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Abstract
Time-dependent first-principle methods for photoinduced electronic processes in

molecules and composite systems

by Leonardo Biancorosso

Simulating light-molecule interactions is crucial for understanding fundamental pro-
cesses in physics and chemistry. In this thesis, I employed electron-dynamics sim-
ulations to investigate molecular responses to electromagnetic fields, also including
the influence of plasmonic nanoparticles. One of the explored topics is chirality. In
particular, I examined how a gold nanoparticle alters the circular dichroism (CD)
spectra of chiral molecules, observing a remarkable 20-fold signal enhancement in
peridinin. I also explored the interaction of chiral light with an achiral system, end-
ofullerene, where the encapsulated atom mediates angular momentum transfer and
induces circular electronic motion. Time-resolved CD simulations are further ap-
plied to a molecular motor, linking spectral evolution with the structural pathway of
its photoisomerization. Another important theme of this thesis is plasmon-mediated
photocatalysis, i.e. how plasmonic excitations affects the fate of a photocatlytic re-
action. In this context, I investigated the dehydrogenation of formic acid on the an-
tenna reactor complex Au–Pd to generate molecular hydrogen. By studying the pho-
toinduced electron dynamics of the adsorbed (on Pd) intermediate (HCOO*) also in
presence of an Au nanorod, I provided a microscopic explanation, in terms of in-
creased charge asymmetry on HCOO*, of the experimentally observed enhanced
hydrogen production. Finally, I developed an original computational procedure for
the calculation of excited–state NEXAFS spectra going beyond core–valence separa-
tion and applied it to probe the internal conversion of gas–phase thymine.





Abstract
Time-dependent first-principle methods for photoinduced electronic processes in

molecules and composite systems

by Leonardo Biancorosso

La simulazione delle interazioni luce-molecola riveste un ruolo fondamentale nello
studio dei processi fondamentali della fisica e della chimica. In questa tesi vengono
impiegate simulazioni di dinamica elettronica per investigare la risposta molecolare
ai campi elettromagnetici, anche includendo linfluenza esercitata da nanoparticelle
plasmoniche. Una parte del lavoro è dedicata allo studio della chiralità. In partico-
lare, è stato analizzato come una nanoparticella doro possa modificare gli spettri di
dicroismo circolare (CD) di molecole chirali, mostrando un notevole incremento del
segnale fino a venti volte nel caso della peridinina. È stata inoltre esaminata linter-
azione tra luce chirale e sistemi achirali, gli endofullereni, nel quale latomo incap-
sulato nel fullerene media il trasferimento di momento angolare e induce un moto
circolare degli elettroni del sistema. Simulazioni CD risolte nel tempo sono state poi
applicate a un motore molecolare, permettendo di correlare levoluzione spettrale al
percorso strutturale di fotoisomerizzazione. Un ulteriore filone di ricerca riguarda
la fotocatalisi mediata da plasmoni, ossia il modo in cui le eccitazioni plasmoniche
influenzano lesito di una reazione fotocatalitica. In questo contesto è stata studiata
la deidrogenazione dellacido formico sul complesso antenna-reattore Au-Pd finaliz-
zata alla produzione di idrogeno molecolare. Lo studio della dinamica elettronica
fotoindotta dellintermedio adsorbito (HCOO*) sul palladio, anche in presenza di un
nanorod doro, ha permesso di fornire una spiegazione microscopica in termini di
maggiore asimmetria di carica su HCOO* dell’aumentata produzione di idrogeno
osservata nel sistema sperimentale. Infine, è stata sviluppata una procedura com-
putazionale originale per il calcolo di spettri NEXAFS di stati eccitati, che supera
lapprossimazione della separazione core-valenza. Tale metodologia è stata applicata
allo studio del processo di conversione interna della timina in fase gassosa, consen-
tendo di sondare la dinamica ultrarapida dei processi di rilassamento elettronico.
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Chapter 1

Introduction

This work focuses on the theoretical and computational investigation of photoin-
duced electron dynamics in molecules and composite systems. In this introductory
chapter, I present a concise overview of the main research topics explored through-
out the three years of my PhD project. Section 1.1 provides a brief introduction to
light-matter interactions in general terms. Section 1.2 discusses the key phenomena
that emerge at the molecular scale, with particular emphasis on the concept of chi-
rality and on core spectroscopy. Section 1.3 addresses light-matter interactions at the
nanoscale, with a specific focus on plasmon-enhanced electronic circular dichroism
(ECD) and plasmon-assisted photocatalysis.

1.1 Light–Matter Interaction

The interaction of light with matter lies at the heart of modern science, shaping fun-
damental discoveries in physics, chemistry, and biology. Understanding and con-
trolling this interaction is crucial not only for studying and characterizing materials,
but also for designing systems with custom optical and electronic properties [1]. At
its foundation, light-matter coupling arises from the dynamics between photons,
electrons, and vibrations/phonons, producing a wide range of excitations and phe-
nomena [2, 3]. These mechanisms highlight the complexity of microscopic processes
and also serve as the basis for technological developments.

1.2 Molecular systems

At the molecular level, the light-matter interaction fundamentally arises from the in-
terplay of the degree of freedom of the system–such as electrons and nuclei–with the
external electromagnetic environment [4] (Figure 1.1). A first–principles theoretical
description of these phenomena requires a unified framework which combines elec-
tronic structure theory with electrodynamics [5]. In principle, a complete descrip-
tion of light-matter interactions requires the framework of quantum electrodynam-
ics (QED)[6], in which both the matter and the electromagnetic field are quantized.
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FIGURE 1.1: Overview of spectroscopic techniques. Source:
https://andor.oxinst.com/learning/view/article/fundamentals-of-
spectroscopy-history-explanations-and-applications.

However, a semiclassical approach is typically adopted, where the electronic degrees
of freedom are treated quantum mechanically, while the electromagnetic field is rep-
resented as a deterministic classical wave [7]. This framework, which underlies both
linear response theory and real–time electronic dynamics, is sufficient to accurately
describe most standard spectroscopic processes, while neglecting purely quantum
features of the field, which need to be considered in strong coupling regime. In this
semiclassical picture, the Hamiltonian of a molecular system written in length gauge
in presence of an external electric field F⃗(t), which is coupled to the molecule dipole
operator ⃗̂µ, is written as:

Ĥ(t) = Ĥ0 − ⃗̂µ · F⃗(t). (1.1)

An immediate consequence of introducing the interaction term is that the Hamil-
tonian becomes explicitly time–dependent [7]. In this condition, the stationary eigen-
states of Ĥ0 are no longer sufficient to describe the dynamics. Instead, the system
evolves as a superposition of states whose populations change in time, e.g. requir-
ing the full solution of the time–dependent Schrödinger equation (TDSE, see Section
2.1.1 in Chapter 2). To better understand how the external field couples to the sys-
tem, it is useful to introduce the concept of transition dipole moments [2]. By ex-
panding the dipole operator µ̂ in the basis of the eigenstates of Ĥ0, one obtains the
matrix elements

µλλ
′ = ⟨λ|µ̂|λ′⟩, (1.2)

which quantify the strength of the interaction between two (electronic, vibronic or
vibrational) states. Only transitions with non-vanishing µλλ

′ can be induced by
the field. The selection rules governing the dipole operator, together with the rel-
ative orientation between the molecular dipole and the field polarization, determine
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which processes are allowed and how efficiently they occur[2].
At this point it is necessary to categorize the landscape of this interaction into

two different regimes: linear and nonlinear. This distinction is based on the propor-
tionality of the material response to the strength of the perturbation electric field.
Linear optics operates at low intensities where the material response is directly pro-
portional to the field strength, and the principles of superposition and additivity
hold. In contrast, nonlinear optics emerges at high pulse intensities, where this pro-
portionality breaks down, leading to more complex and non–additive interactions
[8, 9, 10, 3]. In this thesis the investigated phenomena regarding spectroscopy and
photocatalysis refer only to linear response so we will focus on the description of the
fundamental processes occurring in this regime.

1.2.1 Chirality

Chirality is the geometrical property of an object which cannot be superimposed
with its mirror image by any translation or rotation. This peculiar characteristic is
omnipresent in nature, from elementary particles to astronomical objects. In chem-
istry, we name two chiral molecules which are non–superimposable images as enan-
tiomers. They show the exact same chemical and physical properties but act differ-
ent in a chiral environment and have opposite optical rotation. When enantiomers
interact with circularly polarized light, one enantiomer rotates the plane clockwise,
while the other one rotates the plane anticlockwise.

The concept of chirality is extremely important for a great number of fields such
as drug design, catalysis, as well as for enantioselective synthesis and chiral sensing
[11, 12, 13]. This concept not only encompasses molecules and materials but also
light [14, 15, 16, 17].

Focusing on the spectroscopical response of chiral molecules we can define circu-
lar dichroism (CD) as the differential absorption of left–, and right–handed circularly
polarized light, AL and AR respectively, by a chiral molecule:

CD = AL − AR. (1.3)

In this context many different types of chiral light–matter interactions can be
studied and investigated, such as electronic absorption, vibrational absorption or lu-
minescence. This led to the rising of many different spectroscopic techniques based
on these different interactions, such as ECD and optical rotatory dispersion (ORD),
[18] vibrational CD [19] or circularly polarized luminescence [20]. The investigation
reported in this thesis only refers to ECD.
To follow the evolution of ECD features over time, it is necessary to move from static
to time-resolved ECD (TR–ECD) spectroscopy. The accessible timescales depend on
the process under investigation. In the femtosecond regime, molecular vibrations
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and bond–breaking events can be resolved, often acting as the trigger for confor-
mational changes. Processes such as fluorescence and excited–state dynamics are
typically probed on the picosecond scale, while structural rearrangements in pro-
teins and other complex systems generally require nanosecond resolution [21]. Al-
though large–scale modifications occur on much longer timescales [22], local struc-
tural changes in proteins and macromolecules can be captured already in the fem-
tosecond and picosecond regimes. Achieving such resolutions requires pump–probe
experiments. In pump-probe spectroscopy, the sample is first excited by an initial
laser pulse (the pump), and its subsequent evolution is monitored by a delayed sec-
ond pulse (the probe). Capturing processes on the femtosecond and picosecond
timescale requires theoretical approaches capable of resolving the ultrafast electronic
changes that take place in the system.
Circularly polarized light interacting with an achiral target has been studied in Sec-
tion 3.1 of Chapter 3, while a preliminary study of TR-ECD is reported in Section 3.2
of Chapter 3.

1.2.2 NEXAFS

In the X-ray regime, electrons from core orbitals localized on specific atoms are ex-
cited up to unoccupied molecular orbitals or ejected by ionizing the system. In Near
Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy we sample a region
of absorption which goes from below the edge of ionization up to 50 eV above the
edge. NEXAFS has emerged as a powerful technique for investigating the molec-
ular and electronic structure of materials at surfaces and interfaces. This technique
is particularly valuable in organic materials and thin film studies, where it enables
detailed understanding of molecular orientation, chemical composition, and elec-
tronic state distribution [23, 24, 25, 26]. This technique offers several advantages:
(1) since X-ray absorption involves the excitation of core electrons, the method is
element-specific; (2) the spectral features are highly sensitive to the local electronic
environment, revealing the extent of adsorbate-surface interactions; (3) transitions
obey dipole selection rules, making it possible to determine molecular orientation
by tuning the incidence angle of polarized synchrotron radiation; and (4) the high
brightness of synchrotron sources enables measurements even at submonolayer cov-
erages. [26].
This technique can be used in combination with transient absorption spectroscopy
and it is therefore named time–resolved NEXAFS (TR–NEXAFS) [27]. In this con-
figuration, it is possible to probe not only the ground state but also valence excited
states, by selectively exciting valence electrons to unoccupied orbitals [28, 29, 30].
Original contribution to TR-NEXAFS is provided in Chapter 5.
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FIGURE 1.2: Schematic overview of the field of molecular nanoplas-
monics.

1.3 Nanoplasmonics

When moving from molecules to systems at the nanoscale, light-matter interaction
acquires qualitatively new features [31]. In specific metal nanostructures, the col-
lective oscillations of valence electrons-known as plasmons-dominate the optical re-
sponse. When they are confined to the surface of metallic nanoparticles (NPs), they
are called localized surface plasmon resonances (LSPRs) [32]. Excitation of these
modes produces extraordinary effects, including enhanced absorption and scatter-
ing, as well as the confinement of light below the diffraction limit [1]. Such capa-
bilities have enabled nanoscale manipulation of light in ways inaccessible to bulk
systems.

Plasmon decay further enriches the physics of these systems, producing ener-
getic carriers and local heating through electron-electron and electron-phonon scat-
tering processes [33]. These mechanisms can profoundly influence chemical path-
ways, driving new types of reactions through plasmon-mediated effects [32, 34].
This concept has given rise to the field of plasmonic chemistry, where plasmonic
excitations are exploited to stimulate and control chemical transformations in po-
tentially more efficient and sustainable ways [35].

Interesting phenomena occur when we place a molecular system close to plas-
monic NPs. The convergence of molecular excitations with plasmonic modes defines
the emerging field of molecular nanoplasmonics [36] (Figure 1.2). When molecules
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are placed near metallic nanostructures and irradiated by light, their intrinsic prop-
erties can be profoundly reshaped by coupling to NP LSPRs. Experiments have
shown that this interaction alters molecular absorption spectra and chemical reac-
tivity [37, 38, 39, 40, 41, 42, 43, 44, 45], revealing a powerful route for tailoring matter
through optical means.

The strength and nature of these effects are highly sensitive to the nanostruc-
ture geometry, size, and composition. By engineering these parameters, one can
deliberately tune the molecular response, a feature that has motivated extensive ex-
ploration of NP designs in search of novel plasmon–induced functionalities. At the
heart of this process lies the excitation of LSPRs [46, 47, 48]. Beyond amplifying
local electromagnetic fields, LSPRs release substantial energy upon decay, provid-
ing an additional handle for driving chemical and physical processes [49, 50, 51,
52]. Molecular nanoplasmonics has grown into a rich research domain, encom-
passing diverse plasmon–assisted phenomena and experimental strategies. These
include surface–enhanced Raman spectroscopy [53, 54], plasmon–modified fluores-
cence [39, 55], high–harmonic generation [56, 57, 58, 59], plasmon–induced CD [60,
61] and plasmon–driven photochemistry [62, 63]. Together, these advances highlight
the transformative potential of NP-molecule interactions: by bridging the physics of
nanoplasmonics with the chemistry of molecular systems, researchers are develop-
ing new strategies for controlling light, matter and energy at the smallest scales.
Details regarding the application to plasmon–enhanced ECD and plasmon–assisted
photocatalysis can be found respectively in Subsection 1.3.1 and 1.3.2.

The field of molecular nanoplasmonics encompasses a broad range of applica-
tions, exploiting the strong and localized electromagnetic fields generated by plas-
monic nanostructures to manipulate molecular properties and processes [53, 64, 65].
Thanks to the computational developments carried out in recent years within our
group in Trieste, we have been able to investigate in a systematic and predictive
way the influence of an external NP on molecular systems [66, 67, 68, 69, 70]. In par-
ticular, our work has focused on two main areas: spectroscopy and photocatalysis.

On the one hand, plasmonic NPs can strongly modify and enhance molecular
spectroscopic signals by amplifying the local electromagnetic field experienced by
the molecule, as in the case of plasmon–enhanced ECD [61] (see Section 3.3 of Chap-
ter 3). On the other hand, the interaction between molecules and the plasmonic near
field can significantly alter excited–state dynamics and reactivity, enabling plasmon–
assisted photocatalysis, where plasmonic effects are harnessed to modulate chemical
transformations at the nanoscale [71] (see Chapter 4).

1.3.1 Plasmon-enhanced ECD

One of the most striking plasmonic effects is the remarkable amplification of other-
wise weak molecular signals, as in the case of the aforementioned SERS. A similar
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principle applies to chiroptical responses: the inherently weak CD signal of chiral
molecules can be strongly enhanced when they interact with plasmonic nanostruc-
tures. This enhancement makes detection feasible even at very low concentrations
[72, 73, 74, 75] Modulation of the CD signal by plasmonic NPs has been extensively
investigated due to the relevance of the spectroscopic techniques related to this prop-
erty in chemistry and physics. Plasmonic systems exhibiting chiroptical activity can
be broadly classified into three categories: NPs with intrinsic structural chirality [76,
77, 78, 79, 80, 81], achiral NPs interacting with a chiral molecular system [61, 64, 82,
83, 84, 85, 86, 87, 88, 89, 90, 91], and chiral superstructures formed by assemblies of
otherwise achiral NPs [92, 93, 94, 95, 96, 97]. In the last years many experimental
works have investigated the enhanced sensitivity and response of chiral molecules
in presence of NPs [98, 99, 100, 101, 102, 103, 104, 105]. Concurrently, a number of
theoretical works have studied this interaction, mostly using a dipole–like descrip-
tion of the chiral molecule within a master equation [61, 106, 107, 64, 105, 82, 83, 84,
73, 85, 86, 108, 60, 87, 109, 110, 90, 111].

In my investigation, I focus on systems where an achiral NP interacts with a chi-
ral molecule, producing characteristic modifications in the molecular CD spectrum.
Such interactions can either enhance existing molecular peaks or generate new spec-
tral features at the plasmonic resonance [61]. The enhancement mechanism arises
from the combined action of the external field and the NP induced field, with its
effectiveness depending on polarization and the energy difference between molec-
ular excitations and the plasmonic frequency. The degree of CD enhancement can
span a very broad range - from only a few units up to several thousand - depend-
ing on multiple factors. Key parameters include the intrinsic properties of the chiral
molecule, the size, geometry, and material of the NP, as well as the spatial orien-
tation of the molecule with respect to the NP [98, 99, 100, 101, 102, 103, 104, 105].
The methodology developed within our group in Trieste enables us to move beyond
the conventional dipole–like representation of the molecule, allowing for a more ac-
curate description of its interaction with an external NP. By combining electronic
dynamics simulations of the molecular system with a simplified yet effective repre-
sentation of the NP, we are able to investigate how the presence of the NP modifies
the ECD response of the molecular system. This approach provides direct access to
the ECD spectra in the coupled system.

1.3.2 Plasmon-mediated photocatalysis

Photocatalysis represents a transformative area of chemistry and materials science,
exploiting light energy to drive chemical transformations. In essence, a photocat-
alyst absorbs photons, undergoes electronic excitation, and subsequently transfers
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this energy to adsorbed molecules, thereby initiating a catalytic process. This mecha-
nism underpins a wide range of applications, including environmental remediation,
solar–to–chemical energy conversion, and the design of novel functional materials.

The heterogeneous photocatalytic process is inherently complex, involving mul-
tiple interdependent steps such as adsorption, photoexcitation, charge separation,
and bond breaking/formation [112, 113]. Its efficiency is strongly influenced by ex-
ternal factors, including the chemical nature of the substrate, pH, temperature, and
the presence of oxygen or other reactive species [114, 115]. The ability to manipu-
late chemical processes has expanded significantly through the interaction of target
molecular systems with nanostructures. Plasmon–driven photocatalysis represents
a striking example, demonstrating how the integration of nanostructured compo-
nents can unlock new pathways and enhance chemical reactivity in ways unattain-
able by conventional approaches. [65, 116, 117, 118, 119, 120]. Once a plasmon is
excited, the collective oscillation of conduction electrons undergoes decay through
Landau damping, generating electron–hole pairs that effectively store the plasmon
energy. These carriers rapidly thermalize, resulting in a hot Fermi–Dirac distribution
of electrons and holes at temperatures higher than that of the surrounding lattice.
The excess carrier energy is subsequently dissipated to the lattice through electron–
phonon scattering, leading to heating effects [121, 122, 123, 33, 124]. Such hot–carrier
dynamics are not only relevant to energy dissipation but also play a crucial role in
modifying chemical reactivity. In the proximity of a metallic nanostructure, photo-
chemical reactions can be enhanced or altered by the generation and transfer of hot
carriers into adsorbed molecules [34]. Over the past decade, both experimental and
theoretical studies have shed light on the mechanisms behind hot–carrier formation
and transfer [125, 126, 52].
Two main pathways for carrier transfer can be distinguished:

1. Indirect transfer, in which hot carriers are first generated within the nanostruc-
ture and subsequently injected into molecular orbitals.

2. Direct transfer, where the plasmon decay itself drives an electronic transition
from metal states into the unoccupied orbitals of the molecule.

In Fig. 1.3, a scheme of the carrier transfer mechanism is reported. In the field
of photocatalysis, these processes are exploited to build hybrid systems which en-
hance the formation rate of the reaction product. Nanostructures with well–known
plasmonic features such as Ag, Au and Al are exploited as light harvesters, and
coupled to smaller transition–metal clusters (e.g., Pd, Pt, Fe, Ru), which are al-
ready widely employed as efficient catalysts in heterogeneous reactions. These con-
ventional transition–metal systems exhibit highly favorable electronic properties,
making them exceptionally effective at adsorbing molecules and promoting sur-
face chemical transformations, while also offering improved selectivity compared to
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FIGURE 1.3: Scheme of the carrier transfer mechanism between a
metal surface and a molecular system.

purely thermal processes. Their main limitation, however, lies in their weak interac-
tion with light, which hinders their ability to enhance (photo)catalytic performance.
Conversely, plasmonic metals display only modest intrinsic catalytic activity, yet
they are capable of sustaining LSPRs with large optical cross–sections. This prop-
erty enables them to generate intense electromagnetic field enhancements in their
immediate surroundings, providing a powerful means of coupling light with cat-
alytic processes [36, 127, 128, 32, 66, 129, 130]. Combining these two systems to form
"antenna–reactor" complex allows us to get the best out of the two subsystem [71,
131]. The plasmonic nanoantenna serves as a light–harvesting unit that amplifies
absorption in the nearby catalytically active reactor. When exposed to an external
electromagnetic field, the antenna generates a strong optical near field that induces
polarization in the reactor particle, effectively exciting a plasmon within it. The de-
cay of this induced plasmon leads to the generation of hot carriers, which enable
access to alternative reaction pathways that are otherwise energetically unfavorable.
This process reduces activation barriers while simultaneously enhancing reaction
selectivity.
It is important to emphasize how complex it is to identify a plasmon–mediated pho-
tocatalytic process in which hot carriers play a role from one in which the production
rate is enhanced by photothermal effects.
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FIGURE 1.4: Schematic representation of the antenna–reactor com-
plex.

1.4 Outline

This thesis is structured to first present the theoretical methodologies and their im-
plementations (Chapter 2), followed by the results of my research (Chapters 3–5).
Each chapter reports the work related to the most important topics of my thesis.
They are written reporting scientific articles (published, submitted, or in prepara-
tion) related to the corresponding topic. To ensure clarity, every article is preceded
by a short introduction where I also outline my personal contributions to the work.

Chapter 3 presents a detailed study on my investigation on chirality. This topic
has been addressed in different ways:

• Laser–Induced Charge Migration: in this work I investigated the interaction
between chiral light and endohedral fullerenes. This study was carried out
under the supervision of Professor Jean Christophe Tremblay, during my stay
at the Université de Lorraine in Metz, France.

• Time–Resolved ECD: this work presents preliminary results from a collabo-
rative project with Professor Ali Hassanalis group at ICTP in Trieste. Here,
we combined non-adiabatic molecular dynamics (NAMD) with TR-ECD spec-
troscopy to follow the photodynamics of a molecular motor during its photoi-
somerization process.

• Plasmon effects in molecular ECD: this work explores plasmon-enhanced
ECD, where we examined how the presence of an external NP modifies the
ECD spectra of chiral molecules.
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Chapters 4 is devoted to the analysis of plasmon-assisted photocatalysis. Based
on the work of Ref. [132], we modeled an antenna–reactor complex made by a Au
nanorod tipped with Pd. This system has been observed to enhance the production
of H2 in the formic acid dehydrogenation reaction [132]. In this chapter two works
devoted to the analysis of this system are reported:

• Simulating the reactor: in this work I report the investigation on the electron
dynamics of the catalytic system, i.e. Pd, emphasizing the influence of the
topology of the metal cluster and the key electronic processes triggered by light
in the molecular system.

• Role of the Au nanorod: this section extends this study by introducing a plas-
monic nanorod into the catalytic system. Here, we investigated how the plas-
monic effect modifies the electronic dynamics and demonstrated that the en-
hanced photocatalytic activity can be directly attributed to the presence of the
nanorod.

Chapter 5 (Probing fast internal conversion in gas-phase thymine via TR-NEXAFS)
introduces a study on TR-NEXAFS spectroscopy. Using a time-domain compu-
tational approach within the theory of open quantum systems, we computed the
excited–state spectra of gas–phase thymine, thus probing its fast internal conver-
sion.

In Chapter 6 I sum up all the relevant findings from this thesis.
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Chapter 2

Theoretical framework

In this chapter, we introduce the theoretical and computational methods employed
to simulate real–time electron dynamics in molecular and composite systems. We be-
gin in Section 2.1.1 with the description of the TDSE, which provides the fundamen-
tal framework for modeling photoinduced processes, and its stochastic extension
(Section 2.1.2) for treating open quantum systems. An alternative density–matrix
approach, based on the Liouville-von Neumann equation, is also presented (Section
2.1.3).

In Section 2.2, we describe the polarizable continuum model for NPs (PCM–NP),
which accounts for the electromagnetic response of nanostructures. Both frequency–
domain and time–domain formulations are reviewed, highlighting their role in cou-
pling quantum systems to plasmonic environments.

Section 2.3 discusses how the TDSE is coupled to PCM-NP, yielding a real–time
quantum/classical framework for simulating molecules in the presence of NPs. The
equilibration procedure and computational workflow are outlined.

In Section 2.4, we present the computational tools used to interpret electronic dy-
namics. In particular, we describe the evaluation of absorption and ECD from real–
time propagation, the computation of time–dependent projected density of states
(∆PDOS) for tracking charge populations and transient electronic density to track
electronic motions along the dynamics.

Finally, Section 2.5 reports the computational details of the simulations, with em-
phasis on the AMS-WaveT interface that was developed and extended during this
project. Key implementations include the calculation of transition potentials, tran-
sition dipole moments among excited states, and MPI parallelization strategies to
enable large-scale simulations.

2.1 Real–Time Electron Dynamics

2.1.1 TDSE

In the length gauge, TDSE can be expressed as:
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i
d
dt

|Ψ(t)⟩ = Ĥ(t) |Ψ(t)⟩ , (2.1)

where |Ψ(t)⟩ represents the time-evolving wavefunction, while Ĥ(t) denotes the
time-dependent Hamiltonian operator.

The Hamiltonian is typically partitioned into a field–free contribution and a time–
dependent interaction term:

Ĥ(t) = Ĥ0 + ĤF(t), (2.2)

with Ĥ0 corresponding to the Hamiltonian of the isolated system and ĤF(t) de-
scribing the coupling to an external field. Within the semiclassical approximation,
the molecule interacts with a classical electromagnetic pulse. The interaction term
coupling ĤF(t) is given by

ĤF(t) = −⃗̂µ · F⃗(t), (2.3)

with ⃗̂µ the electric dipole operator and F⃗(t) the electric field, as mentioned in
the Introduction. In this formulation, field-free Ĥ0 is identified with the electronic
Hamiltonian Ĥel of the molecule in the absence of an external perturbation.

The wavefunction in Eq. 2.1 can be expanded in terms of the Nstates eigenstates
of Ĥ0 as

|Ψ(t)⟩ =
Nstates−1

∑
λ=0

Cλ(t) |λ⟩ , (2.4)

where Cλ(t) are the time-dependent expansion coefficients and |λ⟩ denote the
eigenstates of Ĥ0. Substituting this expansion into Eq. 2.1 leads to a matrix formula-
tion of the TDSE:

i
dC(t)

dt
= H(t)C(t), (2.5)

with C(t) the coefficient vector and H(t) the matrix representation of the Hamil-
tonian at time t. The Hamiltonian matrix elements are given by

⟨λ′| Ĥ(t) |λ⟩ = Eλδλ′λ − ∑
γ

Fγ(t) ⟨λ′| µ̂γ |λ⟩ , (2.6)

where Eλ are the eigenenergies of Ĥ0, and γ = x, y, z labels the Cartesian com-
ponents of the transition dipole moment.

The external electric field is modeled classically as

F⃗(t) = F0n̂ f (t)g(ω), (2.7)
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where F0 is the peak amplitude, n̂ is a unit vector that specifies the direction
of polarization, f (t) is an envelope function and g(ω) characterizes the frequency
profile. In case of a kick pulse, g is simply a constant.

Even though the approach can be generally coupled to any level of theory for the
electronic structure, in all works presented here we used a singly–excited ansatz:

|λ⟩ = d0|ψ0⟩+
occ

∑
i

vir

∑
a

da
i,λ|ψa

i ⟩, (2.8)

where |ψ0⟩ denotes the ground-state Slater determinant, and |ψa
i ⟩ = â†

a âi|ψ0⟩
represents a singly-excited configuration obtained by promoting an electron from
an occupied orbital i to a virtual orbital a. The coefficients d0 and da

i,λ are expansion
parameters that specify the electronic structure of |λ⟩. The algebraic expression of
Eq. 2.5 is then propagated according to a second-order Euler algorithm [133, 134].

The electronic dynamics simulations are carried out using the WaveT code [135],
which has recently been interfaced with the Amsterdam Modeling Suite (AMS) [136].
More details on the interface and computational procedures are provided in Sec-
tion 2.5.

2.1.2 Stochastic Schrödinger equation

WaveT implements the theory of open quantum systems [137] via the Stochastic
Schrödinger Equation (SSE) [138]. The theory of open quantum systems provides a
framework to include environmental effects on the system degrees of freedom. In
the Markovian limit, the environment equilibrates much faster than the system, and
its correlation function reduces to a Dirac delta [138].

The corresponding SSE is

i
d
dt
|ΨS(t)⟩ = ĤS(t)|ΨS(t)⟩

M

∑
q

lq(t)Ŝq|ΨS(t)⟩ −
i
2

M

∑
q

Ŝ†
q Ŝq|ΨS(t)⟩, (2.9)

where ΨS(t) is the time-dependent system wavefunction and ĤS(t) is the system
Hamiltonian described in Eq. 2.2, the Ŝq operators describe system–environment in-
teractions, and lq(t) are white–noise fluctuations. The non–Hermitian term accounts
for dissipation, while the stochastic term models fluctuations.

The reduced density matrix of the system is defined by tracing out the environ-
ment (E) degrees of freedom from the full density matrix ρ̂(t)

ρ̂S(t) = TrEρ̂(t), (2.10)
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and can be recovered as the ensemble average of Ntraj stochastic trajectories:

ρ̂S(t) =
1

Ntraj
∑

j
|ΨS,j(t)⟩⟨ΨS,j(t)|. (2.11)

In the limit of numerous SSE trajectories, the density matrix converges to that from
the Lindblad equation [139]. Diagonal and off-diagonal elements define populations
and coherences, respectively.

