over—states relation 5 R
Blw) =2 —— (3.147)
3 w? — w?
n On
where w is the photon energy and wg, corresponds to the excitation energy from the ground
state to the n-th excited state.
In the PolTDDFT implementation, following the same MSA [179] adopted for the

conventional photoabsorption spectrum, the 3,,(w) component can be written as
occ virt

Bealw) = == 3" > eililea) P, (w). (3.148)

where (g;|rit;|¢,) are the magnetic dipole moments and P{(w) are expressed as:

+

fit
P! = 11(0) |(daluclon) + ) | (Ak)w Lyr bT]
Ht ’

here we recognise many objects we already calculated for the simulation of the absorption
spectrum: A* and L matrices, the electric dipole moments (¢, |u.|¢;) and b, coefficients
solutions of the linear system [S -M (a))] b=d.

The only new objects needed for the evaluation of the optical rotation tensor are therefore:
* the magnetic dipole moments (g;|#.|¢,)

* the frequency-dependent coefficients 74 (w) (analogous to the si (w) coeflicients from

photoabsorption)
1 1

— + ;
wW—wo, +ie w+wg, +iE

tr(w) =

As a consequence, the evaluation of 8(w) is achieved at essentially no additional computational
cost, since it only requires post-processing the frequency-domain response already available
from the photoabsorption calculation.
Finally the expression of the rotatory strength as calculated with the complex polarizability
algorithm is
3ew

R ==~ 1m(B) (3.149)
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where w is the photon energy, c is the speed of light, £ is the HWHM of the electronic
transition, which corresponds to the imaginary part of the frequency, and 3 stands for the
averaged optical rotation tensor.

The ECD response obtained with the PoITDDFT algorithm can be interpreted and
rationalised in terms of Independent Component Maps of Rotatory Strength (ICM-RS) [184]
and Fragment-projection analysis [105] in an analogous way to what we did for conventional

photoabsorption.
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4 Publications

Optical absorption spectroscopy is a powerful and widely used tool to probe the electronic
structure of molecular and nanoscale systems. In this context, time-dependent density
functional theory (TDDFT) represents one of the most successful theoretical frameworks,
offering a favorable compromise between accuracy and computational cost. However,
achieving quantitative accuracy for complex systems often requires the use of hybrid exchange—
correlation functionals, whose application at the TDDFT level remains computationally
demanding, especially for large systems described with non-Gaussian basis sets.

The main focus of my research work during this PhD was to address this limitation by
efficiently treating the hybrid exchange by combining the Hybrid Diagonal Approximation
(HDA) with the Resolution of Identity (RI) technique. The following three papers described
the method, its implementation, its accuracy and extension to include different kind of hybrid

functionals.

4.1 Main Publications

4.1.1 A Resolution of Identity Technique to Speed up TDDFT with
Hybrid Functionals: Implementation and Application to the
Magic Cluster Series Aug,.4(SCsHs)ansg(n =3 — 6)

In this first work the RI approach is employed to avoid the numerical evaluation of the
diagonal nonlocal exchange contributions, which constituted the main bottleneck of earlier
HDA implementations. The method is implemented within the polTDDFT framework, a
damped linear-response formulation particularly well suited for large-scale applications, as
available in the AMS/ADF software package.

The resulting approach retains the accuracy of hybrid TDDFT while dramatically reducing
the computational cost, yielding speedups of approximately one order of magnitude compared
to previous numerical schemes. The performance and reliability of the method are assessed
through a systematic comparison with experimental photoabsorption spectra of ligand-
protected gold clusters, as well as with more approximate TDDFT-based methods. Overall,
the proposed RI-accelerated HDA scheme provides an efficient and predictive strategy for the

simulation of optical spectra of metal clusters comprising several hundreds of atoms.
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ABSTRACT: The Resolution of Identity (RI) technique has been employed to speed up the use of ftted HDA' 5 CADS
hybrid exchange-correlation (xc) functionals at the TDDFT level using the Hybrid Diagonal =~ ] e
Approximation. The RI has been implemented within the polTDDFT algorithm (a complex damped / N A VAR
polarization method) in the AMS/ADF suite of programs. A speedup factor of 30 has been obtained //\ ‘er\/h_h
with respect to a previous numerical implementation, albeit with the same level of accuracy. == T@—®>‘
Comparison of TDDFT simulations with the experimental photoabsorption spectra of the cluster series

Aug,,4(SR) 4,5(n = 3—6; R = C¢H) showed the excellent accuracy and efficiency of the method. Results were compared with those
obtained via the more simplified and computationally cheaper TDDFT+TB and sSTDDFT methods. The present method represents
an accurate as well as computationally affordable approach to predict photoabsorption spectra of complex species, realizing an
optimal compromise between accuracy and computational efficiency, and is suitable for applications to large metal clusters with sizes
up to several hundreds of atoms.

1. INTRODUCTION for application to very large systems and will be employed also
in the present work."

In both DFT and TDDFT, accuracy represents a challenging
issue, since it is intimately connected with the choice of the

Optical spectroscopies are among the most powerful
investigation techniques in chemistry due to their direct
applicability, easily accessible instrumentation, and ability to
provide relevant information regarding the electronic structure
of the studied system. However, it is often difficult to
rationalize and assign the observed spectral features on the
basis of purely experimental information. The availability of
reliable models and accurate computational protocols therefore
represents a formidable tool not only to rationalize the
experiment but also to extract all the information, which is
actually included in the experimental data but cannot be
understood by a simple analysis of the spectrum.’ Moreover, if
the computational protocol is able to reach quantitative
accuracy, theory can be predictive, thus opening the way to the
rational design, for example, of new materials with a required
optical response. In this scenario, the best compromise
between accuracy and computational economy is often the
time-dependent density functional theory (TDDFT), which at
the moment allows the calculation of systems containing up to
1000 of atoms. In quantum chemistry, the most popular
implementation of TDDFT has been formulated by Casida.”
In the Casida formulation, an eigenvalue equation on the space
of single-particle excitations, whose number is the product Received:  August 8, 2023 IS A
between the number of occupied and unoccupied orbitals, is Revised:  October 6, 2023
solved. Besides the Casida approach, other TDDFT Accepted:  October 9, 2023 4 g
formulations and implementations are available.*~"" More Published: October 31, 2023 "
recently, a complex polarizability algorithm for TDDFT'*~"*
(also known as polTDDFT) has proven particularly suitable

exchange-correlation (xc) functional in DFT to solve Kohn—
Sham equations, and in the response kernel of TDDFT when
solving the TDDFT equations.'® The search for more and
more accurate xc functionals and kernels is a very active, widely
spread, and highly demanded research activity.'”'® Hybrid xc
functionals for DFT and hybrid kernels for TDDFT, ie,
functionals containing a variable fraction of the exact
(Hartree—Fock, HF) nonlocal exchange, often represent the
best choice in terms of accuracy, at least with respect to
simpler local density approximation (LDA) and generalized
gradient approximation (GGA). Among hybrid xc functionals,
B3LYP'??" is the most popular.

It is worth noting that in hybrid functionals, the HF nonlocal
exchange can be problematic to handle when evaluating the
matrix elements needed for the Casida equations. More
precisely, matrix elements can be treated efficiently when
Gaussian-type orbital (GTO) basis sets are employed but
become problematic with other basis sets, such as slater-type

=
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orbitals (STO) or plane waves (PW). To solve these technical
issues and get a still efficient TDDFT approach employing
hybrid xc functionals, recently a new approximate scheme has
been suggested for the TDDFT kernel, called Hybrid Diagonal
Approximation (HDA).”' The HDA consists in employing the
nonlocal exchange only for the diagonal terms in the response
equations: this allows one to limit the computational cost of
the TDDFT simulation while keeping almost the same
accuracy as in the full TDDFT scheme using hybrid xc
functionals.

The first HDA implementation, although much more
efficient than the full-kernel one, was not fully optimized
since the integrals needed to calculate the diagonal correction
were calculated numerically. In the present work, we describe a
much more efficient computational scheme to calculate such
terms according to a procedure that avoids the numerical
integration, by means of a density fitting auxiliary basis set and
the Resolution of Identity (RI) technique. It is worth noting
that auxiliary Gaussian—Hermite functions (named GEN-An
GEN-An*)** have proven to be generally useful as fitting
functions; in fact, the same set is able to fit (1) the SCF
Coulomb potential, (2) the SCF nonlocal exchange for hybrid
functionals, and (3) the TDDFT-perturbed density.”*7° Use
of STO functions for fitting is typically combined with the pair-
fitting approximation”””® since global fitting requires evalua-
tion of three-center integrals for which for STOs, in contrast to
GTOs, no analytical expressions are available.

In general, the RI technique has been introduced in modern
quantum chemistry methods roughly 50 years ago in DFT*’
and much later it started to be routinely employed in wave
function theory (WFT) methods as well>*****™** In the RI
approach, integrals are either approximated by a predeter-
mined fit set or by an on-the-fly factorization procedure such as
Cholesky decomposition.” This reduces the computational
scaling of computing multicenter integral contributions from a
formal n* to n* or even lower depending on the approximations
and distance screening techniques that are used. In the present
work, since STO basis sets are employed, RI allows to avoid
the numerical integration, which proved to be the bottleneck of
the previous HDA implementation.”'

The article is organized as follows. First we provide a short
review of the HDA approximation in both the Casida and
polTDDFT implementation. Then, we give the details of the
RI method to calculate the HDA integrals as well as its
implementation within the AMS-ADF program. In order to
assess the performances of the method, we applied it to a series
of four well-characterized gold clusters protected by aromatic
thiolic ligands, with sizes between 268 and 460 atoms.*
Finally, a complete assessment of the RI method is given in
terms of accuracy and computational efficiency, with respect to
the numerical approach. A comparison with respect to
photoabsorption experimental data as well as to the more
approximate sSTDDFT’ and TDDFT+TB*” approaches allows
to assess the merits of the suggested approach.

2. THEORETICAL METHOD AND IMPLEMENTATION

2.1. HDA. In order to briefly recall the HDA scheme,”" the
most convenient way is to start with the random phase
approximation (RPA) formulation of the linear response
TDDFT approach:
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(1? f)(i)”’[; —01)@ (1)

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

Ajp = 51.1.55,1,(‘9“ — &) + (ajlib) — a{ajlbi)

_ aVXC AT
+ (1 — a){al o " bli) @
B, ;, = (ablij) — a(ablji) + (1 — a)(al a:;XC bjli)
p (3)

where in equations 2 and 3, we employ i and j for occupied
orbitals and a and b for the virtual ones. @ represents the
fraction of nonlocal HF exchange in the xc kernel, and the
adiabatic local density approximation (ALDA) is assumed in
the last terms of both equations. With STOs, it is very time-
consuming to calculate the terms with the nonlocal exchange,
namely, the third term in the rhs of equation 2 and the second
term in the rhs of equation 3.

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

Ao = (& — &) + (ailia) — aailai) + (1 — a){al
%i*ali)
op 4)

The third element in the right-hand side of equation 4 is the
key ingredient to recover the too high occupied-virtual energy
difference obtained from the KS equation when a hybrid xc
functional, containing a fraction of HF exchange, is used. This
simple observation suggests that a possible strategy is to
employ the nonlocal HF exchange of the kernel only for the
diagonal elements of the A matrix, while treating at the simpler
ALDA level (no HF exchange) all the off-diagonal elements of
the A matrix and the full B matrix. With this choice, which we
named HDA,*' the matrices A and B take the following
equations:

aVXC Sk

Ajgjp = 6ij511b(€a - & —A,) + (ajlib) + (al j bli)
2, ap
©)
v,
By, = (ablij) + (al—=<b%jli
ia,jb < ]> < ap J > (6)
where in eq S, we have introduced a diagonal corrective term:
oV,
A, = a{ailai) + a{al—2Si"ali)
ap (7)

In eq 7, the second term is much smaller than the first term
and can be safely neglected. With eq S and eq 6 for the A and B
matrices, the difference A—B is still diagonal as it is customary
in TDDFT with local kernels. Therefore, it becomes possible
to solve the RPA-like equation with respect to Y and obtain
again the conventional Casida equation for the € matrix, with
the only difference occurring in the eigenvalue differences,
which must be corrected by eq 7.

Importantly, following this approach, the number of
required exchange integrals is only (Nocc X Nvirt) instead
of (Nocc X Nvirt)?, i, it is greatly reduced. In the previous

https://doi.org/10.1021/acs.jpca.3c05368
J. Phys. Chem. A 2023, 127, 9244—9257
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implementations of eq 7, the first term was calculated
numerically while the second term is neglected.

2.2. Extension of HDA to the Complex Polarizability
TDDFT Formulation. Despite the efficiency of numerical
diagonalization techniques such as the Davidson one, it
becomes hard to calculate valence photoabsorption spectra
over a wide excitation energy range when large systems are
considered. The Davidson iterative algorithm, generally
employed in all the TDDFT codes that use the Casida
method, is efficient on large £ matrices but is limited to
extracting a relatively small number of lowest eigenvalues and
eigenvectors. In order to overcome this problem, we have
recently proposed the complex polarizability TDDFT
(polTDDET) algorithm.'* This approach avoids the diagonal-
ization bottleneck via a direct solution of the response
equations and thereby allows for the treatment of very large
systems. The reader is referred to the original work for a
detailed description of the algorithm,'” together with its
implementation in the ADF program.13

In polTDDFT, the photoabsorption spectrum o(w) is
discretized and computed in a limited number of points from
the imaginary part of the dynamical polarizability a(w):

410

o(w) = —Imla(w)] ()

The polarizability is calculated for complex frequencies, i.e.,
® = o, + iw;, where the real part @, is the scanned photon
frequency (energy) and ®; is the imaginary part, which
corresponds to a broadening of the discrete lines and can be
interpreted as a pragmatic inclusion of the excited-state finite
lifetime. The complex dynamical polarizability is calculated by
solving the following nonhomogeneous linear system:

[S - M(w)lb=d )

In eq 9, S is the overlap matrix between fitting functions, b is
the unknown vector with the expansion coefficients b,(®) of
the induced density p{V, d is the frequency-dependent vector
corresponding to the known nonhomogeneous term, and
finally the elements of the frequency-dependent matrix M are

M, = (f, Vs (@)KIf) (10)

In eq 10, ygs refers to the Kohn—Sham frequency-dependent
dielectric susceptibility and K to the kernel. The original
characteristic of the polTDDFT method is the introduction of
a simple approximation, which enables the construction of
M(w) as a linear combination of frequency-independent
matrices G° with frequency-dependent coefficients s.(@),
with the following equation:

M(w) = Z sk(w)Gk
k (11)

With this idea, a set of matrices {G'} is calculated and stored
only once at the beginning and then the matrix M(w) is
calculated very rapidly at each photon energy w, as a linear
combination of the {G} matrices with the following
coefficients:

4E,

@) = 5
- Lk

(12)

where in equation 12, E, refers to the center of the interval,
which discretizes the excitation energy variable and in the
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original formulation corresponds to the difference between
virtual and occupied orbital energies: £,—¢;.

In order to apply within the polTDDFT algorithm the HDA
approach already discussed for the RPA procedure, it is
sufficient to correct the orbital energy differences with the
same correction term (7) as already done for equation S:
e,—&—A,,.

2.3. Resolution of Identity implementation (Fitted
HDA). As mentioned in the previous section, in the previous
HDA implementation, the first term of the diagonal correction
(7) was calculated numerically, which is accurate but still time-
consuming although much less demanding than the complete
nonlocal kernel. Finding a cheaper way to get equation 7 that
avoids the time-consuming numerical integration is therefore
desirable. We can do so by expressing the two-electron integral
of eq 7 as a sum of analytical integrals through the RI
technique in which the density of each molecular orbital is
expressed as a linear combination of auxiliary density fitting
functions. We start by rewriting the corrective diagonal integral
as follows, taking into account that the molecular orbitals are
real so that complex conjugation of the bra functions can be
omitted:

(ailai)y = /f 1)

The numerator of the integrand is just the product of the
electron densities of orbitals ¢, and ¢;:

(b( )¢ (71)¢( Tz)¢( "2)

7, — 7l

rld 7

p(R) = ¢ (1) (7) (14)
p.(1) = d(B)d(7) (15)

Both densities can be approximated as a sum of density fit
functions as

- N, - — N; —
Pa("l) = Zkilﬁc(ﬁ)ckup,-(rz) = Zmilfm(”z)cmi (16)
Using the above equations to rewrite eq 13, we get:
G, (5)Coi
(ailai) = F //ﬂfk D, (7 drd7r,
I =7l (17)

For convenience, we define a matrix F, with dimension of
the auxiliary density fitting basis set, whose elements are

£.Gf, (1)
Fon = // klrl— I (18)

The key step feature of this RI approach is that an analytical
expression can be found for the integral (18) even for STO
functions located at different centers. After computing F, the
corrective diagonal integrals can be easily calculated via the
matrix transform:

d7d7,

Ng

(ailaiy = T

Zm 1 ul(ka mi (19)

once the C coefficients have been determined. These follow
from the projection of the orbital density p,(7,) on the set of fit
functions f,:

N, N, f
<fp |Hz> = il <fp!]l>cka = kil Spkcka = dpu

where S' is the overlap matrix between fitting functions pairs.
In this work, we follow the standard choice of using the overlap
metric in the determination of fit coefficients; an alternative is
to use robust fitting in which the Coulomb metric is used to

(20)

https://doi.org/10.1021/acs.jpca.3c05368
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Figure 1. Cluster series experimental geometries with simplified ligands: (a) Au,s(SCeHy)sg (b) Ausg(SCeHs)as (c) Auyy(SCeHs)yg, and (d)

Ausz(scsHs)sz-

define the scalar product (f, | p,). An extensive discussion of
different fit procedures for STOs and their accuracy can be
found in ref 28. Solving the linear set of eq 20 yields the fit
coefficients for the virtual orbital densities, and a similar
procedure is followed for the occupied orbitals ¢; as well. We
have

N; f\— N; f\—
Znil (S )knldnu = Ckal Zpil (S )m;ladpi = Cmi
so that we can rewrite eq 19:

(ailai) = Z%, 3F,

(21)

TN (S P (S d,
(22)

The RI approach makes it possible to build and store a new
matrix Q, to also include the second correction term of
equation 7, which was neglected in the previous numerical
implementation. In Section 4.1, we analyze the effect of the
second term, which actually gives negligible contribution,
justifying the previous choice, in the numerical implementation
of HDA, to neglect this term. In fact, now it can be easily
included since the matrix of the ALDA kernel over the auxiliary
density fitting basis is already available since is needed by the
polTDDFT (see matrix Z in ref 12):

Q= (s (F+2z)(s)" (23)

Finally, the correction for the diagonal term is obtained as
oV,
XC *aliy > drQd,
dp (24)

2.4. Implementation of Efficient HDA. In the AMS
implementation, many of the required matrices and integrals
needed for this purpose are already available. We first consider

(ailai) + (al
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the calculation of the Q matrix. The auxiliary L matrix is
defined as

L=(s'(F+2) (25)

and computed, taking advantage of Scalable Linear Algebra
PACKage (ScaLAPACK), by solving the following linear
system

SSL=F+2 (26)

Thus, taking advantage of the already existing L and S
matrices, we can express Q as

Q=L(s")"

To compute it, we can multiply the above equation by S on
the right side and then take the transpose of both sides. Then,
considering that both Q and S are real symmetric matrices, we
thus obtain the following linear system whose formal solution
is the Q matrix; to solve it, we just use the same routines used
before in the code to obtain the L matrix.

(27)

sfQ=1' (28)

This implementation could be realized directly inside a pre-
existing (CalcMatrixL.f90) subroutine. We needed to trans-
pose and store the L matrix. Regarding the calculation of d,
and d; vectors, this is done in a new, appositely created,
routine. This new routine has been built starting from an
already existent one, which calculates the integrals between a
fit function and a product of a pair of occupied—virtual
molecular orbitals. This was modified, changing the occupied—
virtual products with occupied—occupied and virtual—virtual
products.

https://doi.org/10.1021/acs.jpca.3c05368
J. Phys. Chem. A 2023, 127, 9244—9257
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Figure 2. Comparison of the experiment with the simulated spectra using fitted HDA, sSTDDFT, and TDDFT+TB for the Au,g(SC4Hs),, cluster,

both energy (eV), above, and wavelength (nm), below, plots are reported.

Regarding the representation of the matrices, the matrices of
the polTDDFT method (eqs 9-12) are in the density fitting
basis as well as matrix F (eq 18) as well as the matrices in eqs
25-28. The RPA matrices are well-known and are in the basis
of the MO products occupied*virtual (the so-called 1hlp
space in the Configuration Interaction method).

As an outcome of this section, we conclude that we have
been able to exploit in AMS the efficient RI technique and
convert the numerical calculation of diagonal corrective term
(eq 7) to a sum of analytical integrals.

3. COMPUTATIONAL DETAILS

All the DFT KS calculations reported in this work were
performed employing a TZP basis of STO functions (included
in the ADF database) and the B3LYP hybrid xc functional.'”*’
The auxiliary density fitting basis STO functions are taken
from the POLTDDFT basis set database included in the AMS
program.”® The TDDFT calculations were performed with the
polTDDFT algorithm.'”"”> The HDA-B3LYP density func-
tional approxiamtion”' is the only available scheme for hybrid
functional within polTDDFT. The HDA has been imple-
mented by exploiting the parallelization at the general Message
Passing Interface (MPI) level. The imaginary part of the
photon energy (see w; after eq 8) has been set to 0.075 eV
during the calculation of the polTDDFT spectra. All of the
calculations were performed with a local version of the ADF
code, which will be distributed in a forthcoming ADF release.
The calculations for the gold cluster in Section 4 were
performed employing the zero-order regular approximation
(ZORA)™ in order to include relativistic effects at the scalar
level. In order to have a comparison with an alternative, much
cheaper computational scheme, we have also performed
sTDDFT’ and TDDFT+TB calculations®” on the same
metal clusters. All the calculations have been performed on
an HPE ProLiant DL580 Genl0 server (with four processors
each with an 18-core Intel Xeon Gold 6140 CPU at 2.30 GHz,
in total 72 cores and 728 GB of RAM), on which the present
calculations were run using 24 cores. The coordinates of the
clusters were taken from the experiment, but ligands have been
simplified to benzene thiol instead of tert-butylbenzene thiol.
The coordinates of the four clusters are reported in Tables S1
and S4 of the Supporting Information.
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4. RESULTS AND DISCUSSION

In order to test the performance and assess the accuracy of the
RI-fitted HDA algorithm, the photoabsorption spectra of a
gold cluster series’® have been simulated and compared with
the available experimental data. Moreover, the results obtained
with the new RI algorithm were also compared with those
simulated using the already available numerical-integration
HDA,”' the sTDDFT,” and the more simplified and cheaper
TDDET+TB*” methods. This cluster series is of particular
interest because it represents a typical “magic series” with
formula Aug,,4(SR),,.s(n = 3—6; R = C¢H;). Figure 1 shows
the geometries of the clusters, which were taken from the X-ray
diffraction experiment’® but have been simplified using
benzene instead of tert-butylbenzene residues in the thiols.
This simplification has no impact on the photoabsorption
spectra and allows to lighten the comfutational cost of the
simulation, as proved by previous work.”” Moreover, the same
simplification of the ligands has been already employed
previously to simulate the same magic series."'

From Figure 1, it is possible to appreciate how the organic
layer tends to reduce its conformational energy by maximizing
the stabilizing interactions; for example, phenyl groups are
disposed face to face to allow the z—r stacking interaction
between delocalized aromatic electrons.

4.1. Au,g(SCeHs)50. In the following, we will focus on the
smaller cluster of this series, Au,g(SC¢Hs),o. The comparison
between the experimental and the simulated spectra, obtained
using fitted HDA, TDDFT+TB, and sTDDFT schemes, for
this cluster is reported in Figure 2. It is clear that fitted HDA is
able to reproduce very nicely the experimental data on the
whole energy range available (up to 4.25 eV). In particular, the
strong peak at 3.4 eV of the experiment is well reproduced by
the fitted HDA scheme with a limited overestimation in the
excitation energy of only 0.14 eV. The performance is similar
for the other spectral features, which are less intense and occur
at lower energy values: their excitation energies and relative
intensities with respect to the experiment are also nicely
reproduced. On the other hand, the TDDFT+TB method
reproduces correctly the spectral shape but yields strong
overestimation of the excitation energy, by almost 1 eV. It is
worth noting, however, that above 4 eV the TDDFT+TB and
fitted HDA profile are in excellent match. This suggests that
TDDFT+TB is able to reproduce correctly the high energy
part of the spectrum, a spectral region in which the ligands play

https://doi.org/10.1021/acs.jpca.3c05368
J. Phys. Chem. A 2023, 127, 9244—9257
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Figure 3. Comparison of the photoabsorption spectra for the Au,g(SC4Hs),g cluster with polTDDFT. (a) Numeric HDA and new fitted HDA. (b)

New fitted HDA with only F and complete F+Z kernel (see eq 23).
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Figure 4. On the left, the molecular orbital energy plot for the Au,s(SC¢Hj), cluster with arrows indicating the major transitions involved in each
spectral feature (A, B, C, and D), on the right, HOMO and LUMO energies, and orbital plots. The contribution of different fragments (the metal
core of Au atoms, the ligand’s polar heads S, and their spacers C+H) to each molecular orbital considered is depicted through the ratio of the

associated colors.

a major role. At lower energies, where the metal excitations
dominate, the tight-binding approximation is not as good and
the more accurate fitted HDA scheme performs much better
with a predictive quantitative accuracy. On the other hand, the
STDDFT scheme is in fairly nice agreement with the
experiment, with an accuracy superior to that of the fitted
HDA with regard to the shape of the profile reported in Figure
2. The energy of the maximum of the experimental absorption
falls at 3.43 eV, while it is calculated at 3.32 and 3.56 eV with
sTDDFT and fitted HDA, respectively, with a discrepancy
around 0.1 eV for both methods.

The accuracy of numeric HDA has been already tested in a
previous work™' so, to demonstrate the benefit of using the
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new fitted approach in HDA, in terms of both accuracy and
computational economy, the numeric HDA calculation for this
smallest cluster has been performed as well. The spectra
obtained with the two different approaches to HDA are
reported in Figure 3a, and it is clear how both methods lead to
the same simulated spectrum with negligible differences. We
employed this cluster also to verify if the approximation
previously introduced in the numerical HDA, namely, to
neglect the fraction of the XC ALDA kernel in the diagonal
correction, is justified. With the fitted HDA, this task is trivial;
it consists of using only the F matrix instead of F+Z in eq 23.
The comparison is reported in Figure 3b, and the two profiles

https://doi.org/10.1021/acs.jpca.3c05368
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Table 1. Principal Contributions in Terms of One-Electron Excited Configurations to the Main Spectral Features of
Au,g(SC¢Hy), Calculated at PoITDDFT Level with the B3LYP XC Functional and TZP Basis Set and Using Fitted HDA

excitation E

assignment

62.53% HOMO—6 (21% S 3p, 8% Au Sd, 5% C 2p)— LUMO (25% Au 6p, 22% Au 6s, 2% S 3p); 18.25% HOMO—4 (20%

21.5% HOMO—14 (25% S 3p, 4% C 2p, 1% Au 6s) — LUMO; 18.21% HOMO—13 (14% S 3p, 11% C 2p, 5% Au 5d) —

LUMO; 10.97% HOMO—4 — LUMO+2 (17% Au 6p, 16% Au 6s, 7% S 3p)

21.23% HOMO—11 (22% S 3p, 4% Au 6s, 4% C 2p) — LUMO+1 (21% Au 6p, 19% Au 6s); 15.85% HOMO—2 (28% S 3p,

16% Au 5d, 3% Au 6s) — LUMO+4 (21% Au 6p, 14% Au 6s, 3% S 3p); 10.97% HOMO—13 — LUMO+1

excitation (ev) f
A 2.34 0.0898
Au 6s, 13% S 3p, 6% Au 5d) — LUMO
B 2.76 0.2206
C 3.10 0.3383
D 3.54 0.8568

10.94% HOMO—4 — LUMO+7 (25% Au 6p, 8% Au 6s, 1% C 2p); 10.59% HOMO—10 (15% S 3p, 8% Au 6s, 4% Au 5d) —

LUMO+3 (24% Au 6p, 18% Au 6s, 2% S 3p)

are almost superimposed so the role of the Z matrix is marginal
and the previous approximation is justified.