System–environment coupling is described through channels q, identified in our
approach with system states λ. In WaveT three different interaction channels are
implemented [134, 140, 141, 135, 142], i.e. radiative and nonradiative decay, and
pure dephasing.
We focus here only on the nonradiative decay, which has been used in Chapter 5
to mimic internal conversion and consequent population transfer in time–resolved
NEXAFS. The relaxation operator we have employed is

Ŝnr
λ =

√
Γnr

λ |0⟩⟨λ|, (2.12)

with Γnr
λ being the decay rate from experiments or nonadiabatic nuclear dynamics.

Even though a vibronic basis and corresponding Γnr
λ operators have been introduced

[141], here we assume the degrees of freedom of the system are the pure electronic
ones.

SSE propagation is implemented via the quantum jump algorithm [143, 144, 145]
and details are provided in Refs [134, 140, 141].

2.1.3 Liouville-von Neumann equation

An alternative approach to modeling ultrafast electron dynamics is through the
Liouville-von Neumann equation for many-body systems. In my work at the Uni-
versité de Lorraine in Metz, under the supervision of Professor Tremblay, we applied
this method to investigate laser-induced phenomena in endofullerene systems (see
Section 3.1 in Chapter 3).

Within this framework, ultrafast electron dynamics is described using a hybrid
time-dependent density functional theory/configuration interaction (TDDFT/CI)
approach [146, 147].

The time-dependent state of an N-electron system is described by its reduced
density matrix ρ̂S(t), which evolves according to the Liouville-von Neumann equa-
tion [148]:

∂tρ̂S(t) = − i
h̄
[
Ĥ0, ρ̂S(t)

]
+

i
h̄

[
µ̂ · F⃗(t), ρ̂S(t)

]
−

[
Ŵ, ρ̂S(t)

]
+

. (2.13)



17

Here, Ĥ0 denotes the electronic Hamiltonian in the clamped–nuclei approximation,
as reported in Section 2.1.1. The operator Ŵ is a complex absorbing potential that ac-
counts for electron loss through single ionization into the continuum. The coupling
with the external electric field F⃗(t) via the dipole operator µ̂ is introduced semiclas-
sically. For a circularly polarized laser pulse with duration T and frequency ω, the
field is expressed as

F⃗(t) = ∑
γ={x,y,z}

F(γ)
0 sin2(πt/T) cos(ωt + φγ)n̂γ (2.14)

where F(γ)
0 indicates the field amplitude along the direction n̂γ, and φγ represents

the phase of the α component.
Within the hybrid TDDFT/CI framework, the spin-free, time-dependent N–electron

density matrix is expanded in terms of Nstates stationary singly excited many-body
states, |λ⟩ ≡ λ(rN), where r denotes electron coordinates in real space. Thus, the
density matrix is written as

ρ̂S(t) =
Nstates

∑
λ=0

Nstates

∑
λ
′=0

ρλ′λ,S(t) e−i(E(N)
λ −E(N)

λ
′ )t/h̄|λ⟩⟨λ′ | , (2.15)

where E(N)
λ is the energy of state λ with N electrons. The field-free Hamiltonian

is diagonal in the pseudo–CI basis. Each excited eigenstate λm(rN) is expressed as
a superposition of singly excited configuration state functions, as described in Eq.
2.8. A configuration state function corresponds to promoting one electron from an
occupied orbital i into a virtual orbital a, relative to the KohnSham reference state.
The transition amplitudes da

i,λ are obtained from linear–response TDDFT. These are
extracted from standard quantum chemistry outputs and post–processed with the
open–source package detCI@ORBKIT [149]. Contributions with magnitude |da

i,λ| <
10−3 are discarded before renormalization.

The absorbing potential Ŵ is expressed as a sum over projectors onto the pseudo–
CI eigenstates:

Ŵ = ∑
λ

Iλ

2
|λ⟩⟨λ| , (2.16)

where Iλ denotes the ionization rate of state λ. To characterize the coupling strength
with the continuum, we follow the phenomenological model introduced in Refs.
[150, 151, 146], defining

Iλ =


√

2(E(N)
λ −Eion)

d if E(N)
λ ≥ Eion

0 otherwise
. (2.17)
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The ionization energy Eion is obtained for each system as

Eion = E(N)
0 − E(N−1)

0 (2.18)

where E(N)
0 is the ground-state energy of the N-electron system and E(N−1)

0 is the
ground-state energy of the N − 1 system. The parameter d, interpreted as an escape
length, is fixed to 1 a0 in all calculations [150].

By substituting Eq. (2.15) into Eq. (2.13), we obtain the algebraic form

dρλ
′
λ,S(t)
dt

=
i
h̄

Nstates

∑
k=0

F⃗(t) ·
(

µλ
′ kρkλ,S(t)− ρλ

′ k,S(t)µkλ

)
− 1

2
(Iλ

′ + Iλ)ρλ
′
λ,S(t) (2.19)

where the dipole matrix elements µλ
′ k are evaluated numerically using ORBKIT [152,

147, 149]. Equation (2.19) is integrated with an adaptive Runge-Kutta method using
preconditioning [153]. The last term introduces an average ionization rate between
two states, which results both in dephasing (exponential decay of off-diagonal terms
of ρ̂S(t)) and in ionization loss (exponential decay of populations above threshold).
Consequently, population is not conserved, and the norm deficit quantifies ioniza-
tion.

2.2 PCM-NP

To describe the polarization dynamics of a NP, represented as a continuum medium
interacting with a quantum system, we employ the TDPlas library [133, 135]. This
code allows for the evaluation and propagation of the degrees of freedom associated
with the NP polarization. The central approach implemented in TDPlas is based on
the Polarizable Continuum Model (PCM) method extended to treat NPs [154, 155].

PCM is widely regarded as the standard approach in many computational frame-
works for coupling a quantum-mechanical description of a molecular system with a
continuum representation of its environment. [156, 157]. In the past three decades, it
has been extensively refined and extended to describe diverse molecular processes
and environments. [158, 159]. This approach has been adapted over the years also
to account for metallic or dielectric NPs [160, 161, 162]. In this framework, the NP is
represented as a homogeneous body, with its electromagnetic response to an exter-
nal potential V(ω) expressed in terms of induced apparent surface charge densities
distributed over its surface. The numerical implementation follows the Boundary El-
ement Method (BEM), which partitions the NP surface into small surface elements,
or tesserae. Each tessera carries a polarization charge positioned at its geometric
center, thus providing a discrete representation of the NP electromagnetic response.
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Within this description, the field–free Hamiltonian is updated with respect to the
previous Section and becomes

Ĥ0 = Ĥel + qGS · V̂ (2.20)

where qGS denotes the polarization charges equilibrated with the molecular elec-
tronic ground state and Ĥel is the electronic Hamiltonian for the isolated molecular
system (for a bare molecule Ĥ0 ≡ Ĥel). The operator V̂ is associated with the molec-
ular electrostatic potential calculated at the position of the charges on the NP surface.
It accounts for both nuclear and electronic contributions, evaluated at the tessellation
nodes where the polarization charges are located.

The equilibrium polarization charges are obtained from the electrostatic potential
of the electronic ground state as

qGS = Q(0) ⟨0| V̂ |0⟩ (2.21)

where Q(0) is the BEM response matrix which can be expressed as

Q(0) = −S−1
(

2π
ϵ0 + 1
ϵ0 − 1

+ DA
)−1

(2πI + DA) . (2.22)

Here, S and D are BEM matrices related to the Calderon projectors [161], A is
diagonal with entries corresponding to tesserae areas, and ϵ0 is the static dielectric
constant. In practice, both Ĥ0 and the polarization charges must be determined self–
consistently. This can be achieved either by an independent quantum chemistry
calculation or by means of a preparatory WaveT/TDPlas run (see Section 2.3), which
allows one to equilibrate the polarization charges not only with the ground state but
also with other eigenstates of Ĥ0.

2.2.1 Frequency-domain formulation

In the quasi–static limit (neglecting retardation effects and spatial dependence of
the pulse, which is a robust assumption for NP size of the order of few or tens of
nm interacting with a UV–Vis light), the polarization charges in frequency space are
expressed as

q(ω) = Q(ω)V(ω), (2.23)

where the frequency–dependent response matrix is

Q(ω) = −S−1
(

2π
ϵ(ω) + 1
ϵ(ω)− 1

+ DA
)−1

(2πI + DA) . (2.24)

The array V(ω) contains the external and reaction fields evaluated on the NP sur-
face at frequency ω, while ϵ(ω) is the dielectric function of the metal, which may
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be parametrized by models such as Drude-Lorentz [133, 163, 164] or fitted to exper-
imental data [69], as shown in Section 2.2.2.

2.2.2 Time-domain formulation

To couple the real–time evolution of a molecular wavefunction with the polarization
dynamics of the NP, one must derive a practical equation of motion for the surface
charges in the time domain from the following:

q(t) =
∫ +∞

−∞
dt′Q(t − t′)V(t′), (2.25)

which is obtained as the Fourier transform of Eq. 2.23. Depending on how ϵ(ω) is
modeled, TDPlas employs two different strategies:

Model dielectric function (Drude–Lorentz or Debye). In this case, it is conve-
nient to recast the BEM response matrix (Eq. 2.22) in a diagonal form by rewrit-
ing S−1/2DAS1/2 into TΛT†. After some algebra, we can obtain a version of this
equation in a diagonal representation which is written as

Q(ω) = −S−1/2TK(ω)T†S−1/2, (2.26)

with kernel elements:
Kp(ω) =

2π + λp

2π ϵ(ω)+1
ϵ(ω)−1 + λp

, (2.27)

here λp are the eigenvalues collected in Λ. The full derivation is reported in Ref [163].
Substituting ϵ(ω) with an equation of the frequency, such as the Drude-Lorentz
(DL), allows us to obtain the frequency-dependent kernel function

ϵ(ω) = 1 +
Ω2

p

ω2
0 − ω2 − iγω

, (2.28)

where Ω2
p is the squared bulk metal plasma frequency, ω0 is the frequency of the

bound oscillator and γ is a damping parameter. One can Fourier transform the ker-
nel into the time domain and insert it into Eq. 2.25, leading to

q(t) = −
∫ +∞

−∞
dt′S−1/2TK(t − t′)T†S−1/2V(t′). (2.29)

By differentiating Eq. 2.29, one finally arrives at the explicit equation of motion for
the charges [133]:

q̈(t) = −γq̇(t)− Qωq(t) + Q f V(t), (2.30)
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with
Qω = S−1/2T(ω2

0 +
γ
4 )(ω)T†S−1/2,

Q f = −S−1/2T
(2π + Λ)Ω2

p

4π
T†S−1/2.

(2.31)

TDPlas integrates Eq. 2.30 using a velocity–Verlet scheme, which guarantees
numerical stability. The complete derivation is reported in Ref. [133].

General dielectric function. When ϵ(ω) cannot be represented by a simple ana-
lytical model, the response matrix cannot be diagonalized in the same way. Instead,
the dielectric contribution is isolated in a scalar function

q(ω) =
1

2π
f (ω)F(ω), (2.32)

with
F(ω) = −

[
AD∗q(ω) + S−1(2πI + DA)V(ω)

]
. (2.33)

The function f (ω) is then fitted with a sum of Drude-Lorentz-like poles,

f (ω) =
ϵ(ω)− 1
ϵ(ω) + 1

≃
N

∑
p=1

Ap

ω2
p − ω2 − iγpω

, (2.34)

where the number N of the DL terms is defined by the number of the poles of the
function f (ω). In this way the total charge is expressed as q(ω) = ∑p qp(ω). Each
pole contributes (

ω2
p − ω2 − iγpω

)
qp(ω) =

Ap

2π
F(ω). (2.35)

After Fourier transformation, the time–domain equations read

q̈p(t) = −ω2
pqp(t)− γpq̇p(t) +

Ap

2π
F(t), (2.36)

with the total polarization charge obtained as q(t) = ∑p qp(t).
A comprehensive discussion of this formulation, including numerical strategies

for propagation, is reported in Ref. [69]. At this point we can include in the time–
dependent Hamiltonian from Eq. 2.2 the time–evolution of surface charges as:

Ĥ(t) = Ĥ0 − ⃗̂µ · F⃗(t) + q(t) · V̂ (2.37)

where V̂ is the molecular electrostatic potential already introduced in Eq. 2.20.
Two main polarization effects are needed to correctly describe the time–dependent

charges: one that includes the interaction with the external potential (qre f ) and one
that describes the interaction with the molecular potential (qpol).

q(t) = qre f (t) + qpol(t) (2.38)
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The derivation of these two sets of charges follows directly the procedure out-
lined above, with the only difference being in the perturbation term present in Eq.
2.33.

This general approach has been applied in the works reported in this thesis, in
particular in the works regarding plasmon–enhanced ECD (Section 3.3 of Chapter 3)
and plasmon–assisted photocatalysis (Section 4.2 of Chapter 4) where the presence
of an explicit gold nanostructure has been included in the electronic dynamics cal-
culation.

2.3 Coupling TDSE with PCM-NP

In the last Section we introduced how, within the PCM framework, the polarization
response of the nanostructure can be coupled to a quantum–mechanical description
of the molecular electronic degrees of freedom (or of a selected active region). This
multiscale scheme is denoted as the real–time PCM for nanostructures (RT–PCM–
NP), and it is inherently time–dependent since it relies on solving the TDSE in real
time. Details regarding this procedure are presented in Section 2.5.

TDPlas and WaveT are coupled by an interface to include the effect of a NP
on the electronic dynamics of a molecular system. This interface is responsible
for tasks such as reading and initializing the environmental parameters, and han-
dling the mutual coupling between the quantum subsystem and the classical envi-
ronment. My contribution lies instead in the coupling of WaveT/TDPlas with the
AMS quantum-chemistry software, allowing us to extract all the information from
the standard quantum chemistry outputs to generate the input files for the electronic
dynamics calculations.

A key advantage of the methodology lies in its generality: the propagation of the
TDSE does not depend on the details of the electronic–structure approach used for
the isolated (field–free) problem. The computational workflow can be summarized
in two steps: (i) choosing a basis set to represent the time–dependent wavefunc-
tion |Ψ(t)⟩; (ii) propagating the TDSE in this space under the influence of both the
nanostructure—treated at the PCM level through the BEM—and the external elec-
tromagnetic pulse.

In this framework, the TDSE maintains the formal structure of Eq. 2.1, with a
time dependent Hamiltonian given by Eq. 2.37

Before the real–time propagation in presence of the NP, it is possible to obtain
the equilibrated wavefunction with the NP in two possible ways: either as a post–
processing step after the quantum–chemistry calculation [165, 67], or directly em-
bedded within the electronic–structure code [140, 134]. In this thesis, we restrict our
attention to the first approach, to which I have contributed directly. The equilibration
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procedure reported below is general and common to both strategies; what differs is
only the practical implementation used to obtain the equilibrated wavefunction.

The expansion of the NP–free wavefunction is the one presented in Eq. 2.4. The
eigenstates of that expression do not contain any information regarding the external
NP and for this reason they will be referenced as λvac.

The post processing step to include the light–off polarization with the NP corre-
spond to a self–consistent equilibration which precedes the real–time propagation.
This involves:

1. Selecting the subset of |λ⟩vac states to define the active space of Eq. 2.4;

2. Minimizing the total energy of the coupled quantum (QM)/classical system.
At this stage the nanostructure is assigned a set of equilibrium polarization
charges qGS

eq , starting from the QM ground state. A new ground state can thus
be written as |0⟩eq = ∑λ

′ a0
λ
′ |λ

′⟩vac;

3. With the equilibrium charges frozen, the operator V̂BEM defines a modified
Hamiltonian which is diagonalized in the active space. This yields a new set of
equilibrated excited states |λ⟩eq = ∑λ

′ aλ
λ
′ |λ

′⟩vac, together with their eigenen-
ergies. These equilibrated states, along with the ground–state charges, form
the starting point for TDSE propagation under the time–dependent Hamilto-
nian in Eq. 2.37.

The wavefunction expansion becomes

|Ψ(t)⟩ = ∑
λ

Ceq
λ (t) |λ⟩eq , (2.39)

with the relation between the two coefficient sets given by Cvac
λ (t) = ∑λ

′ aλ
′

λ Ceq
λ
′ (t).

Once equilibration is established, one can define the transition electrostatic po-
tential between two equilibrated states |λ′

eq⟩ and |λeq⟩ at tessera T as

V
λ
′
eq,λeq

BEM (Rt) = ⟨λ′
eq|

1
|Rt − r| |λeq⟩+ Vnuc(Rt) δλ

′
eq,λeq

, (2.40)

where Vnuc(Rt) is the nuclear contribution at the tessera position Rt.
The resulting time–dependent coefficients obtained from the electronic dynam-

ics encode the effect of the NP on the molecular response. In Section 2.4, we will
show how these coefficients can be exploited to compute observables such as ab-
sorption and ECD spectra, as well as ∆PDOS, thereby revealing the impact of the
nanostructure on the systems properties and the transient electronic density and its
time derivative which can be used to visualize the motions of electrons and holes
over time.
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2.4 Tools for dynamics analysis

A variety of theoretical and computational tools have been developed in the group
to analyze the outcomes of electronic dynamics simulations [133, 166, 167]. In this
chapter, I introduce the most relevant methods that I have employed throughout this
thesis. I begin by describing the procedure used to compute electronic absorption
and ECD spectra from the electron dynamics (Section 2.4.1). Subsequently, I present
the ∆PDOS descriptor which enables us to monitor the time evolution of density
of states (Section 2.51). Transient electronic density and its time derivative are then
presented for the analysis of the electronic dynamics results from the propagation of
the density matrix via the Liouville–Von Neumann equation, as described in Section
2.1.3.

2.4.1 Electronic absorption and ECD

By propagating TDSE in real time under the influence of an explicit electromagnetic
field, one can evaluate the ECD spectra of molecular systems [166, 167, 67]. In order
to calculate the absorption and ECD spectra, it is necessary to calculate the induced
electric and magnetic dipole moments, ∆µ⃗(t) and ∆m⃗(t):

∆µ⃗(t) = µ⃗(t)− µ⃗(0), (2.41)

and
∆m⃗(t) = m⃗(t)− m⃗(0). (2.42)

Here, µ⃗(t) and m⃗(t) denote the electric and magnetic dipole moments at a given time
t, while µ⃗(0) and m⃗(0) correspond to their initial values at t = 0. From the propa-
gation of the TDSE in the electronic state basis we can calculate the time–dependent
electric and magnetic dipole moment as:

µ⃗(t) = ∑
λ′λ

C∗
λ′(t)Cλ(t) ⟨λ′| ⃗̂µ |λ⟩ , (2.43)

and
m⃗(t) = ∑

λ′λ

C∗
λ′(t)Cλ(t) ⟨λ′| ⃗̂m |λ⟩ , (2.44)

where ⟨λ′| ⃗̂µ |λ⟩ and ⟨λ′| ⃗̂m |λ⟩ represent the transition electric and magnetic dipole
moments.

The full matrix of transition dipole moments is determined, also including the
elements connecting two excited states. A derivation of these transition moments
can be found in Refs. [167, 67] and details of their implementation in our codes in
Section 2.5.
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With the induced electric and magnetic dipole moments at hand, the absorption
spectrum is obtained from

PABS
nl (ω) =

1
2πF0

n(ω)

∫ +∞

0
∆µl(t) ei(ω+iΓ)t dt, (2.45)

while the ECD spectrum is given by

PECD
nl (ω) = − i

2πωF0
n(ω)

∫ +∞

0
∆ml(t) ei(ω+iΓ)t dt. (2.46)

In these expressions, ∆µl(t) and ∆ml(t) denote the lth components of the induced
electric and magnetic dipole moments, respectively. The factor Γ acts as a damp-
ing parameter that introduces an exponential decay of the excited-state population.
F0

n(ω) corresponds to the Fourier transform of the nth component of the external
electric field, whose general form is provided in Eq. 2.7.

Eqs. 2.45–2.46 make it possible to follow how each polarization component of F⃗
influences the time evolution of the associated electric or magnetic transition dipole
moment, and thereby the absorption or ECD response. After separately computing
the three Cartesian components (i.e., xx, yy, and zz), rotationally averaged quantities
are obtained to enable comparison with experimental measurements:

PABS
(ω) =

1
3

(
PABS

xx (ω) + PABS
yy (ω) + PABS

zz (ω)
)

(2.47)

and
PECD

(ω) =
1
3

(
PECD

xx (ω) + PECD
yy (ω) + PECD

zz (ω)
)

. (2.48)

The calculation of ECD and absorption spectra have been employed in the works
reported in Section 3.2 for the evaluation of the ECD and absorption spectra along
the photoisomerization process of the molecular motor both in the ground and first
excited state and Section 3.3 in Chapter 3 for the evaluation of the effect of the pres-
ence of a gold nanosphere on the ECD spectra of chiral molecules. In the work re-
ported in Chapter 5, an original computational procedure and theoretical methods
for the calculation of NEXAFS spectra from valence–excited state is instead reported.

2.4.2 Time-dependent ∆PDOS

The study of electron dynamics is carried out using a one–electron descriptor avail-
able as one of the post-processing analysis tools, namely the differential projected
density of states (∆PDOS) [166].
Starting from the wavepacket in the ground state at the initial time, i.e., |Ψ(t = 0)⟩
(in this project ∆PDOS has been used only to characterize closed-system dynam-
ics, even though it was extended to the SSE framework [142]), the initial projected
density of states PDOSini(ϵ) is defined as
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PDOSini(ϵ) =
occ

∑
i

wi ⟨0| n̂i |0⟩ Lη(ϵ− ϵi) = (2.49)

2
occ

∑
i

wiLη(ϵ − ϵi)

Here, n̂i is the number operator, while L(ϵ − ϵi) denotes a Lorentzian function
centered at the orbital energy ϵi with broadening parameter η. The coefficient wi

corresponds to the Mulliken or Löwdin weight assigned to the ith molecular orbital.
If the system is partitioned into non–overlapping fragments, such that each atom
belongs exclusively to a single fragment, the Mulliken or Löwdin weight for orbital
i in fragment K is expressed as

wK
i = ∑

α(K),β
di

α(K)Sα(K),β di
β, (2.50)

where α indexes the basis functions of atoms in fragment K, while β runs over all
basis functions. Sα(K),β is the overlap matrix element between basis functions, and
di

α(K) and di
β are the coefficients of the orbital expansion in the atomic orbital basis.

The time-dependent ∆PDOS, defined as PDOS(ϵ, t) − PDOSini(ϵ), can be written
as

∆PDOSK(t, ϵ) = −
occ

∑
i

wK
i Re

[
∑
M,L

C∗
λ(t)Cλ

′ (t)
vir

∑
a

da∗
i,λda

i,λ′

]
Lη(ϵ − ϵi) (2.51)

+
vir

∑
a

wK
a Re

[
∑
λ
′ ,λ

C∗
λ(t)Cλ

′ (t)
occ

∑
i

da∗
i,λda

i,λ′

]
Lη(ϵ − ϵi),

In Eq. 2.51, da
i,λ′ (da

i,λ) are the coefficients of the orbital expansion for states |λ′⟩
and ⟨λ|, respectively (see Eq. 2.8). Lη denotes a Lorentzian function centered at
ϵi with width η, included to smooth the distribution. The Mulliken (or Löwdin,
as in Ref. [68]) weights wK

i are applied consistently with the chosen fragmentation
scheme. Further technical details can be found in Ref. [166]. The index K indicates
the fragment (an atom or group of atoms) with respect to which charge populations
are evaluated.

Integrating over the energy range allows us to obtain the time–dependent charge
(electron and hole) population with respect to the initial condition[68, 142]

electron population =
1
2

∫ +∞

−∞
[∆PDOSK(t, ϵ) + |∆PDOSK(t, ϵ)|]dϵ (2.52)
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and

hole population =
1
2

∫ +∞

−∞
[∆PDOSK(t, ϵ) + |∆PDOSK(t, ϵ)|] dϵ. (2.53)

This kind of analysis was applied in particular for the works reported in Chapter
4 regarding photocatalysis, in order to to follow the time–evolution of electrons and
holes during the dynamics with and without the presence of the gold nanorod.

2.4.3 Transient electronic density

From the evaluation of the electronic density matrix it is possible to exctract many
information regarding the electronic processes of the quantum system. This quan-
tity is strictly linked to many different observables, which allows us to describe the
electronic processes occurring during the simulation.

We can find a direct link with the flux density by recasting the dynamics into a
one-electron quantum continuity equation:

∂tρS(t) = −∇ · j⃗(t) (2.54)

where j⃗(t) is the flux density.
Exploiting the structure of the many–body wavefunction, as it is expressed in Eq.

2.8, allows us to obtain to simple one-electron integrals between molecular orbitals
which are evaluated with detCI@ORBKIT toolbox [152, 147, 149].

From the one–electron density matrix, one can evaluate the transient electronic
density ∆ρS and its time derivative ∂tρS. ∆ρS allows us to directly see and moni-
tor the evolution of the electron density in respect to the initial density value. The
visualization of this quantity allows us to gain direct insight in the motion of the
electrons and holes as we have shown in the work reported in Section 3.1 of Chapter
3. The second quantity instead is directly linked to the flux density by the conti-
nuity equation. The time derivative of the electronic density, ∂tρS , measures how
the probability of finding the electron at a given point changes in time; physically, it
reflects the local balance between probability flowing into and out of that region, as
dictated by the continuity equation. In the work reported in Section 3.1 in Chapter 3,
it is reported a clear example of how these quantities provide relevant information
regarding the evolution of the electronic motions in molecular systems.

2.5 AMS-WaveT interface

A central part of my PhD research has been devoted to the development of new
computational tools to extend the capabilities of existing electronic structure and
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real–time dynamics codes. In particular, I worked on the interface code that con-
nects AMS [136] with WaveT, enabling simulations that combine the accuracy of
TDDFT electronic excitations with the real–time propagation of quantum states. This
method relies on propagating the electronic wavefunction in the basis of electronic
states. Consequently, the quantities obtained from the AMS quantum chemistry out-
put (dipoles and potentials, which are originally computed in the atomic basis) must
be transformed into this basis. The AMS-WaveT interface performs this transforma-
tion.

The work described in this Section represents the core of my technical contribu-
tions: I implemented (i) the calculation of transition potentials to account for the
effect of a NP on molecular excitations (first strategy described in Section 2.3), (ii)
the computation of transition dipole moments among excited states, which are es-
sential for simulating advanced spectroscopies such as absorption and ECD, as seen
in Section 3.2 of Chapter 3 and Chapter 5 and (iii) introduced an MPI parallelization
version of the interface to treat large systems in presence of the NP.

In Figure 2.1, I report a schematic overview of the computational workflow re-
quired to perform a WaveT simulation starting from an AMS TDDFT calculation.
As of the latest release (v.2025), AMS [167, 67, 66] can be coupled directly to WaveT.
This connection is managed through a custom interface, composed of two in-house
codes, which extracts the relevant information from AMS outputs and formats it into
the input required for WaveT. In particular, the interface enables the calculation of
coupling matrix elements of one-operators in the |λ⟩ state space [4].

Within AMS, the eigenstates consist of the Kohn-Sham DFT ground state and the
(Nstates − 1) excited states obtained via linear-response TDDFT, within the singly-
excited configuration ansatz [166], as expressed in Eq. 2.8. Since WaveT propagates
the electronic wavefunction in a chosen |λ⟩ basis, we must provide as inputs the
unperturbed energies Eλ and the electric dipole moment matrix elements ⟨λ| ⃗̂µ |λ′⟩
from Eq. 2.6. While excitation energies are easily available from most quantum
chemistry codes, transition dipole moments are not always directly accessible. For
this reason, we developed an interface code that bridges AMS and WaveT, automat-
ing the extraction and transformation of these quantities.

During a standard AMS TDDFT run, all relevant information - such as excitation
coefficients, transition dipole moments, and transition potentials - is stored in the
output files adf.rkf/TAPE21 and TAPE15. These files are sufficient to run the AMS-
WaveT interface. The code read_adf.f90 extracts the excitation coefficients and re-
formulates them in the molecular orbital basis, while the code write_wavet.f90
rewrites these quantities in the state space, generating the input files required by
WaveT.
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FIGURE 2.1: Schematic representation of the AMS/WaveT computa-
tional procedure.

2.5.1 Transition potential

The calculation of the transition potential in AMS in the atomic orbital basis is per-
formed by a subroutine that I specifically implemented. All the information regard-
ing this calculation are then stored in TAPE15 which can be read by the interface.
read_adf.f90 extracts the information from the TAPE15 file and rewrites the elec-
tronic and nuclear transition electrostatic potential (see Eq. 2.40) in the molecular
orbital basis. The output files generated by this code for the transition potential
are potmat.dat and potmat_nuc.dat, which correspond to the electronic and nu-
clear contribution of the transition potential in the molecular orbital basis. Then,
write_wavet.f90 reads the output of the first interface code and rewrites these
quantities in terms of excitation (Xλ(λ

′
) + Yλ(λ

′
)) and deexcitation (Xλ(λ

′
) − Yλ(λ

′
))

in the space of the singly-excited configurations as:

⟨λ| V̂BEM |0⟩ = (Xλ + Yλ) · PBEM(Rt) (2.55)

and

⟨λ| V̂BEM(Rt) |λ
′⟩ = 1

2 [(X
λ + Yλ) · PBEM(Rt) · (Xλ

′
+ Yλ

′
) +

(Xλ − Yλ) · PBEM(Rt) · (Xλ
′
− Yλ

′
)], (2.56)

where PBEM(Rt), is the matrix representation of the operator corresponding to
the external potential, as expressed in Eq. 2.40. In Eq. 2.55 and 2.56 we reported
the contribution related to ground state–excited states transitions and to the excited
states – excited states, respectively.
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To include the calculation of the transition potential in AMS in the atomic orbital
basis, it is necessary first to perform a TDPlas calculation, which provides the spatial
distribution of surface charges on the NP. The relevant information is stored in the
cavity.inp file, from which we extract a .xyz file containing the coordinates of
the charges. Another possible way is to build the mesh of the nanostructure with
GMSH – an open-source software for mesh generation and geometry modeling –
and with an interface obtain the necessary file to perform a TDPlas run. By activating
the Nanoparticle section and the TransitionPotential flag in the AMS input, the
program reads the .xyz file and evaluates the transition potential accordingly. The
procedure is summarized in Figure 2.2.

An illustrative fragment of the Fortran implementation of Eqs. 2.55 and 2.56
is reported below, where the terms highlighted in green represent the product be-
tween excitation terms (Xλ +Yλ) ∗ (Xλ

′
+Yλ

′
) and in red between deexcitation terms

(Xλ − Yλ) ∗ (Xλ
′
− Yλ

′
). The loop runs over the number of tesserae (nts), the num-

ber of states (ntoten) with the variables is and js and over the occupied and virtual
molecular orbitals with the variables i and ia. The matrix potmat represents the
transition potential in the basis of the molecular orbitals. tddfteig and tddfteig1
represent respectively the matrix of excitation and deexcitation terms extracted from
the output of the AMS calculation.

1 GS -EX
2

3 do ints =1, nts
4 do is=1, ntoten
5 kk = cont (1,is +1)
6 do i=1, kocc
7 do ia=1, kvirt
8 potmut (kk ,ints) = potmut (kk ,ints) +&

& tddfteig (ia ,i,is)* potmat (i,kocc+ia ,ints)
9 enddo

10 enddo
11 enddo
12 enddo
13

14 EX -EX
15

16 do ints =1, nts
17 do is=1, ntoten
18 do js=is , ntoten
19 kk = cont(is+1,js +1)
20 do i=1, kocc
21 do ia=1, kvirt
22 potmut (kk ,ints) = potmut (kk ,ints) +

tddfteig(ia,i,is)*tddfteig(ia,i,js)*&
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23 &( potmat (kocc+ia ,kocc+ia ,ints)-potmat (i,i,ints))
24 potmut1 (kk ,ints) = potmut1 (kk ,ints) +

tddfteig1(ia,i,is)*tddfteig1(ia,i,js)*&
25 &( potmat (kocc+ia ,kocc+ia ,ints)-potmat (i,i,ints))
26 ...
27 enddo
28 enddo
29 enddo
30 enddo
31 enddo

This calculation in write_wavet.f90 allows us to obtain the input file ci_pot.inp
which contains the information regarding the transition potential in the electronic
state basis. This file is then read by WaveT.

FIGURE 2.2: Representation of the computational procedure for the
extraction of the information regarding the transition potential from
AMS. The square in red represents the input files from AMS, the green
squares the codes and in blue the output files.
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2.5.2 Transition-dipole moments among excited states

Another implementation was the calculation of transition dipole moments among
excited states in a general manner. This feature is particularly important for simu-
lating absorption and ECD spectra.

The γ-th electric component of the transition dipole is written as:

⟨λ| µ̂γ |λ
′⟩ = 1

2 [(X
λ + Yλ) · Dγ · (Xλ

′
+ Yλ

′
) +

(Xλ − Yλ) · Dγ · (Xλ
′
− Yλ

′
)]. (2.57)

and the γ-th magnetic component as:

⟨λ| m̂γ |λ
′⟩ = 1

2 [(X
λ + Yλ) · Mγ · (Xλ

′
− Yλ

′
) +

(Xλ − Yλ) · Mγ · (Xλ
′
+ Yλ

′
)]. (2.58)

Here, γ = x, y, z and Dγ, Mγ are the operator matrices in the molecular orbital
basis.

We report here an example of how in the interface we compute the transition
dipole moments among excited states in the case of the electric and magnetic dipole
moments, following equation 2.57 and 2.58.

1 do is=1, ntoten
2 do js=is , ntoten
3 kk = cont(is+1,js +1)
4 do i=1, kocc
5 do ia=1, kvirt
6 dmut (1,kk) = dmut (1,kk) +

tddfteig (ia ,i,is)* tddfteig (ia ,i,js)*&
7 &( dipmatx (kocc+ia ,kocc+ia)-dipmatx (i,i))
8 dmut (2,kk) = dmut (2,kk) +

tddfteig (ia ,i,is)* tddfteig (ia ,i,js)*&
9 &( dipmaty (kocc+ia ,kocc+ia)-dipmaty (i,i))

10 dmut (3,kk) = dmut (3,kk) +
tddfteig (ia ,i,is)* tddfteig (ia ,i,js)*&

11 &( dipmatz (kocc+ia ,kocc+ia)-dipmatz (i,i))
12 ...
13 enddo
14 enddo
15 enddo
16 enddo
17

18 do is=1, ntoten
19 do js=is , ntoten
20 kk = cont(is+1,js +1)
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21 do i=1, kocc
22 do ia=1, kvirt
23 dmut1 (1,kk) = dmut1 (1,kk)

+ tddfteig1 (ia ,i,is)* tddfteig1 (ia ,i,js)*&
24 &( dipmatx (kocc+ia ,kocc+ia)-dipmatx (i,i))
25 dmut1 (2,kk) = dmut1 (2,kk) +

tddfteig1 (ia ,i,is)* tddfteig1 (ia ,i,js)*&
26 &( dipmaty (kocc+ia ,kocc+ia)-dipmaty (i,i))
27 dmut1 (3,kk) = dmut1 (3,kk) +

tddfteig1 (ia ,i,is)* tddfteig1 (ia ,i,js)*&
28 &( dipmatz (kocc+ia ,kocc+ia)-dipmatz (i,i))
29 ...
30 enddo
31 enddo
32 enddo
33 enddo
34

35 dmut = 0.5 d0 *( dmut + dmut1)

We report here only a part of the nested loop which runs over the same variables
of the transition potential and also the nature of the product among excitation coeffi-
cients is the same. dipmatx, dipmaty, dipmatz are matrices containing the transition
dipole moments in the molecular orbital basis for the x, y and z directions.

For the magnetic dipole, the operator is antisymmetric, so mixed excitation-
deexcitation terms must be included. The relevant parts of the implementation are:

1 do is=1, ntoten
2 do js=is , ntoten
3 kk = cont(is+1,js +1)
4 do i=1, kocc
5 do ia=1, kvirt
6 lmut (1,kk) = lmut (1,kk) +

tddfteig(ia,i,is)*tddfteig1(ia,i,js)*&
7 &( lmatx(kocc+ia ,kocc+ia)-lmatx(i,i))
8 ...
9 enddo

10 enddo
11 enddo
12 enddo
13

14 do is=1, ntoten
15 do js=is , ntoten
16 kk = cont(is+1,js +1)
17 do i=1, kocc
18 do ia=1, kvirt
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19 lmut1 (1,kk) = lmut1 (1,kk) +
tddfteig1(ia,i,is)*tddfteig(ia,i,js)*&

20 &( lmatx(kocc+ia ,kocc+ia)-lmatx(i,i))
21 ...
22 enddo
23 enddo
24 enddo
25

26 lmut =0.5 d0*( lmut + lmut1)

In this case the part in green corresponds to the product between excitation and
deexcitation elements (Xλ + Yλ) ∗ (Xλ

′
− Yλ

′
) and in red between deexcitation and

excitation elements (Xλ − Yλ) ∗ (Xλ
′
+ Yλ

′
). The details of the nested loops and the

variables involved are the same we reported for the electric dipole moment. In this
case lmatx, lmaty, lamtz represent the magnetic transition dipole moment in the
molecular orbital basis for the x, y and z directions.

The calculation of the transition dipole moments allows us to obtain two input
files for WaveT: ci_mut.inp and ci_lt.inp. These two files, respectively, contain
the electric and magnetic transition dipole moments.

2.5.3 MPI parallelization

FIGURE 2.3: Strong scaling performance of the MPI-parallelized
codes. Red lines correspond to the measured execution times, while
black lines indicate the theoretical scaling behavior.

An MPI parallelization in both read_adf.f90 and write_wavet.f90 has been
implemented. In particular, the calculation of transition potentials involves an outer
loop running over the number of tesserae. For large systems - for instance, when
metallic systems are modeled as a QM system and the TDDFT calculation produces
thousands of excitations - this procedure rapidly becomes computationally demand-
ing and impractical to run. To address this issue, I developed an MPI–parallel ver-
sion of the interface, which distributes the most expensive parts of the calculation
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across multiple processors. This implementation significantly reduces the execution
time of the transition potential evaluation, making it feasible to investigate metallic
systems with hundreds or even thousands of excitations. Thanks to this develop-
ment, the range of accessible systems has been substantially expanded, allowing re-
alistic NP-molecule hybrid simulations that would otherwise be prohibitively costly.
To evaluate the performance of the MPI parallelization, I performed strong scaling
tests on the two code of the interface, namely read_adf.f90 and write_wavet.f90.
The results are reported in Figure 2.3. The case test is the tetrahelicene molecule with
40 excited states, coupled to a NP with 360 tesserae.
The execution time is calculated in this way:

1 call system_clock (st ,rate)
2 .
3 .
4 .
5 call system_clock ( current )
6

7 write (* ,*) ’Elapsed␣time:␣’, real(current -st)/real(rate)

where the command call system_clock(st,rate) is called before the input–
reading operation and the command call system_clock(current) is called after
the output–writing operation. The division of the computation time for the variable
rate allows to extract the elapsed time in seconds.

In strong scaling tests the total workload is kept fixed and distributed among
an increasing number of processes. Both routines exhibit a substantial reduction in
the execution time when the number of processes is increased, following closely the
theoretical scaling trend. This confirms that the MPI implementation is effective in
parallelizing the most computationally expensive parts of the code, enabling simu-
lations that would otherwise be prohibitively time–consuming.

Overall, these benchmarks demonstrate that the parallelization is successful: strong
scaling shows excellent improvements in the performance with a behavior closely
resembling the ideal situation. In practice, this allows the study of systems with
thousands of excitations with feasible computational cost, significantly broadening
the applicability of the method.
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Chapter 3

Investigating Chirality

3.1 Laser Induced Charge Migration

In this chapter, I present the work conducted at the Université de Lorraine in Metz
under the supervision of Prof. Jean-Christophe Tremblay. This collaboration sought
to combine the expertise of both groups in studying light–matter interactions, with
a particular focus on endohedral fullerenes, materials of considerable interest due to
their promising applications in molecular electronics.

The broader objective of the project was to explore carbon peapods and under-
stand how the behavior of endohedral fullerenes is modified inside carbon nan-
otubes. As a first step, we investigated the electronic dynamics of these systems
under the influence of chiral light, and in particular circularly polarized light. Such
fields induce a circular motion of electrons when interacting with a laser pulse, re-
flecting the transfer of angular momentum from light to the molecular system.

As model systems, we considered pristine fullerene (C60), fullerene encapsu-
lating a magnesium atom (Mg@C60), and fullerene encapsulating a chloride anion
(Cl−@C60). Interestingly, we found that changing the encapsulated atom profoundly
modified the nature of the electronic response. To explore this, we first performed
TDDFT calculations to characterize the electronic structure of the three systems.
From these results, we selected excitations below the ionization threshold to target in
our real–time electronic dynamics simulations. From the quantum chemistry output
we extracted the information regarding the excitation energies and coefficients to
build a library of transition dipole moment to use for the electronic dynamic simula-
tion. These calculations were carried out using a in–house code. These calculations
were then analyzed through several postprocessing tools, including the transient
electronic density and its time derivative, described in Chapter 2 in Section 2.4.3.

In pristine fullerene, angular momentum transfer caused a pronounced depopu-
lation of the ground state and selective population of excited states, leading to sig-
nificant charge separation and the emergence of a rotating dipole. For Mg@C60,
electron density variations were mainly localized around the magnesium atom, pro-
ducing a weaker induced dipole but more spatially confined excitations. In contrast,
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Cl−@C60 exhibited minimal angular momentum transfer, with an almost isotropic
charge distribution consistent with the charge–transfer nature of its excitations.

In this work, I performed all calculations and analyses. I also contributed sub-
stantially to the interpretation of results, the writing of the corresponding sections
of the paper and to the final editing of the manuscript.

This works is present in literature as Biancorosso, L., Coccia, E., & Tremblay, J. C.
(2024). "Laser-Induced Circular Charge Migration in Endohedral Fullerenes in the
Presence of Ionization". J.Phys. Chem. C, 129, p. 464.
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ABSTRACT: In this study, we explore the behavior of endohedral
fullerenes and examine how different doping species influence the
ultrafast photoinduced electronic dynamics. We analyzed a reference
fullerene (C60) and two endohedral fullerenes with Cl− and Mg atoms
inside the cage using electronic dynamics calculations. By applying
circularly polarized light, we observed the transfer of angular
momentum from the light to the electron density in these systems.
The optical properties and specific excitations were determined through
quantum chemical calculations, which formed the basis of our analysis.
In the C60 reference system, excitation led to a significant rotation of the
electron density and the formation of a large rotating dipole. For the
Mg@C60 system, the electron density changes were mostly localized around the Mg atom, resulting in a smaller induced dipole but
more localized excitations. In the Cl−@C60 system, minimal angular momentum transfer was observed with an isotropic distribution
of charges due to the charge-transfer nature of the excitations. The distinct behaviors observed in these systems highlight the diverse
phenomena that can arise and represent a significant step toward developing novel molecular devices.

■ INTRODUCTION
The peculiar structure of fullerene has triggered the
imagination of scientists since its discovery.1 The unique and
different properties of this molecular system made fullerene the
leading character in various fields such as molecular
electronics,2−4 material science,5,6 optics,7,8 and many
others.9−11 Insertion and trapping of atomic and molecular
species within the fullerene cavity has been advocated as a
simple and flexible approach to modulate the electronic
properties of these systems.12,13 This has led the way to an
increasing number of studies on possible applications of these
endohedral systems.14,15 In this context, the symmetry and
regularity of the structures have made them the perfect test
case for new theoretical methods, trying to unravel their vast
and different electronic and structural behaviors.16 For this
reason, several theoretical methods have been employed to
study the structures of endohedral fullerenes, and they have
proved to provide reliable theoretical estimates of their
structure and physical properties.13,17−19

In previous studies, a lot of effort has been put into the
determination of the formation energies of the system and
polarizabilities of different endohedral systems.20,21 It has been
shown that the different properties depend heavily on the
endohedral species and on the dimensions of the fullerene
cage. Further, the effects of confinement and of electron
correlations on the relative time delay between the 3s and 3p
photoemissions of Ar confined endohedrally in buckmin-
sterfullerene C60 were studied by electron dynamics within the
time-dependent local density approximation.22 Similarly, the

current-induced dynamics in endohedral fullerene molecular
junctions was studied from a structural and a dynamical
perspective.23 In this particular case, the authors addressed the
case of Au−Li@C60−Au conductance junctions subjected to
resonant current. This revealed a coupled two-dimensional
dynamics in which the C60 bounces against the gold electrode
and the Li atom instead undergoes large amplitude oscillations
at a higher frequency.23 Vibrationally induced electron
relaxation in endofullerene Mg@C60 was studied using
nonadiabatic molecular dynamics simulations.24 It was found
that after initial local photoexcitation of the Mg heteroatom
electronic relaxation from the center to the outer C60 shell can
be mediated by vibrations within a picosecond. Further, a
slowdown of the electron relaxation process due to the
presence of large gaps in the spectrum of excited electronic
states was also observed. Yet, the few-femtosecond dynamics is
found to be essentially a pure electronic charge migration. All
these previous studies demonstrate the great influence of
endohedral species on the static and dynamic behavior of the
overall system, while the effect of ionization upon photo-
excitation has not been addressed.
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In the present work, we investigate how doping can be used
to tune the ionization potential of C60 and how this affects
ultrafast photoinduced electron dynamics. Two endohedral
fullerenes with the Cl− anion and a Mg, placed at the center of
the cage, are chosen and compared with the reference fullerene
system from static and dynamical perspectives. Ultrafast charge
migration is triggered by circularly polarized light in order to
transfer angular momentum to the transient electron density of
the target.25 Similar pulses have been proposed to create and
probe long-lived molecular magnets in the presence of strong
dephasing,26,27 for which the Jahn−Teller distortion was also
shown to affect the dynamics.28,29 Here, we assess the potential
of endohedral fullerenes as short-lived photoinduced molecular
magnets in the presence of ionization loss.
All dynamical simulations are performed using the hybrid

time-dependent functional theory/configuration interaction
methodology.30,31 In this approach, energies and pseudo-
configuration interaction singles (CIS) eigenvectors obtained
from a reference time-dependent density functional theory
(TDDFT) calculation in linear response are used as a basis for
the many-electron dynamics. From the knowledge of the
many-body wave packet, electron dynamics can be imaged
using either transient electronic current density maps or the
time-derivative of the instantaneous electron density,32,33 also
known as electron flow. The latter is directly related to the
measurable time-resolved X-ray scattering signal,34 and a
related quantity was independently proposed by others to
visualize electron dynamics.35 These intuitive tools reveal the
mechanism of ultrafast charge migration after photoexcitation
using an angular momentum bearing light.
In Section 2, we provide a theoretical description of the

methods employed and the computational details of the
calculations. The results and the discussion are presented in
Section 3, and Conclusions are given in Section 4.

■ MODELS AND METHODS
Ultrafast electron dynamics is simulated within the hybrid
TDDFT/configuration interaction (CI) framework.30,33 Sim-
ilar methods for electron dynamics that provide a balance
between computational efficiency and numerical accuracy have
also been proposed over the years.36−38 The time-dependent
state of an N-electron system is described by its reduced
density matrix, ρ̂(t). It evolves according to the many-body
Liouville−von Neumann equation

t i H t i F t t

W t

( ) , ( ) ( ), ( )

, ( )

t 0= [ ] + [ · ]

[ ]+ (1)

Here, Ĥ0 is the field-free electronic Hamiltonian in the
clamped-nuclei approximation. The operator Ŵ is a complex
absorbing potential that accounts for the loss of electrons to
the continuum through single ionization. The interaction
between an external electric field F⃗(t) and the molecular dipole
μ̂ is treated semiclassically. In the following, the circularly
polarized field associated with a laser pulse of duration T and
frequency ω will take the generic form

F t F t T t e( ) sin ( / )cos( )
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q
q q
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0
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where F0
(q) is the field amplitude along direction eq, and φq is

the phase of a given component.

In the hybrid TDDFT/CI method, the spin-free time-
dependent N-electron reduced density matrix is represented
using a linear combination of Nstates stationary singly excited
many-body excited states, |Φm⟩ � Φm(rN), where r is a vector
describing the position of an electron in real space. The density
matrix thus takes the form

t t( ) ( )e
m

N

n

N

mn
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where Em(n)
(N) is the energy of state m(n) with N electrons. The

field-free electronic Hamiltonian is diagonal on the basis of
these pseudo-CI eigenfunctions. The lowest-lying excited
eigenstates, Φm(rN), of the many-body electronic Hamiltonian,
are themselves expressed as linear combinations of singly
excited configuration state functions

Dr r( ) ( )m
N

ar
a m
r

a
r N

,=
(4)

The configuration state functions are defined by transferring an
electron from occupied orbital a to virtual orbital r, with
respect to the Kohn−Sham ground state Φ0(rN). The
transition amplitudes Da m

r
, are obtained from TDDFT in

linear response. These can be extracted directly from the
output of standard quantum chemistry programs and
postprocessed using the open-source program package
detCI@ORBKIT.39 All contributions below D 10a m

r
,

3| | < are
discarded prior to renormalization.
The absorbing potential Ŵ is chosen as a sum of projectors

on pseudo-CI eigenfunctions

W
I
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m
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(5)

where Im is the ionization rate of state m. To measure the
coupling strength to the continuum, we adapt the phenom-
enological model used in refs 30, 40, and 41 and define the
ionization rates of state m as
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The first ionization energy, Eion, is calculated for each system as

E E EN N
ion 0

( )
0
( 1)= (7)

where E0
(N) is the energy of the ground state of the N-electron

system, while E0
(N−1) denotes the ground state energy of the N

− 1 electron system. The parameter d is interpreted as an
escape length, and it is set to 1a0 in all simulations.40

Substituting ansatz (4) into eq 1 yields the following
algebraic equation

t
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The dipole matrix elements, μmk are computed by numerical
integration using ORBKIT32,33,39 and eq 8 is integrated
directly using a preconditioned adaptive step size Runge−
Kutta algorithm.42 The last term in eq 8 takes the form of an
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average ionization rate between two states, leading both to
pure dephasing (i.e., an exponential decay of the off-diagonal
element of the reduced density matrix) and to ionization loss
(i.e., an exponential decay of the population of states above the
ionization threshold). As a consequence, the electronic
population is not conserved in the simulations, and the loss-
of-norm gives a measure of ionization loss.
To visualize the electron dynamics in the various systems,

we use the transient electronic density, Δρ(r) and its time-
derivative, ∂tρ(r), which are defined as

tr r r r( ) d Tr ( )( ( ) (0))
k

N
k= [ ]

(9)

tr r r r( ) d Tr ( ) ( )t
k

N
k t= [ ]

(10)

These can be computed using the coefficients obtained by
numerical integration of eq 8 and substituting them into the
density matrix eq 4. All required integrals are then computed
using detCI@ORBKIT.32,33,39 Further, we report the expect-
ation value of the dipole moment operator to track the
evolution of the system in the oscillating field. In the pseudo-
CI eigenfunction basis, this takes the form

t t( ) ( )
k
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kj jk
0 0
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= = (11)

The expectation value of the dipole moment ⟨μ⟩(t) is the
convolution of all transition dipole moments over the
instantaneous state of the system defined by ρ̂(t).
In this work, the 200 lowest-lying excited states of each

system are computed using the range-separated functional
ωB97XD.43 The carbon atoms are represented using a 6-31G
basis and the heteroatoms with 6-311G++ basis sets, as
implemented in Gaussian16.44 The selection of functionals and
basis sets was aimed at providing a good description of the
optical properties exhibited by the chosen systems. Although
the choice of a small double-ζ basis may lead to under-
polarization of the carbon atoms, this would lead to a
quantitative change in the simulations presented here but not a
quantitative change. Nuclear motion is typically much slower
than electron dynamics, and the nuclei are kept frozen
throughout this work. All many-electron dynamical simulations
are performed using in-house codes.41,42,45−47 Matplotlib48 is
used to illustrate the transient electronic densities, the
molecular orbitals, and all molecular structures.

■ RESULTS AND DISCUSSION
The results can be categorized into two main subsections:
electronic structure and electron dynamics. The quantum
chemistry analysis provides a comprehensive overview of the
optical properties of these three systems and the electron
dynamics reports on simulations of photoinduced circular
charge migration, highlighting potential applications as
molecular magnets.
Electronic Structure. The lower parts of the absorption

spectra computed using linear response TDDFT are shown in
Figure 1 for C60, Mg@C60, and Cl−@C60, respectively, from
top to bottom. Ionization energies calculated using eq 7 are
shown as vertical dashed lines. The general appearance of the
three spectra is similar, with a small absorption peak at lower
energy and two dominant bands between 150 and 220 nm.

The main difference is that the largest peaks are found above
the ionization threshold in both endohedral species.
In C60, the ionization energy falls within the range of 7.6−

7.8 eV49,50 and all reported states in the top panel of Figure 1
are below this threshold. In Mg@C60, the inclusion of the Mg
atom in the carbon cage decreases the ionization energy of the
system to 6.05 eV, also much below the ionization potential for
free-standing Mg at about 7.6 eV.51,52 This is indicative of a
hybridization effect that stabilizes the endohedral system at the
expense of destabilizing the highest occupied molecular orbital.
Similarly, in Cl−@C60, the ionization energy decreases to 4.41
eV, indicative of the anion-like behavior of the system, where

Figure 1. Absorption spectra of the three systems under analysis,
namely, buckminsterfullerene (C60), endohedral Mg (Mg@C60), and
e Cl− (Cl−@C60). Vertical dashed lines indicate the ionization
thresholds calculated using eq 7. Solid lines labeled a/b/c mark the
target states for the dynamics. All bands are convoluted using
Lorentzian functions with fwhm = 0.1 eV.
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the negative charge significantly influences the optical
properties. Interestingly, the electron affinity of free-standing
Cl is about 2.5 eV,53 which indicates that the chlorine anion is
strongly stabilized when encapsulated in C60. This is in line
with previous findings from static DFT calculations, which
showed that C60 behaves like a large ion upon intake of various
charged species.13,54

One aim of the static characterization is to identify states
below the ionization threshold that can be photoexcited to
transfer the angular momentum and induce circular charge
migration. The energy of the selected excitations is labeled a/
b/c in Figure 1 for the three systems, respectively. A list of all
bright states below the ionization threshold is given for each
system in the Supporting Information. For the pristine C60
system, all excitations correspond to CAGE−CAGE tran-
sitions. To minimize electron loss to the continuum upon
photoexcitation, the lowest bright state of symmetry T1u is
retained as a target for the dynamics. It corresponds
predominantly to a transition from 5-fold Hu to 3-fold T1g
orbitals, as can be seen from Figure 2a. This orbital transition

corresponds to a redistribution of the electrons among the π-
system of the C60 cage. The CAGE−CAGE character of all
three peaks in the C60 spectrum is largely preserved in the
other two systems, albeit with some slight energy shifts.
In Mg@C60, the presence of the heteroatom opens the

possibility to observe local transitions in the center of the C60
cage. Indeed, the HOMO of symmetry Ag involved in the

excitation labeled ‘b’ (see central panel of Figure 1) is fully
localized on the Mg atom, and the final orbital for the
transition (LUMO+1, symmetry T1g) is also localized on the
central atom. Figure 2b shows that this transition determines
about 50% of this target state, while many other higher local
transitions also contribute a little to the character. Little
hybridization with the orbitals localized on the endofullerene
cage is observed. Yet, the lowest bright CAGE−CAGE
transition is much reduced and its energy is blue-shifted, and
it is likely responsible for some transfer of intensity to the
ATOM−ATOM transition. The atom-like behavior observed
in the Mg@C60 system is distinctive and absent in the other
systems under examination.
For Cl−@C60, the ionization threshold greatly diminishes

the range of excitations that can be photoexcited without the
loss of electrons to the continuum. While the CAGE−CAGE
transitions are still visible in the spectrum, they all appear
above the ionization threshold for this system. A novel type of
excitation emerges below the ionization threshold, denoted by
the label ‘c’ in Figure 1. This low-intensity excitation is
attributed to the transition with strong charge transfer
character between orbitals localized on the Cl− ion and
those centered on the π-system of the fullerene cage (see
Figure 2). In the following, it is termed the ATOM−CAGE
transition.
Electron Dynamics. The results of the electron dynamics

simulations are reported for the three systems in Figure 3. The
transient populations and dipole moments are displayed in the
left and right panels, respectively. In each case, the pulse
duration is set to 20 fs, and the laser frequency ℏω in eq 2 is
chosen to be resonant with the selected excitation. The
amplitude F0

(q) and polarization direction (yz-plane) of the laser
fields are chosen to maximize the population of the target state
(labeled ‘a’, ‘b’, and ‘c’ in Figure 1 in panel a). The population
dynamics of C60 reveals an almost complete depopulation of
the ground state, while the target state is selectively populated
at about 95% by the end of the simulation. Only the marginal
population of other, nonresonant states is observed at
intermediate times, which stems from the response of the
electronic density when the oscillating field is on. The strong
quantitative population transfer to the target state is made
possible because the transition dipole moments that mediate
the transition in the yz-plane are large. No electron loss is
observed under the simulation conditions because the
frequency is far from the ionization threshold and the intensity
of the laser pulse (I = 0.43 × 1012 W/cm2, Fq0 = 1.27 × 109 V/
m) remains moderate. By the end of the pulse, a circularly
rotating wave packet composed of two states is created. This
can be observed from the right panel of Figure 3a, which shows
the expectation values of the dipole moment in the yz-plane as
a function of time. This rotating dipole could potentially be
detected directly in an experimental setup with suitable time
resolution.55 The rotation period of the dipole is determined
by the frequency of the circularly polarized pulse, which
effectively transfers its angular momentum to the wave packet.
The direction of charge migration can be simply inverted by
using clockwise circular polarization (see panels b and c, for
example). The field and dipole rotate at the same frequency
because the electronic wave packet created after the pulse is
essentially a superposition of the ground state and an angular-
momentum bearing state. This can be represented concep-
tually as |ψ⟩ = e−iE0t/ℏ(C0|0⟩ + Cee−iω0et|e⟩), with {C0, Ce} a
complex coefficient containing the phase information from the

Figure 2. Dominant orbital transition character for selected
excitations in (a) C60 at 270 nm, (b) Mg@C60 at 285 nm, and (c)
Cl−@C60 at 322 nm. Initial orbital on the left; final orbital on the
right. The percentage associated with each transition is also reported.
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laser excitation. The frequency ω0e corresponds precisely to
that of the resonant transition excited by the laser, which
explains why the field and dipole oscillate at the same
frequency. Further, it was shown that there is no dephasing
between the field and dipole in a dissipative system when laser
excitation occurs at the resonance frequency,47 which explains
why they are also in phase during the pulse.
In panel b, the population dynamics of Mg@C60 is reported

for a laser pulse tuned to excite selectively the ATOM−ATOM
transition in magnesium (label ‘b’ in Figure 1). The population
of the target state is much lower (about 20%) due to the small
transition dipole moments, which require a larger pulse
intensity to obtain a larger depopulation of the ground state
and a consequent population of the target states. Despite
competition from the bright CAGE−CAGE transition at 240

nm, excitation of the ATOM−ATOM transition remains very
selective. Since the pulse intensity is larger than for the C60
excitation (I = 0.1 × 1013 W/cm2, Fq0 = 3.63 × 109 V/m), the
electronic response is much larger during the pulse, as can be
seen from the blue line that reaches in excess of 10%
population at intermediate times.
The stronger electronic response leads to a loss of excitation

selectivity when increasing the field amplitude. Furthermore,
using a more intense field leads to a larger depopulation of the
ground state at the expense of an increased ionization loss
without improving transfer efficiency to the target state. The
dipole moment reveals, in part, the strong electronic response
of the system, which has a more regular amplitude when the
field is on. By the end of the pulse, the amplitude of the
rotating dipole moment becomes very small compared to the

Figure 3. Population dynamics (left panels) and time-dependent dipole moments (right panels) for laser excitation of C60, Mg@C60, and Cl−@C60,
respectively, from top to bottom. In each case, a pulse of duration T = 20 fs is used to trigger the dynamics, and the laser frequency is set resonant
with the selected excitation. Laser parameters for panel (a) ℏω = 4.63 eV and Fq0 = 1.27 × 109 V/m, panel (b) ℏω = 4.34 eV and Fq0 = 3.63 × 109
V/m, and panel (c) ℏω = 3.84 eV and Fq0 = 3.63 × 109 V/m. Target state population in green, ground state population in red, and population of all
other states in blue.
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pristine C60 simulation. This is due to the fact that charge is
being displaced on a much smaller distance in the ATOM−
ATOM transition and that charge migration occurs on a very
small radius around the central Mg atom compared with the
cage dimensions. Hence, circular charge migration will not lead
to a strong fluctuation of the dipole moment, despite the fact
that the laser pulse effectively transfers a significant amount of
angular momentum to the electronic system.
A very different behavior is observed for the Cl−@C60

system, whose population dynamics is depicted in Figure 3c.
In this case, the population of the target state is accompanied
by a strong bleach of the ground state. Yet, only about 5% of
the population reaches the target and 7% remains in the
ground state by the end of the pulse. For the selected ATOM−
CAGE transition, the strong charge transfer character leads to
small transition dipoles. It is thus necessary to use much
stronger fields (F0