The accuracy of fitted HDA in comparison with standard
numeric HDA, Figure 3, and with experiment, Figure 2, takes
on even greater significance when considering the times
needed for the simulations. For this smaller cluster,
Auyg(SC4Hs)yo of “only” 268 atoms, it takes 83 h using
numeric HDA and 3 h using the new fitted approach. In other
words, fitted HDA allows to obtain the same photoabsorption
spectrum as numeric HDA but 28 times faster. For
comparison, the sSTDDFT calculation on the same cluster
took 55 h while TDDFT+TB only 11 min. From this analysis,
it is evident that TDDFT+TB is 1 order of magnitude faster
than fitted HDA but much less accurate; on the other hand,
sTDDEFT displays a comparable accuracy as fitted HDA but is
less efficient by one order of magnitude. Similar relative
behaviors between the method timings have been obtained for
the larger clusters as well; however, since the timings are
somehow dependent on the machine load, we do not report
their values. From this simple analysis, it seems that a still more
efficient scheme could be obtained integrating sSTDDFT with
polTDDFT: for example, using the very efficient sSTDDFT
method to build the matrix elements but employing the
polTDDFT algorithm to solve the TDDFT equations.

This is a remarkable speedup, which enabled us to simulate
and study the remaining, larger clusters of the series using the
polTDDFT-HDA scheme in a reasonable amount of CPU time
(less than 1 week). The simulations for each cluster of the
series were then characterized by analyzing the most
prominent spectral features in terms of one-electron-excited
configurations, ie., in pairs of occupied—virtual molecular
orbitals. Moreover, the nature of the molecular orbitals
involved in the electronic transitions was also analyzed via
Mulliken population analysis and direct inspection of the
plotted orbitals.

Let us continue to consider the Au,g(SC4Hs),, cluster. From
the analysis of the molecular orbital energy levels, we find that
the HOMO lies at —5.412 eV while the LUMO lies at —2.981
eV leading to an energy gap of 2.431 eV. This band gap is quite
large, confirming that this system has a closed-shell electronic
structure and is particularly stable, as expected for a member of
a magic series. The major spectral features are the four peaks
labeled A, B, C, and D in the side panel of Figure 4 and whose
main contributions in terms of one-electron excited config-
urations are reported in Table 1. It is worth noting that feature
A displays a strong contribution for the most relevant one-
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electron excited configuration (62% HOMO—-6 — LUMO)
and can be qualitatively described with only one excited
configuration. In contrast, the following transitions at higher
energies (A, B, and C) cannot be described with only one
configuration, since the maximum contribution is around 21%
for B and C and even 11% for D, indicating that they must be
described as a mixing of several configurations. From the
analysis of the orbital contributions, it is worth noting that the
occupied orbitals close to the HOMO have a very mixed
character with both the metal atoms and ligands contributing,
while virtual orbitals show a more pronounced metal
contribution (as apparent from the different proportions of
each color in the molecular orbitals energy plot of Figure 4). A
visual representation of this behavior is in the HOMO and
LUMO plots of Figure 4, while the plots of all the most
relevant molecular orbitals are provided in the Supporting
Information in Figures S3 and S4.

It is worth noting that the intensities of the spectral features
increase with energy. This is a quite general behavior for these
systems, and it is due to the increasing density of excited states
with energy. In the specific case, it can be attributed to the
manifold of empty orbitals that accept the excited electron. In
fact, from Figure 4, it is well apparent that the set of occupied
orbitals from which the transitions originate for the different
spectral features A, B, C, and D are roughly the same while the
virtual “arrival” orbitals cover a wider energy range. From this
analysis, it is possible to attribute all these features to
transitions from Au—S bonding orbitals to orbitals belonging
mainly to the cluster metal core, so that these transitions have a
partial character of ligand-to-metal charge transfer. In
particular, the D feature is rather intense. This can also be
related to the aromatic nature of the ligands; in fact, we have
previously shown®’ that aromatic ligands can amplify the
transition intensity by an electronic coupling mechanism
between the metal cluster and the ligand through a conjugation
effect.

The induced density and independent component mapping
of oscillator strength (ICM-OS) plots were also inspected in
order to identify possible plasmonic behaviors and the
connection between absorption and single-particle excita-
tions.*” However, no such collective behavior has been
detected. The plots are available in Supporting Information
in Figure S1. The absence of collective behavior follows from
the absence of contributions (spots), which lie far from the
white straight line corresponding to occupied—virtual orbital
pairs whose energy difference equals the photon energy in the

https://doi.org/10.1021/acs.jpca.3c05368
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Figure S. Comparison of the experiment with the simulated spectra using fitted HDA, sTDDFT, and TDDFT+TB for the Aus4(SC¢Hs),, cluster;
both energy (eV), left, and wavelength (nm), right, plots are reported.

20 2.0
—— B3LYP fitted HDA Augy(SCeHs)2g ] Aug4(SCgHs)2g —— B3LYP fitted HDA
—— B3LYP TDDFT+TB ] —— B3LYP TDDFT+TB

experimental —— experimental
——— B3LYP sTDDFT 1.5 ~—— B3LYP sTDDFT

1 2 3 4 300 400 500 600 700 800 900
E (eV) wavelength (nm)

Figure 6. Comparison of the experiment with the simulated spectra using fitted HDA, sTDDFT, and TDDFT+TB for the Au,,(SC4Hs),s cluster;
both energy (eV), left, and wavelength (nm), right, plots are reported.
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Figure 7. Comparison of the experiment with the simulated spectra using fitted HDA, sTDDFT, and TDDFT+TB for the Aug,(SC¢Hs)s, cluster;
both energy (eV), left, and wavelength (nm), right, plots are reported.

ICM-OS plots. The corresponding induced densities are 4.2, Aus4(SCeHs)sa Aug,(SCeHs),e, and Aus,(SCHs)s,.
reported in Figure S2, and also in this case one can observe The same analysis has been performed for all of the remaining
clusters of the series with analogous results. For each member
of the series, we have considered the comparison between the

o . photoabsorption spectra simulated using fitted HDA,
shape whereas the plots reported in Figure S2 display very sTDDFT, and TDDFT+TB with respect to the experimental

that there is no indication of a plasmonic behavior. Indeed,

plasmons usually give induced densities with an evident dipolar

irregular shapes, which cannot be ascribed to dipolar shapes at data (Figures S, 6, and 7), the molecular orbital energy plots
all. (Figures 8, 9, and 10), and the analysis in terms of one-
9251 https://doi.org/10.1021/acs.jpca.3c05368
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Figure 8. On the left, the molecular orbital energy plot for the Auys(SC¢Hs),, cluster with arrows indicating the major transitions involved in each
spectral feature (A, B, C, and D), on the right, HOMO and LUMO energies and orbital plots. The contribution of different fragments (the metal
core of Au atoms, the ligand’s polar heads S, and their spacers C+H) to each molecular orbital considered is depicted through the ratio of the
associated colors.
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Figure 10. On the left, the molecular orbital energy plot for the Aug,(SC4Hj)s, cluster with arrows indicating the major transitions involved in each
spectral feature (A, B, C, D, and E), on the right, HOMO and LUMO energies and orbital plots. The contribution of different fragments (the metal
core of Au atoms, the ligand’s polar heads S, and their spacers C+H) to each molecular orbital considered is depicted through the ratio of the

associated colors.

Table 2. Principal Contributions in Terms of One-Electron Excited Configurations to the Main Spectral Features of
Auy(SC¢Hy),, Calculated at the PolTDDFT Level with the B3LYP XC Functional, TZP Basis Set, and Using Fitted HDA

excitation E

assignment

17.51% HOMO—4 (16% S 3p, 8% Au 65, 6% Au Sd)— LUMO+2 (21% Au 65, 19% Au 6p, 3% S 3p); 12.02% HOMO (15%

Au 65, 7% S 3p, 3% Au 5d) — LUMO+2; 10.30% HOMO—S5 (14% S 3p, 8% Au 6s, 4% Au Sd) — LUMO+1 (19% Au 6p,

10.29% HOMO—15 (15% S 3p, 1% C 2p)— LUMO (20% Au 6p, 12% Au 65, 3% S 3p); 8.30% HOMO—13 (18% S 3p, 1%

9.43% HOMO—12 (20% S 3p, 1% Au 5d) — LUMO+3 (20% Au 65, 11% Au 6p, 9% S 3p); 8.15% HOMO—-3 (25% S 3p, 7%

Au 5d, 3% C 2p) — LUMO+7 (22% Au 6s, 10% Au 6p, 1% S 3p)

excitation (ev) f
A 2.36 0.2533
16% Au 6s, 4% S 3p)
B 2.92 0.4508
Au 6s, 1% Au 5d)— LUMO+2
C 3.20 0.9101
D 3.44 1.3064

LUMO+7

8.96% HOMO—9 (18% S 3p, 3% Au 6s, 1% Au 5d) — LUMO+6 (19% Au 6s, 18% Au 6p, 1% S 3p); 5.76% HOMO—9 —

electron excited configurations of the main spectral features
(Tables 2, 3, and 4). Considering each cluster separately, it is
clear how the simulations using fitted HDA are in better
agreement with the experiment when compared to the
simulations using TDDFT+TB, while sTDDFT displays an
accuracy comparable to fitted HDA. The location of the
absorption peaks retraces almost perfectly that of the
experiment with minor discrepancies of few tenths of eV.
The general profile is also well reproduced with the correct
trend for the absorption intensities and its peculiarities, like the
two more pronounced peaks of Auys(SC4Hs),, (Figure S) near
2.25 and 3.5 eV. The simulations obtained with the TDDFT
+TB scheme all show a positive energy shift of ~0.5 eV.
Although we observe a smooth trend along the series of the
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spectra, there are some interesting discontinuities such as, for
example, the just noted feature of Auyq(SCgHs),, at 2.25 eV.
This effect resembles the previously observed “rebirth of the
plasmon” in Ausy(SR)s,*" which was ascribed to a strong
electronic conjugation between the metal core and the
aromatic ligands. Therefore, we are led to conclude that in
present series such conjugation is maximized in the
Ausg(SC4Hs),, cluster, Auyg(SCgHs),o being too small while
Auy,(SCeHs), and Aug, (SC¢Hj)4, probably are too congested
(due to their larger radius), and therefore, their structures do
not allow proper conjugation between the ligands and the
metal core. Another peculiarity of Auyg(SC4Hy),4, which can
be correlated with the strong feature at 2.25 eV, is the presence
of many virtual orbitals almost degenerate with the LUMO

https://doi.org/10.1021/acs.jpca.3c05368
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Table 3. Principal Contributions in Terms of One-Electron Excited Configurations to the Main Spectral Features of
Au,(SC¢Hy), Calculated at the PoITDDFT Level with the BSLYP XC Functional and TZP Basis Set and Using Fitted HDA

excitation E

excitation (ev) f
A 1.78 0.1199
11% S 3p, 2% Au 6p) - LUMO
B 2.18 0.1902
C 2.48 0.3526
(28% S 3p, 9% Au 5d) — LUMO+3
D 3.0 0.783S
E 344 1.1661

assignment

42.97% HOMO—1 (14% Au 6s, 13% S 3p, 3% Au 6p) — LUMO (15% Au 6p, 13% Au 6s); 35.09% HOMO (13% Au 6s,

35.71% HOMO — LUMO+3 (21% Au 6s, 8% Au 6p, 5% S 3p); 19.25% HOMO—1 - LUMO+3

41.99% HOMO-2 (15% S 3p, 5% Au 6s, 3% Au 5d) — LUMO+S (16% Au 6s, 13% Au 6p, 2% S 3p); 12.62% HOMO—7

14.33% HOMO—4 (23% S 3p, 2% Au 5d) — LUMO+7 (22% Au 6s, 11% Au 6p); 7.57% HOMO—7 — LUMO+7

12.60% HOMO—-9 (18% S 3p, 4% Au 5d, 2% Au 6s) — LUMO+10 (13% Au 6p, 7% Au 6s, 3% S 3p); 10.55% HOMO—3

(19% S 3p, 8% Au 5d) — LUMO+12 (13% Au 6p, 8% Au 6s)

Table 4. Principal Contributions in Terms of One-Electron Excited Configurations to the Main Spectral Features of
Aug,(SCgHy), Calculated at the PoITDDFT Level with the BSLYP XC Functional and TZP Basis Set and Using Fitted HDA

excitation E

assignment

17.92% HOMO—-2 (13% S 3p, 6% Au 6s, 2% Au 6p)— LUMO+2 (10% Au 6p, 7% Au 6s); 14.30% HOMO—4 (21% S 3p,

6.10% HOMO—14 (18% S 3p, 3% Au 5d, 2% C 2p) — LUMO+4 (8% Au 6p, 6% Au 7s, 4% Au 6s)

4.57% HOMO—46 (13% S 3p, 1% Au 5d, 1% Au 6s) — LUMO+1 (14% Au 6s, 9% Au 6p); 4.54% HOMO—22 (15% S 3p,

9% Au 5d, 8% Au 6s) — LUMO+6 (14% Au 65, 13% Au 6p, 1% Au 7s)

excitation (ev) f
A 2.10 0.2127
1% Au 5d) —» LUMO+2
B 2.76 0.7238
C 3.24 1.1340
D 3.62 1.3275
E 3.82 1.4371

3.55% HOMO—-9 (15% S 3p, 6% Au Sd, 3% Au 6s) — LUMO+13 (13% Au 6p, 12% Au 6s, 3% S 3p)

3.85% HOMO—12 (15% S 3p) — LUMO+15 (10% Au 6s, 6% Au 6p)

(see Figure 8). By comparison with Figures 3, 9, and 10, it is
well apparent that while in the other clusters the virtual orbitals
are distributed rather uniformly above the LUMO, whereas for
Auys(SC¢Hs),4 such distribution is much less homogeneous.

It is interesting, at this point, to consider the cluster series as
a whole and look at how the properties of the cluster evolve
along it. The optical absorption spectra of the four clusters
exhibit similar profiles (Figure 11), featuring an intense peak at
~3.25 eV and less intense features moving to lower energy
region. With increasing the cluster dimension, the density of
the molecular orbitals near the HOMO and LUMO energy
levels increases while the HOMO—-LUMO energy gap
decreases, with the exception of Auss(SC¢Hs)s,. These
observations provide an explanation for other two general
features of the cluster series. First is the fact that the spectral
profiles appear smoother and smoother moving to larger
clusters, because far more features are present close to each
other in energy. Second, the absorption intensities increase
with energy and the cluster size. This is connected with the fact
that the occupied molecular orbitals, due to their more
pronounced ligand character, have a better overlap with the
higher energy virtual molecular orbitals, since the lowest virtual
ones have mainly metal character. Therefore, the associated
transitions gain intensity going at higher energies.

Looking at Figure 11, it is possible to notice, with increasing
cluster size, a redshift in the energy of the main absorption
peaks. The same shift is more pronounced looking at the onset
of the absorption profiles. Both the fitted HDA and sTDDFT
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simulations and experiment agree, at least qualitatively, about
the order in which the absorptions for the different clusters
begin: the lower absorption energy is that of Aug,(SCeHs)s,
followed by Au,,(SC¢Hs),g and, with a non-negligible energy
difference, Auys(SC¢Hs),s and Au,g(SCeHg),, which are
practically overlapping. The onset of the absorption peak
depends on the optical gap of the system, which is the energy
gap plus the exciton binding energy, and indeed, it reflects the
trend of the HOMO—-LUMO energy difference obtained from
the fitted HDA simulations. Such a similarity and uniform
evolution in the UV—vis spectra of the “magic series” can be
ascribed to the identical structure type (fcc) and protecting
ligand used that make it similar to other, well-defined,
quantum systems, like quantum dots or conjugated alkenes,
with a clear quantum confinement nature.

It is worthwhile to note that besides these general trends, the
present calculations are able to reproduce even minor details of
the experiment. For example from Figure 11, in the
experiment, the intensity profile of Auss(SC¢Hy),4 is always
greater than that of Au,g(SC4Hs),0, but they touch each other
around 2.6 eV. The theory reproduces fairly well this behavior,
with a minimal shift of only 0.1 eV at higher energy. Another
remarkable result is the behavior above 3.5 eV, where the three
smaller clusters display a shallow minimum followed by an
intensity increase, a feature not present in Aug,(SC¢Hs)s,; also,
such effect is properly reproduced by theory.

In summary, the polTDDFT with B3LYP and fitted HDA
has proven to be a very efficient and quantitative method to

https://doi.org/10.1021/acs.jpca.3c05368
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Comparison between experimental and simulated cluster series spectra
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Figure 11. Comparison of the photoabsorption spectra for the cluster
series: fitted HDA within the polTDDFT computational scheme
(upper panel), experiment (central panel), and sTDDFT (lower
panel).

describe the optical properties of the investigated series. It
must be also considered that the available experimental data
have been all recorded at room temperature, so further
experiment at low temperature*’ would be extremely useful to
better assess the performance of the present theoretical
approach as well as to better understand the optical properties
of these fascinating and intriguing systems. Although the topic
of the present work is focused on the series of thiolate-
protected gold metal clusters, the fitted HDA method is
completely general and it is expected to keep its accuracy and
computational efficiency in general. In fact, we compared the
numerical and fitted HDA for a completely different system,
namely, a decapeptide with explicit solvent consisting of 40
water molecules (GVGVP), (H20),, and obtained a very
good match (see Figure S11 in the Supporting Information).
This suggests that the conclusions of this work are general and
are not restricted to the systems here considered.

5. CONCLUSIONS

In this work, we have implemented an RI technique to speed
up the use of the hybrid xc functionals within the HDA
approximation at the TDDFT theory level, solving the
equations with the polTDDFT algorithm. In practice, the
diagonal matrix elements of the nonlocal HF exchange kernel

are calculated exploiting the RI instead of using the numerical
integration as in the previous version of the code. The use of
RI produced a speedup of almost a factor of 30 with respect to
the previous numerical implementation, keeping the same level
of accuracy, so that eventually the prediction of the optical
photoabsorption spectrum via TDDFT/HDA requires essen-
tially the same level of computational effort as a DFT SCF
single-point calculation with a hybrid functional. Comparison
with respect to the experimental photoabsorption spectra of
the cluster series Aug, ,(SR),.s(n = 3—6; R = CgH;)
demonstrated the high accuracy and efficiency of the method.
The method has proven quantitatively accurate in both the
high energy part of the spectrum, dominated by ligand
contribution, and the lowest part of the spectrum, dominated
by the metal-core absorption. Even minor spectral features and
trends are well reproduced by theory. For comparison, we also
employed sTDDFT and the much cheaper TDDFT+TB
method to calculate the spectra, finding that it gives
qualitatively correct results in the overall spectrum but with
quantitative agreement with experiment only in the highest-
energy part of the spectrum, dominated by the ligands, whereas
the more accurate fitted HDA scheme performs much better
with a predictive quantitative accuracy on the whole optical
region. On the other hand, the sSTDDFT method has proven to
furnish absorption profiles with better agreement with respect
to the experiment than the fitted HDA, although the
discrepancy between the experimental maximum and the
sTDDFT and fitted HDA is about 0.1 eV for both methods.
Moreover, the sSTDDFT is more computationally demanding
than the fitted HDA. This finding suggests that the polTDDFT
with the RI technique and hybrid xc functionals represents an
accurate as well as computationally cheap approach, with
optimal compromise between accuracy and computational
efficiency, for applications to large metal clusters with sizes up
to several hundreds of atoms.
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4 Publications

4.1.2 Combined experimental and computational study of the
photoabsorption of the monodoped and nondoped
nanoclusters Au,Pt(SR)g, Ag24Pt(SR)1g, and Agr5(SR);g

Following the methodological developments presented in the previous work, this article aims
at providing a stringent and independent validation of the RI-accelerated Hybrid Diagonal
Approximation (RI/HDA) within TDDFT by comparing theoretical simulations with high-
resolution experimental photoabsorption spectra. While the first study focused on efficiency
and large-scale applicability, the present work offers the opportunity to critically assess the
quantitative accuracy of the proposed computational framework against low-temperature
experimental data, thereby strengthening its reliability for predictive applications.

The study addresses a set of atomically precise monolayer-protected metal nanoclusters
with different metal compositions and ligand environments, including both doped and
undoped systems. Low-temperature absorption spectra were measured to enhance spectral
resolution and enable a detailed one-to-one comparison with TDDFT calculations performed
using hybrid exchange—correlation functionals and experimentally derived geometries. This
combination represents a particularly demanding benchmark, as the optical response of such
systems arises from the intricate interplay between metal cores, metal-ligand interfaces, and
organic ligands.

The excellent agreement observed between theory and experiment, with typical deviations
well below 0.1 eV, provides a strong validation of the RI/HDA TDDEFT approach previously
introduced. Beyond reproducing peak positions and overall spectral profiles, the calculations
allow for a consistent assignment of the main spectral features in terms of specific occupied—
virtual orbital transitions. In this context, the effect of metal doping on the electronic structure
and optical response of the nanoclusters is also characterized, demonstrating the capability of
the method to capture subtle but chemically relevant modifications of the excitation spectrum.

Overall, this work confirms that the RI/HDA formulation of hybrid TDDFT is not only
computationally efficient but also quantitatively accurate when applied to experimentally
well-characterized real systems. The results therefore establish the method as a reliable tool
for the interpretation of optical spectra of complex metal nanoclusters and support its use
in future studies aimed at understanding and predicting structure—property relationships in

doped and functionalized nanoscale materials.
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Combined experimental and computational study
of the photoabsorption of the monodoped and
nondoped nanoclusters Au,4Pt(SR),s, Ag>4Pt(SR)4s,
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Assessing the accuracy of first-principles computational approaches is instrumental to predict electronic
excitations in metal nanoclusters with quantitative confidence. Here we describe a validation study on
the optical response of a set of monolayer-protected clusters (MPC). The photoabsorption spectra of
Ag25(DMBT)15™, Agz4Pt(DMBT)182* and Aup4Pt(SC4Hg)1s, Where DMBT is 2,4-dimethylbenzenethiolate
and SC4Hg is n-butylthiolate, have been obtained at low temperature and compared with accurate
TDDFT calculations. An excellent match between theory and experiment, with typical deviations of less
than 0.1 eV, was obtained, thereby validating the accuracy and reliability of the proposed computational
framework. Moreover, an analysis of the TDDFT simulations allowed us to ascribe all relevant spectral
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1. Introduction

Metal nanoclusters protected by a layer of coating ligands with
well-defined stoichiometry and chemical structure, often
referred to as monolayer-protected clusters (MPC), are com-
pounds that exhibit peculiar physicochemical properties and
have emerged as a very important class of nanomaterials for
both fundamental studies and potential applications."*
Thanks to the versatility of properly devised bottom-up wet-
chemistry synthesis and purification procedures, many MPC
have been successfully characterized with atomic precision via
mass spectrometry and single-crystal X-ray crystallography,
thereby achieving a level of information that surpasses by far
the more elusive bare ‘naked’ metal clusters originally investi-
gated and characterized in, e.g., molecular beams and inert
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optical response of these ultrasmall MPC systems was identified and discussed.

dielectric matrices. Knowledge of the crystal geometry and
composition has been also instrumental to devise experimental
and computational characterization procedures, and this pro-
vided the chance of cross-validating methods and results in a
rigorous and robust framework. Cross-validation is especially
important to develop and refine computational methods aimed
to be quantitatively predictive in the study of the MPCs’
structure/property relationships, such as first-principles quan-
tum mechanics (QM) methods. For example, although several
different theoretical methods are available and have been
employed to study MPCs with various degrees of accuracy and
computational cost, it is very important to assess their perfor-
mances and shortcomings in view of choosing the most sui-
table method for a specific investigation, while keeping the
expected error and computational effort under control. Once
validated, computational approaches can then be employed
with confidence to obtain accurate and predictive information
also when experimental information is not available, and
ultimately, design new materials with desired properties.

The optical response, particularly the photoabsorption spectrum
of MPCs, is one of the those properties for which accurate
validation studies are desirable.>** Indeed, whereas a qualita-
tive agreement between theory and experiment has been gen-
erally obtained,®™® a quantitative match is much more
challenging and has rarely been achieved.’”° In this context,
one of the first quantitatively accurate optical-response calcula-
tions for an MPC system was carried out for Auze(S—tBu);g.>”

Phys. Chem. Chem. Phys., 2024, 26,17569-17576 | 17569
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The conclusions of that study were that the necessary condi-
tions for a quantitative match between theory and experiment
are: (i) use an accurate MPC geometry, e.g., employing the
experimental geometry (from X-ray diffraction) in the calcula-
tion to avoid inaccuracies due to QM structure prediction; (ii)
employ a time dependent density functional theory (TDDFT)
method that uses hybrid exchange-correlation (xc-) functionals
(such as the B3LYP*>*! xc-functional in both the Kohn-Sham
equation and the response kernel).

More recently,"> some of us have considered an even more
stringent comparison regarding the hybrid B3LYP TDDFT
scheme calculation and the low temperature (77 K) absorption
spectrum of the Ag,;Au(DMBT);gz~ anion. In that work an
almost quantitative agreement was attained across the entire
energy interval considered in the experimental spectral analysis.
In particular, it was confirmed that the use of a hybrid xc-
functional is mandatory to properly describe the low energy
optical spectral region, where electronic transitions involving
metal-ligand bonds play a major role. In contrast, GGA xc-
functionals such as PBE** or even asymptotically correct xc-
functionals such as LB94** gave a significantly worse agreement
with experiment in the low energy region of the spectrum,
although performing better at higher energies, which are domi-
nated by ligand excitations. A previous complete study regarding
the choice of the exchange-correlation functional®® (as well the
basis set and the geometry) has allowed to assess which are the
principal requirements of TDDFT for the calculation of photo-
absorption of MPCs. In general it was concluded that asympto-
tically corrected functionals like LB94 and SAOP perform much
better than standard GGA, but the low energy region remains
difficult to predict and can be properly described only by hybrid
functionals like B3LYP. The accurate prediction of the optical
response of MPCs represents a real challenge to theory, due the
co-existence and, thus, coupling of three moieties with quite
different electronic properties: (1) a metal core in a low-oxidation
state; (2) the metal shell of the “‘staple” motifs that interacts with
both metal core and ligands, (3) the ligands (thiolates, etc.).
Indeed, it has been shown that the B3LYP hybrid xc-functional
and kernel enable one to obtain a balanced description of the
electronic structure of regions with such a different chemical
nature.®”*® It is worth stressing that a quantitative prediction of
optical excitations in MPCs is particularly important for under-
standing properties and exploiting these compounds in view of
applications, such as sensing and photocatalysis.**

The present work develops within this research framework.
Our main goal consists in testing and extending the validation of
the B3LYP scheme to a larger and more diverse set of clusters than
previously investigated. The present study, where we vary the nature
of the metal and the ligands, is particularly relevant to assess the
predictivity of the previously proposed B3LYP scheme, as it is
known®” that the optical properties of MPC are affected by both
the metal and the ligand components. We selected three
metal clusters that share the same M,; metallic core structure
but have different metal composition and ligands: Ag,5(DMBT),5 ",
Ag,Pt(DMBT);s>~ and Au,4Pt(SC;Ho);s where DMBT is 2,4-
dimethylbenzenethiolate and SC,H, is n-butylthiolate. These
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nanoclusters can be prepared with atomic precision and offer a
diverse set of MPC compounds on which to test and validate our
theoretical approach.