(q) = 3.63 × 1 × 109 V/m) to excite the
system. Yet, an electronic response is barely observed
throughout the dynamics. In such intense fields (I = 0.1 ×
1013 W/cm2), the dynamics is typically subject to strong
dynamical broadening and multiphoton processes. The former
allows exciting transitions that are not strictly resonant with the
field frequency. Since the selected ATOM−CAGE transition is
just below the ionization threshold, dynamic broadening
enables direct ionization. The high field intensity also opens
the possibility of two-photon ionizations, which further
increases the photoionization probability. In fact, even for
this high-intensity laser, the Keldysh parameter is about 15
which confirms the strong preference for multiphoton
processes over tunnel ionization.56 The increased propensity
of Cl−@C60 to release electrons upon photoexcitation at low
energies would make it an excellent candidate for sensor
applications. The wave packet created by the field reveals an
interesting dipole moment profile. After an initial rise due to
the electronic response of the system and the partial
population of the target state, the magnitude of the dipole
moment decreases exponentially to a vanishingly small value at
the end of the pulse. While this exponential decay can be
understood by the population loss to the ionization
continuum, the origin of the remaining small dipole moment
cannot be explained on the basis of simple geometrical
arguments as in the two previous scenarios.
The interaction with circularly polarized laser pulses results

in complex and rich electron dynamics in all three systems
under investigation. The rotation of the dipole in the plane of
the pulse polarization (yz) is an indication of the successful
transfer of the angular momentum to the electronic density
upon photoexcitation. Yet, the dipole moment is too coarse to
capture the subtleties of charge migration in such systems. To
this end, the top panels of Figure 4 show the difference in
electronic density, eq 9, for the last period of the dynamics in
photoexcited C60, when the field becomes vanishingly small.
Regions of density increase are depicted in orange and those of
density depletion are shown in cyan. The four snapshots span
the period defined by the field frequency, T = 2π/ω = 0.88 fs.
At t0, the system excitation to the target excited state leads to
electron−hole separation on the cage and along the y-
direction, causing the induced dipole observed in Figure 3a.
The three following snapshots, respectively, at delay times of
T/4, T/2, and 3T/4, demonstrate the circular charge migration
about the x-axis. This picture is confirmed by the time-
derivative of the instantaneous density depicted in the bottom
panels. In the first snapshot, the density is found to increase on

the five-membered ring along the positive z-axis (red
isocontours) and is depleted at the back of the C60 cage. It
is very similar to the charge distribution (top panel) that is
observed at the next time step, i.e., at t0 + 0.22 fs. The pattern
repeats itself for the subsequent time steps, indicating that the
difference density can be predicted directly from its time-
derivative at the previous time step. It should be noted that this
finding is only strictly correct for a wave packet behaving like a
two-level system, as is the case here. Placing the positive and
negative charges approximately on the cage further allows for
estimating the degree of charge separation in the wave packet.
For a C60 of radius of 3.52429 Å and a dipole magnitude of
about 1D, this amounts to an effective charge separation of
mere ∼0.03 e. This can be rationalized by the fact that
although the negative charge is mostly localized on a five-
membered ring at a given instance, the positive charges are
more spread on the whole cage. Despite the small charge
separation achieved by laser excitation, the magnitude of the
rotating dipole is large because of the relatively important
distance of the charge separation imposed by the C60 cage.
The top panels of Figure 5 show snapshots of the difference

density in the Mg@C60 case for each quarter of the charge
migration period of duration T = 2π/ω = 1.02 ps. The
snapshots confirm that the electron−hole pair is created
around the central Mg atom. This is to be expected from the
LOCAL−LOCAL character of the orbital transitions asso-
ciated with the targeted excited state (see Figure 2b). Yet,
important differences are observed on the cage, which is also
found to undergo circular charge migration. This is a
consequence of the hybridization between the atomic orbitals
of the Mg center and the molecular orbitals of the C60 cage.
Since the target state becomes only about 20% populated by
the end of the pulse, the amount of charge separation is small.
Further, the electron−hole pair is predominantly localized
close to the central atom, which implies a small charge
separation distance and a small dipole magnitude as a

Figure 4. Transient electronic density (Δρ(r)) and its time-derivative
(∂tρ(r)) for charge migration in the photoexcited C60 system are
presented in the first and second rows, respectively. The laser pulse
parameters are given in Figure 3. The orientation is chosen such that
the x-axis points to the right and the y-axis to the top, with the z-axis
sticking out of the paper. Positive/negative isovalues are presented in
orange/cyan and red/blue for the difference density and for its time-
derivative, respectively. The time t0 is chosen to cover the last period
of field-free charge migration. Bottom panel: cartoon representation
of the charge migration mechanism projected in the yz-plane. The
length of the arrow correlates with the magnitude and position of the
expectation value of the dipole moment.
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consequence�about half of what is observed in C60 (see
Figure 3b). The time-derivative of the density is found again to
be a good predictor of the difference density at the subsequent
time step, but it appears to be more sensitive. Indeed, the
features of electron dynamics on the C60 cage are more
prominent, and they reveal that the charge migration from the
atom rotating about itself is localized in the π-system of the
cage. These results show that electron dynamics can reveal
subtle features that are barely observable from static
calculations.
The situation with Cl−@C60 differs significantly from that of

the other two cases. The induced dipole, shown in Figure 3c,
becomes vanishingly small at the end of the pulse, despite
some populations reaching the target state and bearing the
signature of photon-to-electron angular momentum transfer.
The targeted excited states, in this case, are characterized by an
ATOM−CAGE transition involving an initial Cl− orbital and
final cage orbitals. This behavior is evident from the snapshots
of the difference density in the top panels of Figure 6. The

holes remain mostly localized on the Cl atom at the center
with a well-defined spherical symmetry. The changes in
electron density occur primarily on the cage rather than the
central atom, but the changes registered are small. The
rotational behavior, clearly observed in the other two systems,
is not easily recognizable here. The almost isotropic
distribution of the electron effectively leads to a vanishing
small dipole in the wave packet created by the ATOM−CAGE

transition in endohedral Cl−@C60. Nonetheless, the signatures
of circular charge migration�and of angular momentum
transfer�are more readily observed from the time-derivative
of the electron density (bottom panels of Figure 6). The four
snapshots reveal that during the rotation period of duration T
= 2π/ω = 1.02 ps the charge migration is observed only around
the cage and in the space away from the central atom. Contrary
to the two previous cases, there is no correspondence between
the time-derivative of the electron density and the difference
density at the subsequent snapshot, indicating more intricate
dynamics dominated by the quasi-spherical character of the
ATOM−CAGE transition.

■ CONCLUSIONS
In this study, we investigated how doping C60 with different
atomic species affects its ultrafast photoinduced electron
dynamics. We focused on two types of endohedral full-
erenes�one with a Cl− anion and another with a Mg atom�
and compared their behaviors to a reference fullerene system.
The systems were excited by using circularly polarized light,
which transfers angular momentum to their electron densities.
To understand these dynamics, we analyzed and visualized
changes in the electron density and its time-derivative. We
started with quantum chemistry analysis to determine key
properties and select specific excitations for our electronic
dynamics calculations. The behavior of the endofullerenes was
found to be distinctly influenced by the nature of the encaged
species: the Cl− system exhibits characteristics typical of an
anion, while the Mg system retains features reminiscent of the
free atom. Through our calculations and imaging, we observed
diverse electronic behaviors across the three systems. In the
case of the pristine fullerene, the transfer of angular
momentum resulted in significant depopulation of the ground
state and selective excitation of target excited states, leading to
substantial charge separation and the formation of a rotating
dipole. For the Mg-doped endofullerene, similar angular
momentum transfer was noted with electron density variations
concentrated around the Mg atom. Conversely, the Cl−@C60
system showed minimal angular momentum transfer and a
negligible induced dipole. In this case, changes in electron
density were primarily localized on the fullerene cage rather
than on the Cl− ion, leading to an isotropic distribution of
electrons and holes. This isotropic distribution accounts for the
low induced dipole and the nature of charge migration
observed in the system. Our results indicate that doping
fullerene with Cl− and Mg significantly alters the electronic
dynamics compared to the pristine fullerene system, leading to
a wide range of distinct behaviors. The subtleties of the
ultrafast electron dynamics could be directly observed by time-
resolved X-ray scattering26,34,57−59 or by monitoring the time-
dependent dipole moment.55

A fascinating route for future research would be to explore
how incorporating these doped fullerene systems within a
larger nanostructure, such as a carbon peapod, would affect
their electronic dynamics. This could provide insights into the
interactions between the doped fullerenes and the encapsulat-
ing nanostructure, potentially revealing new physical properties
or emergent behaviors due to the confined environment.
Investigating these effects could not only deepen our
understanding of the fundamental physics involved but also
pave the way for developing novel nanodevices with tailored
electronic properties.

Figure 5. Same as Figure 4 but for charge migration in photoexcited
Mg@C60.

Figure 6. Same as Figure 4 but for charge migration in photoexcited
Cl−@C60.
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3.2 Time–Resolved ECD

We present a combined spectroscopic and structural analysis of the photoisomer-
ization dynamics of a molecular motor (9-(2,4,7-trimethyl-2,3-dihydro-1H-inden-1-
ylidene)-9H-fluorene). Inspired by the work of Miròn et al. [168] and Vicario et al.
[169], we intend to follow the photoisomerization process, with pump in S1, through
a computational protocol which allows us to combine the methods developed in our
group with the ones in the group of Ali Hassanali at ICTP in Trieste.

This family of motors undergoes unidirectional 360◦ rotation via a four-step cy-
cle consisting of two photochemical isomerizations followed by two thermal helix
inversions, with the rate of rotation governed by the activation energy of the ther-
mal steps [170] (Figure 3.1). Structural modifications that increase steric hindrance
slow rotation, whereas reducing steric congestion-such as replacing six–membered
rings with five–membered ones-accelerates it [171]. This approach has enabled the
design of the fastest light–driven molecular motors to date and continues to guide
the optimization of their dynamic behavior [169]. The first generation of molecular
motors was formed by symmetric biphenanthrylidenes [172]. Based on that model,
many different modification have been made to increase the speed of rotation[171,
173, 174, 175]. The new class of molecular motor is based on a 5-membered up-
per half ring and a fluorene lower half [169]. Its molecular structures is shown in
Figure 3.1. The mechanism of photoisomerization initiates with a photon-induced
excitation [170, 176], which promotes the molecule to an excited electronic state and
triggers a rotation around the dihedral angle. This process leads to the formation of
an unstable ground-state intermediate (M) through a conical intersection (CI). Sub-
sequently, thermal energy drives a helix inversion, resulting in the formation of a
stable conformer (P). Representation of this process is reported in Figure 3.1. The
photon-induced step is of primary importance, as it provides the necessary energy
to activate the molecular motor and constitutes the central focus of this study.

In the work of Miron et al. [168], the photo-isomerization process was investi-
gated in detail, yielding particularly insightful results. Upon excitation of the molec-
ular motor in its initial configuration, the authors observed the formation of two
distinct conformers: one corresponding to the photo-isomerized product (the M iso-
mer) and another whose conformation closely resembles that of the reactant (the P
isomer).

Using the NAMD simulations of from Ref. [168], we intend to simulate ECD and
absorption spectra along these trajectories, trying to correlate the spectral features of
the molecular structures with the evolution of the dihedral angle that drives isomer-
ization. By doing so, we apply a time-resolved methodology for ECD calculations,
effectively simulating a TR-ECD experiment (see Section 3.2 of Chapter 1).
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Following the classification in the reference work of Miron et al., two distinct
classes of trajectories were identified. Active trajectories display the expected de-
crease of the dihedral angle and converge to the M isomer of the photoproduct [168]
(see Figure 3.8). In contrast, non-active trajectories, characterized by persistently
large dihedral angles, fail to isomerize and remain structurally close to the initial
configuration (P isomer formation in the ground state S0, see Figure 3.8). This dis-
tinction is clearly reflected in the simulated ECD spectra, which exhibit high sensi-
tivity to the conformational diversity emerging during the dynamics, whereas the
absorption spectra remain comparatively featureless. These findings underscore the
utility of ECD spectroscopy as a probe of isomer–specific pathways and structural
variability in photoactive systems. Although preliminary, the results already high-
light meaningful trends. Despite the approximate nature of both the clustering pro-
cedure and the trajectory sampling frequency, the simulations demonstrate the po-
tential of computational spectroscopy to complement ultrafast experiments by offer-
ing mechanistic insight into the interplay between electronic responses and confor-
mational dynamics in light–driven molecular machines. It is important to note that
the theoretical methodology employed here is not suited for an accurate description
of the electronic structure near conical intersections. Nonetheless, it still enables the
extraction of valuable semiquantitative information from the simulations.

Supervised by E. Coccia, M. Monti and A. Hassanali I performed the electronic
dyanmics simulations on the selected geometries and performed the geometrical
and spectroscopical analysis. NAMD simulations were computed by G. D. Miron.
M. Monti and G. D. Miron currently work in the group of Ali Hassanali at ICTP in
Trieste.

3.2.1 Methods

Nonadiabatic Molecular Dynamics

NAMD simulations were carried out using the DFTB method [177] as implemented
in the open-source packages DFTB+ [178] and SHARC [179]. The computational
strategy follows the approach established by Miron et al. [168], which combines
the analytical evaluation of the nonadiabatic coupling vectors (NACVs) between the
ground and excited states with the pseudo–wavefunction formalism for computing
NACVs among excited states. For details of the NACV implementation within the
DFTB framework, the reader is referred to Ref. [168].

In the present work, the Tamm–Dancoff approximation (TDA) was employed.
This approximation is well known to produce results comparable to Casida formal-
ism while avoiding the numerical instabilities that often arise near conical intersec-
tions [180].
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The photoinduced dynamics were simulated using the trajectory surface hop-
ping (TSH) algorithm [181], along the ground state S0 and a few excited states (see
below). Within this scheme, nuclear motion is treated classically using forces de-
rived from a single potential energy surface. At each time step, the probability of a
nonradiative transition is evaluated, and a stochastic algorithm determines whether
the system continues on the current surface or hops to another.

Because the photophysical relaxation of the system occurs on fast timescales
(femtoseconds to picoseconds), the trajectory evolution is strongly dependent on
the initial conditions. To achieve reliable convergence, an ensemble of trajectories
must therefore be propagated. Additionally, a decoherence correction was applied
following the method proposed by Granucci and Persico [182].

Electronic dynamics calculation: TDSE

To calculate the ECD spectra of the molecular motor, both in the ground and first
excited state, we performed electronic dynamics simulations based on the TDSE. We
reported the computational and methodological details of this kind of calculation in
Section 2.1.1 of Chapter 2.

Calculation of Excited State Spectra

The ground S0 and the first-excited S1 are explicitly considered, i.e. |CS1(t = 0)|2 = 1
or |CS0(t = 0)|2 = 1 and calculations have been carried out on the correspond-
ing molecular geometries. In other words, to get an excited-state spectrum, the ini-
tial condition for TDSE propagation is to have the system in that excited state, e.g.
|CS1(t = 0)|2 = 1 to get a signal from S1.

The calculation of excited–state spectra relies on the implementation of excited–
excited magnetic and electric transition dipole moment elements. The methodology
used to compute ECD spectra–described in Section 2.4, Subsection 2.4.1 of Chap-
ter 2–is directly applicable to the excited–state spectra as well. Specifically, the spec-
tra are obtained through the Fourier transform of the induced electric and magnetic
dipole moment (see Eqs. 2.41 and 2.42). In this case, the time evolution involves
transition dipole moments between excited states (see Eqs. 2.43 and 2.44), since the
initial condition of the simulation places the system in an excited state rather than
in the ground state. The computational details for evaluating these transition dipole
moments within our interface are provided in Section 2.5 of Chapter 2. Once these
quantities are available, the procedure to compute excited–state spectra is identical
to that used for the ground–state case, as discussed in Section 2.4.1. To extract rota-
tionally averaged spectra for each geometry, we employ Eq. 2.48. The calculation of
the average spectra at each time t of the simulation can be calculated as:
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PX
tot(t) =

∑N
i PX

i (t)
N

(3.1)

where Pi(t) is the rotationally–averaged spectrum (with X=ABS or ECD) at a
certain time t of the simulation for trajectory i and Ptot(t) is the full average spectrum
at a certain time t, averaging over N trajectories.

In order to compare computed spectra with the experimental data, we must
weight the theoretical spectra according to the experimentally determined excited–
state population. This approach allows us to reproduce the observed spectral trends
from pump probe experiments. The spectrum calculated at time t for the ith-trajectory
is written as

PX
tot(t) =

∑N
i pop × PX

i (t) + (1 − pop)× PX
GS,i(t = 0)

N
(3.2)

where Ptot(t) is the full rotationally–averaged spectrum at a certain time t of the
simulation. This spectra includes contributions from both the ground state (GS) and
the target excited state. Pi(t) is the rotationally averaged spectrum computed at
time t for trajectory i and pop is the experimentally measured excited–state popu-
lation. PGS,i represents the rotationally–averaged ground state spectrum at t = 0
of trajectory i. This weighting procedure accounts for the fraction of molecules that
remain in the ground state after the photoexcitation but still contribute to the overall
recorded spectrum.

All simulations were performed with the WaveT code, interfaced with AMS. De-
tails on the computational setup can be found in Section 2.5.

3.2.2 Computation Details

The simulation workflow starts with optimizing the molecular geometry in vacuum,
making use of the rational optimizer provided in DFTB+. Once the geometry opti-
mization is complete, frequency calculations are carried out to obtain the vibrational
frequencies and normal modes of the system. From these results, 200 random initial
configurations (positions and velocities) are sampled from the Wigner distribution
at 300 K. For each of these initial conditions, a TD-DFTB calculation was performed,
considering the first 10 excited states. NAMD simulations were then executed within
the NVE ensemble, using a 0.5 fs timestep. Hopping events were identified based
on the NACVs, as described in the previous Section, with a decoherence correction
parameter of 0.1 Hartree applied. Each simulation was propagated for 1 ps.

For the electronic dynamics, geometries from the 50 trajectories randomly chosen
were sampled every 100 fs. On these selected structures, TDDFT calculations were
performed at the CAM-B3LYP/TDA level with a TZ basis set, incorporating 100
excited states. Subsequently, electronic dynamics simulations of 100 fs were carried
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out with a timestep of δt = 1 as. An external field was applied along the x, y, and
z directions, and the resulting spectra were averaged across these orientations. The
field parameters were chosen as FWHM = 94 as and an intensity of I = 102 W/cm2.

3.2.3 Results

Figure 3.1 shows the ECD spectra of the initial configuration of the molecular ro-
tor under study (9-(2,4,7-trimethyl-2,3-dihydro-1H-inden-1-ylidene)-9H-fluorene) -
denoted as GS-and the corresponding photoproduct. Both spectra were calculated
with WaveT in the electronic ground state. We extracted two geometries from the
NAMD simulations, associated with the initial (labeled GS) and final configuration
(labeled PHOTO PROD) of the photoisomerization process that we reported in Fig-
ure 3.1. We performed on these two structures electron-dynamics simulations with
WaveT and extracted the ground state spectra to compare with the experimental data
[169]. The comparison between theoretical and experimental spectra is reported in
Figure 3.1: the two structures show an inverted ECD signal. Computed spectra cap-
ture the main features of the experimental ones, though failing in reproducing the
peak at around 240 nm.

We then moved on to the analysis of the trajectories produced via NAMD. At
selected time steps along the dynamics (0, 100, 200, , 1000 fs), we extracted molecular
geometries and carried out electronic dynamics calculations on each geometry.

The molecular system initially evolves in the first excited state (S1) and subse-
quently relaxes to the ground state (S0), enabling the isomerization process. Across
randomly-chosen 50 trajectories among the ensemble of the 200 ones carried out by
NAMD, the average S1 → S0 decay time was found to be 587.0 ± 103.4 fs for the an-
alyzed trajectories (588.1 ± 100.1 fs for all trajectories). After obtaining the spectra at
each step for every trajectory, we computed the ECD spectra by averaging over the
full set of 50 trajectories. We must specify that that with the methods at hand it is not
possible to accurately study the absorption and ECD spectra of geometries close to
the CI but, nonetheless, we can extract valuable semiquantitative information from
our simulations.

Figures 3.2 and 3.3 present the averaged absorption and ECD spectra across the
various time steps of the dynamics, obtained using Eq. 3.2.

On their own, these averaged spectra provide only limited insight into the pho-
toisomerization process. However, a few trends are already visible. In the ECD
spectra, we can see a negative peak that over the time of the dynamics tends to shift
at lower energies and then disappear when the system in average goes from S1 to
S0. In the absorption spectra, for example, the signal at longer wavelengths (above
500 nm) decreases significantly as the dynamics progress, as it is reported in Figure
3.4, whereas at early times absorption peaks are clearly present in this region. This



53

FIGURE 3.1: Top: schematic overview of the four-step cycle underly-
ing the molecular motor mechanism (adapted from Ref. [168]). Mid-
dle: molecular structures corresponding to the initial configuration of
the cycle (P isomer, stable) and the final configuration of the photoi-
somerization process (M isomer, unstable) involved in the first step
of the cycle. DA = dihedral angle (atoms highlighted). Bottom: left
panel shows the computed ECD spectra of the initial configuration
(blue box) and the photoproduct (red box). Right panel presents dig-
itized experimental ECD spectra of the same species, adapted from
Ref. [169].
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FIGURE 3.2: Average time-resolved absorption spectra. White hori-
zontal line and the light bands are the CI and the corresponding error.

descending trend well agrees with the transient absorption spectra obtained experi-
mentally in Ref. [183].

To better quantify the changes, I performed a simple statistical analysis. The
spectra reported below are all obtained using Eq. 3.1 in order to highlight the spec-
tral contributions of the geometries involved in the photoisomerization process with-
out the GS contribution in background. Figure 3.5 illustrates the ECD spectra at 100,
700, and 1000 fs. The panels show both the frequency distribution of spectral fea-
tures across trajectories (left) and the averaged spectra with associated standard de-
viations (right). At time 100 fs, the standard deviation is very small, indicating that
nearly all trajectories exhibit the same spectral features. In contrast, at 700 fs and
1000 fs, the variance increases markedly, with much broader deviations around the
averaged spectrum. This reflects the growing diversity of conformations and config-
urations of the molecular motor along the dynamics. Once the system relaxes from
S1 to S0, the resulting structures vary significantly from trajectory to trajectory, and
this variability is clearly imprinted in the ECD response.

Interestingly, while the ECD spectra reveal a large trajectory–to–trajectory vari-
ability, the absorption spectra show a much smaller degree of fluctuation at large
times, as shown in Figure 3.6. As expected, ECD is a more sensitive probe of the
conformational diversity emerging during the photoisomerization process.
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FIGURE 3.3: Average time-resolved ECD spectra. White horizontal
line and the light bands are the CI and the corresponding error.

In order to correlate the spectral variations with the molecular dynamics, I an-
alyzed the evolution of the dihedral angle directly involved in the isomerization of
the molecular motor, inspired by the work of Ref. [168].

Figure 3.8 shows the trend observed across the first 50 trajectories. The dihedral
angle was defined using the atoms most directly participating in the photoisomer-
ization reaction: the two carbon atoms linking the rotor structure to the base and two
carbon atoms respectively in the rotor and at the base connected with the two atoms
linking the structures (Figure 3.1). The choice of these atoms follows the analysis of
Miron et al. [168]. As expected, the angle starts from a high initial value around 180◦

and progressively decreases along the course of the reaction.
The average trend of the dihedral angle is consistent with the isomerization

mechanism: initially high values gradually decrease as the system relaxes. How-
ever, the associated standard deviation increases significantly along the dynamics.
At early steps the standard deviation is nearly zero, meaning that all trajectories
share very similar geometrical features. At later stages, however, the variance be-
comes large, reflecting strong deviations from the expected isomerization pathway.

To rationalize the photodynamics, the trajectories were divided into two classes:
active (A) and non-active (NA). We define a trajectory as NA if, at any time, its dihe-
dral angle deviates by more than ±100◦ from the expected mean value. In contrast,
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FIGURE 3.4: Reported descending trend for the absorption spectra
calculated at four different time along the simulations.

active trajectories remain within this threshold, thus following the anticipated iso-
merization pathway. This classification is similar to what was previously done in
this system by Miron and coworkers [168].

As illustrated in Figure 3.8, A trajectories exhibit a regular evolution of the dihe-
dral angle, consistent with the expected isomerization and the formation of the M
isomer. This isomer should be unstable and heating should bring to the formation of
the more stable P isomer which present geometrical features similar to the reactant
[169]. Conversely, NA trajectories display large deviations, leading to geometries
with high dihedral angles. In Ref. [168], a similar distinction was drawn between
structures characterized by small (20 − 70◦) and large (100 − 180◦) dihedral angles,
corresponding to isomers M and P, respectively. The present A trajectories follow
the M-like pathway, yielding geometries consistent with the M isomer.

The geometries obtained at the end of the NA trajectories are instead similar
to reactant, showing the failure of the photoisomerization process. Quantitatively,
54.9% of the first 50 trajectories were classified as A. Extending the analysis to all 200
trajectories yields a comparable fraction (57.3%), confirming that the initial subset
already provides a representative picture of the system dynamics.

Having established this classification, we then compared the chiroptical response
of the two sets. In particular, we analyzed ECD and absorption spectra averaged
over A and NA trajectories. This allows us to connect the structural partitioning (A
vs. NA) with distinct spectroscopic fingerprints.
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FIGURE 3.5: Left panels: frequency of occurrence for every analyzed
trajectory. Right panels: average and standard deviation for the ECD
spectra at 100, 700 and 1000 fs.

At early times (100 fs, Figure 3.9, top row), the ECD spectra of the two classes are
nearly identical. This is consistent with the fact that the dihedral angle distribution
is still narrow at this stage, resulting in geometries that are effectively indistinguish-
able.

At later times (700-1000 fs, Figure 3.9, middle and bottom rows), the difference
becomes evident. A trajectories develop sharp positive ECD peaks in the 200-500 nm
region, while NA trajectories lack these features and instead show a strong absorp-
tion beyond 500 nm, with a distinct peak around 600 nm. This divergence mirrors
the structural separation: as the dihedral angle distribution broadens, the geome-
tries sampled by A and NA trajectories become increasingly different, and so do
their spectral signatures.
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FIGURE 3.6: Left panels: frequency of occurrence for every analyzed
trajectory. Right panels: average and standard deviation for the ab-
sorption spectra at 100, 700 and 1000 fs.

At 1000 fs the differences are striking. A trajectories display strong ECD absorp-
tion between 200 and 500 nm, while NA trajectories instead exhibit two negative
peaks and broad bands beyond 500 nm. Interestingly, the ECD features of NA tra-
jectories closely resemble those of the starting configuration, suggesting limited or
absent isomerization.

As it is possible to see from Figure 3.10, absorption spectra alone do not capture
these distinctions. Small differences are present at 700 and 1000 fs, in contrast to the
large variations observed in the ECD spectra. These spectra are more sensitive to the
variation of the average electronic state of the system than to the geometrical varia-
tions. This data confirm ECD spectroscopy as a more sensitive probe of geometrical
diversity and reaction pathways.

Keeping this in mind, it is possible to analyze the evolution of the ECD signal
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FIGURE 3.7: Dihedral angle as a function of time for the 50 analyzed
trajectories.

of A trajectories. In Figure 3.11, I reported the average ECD spectra between 500
and 800 fs of the A trajectories. The evolution of the ECD highlights two diagnostic
peaks at 210 and 270 nm that emerge around 600 fs and grow in intensity until 700
fs. Beyond this time, the peaks broaden and evolve into a positive band by 800 fs,
reflecting structural variations along the dynamics.

These two diagnostic peaks can be directly associated with the optimized pho-
toproduct spectrum (Figure 3.1), thereby marking the onset of photoproduct forma-
tion. Their temporal coincidence with the passage through the conical intersection
(around 588 fs, green marker) indicates that immediately following the nonadiabatic
transition, the system already adopts the characteristic geometry of photoproduct
isomer M. Beyond 700 fs, the ECD response undergoes further evolution: the sharp
peaks are replaced by broader features, reflecting subsequent conformational relax-
ation. The disappearance of the diagnostic signals after 700 fs is attributed to room-
temperature dynamics, where the excess energy stored in the photoproduct is dis-
sipated through geometrical fluctuations, resulting in a broadening of the overall
positive response. We further underline that only a multiconfigurational method is
able to correctly describe the electronic structure of these geometries around the CI,
nonetheless with our methodology we can still extract valuable information from
these spectra.
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FIGURE 3.8: Dihedral angle analysis from A and NA trajectories. On
the bottom, examples of geometries at 1000 fs from an A (left) and a
NA (right) trajectory.

3.2.4 Conclusions

In this study, we investigated the evolution of ECD and absorption spectra dur-
ing the photoisomerization dynamics of a molecular motor (9-(2,4,7-trimethyl-2,3-
dihydro-1H-inden-1-ylidene)-9H-fluorene). By combining spectral simulations with
a detailed analysis of the key dihedral angle, we were able to directly connect struc-
tural rearrangements with spectroscopic signatures. This integrated approach al-
lowed us to follow the dynamics not only in terms of energetic relaxation, but also
through the conformational pathways leading to different isomeric outcomes.
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FIGURE 3.9: Average ECD spectra and standard deviation for A (left)
and NA (right) trajectories at 100 fs (top row), 700 fs (middle row) and
1000 fs (bottom row).

Our analysis revealed the presence of two main classes of trajectories. A trajec-
tories follow the expected decrease of the dihedral angle and converge toward the
M isomer of the photoproduct. By contrast, NA trajectories, characterized by persis-
tently large DA values fail to isomerize entirely, remaining close in structure to the
initial configuration. This distinction is reflected most clearly in the ECD spectra.
While absorption spectra remain comparatively insensitive to these differences, ECD
spectra reveal pronounced divergences between the various pathways, particularly
at longer times, thus providing a sensitive probe of the conformational diversity of
the system.
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FIGURE 3.10: Average ABS spectra and standard deviation for A (left)
and Na (right) trajectories at 100 fs (top row), 700 fs (middle row) and
1000 fs (bottom row).

From a methodological perspective, the workflow we employed proved both ro-
bust and scalable. The high consistency between results obtained from an initial
subset of 50 trajectories and the full analysis over 200 trajectories confirms the relia-
bility of the approach.
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FIGURE 3.11: Evolution of the ECD signal of active trajectories be-
tween 500 fs and 800 fs. In red is reported the time window in which,
on average, the system descends from S0 to S1. In green, t = 588 fs,
the average descent time. The two vertical dashed lines refer to the
position of the two diagnostic peaks of the photoproduct.
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3.3 Plasmon effects in molecular ECD

In this work, we showed the results regarding the the development of the method-
ology I described in Chapter 2 to include the presence of a plasmonic NP in the
electron-dynamics calculation of a target molecular system. Our primary goal was
to examine whether the presence of a plasmonic NP alters key molecular proper-
ties such as the ECD spectrum of chiral molecule close to it. In particular, we focus
on how plasmonic effects modify the ECD response of two molecules, peridinin
(PID) and methyloxirane (MOX), when placed in proximity to a metallic NP. This
approach, as also stated in Chapter 2, goes beyond the conventional dipole-like rep-
resentation of the chiral target by providing a realistic description of the molecular
electronic structure and dynamics under the combined influence of an external pulse
and the polarization induced in a nearby NP.

Our simulations reveal that PID exhibits a plasmon-induced enhancement of its
ECD signal when the NP is positioned at a distance of 1 nm and the external pulse is
polarized perpendicularly to the molecular axis. Notably, the feature around 4.2 eV
shows an enhancement factor of about 20 under these conditions, while the peak
at 2.9 eV undergoes both a change in sign and an increase in absolute intensity. By
contrast, no significant enhancement is observed when the polarization is parallel to
the molecular axis, regardless of the NP–molecule distance. These findings identify
PID as a plasmon-sensitive molecule, provided that the plasmon resonance (here at
2.5 eV) is close to the molecular excitations and that the system geometry allows a
constructive contribution of the induced field.

In comparison, MOX shows no appreciable plasmonic enhancement, even at the
shortest separation considered (1 nm). This difference can be rationalized in terms
of the energy alignment between plasmonic and molecular excitations, as well as the
coupling between the external pulse and the molecular electric and magnetic tran-
sition dipole moments. When the plasmon–molecule energy gap is too large, as in
the case of MOX, plasmonic effects remain negligible. For PID, however, the close
resonance between its lowest excitations and the NP plasmon leads to a remarkable
enhancement of the ECD signal, which decreases with increasing NP–molecule dis-
tance due to the weakening of the induced field.

In this work I did all the analysis and calculations. The implementation of the
features in AMS and the interface code between AMS and WaveT were done by
me, assisted by Pierpalo D’Antoni. I contributed to the interpretation of results, the
writing of the corresponding sections of the paper and to the final editing of the
manuscript.

This work is present in literature as Biancorosso, L., DAntoni, P., Corni, S., Stener,
M., & Coccia, E. (2024). "Time-dependent quantum/continuum modeling of plasmon-
enhanced electronic circular dichroism." J. Chem. Phys. , 161 p. 214104
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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

The optical properties of a molecule can be dramatically modi-
fied by close metal nanoparticles (NPs) in the presence of an external
electromagnetic perturbation.1–6 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:7–10 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

by distinguishing the response of the enantiomers of chiral
molecules when interacting with left- and right-circularly polarized
light.11–18

Plasmonic NPs with chiroptical properties can be classified
into the following three classes:19 (i) plasmonic systems with intrin-
sic chirality;20–28 (ii) achiral plasmonic NPs coupled to a chiral
molecule;29–47 and (iii) chiral arrangement of achiral plasmonic
NPs.48–53 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
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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.30,54 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.30

The enhanced sensitivity and response of chiral molecules
in the presence of NPs have been thoroughly investigated in
many experimental works,35,55–61 and plenty of theoretical liter-
ature was dedicated to a dipole-like description of the chiral
molecule,30–43,45,46,57,62–65 usually 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.35,41,47,55–61,63 Giant enhancement of the order of
104 is usually due to magnetic and/or quadrupolar contributions.63

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 authors67 based on the propagation of a time-dependent
Schrödinger equation (TDSE) in the presence of an explicit elec-
tromagnetic field in length gauge68,69 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).6,70,71 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.18 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.72–74 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. II.

Molecular plasmonics has also been theoretically explored by
parametrized quantum approaches based on density functional tight
binding75–77 for studying the absorption properties of large metal

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.

clusters75,77 and the effect of quantum tunneling in the efficiency
of electron energy transfer in a plasmonic chain composed of silver
clusters.76

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,78,79 while chiral properties of PID molecules have been
studied both theoretically and experimentally in the context of the
peridinin-chlorophyll-a protein (PCP),80–83 and the enhancement of
the optical properties of PCP in the presence of metal nanoparticles
has been reported.84–86

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. III; results are shown and
discussed in Sec. IV; conclusions are reported in Sec. V.

II. 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
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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 ∣Ψ(t)⟩;
(ii) propagating TDSE in the state space in the presence of the nano-
structure, treated at PCM level via the boundary-element method
(BEM),6,87 and of the external pulse; (iii) computing the plasmon-
modified ECD spectrum.67 Within BEM, the NP surface is dis-
cretized by a set NT of (typically) triangular tesserae, on which
apparent charges are located.6 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

i
d
dt
∣Ψ(t)⟩ = Ĥ(t)∣Ψ(t)⟩, (1)

with Ĥ(t) being the time-dependent Hamiltonian

Ĥ(t) = Ĥ0 − ⃗̂μ ⋅ E⃗ext(t) + q(t) ⋅ V̂BEM. (2)

where ⃗̂μ is the dipole operator of the molecule, E⃗ext(t) is the exter-
nal pulse, q(t) are the BEM charges,71,88 and V̂BEM is the operator
associated with the molecular electrostatic potential calculated at the
position of the charges on the NP surface. Both q(t) and V̂BEM are
vectors with NT elements. Ĥ0 is the field-free electronic Hamiltonian

Ĥ0 = Ĥel + qGS ⋅ V̂BEM, (3)

where Ĥel is the electronic Hamiltonian of the bare molecule, and
the charges qGS are obtained by a self-consistent calculation for the
quantum ground-state (GS) in the presence of the polarizable NP.89

The time evolution of the charges in Eqs. (1) and (2) is
obtained by the time-dependent PCM formulation in the integral
equation formalism (IEF-PCM),71,90 combined with a description
of the dielectric function of the medium ε(ω) based on fitting the
experimental data.91 In the frequency domain, the charges q(ω) are
defined as91

q(ω) = 1
2π

f (ω)F(ω), (4)

with

f (ω) = ε(ω) − 1
ε(ω) + 1

, (5)

and

F(ω) = −[AD∗q(ω) + S−1(2πI +DA)V(ω)], (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.91 The function
f(ω) is fitted by a series of N Drude–Lorentz terms

f (ω) = ε(ω) − 1
ε(ω) + 1

≃
N

∑
p=1

Ap

ω2
p − ω2 − iγpω

, (7)

where Ap is related to the plasma frequency of the metal, γp is the
relaxation time, and ωp is the oscillator frequency.71 Equation (7)
allows one to rewrite the surface charges as a sum of pole-dependent
charges

q(ω) =
N

∑
p=1

qp(ω), (8)

and for each qp(ω) in Eq. (8), a time-dependent equation is then
defined

q̈p(t) = −ω2
pqp(t) − γpq̇p(t) +

Ap

2π
F(t), (9)

with F(t) being the Fourier transform of F(ω). We refer to the orig-
inal works (in particular Ref. 91 for this implementation) for further
details.

In Eq. (1), ∣Ψ(t)⟩ is defined as a linear combination of the
Nstates eigenstates of the effective field-free Hamiltonian Ĥ0, also
containing the ground-state polarization of the molecule and the
NP,

∣Ψ(t)⟩ =
Nstates−1

∑
M=0

CM(t)∣M⟩, (10)

where CM(t) are time-dependent coefficients, and ∣M⟩ is the
Mth eigenstate of the system, with eigenvalue EM . The initial guess
for the self-consistent calculation is provided by the eigenstates of
Hel. In this work, such eigenstates are the Kohn–Sham DFT ground
state and the (Nstates-1) TDDFT eigenstates in the singly excited
ansatz,92,93 i.e.,

∣M⟩ =
occ

∑
i

vir

∑
a

dai,M ∣Φa
i ⟩, (11)

where ∣Φa
i ⟩ is the singly excited Slater determinant, with an elec-

tron promoted from the occupied orbital i to the virtual one a, while
dai,M 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
Ĥ(t) = Ĥel − ⃗̂μ ⋅ E⃗ext(t), and the basis for ∣Ψ(t)⟩ is simply given by
the set of eigenstates of Ĥel. 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 ansatz94

in TDSE propagation is an approach widely applied in several
fields, such as, e.g., photochemistry,95,96 high-harmonic generation
spectroscopy,97,98 Raman spectroscopy,99 and strong-field ioniza-
tion.92 It is an alternative approach to real-time TDDFT (RT-
TDDFT), which is undoubtedly a valuable tool for studying elec-
tronic dynamics in molecules and plasmonic systems.72,73,100–106

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,108–110 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.89,111,112

In order to simulate a kick pulse, the external electric field
E⃗ext(t) is given by a narrow linear Gaussian function

E⃗ext(t) = E⃗maxt exp(−(t − t0)
2

2σ2 ), (12)

where t0 is the center and σ the amplitude of the Gaussian function,
respectively, and E⃗max 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,110 has been extended here to
the calculation of ECD spectra modified by plasmonic effects,
using an in-house interface between the AMS package112 and the
WaveT code for propagation.110 Such an interface has been recently
proposed,67,93 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 Â within
DFT and TDDFT. 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∣Â∣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)
∂t

= H(t)C(t), (13)

with the matrix representation at time t of Ĥ(t) in the basis of the
eigenstates reading as

H(t)LM = ⟨L∣Ĥ(t)∣M⟩
= EMδLM − E⃗ext(t)⟨L∣ ⃗̂μ∣M⟩ + q(t)⟨L∣V̂BEM∣M⟩. (14)

From the inspection of Eq. (14), one sees that ⟨L∣ ⃗̂μ∣M⟩ and
⟨L∣V̂BEM∣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 V̂BEM in the basis of eigen-
states ∣M⟩, i.e., ⟨L∣V̂BEM ∣M⟩, which for each tessera T, is given
by

⟨L∣V̂BEM(sT)∣M⟩ = ⟨L∣
1

∣sT − r∣
∣M⟩ + Vnuc(sT)δLM , (15)

where Vnuc(sT) is the nuclear contribution at the position sT of
the Tth tessera, and r is the electronic coordinate. Dependence of
VBEM and Vnuc on sT is made explicit in Eq. (15). Further details
about the nature of the charges q(t) are given in Ref. 71.

The approach proposed here to compute ⟨L∣Â∣M⟩, where
Â is an one-electron operator, is based on the frequency-dependent
linear density matrix response113–118

ρ(1)M = ∑
ia
[Xa

i,Mϕiϕ
∗
a + Ya

i,Mϕ
∗
i ϕa], (16)

with ρ(1)M being an element of the tensor space F, NoccxNvir
⊗NvirxNocc, with units tensors ϕiϕ∗a and ϕ∗i ϕa, being ϕi and ϕa
occupied and virtual molecular orbitals. Nocc (Nvir) is the number
of occupied (virtual) molecular orbitals. Starting from this formal
definition one can arrange the terms Xa

i,Mϕiϕ∗a and Ya
i,Mϕ∗i ϕa in two

arrays χM and ΥM such that χM,a
i = Xa

i,Mϕiϕ∗a and ΥM,a
i = Ya

i,Mϕ∗i ϕa.
We remark that Xa

i,M and Ya
i,M in Eq. (16) are the elements of the

usual TDDFT vectors XM and YM.113,116 One can then write

⟨L∣Â∣M⟩ = (χL ΥL)(Â 0
0 Â

)(χ
M

ΥM), (17)

and, explicitly, one obtains

⟨L∣Â∣M⟩ = ∑
ij
∑
ab
[Xb∗

j,LX
a
i,M⟨ib∣Â∣aj⟩ + Yb∗

j,LY
a
i,M⟨aj∣Â∣ib⟩]. (18)

where indices i and j run over occupied orbitals while indices a and
b run over virtual ones.

If the operator Â is symmetric, such as the electric dipole
moment ⃗̂μ and the electrostatic potential V̂BEM(sT), then

⟨L∣Â∣M⟩ = ∑
ij
∑
ab
[⟨ib∣Â∣aj⟩(Xb∗

j,LX
a
i,M + Yb∗

j,LY
a
i,M)], (19)

= XL ⋅A ⋅XM + YL ⋅A ⋅ YM , (20)

where the matrix (A)ia, jb = ⟨ib∣Â∣a j⟩ has been defined. If the opera-
tor Â is antisymmetric, such as the magnetic dipole moment ⃗̂m,116,117

then

⟨L∣Â∣M⟩ = ∑
ij
∑
ab
[⟨ib∣Â∣aj⟩(Xb∗

j,LX
a
i,M − Yb∗

j,LY
a
i,M)], (21)

= XL ⋅A ⋅XM − YL ⋅A ⋅ YM. (22)

According to Slater–Condor rules, the term ⟨ib∣Â∣a j⟩ simplifies to
⟨a∣Â∣b⟩δi j − ⟨i∣Â∣ j⟩δab, thus recovering the usual expressions in the
molecular basis.93

In terms of excitation (XL(M) + YL(M)) and deexcitation (XL(M)

− YL(M)), expressions in Eqs. (20) and (22) become, once the specific
operators are made explicit

⟨L∣V̂BEM(sT)∣M⟩ =
1
2
[(XL + YL) ⋅ PBEM(sT) ⋅ (XM + YM)

+ (XL − YL) ⋅ PBEM(sT) ⋅ (XM − YM)], (23)

⟨L∣μ̂α∣M⟩ =
1
2
[(XL + YL) ⋅Dα ⋅ (XM + YM) + (XL − YL)

×Dα ⋅ (XM − YM)], (24)
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and

⟨L∣m̂α∣M⟩ =
1
2
[(XL + YL) ⋅Mα ⋅ (XM − YM) + (XL − YL)

×Mα ⋅ (XM + YM)], (25)

where α = x, y, or z indicates the Cartesian component of the dipole,
and being Dα, Mα, and PBEM(sT) the matrix representations of the
corresponding operators. PBEM(sT) in Eq. (23) refers to the matrix
representation of V̂BEM(sT) (one single tessera at position sT) in the
molecular space, while V̂BEM in Sec. II 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 Δm⃗(t) is defined as the difference

between the time-dependent magnetic moment m⃗(t) at time t and
that at initial time (t = 0), m⃗(0), with m⃗(t) provided by

m⃗(t) = ∑
L,M

C∗L (t)CM(t)⟨L∣ ⃗̂m∣M⟩, (26)

with ⟨L∣ ⃗̂m∣M⟩ given by Eq. (25). The ECD spectrum is computed as
the imaginary part of the following:67,119

PECD
nl (ω) = −

i
2πωE⃗ext,n(ω)∫

+∞

0
− Δm⃗l(t)ei(ω+iΓ)tdt. (27)

In Eq. (27), E⃗ext,n(ω) is the Fourier transform of the nth component
of the electric field of the external pulse, Δm⃗l(t) is the lth component
of the induced magnetic dipole, and Γ is a damping parameter.119,120

III. 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,111 whose interface
with AMS has been recently proposed for the electric and magnetic
transition dipole moments.67,93 Excitation energies and transition
dipole moments are provided by the TDDFT calculation using the

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 δt 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 ĤNP is implemented in WaveT.89

The external field is characterized by a maximum intensity
equal to 104 W/cm2 and a full width half maximum of 94 as for
the Gaussian envelope [see Eq. (12)]. The value of the damping
parameter Γ 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 l 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. II. 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
ΔE 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. ΔE 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,

ΔE = EVac
GS − ENP

GS . (28)

ΔE 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 statesΔPDOS(t = 0, ε)93 for the ground state of PID
at 1 nm from the NP surface, i.e., at time t = 0, is reported

ΔPDOS(t = 0, ε) = PDOSNP(t = 0, ε) − PDOSVac(t = 0, ε). (29)

The ΔPDOS(t = 0, ε) 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.88 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. II) 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,

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.54,71

Indeed, the time-dependent population ∣CM(t)∣2 of the excited states
(M > 0) is in the order of 10−8 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
10−10–10−11, whereas the values of the populations without NP are
in the range of 10−12–10−13. 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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FIG. 4. ECD spectra of bare MOX with
parallel and perpendicular pulse polar-
ization with respect to the NP surface.

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 CM(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.

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

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.

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
pM = ∣CM(t)∣2, with CM (t) given by Eq. (10). For this particular
excitation, the increase in the population pM is equal to a factor
103 at 1 nm with respect to the bare-molecule population for the

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 103,
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
Γ 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
Γ 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 (Γ = 400 a.u.) and that in the left panel of Fig. 5 of the
supplementary material (Γ = 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.30

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

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 Γ = 200 and 600 a.u.
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Chapter 4

Antenna-reactor complex for
plasmon-mediated photocatalysis

In this work, I computationally investigated plasmon-mediated photocatalysis, fo-
cusing in particular on the electronic processes that occur within the catalyst and the
adsorbed molecular system. The methodology I have developed during my PhD en-
ables me to study the electronic behavior of molecular systems in the presence of an
external NP. A particularly relevant system in this context is the so–called antenna-
reactor complex [71, 65, 131, 32], as mentioned in the Introduction. This hybrid
structure typically combines a plasmonic NP-commonly made of metals such as Au,
Ag, or Al-with a catalytic nanostructure based on metals like Pd or Pt, which are
highly efficient catalysts. Numerous experimental studies have shown that the pres-
ence of plasmonic NPs can significantly enhance both the selectivity and yield of the
catalyzed reaction, making these systems highly attractive for a wide range of appli-
cations [184, 132].
Our system of interest was the formic acid dehydrogenation reaction on Pd, a pro-
cess of considerable industrial relevance as it produces molecular hydrogen from
formic acid and has been extensively investigated experimentally [184, 132]. As a
first step, we examined the catalytic system in the absence of NPs. The adsorbed
species consisted of the formate intermediate, bound in a bridge-like configuration
on the Pd surface, along with atomic hydrogen. Then, we explicitly introduced the
optical response of a gold nanorod, as shown experimentally [132]. In our study,
we focus on the antenna-reactor configuration described in Ref. [132], consisting
of a gold nanorod that acts as the antenna, with Pd layers deposited on its tip to
form the catalytic reactor. The reaction of interest is the dehydrogenation of formic
acid, which produces molecular hydrogen. We used the adsorbed HCOO∗) and H∗

moieties, since they correspond tothe reaction intermediate.
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4.1 Simulating the Pd reactor

As a first step, we analyzed the electronic behavior of the catalyst-adsorbate system
in the absence of the NP. For the laser excitation, we chose the frequency correspond-
ing to the plasmonic resonance of the gold nanorod, which will later be included
in the simulations. To model the catalyst, we considered different Pd(111) surface
topologies: two–layer clusters with nine and sixteen atoms per layer (2L3 and 2L4),
and a three-layer cluster with nine atoms per layer (3L3).

Across all systems, we observed a net transfer of negative charge from the Pd
layers to both HCOO∗ and H∗. In the 2L3 and 2L4 cases, the transferred charge was
mainly localized on the oxygen atoms of HCOO∗, consistent with a photoinduced
direct mechanism. In contrast, the 3L3 system displayed more complex dynamics:
the initial direct process was followed, at around 50 fs, by an indirect mechanism
involving hole injection into HCOO∗. To characterize these processes, we tracked
the time evolution of charge populations using ∆PDOS and its energy integral, ana-
lyzing contributions from the Pd layers, the HCOO∗ species (both as a whole and at
the atomic level), and the adsorbed hydrogen.

This project highlighted the main electronic behaviour observed with this system
in absence of NP, in the next Section we included in the simulation a metal plasmonic
NP.

In this work I did all the analysis and calculations, and contributed to the inter-
pretation of the results and to the writing of the paper. This work is present in lit-
erature as Biancorosso, L., and E. Coccia. (2025) "Study of the Photoinduced Charge
Injection in the Reaction Intermediate of the Dehydrogenation of Formic Acid on
Palladium." J. Comp. Chem. 46 p. e70087.
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ABSTRACT
The production rate of hydrogen from formic acid on palladium is enhanced in the presence of an Au nanorod by irradiating 
the system at its plasmon frequency. Taking inspiration from this, we study here the effect of the shape of the Pd cluster (from 
Pd(111)) on the photoinduced charge injection into the HCOO moiety and adsorbed H, which are the reaction intermediates 
of the dehydrogenation of formic acid, upon irradiation with a pulse with a carrier frequency equal to the plasmon resonance 
of a (not included) Au nanorod. We simulate the electron/hole dynamics at frozen nuclei by propagating the time-dependent 
Schrödinger equation in the space of time-dependent density-functional-theory pseudo-eigenstates in the tight-binding approxi-
mation. We have taken into account a cluster with two layers of Pd and 3× 3 and 4× 4 atoms per layer (2L3 and 2L4, respectively) 
or with three layers and 3× 3 atoms per layer (3L3). For all the systems, a net negative charge on HCOO has been found, according 
to a photoinduced direct charge-transfer mechanism. For 3L3, an indirect charge-transfer mechanism, occurring after 50 fs and 
inducing a hole injection into HCOO, has also been found. Moreover, we also used a tailored pulse to populate the antibonding 
molecular orbital localized on the C-H bond for 3L3.

1   |   Introduction

The depletion of fossil fuels and their environmental harm have 
spurred research into sustainable, eco-friendly energy alterna-
tives. Solutions like solar cells, biomass conversion, and green 
fuels are being extensively explored and used [1–4]. Among 
these, hydrogen stands out as a clean fuel meeting both sustain-
ability and environmental requirements [5, 6]. However, chal-
lenges in its storage and transportation persist.

Formic acid HCOOH (FA) emerges as a promising, safe and 
abundant hydrogen reservoir [7–12]. HCOOH decompositon 
(FAD) becomes a key reaction in catalysis and energy storage, 
particularly in hydrogen production [13–17]. This reaction oc-
curs through two main pathways: Dehydrogenation, which 

produces carbon dioxide (CO2) and hydrogen (H2), and dehy-
dration, which provides carbon monoxide (CO) and water (H2O) 
[18–21]. The two pathways are energetically competitive, and 
many efforts have been made for improving the selectivity of the 
reaction towards hydrogen production [22, 23]. The mechanism 
through which FAD brings to the formation of H2 and CO2 is a 
crucial step which has been thoroughly investigated by theory 
[21–29]. To study this reaction, methods based on the explora-
tion of the potential energy surface of FAD have been largely 
employed [30–32]. These studies have simulated the thermal 
catalytic reaction in gas-phase [23, 27–29], in a solvent like water 
[22], for example, on small Pd clusters [25] and single atom-Pd 
catalyst [24]. According to these studies, the reaction intermedi-
ate of the dehydrogenation route is the HCOO moiety which is 
adsorbed on the surface of Pd along with H.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 

properly cited.
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The ability of plasmonic nanoparticles (NPs) to absorb and 
control light can greatly enhance the photocatalytic perfor-
mances [33–40]. This result may be explained in terms of 
the decay of localized surface plasmon resonances, that is, 
collective electron excitations which in turn decay rapidly in 
electron-hole hot pairs [41–48]. In plasmon-mediated photo-
catalysis, one exploits the multicomponent nature of the ex-
perimental setup to enhance production rate and selectivity in 
reactions [49–60]. The idea is to couple plasmonic nanostruc-
tures with (smaller) transition metal ones with well-known 
catalytic properties. The combination of plasmonic and cat-
alytic metal nanostructures in proximity, forming a strongly 
coupled “antenna reactor” complex [57, 61], is therefore a nat-
ural solution to obtain the best of the two components. The 
plasmonic nanoantenna is used to harvest light and directly 
enhance absorption in the nearby catalytically active reactor. 
Upon interaction with the external electromagnetic field, the 
plasmonic antenna induces an optical polarization in the re-
actor particle through its near field, thus driving a plasmon in 
the reactor. The plasmon decay produces hot carriers in the 
reactor, which in turn permits the exploration of new reaction 
pathways [44, 62].

In the context of the photocatalytic H2 generation from FA 
[34], an example of antenna-reactor setup is provided by 
Zheng et al. [63], with a tipped Au nanorod with Pd used to 
investigate the FAD. The observed hydrogen production rate 
matched levels typically achieved at high temperatures, with 
a distinct plasmonic effect playing a key role. In addition, the 
authors reported an increase in selectivity toward the dehy-
drogenation pathway.

Theory is essential to interpret experiments and elucidate 
the  mechanisms driving plasmon-mediated photocatalytic re-
actions [64, 65]. Since such mechanisms are based on ultrafast 
processes (the plasmon decay), to understand plasmonic ef-
fects on photocatalysis we must use time-resolved methods in 
the femtosecond (fs) timescale [66–69]. Building on the work 
in Reference [63]., here we focus on the effect of different Pd 
clusters and pulse frequencies on the photoinduced charge dis-
tribution of the target system. To study the FAD that produces 
CO2 and H2, the chosen targets are the HCOO species and the 
hydrogen atom adsorbed on different Pd(111) clusters serving 
as catalytic centers. We used real-time first-principle methods 
based on the propagation of the time-dependent Schrödinger 
equation (TDSE) for the electronic degrees of freedom inter-
acting with an explicit pulse, at frozen nuclei [70]. In general, 
the importance of nuclear motion in plasmon decay in metal 
nanoclusters has been theoretically pointed out over the years 
[71–74]. The goal is to first investigate the effect of plasmonic 
frequency on the reactor in the presence of HCOO and H: How 
does the reactor itself, without plasmon dynamics, react to the 
plasmon frequency? Indeed, the results of this work represent 
a preliminary but necessary study to simulate the dynamics of 
hot carriers in the full multiscale system. The next step, in fu-
ture work, will be to consider the Au nanorod in time-resolved 
simulations with an explicit pulse, to represent the experimental 
conditions in Reference [63]. We have also studied the photoin-
duced dynamics in the case of a tailored pulse which facilitates 
the FAD towards hydrogen production.

In Section 2, the theoretical framework is presented, while we 
collect the computational details in Section 3. The results are re-
ported and discussed in Section 4, and the conclusions are given 
in Section 5.

2   |   Theory

Photoinduced electron dynamics is simulated by propagating 
the TDSE which is given in atomic units and length gauges by 

�Ψ(t)⟩ is the time-dependent wavefunction while Ĥ(t) is the 
time-dependent Hamiltonian, which is composed of a field-free 
electronic Hamiltonian Ĥ0 and a coupling term between the 
electric dipole operator �̂ and the electric field �⃗E ext(t) from and 
external pulse 

The time-dependent �Ψ(t)⟩ is defined as a linear combination of 
the Nstates eigenstates of the field-free Hamiltonian Ĥ0 

with CM (t) being the time-dependent coefficients of the expan-
sion and �M⟩ is the Mth eigenstate of the system. In the space of 
these eigenstates, one can rewrite the TDSE as 

where C(t) is the vector of the expansion coefficients and H(t) 
is the matrix representation at time t  of the time-dependent 
Hamiltonian, that is, HLM = ⟨L�Ĥ(t)�M⟩ which is diagonal for 
the field-free part of the eigenenergies EM and contains the tran-
sition electric dipole moments between states, 

where � = x, y, z indicates the three coordinates of the transition 
electric dipole moment.

To describe the excited states, we use approximated time-
dependent density functional theory eigenvectors with tight 
binding (TD-DFT+TB) [75] within a configuration-interaction 
singles ansatz [76], as implemented in the Amsterdam Modeling 
Suite (AMS) [77]: 

where ||Φa
i

⟩
 is the singly excited Slater determinant with an 

electron promoted from the occupied molecular orbital (MO) 
i to the virtual one a, and da

i,M
 are the amplitudes for the 

(1)i
d

dt
�Ψ(t)⟩ = Ĥ(t)�Ψ(t)⟩

(2)Ĥ(t) = Ĥ0 −
�⃗�� ⋅

�⃗E ext(t)

(3)�Ψ(t)⟩ =
Nstates − 1�

M=0

CM (t)�M⟩

(4)i
dC(t)

dt
=H(t)C(t)

(5)⟨L�Ĥ(t)�M⟩ = EM𝛿LM −

�

𝛾

F𝛾 (t)⟨L� �⃗�𝜇 �M⟩

(6)�M⟩ =
occ�

i

vir�

a

da
i,M

��Φa
i

�
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expansion of the excited state �M⟩. In TD-DFT+TB, a DFT 
ground-state calculation provides the molecular orbitals for 
the subsequent linear-response calculation with tight-binding 
approximations [75].

The external electric field �⃗E ext(t) is given by 

where t0 is the center and � the amplitude of the Gaussian enve-
lope function, �⃗E max is the maximum amplitude of the field, and 
� is the pulse frequency.

Analysis of the electron dynamics is performed using the time-
dependent projected density of states (PDOS(t,�)) [78], which is 
defined as the expectation of the value of the number operator n̂ 
to the wavefunction ��(t)⟩. Specifically, we compute the differ-
ential PDOS at time t  (ΔPDOS), which refers to the initial con-
dition at t = 0 

In Equation  (9), da
i,M

 (da
i,L

) are the linear coefficients of the 
expansion for state �M⟩ (⟨L�) and F� is a Lorentzian function 
centered on the MO energies �i, with width �, used to obtain a 
smooth profile. Mulliken weights wK

i
 are used in the fragmen-

tation of the studied system. Details are found in Reference 
[78]. The subscript/superscript K  refers to the fragment, that 
is, the single atom or group of atoms, to which one computes 
the charge population.

The time-dependent charge (electron and hole) population to the 
initial condition is defined as [64, 65] 

and 

3   |   Computational Details

We studied the electron/hole dynamics for the three systems 
given in Figure 1: 3L3 with 27 Pd atoms (a), 2L4 with 32 Pd 
atoms (b), and 2L3 with 18 Pd atoms (c). The notation ALB re-
fers to A layers and B×B Pd atoms per layer. Structures of the 

three systems in Figure 1 have been extracted from a geometry 
optimization of a slab of Pd(111) with HCOO and H adsorbed 
on top of it. All calculations were performed using the pro-
jector augmented wave method [79], as implemented in VASP 
software [80]. The PBE functional [81] with the van der Waals 
correction proposed by Grimme [82] was used for the geome-
try relaxation. Electron smearing of � = 0.1 eV was used with 
the Methfessel–Paxton scheme [83]. The Brillouin zone was 
sampled by using the Monkhorst–Pack scheme, with an em-
ployed k-mesh of 3× 3× 2 [84]. In addition, a plane-wave basis 
set with a cutoff energy of 520 eV was used. A large vacuum of 
14.5 Å was used to avoid spurious interactions. All structures 
were optimized until the Helmann–Feynman forces (that act-
ing on each atom) were less than 0.01 eV/Å. The single unit 
cell is the one shown in Figure 1d). In the calculation, the first 
two layers have been left free to reorganize, while the third 
layer was left in the crystalline position of the Pd(111) sur-
face. From this initial slab, we extracted three finite systems: 
A cluster with three layers (3L3), two clusters with two layers, 
that is, 2(3× 3) (2L3) and 2(4× 4) (2L4) (Figure 1). The geom-
etries obtained after the optimization are in good agreement 
with the literature reference [85] (see Table S1 in Supporting 
Information (SI)). Cartesian coordinates are also reported in 
SI. In all cases, the system, that is, Pd layers + HCOO + H, is 
neutral.

Real-time calculations were carried out using the WaveT package 
[86], interfaced with AMS for extracting electric transition dipole 
moments [66, 70, 78]. Excitation energies and transition dipole 
moments, calculated using TD-DFT+TB [75] with the RPBE func-
tional [87] combined with Grimme corrections, and DZ basis set 
for all three systems, served as inputs for real-time propagation. 
For each system, 100-fs dynamics were simulated with a time-step 
�t of 1 as. Wavefunction expansion in Equation (3) includes 1,808, 
4,000, and 5,500 excited states for the 2L3, 3L3, and 2L4 systems, 
respectively, covering excitations up to 6 eV for 2L3, 6.4 eV for 3L3 
and 6.3 eV for 2L4. In Figure 2 the absorption spectra of the three 
systems along with the plasmonic frequency of a model Au na-
norod (13.2 nm of length, 3 nm of diameter) is reported (Figure S1 
of the SI). The Au nanorod is modeled using the polarizable con-
tinuum model; details are found in References [66, 86].