2. Theoretical method

To predict optical spectra, we employ the complex polarizability
TDDFT (polTDDFT) algorithm.*® This approach is able to treat
very large systems by avoiding the bottleneck of the more
traditional Casida diagonalization via a direct solution of the
response equations, while still providing a very good accuracy
when compared with the exact Casida solution.*®*” The reader is
referred to the original work for a detailed description of the
algorithm*® and its implementation in the AMS/ADF program.*®

In practice, the photoabsorption spectrum ¢(w) is calculated
point by point, from the imaginary part of the dynamical
polarizability o(w):

() = (o) 1)

This expression is of practical interest when the polarizability is
calculated for complex frequency, ie. w = o, + iw;, where the real
part o, is the scanned photon frequency (energy) and wj is the
imaginary part which corresponds to a Lorentzian broadening of
the discrete lines and can be interpreted as a pragmatic inclusion
of the excited states finite lifetime. The complex dynamical polariz-
ability is calculated by solving the following non-homogeneous
linear system, working with a basis set of density-fitting functions:

[S —M(w)b=d @)

In eqn (2) S is the overlap matrix between fitting functions, b
is the unknown vector with the expansion coefficients b,(w) of
the time-dependent electron density p{!) induced by the elec-
tromagnetic field, d is the frequency dependent vector corres-
ponding to the known non-homogeneous term, and finally the
elements of the frequency dependent matrix M are:

Muu = (ﬁthKS(w)KVu> (3)

In eqn (3) yks is the Kohn-Sham frequency-dependent dielectric
function, K is the kernel, and f, and f, are the elements of the basis
set of density-fitting functions. Note that the matrix element in
eqn (3) is between density fitting functions, and therefore the
present implementation of the algorithm allows one to employ
only density-dependent kernels. For this reason, the density-matrix-
dependent Hartree-Fock exchange kernel, which is an ingredient of
hybrid xc-functionals, cannot directly be employed in polTDDFT.
However, it is still possible to employ hybrid kernels with nonlocal
Hartree-Fock exchange components if the hybrid diagonal approxi-
mation (HDA) is employed. The HDA method, which we have
recently proposed,*® to which we refer for further details is a very
efficient and robust approximation to TDDFT: by correcting only
the diagonal matrix elements for the non-local exchange, while
including local-density exchange—correlation terms of the kernel in
the off-diagonal elements, the computational complexity is drasti-
cally reduced while keeping an excellent accuracy.*’

This journal is © the Owner Societies 2024
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3. Experimental and computational
details

[n-Oct,N"|[Ag,5(DMBT);5 ], [n-Oct,N"],[Ag,,Pt(DMBT),s> "], and
Au,,Pt(SC,Ho)1g synthetized according to known
procedures,’*>> with minor modifications (see ESIY).

Photoabsorption measurements were carried out with a
near-infrared VARIAN Cary 60 spectrophotometer with a spectral
resolution of 0.5 nm. The spectra were collected over a range of
250-900 nm. [n-Oct,N'JAg,5(DMBT);s~] and [n-Oct,N'],[Ag,,Pt-
(DMBT),s>" ] were dissolved in a 5:4:2 vol butyronitrile/propioni-
trile/dichloromethane solution, whereas Au,,Pt(SC4Ho);s was dis-
solved in a 1:1 vol tetrahydrofuran/toluene solution; we verified
that both solvent combinations form clear glasses at low tempera-
tures. The solutions were adjusted to obtain an absorbance of 0.2 at
400 nm, using a 1 mm optical-path quartz cuvette. The temperature
was controlled with an OptistatDN cryostat equipped with a
MercuryiTC temperature controller (Oxford Instrument). A HiCube
80 Eco, DN 63 ISO-K turbo pumping station (PFEIFFER Vacuum)
was used to generate a high vacuum inside the outer vacuum
chamber of the cryostat. Before experiment, the sample holder
was purged with high-purity helium, which was used as the
temperature-exchange gas.

The cluster geometries used to perform TDDFT simulations
were taken from the corresponding experimental X-ray
structures.”® The geometries were partially optimized in the
ligand coordinates, while freezing the metal and sulfur atoms
at their experimental geometry.

Geometry relaxations were performed using the CP2K
package®® at the DFT/PBE level*®* with the addition of the
Grimme-D3 dispersion terms.>® DFT simulations, based on
the hybrid Gaussian/plane-wave scheme (GPW),>> employed
double-zeta-valence-plus polarization (DZVP) basis sets®® to
represent the DFT Kohn-Sham orbitals, GTH pseudopoten-
tials for describing the core-electrons of all the atomic
species,”” and an auxiliary set of plane-waves whose cut-off
was set to 300 Ry.

From these geometries, optical-response TDDFT calcula-
tions were performed with the version 2023.01 of the Amster-
dam modeling suite (AMS)>® set of programs,®®®® employing a
basis set of Slater type orbitals (STO) functions of Triple Zeta
plus polarization (TZP) quality and optimized density fitting
functions.®! Scalar relativistic effects were included via the Zero
order regular approximation® (ZORA). The hybrid B3LYP xc-
functional was employed, which includes a portion of Hartree-
Fock non-local exchange and provides consistently the most
accurate predictions among DFT approaches. In this work, we
employed the resolution of the identity (RI) technique to
calculate the B3LYP HDA exchange integrals, as recently imple-
mented in version 2023.01 of AMS.®* Such implementation,
known as ‘fitted HDA’, allows a speedup up to a factor of 30 in
the calculation of integrals with respect to the previous version
that used numerical quadrature. The polTDDFT results were
broadened by a Lorentzian function to obtain 0.150 eV of
FWHM. An imaginary frequency w; of 0.075 eV was employed
in eqn (1).

were

This journal is © the Owner Societies 2024
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Fig. 1 Geometries of the clusters (a)
(DMBT)35%~, and (c) Aua4Pt(SC4Ho)ss.

Agos(DMBT)157, (b)

Ag24Pt-

4. Results and discussion

4.1. Cluster structures

Fig. 1 shows a schematic depiction of the structures of the three
clusters, each one taken from two different points of view. The
systems are characterized by the typical M,s structure which
can be briefly described as follows:** (1) one metal atom is in
the center of the cluster; (2) 12 metal atoms form an icosahe-
dron around the central atom; (c) a shell of ligands consisting
of six ‘staple’ units -SR-M-SR-M-SR- protects the inner metal
core. In the cluster series here considered: Ag,s(DMBT);s
Ag>4Pt(DMBT);5>~ and Au,,Pt(SC4Ho)ys, the first compound is
a monometallic silver cluster, while the next terms correspond
to monodoped silver and gold clusters respectively, where the
central Au or Ag atom is replaced by a Pt atom. As to the ligand,
whereas the first two clusters are protected by the typical
aromatic DMBT ligand, SC,H,, is aliphatic and this may have
effects on the optical properties. Indeed, it has been shown®®
that aromatic thiolates can promote a plasmon ‘rebirth’ already
at cluster sizes that would not yet be plasmonic. Although
the first cluster is anionic, the second is dianionic, and
the last one is neutral, they all display a closed-shell electronic
structure.

Phys. Chem. Chem. Phys., 2024, 26,17569-17576 | 17571



Open Access Article. Published on 07 June 2024. Downloaded on 9/30/2025 10:07:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Paper

1.2x105
105 4

experiment C E
—— PoOITDDFT

8.0x10*
6.0x10*

"

4.0x10*

2.0x10*
0 - a)

A

1.4x10° -
1.2x105 -
105
8.0x10*
6.0x10*
4.0x10*
2.0x10*
0 +

experiment
—— PolTDDFT (o

>

experiment

ext10t | PoITDDFT

4x10*

2x104

c)

r T

35 4.0

3.0

4.5
E (eV)

Fig. 2 Comparison between experimental and calculated photoabsorp-
tion of the clusters (a) Agos5(DMBT)15™, (b) A924Pt(DMBT)182’, and (c)
Au4PtSC4Ho)1s.

4.2. Cluster selection and comparison with experiment

Fig. 2 shows the calculated photoabsorption of the three
clusters calculated at the TDDFT level, as described in Sections
2 and 3, and the experimental spectra obtained at 77 K. The
intensity scale is absolute for the calculated profiles, whereas
the experimental profile intensity has been rescaled to achieve
a best match with the calculated profile and compare the
intensity of the calculated profile across different clusters.
To have a more general perspective, we start by discussing
the whole series, and defer the discussion of the single terms of
the series to the following sections.

First, we observe that for all three clusters a fairly nice
agreement between theory and experiment holds. All the
experimental features are properly reproduced by theory, with
modest energy shifts of few tenth of eV and a rather accurate
distribution of intensities, with only occasional deterioration.
These finding provide a strict validation of our theory
approach, demonstrating that the fitted HDA B3LYP
polTDDFT scheme can attain quantitative accuracy even with
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Fig. 3 Scheme with the most important occupied-virtual configurations
involved in the transitions in Ag,s(DMBT);5™. The labels refer to specific
features as reported in the inset. The color of the levels represents the
nature of the molecular orbitals in terms of fragments (see legend).

metal doping and with different ligand nature and electronic
effects.

Considering the trend of the spectra along the series, we
notice that whereas Ag,s(DMBT);3~ and Ag,,Pt(DMBT);s> " dis-
play a photoabsorption spectrum very rich of spectral features,
with many well resolved bands and maxima, the spectrum of
Au,,Pt(SC4Hy)1g, aside from the region at low energy, is much
less structured, consisting mainly of weak shoulders super-
imposed to a background smoothly increasing with energy.

4.3. Ag,;(DMBT),5"

In this section we focus on the specific analysis of the photo-
absorption of Ag,5(DMBT),5 . Fig. 3 shows a schematic picture
of the main features (designated by the same capital letters
from A to F as in Fig. 2a, as described in the inset), whereas
Table 1 provides for each spectral feature the main contribu-
tions in terms of electronic configurations. From Fig. 2a it
appears that the theory generally underestimates the experi-
mental absorption energy: for the features A, E and F the
difference is less than 0.1 eV, whereas a slightly larger disagree-
ment is found for the other features, the largest deviation of
0.13 eV being found for feature D. The shape of the peaks is very
well reproduced by theory, but for peak C where a quite sharper
shape is predicted: this difference could be attributed to vibra-
tional broadening or to a deficiency in the description of the
electronic structure of the cluster. Regarding the assignment of
the transitions, peaks A and B have a character very close to
HOMO/LUMO excitations, ranging from HOMO—2 to LUMO+4.
Interestingly, their energy difference is attributed mainly to the
different energy of the virtual orbitals, which are grouped in
two close groups separated by about 0.5 eV (see Fig. 3). All these
orbitals have large silver contribution (see also the molecular
orbital plots in Fig. S1 and S2 of the ESIY) that is especially
large in LUMO and LUMO+1. We can describe the character of
these orbitals as Ag-S o-bonds for the HOMO, HOMO—1 and
HOMO-2, whereas those from LUMO and LUMO+4 mainly
pertain to Ag atoms only. With this picture in mind, we can

This journal is © the Owner Societies 2024
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Table 1 Analysis of the spectral features of Ag,s(DMBT);g™. Label feature, calculated and experimental energy (eV), calculated molar absorption (M~

cm™) and assignment

View Article Online

Paper

1

Excitation Experimental

Excitation E (eV) E (eV) € Assignment

A 1.90 1.88 33555 56.61% HOMO—1 (32% Ag 5s, 21% S 3, 8% Ag 5p) — LUMO+1 (29% Ag 55, 15% Ag 5p, 4% S 3p, 1%
Ag 4d); 30.54% HOMO (28% Ag 55, 20% S 3p, 7% Ag 5p) — LUMO+1

B 2.46 2.51 61256 21.50% HOMO—2 (31% Ag 55, 18% S 3p, 7% Ag 5p, 5% Ag 4d) - LUMO+2 (25% Ag 5p, 23% Ag 5s, 6%
S 3p, 1% Ag 4d); 15.26% HOMO — LUMO+4 (26% Ag 5p, 22% Ag 5s, 6% S 3p, 1% Ag 4d); 11.51%
HOMO—-2 — LUMO+4

C 3.16 3.22 102 811 24.56% HOMO—22 (38% S 3p, 6% Ag 4d, 2% Ag 5s) —» LUMO+1; 16.32% HOMO—20 (27% S 3p, 3% Ag
55) —» LUMO+1

D 3.66 3.79 87273 8.91% HOMO—23 (34% S 3p, 5% Ag 4d, 4% Ag 5s) — LUMO+3 (29% Ag 5p, 7% S 3p, 2% Ag 55, 1% Ag
4d); 8.31% HOMO—22 — LUMO+2

E 4.06 4.07 97 827 10.19% HOMO—13 (34% S 3p, 2% C 2p, 1% Ag 4d) - LUMO+8 (28% Ag 5p, 9% Ag 58, 1% C 2p); 8.89%
HOMO-12 (32% S 3p, 1% C 2p) —» LUMO+8

F 4.22 4.15 94691 32.53% HOMO—16 (29% S 3p, 5% Ag 55, 4% Ag 4d, 1% C 2p) — LUMO+8

attribute the A and B features to transitions from Ag-S c-bonds
to the metal core. B is more intense due to the largest metal
contribution in the final virtual orbitals. C is the most intense
band, whereas in the experiment it is more broadened as
already noted. This feature is attributed to transitions starting
from rather deep occupied orbitals (HOMO—20, HOMO—21)
with major ligand character (Fig. S1, ESI{). The nature of the C
band can also explain why it is so broadened in the experiment:
the mainly ligand character of the occupied orbitals is con-
ceivably more sensitive to their conformational freedom, which
in solution is particularly relevant for the ligands but is much
less important for the metal core.’®®” The next E and F features
are less pronounced, with the orbitals involved in such transi-
tion localized mainly on the ligands.

4.4. Ag,,Pt(DMBT),s*~

Here we focus on the first doped cluster of the series, namely
Ag,,Pt(DMBT);s° . Fig. 4 shows the scheme of the molecular
orbital energy levels together with the main spectral features (A,
B and C), whereas the main contributions in terms of electronic
configurations are reported in Table 2. Fig. 2b illustrates that
the theory reproduces remarkably well the spectral window

Ag24Pt(DMBT)18*
2 4
Pt
11 — Ag
ligand
s 01 A Bl| ¢
)
w1 C
B
-2 1 = A
-3 4

Fig. 4 Scheme with the most important occupied-virtual configurations
involved in the transitions in Ag,4Pt(DMBT)15°~. The labels refer to specific
features as reported in the inset. The color of the levels represent the
nature of the molecular orbitals in terms of fragments (see legend).
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here considered, with the position of the three peaks in
quantitative agreement with experiment, and the largest devia-
tion for peak C limited to only 0.15 eV. Furthermore, the
intensity distribution is quite accurately predicted by theory,
and it is also worth noting that the profile shape between the
peaks follows very closely the experimental trend. The energy
levels from Fig. 4 give a situation qualitatively like the previous
pure silver cluster: the A and B bands again start from the same
group of occupied orbitals (HOMO, HOMO—1 and HOMO—2)
but arrive to two different groups of virtual orbitals, separated
by about 0.3 eV (LUMO and LUMO+1 for feature A and LUMO+2
and LUMO+3 and LUMO+4 for feature B). Interestingly, in
comparison with Ag,s(DMBT),3 ", the nature of the transitions
is the same but both transitions are blue shifted, which is a
consequence of the larger HOMO/LUMO gap as well as the
smaller separation between virtual states involved in features
A and B. It is worth noting that the calculated shape of the
peak C of the present cluster is in very good agreement with
the experiment, at variance of previous Ag,s cluster where the
experimental peak was strongly broadened. We attributed
the strong broadening to a consequence of the ligand confor-
mational freedom. Therefore it is interesting to argue if this
different behavior could be ascribed to the Pt doping and/or to
the charge of the cluster, since the rest of the system (such as
the Ag geometry and the ligand nature) is the same. Indeed, the
Pt-Ag bonds are much more ‘directional’ and stronger than
Ag-Ag bonds, due to the role played by the Pt 5d orbitals, whereas
in Ag the 4d orbitals are deeper in energy and play a very minor
role in the chemical bond formed by Ag. Moreover, the larger
charge of the Pt-Ag cluster should entail a larger ‘pressure’ by the
solvent, which should also compress the ligands’ degrees of
freedom. This enhanced ‘Pt-Ag bond directionality’ together with
a larger environmental pressure should inhibit the conforma-
tional freedom of the ligands giving a sharper peak.

In summary, the computational model describes properly
the optical behavior, ascribing the observed differences to the
presence of the Pt atom. The Pt contribution remains below
10% in all the orbitals considered, except for some that are
rather deep, around —3 eV, and do not contribute appreciably
to the spectral features. Incidentally, the Pt atom participates
mainly with the 5d electrons, which are rather diffuse, thereby

Phys. Chem. Chem. Phys., 2024, 26,17569-17576 | 17573
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Table 2 Analysis of the spectral features of A924Pt(DMBT)182’. Label feature, calculated and experimental energy (eV), calculated molar absorption (M~

cm™) and assignment
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1

Excitation Experimental

Excitation E (eV) E (eV) € Assignment

A 2.18 2.15 34131 37.37% HOMO (28% Ag 55, 20% S 3p, 3% Ag 4d, 3% Pt 6p, 2% Ag 5p) — LUMO+1 (26% Ag 55, 19% Ag
5p, 6% Pt 5d); 18.90% HOMO—2 (31% Ag 5s, 18% S 3p, 6% Ag 5p, 2% Pt 6s) — LUMO

B 2.62 2.70 68651 24.62% HOMO—2 — LUMO+2 (21% Ag 5p, 19% Ag 55, 4% Pt 5d, 1% S 3p); 22.00% HOMO—1 —
LUMO*3 (23% Ag 5s, 25% Ag 5p, 3% Pt 5d, 3% S 3p)

C 3.72 3.58 101702 10.65% HOMO—13 (29% S 3p, 16% C 2p, 1% Pt 5d) — LUMO+4 (22% Ag 5p, 19% Ag 55, 4% Pt 5d, 2%

S 3p); 9.10% HOMO—6 (27% S 3p, 9% Pt 5d, 7% Ag 4d, 3% Ag 5s, 1% C 2p) — LUMO+8 (16% Ag 5p,

8% Ag 58, 1% C 2p)

providing kind of an ‘electron reservoir’. We can conclude
that for this cluster the spectral difference with respect to the
silver cluster can be rationalized in terms of the nature of the
central atom.

4.5. Au24Pt(SC4H9)18

The last compound considered in this work consists of a
neutral gold cluster protected by alkyl ligands and doped with
Pt, Au,,Pt(SC4Hy)qs. Fig. 5 shows the molecular-orbital energy
levels, with the main features (A, B, C and D) analyzed in
Table 3 in terms of leading electronic configurations. From
the previous Fig. 2c, it appears that the theory reproduces
quantitatively the peak A at low energy (2.2 eV). At higher
energy the photoabsorption profile is not as highly structured
as in the two silver-based clusters but is much smoother. Only
weak shoulders are predicted to show up in the energy range
3.2-3.7 eV, which is in satisfactory agreement with experiment.
For this cluster, the theoretical spectrum is blue shifted with
respect to the experiment by few tenths of eV. The predicted
feature D is unfortunately outside the experimental energy
interval, and thus, we do not have an experimental counterpart
for comparison. Also for this cluster it is worth noting that,
despite a minor disagreement in the energy positions of features
B and C, the calculated intensity profile resembles closely the
experimental shape, which features a typical ‘step’ behavior. In

Au24Pt(C4Hg)18
0 4
2] ligand
A B C D 'gan
w
-6 1
-8

Fig. 5 Scheme with the most important occupied-virtual configurations
involved in the transitions in Auo4Pt(SC4Ho)1g. The labels refer to specific
features as reported in the inset. The color of the levels represent the
nature of the molecular orbitals in terms of fragments (see legend).
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the present work we did not consider the corresponding pure
gold clusters, as they have already been the object of previous
extensive experimental and theoretical studies,*®**®® and thus
we can profitably compare the present results on the Au/Pt
nanoalloy with the photoabsorption spectrum of Au,s(SR);s~
measured at room temperature®® and the absorption spectrum
we previously calculated at the TDDFT B3LYP HDA level.* Note
that in ref. 49 the experimental R = CH,CH,CeH; ligand was
simplified as R = CH; in the calculations, but keeping the
experimental geometry, in such a way that the alkyl ligand nature
was preserved (important to describe properly the optical spec-
trum). This comparison indicates that Pt doping shifts the A
feature to higher energy from 1.8 eV in Au,5(SR);5 to 2.2 €V in
Au,,Pt(SC4Hy);5 in both experiment and calculations. In the
experimental Au,5(SR);s~ spectrum other less pronounced
features appear at 2.75, 3.1 and 3.9 eV, all of them shifted at
higher energy in Au,,Pt(SC4Hy);5 by about 0.5-0.6 eV on average.
We conclude that Pt doping definitely promotes a blue shift of
the spectral features by about 0.4-0.6 eV depending on the
specific structure, in both Ag as well as Au clusters.

5. Conclusions

The photoabsorption spectra of three MPC compounds with differ-
ent alloy nature and ligands: Ag,s(DMBT);s~, Ag, Pt(DMBT);s>~
and Au,,Pt(SC4Ho);5, where DMBT is 2,4-dimethylbenzenethiolate
and SC4H, is n-butylthiolate, have been measured at low tempera-
ture (77 K) in order to better resolve single optical peaks and
compare them with state-of-the-art theoretical simulations at the
TDDFT level of theory using hybrid xc-functional and
experimentally-derived geometries. For all three cases, we find an
excellent match between theory and experiment, with typical devia-
tions being less than 0.1 eV, occasionally reaching 0.2 eV. This
result provides a stringent validation of the proposed computational
protocol. In addition to validated accuracy, the calculations are
analyzed to assign the relevant spectra features, ascribing them to
specific transitions between occupied-virtual orbital pairs. It is
found that doping by Pt has an important effect on the spectra,
shifting the spectral features to higher energy by about 0.4 eV,
for both silver and gold clusters. Future developments of the
present work would be towards metal clusters containing atoms
of different nature with respect to the present ones, as well as
ligands different from thiols. This would help to trace more general
conclusions regarding the transferability of the method. Moreover

This journal is © the Owner Societies 2024
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Table 3 Analysis of the spectral features of Au,4Pt(SC4Hg)1e. Label feature, calculated and experimental energy (eV), calculated molar absorption (M~

cm™) and assignment
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1

Excitation Experimental

Excitation E (eV) E (eV) € Assignment

A 2.20 2.16 12 804 34.51% HOMO—1 (17% Au 68, 17% S 3p, 8% Au 5d, 5% Pt 6p) —» LUMO+2 (29% Au 6s, 15% Au 6p, 9%
Pt 5d, 2% S 3p); 25.04% HOMO (23% S 3p, 15% Au 6s, 11% Au 5d, 7% Pt 6p, 4% Au 6p) — LUMO+2

B 3.24 3.06 19247 17.44% HOMO — LUMO+8 (25% Au 6p, 9% Au 65, 6% S 3p, 1% C 2p, 1% H 2s); 15.88% HOMO—6 (30%
S 3p, 11% Au 5d, 1% Pt 5d) - LUMO+2

C 3.70 3.40 40118 16.24% HOMO—14 (20% S 3p, 18% Au 5d, 12% Au 6s) - LUMO+2; 14.65% HOMO—3 (16% Pt 5d, 14%
Au 5d, 10% S 3p, 8% Au 6s) — LUMO+7 (30% Au 6p, 13% Au 6s, 3% S 3p)

D 4.42 — 75502 8.05% HOMO—8 (17% Pt 5d, 16% Au 5d, 14% S 3p, 1% Au 6s) —» LUMO+9 (28% Au 6p, 2% Au 6s, 2% S

3p); 6.91% HOMO—10 (26% S 3p, 17% Au 5d, 7% Au 6s, 4% Pt 5d, 1% Pt 7s) - LUMO+9

future inclusion of range-separated xc-functionals, necessary to
describe charge transfer excitations, is under consideration.
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4.1 Main Publications

4.1.3 Damped Linear Response TDDFT with Range-Separated
Functionals and Density Fitting

After establishing the computational efficiency and quantitative accuracy of the RI-accelerated
Hybrid Diagonal Approximation (RI/HDA) for global hybrid exchange—correlation functionals,
the present work extends the applicability of the method to the more general and demanding
class of range-separated (RS) hybrid functionals. This development represents a necessary
step to enable an accurate description of electronic excitations with pronounced long-range
and charge-transfer character within an efficient TDDFT framework.

Range-separated functionals are known to overcome intrinsic limitations of global hybrids
in the description of charge-transfer excitations, owing to their correct asymptotic treatment
of the nonlocal exchange interaction. However, their application at the TDDFT level is
computationally challenging, particularly when non-Gaussian basis sets are employed and
when the nonlocal exchange kernel must be evaluated explicitly. Within this context, extending
the RI/HDA strategy to RS kernels allows one to retain the favorable accuracy of range-
separated TDDFT while maintaining a computational cost comparable to that of a hybrid
DFT single-point calculation.

In this work, the RI/HDA formulation is generalized to RS exchange—correlation functionals
within both the Casida and polTDDFT implementations available in the AMS/ADF suite.
The method is assessed on two representative systems that exhibit charge-transfer excitations
of increasing complexity: a prototypical model system commonly used for benchmarking
charge-transfer transitions, and a realistic donor—acceptor—acceptor molecular triad for which
high-quality experimental photoabsorption data are available. In both cases, the comparison
with reference TDDFT calculations and experimental spectra demonstrates that the proposed
approach accurately reproduces excitation energies and spectral profiles.

Overall, this study demonstrates that the RI/HDA scheme can be consistently extended to
range-separated hybrid functionals without compromising accuracy, thereby broadening the
scope of applicability of the method. The results confirm that polTDDFT combined with RI
and RS hybrid functionals provides a reliable and computationally efficient strategy for the
simulation of optical spectra in systems where charge-transfer effects play a dominant role,

paving the way for future applications to larger and more complex molecular assemblies.
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ABSTRACT: The Resolution of the Identity (RI) technique has been employed to enhance the
computational efficiency of Range-Separated (RS) exchange—correlation (xc-) functionals at the
time-dependent density functional theory (TDDFT) level using the Hybrid Diagonal
Approximation. RI has been implemented within the polTDDFT algorithm (a complex damped
polarization method) as part of the AMS/ADF program suite. Comparison between the present
TDDEFT simulations and the Casida algorithm, for both the model ethylene—tetrafluoroethylene
charge-transfer system and the experimental photoabsorption spectrum of a large donor—
acceptor—acceptor triad, demonstrates the method’s excellent accuracy and efficiency. The present
method provides a reliable and computationally efficient tool to predict photoabsorption spectra in
the presence of charge-transfer transitions and is suitable for applications to large systems with

sizes up to several hundred atoms.

1. INTRODUCTION

One of the most direct and easily applicable experimental
methods to probe the electronic structure of matter, both in
general and for specific materials, is optical spectroscopy.
Although the information contained in an electronic spectrum
is very rich, it is often challenging to extract it without a robust
and reliable theoretical model. Such a model enables, for
instance, the assignment of experimental features to specific
electronic transitions. For this reason, the availability of
suitably accurate computational methods to support and
rationalize experiments is of great importance for the scientific
community.' Moreover, when the computational approach is
accurate enough to be predictive, it can be employed for the
rational design of new materials with targeted optical
properties. This is particularly relevant in fields such as solar
energy conversion and light harvesting, where developing
materials with an increasingly high efficiency is crucial.

In this context, a reliable theoretical tool for solar cell
materials must be able to describe the charge-transfer (CT)
excitations, which are fundamental to generate the exciton,
which may evolve into charge separation and ultimately lead to
photocurrent generation.

From a theoretical point of view, the optimal compromise
between accuracy and computational economy is currently
offered by time-dependent density functional theory
(TDDFT), which allows the calculation of systems containing
up to a thousand atoms. In quantum chemistry, the most
widely used implementation of TDDFT is that proposed by
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Casida.” In the Casida formulation, an eigenvalue equation is
solved on the space of one-electron excitations, the number of
which is the product of the number of occupied and
unoccupied orbitals. In addition to Casida’s approach, other
TDDFT formulations and implementations are available.”™""
More recently, a damped linear response TDDFT algorithm,
which extracts the absorption spectrum from the average of the
complex polarizability tensor'>”'* (also known as
polTDDFT), has proven particularly suitable for application
to very large systems,”> and will be employed also in the
present work.

In both DFT and TDDFT, accuracy remains a critical open
challenge, as it is intimately connected with the choice of the
exchange—correlation (xc-) functional: in DFT to solve
Kohn—Sham equations, and in the response kernel of
TDDFT when solving the TDDFT equations.'® The quest
to improve the accuracy and efficiency of xc-functionals and
kernels is an active and ongoing field of research.'”'® Hybrid
xc-functionals for DFT and hybrid kernels for TDDFT, i.e.,
functionals including a variable fraction of the exact Hartree—
Fock (HF) nonlocal exchange, often represent the best choice

Received: June 2, 2025
Revised:  August 25, 2025
Accepted: September 18, 2025

https://doi.org/10.1021/acs.jpca.5c03798
J. Phys. Chem. A XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

in terms of accuracy, at least with respect to simpler
Generalized Gradient Approximation, GGA. Among hybrid
xc-functionals, B3LYP'”*" is the most popular. However, even
hybrid functionals are known to fail in the description of CT
excitations. This failure is well understood: since CT
excitations involve a pair of occupied-virtual orbitals lying in
different spatial regions, the kernel must contain the full
nonlocal Fock exchange to recover the particle—hole
interaction.”'

From a computational point of view, for global hybrid and
RS kernels, the HF nonlocal exchange is demanding when
evaluating the matrix elements needed for the Casida
equations. More precisely, matrix elements can be treated
efficiently when Gaussian Type Orbitals (GTO) basis sets are
employed, but become problematic with other basis sets, such
as Slater Type Orbitals (STO) or Plane Waves (PW). A
recently proposed approximate scheme, known as the Hybrid
Diagonal Approximation”> (HDA), addresses this issue by
including the nonlocal exchange only in the diagonal terms of
the response equations. This reduces the computational cost to
that of a conventional GGA kernel, while retaining nearly the
same accuracy as full hybrid TDDFT. More recently, an
improved HDA implementation exploiting the Resolution of
Identity (RI) technique, named fited HDA, has proven
extremely efficient™ and gives almost quantitative agreement
with respect to high-resolution low-temperature photoabsorp-
tion experiments for gold nanoalloys protected by thiol
ligands.”**

In the present work, we extended the previous fitted HDA
implementation from global hybrid (like B3LYP) to RS
functionals using STO basis set within the ADF engine of the
AMS program suite.”® For the moment, we focus on the RS
CAMY-B3LYP functional.”” The Review is organized as
follows. First, we provide a short review of the HDA
approximation in both the Casida and polTDDFT implemen-
tations. Then, we detail the RI method to calculate HDA
integrals and describe its implementation within the AMS-ADF
program. Finally, to assess the performance of the method, we
applied it to two systems: the prototypical ethylene—
tetrafluoroethylene adduct, often used to benchmark CT
transitions, and a realistic donor—acceptor—acceptor triad
exhibiting intramolecular CT excitations.

2. THEORETICAL METHOD AND IMPLEMENTATION

The present implementation of the Hybrid Diagonal
Approximation (HDA)>* is developed within the damped
linear response complex polarizability algorithm (called
polTDDFT). A brief summary of the HDA scheme is provided
below, while a detailed derivation can be found in the
literature. The linear response TDDFT equations within the
Random Phase Approximation (RPA) take the standard form

Y M
=w
B* A\Y 0 —-1)\Y (1)
where the submatrices A and B take the following general form

for hybrid kernels

Ay = 5;04(&, — &) + (ajlib) — a(ajlbi)

aV,
XC].* b

+ (1 - a)a o

i)

(22)

GVXC by]

dp

By, ;, = (ablij) — afablji) + (1 -a)a i)

(2b)

where in expressions 2a and 2b, the indices i, j refer to
occupied orbitals and g, b refer to the virtual ones. a represents
the fraction of nonlocal HF exchange in the xc-kernel and the
Adiabatic Local Density Approximation, ALDA, is assumed in
the last terms of both equations. The two-electron integrals in
the last terms of eqs 2a and 2b correspond to the elements of
the coupling matrix with the ALDA local part of the time-
independent f,_ kernel, namely

aVXC L%

b
dp]

<a‘ D= [[0: 00 A 6 o (n)e, ()

rdr, (3)

A general definition of the kernel is given in eq (7.89) from the
Ullrich book.”®

In practice, HDA consists of approximate eqs 2a and 2b with
the following ones

Ay = 0,048, — & — A,) + (ajlib) + (a a;Cj b|i)

ia,jb

(4)
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aVXC b*]
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where in expression 4, we introduced a diagonal corrective
term

aVXC %

A, = afailai) + ala i'a

i)

(6)

So, actually, the hybrid correction is used only for the diagonal
elements of matrix A, and it can be interpreted as a correction
of the difference between the eigenvalues of the virtual-
occupied KS orbitals. Although we refer to the original work
for a more complete discussion and justification of HDA,*” in
practice, the main effect of the diagonal correction is to recover
the too high energy of the virtual orbital, which is pushed up
by the nonlocal Fock exchange.

Because the HDA modifies only orbital energy differences, it
can be directly applied to the polTDDFT scheme, where the
photoabsorption spectrum o(®) is discretized and computed
in a limited number of points from the imaginary part of the
dynamic polarizability a(®)

4rw
o(@) = 2 1mfa(w)] o
In the following, we give a brief summary of the polTDDFT
algorithm, while we refer the reader to the original literature
for more details concerning the method and its implementa-
tion."”””"* The complex dynamical polarizability is calculated
by solving the following nonhomogeneous linear system

[S — M(w)lb =d (8)

In eq 8, S is the overlap matrix between density fitting
functions, b is the unknown vector containing the expansion
coefficients b,(w) of the induced density p d is the
frequency-dependent vector corresponding to the known
nonhomogeneous term, and finally, the elements of the
frequency-dependent matrix M are
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Mpw = <f,4 |)(KS ((U)KUL > (9)

In eq 9, yxs refers to the Kohn—Sham frequency-dependent
dielectric function and K to the kernel. The original
characteristic of the polTDDFT method is the introduction
of a simple approximation, which enables the construction of
M(w) as a linear combination of frequency-independent
matrices G° with frequency-dependent coefficients s.(@),
with the following expression

M(w) = Z si(w)G*
k (10)
With this idea, a set of matrices {G*} is calculated and stored
only once at the beginning, then the matrix M(w) is calculated
very rapidly at each photon energy @, as a linear combination
of the {G*} matrices with the following coefficients as the left-
hand side of eq 11

4(g, —€)  HDA

s(w) = —— 7 = si(w)
o — (g —¢)
4(811 - gi - Aia)
B wZ - (ea - gi - Aia)2 (11)

In order to apply the HDA to the polTDDFT, it is sufficient to
correct the orbital energy differences with the same correction
term (6) as already done for expression 4: £,— &; — A, so that
the right-hand side of eq 11 is obtained.

Extending HDA to range-separated (RS) functionals
requires modifying the A, term to reflect the RS exchange
structure. In order to give an explicit expression for these
corrections, it is convenient to recall the split of the Coulomb
operator into a Short Range (SR) and a Long Range (LR)
component

1 = SR + LR = w(y, 1) + 1L —w(y, ny)
"2 2 "2 (12)

where in (12) w is a switching function which goes to 1 as r,
goes to zero and goes to 0 as rj, goes to infinity, then the
exchange is calculated at the DFT level for the SR part, and at
the exact exchange level for the LR. The standard RS CAM-
B3LYP” for GTO basis set employs the complementary error
function erfc as w switching function; such a choice is
essentially technical due to the possibility of integrating
analytically. On the other hand, when STO basis functions
are employed, as in the present case, it is more convenient to
use an exponential switching, which can be integrated
analytically for 2-center STO functions; in this case, the
CAMY-B3LYP functional is obtained,”” where Y refers to the
exp(=rn,)

N2 i
In practice, we efficiently calculate the correction as follows:

Yukawa potential

1- - vy
A, = (ai —exp( 1a) aiy — (a —X1i
N2 op
GVALDA
+ (a| —2X—1i)
op (13)

where the first term in eq 13 is the diagonal element calculated
with the Long Range attenuated Yukawa potential, the second
term is calculated with the Short Range DFT Yukawa
functional, and the third term subtracts the ALDA kernel
from the diagonal elements in order to avoid double counting.

While for the calculation of the second term, an efficient
routine is already available in AMS, the first term is calculated
with the Resolution of the Identity technique®’ as follows:

(ai 1 — exp(—yn,) ai)
N2
/ftﬂ:(ﬁ’)(ﬂa(?)(l — exp(=yrm )" (R)e(r)
= drl d
N2
n (14)

The numerator in eq 14 contains the product of the electron
densities of orbitals ¢, and ¢;

(1) =o' (7)o () (15)

p(n) = o' (1)) (16)

They are developed as a linear combination of density fitting
functions as follows:

Ne N
pa(;l.)) = ZJ[,C(’T)Cka p,(;;) = Z fm (%;)Cmt
k=1 m=1 (17)

Using expressions 15—17 to rewrite eq 14, we get
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Introducing matrix FY with elements
(") = exp(=yn,))f, (7))
F,f,n://fkl PL=V2 fmzd;l.,d;z_)
¥) (19)

It is worth noting that such a procedure is possible since an
analytical expression for the one- and two-center integrals (19)
is available for STO functions.”” After computing FY, the
correct diagonal integrals are finally obtained

1 — exp(—yny) Jy
BIEE CUSINI 35 oA
2 k=1 m=1 (192)

The C coefficients to be employed in eq 19a are extracted from
the projection of the orbital density p (") on the set of fit
functions f,

Ne Ne
<fp|pa> = Z <fp|f;(>cka = Z S}{kcka = dpa
k=1 k=1 (20)

where § is the overlap matrix between fitting function pairs.
Solving the linear system (20) yields coefficients for virtual
orbitals; a similar procedure holds for occupied orbitals, finally

Ne Ni

Y (ild = Cur D (8)pd,i =G

n=1 p=1 (21)
so that we can rewrite eq 19
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Table 1. Lowest Excitation Energies (E,,.) and Intensities in Terms of Oscillator Strength (f) of the Ethylene—
Tetrafluoroethylene Adduct at a Distance of SA Calculated with Both Casida and polTDDFT Methods”

Casida POLTDDFT
Exci:;tion Eexc (eV) f Eexc (eV) f Assignment
1 6.64 0.024 6.68 0.085 85% HOMO -> LUMO+1 Ryd
2 6.76  0.3-10* 6.96 0.055 60% HOMO - LUMO+3
3 7.10 0.11 7.12 0.072 66% HOMO-1 -> LUMO+1 Ryd CT
4 7.48 0.033 7.66 0.113 76% HOMO - LUMO CT
5 7.55 0.22 7.46 0.161 89% HOMO-1 - LUMO
6 781  0.7-10* - - 42% HOMO-1 - LUMO+6
7 7.92 0.053 41% HOMO - LUMO+4
\ 8.18 0.097
8 8.00 0.037 / 67% HOMO-1 - LUMO+4
9 8.12 0.3-10* - - 91% HOMO-2 - LUMO
10 8.32 0.38 8.46 0.203 73% HOMO - LUMO+2
11 8.34 1-103 55% HOMO-1 - LUMO+5
12 8.39 0.015 96% HOMO-1 - LUMO+2 CT
13 8.56 0.001 72% HOMO-1 - LUMO+5

“Assignment in terms of the dominant one-electron excited configuration. Calculated at the TDDFT level with CAMY-B3LYP XC-functional and

TZP STO basis set. CT excitations are in bold.

A1 - exp(—yrn) .
i|——————=|ai)

z_: Z_: kz_: z_: (Sf)nkam(Sf)mp pi

Moreover, the effect of the DFT SR kernel can be included
since its matrix over the auxiliary density fitting basis is already
available, since it is needed by the polTDDFT (see matrix Z in
ref 12)

1

(22)

Q= (s)"'(F +z)(s/)" (23)

The final correction for the diagonal term is then obtained as
follows:

=d/Qd, (24)

For the details of the implementation, we refer the reader to
the previous work on the hybrid functionals, since that part is
identical, only the matrix F is substituted by F".

An important modification introduced in the present
implementation concerns the normalization of the orbital
densities, while expressions 15 and 16 are normalized; when
expanded with auxiliary density fitting basis with expression 17,
the densities are no more exactly normalized, unless a
constraint is introduced in order to impose normalization.
Unlike previous versions, we now impose that these densities

integrate to unity over R®. This is achieved using a standard
Lagrange multiplier approach. The usefulness of the imposition
of the normalization constraint to the fitted density has been
known for a long time in the context of the efﬁcient calculation
of the Hartree potential durlng the SCF cycles.”® In matrix
form, it consists of adding an “edge” to the overlap matrix with
the normalization integrals of the fitting functions (last column
and last row) and putting the value of the normalization
constraint (1 in the present case) as the last new element of the
known term (which now has dimension N + 1). This new
matrix will be no more definite positive, so the Cholesky
decomposition cannot be used; thus, the more general
standard routine for symmetric linear systems must be chosen
instead. We noticed that with this constraint, the agreement
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between the polTDDFT results and a Casida reference is
improved; therefore, starting with the AMS2025 version, this
constraint is the default for both hybrid and RS polTDDFT
fitted HDA calculations.

3. COMPUTATIONAL DETAILS

All of the DFT KS calculations reported in this work were
performed employing a TZP basis of STO functions (included
in the ADF database) and the CAMY-B3LYP hybrid xc-
functional.”” The auxiliary density fitting basis STO functions
are taken from the POLTDDEFT basis set database included in
the AMS program.”’ The TDDFT calculations were performed
with the polTDDFT algorithm.'”"® The HDA density
functional approximation®” is the only available scheme for
hybrid or RS functional within polTDDFT. The HDA has
been implemented by exploiting the parallelization at the
general Message Passing Interface (MPI) level. The imaginary
part of the photon energy was set to 0.075 eV during the
calculation of the polTDDFT spectra. All of the calculations
were performed with a local developer version of the AMS
code, which has already been distributed starting with the
AMS2025.01 version. The coordinates of the systems
considered in the present work have been taken from the
literature.”™**

4. RESULTS AND DISCUSSION

The aim of the present work is the implementation of the RS
functional within TDDFT, in the framework of the polTDDFT
algorithm using the HDA approximation. Accordingly, the new
method must be validated in two main directions. First, we
assess whether the algorithm is capable of accurately describing
charge-transfer (CT) excitations. Second, we evaluate its
computational performance and scalability to ensure it can be
applied to systems where conventional approaches are
computationally prohibitive.

To address the first point, we consider in Section 4.1 the
ethylene—tetrafluoroethylene adduct, which is a typical model
to test CT excitation. The second point is discussed in Section
4.2, where we consider an extended system (TAA-th-BTD-th-
AQ) comprising one donor and two acceptor fragments so that
the CT excitations consist of intramolecular transitions
between spatially separated orbitals.

4.1. Ethylene—Tetrafluoroethylene. The ethylene—
tetrafluoroethylene adduct is a practical model used by many
authors™"****% to test the suitability of theoretical methods to
describe CT excitations. In this work, our goal is to test the
accuracy of the present implementation, so we will take the
Casida results as a reference and will compare them with the
new polTDDFT implementation, using the same basis set,
exchange—correlation functional, and code (AMS) in both
calculations. In this work, the distance between the two
fragments has been set to S A. It is convenient to start
describing the Casida results, which are reported in Table 1
and Figure 1, while the orbitals involved in the excitations are
reported in Figure 2. Notice that the polTDDFT method
directly gives a continuous profile, while the Casida one gives
excitation energies and oscillator strengths, which are reported
in the figure as vertical bars. In order to facilitate the
comparison between the Casida method and the polTDDFT,
we have also reported in the figure the profile obtained by
smoothing the Casida discrete excitations with Lorentzian
functions with the same HWHM as the imaginary photon

0.4 4

polTDDFT/fitted-HDA

—— CASIDA

0.S.

6.0 6.5 7.0 75 8.0 8.5
E(eV)

Figure 1. Calculated photoabsorption spectrum of the ethylene—
tetrafluoroethylene model system at a distance of SA, absolute
intensity (oscillator strength) on the vertical axis, excitation energy on
the horizontal axis. Black vertical bar: discrete Casida excitations,
black curve: smoothed Casida spectrum, red curve: polTDDFT.

HOMO HOMO-1

L,
o€

LUMO LUMO+1

LUMO+2

Figure 2. Occupied and virtual orbitals of the ethylene—tetrafluoro-
ethylene model system involved in the most important excitations.

energy used in polTDDFT in order to have the same
bandwidth in both methods. From Table 1 and Figure 1, it
is worth noting that the most intense transitions, at 7.55 eV (f
=0.22) and 8.32 eV (f = 0.38), correspond to intramolecular 7
— ¥ on ethylene and tetrafluoroethylene, respectively. The
first excitation at 6.64 eV, which is rather weak (f = 0.024) but
still visible on the scale of Figure 2, is an intramolecular
transition 7 — Rydberg F 3s on tetrafluoroethylene. It is worth
noting that RS functionals, besides giving a correct description

https://doi.org/10.1021/acs.jpca.5c03798
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of the CT excitations, also display the correct behavior of the
exchange at large distances and therefore properly support the
Rydberg states. Moreover, such Rydberg states to be supported
need that the basis set contains diffuse functions, as in the case
of the presently employed TZP. The next visible excitation at
7.10 eV consists of a CT from the 7 orbital of ethylene to the
Rydberg F 3s orbital of tetrafluoroethylene; the relatively high
intensity (f = 0.11) is a consequence of the very diffuse
Rydberg state. In fact, in general, CT transitions involving
valence orbitals are rather weak, since the initial and final
orbitals are localized in different spatial regions, so their
electric dipole transition moment tends to zero as their
separation increases. On the other hand, Rydberg orbitals are
very diffuse, so they can be more effective than valence orbitals
to overlap with moieties that are localized far away. In fact, as
we will see later, the other CT that involves valence instead of
Rydberg states is less intense by at least a factor of 2. The next
transition at 7.48 eV is again a CT, but this time it is from
tetrafluoroethylene 7 — ethylene 7*, with intensity f = 0.033,
roughly three times weaker than the previous Rydberg CT.
The following CT falls at 8.39 (f = 0.015) and corresponds to
ethylene 7 — tetrafluoroethylene 7*; however, such a
transition is very close in energy to the strong intramolecular
one at 8.32 eV, which is 25 times more intense. In Figure 1, the
comparison between the Casida and present polTDDFT
implementation is presented as well, while both excitation
energies and oscillator strengths are reported in Table 1 for a
more quantitative comparison between the two approaches.
The polTDDFT spectrum satisfactorily reproduces the main
features of the Casida spectrum, although some discrepancies
are present, in terms of energy shifts as well as intensity
redistribution. Starting with the low energy region, the two
excitations calculated by Casida at 6.64 and 7.10 eV are found
at 6.68 and 7.12 eV, respectively, in the polTDDFT
calculation, so we obtain an excellent energy match but a
clear deterioration of the intensity, whose distribution is
different. Actually, the polTDDFT profile gives a feature at
6.96 eV, which is not apparent in the Casida spectrum;
however, from Table 1, a dark transition (with negligible
oscillator strength) is found at 6.76 eV. So, we can rationalize
the presence of this feature due to an incorrect redistribution
of the oscillator strength between the two states: in Casida, one
excited state brings all of the intensity, while in polTDDFT,
the intensity is shared. This effect is typical when the excited
states are very close to each other in energy; in fact, going to
the limit of two degenerate states, it is possible to choose a
unitary transformation that preserves their eigenvector nature
but brings the intensity from one to the other. If the states are
not exactly degenerate, a small perturbation/inaccuracy may
strongly mix the states, changing the intensity distribution
between the two states. Of course, this difficulty ascribed to
polTDDFT is more critical for small systems, when the states
are few and well separated in energy; however, when the
system is larger, the density of excited states increases, they
start to be almost degenerate, and polTDDFT will furnish an
average description, even more practical than the Casida
approach when the presence of many congested excited states
prevents a simple analysis. Since polTDDFT has been designed
suitably for applications to very large systems containing
several hundreds of atoms, we believe that this does not
represent a real limitation of the method. The next features at
the Casida level fall at 7.48 and 7.5S €V, in polTDDFT, we
assign them with the reverse order at 7.66 and 7.46 eV. Such

an assignment is corroborated by 3 different arguments: first,
the same dominant one-electron excited configuration, second,
the intensity (which is also reversed), and third, by the
following fragment analysis. In fact, with polTDDFT, it is
possible to perform a fragment analysis splitting®® of the
spectrum into 4 components, according to the initial and final
fragment. In the present situation, it is quite natural to split the
system into two fragments corresponding to ethylene and
tetrafluoroethylene in order to identify the CT region. In
Figure 3, we report the total fragment analysis, and also the

0.25
I ethylene - ethylene
(a) [ ethylene - tetrafluoroethylene
[ tetrafluoroethylene - ethylene

0.20 - I tetrafluoroethylene - tetrafluoroethylene
0.15 4

@

(=]
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0.05 -
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(b)
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]

)
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0.02
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6.0 6.5 7.0 7.5 8.0 8.5
E(eV)

Figure 3. Fragment analysis of the spectrum of the ethylene—
tetrafluoroethylene model system. (a) Upper panel: x component of
transition moment electric dipole, (b) lower panel: z component of
transition moment electric dipole.

partial analysis according to the x or z active electric dipole
component, since the y component is not active for these
transitions. The CT regions in Figure 3 are filled in yellow and
green for ethylene — tetrafluoroethylene and tetrafluoro-
ethylene — ethylene, respectively; this corroborates attributing
the polTDDFT peak at 7.66 eV to the CT Casida peak at 7.48
eV. Interestingly, the ethylene — tetrafluoroethylene CT
shows up around 8.4 €V in the x dipole component and 7.2 eV
in the z component: the former corresponds to the 8.39 eV
peak in Casida (HOMO — 1 7 — LUMO + 2 z*) and the
latter to the 7.1 eV peak in Casida (HOMO — 1 x — LUMO +
1 Ryd). Notice that while the 7 — #* transitions are active
with the x component, the 7 — F 3s Rydberg are active in the
z dipole component due to the totally symmetric shape of the
Rydberg orbital. Finally, the Casida peaks at 8.0 and 8.32 eV
are shifted at higher energy by 0.2 eV in the polTDDFT result,
but keeping the correct intensity distribution.
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We can conclude the analysis on this model system, saying
that the present implementation of the polTDDFT RS CAMY-
B3LYP functional is able to describe the CT transition,
although some minor deterioration with respect to the Casida
reference is found. The discrepancy in the energy is rather
small, no more than 0.2 eV at most; more sensitive is the
intensity, which is usually well reproduced, but in some
instances (low energy part of the spectrum), more evident
deviations are observed. Such still minor deterioration can be
safely attributed to deficiencies of the density fitting basis set,
which is optimized to reproduce the spectrum but has not yet
been optimized to fit the densities as in previous eq 17. An
analogous deterioration for the same problem has been
observed for the fitted HDA with global hybrid functionals,*
but such deficiency tends to strongly alleviate when the size of
the system increases.”” The systematic improvement of the
accuracy as the size (or the number of electrons) increases has
also been observed in different simplified TDDFT schemes, in
particular the recent XsTD-DFT from de Wergifosse and
Grimme.”” In particular, for the XsTD-DFT scheme, a
complete analysis on a set of 77 molecules and 4 different
functionals has demonstrated that the excitation energy
absolute deviations are decreasing as the number of electrons
increases. The effect is quite prominent, starting with errors on
the order of 1-2 eV for systems with less than S0 electrons,
going down to 0.2 eV when 250 electrons are present.
However, in the paper,”’ this interesting trend was identified
but not explained. We can tentatively explain this behavior as
follows: assume that the orbitals are all strongly delocalized;
this means that in larger systems, the orbitals are in any case
more flexible since they are contributed by more basis set
functions. Since the present accuracy is governed by the
accuracy of the two-electron integrals, the latter will be more
accurate when the system is larger. Actually, this is a very
interesting finding that deserves a deeper analysis in future
work; in fact, if well understood, this may allow us to improve
even more both accuracy and efficiency for very large systems.

So we are confident that the same improvement with system
size should be expected for RS functionals as well, preventing
the necessity to reoptimize the density fitting basis set when
larger systems are taken into account. Although the
polTDDFT method is much faster than the Casida one, for
the present model system, the computational effort is
negligible for both approaches, employing only a few seconds
to complete the calculations; therefore, we defer the analysis of
the computational economy to the next system, which is much
larger and therefore more informative.

4.2, Electron-Donor—Acceptor—Acceptor Triad. In
order to test the present implementation on a challenging
system, we have selected a so-called electron-donor—accept-
or—acceptor triad.>> Such a system is built (see Figure 4) by
three different fragments linked by a thiophene moiety: the
first fragment is a Donor (D) and consists of a triarylamine
(TAA), linked by thiophene (th) to the first Acceptor (Al)
consisting of a benzothiadiazole (BTD) further linked by th to
the second Acceptor (A2) consisting of an anthraquinone
(AQ). Such a complex system is very interesting as a model of
a molecular electronic circuit. The current is triggered by a
bright CT transition by light absorption from D TAA to Al
BTD, followed by a nonradiative electron transfer from Al
BTD to A2 AQ. The so-obtained charge-separated system
(hole in TAA and electron in AQ) promotes a strong
geometrical relaxation such that D and A2 get much closer.

Figure 4. Geometry of the TAA-th-BTD-th-AQ_electron-donor—
acceptor—acceptor triad.