(7)�⃗E ext(t) = �⃗E max exp

(
−

(t − t0)
2

2𝜎2

)
sin (𝜔t)

(8)

ΔPDOSK (t, �)

= −

occ∑

i

wK
i
Re

[
∑

M,L

C∗

L
(t)CM (t)

vir∑

a

da∗
i,Ld

a
i,M

]
F�(� − �i)

(9)+

vir∑

a

wK
a
Re

[
∑

M,L

C∗

L
(t)CM (t)

occ∑

i

da∗
i,Ld

a
i,M

]
F�(� − �i)

(10)

electron population

=
1

2

+∞

∫
−∞

[ΔPDOSK (t, �)+ |ΔPDOSK (t, �)|]d�

(11)

hole population

=
1

2

+∞

∫
−∞

[
ΔPDOSK (t, �)− |ΔPDOSK (t, �)|

]
d�

FIGURE 1    |    Structures analyzed and studied. HCOO and H are ad-
sorbed of 3(3× 3) (a), 2(3× 3) (b), 2(4× 4) (c), and Pd (111) surface. (d) Top 
view of the adsorption site of HCOO and H on the surface unit.
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The applied external field �⃗E ext(t) of Equation (7) has a peak in-
tensity of 102 W/cm2 and a full-width half maximum (FWHM) of 
21 fs for the Gaussian envelope. This choice for FWHM is based 
on the fact that an ultrafast pulse simulates approximately the ef-
fect of a CW light with a coherence length of few �m, as typically 
used in the experiments [65]. In all cases, the pulse is linearly po-
larized as perpendicular to the Pd layers. Two frequencies were 
selected for the electronic dynamics simulation: The plasmonic 
frequency (P1) of the Au nanorod (length of 13.2 nm, diameter of 
3 nm) at 681 nm (1.82 eV, see Figure 1 in SI) and a frequency (P2, 
for the 3L3 system only) that populates the anti-bonding MOs 
facilitating the C–H bond breaking. The P1 frequency has been 
computed by means of the boundary element method (BEM) 
coupled to the polarizable continuum model [86]; details of the 
BEM calculation are given in the caption of Figure S1 of the SI.

In all the cases, the system is initially in the ground state, that is, 
|C0(0)|2 = 1. Nuclei were kept frozen along the dynamics.

4   |   Results and Discussion

The goal is not to characterize the time-evolution of a plasmonic 
response, but simply to observe the effect of the plasmonic fre-
quency of a gold nanorod (the P1 frequency), which has not 
been explicitly included in the simulations, on the photoinduced 
electron dynamics in Pd clusters interacting with HCOO and H 
species.

Electron-dynamics simulations were performed on the systems 
of Figure  1, which include the intermediates, that is, HCOO 
and H, of the dehydrogenation reaction of FA. 2L3, 2L4 and 3L3 
geometrical features closely match those reported in literature 
[27, 85]. Specifically, the bridge-like adsorption configuration of 
HCOO on the Pd surface and the preference of H to adsorb at the 
hcp site are consistent with the results of published computa-
tional works [27, 85]. HCOO was identified to be the main inter-
mediate of the reaction pathway [22, 27, 85], ultimately leading 
to the formation of CO2 and H2. The rationale behind the choice 

of 2L3, 2L4, and 3L3 clusters is based on exploring the number 
of layers and Pd atoms for converged results in terms of electron 
dynamics in a finite-size system.

Starting from these geometries, TD-DFT+TB calculations were 
carried out using AMS as a preliminary step before performing 
the electron/hole dynamics by means of WaveT [66, 68]. Post-
processing tools [64, 65, 78] allow us to analyze the electron/
hole dynamics in terms of charge transfer processes among the 
various components of the system. Quantities such as ΔPDOS 
[65, 78] (Equation  (9)) and its energy integrals (Equations  (10) 
and (11)), along with the evolution of electron and hole popula-
tions over time, were computed to describe the dynamics of the 
target systems.

In Figure 3, the time-evolution of the net charge of the Pd cluster 
(left panel) and of the HCOO+H species (right panel) is shown for 
2L3, 2L4, and 3L3. The P1 pulse, that is, the pulse with the plas-
monic frequency, is also reported as a reference. The net charge 
is defined as the difference between the hole (Equation (11), K 
= Pd cluster or HCOO+H) and electron (Equation  (10)) popu-
lation: A positive (negative) value indicates a defect (accumula-
tion) of electrons.

A net electron injection into HCOO and H is observed regardless 
of the specific shape of the Pd cluster. Charge separation is more 
efficient with 3L3, while 2L3 and 2L4 are characterized by a 
very similar profile up to around 45 fs, after the maximum of the 
pulse. At larger times, charge separation in 2L4 is smaller than 
that in 2L3. Intriguingly, the amount of charge separation does 
not follow simply the number of Pd atoms, but it rather seems 
to be a function of the number of layers and, in general, of the 
topology of the Pd cluster.

Of course, the sum of the net charge on Pd, HCOO, and H is 
zero, because no other source or sink of charge is present in the 
simulations.

From Figure  3, one observes that the pulse maximum is at 
around 35 fs, while it ends at around 60 fs. In the next subsec-
tions, we report and discuss the results of the dynamics in terms 
of the charge of defined fragments, emphasizing differences and 
similarities between 2L3, 2L4, and 3L3. Plus, for 3L3 only, we 
also show the charge population induced by the P2 pulse.

4.1   |   2L3 and 2L4

From now on, the charge population is represented as a 
percentage, which is calculated by dividing the value of the 
electron/hole population of the fragment over time by the 
maximum value of the electron/hole population of the full 
system (Pd cluster + HCOO + H); the percent net charge is 
then calculated from the percent populations of negative and 
positive charge. If not explicitly stated, the P1 pulse was used 
in the calculations.

The three panels of Figure  4 report the time-evolution of the 
photoinduced charge population of Pd atoms, for the 2L3 sys-
tem. P1 pulse has been used. In the top panel, the results are dis-
played for the full Pd cluster, whereas in the bottom panels, the 

FIGURE 2    |    Absorption spectra of the 2L3, 3L3, and 2L4 systems. 
The green dashed line corresponds to the plasmonic frequency of the 
Au nanorod.
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data regarding the lower (dark blue) and upper (orange) layers 
are displayed. The lower layer is slightly negatively charged at 
times at which the pulse is already very small or zero, indicating 
that it is not a direct photoinduced process. The upper layer has 
a net positive charge that arises between 30 and 40 fs; moreover, 
the net charge is also larger than the one in the lower layer. These 
two findings give evidence that electronic charge has been di-
rectly transferred from the upper PD layer to the adsorbed spe-
cies due to the pulse. A net positive charge in the Pd cluster is 
also observed in Figure S2 of the SI for the 2L4 case. Here, both 
layers are slightly positively charged according to a direct pho-
toinduced mechanism [65]. Increasing the size of the Pd layer 
appears to have minimal impact on the overall electron and hole 
populations of the system, with only minor variations observed 
in the behavior of single layers.

In Figure 5, the charge populations of the HCOO moiety are re-
ported. The top panel displays the electron and hole population of 
the entire HCOO fragment, revealing an excess of electrons, that 
is, the net charge is negative. This negative charge arises from an 
electron injection process, with electrons being transferred from 
the upper Pd layer to the molecular species, as already stated. The 
bottom three panels of Figure 5describe the charge population of 
the carbon atom (left), two oxygen atoms (middle), and hydro-
gen (right) of HCOO. The negative charge in HCOO is mainly 
concentrated on the two oxygen atoms, which interact with the 

positively charged Pd atoms of the upper layer. A similar result is 
found for 2L4 (Figure S3 of the SI), even though the percentage 
of negative charge on C and H is larger in this case.

The HCOO charge populations observed in 2L3 and 2L4 can 
also be rationalized by inspecting the ΔPDOS (Equation (9)) of 
the fragment before (t = 0) and after (at around 65 fs) the pulse 
(Figures S4 and S5 of the SI, respectively). This quantity shows 
how the populations of the molecular orbitals are changed 
at a given time to the initial orbital population, that is, t = 0. 
Negative peaks indicate the depopulation of the corresponding 
orbital, whereas the positive peak indicates an increase in the 
population. ΔPDOS of the HCOO before and after the pulse is 
reported in Figures S4 and S5 of the SI along with the occupied 
and virtual molecular orbitals that are involved in the excitation. 
The occupied ones are mostly centered on the Pd atoms (indi-
cating a strong interaction between Pd atoms and adsorbed spe-
cies), whereas the virtual ones also involve HCOO (especially 
the oxygen atoms) and H species. This is an ulterior proof of the 
fact that the P1 pulse is moving electrons from the Pd layers to 
the molecular species.

Of course, we are interested in the charge population on HCOO 
from a photocatalytic point of view, but still, we also analyzed 
the time-evolution of the photoinduced charge on the hydrogen 
atom. For all systems, the net charge in H is about two orders of 

FIGURE 3    |    Left panel: Time-evolution of the net charge of the Pd cluster for the three analyzed systems (2L3, 3L3, and 2L4) with the P1 pulse. 
Right panel: Time-evolution of the net charge of the HCOO species for the three analyzed systems with the P1 pulse.
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magnitude larger than in HCOO. The time-dependent electron 
and hole populations of the adsorbed H atom for 2L3 and 2L4 
are reported in Figures S6 and S7 of the SI, respectively. In both 
cases, the H atom acquires a negative net charge.

Another piece of information that we can extract from real-time 
simulations is how the surface charges of the slab are modified 
due to the interaction with the pulse. Indeed, surface-charge 
heterogeneity is considered one of the main factors determining 

FIGURE 4    |    Upper panel: Time-evolution of the photoinduced charge populations (electron, hole, and net) of the full Pd cluster in the 2L3 system 
with P1 pulse. Bottom panels: Time-evolution of the photoinduced charge populations (electron, hole, and net) of the bottom layer (left) and upper 
layer (right).

FIGURE 5    |    Upper panel: Time-evolution of the photoinduced charge populations (electron, hole, and net) of the HCOO fragment in the 2L3 sys-
tem with P1 pulse. Bottom panels: On the left, the time-evolution of the photoinduced charge populations (electron, hole, and net) of the carbon atom; 
in the middle, the same for the oxygen atoms; on the right, the same for the hydrogen atom of HCOO.
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the enhancement observed in plasmon-assisted photocatalysis 
[63]. In Figure 6, the net charge population of the Pd atoms in 
proximity to the HCOO and H is reported. Pd atoms that inter-
act with HCOO are reported in green, in blue the ones that in-
teract with H, and in purple two other neighbor Pd atoms. The 
Pd atoms belong to the upper layer. The Pd pair which interacts 
with HCOO and the close purple pair tends to acquire a net neg-
ative charge, whereas the one interacting with H is positively 
charged. Different slopes in the time profile suggest the presence 
of different mechanisms of charge injection. The same analysis 

has been performed for 2L4, as shown in Figure S8 of the SI. 
Differently from 2L3, the only spot negatively charged is given 
by the two Pd atoms interacting with HCOO. Also, the absolute 
value of the charges of the 2L4 system is smaller than the ones 
of the 2L3 case.

In conclusion, we can infer that increasing the size of the Pd 
layer does not affect the type of charge injection into HCOO. 
However, the internal dynamics of the Pd cluster have been ob-
served to depend on the number of Pd atoms per layer.

FIGURE 6    |    Time-evolution of the photoinduced net charge of the Pd atoms of the upper layer interacting with the molecular species in the 2L3 
system with P1 pulse.

FIGURE 7    |    Upper panel: Time-evolution of the photoinduced charge populations (electron, hole, and net) of the Pd cluster in the 3L3 system with 
P1 pulse. Bottom panel: Time-evolution of the photoinduced charge populations (electron, hole, and net) of the two lower Pd layers (left) and upper 
one (right).
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4.2   |   3L3

In the 3L3 system, three Pd layers are explicitly considered. In 
Figure 7, the charge populations of the Pd cluster are reported, 
as we did for 2L3 and 2L4. Also, in this case, a net positive 
charge, generated by a direct photoinduced process, is present 
on the fragment due to the transfer of electrons from Pd to the 
molecular species adsorbed on top of the upper layer. The two 
bottom panels of Figure  7show the charge population of the 
upper layer (right) and two lower layers (left). In the left bottom 

panel, we can observe that the excess of hole population de-
creases after 60 fs, and a consequent hole excess on the upper 
layer tends to arise, indicating an indirect, that is, not mediated 
by light, charge transfer [64, 65]. This indirect charge-transfer 
mechanism also involves HCOO. We compare in Figure 8 the 
net charge of the lower Pd layers, upper Pd layer, and HCOO, in 
absolute terms. The decrease of the net charge of the lower Pd 
layers starting at 50 fs, that is, at the tail of the pulse, coincides 
with an increase of the net charge of the lower Pd layer and with 
the delayed change of sign of the HCOO net charge, occurring at 

FIGURE 8    |    Time-evolution of the net charge of the lower Pd layers, upper Pd layer, and HCOO.

FIGURE 9    |    Upper panel: Time-evolution of the photoinduced charge populations (electron, hole, and net) of the HCOO fragment in the 3L3 sys-
tem with P1 pulse. Bottom panels: On the left, the time-evolution of the photoinduced charge populations (electron, hole, and net) of the carbon atom; 
in the middle, the same for the oxygen atoms; on the right, the same for the hydrogen atom of HCOO.
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60 fs. These data are interpreted as a hole transfer from the lower 
Pd layers to the upper Pd layer and HCOO.

The net charge of HCOO is also given as a percentage in the 
upper panel of Figure 9. Atoms of HCOO involved in the in-
direct charge transfer, and therefore in the sign flip of the 
net charge, are the O atoms, which strongly interact with the 
Pd ones of the upper layer, as argued from the lower panels 
of Figure  9. Indeed, while C and H atoms of HCOO acquire 
a small negative charge upon irradiation holding along the 
dynamics, O atoms are characterized by a transient negative 
charge between 30 and 40 fs approximately, and then a hole in-
jection on them is observed.

Analysis of the ΔPDOS and the molecular orbitals involved in 
the dynamics (Figure S9 of the SI) allows one to further confirm 
this interpretation. In this case, the ΔPDOS at 45.97 fs has been 
reported as well, together with the data at 65.50 fs and those at 
the beginning of the dynamics (t = 0). In this way, one can ob-
serve changes in the orbitals occupation before (t < 50 fs) and 
after (t > 50 fs) the hole injection. Table S2 in SI reports the val-
ues of the ratio (65.50 fs)/45.97 fs) of the absolute value of ΔPDOS 
peaks. These ratio values are around 1, that is, no change in the 
dynamics occurs before and after 50 fs, except for the occupied 
orbitals labeled “4” and “5”. These two orbitals, which maintain 
a strong oxygen character, become increasingly depopulated at 
65.50 fs, with a correspondingly higher value of the ratio (2.09 
for “4”, 1.63 for “5”). This indicates that the depopulation of 
these orbitals does not contribute to the population of the virtual 
orbitals projected on the HCOO fragment.

Charge separation in the upper layer of Pd atoms also occurs in 
the 3L3 case, as shown in Figure 10. The pairs of Pd atoms in-
teracting with the adsorbed species become negatively charged. 
Interestingly, this analysis also gives evidence of the indirect 
mechanism at times greater than 50 fs, with a change in the time 
profile of the pair interacting directly with HCOO and the adja-
cent pair without adsorbates.

The evolution of the electron, hole, and net charge populations 
of the adsorbed H atom is reported in Figure S10 of the SI. A 
negative charge is accumulated on H, in greater amounts than 
in the case of 2L3 and 2L4.

In percentage, the photoinduced charge population in HCOO is 
greater in the 2L3 case, as evident from Figures  5 and 9, and 
Figure S3 of the SI. This result can be interpreted in terms of the 
greater tendency of electrons to escape when the number of Pd 
atoms is reduced, as precisely in the 2L3 case.

It is interesting to point out that in light-off conditions the sys-
tem is already polarized, with HCOO being negatively charged, 
as shown in Table S3 of the SI; this result is obtained for each of 
the systems studied.

The P1 pulse frequency was selected since it corresponds to the 
excitation energy of the plasmon of a gold nanorod in Figure S1 
in SI. All the analysis conducted so far thus represents a prepara-
tory step to the study of the complete system, in the presence of 
the Au nanorod, which will take place in future work. As a main 
message, we have verified that regardless of the type of Pd clus-
ter, an injection of electrons to HCOO is verified; this will allow 
us greater flexibility of reactor choice in modeling the antenna-
reactor complex, with the understanding that differences be-
tween 2L3, 2L4 and 3L3 in photoinduced processes have been 
found and discussed here.

Using the P1 pulse thus allows adherence to the experimental 
work [63]. What if we used instead a pulse frequency that facil-
itates the FA dehydrogenation by populating the proper antibo-
nding molecular orbitals? From the output of the TD-DFT+TB 
calculation, we can determine the character of the electronic ex-
citations in terms of transition among orbitals. For the P2 pulse 
we selected a frequency that populates orbitals that facilitate the 
FA dehydrogenation. In our case, we selected the frequency of 
an excitation that populates anti-bonding orbitals localized on 
the C-H bond of HCOO, which leads to hydrogen formation. 

FIGURE 10    |    Time-evolution of the photoinduced charge populations (electron, hole, and hole) of the Pd atoms of the upper layer interacting with 
the molecular species in the 3L3 system with P1 pulse. Green: Pd pairs interacting with HCOO. Blue: Pd pairs interacting with H. Purple: Pd pairs 
not interacting with any molecular species.
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10 of 14 Journal of Computational Chemistry, 2025

The selected wavelength for the P2 pulse for the 3L3 system is 
198 nm (6.26 eV).

A net positive charge is found in the Pd cluster, as reported in 
Figure  S11 of the SI, even though the upper layer is negatively 
charged. As expected, tailoring the pulse with the proper fre-
quency maximizes the electron population on HCOO, which is 
now in percentage much larger than that in P1-based dynamics, 
as shown in Figure S12 of the SI. In particular, we can notice that 
the electronic population is accumulated on C and H atoms of 

HCOO, leaving O atoms with a positive charge, which in turn is 
consistent with the negative net charge in the upper Pd layer. All 
these processes can be considered as a photoinduced direct mech-
anism; the indirect charge transfer is therefore suppressed with a 
“resonant” light-matter interaction. It is worth noting that only the 
frequency P1, and frequencies that deviate slightly from P1, will 
be considered in the work that will contain the coupling with the 
gold nanorod, to verify the possible enhanced production rate, as 
reported experimentally. So, the use of P2 frequency, which is not 
experimentally explored, is limited to this work only.

FIGURE 11    |    ΔPDOS of the HCOO fragment at t = 0 (blue line) and t = 65. 30 fs (orange line) for the 3L3 system with the P2 pulse. The occupied 
and virtual orbitals involved in this excitation are also reported.
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In Figure  11, we reported the ΔPDOS value before (t=0 fs) and 
after (t=65.30 fs) the laser peak for the 3L3 system. The orbit-
als which are getting depopulated are HOMO (“1”) or close to it 
(“2” and “3”), and they are mostly localized on the Pd cluster and 
the oxygen atoms of the HCOO fragment. The virtual orbitals that 
are getting populated instead are mostly localized on the HCOO 
fragment and they are mostly characterized by an antibonding 
character for the C-H bond (orbitals “5” and “6”). In summary, 
the chosen pulse allows the transfer of electrons from the Pd clus-
ter to the molecular moiety which, in this case, directly aids the 
catalytic process which eventually leads to the C-H bond break-
ing. In Figures  S13, S14, and S15 of the SI, we also present the 
ground-state PDOSs of the Pd layers and HCOO for 2L3, 3L3, and 
2L4. They share a similar general profile; some appreciable differ-
ences are found in the relative intensity of the peaks around − 6 
and − 6. 5 eV. The first peak corresponds to a �-bonding orbital of 
the O-C-O bond and a �-bonding orbital of the Pd-H orbital. The 
second peak presents a similar character, with a smaller degree 
of hybridization between the molecular moiety and Pd atoms. 
Moreover, the Pd PDOS of 3L3 shows a maximum at the HOMO 
energy, at variance with what occurs with 2L3 and 2L4.

To verify the effect of the chosen methodology on the results, we 
have also carried out full TDDFT calculations with RPBE and 
B3LYP functionals for 2L3, using the same basis set and Grimme 
corrections of the TD-DFT+TB calculations. The TD-DFT+TB/
RPBE, TDDFT/RPBE, and TDDFT/B3LYP spectra are collected 
in Figure S16 of the SI: A very good agreement is observed, thus 
justifying the use of TD-DFT+TB/RPBE. Moreover, electron 
dynamics based on TDDFT/B3LYP have been generated and 
analyzed: In Figures S17 and S18 of the SI, we report the time-
evolution of the charge population for the Pd layers and HCOO, 
respectively. Also in this case, a net electron injection into HCOO 
is predicted, according to the TD-DFT+TB findings: A difference 
at large times (> 50 fs), where modulation of the HCOO negative 
charge is observed, perhaps due to an indirect charge transfer, 
which is not present in TD-DFT+TB/RPE data.

In all the studied systems, finite-size effects are present, espe-
cially observed in the virtual molecular orbitals characterized, 
in some cases, by density at the border of the Pd layers.

Moreover, it is important to note that all results presented in this 
article were obtained with coherent frozen-nuclei dynamics. 
More realistic modeling, especially at long times, in which nu-
clear motion is assumed to have been triggered, would therefore 
have to take into account environmental effects on electronic de-
grees of freedom. As we observe in Reference [64]. for the CHO 
moiety interacting with Rh layers, the effect of the environment 
in terms of electronic relaxation and dephasing does not affect 
the sign of the charge injection, thus justifying the use of closed 
electron dynamics to investigate the photoinduced charge trans-
fer, as we did in this work. One can effectively model the non-
radiative decay by using the energy-gap law [64].

5   |   Conclusions

In this study, we investigated the electron/hole dynamics of 
the HCOO moiety and the hydrogen atom, as intermediates 

in the FAD reaction, in the presence of Pd clusters of different 
sizes and layer configurations (2L3, 3L3, and 2L4). We used a 
time-resolved approach based on solving TDSE in the space of 
DFT-TB pseudo-eigenstates [76, 88–93].

The main goal was to evaluate how the choice of the catalytic 
cluster affects the dynamics, using mainly the P1 pulse, which 
is resonant with the plasmonic transition of an Au nanorod 
(not explicitly included in the TDSE calculations). To achieve 
this, we analyzed the time-evolution of charge populations by 
means of ΔPDOS and its energy integral, focusing on the Pd 
layers, on HCOO as a whole and its atoms, and the adsorbed 
H. For all the systems, we observed a net transfer of negative 
charge from the Pd layers to HCOO and H. In the case of 2L3 
and 2L4, the transferred charge is mainly localized on the 
oxygen atoms of HCOO, according to a photoinduced direct 
mechanism. In contrast, the 3L3 system exhibited much more 
complex dynamics: The direct process is followed by an indi-
rect one, starting at around 50 fs, which provides a hole injec-
tion into HCOO.

Calculations also show an inhomogeneous charge redistribution 
in the upper Pd layer upon irradiation, which depends on the 
specific Pd cluster.

We also studied for 3L3 the effect of a pulse tailored to drive 
the reaction toward dehydrogenation, which consists of popu-
lating antibonding orbitals located on the C-H bond of HCOO; 
C and H atoms of HCOO are indeed characterized by a large 
photoinduced electron population. In this case, oxygen atoms 
are positively charged while the upper Pd layer is negatively 
charged.

As a next step, we plan to include the Au nanorod in the model, 
to fill the gap with the experimental setup [63]. This will allow 
us to rationalize the enhancement observed in the plasmon-
assisted photocatalytic process.
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2L3 Cartesian Coordinates (Å)

Pd 20.18687 5.43823 2.29461

Pd 21.52310 7.77654 2.33418

Pd 22.87753 10.10346 2.31024

Pd 14.79856 5.44551 2.29707

Pd 16.14919 7.77636 2.32525

Pd 17.48698 10.10152 2.32705

Pd 17.48831 5.43919 2.29520

Pd 18.83717 7.77355 2.31898

Pd 20.18622 10.09607 2.34379

Pd 20.18573 8.53739 4.72623

Pd 21.56223 10.89762 4.64912

Pd 18.84032 6.21292 4.58033

Pd 22.87430 8.55204 4.61971

Pd 24.21889 10.89466 4.62662

Pd 21.53419 6.22063 4.61695

Pd 17.47678 8.55372 4.66778

Pd 18.81765 10.90645 4.63550

Pd 16.14256 6.21964 4.60739

C 18.72573 8.30817 7.35710

O 17.60863 8.50129 6.77983

O 19.88217 8.17731 6.85923

H 18.66924 8.24703 8.46262

H 20.19139 10.38844 5.55268

3L3 Cartesian Coordinates (Å)

Pd 20.18397 6.99194 0.00000

Pd 21.52957 9.32259 0.00000

Pd 18.83837 4.66129 0.00000

Pd 14.80158 6.99194 0.00000

Pd 16.14717 9.32259 0.00000

Pd 13.45598 4.66129 0.00000
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Pd 17.49278 6.99194 0.00000

Pd 18.83837 9.32259 0.00000

Pd 16.14718 4.66129 0.00000

Pd 20.18687 5.43823 2.29461

Pd 21.52310 7.77654 2.33418

Pd 22.87753 10.10346 2.31024

Pd 14.79856 5.44551 2.29707

Pd 16.14919 7.77636 2.32525

Pd 17.48698 10.10152 2.32705

Pd 17.48831 5.43919 2.29520

Pd 18.83717 7.77355 2.31898

Pd 20.18622 10.09607 2.34379

Pd 20.18573 8.53739 4.72623

Pd 21.56223 10.89762 4.64912

Pd 18.84032 6.21292 4.58033

Pd 22.87430 8.55204 4.61971

Pd 24.21889 10.89466 4.62662

Pd 21.53419 6.22063 4.61695

Pd 17.47678 8.55372 4.66778

Pd 18.81765 10.90645 4.63550

Pd 16.14256 6.21964 4.60739

C 18.72573 8.30817 7.35710

O 17.60863 8.50129 6.77983

O 19.88217 8.17731 6.85923

H 18.66924 8.24703 8.46262

H 20.19139 10.38844 5.55268

2L4 Cartesian Coordinates

Pd 12.113285 5.438224 2.294608

Pd 16.150080 12.430161 2.294608

Pd 20.186874 5.438225 2.294608

Pd 24.223669 12.430162 2.294608
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Pd 13.449510 7.776541 2.334179

Pd 21.523100 7.776542 2.334179

Pd 14.803942 10.103462 2.310241

Pd 22.877531 10.103463 2.310241

Pd 14.798557 5.445513 2.297070

Pd 18.835352 12.437450 2.297070

Pd 16.149195 7.776364 2.325246

Pd 17.486977 10.101517 2.327051

Pd 17.488312 5.439194 2.295195

Pd 21.525107 12.431130 2.295195

Pd 18.837171 7.773547 2.318975

Pd 20.186215 10.096067 2.343794

Pd 20.185733 8.537391 4.726230

Pd 21.562227 10.897619 4.649117

Pd 18.840324 6.212923 4.580329

Pd 22.877120 13.204860 4.580329

Pd 14.800712 8.552035 4.619706

Pd 22.874302 8.552036 4.619706

Pd 16.145299 10.894657 4.626615

Pd 24.218888 10.894659 4.626615

Pd 13.460604 6.220634 4.616947

Pd 17.497399 13.212570 4.616947

Pd 21.534193 6.220635 4.616947

Pd 25.570989 13.212571 4.616947

Pd 17.476777 8.553720 4.667777

Pd 18.817653 10.906448 4.635504

Pd 16.142561 6.219642 4.607392

Pd 20.179356 13.211578 4.607392

C 18.725727 8.308168 7.357103

O 17.608634 8.501294 6.779830

O 19.882169 8.177310 6.859234

H 18.669235 8.247030 8.462624
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H 20.191394 10.388443 5.552682

Bond Pair Distance (Å) Distance (Å) from Ref. [81]

Pd1-H1 1.719 1.748

Pd2-H1 2.027 1.878

Pd3-H1 1.731 1.765

Pd2-O1 2.184 2.195

Pd4-O2 2.117 2.133

C-O1 1.266 1.266

C-O2 1.272 1.272

C-H2 1.109 1.111

TABLE S1: Bond distances among Pd atoms and

those from HCOO, and H.
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FIG. S1: Absorption spectrum of the Au nanorod of 13 nm full length and 3 nm diameter. An

inhomogeneous mesh size was used in the BEM calculation with a total of 504 triangular tesserae.

A denser mesh wash used on one of the caps of the nanorod. Gold dielectric function fitted with a

sum of Drude-Lorentz terms was used, taken from Ref. 1.
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FIG. S2: Upper panel: time evolution of the photoinduced charge populations (electron, hole and

net) in the 2L4 system with P1 pulse for the Pd cluster. Bottom panel: time evolution of the

photoinduced charge populations (electron, hole and net) of the two lower layers (left) and of the

upper layer (right) of Pd atoms.
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FIG. S3: Upper panel: time-evolution of the photoinduced charge populations (electron, hole and

net) of the HCOO moiety in the 2L4 system with P1 pulse. Bottom panel: on the left, time-

evolution of the photoinduced charge populations (electron, hole and net) of the carbon atom; in

the middle, the same for the oxygen atoms; on the right, the same for the hydrogen atom of HCOO.
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FIG. S4: ∆PDOS of HCOO before (blue line) and after the pulse (yellow line) for the 2L3 system

with the P1 pulse. Occupied and virtual orbitals involved in the dynamics are also shown.
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FIG. S5: ∆PDOS of HCOO before (blue line) and after the pulse (yellow line) for the 2L4 system

with the P1 pulse. Occupied and virtual orbitals involved in the dynamics are also shown.
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FIG. S6: Time-evolution of the photoinduced charge populations (electron, hole and net) of the H

atom adsorbed on the Pd surface in the 2L3 system with P1 pulse.

11

105



FIG. S7: Time-evolution of the photoinduced charge populations (electron, hole and net) of the H

atom adsorbed on the Pd surface in the 2L4 system with P1 pulse.
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FIG. S8: Time-evolution of the photoinduced net charge population of the Pd atoms of the upper

layer in the 2L4 system with P1 pulse. Green: Pd pairs interacting with HCOO. Blue: Pd pairs

interacting with H. Purple: Pd pairs not interacting with any molecular species.
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FIG. S9: ∆PDOS of the formate fragment before (blue line) and after the pulse (yellow line) for

the 3L3 system with the P1 pulse. The involved occupied and virtual orbitals are also shown.
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Orbitals ∆PDOS(t=65.50 fs)/∆PDOS(t=45.97 fs)

1 1.21

2 1.11

3 1.03

4 2.09

5 1.63

6 1.37

7 1.12

8 1.16

9 1.16

10 1.00

TABLE S2: Ratio between ∆PDOS at 65.50 fs and at 45.97 fs for 2L3 molecular orbitals.
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FIG. S10: Time-evolution of the photoinduced charge populations (electron, hole and net) of the

H atom adsorbed on the Pd surface in the 3L3 system with P1 pulse.
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FIG. S11: Upper panel: time-evolution of the photoinduced charge populations (electron, hole

and net) of the Pd cluster in the 3L3 system with P2 pulse. Bottom panel: time-evolution of the

photoinduced charge populations (electron, hole and net) of the lower layers (left) and of the upper

layer (right).