Finally, the hole—electron recombination between D and A2
takes place, and the electron returns in its initial state, closing
this sort of molecular electronic circuit. Since our goal is to test
the CT performance of this method, we focus only on the first
step of the process, namely, the photoabsorption spectrum,
which we compare with the experimental one to test if our
approach is able to properly describe the CT excitation from D
to Al. The experimental photoabsorption spectrum’ is
compared with present polTDDFT calculations in Figure S,

1.2
polTDDFT/fitted-HDA
) experiment
1.0 4
0.8 4
§ 064
p 0.6 ]

] P
0.4 - "\/ N

0.2 1

00—
2 3 4 5

E(eV)

Figure S. Calculated photoabsorption spectrum of the TAA-th-BTD-
th-AQ_ electron-donor—acceptor—acceptor triad, absolute intensity
(oscillator strength) on the vertical axis, excitation energy on the
horizontal axis. Red curve: polTDDFT, green curve: experiment from
ref 33.

while the analysis of the most relevant calculated spectral
features is reported in Table 2 at both Casida as well as
polTDDFT levels. Such analysis is performed in terms of
leading one-electron excited configurations, so the molecular
orbitals involved are reported in Figure 6. In the following, we
will employ the polTDDFT to discuss the results. The lowest
energy calculated peak is found at 3.16 eV, which is essentially
contributed by HOMO — LUMO + 1, from Figure 6. Such a
transition can be easily assigned to a CT excitation from D
(TAA) to Al (BTD). In the experiment,” such peaks are
found at 415 nm, corresponding to 3.02 eV, in excellent
agreement with the present calculation. Such a nice result
confirms the suitability and the accuracy of the present scheme
to describe CT excitation in large systems. The next transition
is calculated at 3.42 eV and corresponds to the HOMO — 2 —

https://doi.org/10.1021/acs.jpca.5c03798
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Table 2. Main Absorption Peaks Predicted by Both Casida and polTDDFT/fitted-HDA for TAA-th BTD-th-AQ System”

absorption peak
A
B
C

e

L
M

casida POLTDDET a
E, (eV) f E,, (eV) f assignment
2.98 0.27 3.16 0.13 72.44% HOMO — LUMO + 1
3.32 0.31 342 0.36 66.27% HOMO — 2 — LUMO
3.73 0.32 3.74 0.45 34.76% HOMO — 1 - LUMO + 1
27.81% HOMO — 2 — LUMO + 1
3.54 0.49 3.94 0.53 83.28% HOMO — LUMO + 3
4.24 0.48 4.16 0.89 51.30% HOMO — LUMO + 4
4.38 0.25 4.24 091 37.67% HOMO — LUMO + 9
14.57% HOMO — LUMO + 4
4.48 0.18 4.34 1.02 47.82% HOMO — 2 — LUMO + 2
21.03% HOMO - 15 - LUMO
4.72 0.42 40.89% HOMO — 1 - LUMO + 3
13.07% HOMO - 1 - LUMO + 2
4.88 0.49 49.75% HOMO — 2 - LUMO + 3
15.39% HOMO — 8 — LUMO + 1
5.00 0.72 51.37% HOMO - 1 - LUMO + 4
S.14 0.70 39.42% HOMO — 1 - LUMO + 4

11.61% HOMO — 2 — LUMO + 3

“For each one, we report the excitation energy, the oscillator strength, and the assignment. Assignment in terms of the dominant one-electron

excited configuration.

HOMO

HOMO-1

HOMO-2

LUMO

LUMO+1

LUMO+2

Figure 6. Occupied and virtual orbitals of the TAA-th-BTD-th-AQ_electron-donor—acceptor—acceptor triad involved in the most important

excitations.

LUMO excitation: from Figure 6, it can be ascribed to an Al
(BTD) to A2 (AQ) transition, but with strong involvement of
the th linker, so with only minor CT character; in fact, its

intensity is much larger than the first excitation. The

experimental peak falls at 355 nm, corresponding to 3.49 eV;
also, in this case, theory is in fairly nice agreement with the
experiment. The next peak calculated at 3.74 eV displays a
strongly mixed character (Table 2), which can be ascribed on

https://doi.org/10.1021/acs.jpca.5c03798
J. Phys. Chem. A XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

average to a BTD-th — BTD transition. We do not have a
clear indication in the experiment for such a peak; however,
the previous feature at 3.49 eV is rather flat at the maximum, so
it is possible that these two transitions are both encompassed
by the feature around 3.49 eV. Actually, in the assignment
given in the experimental work, the feature at 3.49 is ascribed
to a th = BTD transition, which is consistent with the present
work.

Going to higher energies, we find four features very close to
each other in energy, from 3.95 to 4.34 eV, which we can
compare with the experimental maximum at 4.02 eV. All of
these transitions display a rather high contribution of th in
both initial and final orbitals. Then, a rather wide energy gap is
found in both calculated and experimental spectra. The next
features are found in the calculated spectrum from 4.72 to 5.14
eV, with the most intense being at 5.00 eV; in the experiment,
the maximum is found at 5.04 eV, confirming the accuracy of
the present theoretical model. For such a region, the inspection
of the molecular orbitals involved suggests that the transitions
are internal to acceptor fragments, namely, Al (BTD — BTD)
and A2 (AQ — AQ). This explains the higher intensity for this
energy region. We can supplement this section with the
fragment analysis reported in Figure 7. In the upper figure, we
divided the molecule into 2 fragments: the first fragment
corresponds to the TAA donor, while the second fragment
includes all of the remaining moieties: BTD, both bridges, and
AQ. It is well evident that the first peak corresponds to a CT

1.2
(a) | = (th-BTD-th-AQ)-(th-BTD-th-AQ)
1 3 (th-BTD-th-AQ)-TAA
1.0 1 @ TAA-(th-BTD-th-AQ)

1 mmmm TAA-TAA

0.8 4

2 0.6 -
0.4

0.2 4

0.0 -
(b) | == Bm-AQ
1.0 4
038

9 0.6—-
04

0.2 4

0.0
2 3 4 5

E(eV)

Figure 7. Fragment analysis of the spectrum of TAA-th-BTD-th-AQ
electron-donor—acceptor—acceptor triad. In panel (a) the thiophene
moiety is included in the fragments, while in panel (b) thiophene is
not included.

from TAA (as previously mentioned). In order to specify
better the involvement of the fragments, in the lower panel we
split the molecule into S fragments (accordingly to their
chemical nature: D, Al, A2, and the two th bridges), but we
reported only the contributions from the donor D to any of the
two acceptors Al or A2 and from Al to A2. From such
analysis, the first peak is clearly ascribed to the TAA to BTD
CT transfer, as we already did on the grounds of the
localization of the molecular orbitals, corroborating previous
discussion. We can conclude this section with a comparison
between the Casida and the polTDDFT methods for such a
larger system, in terms of accuracy as well as computational
economy. From Table 2, it is well apparent that the agreement
between Casida and polTDDEFT is fairly nice in terms of
excitation energies; usually, the disagreement is much less than
0.2 eV, with the only exception of the peak D, which is shifted
by 0.4 eV. The intensity distribution is more difficult; a rather
good agreement is obtained up to 4 eV, but above, the
polTDDFT seems to overestimate the intensity. Actually, this
is not really true because for such a system, the Casida method
furnishes a very high density of states above 4 eV. While
polTDDFT provides an average, the Casida gives several
almost degenerate discrete transitions that should be properly
summed up for a correct comparison with polTDDFT. For
such reason, we do not report in Table 2 the Casida states
above 4.48 eV. Regarding the computational economy, we ran
the calculations up to 6 eV of excitation energy, using 20 cores
on a single node of a cluster with an Intel Xeon 20-Core 4416
+ 2.0Ghz CPU. The Casida TDDFT took 12 h and 25 min,
while polTDDFT took 1 h and 22 min, so polTDDFT proved
9 times faster than Casida. Such a factor is larger as the system
becomes larger and larger, so polTDDFT will be faster than
Casida by more than 1 order of magnitude. Notice that for
very large systems, like for example metal clusters, like Au,
protected by ligands, Casida calculations with global hybrid or
RS functionals are not practicable at all if a spectrum up to 5
eV of excitation energy is requested; on the other hand, the
polTDDFT with HDA approximation and RI technique can
deal with such systems with modest efforts (2 days using 20
CPU on the same clusters).

Finally, we can conclude that the present implementation of
the RS CAMY-B3LYP functional in polTDDFT has proven
accurate and efficient also for the description of such a complex
system, with an accuracy even better than in the previous
section model system. The better performance on a larger
system in terms of accuracy should be ascribed to the density
fitting basis set: as the system under study increases its size, the
deficiencies of the basis set become less and less important.

5. CONCLUSIONS

In this work, we implemented an RI technique to employ RS
xc-functionals within the HDA approximation at the TDDFT
theory level, solving the equations through the polTDDFT
algorithm. Only the diagonal matrix elements of the RS kernel
are computed, making the overall computational cost
comparable to that of a DFT SCF single-point calculation
with hybrid functionals. The method reliably describes CT
excitations, as demonstrated for the ethylene/tetrafluoro-
ethylene model system. Moreover, the comparison with respect
to the experimental photoabsorption spectra of an electron-
donor—acceptor—acceptor triad demonstrates the method’s
predictive accuracy and efficiency.

https://doi.org/10.1021/acs.jpca.5c03798
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This result suggests that polTDDFT with the RI technique
and global or RS hybrid xc-functionals represents a computa-
tionally efficient yet accurate approach, and it stands out as a
promising tool for investigating large molecular systems,
potentially comprising several hundred atoms, with a favorable
trade-off between cost and precision.
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4.1 Main Publications

4.1.4 Dichroism of plasmonic chiral nanoalloys by rational design

While the previous works are primarily focused on the development and validation of efficient
TDDFT-based methodologies, the present article illustrates the application of the pol TDDFT
framework to the investigation of chiro-optical properties in extended metallic nanostructures.
In particular, this study exploits the ability of polTDDFT to treat large systems and dense
manifolds of excited states in order to address a fundamental question in structural chiral
plasmonics.

Chiral metallic nanowires represent an intriguing class of systems, as they simultaneously
exhibit intrinsic chirality and pronounced plasmonic absorption features. From an intuitive
standpoint, one would therefore expect a strong plasmon-enhanced Electronic Circular
Dichroism (ECD) response. Surprisingly, previous investigations have shown that purely
chiral gold nanowires, despite their intense plasmonic absorption, display a nearly vanishing
ECD signal at the plasmon resonance. This apparent contradiction motivates the present
work and provides the conceptual starting point of the study.

Through a detailed TDDFT analysis, it is demonstrated that the suppression of the plasmonic
ECD originates from a nearly perfect destructive interference between iso-energetic excitation
contributions of opposite chiro-optical character. Building on this understanding, the system
is deliberately perturbed by introducing controlled alloying with silver atoms, with the aim
of lifting the degeneracy responsible for the cancellation of the ECD signal. This strategy
proves effective for selected classes of linear chiral nanowires, where silver substitution leads
to a pronounced enhancement of the plasmonic ECD response.

Beyond reproducing the emergence or suppression of plasmonic dichroism, the study
provides a microscopic interpretation of the phenomenon by correlating the presence of
plasmon-enhanced ECD with the spatial structure of the induced electron density. In particular,
a continuous curling pattern of the induced density along the nanowire axis is identified as a
key signature of a strong chiro-optical plasmonic response. Overall, this work demonstrates
how first-principles TDDFT simulations can be used not only to compute spectra, but also to
validate and rationalize chemical and physical intuition, offering a deeper understanding of

structure—property relationships in chiral plasmonic nanomaterials.
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1 | INTRODUCTION
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Abstract

Time-dependent density functional theory (TDDFT) simulations are conducted on a
series of chiral gold/silver alloy nanowires to explore whether silver doping can pro-
duce an enhancement of circular dichroism at the plasmon resonance in these sys-
tems, and to identify the quantum-mechanical origin of the observed effects. We
find a strong plasmonic dichroism when one or two helixes of gold atoms are
substituted by silver in a linear chiral nanotube, whose pure gold counterpart does
not display any plasmonic dichroism, and we rationalize this finding in terms of
“decoupling” the destructive interference of excitations in the pure gold nanotube
via alloying. However, further attempts to increase the plasmonic dichroism by con-
sidering multi-shell gold nanowires in which one entire shell is doped with silver did
not produce the desired effect, but rather a decrease in circular dichroism. We show
that this latter result is due to a more severe destructive interference in the dipole
excitation contributions, and suggest that further amplification should be possible in
principle by properly tuning simultaneously the nanowire structure and chemical

ordering.

KEYWORDS
chiral metal clusters, plasmonic dichroism

extremely selective chiral sensing.'? However, the ECD signal is gov-
erned by the electric-dipole/magnetic-dipole scalar product, according
to the Rosenfeld equation (Equation 1)*3:

Plasmons play a major role in nanotechnology since they can focus
the electromagnetic field within a small region of space thus obtaining
a high electromagnetic energy density.2~2 This effect can potentially
amplify the local field intensity by many orders of magnitude and is
routinely exploited in enhanced spectroscopies like Surface Enhanced
Raman spectroscopy,* allowing the study of even single-molecules.>®
Although the nature of the plasmon phenomenon is well established
for extended systems as an electronic collective oscillation mode, for
finite nano-sized systems such as nanoclusters and nanowires their
physical nature is still discussed and not yet completely assessed.” 1!
Besides photoabsorption, when the system is chiral (absence of
symmetry planes and inversion symmetry), an Electronic Circular
Dichroism (ECD) signal is expected, that is, the absorption coefficient
is different when right or left circularly polarized light is employed in

the experiment. The ECD response can be exploited in practice for

Ron = Im((Olu[n) {n|m|0)), 1)

so ECD is much weaker than absorption, typically by a factor of about
~107°. Therefore the ability of amplifying the ECD exploiting plasmo-
nic effects is a very promising strategy to improve the efficiency of
chiral sensing and has been the topic of active research in the last
decades.’*Y” Plasmonic ECD can be conveniently classified into
structural and induced'”: structural plasmonic ECD is related to sys-

1,8 while induced plasmonic ECD is

tems which are intrinsically chira
generated by a chiral arrangement of non-chiral subsystems. Induced
plasmonic ECD is more accessible at the experimental level,?? but the
growing interest for structural chiral plasmonics is justified by its

potential larger enhancing efficiency and to the availability of new

J Comput Chem. 2024;45:1657-1666.
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synthetic strategies based on new bottom-up advanced techniques.
From the theoretical point of view, it is important to identify which is
the most suitable method to computationally describe the plasmon.
When the system size is below 2 nm, such as gold clusters, quantum

t2° and a quantum mechanical

confinement effects are importan
approach is necessary. Moreover, being the plasmon a collective reso-
nance, it is necessary to employ a method which allows configuration
mixing like Time Dependent Density Functional Theory (TDDFT),?!
while simpler DFT is not suitable.?? In the present work we are inter-
ested in alloy nanosystems, whose relative small size still allows for a
TDDFT treatment. In a previous work®® some of us have shown that
linear chiral gold nanowires exhibit very intense plasmonic absorption
but almost negligible ECD despite being chiral. Additionally, it was
shown that if the nanowires are coiled around the lateral surface of a
cylinder the ECD is dramatically more intense than in linear nano-
wires. An analysis based on Individual Component Map of Rotatory
Strength (ICM-RS)?* demonstrated that in linear nanowires the plas-
monic ECD is drastically quenched by an almost perfect totally
destructive interference among iso-energetic configurations present
in the collective plasmonic excitation. Hence, it was suggested that a
small “perturbation” of the nanowire may be able to remove this
almost perfect destructive interference and produce an intense plas-
monic ECD. Coiling the nanowires indeed represents a kind of pertur-
bation of the system shape. In the present paper we further elaborate
this line of research, investigate a different route, and demonstrate
that alloying may also be a practical way to avoid destructive interfer-
ence and achieve a plasmonic ECD signal even in strictly linear
nanowires.

The article is organized as follows. In Section 2, we give a brief
description of the computational method. In Section 3, we report the
results and their discussion for two kinds of linear nanoalloys which
differ by their chemical ordering. In the first class of linear nanoalloys
one or more chains of coiling atoms are doped, whereas in the second
class of linear nanowires one entire wall (or shell) is doped within a
multiwall systems. Interestingly, we obtain a strong plasmonic ECD
only for the former class of doped systems, and we rationalize our
finding via an analysis of ICM plots and induced densities. Finally,

Section 4 summarizes the conclusions of the present study.

2 | THEORETICAL METHOD AND
COMPUTATIONAL DETAILS

The geometries of the systems considered in the present study were
taken from our previous work on gold nanowires,?® by only changing
the nature of the element, that is, replacing gold atoms with silver
ones while keeping the original coordinates, not allowing for geomet-
rical relaxation. This choice is justified since gold and silver have an
almost identical atomic radius, of 1.46 and 1.44 A, respectively, and
we are interested in fundamental phenomena in pure form, without
complications due to structural effects.

Photoabsorption as well as ECD calculations were carried out
with the complex polarizability TDDFT (pol-TDDFT) algorithm,?>2¢

using the ADF engine of the AMS software.?” Such method consists
in a linear-response TDDFT formalism in the frequency domain.
The algorithm calculates the oscillator strength and the rotatory

strength as:

2we Bwe

f= 3 Im[@] R= 2 Im[p], (2)

where, Im[a] and Im m represent respectively the imaginary part of
the polarizability and rotatory strength tensor averaged over all the
orientations, w is the photon energy, c is the speed of the light, and ¢
is the imaginary part of the photon energy chosen as 0.06eV. We
have chosen this value since it has been already employed in the pre-
vious works on gold nanowires,?>22 this allows to compare consis-
tently the present results with those ones. The calculations were done
with the asymptotically corrected LB94 xc functional,?® the TZP
basis-set (with density fitting set appropriately optimized to be used
with the pol-TDDFT??), and the scalar ZORAZ® approach. Such choice
has proven as a convenient compromise between accuracy and com-

I* and basis set

putational economy: in particular both xc functiona
performances2’ have been assessed in previous work.

Besides the calculation of photoabsorption and ECD, we also ana-
lyze the results using tools specifically developed to study plasmonic
systems in previous work: the Individual Component Map of Oscilla-
tor Strength plots (ICM-0S)*2 and the Individual Component Map of

Rotatory Strength plots (ICM-RS).24

2.1 | Nanoalloys structures and chemical ordering

The structures of the alloy nanowires considered in this work are
reported in Figure 1.2% Such structures were inspired by linear chi-
ral nanowires produced experimentally.>® In the present work, we
used identical geometrical structures, but introducing a chemical
substitution of a subset of gold atoms with silver ones. Note that
we did not re-optimize the structures, this assumption being justi-
fied by the almost identical atomic radius of gold and silver, as well
as their almost identical interatomic distance in the bulk. Starting
from above and using the nomenclature adopted in the previous
work,2® Figure 1A (Auq2Ags0) and Figure 1B (AusoAge,) corre-
spond to the (5,3)NT (NanoTube) where one or two gold wires
were substituted by silver atoms respectively. The substitution
were introduced in one or two of the five wires which, coiling
around the longitudinal axis, constitute the (5,3)NT. In the case of
Figure 1B (AugoAge.) the two silver wires are chosen in order not
to be adjacent, in fact there are only two possibilities to choose
the two wires from five: adjacent or not adjacent. We took the
non-adjacent chemical ordering in order to maximize the “perturb-
ing” effects of alloying on destructive interference. In the other
structures we explored the effect of alloying from a different per-
spective: instead of generating a coiling pattern on the exposed
surface of the system, we alloyed different shells of a multi-shell

system. For this reason we have taken the 7-1 Helical Multi Shell
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diameter 0.39 nm

(A) Auy;,Ag, (5,3)

length 8.63 nm

diameter 0.56 nm

(C) AuysAg;, (7,1) length 6.04 nm

(E) Auyg,Age: (11,4)  length4.75nm  diameter 0.87 nm

FIGURE 1 Structures of the nanoalloys considered in the present
work. (5,3)NT: (A) Au122Ag30 and (B) AugpAges. 7-1 HMS

(C) AU14gAg22 and (D) AU22Ag14g. 11-4 HMS (E) Aulnggég and

(F) AugeAgig2.

(HMS) and the 11-4 HMS. These systems consist of two shells: in
7-1 HMS seven nanowires are coiling around one linear chain of
metal atoms which lies along the longitudinal axis of the system. In
the 11-4 nanowire 11 wires are coiling around an achiral nanotube
consisting of four linear wires. In present work, Figure 1C
(Au14gAgs,) and Figure 1D (Au,Agiag) correspond to the 7-1
HMS structure where the inner wire consists of silver and gold
atoms respectively, and the atomic nature of the outer shell is
opposite to the inner one. Figure 1E (AuigoAgsg) and Figure 1F
(AuggAgig») instead correspond to the 11-4 HMS structure where
the inner nanotube consists of silver and gold atoms, respectively,
and the outer shell atomic nature is opposite to the inner one.

Note that in this study we do not investigate the dependence of
plasmonic phenomena upon the size of the wires, which was the topic
of a previous work.??
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FIGURE 2 Photoabsorption for the series of linear chiral
nanoa”oys. (A) (5,3)NT AU122Ag30 and AU90Ag62. (B) 7-1 HMS
AU148Ag22 and AU22Ag14S. (C) 11-4 HMS Au182Ag68 and AUégAglgz.

3 | RESULTS AND DISCUSSION

3.1 | Nanoalloys plasmonic photoabsorption

In Figure 2, the calculated TDDFT photoabsorption spectra of all
the systems defined in Section 2.1 are reported. All the calculated
profiles display a very sharp and intense plasmonic peak whose
energy is almost independent by the chemical ordering but
changes with the structure. More precisely, the peak of (5,3)NT
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(A) Au122Ag30 (B)

FIGURE 3 ICM-OS analysis of the
longitudinal electric dipole component
at plasmon energies for the

AugoAge2

E virtual (eV)
E virtual (eV)

-13 -12 -1 -10 -9 -8 -13 -12
E occupied (eV)

(D)

nanoalloys: (A) Aui2,Ag30 at 1.06 eV,
(B) AugoAge, at 1.08 eV,

(C) Aug48Agy, at 1.58 eV,

(D) AupoAgqag at 1.80 eV,

(E) AuqgoAges at 2.10 eV, and

(F) AuggAgqgo at 2.14 eV. The straight
line corresponds to virtual-occupied
pair energy difference equal to the
excitation energy.
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falls at 1.06 and 1.08 eV for Au1,2Ag30 and AugpAgeo, in 7-1 HMS
the peak is at 1.58 and 1.80 eV for Aui4gAgr> and Auj,Ag14s,
finally in 11-4 HMS the plasmon lies at 2.14 and 2.10 eV for

-1 -10 -9 -8
E occupied (eV)

Au41goAgss and AuggAgqgr, respectively. The energies and the
photoabsorption intensities of the plasmon resonances of the

nanoalloys are quite close to those of the corresponding gold
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FIGURE 4 ECD for the linear chiral nanoalloys (5,3)NT Auj,,Ag30

and AugpAge,. Rotator strength (R) is given in 1074° esu? cm?.

FIGURE 5 On the left panel
are shown the ICM-RS analysis of

CHEMISTRY ~WILEY- [
nanowires,?® indicating that alloying has a negligible effect on the
plasmonic resonance in absorption. Up to now we have ascribed
the spectral features to plasmon resonances due to their sharp and
intense peak. It is however desirable to confirm the plasmonic
nature of such features via a more rigorous argument. To this end
we employed the ICM-OS analysis, whose results are reported in
Figure 3. In these plots, calculated at the energies corresponding
to the maximum absorption and for the longitudinal dipole compo-
nent, we report the energy of the occupied orbitals on the x-axis
and the energy of the virtual ones on the y-axis. The “spots” corre-
spond to the dipole contribution arising from the occupied-virtual
pair excited configurations with orbital energies corresponding to
the values of the x and y coordinates. The straight line corresponds
to a virtual-occupied pair energy difference equal to the excitation
energy. As it can be easily seen, all the spots are remarkably far
(at least 1 eV) from the straight line, indicating a strong coupling
between different configurations, confirming the plasmonic collec-

tive behavior of the peak.

Au122Ag30

the longitudinal magnetic dipole -5
component at plasmon energies — -2e+8 ‘ hv=1.06 eV ‘
for the (5,3)NT nanoalloys: . 'f::g
(A) AU122Ag30 at 1.06 eV anc.i e 50+7
(B) AugoAge, at 1.08 eV. In right - 0 ®
panel the same plots are shown in E =7 5e+7 4
3D to better appreciate the = mmm 1e+8 g
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Au,,,Ag,, (5,3)

(B) -

Aug.Ag., (5,3)

(€)

(D)

FIGURE 6 The induced density of the longitudinal component at
plasmon energies for the (5,3)NT nanoalloys: (A, B) Auq2,Ags0 at
1.06 eV and (C, D) AugpAge, at 1.08 eV. The isosurface value is

0.03 electrons/Bohr? for (A and C) and 0.00003 electrons/Bohr® for
(B and D).

3.2 | Nanoalloys plasmonic electronic circular
dichroism of (5,3)NT

In Figure 4, we report the calculated TDDFT ECD of the two (5,3)
NT nanoalloys. Surprisingly, it is immediately evident that a very
intense ECD is calculated at the plasmon energy. It is worth noting
that this finding is a genuine effect of alloying. Indeed, the pure gold
(5,3)NT gave no ECD features at the plasmon resonance.?® Morever
the effect is quite strong, with a Rotator strength (R) amplified by a
factor of about 20 as a consequence of alloying: from R around
+100 cgs 10~*° units of the background without plasmon enhance-
ment of the pure gold nanowire?® to R around +2000 for the nanoal-
loys. Besides its intensity, it is apparent that such plasmonic ECD is
also sensitive to the chemical ordering, as the spectral features are
appreciably different in the two nanowires: the typical Cotton profile
of Auq,,Ag30 is less positive than AugpAge, just below the plasmon
energy, but is more negative above the plasmon. Moreover, also the
curvature of the R profile is different just beyond the plasmon:
Auio,Agso displays a convex shape (corresponding to a negative
second derivative) while AuspAgs, gives a concave shape (positive
second derivative), such behavior extending roughly from 1.0 to
1.5 eV. We believe that this finding is quite new and very promising in
terms of potential applications and exploitations in the field of
nanoscience. Indeed, the possibility to enhance ECD by alloying could
be exploited to trigger ECD on presently inactive systems. Of course,
taking complete control over the chemical ordering in such systems is
challenging, but the potential chances it offers are so significant to

trigger pursuing it. To the best of our knowledge, this is the first time
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FIGURE 7 ECD for the linear chiral nanoalloys (A) 7-1 HMS

Au148Ag2, and AuzrAg14g, (B) Au1g2Ages and AugsAgiso. Rotator
strength (R) is given in 1074° esu? cm?.

in which a chiral chemical ordered alloying is predicted to have such a
dramatic effect on the ECD. It is clearly important from a scientific
point of view to investigate the physical origin of this new effect, to
understand better the mechanism lying behind it so as to suggest
even more effective enhancements and finally reach a rational design
of dichroic plasmonic nanoalloys. We have thus performed an ICM-RS
analysis at the plasmon energies to better describe what happens in
terms of electronic structure. The ICM-RS analysis is analogue to the
ICM-OS one, but now the contributions of the excited configurations
are weighted by the magnetic dipole transition moment, in order to
split the total R in contributions from each one-electron excited pair.
In the ICM-RS the electric dipole is used as an external field perturba-
tion, the induced magnetic dipole is calculated by linear response. The
ICM-RS analysis at the plasmon energies of Au;2,Ag30 and AugoAges
are reported in Figure 5. It is well apparent that both systems display
a strong dichroism which is the sum of two contributions of opposite
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sign, so a partially destructive interference is taking place. It is inter-
esting to compare this finding to the pure gold (5,3)NT considered
previously,?® also in that case two very strong contributions were pre-
sent at the plasmon energies, but a totally destructive interference
was observed, in fact there was basically no appreciable ECD at the
plasmon energy. So, we have been able to find out that a proper
chemical ordered alloying is effective to “decouple” the totally
destructive interference by means of alloying the system with silver
atoms. It is worth noting, especially in the 3D plots in the right panel
of Figure 5, that a large amount of destructive interference is still pre-
sent, so there is still room to increase the plasmon dichroism, at least
in principle. For this reason, it would be important to design or explore
additional strategies (besides alloying) to further reduce the amount
of destructive interference. Another useful analysis in this context is
the inspection of the induced density, as an effect of the external
time-dependent perturbation. This analysis is somehow complemen-
tary to the ICM-RS, since it is in real-space and therefore more suit-
able to be visualized and suggest structural changes to improve

plasmonic dichroism. In Figure 6, we have considered two different
isosurface values, where the larger value of 0.03 electrons/Bohr®
(Figure 6A,C) shows the localization of the density while the smaller
value of 0.00003 electrons/Bohr® (Figure 6B,D) is useful to identify a
more regular shape. From an inspection of Figure 6, we find the usual
dipolar shape, typical of plasmon resonance, but also a curling of the
density, especially in the plots with the smaller isosurface value. This
finding suggests that, for example, a chiral disposition of protecting
ligands around the nanowires should improve the dichroism, favoring
a curly induced density. Such a procedure, however, could also
quench the plasmon since protective ligands favor the oxidation of
the metallic atoms, excluding their active role in the plasmon, so this
mechanism might be more promising for larger multiwall nanotubes,
which can maintain their plasmonic behavior even in the presence of
a ligand shell. It is important to observe that, due to the Cotton profile
of the plasmonic dichroism, a fast change in the induced density can
be expected for small energy changes near the resonance. We have
therefore analyzed the induced density at three very close energy
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points: at the maximum positive R, at the plasmon energy, at the maxi-
mum negative R. The relative density plots are reported in Figure S1
for Auq25Ag30 and S2 for AugoAge, of the Supporting Information.
Also in this case two isosurfaces are considered, to facilitate the shape
assessment with the small isosurface. The induced density displays
actually a phase inversion going through the plasmon, in line with the
Cotton profile of the dichroism. Moreover, while the plots with larger
isosurface value display a helicity, when the smaller isosurface is con-
sidered a very clear-cut helicity is found mainly in the higher energy
tail of the plasmon.