17

111



FIG. S12: Upper panel: time-evolution of the photoinduced charge populations (electron, hole

and net) of the HCOO fragment in the 3L3 system with P2 pulse. Bottom panel: on the left, time-

evolution of the photoinduced charge populations (electron, hole and net) of the carbon atom; in

the middle, the same for the oxygen atoms; on the right, the same for the hydrogen atom of HCOO.
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FIG. S13: PDOS of the 2L3 system. PDOS of the Pd atoms is in blue, the PDOS of the HCOO is

in yellow.
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FIG. S14: PDOS of the 3L3 system. PDOS of the Pd atoms is in blue, the PDOS of the HCOO is

in yellow.
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FIG. S15: PDOS of the 2L4 system. PDOS of the Pd atoms is in blue, the PDOS of the HCOO is

in yellow.

2L3 3L3 2L4

C 0.361 0.357 0.357

O -0.563 -0.556 -0.558

O -0.545 -0.545 -0.541

H 0.270 0.289 0.272

Tot -0.477 -0.455 -0.470

Hads 0.031 0.013 -0.033

TABLE S3: Ground-state Mulliken charges for HCOO and H in 2L3, 3L3 and 2L4.
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FIG. S16: Absorption spectrum for 2L3 at TD-DFT+TB/RPBE, TDDFT/RPBE and

TDDFT/B3LYP level of theory.
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FIG. S17: Time-dependent charge population of the Pd layers for the 2L3 system, using TD-

DDFT/B3LYP.
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FIG. S18: Time-dependent charge population of HCOO for the 2L3 system, using TD-

DDFT/B3LYP.
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4.2 Role of the Au Nanorod

The results of the study, reported in the previous section, showed that when the cat-
alytic system interacts with an external pulse resonant with the plasmonic frequency
of a nanorod, an electron transfer process occurs from the Pd reactor to the adsorbed
molecular system [66]. We also assessed the influence of slab topology and identified
a stable structure suitable for further analysis.

Building on these findings, the present work expands the investigation to include
an external gold nanorod, which is known experimentally to enhance both selectiv-
ity and hydrogen production. Our aim was to unravel the origin of this enhancement
and to determine how the plasmonic nanorod modifies the electronic dynamics of
the catalytic system. The simulations revealed that plasmonic excitations do not
qualitatively alter the electron transfer process identified earlier but instead amplify
it substantially, increasing the amount of injected charge by nearly three orders of
magnitude. A similar enhancement was observed in surface charge heterogeneity,
which is considered a key factor in promoting catalytic efficiency [132].

The decisive evidence for explaining the experimentally observed enhancement
in the H2 production rate emerged from the analysis of charge asymmetry in the
oxygen atoms of HCOO∗. In the presence of plasmonic excitations, this intrinsic
asymmetry is strongly amplified, driving the intermediate toward the next step of
the catalytic cycle-namely, the transition from a bidentate bridge configuration to a
monodentate adsorption of HCOO∗ on the Pd surface.

In this project, I carried out all simulations and analysis, and contributed to the
interpretation of the results, the writing of the manuscript, and the final editing. The
work has been recently published as Biancorosso, L., and E. Coccia. (2025) "Plasmon-
enhanced asymmetry in the charge distribution explains the increased H2 produc-
tion rate from formic acid with a Pd-tipped Au nanorod", J. Phys. Chem. Lett. 16 p.
12931.
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ABSTRACT: Plasmonic nanostructures offer a promising route to increase efficiency in
photocatalysis. This study provides a microscopic explanation for the enhanced H2
production rate from formic acid under plasmonic-resonance conditions of the photocatalytic
reaction on a Pd-tipped Au nanorod (NR), observed experimentally. Using electron-dynamics
multiscale simulations for a system composed of a classical Au NR and a DFT-described
subsystem of Pd atoms and adsorbed reaction intermediates (bidentate HCOO* and H*) in
the presence of a femtosecond pulse, we observe a net electron injection into HCOO*, which
takes on the highest value in plasmon-resonance conditions. We find an asymmetry in the
injection of electronic charge into the two oxygen atoms even in the absence of NR. The
plasmonic field in resonant conditions significantly increases this asymmetry, thus
representing the key to understanding the greater efficiency in H2 generation, since the
next reaction step is the formation of the monodentate HCOO*. Also, a greater spatial
heterogeneity of the charge on the Pd surface has been found in the case of resonance with
the NR plasmon, which can promote the advancement of the reactive process.

The search for alternatives to fossil fuel-based technologies
has been one of the most prominent areas of research in

recent decades.1−3 One of the most compelling directions in this
area involves hydrogen production and storage, which holds
great promise for clean energy applications.4−9 Plasmonic
materials have successfully been exploited in photocatalysis
through the concept of antenna−reactor complex, which has
gained significant interest due to encouraging experimental and
theoretical results.10−16 This hybrid system, which combines the
light-harvesting properties of plasmonic systems and the
catalytic features of metals such as Pd and Pt, offers a powerful
platform for light-assisted chemical transformations thereby
opening new avenues for plasmon-assisted catalysis.17−27

In the context of hydrogen generation, formic acid has been
extensively used as hydrogen-rich compound.28 Herran et al.
investigated various nanostructured configurations of palladium
and Au, such as core−shell configurations and antenna−reactor
assemblies, where small Pd particles are dispersed on the surface
of a larger Au nanoparticle.15 They observed a pronounced
boost in H2 production when the system was exposed to light,
observing the best performance from antenna-reactor assem-
blies. Zheng and et al.13 have highlighted the role of localized
surface plasmon resonances (LSPRs) in the catalytic enhance-
ment of this reaction. In that work, the authors employed a
tipped Au nanorod (NR) to investigate the decomposition of
formic acid in H2. They observed a production rate of molecular
hydrogen typically achieved at high temperature in thermal

catalysis, highlighting a clear role of the plasmonic excitation of
the NR.
By applying the same computational strategy recently adapted

by some of us to explain the enhanced selectivity toward
methane against carbon monoxide in the photocatalytic
reduction of carbon dioxide in the presence of rhodium
nanocubes,10,29 in this work we provide a microscopic
explanation of the enhanced H2 production rate from formic
acid in plasmonic-resonance conditions of the photocatalytic
process on the tipped Au NR of ref 13. The analysis is based on
the photo- and plasmon-induced charge injection into the stable
reaction intermediate, i.e. the HCOO* moiety adsorbed with
both oxygen atoms on the Pd surface.30−38 According to
minimum-energy path calculations,30,32 the next step in the
reaction is the formation of the monodentate HCOO*with only
one oxygen adsorbed, which then leads to H2 and CO2. The key
experimental quantity is the H2 production rate,13 which is
enhanced in the presence of the gold NR and maximized at the
NR plasmon frequency. In ref 13, the authors focus on the
plasmonic near field to explain the observation without,
however, proposing an atomistic description of the plasmon-
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mediated process. The idea behind our work is providing a direct
link between the observed increase in H2 production and the
plasmonic effects that modify the charge injection in the
bidentate HCOO*, thus making the reaction more efficient
toward the products.
The antenna-reactor complex plus HCOO* and H* is

modeled as the following: the Au NR is treated by means of the
polarizable continuum model (PCM), the reactor is given by
two 2× 3 layers of Pd atoms (2L3, details are provided in ref 38),
and HCOO* and H* are adsorbed on the outer Pd layer. An
explicit first-principle (QM) representation of the electronic
degrees of freedom of Pd atoms, HCOO* and H* is given. The
simulated Au NR has a radius of 3 nm and a length of 13.2 nm. It
has the same aspect ratio of the reference NR in ref 13. A sketch
representation of the simulated system is found in Figure 1. The
theoretical framework is formulated in time domain using the
time-dependent Schrödinger Equation (TDSE, eqs. 1−3 of the
Supporting Information) and the PCM model as well (TD-
PCM-NP). The wavefunction ofQM subsystem, i.e., Pd atoms +
HCOO* + H*, |Ψ(t)⟩ (eq. 4 of Supporting Information) is
defined in terms of the eigenstates of an effective Hamiltonian
which contains the field-free Hamiltonian and the ground-state
polarization of the NR.39 TheNR surface is discretized in a set of
NT triangular tesserae, on which apparent charges are located.

40

The time evolution of these charges allows us to describe the
polarization of the NR according to the boundary-element
method,40,41 and it takes into account the presence of the
external pulse and of the time-dependent electronic density of
the molecular system.42,43 Even though our quantum model of
the reactor is far from the experimental size, the Pd layer being 2-
nm thick as shown in ref. [38], our recent study on the shape and
size of Pd cluster allows us to consider the present results,
specifically the sign of charge injection, as robust. Real-time
calculations for electron/hole dynamics were carried out using
the WaveT/TDPlas package,17 interfaced with AMS44 for
extracting energies, electric transition dipole moments and
electrostatic potential on the NT tesserae,

38,45 computed using
TD-DFT+TB46 with the RPBE functional47 combined with

Grimme corrections within a singly excited ansatz (eq 5 of
Supporting Information), and a double-ζ basis set. In our recent
work,38 we have shown that B3LYP provides the same physical
information, i.e., an electron injection into HCOO*, thus
providing additional control over the reliability of the current
results. Using more refined approaches such as GW/BSE would
be computationally too demanding, since 1808 electronic states
have been computed and then propagated in this work.
In all simulations, the electric field was linearly polarized

perpendicular to the Pd surface and parallel along the NR
longitudinal axis. Two central frequencies for the pulse have
been used: the plasmonic resonance of the NR at 1.82 eV (P1,
Figure 1) and an off-resonant frequency at 3.0 eV (P2). The
pulse peak intensity is equal to 102 W/cm2, and a Gaussian
envelope with a full width at half-maximum (FWHM) of 21 fs
has been adopted, see eq. 6 of Supporting Information. This
FWHM was chosen to approximate the effect of continuous-
wave light with a coherence length of a few microns, consistent
with experimental conditions.10 The photoresponse is therefore
in the linear regime. Details on our theoretical approach to
plasmon-mediated photocatalysis, which has been already
described elsewhere,10,29,38 and on the computational strategy
are provided in Supporting Information. All the simulations refer
to a closed system, according to which electron dynamics is
coherent. When the pulse is switched off, no other perturbation
affects the electronic degrees of freedom. Effective approaches to
account for charge relaxation and backtransfer could be used
without an explicit nuclear dynamics.29 The photocatalytic
pathway has been assumed to be the same occurring in the
thermal reaction.10 Explicit nuclei were held fixed during the
dynamics.
The selected distances between the AuNR and the bottom Pd

layer of the QM subsystem (Figure 1) correspond to 0.28 nm,
which is the sum of Au and Pd atomic radii,48 0.56 and 2 nm.
This last value allows us to control the decrease in plasmonic
effects on the QM subsystem.
The first aspect to be addressed is the nature of the charge

injection intoHCOO* from the Pd layers. In our recent work on

Figure 1.Multiscale model with a classical AuNR, and the QM subsystem. The normalized absorption spectra of the two subsystems are also reported.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.5c02858
J. Phys. Chem. Lett. 2025, 16, 12931−12938

12932

121



the QM subsystem only and using the P1 frequency,38 which is
not resonant with any HCOO* excitation, we have found a net
electron injection. Such charge populations (electron, hole and
corresponding net one) are computed according to eqs. 8 and 9
of Supporting Information, which define differential electron
and hole populations with respect to the initial, i.e. in light-off
conditions, electronic density.10,29,38 This charge-transfer
mechanism is also confirmed in the presence of the Au NR, as
shown in Figure 2 for the distance of 0.28 nm. The net charge
(presented as a percentage of the total charge population of the
QM subsystem) on HCOO* is indeed negative. A closer
inspection of the atomic contributions, given in the lower panels
of Figure 2, reveals that this trend is consistent across all atoms:
carbon (left), oxygen (center), and hydrogen (right). While
both carbon and hydrogen atoms exhibit a modest increase in
electron population, the oxygen atoms are the primary recipients
of the transferred charge, indicating that they are the main
targets of the electron donation process. This behavior is
consistent with the previous observation in absence of a nearby
plasmonic NR.38 However, introducing the Au NR determines a
notable difference in the charge dynamics. In presence of the
NR, the system experiences an additional electromagnetic
contribution due to the plasmonic near field. This secondary
field emerges shortly after the peak of the external pulse,49 with

the electromagnetic response of the NR persisting for
approximately 10−20 fs after the external field maximum. As a
result, the QM subsystem is exposed to a prolonged and more
complex electromagnetic environment. This leads to a more
gradual increase in the electron and hole populations over time,
producing a gentler slope in their temporal evolution compared
to the case without the NR (for comparison, see Figure 4 of ref.
38). Additional evidence supporting this interpretation is given
by the results of the control simulation presented in Figure S1,
where the P2 pulse (central frequency of 3 eV) has been used.
Despite the NR being present, the electron and hole populations
exhibit the same sharp rise and rapid plateau observed in the
absence of NR. This comparison further confirms that the
prolonged and nontrivial charge redistribution observed here is
specifically driven by resonant coupling between the external
field and the NR plasmonic excitation.
Moreover, Figure S2 presents the evolution of the electron

and hole populations within the Pd cluster over the first 75 fs of
real-time dynamics with the P1 pulse: an overall positive net
charge is observed, as expected, since no source of sink of
charges is present in the simulation.
By varying the frequency of the external pulse, we are able to

disentangle in the electronic dynamics of the QM subsystem the
contributions of direct polarization effects from those arising

Figure 2. Upper panels: external P1 pulse and time evolution of the photoinduced charge populations (electron, hole and net) of the HCOO*
fragment in the presence of the Au NR at 0.28 nm. Bottom panels: on the left, time evolution of the photoinduced charge populations (electron, hole
and net) of the carbon atom; in the middle, the same for the oxygen atoms; on the right, the same for the hydrogen atom of HCOO*.
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due to the plasmonic excitation. In Figure 3, we report the time
evolution of the net charge on both the Pd cluster and on
HCOO*+H* for three configurations: (i) with the NR present
and excited about the plasmonic resonance (P1 pulse), (ii) with
the NR excited off-resonance (P2 pulse), and (iii) in the absence
of the NR with the P1 pulse (data taken from ref 38). Results for
the two first cases refer to the distance of 0.28 nm.
The interaction at the plasmonic resonance (1.82 eV)

produces a net charge transfer that is approximately 3 orders
of magnitude larger than that observed in the off-resonant case
or when the NR is not present. Also, the temporal profile of the
curves is different, indicating an active role played by the
plasmonic field during the dynamics. Indeed, the differential
projected DOS (ΔPDOS, eq. 7 of Supporting Information) of
HCOO* collected in Figures S3 and S4 for P1 and P2 pulses at
0.28 nm and for t = 60 fs (tail of the pulse), respectively, shows a
different depopulation/population of molecular orbitals: with
the P2 pulse, lower-energy orbitals are depopulated and virtual
ones at higher energy are populated, as expected. In both cases,
the involved orbitals exhibit a hybrid character, with electron

density delocalized between the Pd atoms and the molecular
fragment. A snapshot at 60 fs has been taken.
We have also analyzed how varying the distance between the

QM subsystem and the NR influences the observed electron
(hole) injection into HCOO* (Pd atoms). This analysis is
presented in Figure S5, which shows the total charge
displacement induced by the P1 pulse for the three
configurations with increasing separation: 0.28, 0.56, and 2
nm. The total charge displacement at 0.28 nm is nearly 1 order of
magnitude larger than that at 2 nm. Despite these quantitative
differences, the overall charge transfer mechanism remains
qualitatively consistent across all distances. As shown in Figures
S6−S9, the spatial distribution of electron and hole populations
for both the Pd layers and the adsorbed HCOO* follows the
same pattern at 0.28, 0.56, and 2 nm. This suggests that the
primary effect of decreasing the distance is not to alter the nature
of the electron transfer process, but rather to amplify it via
stronger electromagnetic coupling with the NR. Comparing the
ΔPDOS of HCOO* at three distances (0.28, 0.56, and 2 nm,
Figure S3) under excitation by the P1 pulse, one observes that

Figure 3. Panel a): time evolution of the net charge of the Pd cluster at 0.28 nm from the NR with the P1 pulse (reported in red), with the P2 pulse
(reported in green) and without NR. Panel b): time evolution of the net charge of the HCOO* and H* species at 0.28 nm from the NR with P1 pulse,
with P2 pulse and without NR. In both cases, a zoom for the second and third configurations is also shown. P1 (red) and P2 (green) pulses are also
shown.
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the most striking difference lies in the intensity of the peaks,
which are all scaled homogeneously.
The analysis conducted so far does not yet provide elements

to understand the increase in H2 production due to plasmonic
effects. As mentioned above, the bidentate adsorbed HCOO*
species becomes monodentate, with an oxygen atom released
from the Pd surface. Figure 4 shows the asymmetry of electron
injection into the two oxygen atoms of HCOO*, in terms of the
absolute value of the relative difference.

Two different behaviors can be inferred. The asymmetry
becomes more pronounced as a function of time by decreasing
the distance, being maximum for the configuration at 0.28 nm, at
larger times, when the plasmonic field becomes active.
It is the inner oxygen atom to be less negatively charged at any

time in the presence of the NR, and therefore the candidate to
leave the Pd surface (Figure S10). The two oxygen atoms are
labeled as shown in Figure S10. Instead, without the NR, the
time profile is rather different and is characterized by a change in
the asymmetry (the singularity at around 67 fs). Distances are
2.12 (2.18) Å for theO1 (O2)O atom. Asymmetry is inherent in
the system, as can be seen from the result without NR: an
asymmetrical charge population is present due to the adsorption
of HCOO* on the Pd surface. We emphasize that, as described
in detail in the Supporting Information, the geometry
optimization was conducted in periodic boundary conditions,
starting from literature data. The presence of NR increases the
asymmetry, thus leading more quickly to the monodentate
species and to the final product, i.e., H2. In Figure S11, we
present the same analysis using the P2 pulse. In the absence of
the NR, a slight asymmetry emerges, similar to what is observed
with the P1 pulse without NR. This behavior is expected, as the
system naturally tends toward the monodentate configuration
even under excitation with the P2 pulse. Importantly, the
presence of the NR does not alter this asymmetry: the charge
distribution remains essentially unchanged when reducing the
catalyst-NR distance from 2 to 0.28 nmwith the P2 pulse, closely
resembling the case without NR. This observation is highly
significant, as it highlights the central role of plasmonic
excitation in the H2 enhancement observed in this reaction.

To verify that the asymmetry described is not an artifact due
to the choice of the QM subsystem, we calculated the charge
population on the two oxygen atoms for the isolated cluster (i.e.,
no NR) with two layers of Pd, with 16 atoms per layer (2L4),
reported in Figure S12. Asymmetry in 2L4 is much larger than in
2L3. The reason for that is the two atoms being characterized by
a net charge of opposite sign, with the electron one larger in
absolute value (Figure S13). This result depends on the shape of
the molecular orbitals involved in the dynamics, which differ
from those in the 2L3 case, where both oxygen atoms are
negatively charged and border effects play a non-neglible role. In
2L4, finite-size effects should be partially reduced, since the two
oxygen atoms are centered with respect to the cut surface.
Assuming that the asymmetry in the photoinduced charge

distribution is the driving force for hydrogen formation, our
results confirm that this effect becomes even more pronounced
under plasmonic conditions�specifically at 0.28 nm and with
the excitation resonant with the NR LSPR. This provides a
microscopic explanation for the enhanced H2 production rate.
We have also analyzed the charge evolution of the H* atom.

Figure S14 of Supporting Information shows the time-resolved
electron and hole populations for the hydrogen fragment under
P1 pulse at a separation of 0.28 nm: a net electron injection is
observed, as in the case without NR.38

Surface-charge heterogeneity of the Pd surface has been
identified as a key factor contributing to photocatalytic
enhancement, as it can promote substrate adsorption and
stabilize reaction intermediates.50 According to Zheng et al.,13

this heterogeneity plays a central role in explaining the increased
catalytic activity observed in the presence of a plasmonic
nanostructure.
Panel a) of Figure 5 shows the net charge distribution over

selected pairs of Pd atoms located in the upper layer of the slab
when the system is separated by 0.28 nm from the nanorod and
excited with the P1 pulse. The pair marked in blue becomes
more positively charged, while the purple pair accumulates
negative charge. The central pair (green curve), which directly
interacts with HCOO*, remains nearly neutral. Panel b) of
Figure 5 explores how this surface-charge pattern changes with
distance from the NR. Although the qualitative shape of the
charge distribution remains similar, the total amount of
displaced charge is significantly decreased�by about 1 order
of magnitude�when the distance is increased to 2 nm, again
under P1 excitation. Panels (c) and (d) of Figure 5 extend this
comparison to the nonresonant case (P2 pulse), where the
system is no longer excited at the plasmonic frequency. In these
conditions, the charge separation on the Pd surface is much
smaller (2 orders of magnitude) than what is observed in
resonant conditions at the corresponding distances. On the
other hand, the spatial pattern remains consistent when
changing the distance. The data in Figure 5 are reported as
both percentage and absolute values.
In this work, we have provided an original interpretation of

the plasmon-mediated enhancement of hydrogen production
from formic acid in the presence of a Pd-tipped Au NR. Our
analysis shows that (i) a net electron charge is injected from Pd
atoms to HCOO*, which is the reaction intermediate; (ii) the
asymmetry in the charge distribution on the oxygen atoms is
maximum in plasmon-resonance conditions, thus explaining
how the plasmonic field affects the hydrogen production rate;
(iii) a greater spatial heterogeneity of the charge on the Pd
surface was found in the case of resonance with the plasmon of
the NR. Since the plasmonic field decays in 10−20 fs, we have

Figure 4. Absolute relative difference of the electron population of the
two O atoms of HCOO* with the P1 pulse, at various distances
between the QM subsystem and the NR. The case of the isolated QM
subsystem is also reported for comparison. The time profile of the pulse
is given.
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assumed that nuclear motion is decoupled from the electron

dynamics occurring in this time window, assuming the reaction

pathway from literature. Though freezing nuclei can be a crude

assumption, however, we believe that reliable information about

the plasmonic role in modifying reaction steps can be provided

by such a modeling.
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Theory and computational details

TDSE in length gauge for TD-PCM-NP can be rewritten as

i
d

dt
|Ψ(t)⟩ = Ĥ(t)|Ψ(t)⟩, (1)

with Ĥ(t) being the time-dependent Hamiltonian

Ĥ(t) = Ĥ0 − ⃗̂µ · E⃗ext(t) + q(t) · V̂BEM. (2)

In Eq. 2, ⃗̂µ denotes the dipole operator of the molecule, E⃗ext(t) represents the time-dependent

external electric field, q(t) corresponds to the time-dependent BEM charges,1,2 and V̂BEM

is the operator describing the electrostatic potential evaluated at the positions of the sur-
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face charges on the nanoparticle (NP). Both q(t) and V̂BEM are vectors of dimension NT ,

corresponding to the number of surface elements.

The field-free electronic Hamiltonian, Ĥ0, is given by:

Ĥ0 = Ĥel + qGS · V̂BEM (3)

where Ĥel is the electronic Hamiltonian of the isolated QM subsystem, and qGS denotes

the ground-state BEM charges. These charges are determined through a self-consistent

procedure that accounts for the polarization response of the nanoparticle to the molecular

ground-state electronic density.3

The time-dependent wavefunction, |Ψ(t)⟩, is defined as a linear combination of the Nstates

eigenstates of the effective field-free Hamiltonian Ĥ0, also containing the ground-state po-

larization of the molecule and the NP

|Ψ(t)⟩ =
Nstates−1∑

M=0

CM(t)|M⟩ (4)

where CM(t) are time-dependent coefficients, and |M⟩ is the M -th eigenstate of the system,

with eigenvalue EM . The initial guess for the self-consistent calculation is provided by the

eigenstates of Hel.

In this work, we employ an approximate time-dependent density functional theory ap-

proach with tight-binding corrections (TD-DFT+TB),4 formulated within a configuration-

interaction singles (CIS) framework,5 as implemented in the Amsterdam Modeling Suite

(AMS).6 Within this formalism, the excited states |M⟩ are expressed as linear combinations

of singly excited Slater determinants:

|M⟩ =
occ∑
i

vir∑
a

dai,M |Φa
i ⟩ (5)

where |Φa
i ⟩ represents a determinant formed by promoting one electron from an occu-
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pied molecular orbital i to a virtual orbital a, and dai,M are the corresponding excitation

amplitudes.

The system is perturbed by a time-dependent external electric field E⃗ext(t), defined as:

E⃗ext(t) = E⃗max exp

(
−(t− t0)

2

2σ2

)
sin(ωt), (6)

where E⃗max denotes the peak field amplitude, ω is the carrier frequency, t0 is the temporal

center of the pulse, and σ controls the width of the Gaussian envelope.

In order to analyze the electronic dynamics, we use the time-dependent projected density

of states (PDOS(t,ϵ)),7 defined as the expectation values of the number operator n̂ with

respect to the wavefunction |ψ(t)⟩. In particular, we define the differential PDOS (∆PDOS)

at a certain time t in respect to the initial condition at time t = 0.

∆PDOSK(t, ϵ) = −
occ∑
i

wK
i Re[

∑
M,L

C∗
L(t)CM(t)

vir∑
a

da∗i,Ld
a
i,M ]Fη(ϵ− ϵi) (7)

+
vir∑
a

wK
a Re[

∑
M,L

C∗
L(t)CM(t)

occ∑
i

da∗i,Ld
a
i,M ]Fη(ϵ− ϵi).

In this equation, dai,M (dai,L) are the linear coefficients of the expansion for state |M⟩ (⟨L|)

and Fη is a Lorentzian function centered on the MO energies ϵi, with width η, used to obtain

a smooth profile. Mulliken weights wK
i are used in the fragmentation of the studied system.

Details are found in Ref. 7. The subscript/superscript K refers to the fragment, i.e. the

single atom or group of atoms, regarding which one computes the charge population.

Integrating over the energy range allows us to obtain the time-dependent charge (electron

and hole) population regarding the initial condition8,9

electron population =
1

2

∫ +∞

−∞
[∆PDOSK(t, ϵ) + |∆PDOSK(t, ϵ)|]dϵ (8)
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and

hole population =
1

2

∫ +∞

−∞
[∆PDOSK(t, ϵ) + |∆PDOSK(t, ϵ)|] dϵ. (9)

The geometries of the Pd(111) slab and the molecular species were taken from the op-

timized structures reported in Ref.10 Two layers and 9 atoms per layer with HCOO* and

H* form the molecular system (2L3). Real-time electronic dynamics were simulated using

the WaveT/TDPlas package,11 interfaced with AMS to extract both electric transition dipole

moments and the transition potential.7,12,13 Input parameters—including excitation energies,

transition dipole moments, and transition potentials—were obtained from TD-DFT+TB cal-

culations4 including 1808 excited states covering excitations up to 6 eV, using the RPBE

exchange-correlation functional,14 Grimme dispersion corrections, and a double-zeta (DZ)

basis set.

Simulations were carried out for a duration of 100 fs. The external field E⃗ext(t) is described

by Eq. 6. The plasmonic frequency was computed using the boundary element method

(BEM) coupled with a polarizable continuum model.11
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Figure S1: Upper panels: external pulse and time evolution of the photoinduced charge
populations (electron, hole and net) of the HCOO* fragment in the presence of the Au NR
at 0.28 nm of distance with P2 pulse reported on top. Bottom panels: on the left, time
evolution of the photoinduced charge populations (electron, hole and net) of the carbon
atom; in the middle, the same for the oxygen atoms; on the right, the same for the hydrogen
atom of HCOO*.
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Figure S2: Upper panels: external pulse and time evolution of the photoinduced charge
populations (electron, hole and net) of the full Pd cluster in the 2L3 system in the presence
of the Au NR at 0.28 nm of distance with P1 pulse. Bottom panels: time evolution of the
photoinduced charge populations (electron, hole and net) of the bottom layer (left) and of
the upper layer (right)
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Figure S3: ∆PDOS of the HCOO* fragment at t = 60 fs for the system at 0.28 nm, 0.56 nm
and 2 nm with the P1 pulse. In the inset, ∆PDOS of the HCOO* fragment at t = 60 fs for
the system without NR. Reported are the main orbitals involved in the electronic process.
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Figure S4: ∆PDOS of the HCOO* fragment at t = 60 fs for the system at 0.28 nm with the
P2 pulse. Reported are the main orbitals involved in the electronic process. In red orbital
1, 8 and 9 are the same orbitals already reported in Figure 6 and correspond, respectively,
to orbitals 1, 6 and 7.
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Figure S5: On the left, time evolution of the net charge of the Pd cluster at 0.28 nm, 0.56
nm and 2 nm from the NR with the P1 pulse; on the right, time evolution of the net charge
of the HCOO* fragment at 0.28 nm, 0.56 nm and 2 nm from the NR with the P1 pulse.
Time profile of the pulse is also reported.
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Figure S6: Upper panels: external pulse and time evolution of the photoinduced charge
populations (electron, hole and net) of the full Pd cluster in the presence of the NR at 0.56
nm with P1 pulse. Bottom panels: time evolution of the photoinduced charge populations
(electron, hole and net) of the bottom layer (left) and of the upper layer (right)
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Figure S7: Upper panels: external pulse and time evolution of the photoinduced charge
populations (electron, hole and net) of the HCOO* fragment in presence of the NR at 0.56
nm with P1 pulse. Bottom panels: on the left, time evolution of the photoinduced charge
populations (electron, hole and net) of the carbon atom; in the middle, the same for the
oxygen atoms; on the right, the same for the hydrogen atom of HCOO*.
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Figure S8: Upper panels: external pulse and time evolution of the photoinduced charge
populations (electron, hole and net) of the full Pd cluster in presence of the NR at 2 nm
with P1 pulse. Bottom panels: time evolution of the photoinduced charge populations
(electron, hole and net) of the bottom layer (left) and of the upper layer (right)
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Figure S9: Upper panels: external pulse and time evolution of the photoinduced charge
populations (electron, hole and net) of the HCOO* fragment in presence of the NR at 2
nm with P1 pulse. Bottom panels: on the left, time evolution of the photoinduced charge
populations (electron, hole and net) of the carbon atom; in the middle, the same for the
oxygen atoms; on the right, the same for the hydrogen atom of HCOO*.
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Figure S10: Time evolution of the photoinduced charge populations (electron, hole and net)
of O1 and O2 atoms in the presence of the Au NR at 0.28 nm of distance with P1 pulse.
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Figure S11: Absolute relative difference of the electron population of the two O atoms of
HCOO* with the P2 pulse, at various distances between the QM subsystem and the NR.
The case of the isolated QM subsystem is also reported for comparison. External pulse is
also given.
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Figure S12: Absolute relative difference of the electron population of the two O atoms of
HCOO* with the P1 pulse, for 2L3 and 2L4, without NR.
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Figure S13: Top: Time evolution of the photoinduced charge populations (electron, hole and
net) of O1 and O2 atoms in the bare 2L3 cluster (no NR) with P1 pulse. Bottom: Time
evolution of the photoinduced charge populations (electron, hole and net) of O1 and O2
atoms in the bare 2L4 cluster (no NR) with P1 pulse.
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Figure S14: Time evolution of the photoinduced charge populations (electron, hole and net)
of the H* fragment in presence of the NR at 0.28 nm with P1 pulse.
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Chapter 5

Probing fast internal conversion in
gas-phase thymine via TR-NEXAFS

In this project, we investigated the internal conversion dynamics of thymine us-
ing TR-NEXAFS [29]. This study highlights the potential of our theoretical frame-
work for computing excited-state spectra of molecular systems. While the ultrafast
ππ∗ → nπ∗ relaxation in thymine has been the subject of extensive experimental
and theoretical research [185, 186, 187, 30, 188, 29], with our approach we want to
go beyond the core–valence separation by efficiently evaluating excited–state tran-
sition dipole moments that couple core– and valence–excited states [189, 190, 191].
This enables the calculation of NEXAFS spectra of molecular valence–excited states
at remarkably low computational cost [192].