A further helpful tool is the fragment analysis, as described in
detail in Reference 34. This tool allows one to split the total photo-
absorption in partial contributions according to the definition of
fragments within the system under study. In practice, for present
nanowires it is natural to consider them as built by two fragments:
the gold fragment and the silver one. In this case the fragment analy-
sis will assign four partial contributions rising from the four possible
transitions: Au — Au, Au — Ag, Ag — Au, and Ag — Ag. Such analy-
sis performed on the two (53)NT Auji,,Ag30 and AugoAgs, are
reported in Figures S3 and S4 of the Supporting information. Inter-
estingly for Auy,,Agsg it is evident (Figure S3) that the first plasmo-
nic positive peak of dichoroism can be ascribed to a transition
starting and arriving to gold (Au — Au), while the plasmonic negative
peak is ascribed to a transition starting from gold and arriving to sil-
ver (Au — Ag). Apparently, contributions starting from the silver
moiety do not play an important role. For the other nanowire
AugoAge, the analysis (Figure S4) is not helpful since it seems that
there is no specific fragment role, it is apparent that the ECD profile
is dominated by the Au — Au partial contribution on both side of
the plasmonic structure.

We can conclude this subsection saying that, for the first time,
we predict theoretically that a dichroic plasmon can be triggered by

means of proper alloying.

3.3 | Nanoalloys plasmonic electronic circular
dichroism of 7-1 and 11-4 HMS

In Figure 7, the ECD of the 7-1 and 11-4 HMS nanoalloys are
reported. In this case, at variance with the (5,3)NT, we observe a sig-
nificantly smaller amplification of the ECD at the plasmon energy with
respect to the pure nanowire considered in Reference 23. In detail,
while the profiles for the 7-1 HMS is rather flat, a small effect can be
found for the 11-4 HMS around 2 eV, although in any case it can
be observed that the feature around 2.6 eV is larger than the plasmo-
nic one. Moreover the 11-4 HMS response seems to be more sensi-
tive to the chemical ordering than the 7-1 one. To rationalize this
somewhat disappointing results, we produced the ICM-RS for the 7-1
HMS Auq48A820, AussAgq4g and 11-4 HMS AuqgrAges, AUggAg1go in
Figure 8. Once more, we found an almost total destructive interfer-
ence, so in this case the alloying has not been effective in decoupling
the contributions and giving rise to a significant plasmonic ECD. If we

inspect the induced densities (reported in Figure 9) only for the

(A) Auy,Ag,, (7,1)

(B) Au,,Agy,s (7,1)

(C) Au,g,A85 (11,4)

(D) AugAg,s, (11,4)

FIGURE 9 The induced density of the longitudinal component at
plasmon energies for the 7-1 HMS (A) Au448Ag2-, and (B) AusoAg 48
and the 11-4 HMS (C) Au;g,Ages and (D) AuggAgig,. The isosurface
value is 0.00003 electrons/Bohr®.

smaller isosurface value, we find that for the gold exposed systems,
Figure 9A,C, the induced density looks rather “granular,” while for the
silver exposed systems, Figure 9B,D, the density looks much more
uniform. This is an effect of the different dynamical behavior of silver
with respect to gold: for gold the localized 5d manifolds tends to
quench the plasmon, while in silver the behavior is much more typical
of a free-electron gas, less sensitive to the fine details of the atomic
geometry. In Figures S5 and Sé of the SI we also report the plots
obtained with a larger value of the isosurface. An interesting finding is
that the curling shape of the induced density, although less evident
than in the more active (5,3)NT, shows a kind of “breaking” or “inter-
ruption” in the middle of the nanoallys, while when strong plasmonic
ECD is calculated (see Figure 6 for comparison) we do not have any
“breaking” in the induced density plots. Finally it is important to com-
ment why for (5,3)NT the alloying is efficient in triggering plasmonic
dichroism, whereas for 7-1 and 11-4 HMS the alloying strategy fails.
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In this respect it is worth noting that in (5,3)NT the alloying consists in
doping by Ag one or two strings of atoms which are curling around
the longitudinal axis of the system. In contrast, alloying in 7-1 and
11-4 HMS it consists in doping one or four linear strings of atoms (not
curling) along the longitudinal direction. This suggests that, for doping
to be effective in enhancing plasmonic dichroism, it must follow a heli-
cal arrangement. This requirement can be rationalized as follows: in
pure linear chiral gold nanowires we do not observe plasmonic dichro-
ism because the induced current does not follows the chiral atomic
pattern, but rather it moves back and forth following a straight line
path. Helical doping forces the induced current to follow a curling
path, but this does not happen in 7-1 and 11-4 HMS because in these

systems the doping arrangement is linear.

4 | CONCLUSIONS

Here, we have investigated the chiro-optical response of a series of
chiral gold/silver alloy nanowires via time-dependent density func-
tional theory (TDDFT) simulations. These systems are promising for
chiro-optical sensor applications since they display strong plasmonic
optical absorption peaks in a relatively small size. The main conclusion
of our study is that by properly alloying silver into chiral gold nano-
wires, it is possible to trigger a strong plasmonic Electronic Circular
Dichroism (ECD) signal, at variance with pure gold nanowire in which
a total destructive interference results in a negligible ECD signal at
the plasmon energy. A chiro-optically effective alloying is achieved by
replacing one or two chains of gold atoms which curl around the axis
of the (5,3)NT system. In contrast, alloying an entire single wall (shell)
of even larger systems, such as the multiwall 7-1 and 11-4 HMS, is
not effective in enhancing the ECD at the plasmon energy, producing
less intense ECD peaks. An analysis based on the Individual Compo-
nent Map of Rotatory Strength (ICM-RS) tool indicates that, whereas
in the (5,3)NT system a partial decoupling of destructive contributions
from iso-energetic excitations is induced by alloying, in the multiwall
case a more significant destructive interference remains. Plots of the
induced density further suggest that the plasmon ECD is strong when
a curling shape of the density is achieved exhibiting no interruptions
along the wire. Further possibilities to remove the phenomenon of
destructive interference can then be envisaged from the present anal-
ysis, for example by properly adding ligand adsorbates along the heli-
cal patterns so as to obtain the desired decoupling of interfering

excitations.
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4 Publications
4.2 Additional Publications

4.2.1 Time-dependent quantum/continuum modeling of
plasmon-enhanced electronic circular dichroism

In this work, we investigate whether the presence of a plasmonic nanoparticle (NP) can
significantly modify molecular chiro-optical properties, focusing on the electronic circular
dichroism (ECD) of chiral molecules in close proximity to a metal NP. In this work, a quantum
description of the molecular system is coupled to a classical representation of the NP via a
continuum model. Specifically, we analyze the plasmonic influence on the ECD response
of peridinin (PID) and methyloxirane (MOX) using a computational approach that goes
beyond simplified dipole models, providing an explicit description of the molecular electronic
structure and its interaction with both an external pulse and the NP-induced polarization.

Our simulations show that PID exhibits a pronounced plasmon-induced enhancement of its
ECD signal when the NP is placed at a distance of 1 nm and the external field is polarized
perpendicular to the molecular axis. Under these conditions, the ECD feature around 4.2 eV is
enhanced by approximately a factor of 20, while the peak at 2.9 eV undergoes a sign inversion
accompanied by an increase in intensity. In contrast, no enhancement is observed for parallel
polarization, regardless of the NP—molecule separation. These results identify PID as a
plasmon-sensitive system when its electronic excitations are energetically aligned with the
plasmon resonance and the geometry enables a constructive induced-field contribution.

MOX shows no appreciable plasmonic enhancement. This behavior is attributed to the
large energy mismatch between molecular excitations and the plasmon resonance, which
prevents effective coupling. Overall, the results demonstrate that plasmon-enhanced ECD is
highly molecule- and geometry-dependent, requiring both favorable energetic alignment and
efficient coupling between molecular and plasmonic degrees of freedom.

I personally collaborate with Leonardo Biancorosso to implement the new necessary
features in AMS code and in writing the interface between AMS and WaveT. In a schematic

way the work we performed could be summarized as follows:

* Allow the AMS input to read the fictisciouse coordinates at the surface of the Nanopar-

ticle

* We calculate in AMS the transition potentials needed to account for the presence of the

NP to the molecular excitations

* In the interface we translate the relevant AMS output (excitation coefficients, transition
dipole moments and potentials) from atomic orbitals space, to molecular orbital space

first and finally in the state space

120



RESEARCH ARTICLE | DECEMBER 03 2024
Time-dependent quantum/continuum modeling of plasmon-
enhanced electronic circular dichroism @

L. Biancorosso @ ; P. D’Antoni © ; S. Corni © ; M. Stener © ; E. Coccia &

‘ '.) Check for updates ‘

J. Chem. Phys. 161, 214104 (2024)
https://doi.org/10.1063/5.0235531

@ B

View Export
Online  Citation

Articles You May Be Interested In

Chemical Physics

Y
O
®
c
-
=)
O

ﬂ
Q

<

-

Femtosecond transient infrared and stimulated Raman spectroscopy shed light on the relaxation
mechanisms of photo-excited peridinin

J. Chem. Phys. (March 2015)

Electronic circular dichroism from real-time propagation in state space

J. Chem. Phys. (February 2023)

Electronic circular dichroism spectra using the algebraic diagrammatic construction schemes of the
polarization propagator up to third order

J. Chem. Phys. (February 2021)

Webinar From Noise to Knowledge

May 13th — Register now

I Lt 1
ul

il

W\\’l \

N A Zurich Universitat
AIP N\ Instruments  Konstanz

é/_. Publishing

€6:/1:60 G20z Joqusydes og



The Journal

of Chemical Physics ARTICLE

pubs.aip.org/aip/jcp

Time-dependent quantum/continuum modeling
of plasmon-enhanced electronic circular
dichroism

Cite as: J. Chem. Phys. 161, 214104 (2024); doi: 10.1063/5.0235531 @ 'y
Submitted: 28 August 2024 - Accepted: 13 November 2024 »
Published Online: 3 December 2024

®

L. Biancorosso,' P. D’Antoni,’ S. Corni,”” M. Stener,’ and E. Coccia'?

AFFILIATIONS

I Dipartimento di Scienze Chimiche e Farmaceutiche, Universita di Trieste, Via L. Giorgieri 1, 34127 Trieste, Italy
?Dipartimento di Scienze Chimiche, Universita di Padova, Via F. Marzolo 1, 35131 Padova, Italy
3|stituto Nanoscienze-CNR, Via Campi 213/A, 41125 Modena, Italy

3 Author to whom correspondence should be addressed: ecoccia@units.it

ABSTRACT

In this work, we present a multiscale real-time approach to study the plasmonic effects of a metal nanoparticle (NP) on the electronic circular-
dichroism (ECD) spectrum of a chiral molecule interacting with it. The method is based on the time-evolution of the molecule’s time-
dependent wavefunction, expanded in the eigenstates of a perturbed Hamiltonian. A quantum description of the molecular system is coupled
to a classical representation of the NP via a continuum model. The method is applied to methyloxirane and peridinin at various distances
(1, 3, and 5 nm) with respect to a gold NP surface. While no remarkable effect is observed for methyloxirane at any studied distance, an
enhancement appears when the peridinin lies at 1 nm and the pulse is linearly polarized perpendicularly to the molecular axis, with the
ECD signal centered at 4.1 eV increased by a factor of around 20. These results are rationalized looking at the gap between the plasmonic
peak of the NP at around 2.5 eV and the molecular excitations: the smaller the gap between molecular and plasmonic excitations, the larger
the plasmonic enhancement of the ECD signal. Moreover, ECD peaks are selectively enhanced due to the favorable coupling between the
pulse polarization and the combined effect of electric and magnetic dipole moments. This approach allows one to go through the electronic
structure and dynamics of chiral molecules for obtaining a realistic description of plasmon-mediated ECD spectra, e.g., paving the way to
applications to molecules of biological relevance interacting with nanostructures of experimental interest.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0235531

I. INTRODUCTION by distinguishing the response of the enantiomers of chiral

molecules when interacting with left- and right-circularly polarized

€6:/1:60 G20z Jequsydes og

The optical properties of a molecule can be dramatically modi-
fied by close metal nanoparticles (NPs) in the presence of an external
electromagnetic perturbation.' ° Plasmonic effects from NPs are
exploited to enhance weak molecular signals, with surface enhanced
Raman scattering (SERS), namely being the most known plasmon-
assisted spectroscopy:” '’ the Raman signal is enhanced by several
orders of magnitude thanks to the plasmonic response, making SERS
an extremely sensitive technique.

In addition, the optical properties of chiral molecules can be
enhanced by the coupling with plasmons. Among them, circular
dichroism (CD) is central in many chemico-physical applications,
being used to assign the absolute configuration of chiral compounds

light."' ™

Plasmonic NPs with chiroptical properties can be classified
into the following three classes:'” (i) plasmonic systems with intrin-
sic chirality;"** (ii) achiral plasmonic NPs coupled to a chiral
molecule;” ™ and (iii) chiral arrangement of achiral plasmonic
NPs.**® In this work, we focus on the second class of systems. The
presence of the NP can affect the CD signal by determining two
types of specific responses: enhancement of one or more molecu-
lar peak(s); promoting the appearance of a peak in correspondence
to the plasmonic resonance.

The first feature is strictly related to the induced field generated
by the NP, to its nature and shape, to the polarization direction of the

J. Chem. Phys. 161, 214104 (2024); doi: 10.1063/5.0235531
Published under an exclusive license by AIP Publishing

161, 214104-1
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pulse, and to the energy gap between plasmon resonance and molec-
ular excitations. The origin of this enhancement is the molecular
response with respect to a total perturbation due to the external pulse
and the induced field generated by the polarized NP."”* Biologi-
cal chiral molecules can be characterized by an absorption close to
plasmon resonance, which is typically around 1-2.5 eV, permitting
resonant coupling between the molecular and plasmon modes.

The second mechanism is interpreted as a chirality transfer to
the NP, which then acquires a CD signal. In addition, this optical
response depends on the geometry and shape of the NP. This sec-
ond feature prevails when the molecular excitations are far from the
plasmonic resonance.”

The enhanced sensitivity and response of chiral molecules
in the presence of NPs have been thoroughly investigated in
many experimental works,”””” " and plenty of theoretical liter-
ature was dedicated to a dipole-like description of the chiral
molecule,”’>">*76°% yeually within a master equation for the
quantum states of the molecule. The magnitude of the enhance-
ment in CD, which can vary from a few units to thousands, depends
on several conditions, such as the nature of the chiral molecule,
the size, shape, and nature of the NP, and the possible alignment
of the molecule.”"""""""°"** Giant enhancement of the order of
10* is usually due to magnetic and/or quadrupolar contributions.”’

Modeling the plasmonic-enhanced CD spectrum within the
quantum-chemistry framework, beyond a dipole-like representation
of the molecule, is a fundamental step to support experimentalists
in the prediction and rationalization of the recorded data. It is a
challenging task for theory because a large and complex system,
generically composed of a NP and a molecule, has to be properly
simulated.

Limiting the discussion to the electronic CD (ECD), as an
example, a full quantum real-time approach has been proposed in
Ref. 66, applied to nanoscale metal-organic clusters.

We propose here to extend the recently published approach by
some of the authors®” based on the propagation of a time-dependent
Schrodinger equation (TDSE) in the presence of an explicit elec-
tromagnetic field in length gauge’*®” to account for the possible
plasmonic effects of a metal NP on the ECD spectrum of a chi-
ral molecule. The presented multiscale method is characterized by
a quantum description of the chiral moiety, whereas the NP is
treated according to a polarizable continuum model extended to
nanoparticles (PCM-NPs).”’"”" Generally, one can compute the
ECD spectrum by using the response of the time-dependent induced
magnetic dipole to an electric-field perturbation or the response
of the time-dependent electric dipole to a magnetic-field perturba-
tion.'* Here, we use the time-dependent magnetic dipole moment of
the chiral molecule, which is computed on the basis of the molecular
eigenstates of an effective Hamiltonian, accounting for the presence
of the NP. Propagating TDSE in the state space permits to separate
the electronic-structure problem from TDSE propagation, at vari-
ance with methods based on the direct time evolution of molecular
orbitals.””"* Since the magnetic response of the NP is not included
in the theory by construction, the computed plasmon-assisted spec-
tra reported in this work only present molecular peaks possibly
augmented by the plasmon. Details are given in Sec. I1.

Molecular plasmonics has also been theoretically explored by
parametrized quantum approaches based on density functional tight
binding””" for studying the absorption properties of large metal

ARTICLE pubs.aip.org/aipljcp
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<
Peridinin (PID)

Methyloxirane (MOX)

1,3,5nm

FIG. 1. Sketch representation of the NP + molecule (MOX and PID) system. The
distance between the NP surface and the molecule is also reported (see Fig. 2 and
main text for details). Code color: carbon black; oxygen red; hydrogen white; gold
yellow.

clusters””” and the effect of quantum tunneling in the efficiency
of electron energy transfer in a plasmonic chain composed of silver
clusters.”®

In this article, we compute the ECD spectra of methyloxirane
(MOX) and peridinin chromophore (PID) at various distances from
an Au spherical NP of a radius of 2.5 nm (Fig. 1) to test the ability
of our method to reproduce possible large plasmonic enhancements.
We use density functional theory (DFT) and TDDFT for MOX and
PID. MOX has been used to study surface-enhanced Raman opti-
cal activity,”®”” while chiral properties of PID molecules have been
studied both theoretically and experimentally in the context of the
peridinin-chlorophyll-a protein (PCP),”"*’ and the enhancement of
the optical properties of PCP in the presence of metal nanoparticles
has been reported.”* *°

The choice of MOX and PID in this work has been performed
to answer these questions: can we discriminate by our approach
“plasmon-sensitive” and “plasmon-insensitive” chiral molecules?
Is this sensitiveness an absolute property of composite systems?
Can we rationalize the possible plasmon enhancement of the ECD
signal by analyzing the electron structure and dynamics of the
spectroscopic target?

The goal is to verify the reliability of our method for under-
standing the microscopic reason of plasmon-induced changes in the
ECD spectrum, such as enhancement and quenching of the signal,
by means of a quantum description of the spectroscopic target.

The article is organized as follows: theory is presented in Sec. II;
computational details are collected in Sec. I11; results are shown and
discussed in Sec. I'V; conclusions are reported in Sec. V.

Il. THEORY
A. Real-time propagation

In this work, we model the real-time magnetic response of the
chiral molecule to an external electric field in the presence of a
plasmonic NP. Our multiscale approach couples the nanostructure
polarization based on the polarizable continuum model (PCM) to
a quantum representation of the electronic degrees of freedom of
the chiral molecule. We name the method hereafter time-dependent

J. Chem. Phys. 161, 214104 (2024); doi: 10.1063/5.0235531
Published under an exclusive license by AIP Publishing

161, 214104-2
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PCM-NP (TD-PCM-NP). Theory is formulated in time domain
using the TDSE; atomic units are used.

The computational protocol is articulated in three main steps:
(i) defining the basis for the time-dependent wavefunction |¥(¢));
(ii) propagating TDSE in the state space in the presence of the nano-
structure, treated at PCM level via the boundary-element method
(BEM),”"” and of the external pulse; (iii) computing the plasmon-
modified ECD spectrum.”” Within BEM, the NP surface is dis-
cretized by a set Nt of (typically) triangular tesserae, on which
apparent charges are located.” The time evolution of these charges
describes the NP polarization induced by the external pulse and by
the mutual interaction with the time-dependent electronic density
of the quantum target.

TDSE in length gauge for TD-PCM-NP reads as

.d .
£ ¥(0) = HO (), m

with H(t) being the time-dependent Hamiltonian
H(t) =Ho—ﬁ~EeXt(t) +q(t)~VBEM. 2)

where ji is the dipole operator of the molecule, Eext(t) is the exter-
nal pulse, q(t) are the BEM charges,”"** and Vggwm is the operator
associated with the molecular electrostatic potential calculated at the
position of the charges on the NP surface. Both q(¢) and Vpgy are
vectors with Nt elements. Hy is the field-free electronic Hamiltonian

Ho = Hy + Qg - VBEMs (3)

where H,; is the electronic Hamiltonian of the bare molecule, and
the charges q, are obtained by a self-consistent calculation for the
quantum ground-state (GS) in the presence of the polarizable NP.*

The time evolution of the charges in Eqgs. (1) and (2) is
obtained by the time-dependent PCM formulation in the integral
equation formalism (IEF-PCM),”"”’ combined with a description
of the dielectric function of the medium &e(w) based on fitting the
experimental data.”’ In the frequency domain, the charges q(w) are
defined as”’

4(0) = 5 (@)F(@) @
with
_e(w) -1
f(w) = (@) + 1 (5)
and
F(w) = -[AD*q(w) + S/ (271 + DA)V(w)], (6)

being A a diagonal matrix with elements equal to the area of the
tesserae, D and S matrices containing the Calderon projectors,
I is the identity, and V the electrostatic potential.”’ The function
f(w) is fitted by a series of N Drude-Lorentz terms

flw)- 20 Loy %

w)+1 5 wp - W’ —zypw
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where A, is related to the plasma frequency of the metal, y, is the

relaxation time, and w, is the oscillator frequency.”’ Equation (7)
allows one to rewrite the surface charges as a sum of pole-dependent
charges

q(w) =" q,(w), (8)
p=1

and for each qp(w) in Eq. (8), a time-dependent equation is then
defined

gp(t) = _qup(t) Yedp(t) *5 F(f) )

with F(t) being the Fourier transform of F(a)). We refer to the orig-
inal works (in particular Ref. 91 for this implementation) for further
details.

In Eq. (1), [¥(t)) is defined as a linear combination of the
Nitates eigenstates of the effective field-free Hamiltonian Ho, also
containing the ground-state polarization of the molecule and the
NP,

Nitates—

[¥(1)) = Z Cu(t)|M), (10)

where Cp(t) are time-dependent coefficients, and |M) is the
Mth eigenstate of the system, with eigenvalue Ej. The initial guess
for the self-consistent calculation is provided by the eigenstates of
H,;. In this work, such eigenstates are the Kohn-Sham DFT ground
state and the (Ngates-1) TDDFT eigenstates in the singly excited

92,93 .
ansatz, ie.,

occ  vir

=2 2 diml®@i), (11)

where |®f) is the singly excited Slater determinant, with an elec-
tron promoted from the occupied orbital i to the virtual one a, while
d}y; are the amplitudes of the expansion for the state |M).

The |M) states and the polarization charges, after the self-
consistent step, are the starting point for the propagation of TDSE,
according to Eq. (1). Without the NP, the Hamiltonian reduces to
H(t) = Hy — ft - Eeu(t), and the basis for [¥(¢)) is simply given by
the set of eigenstates of H,;. From this point on, we no longer distin-
guish between eigenstates of the isolated molecule or of the molecule
close to the NP, which will simply be referred to as |M) or |L).

Using TDDFT eigenstates within Casida’s assignment ansatz”
in TDSE propagation is an approach widely applied in several
fields, such as, eg, photochemistry,”””® high-harmonic generation
spectroscopy, " Raman spectroscopy,” and strong-field ioniza-
tion.”” It is an alternative approach to real-time TDDFT (RT-
TDDFT), which is undoubtedly a valuable tool for studymg elec-
tronic dynamics in molecules and plasmonic systems. """
However, the accuracy of photoinduced dynamics computed at the
RT-TDDFT level could be affected by the choice of functional and
the fact that the adiabatic approximation is typically used; this could
lead to well-documented artifacts in the literature," """ resulting in
difficulty in correctly assigning the physical nature of the observed
features in the dynamics itself, as in the case of a molecule close to
an NP. On the other hand, a TDSE-based method is general since
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time propagation can be coupled to different levels of theory for the
electronic structure, not limited to TDDFT eigenstates.‘\w)\1 11,112

In order to simulate a kick pulse, the external electric field
Eex(t) is given by a narrow linear Gaussian function

2
Eext(t) = Epaxt exp(fw), (12)
20
where tj is the center and o the amplitude of the Gaussian function,
respectively, and Eqy is the maximum amplitude of the field. The
choice of the pulse prevents numerical artifacts possibly affecting the
Fourier transform of the time-dependent signal.

B. Excited-excited matrix elements in TDDFT

TD-PCM-NP, originally developed to study electron dynam-
ics within molecular plasmonics,''’ has been extended here to
the calculation of ECD spectra modified by plasmonic effects,
using an in-house interface between the AMS package''” and the
WaveT code for propagation.''’ Such an interface has been recently
proposed,”””” allowing one to simulate ECD spectra of isolated
molecules using TDSE and DFT/TDDFT for the description of
the molecular target. We emphasize here the novel implementa-
tion in the interface regarding the computation of a matrix ele-
ment between excited states of a one-electronic operator A within
DFT and TDDEFT. Although the results reported in this paper con-
cern a linear response, i.e., the pulse intensity is low enough, the
dynamics were carried out using a full approach, that is, consider-
ing the entire matrix in the space of states, (L|{A|M). The need for
the full DFT/TDDFT matrix comes from the practical solution of
TDSE in Eq. (1) in the electronic basis

i(‘)C(t)

- =H(CO), (13)

with the matrix representation at time ¢ of H(¢t) in the basis of the
eigenstates reading as

H(t)wm = (LIH()|M)

= EmO1mr — Eoet ()(LIAIM) + q(¢)(L|Vem|M).  (14)

x

From the inspection of Eq. (14), one sees that (L|3|M) and
(L|Vem|M) are ingredients in TDSE propagation. The full matrix
for the magnetic dipole moment is required to compute the ECD
spectrum, as specified in Sec. II C.

The molecular electrostatic potential Vg in the basis of eigen-
states |M), i.e, (L|Vpem|M), which for each tessera T, is given

by

<L|VBEM(ST)|M) = <L| |M> + Vnuc(ST)(SLM> (15)

1
|s7 — x|

where Vy,uc(s7) is the nuclear contribution at the position sy of
the Tth tessera, and r is the electronic coordinate. Dependence of
Veem and Ve on sy is made explicit in Eq. (15). Further details
about the nature of the charges q(t) are given in Ref. 71.
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The approach proposed here to compute (L|A|M), where
A is an one-electron operator, 1s based on the frequency-dependent
linear density matrix response’’

P = 3 [Xiudigs + Yivd! ¢al, (16)

ia

with Pz(v}) being an element of the tensor space F, NoccXNyir
® NyirxNoce, with units tensors ¢i¢; and ¢ ¢s, being ¢, and ¢,
occupied and virtual molecular orbitals. Nocc (Nyir) is the number
of occupied (virtual) molecular orbitals. Starting from this formal
definition one can arrange the terms X7y ¢i¢; and Y;y¢; ¢a in two
arrays x* and Y™ such that y™* = ,)M(;S,gba and YM = Y267 b
We remark that X7, and Y}, in Eq. (16) are the elements of the
usual TDDFT vectors X and Y™.''>"'° One can then write

winn - ¢ (5 9)(5) )

and, explicitly, one obtains

(LIAIM) = 3 3 [XFi X iblAlaj) + Y5i Vi (aildlib) | (18)
ij ab

where indices i and j run over occupied orbitals while indices a and
b run over virtual ones.

If the operator A is symmetric, such as the electric dipole
moment ﬁ and the electrostatic potential VBEM(ST), then

(LA = 3 3 [Gibldlai) (X5i X0+ YiiYVin) ] (19)
=X A XMiYhoAYY, (20)

where the matrix (A);, j» = (ib|A|aj) has been defined. If the opera-

r. . . . . % 116,117
tor A is antisymmetric, such as the magnetic dipole moment 71,

then

(LIAM) = Y 3 [(ldlaj) (i X0 - ViY@
ij ab

=x"A-x"-Y"A-Y™ (22)
According to Slater—Condor rules, the term (ib|A|aj) simplifies to
(alA|b)6ij — (i|A] j)d,p, thus recovering the usual expressions in the
molecular basis.”

In terms of excitation (X®™ + Y™) and deexcitation (X
- Y™, expressions in Egs. (20) and (22) become, once the specific
operators are made explicit

(L|Vsei(s7)|M) = %[(xL Y1) - Pagaa(sr) - (X + YM)

+ (X" =Y - Pram(sr) - (XM - YM)]’ (23)

(L)fta XMy (xF-YH

M) = %[(XL +Y") D,

x Dy - (XM -YM)], (24)
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and

A

My

(L

M) = %[(XL +Y5) M- (XM -YY) + (X -Y)
x Ma - (XM +YY)], (25)

where « = x, y, or z indicates the Cartesian component of the dipole,
and being Dy, Mq, and Pgem(s7) the matrix representations of the
corresponding operators. Pgem(st) in Eq. (23) refers to the matrix
representation of Vpgm(st) (one single tessera at position sr) in the
molecular space, while Vggy in Sec. 11 A is the vector representation
of the potential operator with respect to the number of tesserae.

C. Computing the ECD spectrum

The induced magnetic dipole Ani(t) is defined as the difference
between the time-dependent magnetic moment #i(t) at time ¢ and
that at initial time (¢ = 0), #(0), with m(¢) provided by

m(t) =Y CL(t)Cu(t)(L
M

7

M), (26)

with (L|#A|M) given by Eq. (25). The ECD spectrum is computed as
the imaginary part of the following:”"'"”

PP (w) = - - Ary(H)e g (27)

i +oo
271w E pxn (@) /0

In Eq. (27), Eex,,n(w) is the Fourier transform of the nth component
of the electric field of the external pulse, A (t) is the Ith component
of the induced magnetic dipole, and T is a damping parameter.''*'”’

I1l. COMPUTATIONAL DETAILS

Ground-state geometry of MOX and PID have been taken from
Refs. 67 and 121, respectively. The time-domain ECD calculations
have been performed with the WaveT package,''' whose interface
with AMS has been recently proposed for the electric and magnetic
transition dipole moments.”””’ Excitation energies and transition
dipole moments are provided by the TDDFT calculation using the

Parallel

-t

Perpendicular

Perpendicular
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B3LYP functional and TZP basis set for MOX and CAM-B3LYP and
TZP basis set for PID, and then employed as input parameters for
the real-time propagation. For both MOX and PID, 150-fs dynam-
ics have been carried out with a time step 6t of 0.7 as. 20 (MOX) and
10 (PID) electronic excited states have been considered for the wave-
function expansion of Eq. (10). The equilibration procedure related
to the effective Hamiltonian Hyp is implemented in WaveT.*

The external field is characterized by a maximum intensity
equal to 10* W/cm? and a full width half maximum of 94 as for
the Gaussian envelope [see Eq. (12)]. The value of the damping
parameter I' in Eq. (27) is 400 au for all the cases. The ECD spec-
trum in Eq. (27) has been computed with a post-processing tool
implemented in WaveT, using the TDSE dynamics as input.

NP has a radius of 2.5 nm; 2704 tesserae have been used to dis-
cretize the NP surface. In our computed spectra, n and / components
of Eq. (27) coincide.

IV. RESULTS AND DISCUSSION

In the present work, we have studied plasmonic effects of the
NP on the ECD spectra of MOX and PID at various distances and
pulse polarizations through the time-dependent multiscale method
reported in Sec. I1. The shortest distance selected for our simulations
is 1 nm because we want to simulate a purely plasmon-driven phys-
ical effect by excluding any interaction of chemical type. Distances
of 1 nm could be experimentally prepared by using, e.g., a molecular
spacer.

We have rationalized the MOX and PID responses in terms of
coupling between plasmon and molecular excitations, electric selec-
tion of excited states during the dynamics, interplay between electric
and magnetic dipole moments, coupling with the pulse polarization,
and the role of the induced field. Of course, all these ingredients are
closely connected to each other; our theory and simulations have
allowed us to dissect the role of each of them and, therefore, it
represents an original approach to chiral plasmonics.

Since our methodology is not able, by construction, to deter-
mine plasmon peaks in the CD spectrum, our attention is exclusively
focused on the possible enhancement of molecular peaks. In order

FIG. 2. Pulse polarization directions used in this work. MOX: “Parallel” is along the carbon—carbon bond; “perpendicular” is orthogonal to it. PID: “parallel” is parallel to the
carbon chain; “perpendicular” is perpendicular to it. In both cases, “parallel” and “perpendicular” refer to the relative orientation with respect to the NP surface. Carbon atoms
labeled as 1 and 2 define the two reference atoms, whose middle point is used for defining the distance with respect to the NP (see text). Components of the pulse polarization
unit vector are: MOX “parallel” (—0.918, 0.092, —0.386); MOX “perpendicular” (0.100, 0.995, 0.000); PID “parallel” (—0.979, —0.183, —0.094); PID “perpendicular” (—0.146,

0.930, —-0.289).
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to verify the reliability of the approach, we have selected two chiral
molecules with different electronic and optical properties: MOX and
PID (Fig. 1). In this context, we define the enhancement (quench-
ing) at a given energy in the spectrum corresponding to an ECD
peak when the ratio between the ECD signal with and without the
NP is larger (smaller) than 1. For both molecules, the distance
between the NP and the molecule is defined as the distance between
the NP surface and the middle point of the vector connecting the
reference carbon atoms (labeled 1 and 2), as shown in Fig. 2. We
consider the pulse polarization to be tangential to the NP sur-
face when it is parallel to the vector connecting these two atoms
(labeled “Parallel”), while it is perpendicular to the NP surface when
orthogonal to this vector (labeled “Perpendicular”).

First, we have studied the NP effect on the ground state
of MOX and PID before irradiating the system. The variation
AE of the ground-state energy (formally a free-energy, but for metal
nanoparticle polarization the entropic contribution is negligible) as a
function of the NP distance is reported in Fig. 1 of the supplementary
material. AE is defined as the difference between the ground-state
energy of the bare molecule (Vac) and the ground-state energy of
the molecule in the presence of the NP,

AE = Eoe° — EXE. (28)

AE accounts for both electronic and nuclear contributions to the
electrostatic term in the ground-state energy. At 3 and 5 nm, the
effect of the presence of the NP on the stabilization of the GS energy
is minimal, while at 1 nm for both MOX and PID, a stabilization by
50 mKcal/mol is observed.

In Fig. 2 of the supplementary material, the differential pro-
jected density of states APDOS(t = 0, ¢)” for the ground state of PID
at 1 nm from the NP surface, i.e., at time ¢ = 0, is reported

APDOS(t = 0,¢) = PDOS™ (£ = 0,¢) - PDOS (¢ = 0,¢).  (29)

The APDOS(t = 0,¢) describes how the population of the molecu-
lar orbitals in the electronic ground state varies when the molecule
interacts with the NP. In the PID case, HOMO-1 is largely depopu-
lated in favor of LUMO and LUMO+1 at 1 nm, as shown in Fig. 2
of the supplementary material. This effect is completely negligible
when PID is between 3 and 5 nm from the NP surface.

We then moved to rationalize the changes in the ECD spectrum
due to the presence of the NP by looking first at the linear absorption
spectra of the NP, MOX, and PID, reported in Fig. 3. Absorption
spectra of MOX and PID have been computed by directly Fourier
transforming the time-dependent induced electric dipole with no
damping factor. The NP spectrum [panel (a) of Fig. 3] is computed
as the imaginary part of the polarizability.®® The plasmonic peak is
clearly evident at around 2.5 eV. Using the same frequency scale,
absorption spectra of bare MOX [panel (b) of Fig. 3] and bare PID
[panel (c) of Fig. 3] for the two pulse polarization directions are also
reported.

Excitation energies of MOX and PID after equilibration with
the NP (see Sec. 1I) are not strongly modified with respect to the
bare-molecule values, as seen in Tables 1-4 (MOX) and 9-12 (PID)
of the supplementary material.

Values of Cartesian components of the electric and magnetic
transition dipole moments for isolated MOX and PID and close to
the NP are reported in Tables 1-16 of the supplementary material,
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together with their projection along the parallel and perpendicu-
lar direction (see Fig. 3). For the sake of simplicity, only the first
ten transitions from the ground state are shown, even though sim-
ulations have been carried out including the full transition dipole
matrices.

Electric and magnetic transition dipole moments of MOX
and PID do not vary appreciably from the values of the isolated
molecule when the NP is added at any distance (Tables 1-8 in the
supplementary material). In Figs. 3 and 4 of the supplementary
material, the absorption spectra of MOX and PID are reported in
the presence of the NP. While MOX optical response is unaffected
by the interaction with NP (as suggested by the behavior of the tran-
sition dipole moments in Tables 1-8 of the supplementary material),
PID spectra show some appreciable differences, especially when the
target molecule is placed at 1 nm from the NP. With a parallel pulse
polarization, the very intense peak at 2.9 eV is partially quenched,
while the other peaks do not significantly change with the variation
of the distance. With a perpendicular pulse polarization, instead we
observe an enhancement of the peak at 4.1 eV. These findings are due
to the interaction between PID and NP during the dynamics. The
latter result, indeed, is a peak enhancement of plasmonic nature: the
corresponding transition dipoles alone are not sufficiently large to
explain this intensity, which is instead easily understood if we con-
sider the increase in the population of excited states due to the field
induced by the NP, which adds up positively to the external one.”"”"
Indeed, the time-dependent population |Cp(t)|* of the excited states
(M >0) is in the order of 107® for PID with a parallel pulse at
all distances. For PID with perpendicular polarization at 1 nm, the
population of the first three low-lying excitations is in the order
1071°-107", whereas the values of the populations without NP are
in the range of 107'2-107"%, This result is clear evidence of the plas-
monic effect on the electron dynamics, which in turn affects the PID
optical response. However, plasmonic effects on a linear absorption
spectrum are also not automatically observed in the ECD spectrum
at the same frequencies, since in the latter case the magnetic tran-
sition dipole moment comes into play. The absolute value of the
population depends on the applied pulse intensity.

With these caveats in mind, peak positions in panels (b) and
(c) of Fig. 3 can be used to be compared with the 2.5 eV plasmon.
Considering both parallel and perpendicular pulse polarizations,
MOX excited states are more than 4 eV higher than the plasmon
energy, while the lowest PID excited states are much closer to the
plasmon resonance.

This preliminary analysis of the absorption spectra of
MOX and PID is crucial to understand the ECD spectra collected
here. Indeed, according to the theory reported in Ref. 30, enhance-
ment is only expected when molecule and plasmon are in resonance
or the gap is small enough. Moreover, the coupling between pulse
polarization and molecular excitation and the geometric configu-
ration of the composite system directly affect the intensity of the
optical response of the chiral molecule.

Comparison of ECD spectra of bare MOX is reported in Fig. 4:
spectra obtained with parallel and perpendicular pulse polarizations
show different features, but the intensity of peaks is characterized
by the same order of magnitude. The effect of the NP is encoded in
the spectra collected in Fig. 5. The general result is that the enhance-
ment related to the induced field of the plasmonic excitation is not
observed due to the gap between the electronic excitations of MOX
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FIG. 3. (a) Absorption spectrum of the Au spherical NP of a radius of 2.5 nm, (b) absorption spectra of isolated MOX, and (c) PID. MOX and PID spectra are normalized to
unity.
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and the plasmon of the NP, making MOX insensitive to the gold
NP of this size at the selected distances. Indeed, the difference
between the plasmonic peak and the lowest MOX excitation is more
than 4 eV, as already pointed out.

It is worth mentioning that the modulation of the bare-
molecule ECD spectra is due to the combined effect of electric
and magnetic dipole moments: the excited states playing a role are
selected by the electric interaction in Eq. (2), thus affecting the
time-dependent coefficients Ca(t); such coefficients are responsi-
ble for the amplitude of the time-dependent magnetic moments,
together with the magnetic transition dipole moments [see Eq. (26)].
In the presence of the NP, also the (possible) induced field has to be
considered.

Intensity

-100 P B | . | P I .
6 7 8 9 10 11 12

eV

Intensity

In detail, ECD spectra at 1, 3, and 5 nm are practically super-
imposed to the bare-molecule one for the parallel polarization, while
tiny differences are found only at 1 nm for the perpendicular polar-
ization, consistent with the change of the magnetic transition dipole
moments. The spectra of the isolated molecule calculated compare
pretty well with the reference ones in the literature, as it was also
reported in Ref. 67.

In conclusion, no plasmonic enhancement is observed in the
ECD spectra of MOX when distances of 1, 3, and 5 nm from the
NP surface are considered.

The same computational protocol has been applied to PID.
Parallel and perpendicular ECD spectra of the bare molecule of
Fig. 6 are clearly distinguishable, but with different intensities. The

200 , , : : ——
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150

100

50

-50

-100

FIG. 5. ECD spectra of MOX at a distance d of 1, 3, and 5 nm from the NP surface for both pulse polarization directions, parallel (left panel) and perpendicular (right panel).

Bare-molecule spectra are also reported for comparison.
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FIG. 6. ECD spectra of the bare PID with
parallel and perpendicular pulse polar-
ization with respect to the NP surface.

(e

parallel spectrum shows an intense positive peak at around 2.9 eV
and two other positive peaks centered at 4.2 and 5.4 eV. The perpen-
dicular spectrum is much less intense, and it is mainly characterized
by a positive peak at around 2.9 eV and a negative peak at 4.2 eV,
whereas two other small and positive peaks appear at 4.6 and 5.4 eV.

Parallel and perpendicular ECD responses of PID behave in a
totally different way when the gold NP is added, as shown in Fig. 7.
In the parallel polarization spectra, shown in the left panel of Fig. 7,
we observe at 1 nm a contained enhancement of the peak at 2.9 eV,
whereas the other two peaks are unaffected. An analysis of the pop-
ulation of the excited states shows that the population of the first
excited state (whose excitation is centered at 2.9 eV) at 1 nm is
comparable to the ones at 3 and 5 nm and without NP. For this

reason we do not observe important variations in the spectra at any
distance.

ECD spectra calculated with the perpendicular polarization,
reported in the panel of Fig. 7 (right), instead show a general
much more intense response of PID with NP at 1 nm. In detail,
a large enhancement of the structure centered at around 4.2 eV
for the molecule at 1 nm is observed. The factor of this enhance-
ment is around 20, which indicates a significant influence of the
induced field. This interpretation is also supported by the value of
the populations of the low-lying excited states, which are defined as
Py = [Cu(t)’, with Cy (t) given by Eq. (10). For this particular
excitation, the increase in the population p,, is equal to a factor
10° at 1 nm with respect to the bare-molecule population for the
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FIG. 7. ECD spectra of PID at a distance d of 1, 3, and 5 nm from the NP surface for both pulse polarization directions, parallel (left) and perpendicular (right). Bare-molecule

spectra are also reported for comparison.
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same electronic state, which justifies the observed enhancement. The
peak centered at 2.9 eV shows an enhancement of the peak as well,
consequent to an increase of the population at 1 nm of a factor 10°,
but also a sign inversion in the intensity of the peak, which “hides”
the enhancement in absolute value. The trend that brings to the
sign inversion is already present at both 3 and 5 nm, for which one
observes a decrease in the intensity of the peak if compared to the
molecule without NP. Only at 1 nm to we observe a negative peak,
though. A similar trend, characterized by an inversion of sign, can
also be observed for the peak centered at 5.4 eV, although less pro-
nounced. The observed sign flip could be interpreted in terms of a
change of the induced density of the molecules due to the plasmonic
field.

Enhancement observed for PID with perpendicular pulse
polarization is robust against the value of the damping parameter
I'in Eq. (27). Indeed, the enhancement factor of the peak at 4.17 eV
remains unchanged when a value of 200 or 600 a.u. is used, as
reported in Fig. 5 of the supplementary material. Increasing the
T value, e.g., 400 or 600 a.u., reduces the artifact of the smoothing
procedure; for this reason, we are confident that the most accurate
ECD spectra for PID with perpendicular pulse are those reported
in Fig. 7 (I' =400 a.u.) and that in the left panel of Fig. 5 of the
supplementary material (I = 600 a.u.).

By summarizing, the NP effect on PID is much more pro-
nounced because of the smaller gap with the plasmon. However, a
large enhancement of the ECD signal is only found for the perpen-
dicular configuration. To the best of our knowledge, no experimental
work has been dedicated to aligned PID molecules with Au NPs;
therefore, we cannot get a direct comparison with published data.
However, a large but not giant enhancement, as that found for PID,
is in line with a pure electric dipole-driven mechanism.*’

V. CONCLUSIONS

In this work, we have extended the TD-PCM-NP multiscale
approach to the calculation of ECD spectra of chiral molecules close
to a metal NP. We have studied the ECD response of MOX and
PID in the presence of a spherical gold NP at various configurations.
MOX and PID are described at the quantum level of theory, while
the NP is a classically described continuous medium, whose polar-
ization is simulated via the time evolution of BEM apparent surface
charges. ECD spectra have been computed by Fourier transform-
ing the molecular time-dependent magnetic dipole moment using
TDSE based on B3LYP/TZP and CAM-B3LYP/TZP TDDFT calcu-
lations. This approach goes beyond a dipole-like representation of
the chiral target, providing a realistic description of the electronic
structure and dynamics of the molecule under the influence of an
external pulse and of the coupled NP polarization.

We observe a large plasmonic-induced enhancement of the
ECD signal for PID with the NP at 1 nm when the pulse is polar-
ized perpendicularly to the molecular axis. In particular, the signal at
around 4.2 eV is strongly affected by plasmonic effects; the enhance-
ment factor is 20 at 1 nm. The peak at 2.9 eV is characterized by a
change of sign and by an enhancement in absolute value.

Instead, no appreciable enhancement is observed when the
pulse polarization is parallel to the axis at any of the considered dis-
tances. PID can therefore be defined as a plasmon sensitive molecule
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when the plasmon peak is located at 2.5 eV and the system configu-
ration results in a positive contribution of the induced field, as in the
perpendicular case.

Moreover, MOX shows no appreciable enhancement when the
NP is close to it, up to the shortest distance investigated, i.e., 1 nm.

These results are easily rationalized in terms of the gap between
plasmonic and molecular excitation and of the coupling of the pulse
with the electric and magnetic dipoles of the molecule. If the gap
is too large, plasmon effects are negligible, as in the case of MOX;
instead, since the PID lowest excitations are close to the NP plasmon,
the effect of the induced plasmon field is remarkable and determines
an enhancement approximately of a factor 20 with a pulse polariza-
tion perpendicular to the NP surface. This effect decreases with the
distance between NP and PID, as the amplitude of the induced field
decreases.

This method paves the way to a quantum-chemistry
systematic investigation of plasmon-assisted ECD molecular
spectra, also of biological relevance, and to propose novel routes for
experiments.

SUPPLEMENTARY MATERIAL

See the supplementary material for ground-state energy varia-
tion of MOX and PID in the presence of the NP. Differential PDOS
for the ground state of MOX and PID, with and without NP. Elec-
tric and magnetic transition dipole moments for MOX and PID.
Absorption spectra of MOX and PID as a function of the distance
with the NP surface. ECD spectra for PID with I' = 200 and 600 a.u.
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4.2 Additional Publications

4.2.2 How Adsorption Geometry Dictates Chiroptical Properties: A
Computational Study of L-Cysteine on Au(111) Cluster Models

In this study, polarizable time-dependent density functional theory (polTDDFT) combined
with an efficient Hybrid Diagonal Approximation implemented via Resolution of Identity (RI-
HDA) is employed to investigate the electronic circular dichroism of L-cysteine-functionalized
gold cluster models. The work serves as an application of recently developed hybrid TDDFT
methodologies to metal-ligand systems of realistic size, enabling the exploration of chirality
transfer mechanisms beyond purely molecular models.

By systematically varying ligand adsorption sites, molecular orientations, and intermolecu-
lar interactions, the study assesses how local structural arrangements modulate the induced
chiroptical response of the metal cluster. A fragment projection analysis is used to disentan-
gle metal-centered, ligand-centered, and charge-transfer contributions to the ECD spectra,
providing a detailed interpretation of the electronic origin of the observed signals.

While the systems investigated are not plasmonic in nature, the results highlight the role of
metal-ligand coupling in shaping chiroptical properties and demonstrate the robustness and
flexibility of the polTDDFT/RI-HDA framework for analyzing complex hybrid nanostructures.

My contribution to this work was primarily methodological and technical. In particular,
I provided support for the use of the polTDDFT framework within the AMS/ADF suite,
including guidance on the setup and interpretation of the calculations employing the RI-HDA
approximation and on the post-processing tools used for fragment-based analysis of the ECD
spectra.

The pubblication has been recently accepted to be published on The Journal of Physical
Chemistry C
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ABSTRACT: Understanding chirality transfer in metal nanoclusters is crucial for developing advanced materials with tailored
optical properties. This study investigates the chiroptical properties of gold clusters functionalized with L-cysteine using time-
dependent density functional theory. By exploring different ligand adsorption configurations, molecular orientations, and
intermolecular interactions, we systematically analyze their influence on electronic circular dichroism (ECD) spectra. The results
reveal that ligand-induced chirality transfer dominates the ECD response, with hydrogen bonding and molecular orientation playing
a significant role in modulating the optical activity. In addition, fragment analysis confirms that metal—ligand interactions strongly
contribute to the observed chiroptical effects, demonstrating that controlling ligand arrangement on the gold cluster surface is

essential for tuning induced circular dichroism.

B INTRODUCTION

Chirality plays a fundamental role in numerous chemical and
biological processes, and its manifestation in nanoscale materials
has accumulated significant attention in recent years. In
particular, chirality transfer mechanisms in plasmonic and
nanostructured systems have been extensively studied due to
their implications in asymmetric catalysis, enantioselective
sensing, and optoelectronic applications.' ™ Among these
materials, gold nanoclusters (AuNCs) have emerged as
particularly promising candidates for exploring chiroptical
effects, as they exhibit size-dependent electronic transitions
and strong ligand interactions that can be tuned for specific
applications.*™°

Thiolate-protected gold nanoclusters (RS-AuNCs) are of
particular interest for their unique chiroptical properties, which
arise from their distinct structural configurations and ligand
arrangements. A well-known example is the Auyg(SR),, cluster,
which features a bi-icosahedral core surrounded by a chiral
ligand shell.”™"" Despite the achirality of the metal core and
ligands, this structure induces significant circular dichroism
(CD) signals, a phenomenon known as induced chirality. This

© XXXX American Chemical Society

\ 4 ACS Publications

work demonstrates how the chiral information from the ligand
shell can influence the electronic structure of the entire
nanocluster. The relationship between ligand chirality and the
electronic transitions of the gold core is further explored through
electronic circular dichroism (ECD) spectroscopy.'” Research
has shown that the adsorption of chiral thiolates onto gold
clusters leads to notable ECD signals, indicating a strong
coupling between the ligand’s chirality and the cluster’s
electronic transitions.

In this study, we investigate the chiroptical properties of L-
cysteine-functionalized gold (111) cluster models, Aug,(Cys),.
L-cysteine, a naturally occurring chiral amino acid, is an ideal
model ligand due to its well-defined stereochemistry and strong
affinity for metal surfaces. While numerous studies have
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explored cysteine derivatives for nanoparticle functionalization,
the specific effects of pH and molecular form on optical activity
remain less understood. In our work, we focus on the specific
acidic form of L-cysteine [NH;CH(CH,SH)COOH]. However,
we adapted our model to represent the chemisorbed state of
cysteine on the Au(111) surface, where adsorption typically
leads to S—H bond cleavage and formation of a thiolate (Au—S)
species. For this reason, the [NH;CH(CH,S™) COOH] form of
the molecule was chosen as the relevant adsorbed species under
acidic conditions. Importantly, this form of the molecule not
only allows potential intermolecular interactions between the
amino and carboxylic groups of two neighboring molecules but
also plays an important role in the way the molecules interact
with the gold surface. These effects have been extensively
studied in our previous work using periodic surfaces at the
density functional theory (DFT) level of theory."”

Building on this, we move from periodic models to finite
clusters to study the chiroptical response of these systems. Au-
thiolate clusters have been extensively studied both exper-
imentally”'* and theoretically, from small to larger cluster
sizes,ls_ focusing on various ligand effects and structural
influences on the chiroptical properties. They have provided
valuable insights into chirality transfer mechanisms and the
enhancement of optical activity in gold nanoclusters. Notably,
Monti et al. demonstrated that solvent interactions, including
hydrogen bonding, significantly inﬂuence the ECD response of
glutathione-protected [Au,s(GSH) 5] ™" nanoclusters, hlghhght-
ing the active role of the solvent in modulating optical activity.'

However, a comprehensive analysis of chirality transfer
mechanisms and ECD behavior, particularly in relation to
molecular orientation, adsorption sites, and intermolecular
interactions, is still lacking. To fill these gaps, we employ state
of the art time-dependent density functional theory (TD-DFT)
to systematically investigate the ECD spectra of L-cysteine-
functionalized gold clusters. Our simulations take into account
variations in ligand adsorption, molecular orientation, and
hydrogen bonding, providing detailed insights into how these
factors influence the electronic and optical properties of the
clusters across the near UV (250 nm) to near-infrared (800 nm)
wavelength range.

The calculated ECD spectra are further analyzed using a
fragment projection method, which helps determining the
contributions of specific molecular orbitals to the observed
transitions. Our findings demonstrate a strong chirality transfer
from the L-cysteine ligands to the metal cluster, and emphasize
the importance of controlling the surface arrangement of chiral
molecules in tuning induced circular dichroism.

B COMPUTATIONAL METHODS AND CLUSTER
MODEL

All cluster geometries presented in this paper were designed
based on the corresponding optimized periodic systems
extracted from ref 13. The optimized geometries of the periodic
systems were obtained from Density functional theory (DFT)
calculations performed using the Vienna Ab initio Simulation
Package (VASP), version 6.4.0."®'” The Perdew—Burke—
Ernzerhof (PBE) generalized gradient apprommatlon (GGA)
was employed as the exchange-correlation functional,” with van
der Waals interactions incorporated via the Grimme-D3
method.”"”*” The periodic systems were constructed for the
Au(111) surface, where a slab model of four atomic layers thick
was used, from which the bottom two layers were fixed to
simulate bulk properties, and the top two layers were fully

relaxed during optimization process. A plane-wave basis set with
an energy cutoff of 450 eV was applied,19 and core electrons
were treated using projector-augmented wave (PAW) pseudo-
potentials.”> The valence electrons considered in the calcu-
lations correspond to 11 for Au, 6 for S, 1 for H, 4 for C, 6 for O,
and 5 for N atoms. Periodic boundary conditions were enforced,
with a 1S A vacuum region along the z-axis to prevent
interactions between periodic images. The Au(111) facet was
modeled using a p(4 X 4) supercell, and the Brillouin zone was
sampled with a 3 X 3 X 1 k-point mesh generated by the
Monkhorst—Pack scheme.”* Self-consistent field calculations
were converged with a threshold of 1076 eV.

The cluster model used for this study is presented in Figure 1.
All clusters were cut out from their corresponding optimized
slabs using the VESTA program, version 3.9.0,” see below.

Original optimised slab system Functionalized Gold cluster model
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Figure 1. Computational model of the functionalized gold cluster:
(Left) Top and side views of the optimized slab model used as the
foundation for designing the clusters shape. (Right) Top and side views
of the L-cysteine-functionalized gold cluster.

This approach ensures a well-defined local environment
consistent with surface adsorption and allows the focus on the
molecular surface arrangements rather than in the gold substrate
itself. Our study focuses on the investigation of various factors
that can affect the chirality transfer mechanism. Therefore, in
designing these systems, particular attention was given to the
shape of the gold cluster to ensure that it did not introduce any
artifacts or undesired chiral influences on the calculated ECD
spectra. The gold cluster is composed of the first three layers of
the Au(111) surface (for a total of 64 gold atoms), and 2
molecules of L-cysteine adsorbed to the surface, comprising a
total of 92 atoms. From the top view of the slab (Figure 1
(Left)), we can see that a particular attention was paid to place
the adsorbed molecules as close to the center as possible to avoid
side effects that could alter the ECD response.

The optical response of the finite systems was calculated at the
polarizable TDDFT (polTDDFT) level of theory.”**” For all
systems investigated, no further geometry optimization was
performed.

The Hybrid Diagonal Approximation (HDA)*® was em-
ployed to facilitate the TDDFT calculations using the B3LYP
hybrid functional.*”*° This functional was selected based on a
systematic comparison against various GGA and hybrid
functionals, which identified B3LYP as the most suitable
compromise for simultaneously describing the electronic
response of both the gold clusters and the organic ligands (see
Figure S3 for details). In the present work we employed a much
more efficient implementation of the HDA (fitted HDA) which

https://doi.org/10.1021/acs.jpcc.5c07107
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Figure 2. Calculated ECD spectra of the bare gold cluster (left) and the gas cysteine molecule (right).
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Figure 3. Top views of all clusters investigated in this study. Only the first layer of the gold atoms is represented for clarity. Au atoms are depicted as
dark yellow spheres, while S, C, N, O, and H atoms of the cysteine ligands are represented in yellow, brown, blue, red, and white, respectively.

allows the treatment of large systems at a reasonable
computational cost.”’ For organic molecules and gold atoms
near cysteine molecules, a Slater Type Orbitals (STO) Triple
Zeta plus Polarization (TZP) basis set was used with fitting
functions optimized for polTDDFT.*” The remaining gold
atoms in the clusters were described using a Double Zeta plus
Polarization (DZP) basis set. The simulated ECD spectra were
calculated using the Amsterdam Density Functional (ADF)
engine within the AMS code. All calculations were carried out at
the scalar relativistic level within the Zero-Order Regular
Approximation (ZORA) to incorporate relativistic effects, which
are crucial for heavy elements such as gold. The ECD spectra
were obtained from the imaginary part of the optical rotation
tensor, following the formalism detailed in refs 26,27. The
photon energies were computed with an imaginary part of w; =
0.060 eV, resulting in Lorentzian broadening of the profiles with
the same half-width at half-maximum (HWHM).

To bring insight into the nature of the interactions, a fragment
analysis of the spectra was investigated. Using this methodology
we were able to separate the contributions from metallic atoms
and organic molecules on the optical response, enabling a
fragment projection analysis as described in refs 33,34.

B RESULTS AND DISCUSSION

To ensure the accuracy of the model, in Figure 2, we present an
example of the calculated ECD spectrum for the bare gold
cluster. The spectrum shows a rather weak signal in the near
UV/visible region of interest (250 to 800 nm), with a maximum
intensity of 40 M™"-cm™" in absolute value, showing that the
cluster itself does not contribute significantly to any chiral
optical activity within this range of energy. This is a critical
observation, as it establishes a baseline that confirms that any
significant ECD activity in the functionalized systems cannot
exist without the transfer of chirality from the ligands to the
metallic cluster.

In addition, the ECD spectrum calculated for L-cysteine in the
gas phase displays a similar chiral response (Figure 2), but only
in the UV region around 200 nm, which aligns well with
experimental data.”> Notably, there is no significant ECD
activity in the rest of the spectral range explored in this study,
further emphasizing the need for a physicochemical interaction
between the gold cluster and the organic ligand to observe a
chiral response for such systems.

In Figure 3, we illustrate the eight configurations selected for
this study, labeled HC1 to HC8. These systems were selected to

https://doi.org/10.1021/acs.jpcc.5c07107
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cover a range of factors that influence their chiroptical
properties, including molecular orientation, adsorption site
and the presence of intermolecular interactions between the
NHj3 and COO™ groups.

As previously stated, the configurations were carefully
selected from a previous study,'” which focused on the stability
of self-assembled monolayers of the acidic form of L-cysteine on
the gold (111) surface. In that work, we investigated how
variations in surface arrangement affect the structural stability of
the system. In contrast, the present study shifts the focus toward
understanding how these same properties influence the optical
activity, with particular emphasis on chiroptical responses. Table
1 summarizes the differences in structural properties for all

Table 1. Summary of Structural Properties for the Aug,(cys),
Conformations”

adsorption S--H

H bond site bond
system (A) (84/S,) (81/S,) molecular orientation

HCI  yes (1.619) top/top yes/yes  clockwise/clockwise

HC2  yes (1.779)  top/top no/no  clockwise/
counterclockwise

HC3 no top/top no/no clockwise/
counterclockwise

HC4 yes (1.691) bridge/top  no/no  clockwise/clockwise

HCS  yes (1.752)  bridge/top no/no counterclockwise/
clockwise

HC6  yes (1.542) bridge/top  no/yes  clockwise/clockwise

HC7 no bridge/top no/no clockwise/
counterclockwise

HC8 yes (1.766) bridge/top  no/mno  clockwise/
counterclockwise

“The table reports hydrogen bond presence (and length), adsorption
site, presence of SH bonds, and molecular orientation for all cluster.

Aug,(cys), conformations, while the selected electronic features,
such as total dipole moment and charge transfer are detailed in
Table 1 of Supporting Information.

Photoabsorption Spectra. The calculated UV photo-
absorption spectra for the eight gold cluster—ligand complexes
are shown in Figure 4. Each spectrum features a prominent
absorption band in the UV range (200—400 nm), followed by a
gradual decrease in oscillator strength toward the visible and
near-infrared region (400—800 nm). Such behavior is character-
istic of small gold nanoclusters, where localized surface plasmon
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Figure 4. Photoabsorption spectra of all protected gold clusters
investigated (HC1 to HC8). Inserts show a zoom between 250 and 500
nm.

resonances are generally weak and the absorption is dominated
by ligand-to-metal charge transfer and metal-centered tran-
sitions. The rapid drop in intensity beyond 500 nm further
supports the notion that purely plasmonic effects do not play a
major role in these systems. This finding aligns with expect-
ations, as the ECD technique is highly sensitive to model size,
and the dimensions of our clusters are too small to support
plasmonic behavior. The fact that the functionalized gold
clusters investigated in this study do not show plasmonic
resonance behavior permits us to assess other ways of tuning the
chiroptical properties of hybrid systems defined by a chiral
molecule at the surface of an achiral nanoparticle, or in this
study, small metallic clusters.

Among the complexes, HCS (red curve) shows the strongest
absorption at shorter wavelengths (~200—350 nm), suggesting
a particularly strong charge-transfer interaction between the
ligand and the cluster core. HC1 (light blue curve) also show
distinct behavior with a stronger absorption at 425 nm. By
contrast, the rest of the set of complexes appears more uniform,
indicating fewer structural or electronic differences. Subtler
variations in peak positions and intensities across the other
complexes likely arise from differences in binding mode, or local
geometry at the cluster surface.

Effect of Molecular Orientation. In the present study, we
begin by analyzing the influence of the molecular orientation of
the ligands. This is examined by comparing the orientation of the
ligands onto the surface, which can be defined either in a
“clockwise” or “counterclockwise” orientation. The terms
“clockwise” and “counterclockwise” refer to the carbon skeleton
arrangement of the cysteine molecules relative to their
adsorption on the gold surface, where the backbone path is
defined from the SH group to the COOH group from a top view:
in the “clockwise” orientation, the cysteine backbone follows a
right-handed turn, while in the “counterclockwise” orientation,
it follows a left-handed turn.

We first compare systems HCS and HC8, which both feature
one cysteine in a clockwise orientation and the other in a
counterclockwise orientation (see Table 1). However, the
specific cysteine molecules adopting these orientations differ
between the two systems. In HCS, the cysteine molecule
adsorbed on the bridge site adopts a “counterclockwise”
orientation, while the cysteine molecule adsorbed on the top
site adopts a clockwise orientation. In contrast, in HCS8, the
molecular orientations are reversed: the cysteine on the bridge
site adopts a clockwise orientation, and the cysteine on the top
site adopts an counterclockwise orientation. This results in a
complete inversion of the global molecular orientation between
HCS and HCS, creating an enantiomeric molecular arrange-
ment. To further investigate the impact of changes in molecular
orientation, we then examine systems HC4 and HCS. These
systems differ more subtly: in HC4, one cysteine adopts a
clockwise orientation and the other a counterclockwise
orientation, while in HCS, both cysteine molecules are oriented
in the clockwise direction (see Figure S1).

The calculated spectra of HCS and HC8 shown in Figure §
reveal several distinct spectral features across all the energy range
explored (from 250 to 800 nm). At first glance we see a complete
mirror image spectra when comparing these two systems. In the
higher-energy region (250—400 nm), both spectra display
alternating positive and negative peaks with comparable
intensities, but opposite signs. In the intermediate region
(400—600 nm), a dominant feature appears near SO0 nm in both
systems; once again, its sign is inverted. Finally, in the lower-

https://doi.org/10.1021/acs.jpcc.5c07107
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HC1 and HC6, respectively, highlighting the influence of molecular adsorption (top or bridge) on the observed ECD signals.

energy range (600—800 nm), the signals are less pronounced,
yet still exhibit opposite polarity of the bands. Such sign
inversions are closely tied to the molecular arrangement of the
cysteine ligands on the gold cluster. Although HCS and HC8
share similar hydrogen-bonding distances (1.75 A in HCS vs
1.77 A in HC8), and comparable charge transfer from the
ligands to the gold surface (HCS5:0.614 lel; HC8:0.605 lel), their
global ligand orientations differ, creating an enantiomeric

molecular arrangement that can be observed by the opposite
direction of their permanent dipole moment vectors (see Table
S1 available in the Supporting Information).

It

is important to note that the permanent dipole moment

itself does not directly dictate chiroptical properties; rather, the
relevant factors are the electric and magnetic transition dipole
moments associated with electronic excitations. However, the
permanent dipole moment can serve as an indicator of the global

https://doi.org/10.1021/acs.jpcc.5c07107
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Figure 7. Calculated ECD spectra of gold clusters HC2 (black) and HC3 (red). (a, b) Illustrate the structural configurations of the cysteine ligands in
HC2 and HC3, respectively, highlighting the influence of hydrogen bonding on the observed ECD signals.

molecular geometry. If changes in orientation lead to a drastic
chiral inversion—i.e., producing an enantiomeric configura-
tion—then the ECD signals become inverted accordingly. This
phenomenon has been widely discussed in studies on plasmonic
and molecular chirality, where even subtle geometric rearrange-
ments can induce significant shifts or sign inversions in ECD
spectra. In the present systems, the orientation of cysteine
ligands fully changes the chiral environment to the point of
inverting the entire ECD spectra.

A similar observation arises when comparing HC4 and HCS
(Figure S1). In that case, the top-position ligand remains the
same, but the bridge-position ligand is inverted and reoriented
into a “clockwise” orientation in HC4. Interestingly, in that case,
the overall dipole moment does not invert; yet, certain regions of
the ECD spectrum (particularly around 400—500 nm) exhibit
nearly perfect sign inversion, underscoring how specific
transitions can be highly sensitive to local structural changes.
Outside this spectral region, the sign does not invert entirely,
indicating that only certain electronic states, and their associated
transition moments, are significantly perturbed.

Effect of Adsorption Site. Next, we investigate the effect of
the adsorption site by comparing systems HC1 and HC6. These
two configurations feature different adsorption sites (top/top vs
top/bridge) but exhibit similar types of interactions between the
cysteine molecules, including the formation of an SH bond and
intermolecular interactions between the COO~ and NHj
groups. Additionally, both systems present the same molecular
orientation. The specific adsorption site of the ligands on a
metallic surface also modulates local electronic environments,
affecting the electric and magnetic transition dipole moments in
subtle yet impactful ways. The corresponding ECD spectra of
systems HC1 and HC6 is shown in Figure 6.

In HC1, both cysteine ligands occupy top (T) adsorption sites
on the gold cluster (TT), maintaining an intermolecular
hydrogen bond of 1.62 A. In contrast, HC6 places one cysteine
in a top site and the other in a bridge site (TB), shortening the
hydrogen bond distance to 1.54 A. This change in adsorption

site disrupts the more symmetrical arrangement found in HC1
and modifies the local electronic environment around each
ligand.

A comparison of the ECD spectra (Figure 6) shows that both
systems feature multiple peaks in the energetic region of interest,
but their intensities and signs differ in several key areas. More
pronounced differences appear between 350 and 600 nm, where
a clear sign inversion occurs but is shifted: HC1 shows a strong
positive band around 420 nm, while HC6 displays a prominent
negative feature near 460 nm. This shift in both wavelength and
sign suggests that moving one ligand from a top to a bridge site
alters the orientation and energies of the electronic transitions,
likely by changing the ligand—metal bonding network and
redistributing frontier molecular orbitals. In the 500—600 nm
region, a clear sign inversion is observed, but with differences in
intensities, with the ECD signal arising from system HC6 being
twice as intense as for system HCI.

Beyond 600 nm, the rotational strengths gradually decrease,
but still showcase shifted sign inversion. Overall, transitioning
from a TT (HC1) to a TB (HC6) configuration breaks the
higher symmetry present in HCI, thereby reshaping the
chiroptical response. Notably, the intense peaks near 420 nm
in HC1 and 460 nm in HC6 not only highlight this sensitivity
but also differ markedly in magnitude, with the 460 nm peak in
HC6 reaching nearly twice the intensity of the 420 nm peak
(approximately 250 versus 150 in absolute values). The sign
inversion observed between 500 and 600 nm also comes with a
significant difference in intensity, with system HC6 showing
twice the intensity of HC1. This difference in intensities is likely
correlated to the electronic density being more spread out when
the ligand is adsorbed into a bridge position rather than a top
one.

Effect of Intramolecular Interactions. And finally, we
explore the role of intermolecular interactions, specifically
hydrogen bonding, on the chiroptical properties by analyzing
systems HC2 and HC3 (also HC7 and HCS, see Figure S2).
These systems are designed to probe how the presence and
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strength of hydrogen bonds between the cysteine molecules

influence the chiroptical response.

Both HC2 and HC3 systems exhibit similar dipole moment

vectors and total energies. However, they differ in the nature of
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the intermolecular interactions between the ligands. Specifically,
HC2 displays a hydrogen bond of 1.78 A, while HC3 shows no
direct interaction between the two ligands, with the minimum
distance between them exceeding 3 A. Both systems exhibit
similar absorption profiles, indicating that their electronic
transitions involving the metallic core remain largely unchanged;
however, their ECD spectra reveals differences, particularly in
the wavelength regions between 350 and 500 nm, where HC2
shows distinct sign inversions with similar intensities in the
rotational strength compared to HC3, as shown in Figure 7.

This inversion suggests that even subtle intermolecular
interactions, such as a simple hydrogen bond, can significantly
influence the chiroptical response. It is known that hydrogen
bonds can highly influence the relative stability of adsorbed
layers, in this study we also show that H-bonds can also
modulate the electronic structure, thereby shaping the optical
response of protected gold clusters.

Systems HC7 and HC8 have also been compared and the
corresponding spectra can be found in Figure S2. These 2
systems showcase the same adsorption sites (top-bridge in this
case) but HC7 is oriented such as no intermolecular bond is
observed between the 2 ligands, in contrast with HC8. Their
ECD spectra also present sign inversions between 350 and 600
nm but with significant differences in intensities, with HC8
having a much more intense ECD response than HC7.

Fragment Analysis. Overall, in all cases, the most relevant
spectral region lies below 600 nm, where the most intense peaks
and the clearest sign inversions occur. Notably, this behavior can
be directly linked to the photoabsorption spectra in Figure 4,
where the first absorption signal gradually emerges after around
600 nm. Since an ECD signal is still present beyond this
threshold, it is interesting to determine its origin. Therefore, to
further evaluate the mechanism of chirality transfer from the
organic molecule to the gold cluster, we analyzed the
contributions of gold (fragment 1) and cysteine (fragment 2)
molecular orbitals to the spectral features. Using the fragment
analysis tool in AMS, we identified which molecular orbitals
participate in the transitions observed in the overall ECD
spectrum. The fragment analysis spectra for all systems are
presented in Figure 8.

Across all eight conformations (HC1—HCS8), the fragment
analysis of the calculated ECD spectra reveals that the dominant
contributions generally arise from metal-metal (Au — Au)
transitions (yellow lines). By contrast, transitions involving only
the cysteine orbitals (Cys — Cys) (green lines) are negligible,
which aligns well with the fact that organic molecules typically
absorb at higher energies (below 200 nm) and their occupied
molecular orbitals lie significantly lower than those of gold.
Nevertheless, there is clear evidence of chirality transfer between
the organic ligands and the metal cluster in every system, as
indicated by the Au — Cys (blue lines) and Cys — Au (red
lines) components. These transitions correspond to ligand-to-
metal charge transfer (LMCT) contributions, in which electron
density is transferred from the ligand orbitals to the gold cluster.
Conversely, transitions where the electron density remains
primarily on the metal atoms are considered metal-centered
excitations. Interestingly, these transitions involving both gold
and cysteine no longer contribute to the overall ECD spectra
after 600 nm, leaving only the gold MOs to be at the origin of the
optical activity. It is important to keep in mind that while the
Au—Au contributions appear dominant in this spectral region,
the bare gold cluster itself is intrinsically achiral. Their chiral
response arises entirely from the perturbation induced by the

attached chiral ligands, representing the effect of chirality
transfer from the ligand to the cluster.

In HC3, HC6 and HCS8, 3 systems that do not present
significant resemblance, the ECD signal is dominated by strong
Au — Au transitions, whereas in other systems, the metal—
ligand coupling plays a more substantial role. Notably, HC1
exhibits a pronounced ligand-to-metal contribution, particularly
around 370 nm, where Cys — Au transitions drive an intense
positive band. At lower energies, the interplay of Au — Au, Au
— Cys, and Cys — Au components can either dampen or
enhance the net rotational strength; for instance, at 450 nm,
these contributions nearly cancel each other out, yielding a near-
zero signal. By contrast, HCS and HCS8, which feature a
complete inversion of the ECD response compared to other
systems, show that this reversal is predominantly due to metal-
centered (Au — Au) transitions. The Au — Cys and Cys — Au
terms largely cancel one another over most of the spectral range,
resulting in negligible ligand—metal influence beyond 500 nm.
Finally, comparing HC2 (with a strong hydrogen bond) and
HC3 (no H-bond) demonstrates that intermolecular inter-
actions can intensify chirality transfer; in HC2, the ligand
orbitals contribute more significantly to the overall ECD than in
HC3, highlighting how hydrogen bonding can amplify metal—
ligand coupling and thus modulate the chiroptical properties.
This is however contrasted by comparing HC7 and HC8 were
the H bond seems to have no direct effect on the shape nor
intensity of the Au — Cys and Cys — Au contributions.

Bl CONCLUSIONS

In summary, this study provides a comprehensive computational
exploration of the chiroptical properties of L-cysteine-function-
alized gold(111) cluster models using time-dependent density
functional theory (TD-DFT). Our findings highlight the critical
role of ligand orientation, adsorption site, and intermolecular
interactions in modulating the electronic circular dichroism
response. The analysis of molecular configurations confirms that
ligand-induced chirality transfer is the primary mechanism
governing chiroptical behavior, with structural and electronic
factors playing a significant role. Furthermore, fragment
projection analysis emphasizes the contributions of ligand-to-
metal charge transfer and metal-centered transitions in shaping
the overall optical activity.
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5 Conclusions

The research activity presented in this PhD thesis has been primarily devoted to the devel-
opment, implementation, and application of advanced computational approaches for the
simulation of optical and chiroptical properties of complex systems of large size. Rather than
focusing on a specific class of materials or on a single spectroscopic observable, this work has
been driven by a broader objective: extending the practical reach of time-dependent density
functional theory (TDDFT) to regimes where both physical reliability and computational
efficiency are essential.

Within this perspective, the core contribution of this thesis lies in the development and
optimization of the RI-HDA framework within the polarization-based TDDFT (polTDDFT)
formalism. Building upon established theoretical foundations, this work has addressed one
of the main bottlenecks limiting the use of hybrid TDDFT methods for extended molecular
and nanoscale systems, namely the computational cost associated with the calculation of
exact exchange within the Hybrid Diagonal Approximation. By introducing a resolution-
of-identity strategy for the evaluation of the HDA correction, a substantial reduction in
computational effort has been achieved, enabling the treatment of systems that would
otherwise be computationally inaccessible within a hybrid functional framework [177, 178].

Standing on the shoulders of existing theoretical and algorithmic advances, this thesis has
sought not only to improve numerical efficiency, but also to preserve the physical reliability
of the computed spectra. The performance of the fitted RI-HDA approach has been assessed
on representative systems of increasing size and complexity, showing that the essential
spectral features obtained from full hybrid TDDFT calculations are retained while achieving a
significant gain in computational efficiency. In this way, the RI-HDA strategy developed here
constitutes a general and scalable computational framework for the investigation of optical
and chiroptical properties in large-scale systems.

A further major contribution of this work is the extension of the RI-HDA framework to
Range-Separated hybrid functionals. Range-separated schemes are known to play a crucial
role in the accurate description of charge-transfer excitations and long-range electronic effects,
which are often central in chiroptical phenomena. However, their high computational cost
has traditionally restricted their application to relatively small systems. By adapting and
validating the fitted RI-HDA approach in combination with range-separated functionals
such as CAMY-B3LYP, this thesis has significantly broadened the scope of applicability
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of polTDDFT, making it possible to address complex molecular systems where long-range

effects are essential to reproduce and interpret experimental optical responses [185].

Alongside this methodological and algorithmic development, the computational tools
constructed in this work have been employed to address concrete physical questions, serving
both as validation cases and as opportunities to extract physical insight. In this spirit, the
study of chiral gold and alloyed nanowires, investigated through polTDDFT calculations of
their plasmonic ECD response, has provided a clear example of how advanced TDDFT-based
approaches can be used to rationalize non-trivial spectroscopic behavior [186]. Despite the
simultaneous presence of chirality and plasmonic character, these systems were found to
exhibit a strongly quenched ECD signal at the plasmon resonance. A detailed analysis of the
excited-state manifold revealed that this behavior originates from destructive interference
among nearly isoenergetic electronic excitations, highlighting the collective nature of the

plasmonic response and its sensitivity to symmetry and electronic coupling.

The same computational framework was then applied to ligand-protected metal systems,
where chirality is induced by the adsorption of chiral molecules on an otherwise achiral
metallic substrate. In the investigation of L-cysteine—functionalized gold clusters, carried out
in collaboration with M. Tabut and co-workers, the interplay between molecular orientation,
adsorption geometry, and intermolecular interactions was systematically analyzed by means
of polTDDFT calculations and fragment-resolved spectral analysis [187]. These studies
demonstrated that the chiroptical response does not arise as a simple additive contribution
of metal and ligands, but rather emerges from subtle metal-ligand electronic coupling and

symmetry breaking at the interface.

In addition, this thesis has contributed to the development and application of multiscale com-
putational strategies for chiroptical spectroscopy. Through a collaborative effort combining
complementary expertise, a hybrid approach was developed in which a quantum-mechanical
TDDFT description of a chiral molecular system was coupled to a continuum representation
of a metallic nanoparticle within a PCM framework. This strategy, developed in collabora-
tion with L. Biancorosso and co-workers, enabled the investigation of plasmon-enhanced
chiroptical effects in a computationally affordable yet physically meaningful manner [188].
In this context, the technical contributions presented in this thesis were instrumental in
enabling a genuinely multiscale study, bridging molecular electronic structure and nanoscale
electromagnetic response within a unified computational framework.

Taken together, the works presented in this thesis outline a coherent research path in which
algorithmic development, computational efficiency, and physical interpretation proceed hand
in hand. Despite the diversity of the systems investigated, a common physical theme emerges:
chiroptical signals are governed by delicate interference effects among electronic excitations,
which can be either suppressed or enhanced depending on symmetry, electronic structure,

and coupling across different length scales. The computational approaches developed here
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are specifically designed to capture such effects in large and complex systems, where simpler
models or lower-level approximations would fail.

In conclusion, the main outcome of this PhD project has been the construction, validation,
and dissemination of computational frameworks and algorithmic tools for the simulation
of optical and chiroptical properties of complex systems. Beyond the specific case studies
presented, this work provides transferable approaches that extend the applicability polTDDFT

to new classes of problems.
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