Within the UV/visible pump–X–ray probe scheme, thymine is first excited by a
π → π∗ transition [29]. The ππ∗ (S2) state subsequently decays via internal con-
version to an nπ∗ (S1) state [29]. A delayed X-ray probe then promotes an oxy-
gen 1s electron into the partially vacant n orbital, yielding a characteristic 1s → n
feature in the NEXAFS spectrum. While ground-state molecules exhibit the lowest
1s → π∗ transition, the valence–preexcited system reveals the 1s → n peak, whose
time-dependent growth provides a direct measure of the ππ∗ → nπ∗ conversion
time–on the order of a few tens of femtoseconds [29, 188].

This pump–probe NEXAFS methodology thus not only tracks ultrafast internal
conversion, but also allows indirect observation of the optically dark nπ∗ state, with
enhanced sensitivity due to the strong, localized 1s → n transition.

In order to account for the relaxation mechanism from the optically active state
to the dark state we employed the SSE which models the relaxation mechanism be-
tween these two states, as described in Section 2.1.2 of Chapter 2. Selecting the pulse
delay we can track the evolution of the NEXAFS spectra transitioning from those of
the bright state (S2) to the dark state (S1).

My personal contribution to this work was to perform all the calculations along
with Simone Pistillo and contributed to the interpretation of the results and to the
writing of the paper. The draft of this work has been recently submitted as Pistillo
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Abstract

We present a real-time method based on the propagation of the time-dependent

Schrödinger equation in the space of electronic states to compute NEXAFS spectra

of molecules from the ground or a valence excited state. Transition dipole moments

between a core and a valence state, which are needed in the case of electron dynamics

from an excited state, are computed from linear-response time-dependent density func-

tional theory implemented in the AMS package by using Slater-Condon rules following

two distinct core and valence excited-state calculations. The implementation is general

and compatible with any singly-excited ansatz, such as linear response GW/BSE. The

method has been applied to the ultrafast internal conversion observed in the gas-phase

thymine, when excited to the bright ππ∗ (S2) state. We have computed NEXAFS for

the K-edge of oxygen from the electronic GS, from S2 and also from the dark nπ∗

(S1) state. We have properly reproduced the experimental spectrum [Nat. Commun.,
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8, 29 (2017)] after the pump, showing the peak at 526.5 eV associated with S1. The

stochastic Schrödinger equation has been used to get a time-resolved NEXAFS signal,

introducing the phenomenological S2 → S1 decay time of 60 fs from the aforemen-

tioned experimental work, thus mimicking the internal conversion without an explicit

nuclear dynamics. An implicit pump initializes the thymine in the S2 state, and an

X-ray probe interrogates the system at various delay times (and distinct thymine struc-

tures), leading to a time-resolved spectral profile that captures the S2 → S1 population

transfer.

1 Introduction

In the last years, many efforts have been dedicated to studying the photophysics of nucle-

obases.1–8 These molecules are central to understanding the intrinsic photostability of DNA

and RNA. Thymine, in particular, exhibits unusually long excited-state lifetimes in the gas

phase compared to its ultrafast relaxation in biological environments.9–16 Time-resolved near-

edge X-ray absorption fine structure (TR-NEXAFS) spectroscopy at the oxygen K-edge has

provided direct insight into the internal conversion dynamics underlying this behavior.17

TR-NEXAFS spectroscopy uses a UV or visible pump pulse to induce a valence excitation,

followed by an X-ray probe pulse that excites core electrons into the newly, partially empty

valence orbitals. This technique offers crucial insights into valence-excited states, and it al-

lows access to electronic excited–states of molecular systems and probe their photophysical

evolution over time.

In the case of gas-phase thymine, upon photoexcitation to the bright ππ∗ (S2) state, a char-

acteristic 1s→ n resonance (S1 dark state) at 526.4 eV emerges with a delay of (60± 30) fs,

indicating an ultrafast ππ∗ → nπ∗ population transfer.17 The subsequent decay of the nπ∗

signal proceeds biexponentially, with lifetimes of (1.9± 0.1) ps and (10.5± 0.2) ps. Comple-

mentary non-adiabatic molecular dynamics simulations have confirmed an S1-trapping mech-

anism,18 involving rapid S2 →S1 internal conversion via a bond-length alternation conical
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intersection, followed by slow relaxation from the S1 minimum through puckering-mediated

intersections with the ground state (GS).

To fill the gap with experiments, different theoretical methods have been developed to

compute NEXAFS spectra from excited states.17,19–24 Most of the developed methods are

based on a correlated wavefunction approach,25–33 which has been widely used, offering ex-

cellent accuracy in the prediction of core excitations.34–36 However, their high computational

cost restricts their use to small or medium-sized molecules. For this reason, there has been

great interest in the development of computationally cheaper DFT–based methods, such as

the transition-potential DFT (TP-DFT).37–41 This approach removes a fraction of an electron

from the core orbitals, allowing orbital relaxation. It has been widely used to calculate GS

NEXAFS spectra, yielding excitation energies in good agreement with experiments. Ehlert

et al.39 extended TP-DFT to core excitations from valence-excited states. This method is

computationally efficient, describing core-excited states with a single electronic configura-

tion, and is applicable to medium-to-large systems. The valence-excited state is represented

by promoting an electron from an occupied to an unoccupied orbital, potentially combined

with the maximum overlap method (MOM). However, both approaches may not fully ensure

an accurate description of the initial valence state, which is important for capturing spectral

features correctly.

Alternatively, linear response time-dependent density functional theory (LR-TDDFT), is

largely used to calculate core excitations under the core valence separation scheme (CVS).42

In the CVS, only single-electron excitations involving the core orbitals are maintained in the

1h-1p space, while excitations from valence electrons are suppressed, drastically reducing the

dimension of the Casida matrix. This is justified because there is negligible coupling between

valence and core excitations, due to the localized nature of the core and the large energetic

gap between the core and the valence orbitals. In general, TDDFT with CVS provides good

results in terms of spectral profile but can lead to errors in the calculation of absolute ex-

citation energy (∼ 15 eV).43 MOM can be combined with TDDFT under CVS to simulate
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TR-NEXAFS.44 MOM is based on the generation of new occupied molecular orbitals (MOs)

from a self-consistent field (SCF) procedure, that are those most overlapped with the span

of old occupied orbitals. This method provides a simple scheme to access excited-state SCF

and generate relaxed molecular orbitals. This method is computationally inexpensive and

provides a simple way to calculate NEXAFS spectra starting from valence-excited states.45

In this article, we show how NEXAFS spectra can be computed through an approach

based on the propagation of the time-dependent Schrödinger equation (TDSE). The Hamil-

tonian eigenstates include both the core and the valence electronic states, going beyond the

core-valence separation.42 TDSE is propagated in the space of the target electronic states,

setting the system in the excited state as the initial condition.

We avoid the complete calculation including both core and valence states simultaneously

by reconstructing the aforementioned dipole moments using the Slater-Condon rules.46,47

The electronic-structure approach employed in this work is standard LR-TDDFT, but the

TDSE-based computational strategy is general, not depending on how electronic states are

generated.

Moreover, we propose to combine the stochastic Schrödinger equation (SSE)48–56 with TDDFT

for the computation of NEXAFS spectra of thymine at various delay times between the im-

plicit pump, which populates the S2 state, and the X-ray probe. SSE allows us to effectively

include the presence of a generic environment in the calculation, such as the photoinduced

change in the molecular geometry. SSE simulations implement the relaxation from the bright

S2 to the dark S1 state, taking as decay rate the inverse of the relaxation time T1 (60 fs) from

Ref. 17. This approach represents an effective way with an external parameter to account

for population transfer in the time-resolved spectroscopic signal.

The work is organized as follows: in Section 2 the theoretical framework is given, empha-

sizing how our approach breaks the assumption of core-valence separation, and the use of

SSE as an effective method to simulate time-resolved spectroscopic signals; computational

details are collected in Section 3; results are shown and discussed in Section 4; conclusions
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are reported in Section 5.

2 Theory

2.1 Electron dynamics from ground state

TDSE is given by (atomic units are used throughout the paper):

i
d

dt
|Ψ(t)⟩ = Ĥ(t) |Ψ(t)⟩ , (1)

where |Ψ(t)⟩ is the electronic wavefunction and Ĥ(t) represents the time-dependent

Hamiltonian operator. The Hamiltonian is partitioned as follows:

Ĥ(t) = Ĥ0 + ĤF (t), (2)

with Ĥ0 representing the field-free electronic Hamiltonian of the molecular system and

ĤF (t) describing the coupling to an external field. ĤF (t) in length gauge reads as

ĤF (t) = −⃗̂µ · F⃗ (t), (3)

where ⃗̂µ is the electric dipole operator and F⃗ (t) is the classical electric field. The external

electric field is modeled as:

F⃗ (t) = F⃗max exp (−
(t− t0)

2

2σ2
) sinωt, (4)

where F⃗max is the pulse maximum amplitude and also provides the polarization direction,

t0 and σ are the center and width of the Gaussian envelope and ω is the pulse frequency.

The wavefunction in Eq. (1) is expanded in terms of the eigenstates of Ĥ0. In case of

GS NEXAFS, this expansion only includes the GS and a set of selected core excited states

according to the CVS,42 i.e.
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|Ψ(t)⟩ = C0(t) |0⟩+
Ncore∑

λcore=1

Cλcore(t) |λcore⟩ , (5)

where the GS is indicated with the ket |0⟩ and its time evolution is encoded in C0(t),

while Cλcore(t) are the time-dependent expansion coefficients of the Ncore |λcore⟩, that denote

the core eigenstates of the system.

In the 1h-1p configuration space of LR-TDDFT each eigenstate |λcore⟩ is written as a

linear combination of singly excited determinants:

|λcore⟩ =
occ∑

i∈core

vir∑
a

dai,λcore
|ψa

i ⟩, (6)

where |ψa
i ⟩ = â†aâi|ψ0⟩ represents a singly excited configuration obtained by promoting

an electron from an occupied orbital i to a virtual orbital a, taking the Kohn-Sham GS

determinant |ψ0⟩ as reference. According to the CVS approximation, index i in Eq.( 6) is

restricted to the manifold of core orbitals. The coefficients dai,λcore
are expansion parameters

that specify the electronic structure of |λcore⟩.

2.2 Electron dynamics from excited state

To compute NEXAFS spectra from valence excited spectra, the wavefunction is expanded

on a superposition of two subsets of eigenstates plus the GS,

|Ψ(t)⟩ = C0(t) |0⟩+
Ncore∑
λ=0

Cλcore(t) |λcore⟩+
Nval∑
λ′=0

Cλval
(t) |λval⟩ , (7)

where Cλval
(t) are the time-dependent expansion coefficients associated with the Nval

valence-excited eigenstates |λval⟩, while the core subset has the same meaning as in Eq. (5).

The eigenstates |λcore⟩ and |λval⟩ are obtained from separate TDDFT calculations re-

stricted to the corresponding excitation subspaces, using the same xc functional and basis

set. Each |λval⟩ is in turn expressed as a linear combination of singly excited determinants
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spanning the valence-orbital space only

|λval⟩ =
occ∑

j∈val

vir∑
b

dbj,λval
|ψb

j⟩ . (8)

The computational procedure for the calculation of the full matrix of transition dipole

moments (TDM) is reported in Figure 1.

Figure 1: Scheme of the computational procedure employed to obtain the full transition
dipole moments matrix among excited states.

Since having all, i.e. core+valence, excitations from TDDFT is impractical with a rea-

sonably large basis set, the transition dipole moments between one |λcore⟩ and one |λval⟩

is computed a posteriori using the Slater-Condon rules.47 The strategy we followed is: i)

running a TDDFT calculation for core using CVS, which provides |λcore⟩ and core-core

transition dipole moments ⟨λ′core|⃗̂µ|λcore⟩; ii) running a TDDFT calculation for valence ex-

citations, which gives |λval⟩ and ⟨λ′val|⃗̂µ|λval⟩; iii) exploiting that TDDFT eigenstates from

the two simulations are orthogonal, we build ⟨λ′core|⃗̂µ|λval⟩ (⟨λ′val|⃗̂µ|λcore⟩) using the Slater-
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Condon rules for one-electron operators. Constructing the TDM matrix is accomplished by

a postprocessing code,47,57 which interfaces AMS,58 i.e. the quantum-chemistry code, with

WaveT,59 i.e. the propagation code. This choice allows us to go beyond the CVS.

After energies and transition dipole moments are computed, TDSE propagation is performed

setting as an initial condition |C0(t = 0)|2 = 1 or |Cλval
(t = 0)|2 = 1, to get GS or excited-

state NEXAFS spectra respectively, as shown below.

2.3 Computing the absorption spectrum

Substituting Eq. (5) or Eq. (7) into Eq. (1) allows us to write a matrix formulation of the

TDSE:

i
dC(t)

dt
= H(t)C(t), (9)

with C(t) the coefficient vector and H(t) the matrix representation of the Hamiltonian

at time t. For generic states |λ⟩ and |λ′⟩ one obtains

⟨λ′| Ĥ(t) |λ⟩ = Eλδλ′λ − F⃗ (t) ⟨λ′| ⃗̂µ |λ⟩ . (10)

Equation (10) for the ground- or excited-state dynamics is in practice propagated. The time–

dependent electric dipole moment from the electronic dynamics simulation is then written

as:

µ⃗(t) =
∑
λcore

C∗
λcore

(t)C0(t) ⟨λcore| ⃗̂µ |0⟩+
∑

λ′
core ̸=λcore

C∗
λ′
core

(t)Cλcore(t) ⟨λ′core| ⃗̂µ |λcore⟩ + cc,

(11)
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for GS NEXAFS, or as:

µ⃗(t) =
∑
λcore

C∗
λcore

(t)C0(t) ⟨λcore| ⃗̂µ |0⟩+
∑
λval

C∗
λval

(t)C0(t) ⟨λval| ⃗̂µ |0⟩

+
∑

λ′
valλcore

C∗
λ′
val
(t)Cλcore(t) ⟨λ′val| ⃗̂µ |λcore⟩

+
∑

λ′
core ̸=λcore

C∗
λ′
core

(t)Cλcore(t) ⟨λ′core| ⃗̂µ |λcore⟩

+
∑

λ′
val ̸=λval

C∗
λ′
val
(t)Cλval

(t) ⟨λ′val| ⃗̂µ |λval⟩ + cc, (12)

for excited-state NEXAFS.

The absorption spectrum is finally given by:

Pnl(ω) =
1

2πF 0
n(ω)

∫ +∞

0

∆µl(t) e
i(ω+iΓ)t dt, (13)

where ∆µl(t) = µl(t)− µl(0) represents the lth component of the induced electric dipole

moment, the factor Γ is a damping parameter that is used to describe the excited state

lifetime, and F 0
n(ω) is the Fourier transform of the nth component of the external electric

field. When rotationally averaged, the spectrum is indicated as P .

It is important to note that the spectrum obtained with the dipole in Eq. (12) contains both

the valence and core contributions; the core spectrum of interest relates to the excited state

used to define the initial condition of the TDSE and to the terms in Eq. (13) involving core

states only.

2.4 Stochastic Schrödinger equation

SSE extends the traditional time-dependent Schrödinger equation to account for interac-

tions with an external environment, allowing the treatment of the quantum system as

open. SSE has been implemented in the WaveT suite60 within the Markovian limit,56

and used in many spectroscopic applications, such as in the detection of quantum coher-
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ence in isolated molecules,61,62 the study of the role of coherence in plasmonic-mediated

enhancement/quenching of a signal, Raman63 and hot-carrier dynamics in plasmonic photo-

catalysis.64,65 In the Markovian limit, SSE is given by:

i
d

dt
|ΨS(t)⟩ = Ĥ(t)|ΨS(t)⟩+

M∑
q

lq(t)Ŝq|ΨS(t)⟩ −
i

2

M∑
q

Ŝ†
q Ŝq|ΨS(t)⟩, (14)

where the operator Ŝq is representative of the environment effect through the M interac-

tion channels indexed by q. The dissipation induced by the environment is included by the

non-Hermitian term − i
2

∑M
q Ŝ†

q Ŝq. The fluctuation term
∑M

q lq(t)Ŝq is modeled by a Wiener

process lq(t), also generated by the environment. The environment generates population

and/or coherence relaxation, depending on the form of Ŝq. The system S coincides with the

electronic degrees of freedom of the molecule. Thus, |ΨS(t)⟩ coincides with |Ψ(t)⟩ introduced

in Section 2.1. By averaging a large enough number of independent SSE realizations, one

converges to the outcome of the Lindblad equation,66 obtaining population and coherence

dynamics.61

Excited state relaxation is the only decay channel included in this work, therefore the

definition Ŝλ ≡ Ŝq is used to define relaxation of the generic state |λ⟩.67 Generally, it can

be due to photon emission (radiative decay) or to nonradiative decay (e.g. through internal

conversion). The former can be seen as an effect of the electromagnetic field seen as an

environment; the latter can be an internal conversion due to a conical intersection, as in the

present case of thymine.68,69 In the SSE framework, such a process is simply modeled by the

operator

Ŝλλ′ =
√
Γλλ′ |λ′⟩⟨λ|, (15)

which induces an exponential decay of the population |Cλ(t)|2, with a rate given by Γλλ′ . The

value of Γλλ′ is provided by experimental work or by simulation of nonadiabatic molecular

dynamics. The complexity of the internal conversion is therefore encoded in a quantum

operator which promotes population transfer between two electronic states. The operator
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in Eq. (15) has been applied to a single pair of valence excited states |λval⟩ to model the

internal conversion in thymine (M = 1 in Eq. 14).

3 Computational details

Geometry optimization of the GS was performed at the B3LYP/TZP level, whereas excited–

state geometry optimizations were performed at the B3LYP/TZP level within the Tamm–Dancoff

approximation (TDA) implementation of the Amsterdam Modeling Suite (AMS).58 All

Cartesian coordinates are collected in the Supporting Information (SI, Figure S1-S3). Excited-

state properties were then computed using TDDFT at the CAM-B3LYP/TDA level with a

TZP basis set for all atoms, except for oxygen, for which an ET-QZ3P-1DIFFUSE basis set

was employed. The TDA approximation was adopted to correctly reproduce the expected or-

dering of excited states across all geometries. A comparison between TDA and full TDDFT

calculations is provided in Figure S4 of the SI.

For core excitations, we apply the CVS approximation whereby only electron excitations

from the two lowest occupied orbitals (the oxygen 1s orbitals) were considered. A total of 100

excited states were included for the core calculations, whereas 10 states were considered for

valence excitations. For the subsequent electronic dynamics, 24 excited states were included

in total: 10 valence and 14 core excitations. The number of core states was restricted to

those lying below the ionization threshold of the highest energy O 1s orbital, corresponding

to the negative of the KS eigenvalue (-522.6 eV).

Electronic dynamics were propagated for 100 fs using a time step of δt = 1.2 as. The

external field was modeled as a Gaussian-enveloped sinusoidal pulse with intensity I = 108

W/cm2, photon energy ω = 522.38 eV, and a FWHM of 94 as. SSE simulations were carried

out under the same conditions, averaging over 180 trajectories. The NEXAFS spectrum is

fully converged with 180 SSE trajectories, as shown in Figure S5 of SI. Laser pulse time

delays were set at 10, 20, 60, and 70 fs.
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4 Results and discussion

In the approach used in the present work, the wavefunction is expanded as a superposition of

eigenstates obtained from two separate TDDFT/TDA calculations: one including only core

excitations, and obtained within the CVS approximation, and the other including both core

and valence excitations, both referenced to the GS (see Eq. (11) and Eq. (12) respectively).

A subsequent real-time propagation of the wavefunction allows us to calculate the spectrum

starting from a specific state within the expansion.

Figure 2 shows a comparison of GS oxygen K-edge NEXAFS spectrum of thymine calculated

within LR-TDDFT/TDA with AMS using the Casida approach (bottom spectrum) and real-

time propagation of the expanded wavefunction (top spectrum) with WaveT. The real time

propagation was performed, including only core excitations to bound excited states, i.e.

below the O1s threshold. In this way, only states whose excitation energy is below 522.6 eV

were propagated. The two computed spectra are in perfect agreement. The GS NEXAFS

spectrum of thymine is characterized by two main peaks with similar intensity, originating

from the oxygen 1s (O1s) transitions to π∗ virtual orbitals of the two nonequivalent O sites

shown in the right panel of Figure 2. Atom labels are also provided in the same Figure. The

first peak at 517.9 eV is assigned to a transition dominated by 1sO2 → π∗ configuration, with

a smaller contribution of the 1sO2 → 2π∗ configuration. In Figure 2 the occupied/virtual

MO pairs involved in the main transitions are reported. The 1π∗ MO has a strong C-

O antibonding character localized on O2, resulting in a strong spatial overlap between the

initial and final states, leading to a high transition dipole moment. The second peak at 518.8

eV is originated by a transition dominated by the 1sO1 → 2π∗ configuration. The 2π∗ MO

has a strong C-O antibonding character of both non-equivalent thymine oxygen atoms, with

prevalence of O1. In the energy region above 521 eV the transitions are characterized mainly

by excitations described by 1sO1/O2 → ns, np Rydberg states, with minor contribution from

1sO1/O2 → π∗ configurations. Figure S6 of SI shows the comparison between the computed

GS spectrum (in frequency domain by using the AMS code) with the experimental one from
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Ref. 17, resulting in a good agreement.

O1

O2

C2

C4

C3

C5

C1

A

B

A B

Figure 2: Comparison of the TDDFT/TDA GS O1s NEXAFS spectrum of thymine com-
puted in time- (top) and frequency domain (bottom). Also reported are the occupied/virtual
MO pairs mostly involved in the excitations labelled with A and B in the Figure and the
chemical structure of thymine with the indication of the non equivalent O/C atoms.

As mentioned in the Introduction, thymine is characterized by a ππ∗ excited state (S2)

that is optically bright, and a dark lower-energy nπ∗ state (S1). From the work of Wolf et

al. in Ref. 17 it was observed that internal conversion process (S2 → S1) leads the system to

relax into the nπ∗ state, with a measured lifetime for this process of 60 ± 30 fs. To correctly

simulate time-resolved spectra, it is necessary to calculate core-level spectra starting from

excited states. Simulation of the valence spectra provides insights into the nature of the

lowest excited states of the system; the valence absorption spectrum is reported in Figure

S7 in SI together with an assignment of the main features. In agreement with experimental

observations, the first excitation (S1) at 5.14 eV, exhibits low intensity, and it is mainly

characterized by a n→ 1π∗ transition. The second, much more intense excitation (S2),

appears at 5.50 eV and corresponds predominantly to a π → π∗ transition. Table S1 of the

SI collects the excitation, oscillator strength, and composition of the low-lying valence states

of thymine.

To capture the effect of structural relaxation on computed spectral features, the NEXAFS
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spectrum of the S1 excited state was calculated at its optimized geometry, and it is reported in

Figure 3. With respect to the GS Franck-Condon (FC) geometry, the O2–C4 bond elongates

from 1.22 Å to 1.34 Å, while the O1–C3 bond remains essentially unchanged. A contraction

of the C1–C4 bond from 1.47 Å to 1.37 Å is also observed, accompanied by a reduction

of the O2–C4–N bond angle from 120◦ to 112◦. These structural modifications do not affect

the planarity of the molecule. According to Ref. 14, the relaxation pathway occurs rapidly

through the ππ∗/nπ∗ conical intersection, which is directly accessible without an intervening

barrier. Once the system has transferred to the nπ∗ state, it can remain trapped and decay

slowly to the GS over a timescale of approximately 6 ps. This relatively long lifetime allows

the system to relax to a local minimum on the potential energy surface. The NEXAFS

spectrum reported in Figure 3 is calculated for the first excited state geometry, under the

assumption that the population resides entirely in S1. The S1 spectrum is characterized by

a single strong peak at 513.0 eV (peak A), which is red-shifted by 4.9 eV regarding the

first peak of the GS spectrum. The high intensity of this transition is consistent with the

non-bonding character of the MO involved. Analysis shows that this excitation is dominated

by 1sO2 → n transition. The n orbital is strongly localized on O2 of thymine, which enables

a large spatial overlap between the initial and final states, resulting in a strong transition

dipole moment. By contrast, the analogous 1sO1 → n transition involves a much weaker

overlap, since the n orbital has a small contribution from O1, leading to a low intensity peak

appearing at 515.6 eV (peak B). A comparison between the spectra computed for the S1

state at the FC geometry and at the nπ∗ local minimum is presented in the left panel of

Figure S8 of SI.

Note that in this approach, all excitations are defined regarding the GS reference. Cal-

culation of NEXAFS spectra from excited states means that in the initial state the system

has a hole localized in the n or π MOs and an electron in the 1π∗ MO. Consequently, our

method provides a reliable description of all excitations involving 1s → SOMO transitions,

since these can be represented as singly excited Slater determinants with respect to the GS.
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A
A

B

B

Figure 3: O1s NEXAFS spectrum of the S1 excited state of thymine at the optimized nπ∗

equilibrium geometry. Also reported are the occupied/virtual MO pairs involved in the
transitions corresponding to the peaks labelled with A and B.

Excitations at higher energies are treated as processes in which the 1s → SOMO excitation

is accompanied by promotion of the electron from the 1π∗ orbital into a higher-lying MO.

In Figure 4 a comparison between the experimental measurement from Ref. 17 and the com-

puted spectrum is shown. In the experiment an initial pump at 267 nm was used to promote

the optically bright transition, and after 2 ps a probe in region of the NEXAFS oxygen

K-edge was used to map the electronic states. Within 2 ps, the system has the time to relax

into local minima, justifying the use of nπ∗ optimized geometry for the calculated spectrum.

The effect of the pump is observed by the presence of new spectral feature appearing at lower

energy compared to the first spectral feature visible in the GS spectrum. To compare the

experiment with theory, a rigid shift of the computed spectra of +13.5 eV was applied. From

the experiment, it was estimated that 13% of the population was transferred from GS to

the excited state. The rotationally-averaged GS and S1 spectra (Section 2.3) were weighted

with respect to the population transfer by using the formula:

Ptot = p · PS1 + (1− p) · PGS (16)
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where p is the fraction of population transferred into excited state while PS1 and PGS denote

the NEXAFS spectra of the first excited state and the GS respectively. According to the

findings of Ref. 70, the S1 spectrum is weighted by a factor of 0.13 and the GS spectrum by

a factor of 0.87. The calculation shows excellent agreement with the experimental results,

accurately reproducing both the separation in energy of the peaks (4.9 eV from the calcu-

lation compared with 5 eV from the experiment) and the relative intensity between S1 and

GS main peaks.

Figure 4: Comparison between theoretical and experimental O1s NEXAFS spectra of
thymine. The intensity of the GS and S1 theoretical NEXAFS spectra are scaled according
to the populations reported in Ref. 70. A rigid energy shift of +13.5 eV was applied to the
computed spectrum for a better comparison with the experiment.

In Figure 5 the NEXAFS spectra calculated starting from the S2 electronic state is

reported. Since the internal conversion process occurs rapidly, it is assumed that evolution

of the spectra from S2 → S1 start from the FC geometry, i.e. the optimized GS one. The

main peak B appears at 514.6 eV, shifted by -3.3 eV with respect to the first peak (A) of the
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GS spectrum of Figure 2. This feature is characterized mainly by the 1sO1 → π transition.

The weaker peak A centered at 512.4 eV is dominated by a 1sO2 → π transition and appears

at energies closer to the main peak of the S1 spectrum. In principle, the NEXAFS spectrum

from S2 shows a signature fingerprint at 514.6 eV that could be detected by a time-resolved

experiment, since it appears in a region that does not overlap other signals. The absence of

any spectral feature associated with the spectrum from S2 in the 2-ps experimental spectrum

provides further confirmation that thymine has fully relaxed into a low-lying electronic state.

The comparison between the spectra calculated from S2 in the FC geometry and in the

optimized S2 geometry is reported in the right panel of Figure S8 of SI. Contrary to what

was obtained for the spectrum from S1, in this case the different geometries have a more

pronounced impact on the spectral shape.

A

B

A

B

Figure 5: NEXAFS spectrum calculated from S2 state using FC geometry and the main
MOs involved in the transitions.

So far, NEXAFS spectra at fixed excited-state geometry (S1 or S2) have been reported.

In order to get a time-resolved NEXAFS signal in an effective way, we have used SSE to

take into account the effect of S2 → S1 relaxation process due to internal conversion. This

formalism allows to incorporate relaxation channels into the electronic dynamics and thus to

simulate the evolution of the spectra during the S2 → S1 transition. As described previously,
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a relaxation time of 60 ± 30 fs was estimated experimentally for the gas-phase thymine,17

with the subsequently S1 → S0 relaxation that takes place in the picosecond scale. This

process is schematically described in Figure 6.

Figure 6: Representation of the UV pump/X-ray probe setup used to study the internal
conversion from the S2-bright state to the S1-dark state. The scheme shows the initial photo–
excitation, the electronic relaxation described by SSE dynamics, and the computational
framework used to simulate the process. Since only a single channel is used, no subscript is
applied to Ŝ and Γ.

Relaxation was included through a decay channel modeled as in Eq. 15, Ŝ =
√
Γ|S1⟩⟨S2|,

with Γ = 1/60 fs−1 that regulates the exponential decay of the population from S2 to S1.

Since only a single channel is defined, subscript in Ŝ and Γ have been removed. The response

of the system was computed at four representative time delays: 10, 20, 60, and 70 fs. For

time delays of 10 and 20 fs, the calculation was performed at the FC geometry, reflecting

that the S2 energy surface is flat and the geometry could remain close to the GS immediately

after excitation. For time delays of 60 and 70 fs, the calculation has been performed at the

optimized S1 geometry, as structural relaxation toward S1 is expected to occur already within

30 fs. Figure 7 reports both the population dynamics of S2 and S1 and the associated spectra.
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As anticipated, the S2 population decays exponentially while S1 increases correspondingly.

The spectral evolution closely reflects these dynamics. At 10 and 20 fs, clear contributions

from S1 are already visible despite its low population, a result of the strong intensity of its FC

spectral features. This implies that even small population of S1 can produce a pronounced

spectral fingerprint. At 60 and 70 fs, the spectra are dominated by S1, with its main peak

at 513 eV increasing in intensity, while features at 514.6 and 511.9 eV associated with S2

decrease.

The similarity of the spectra at 60 and 70 fs reflects the near-saturation of the S1 popu-

lation by that stage. An additional interesting observation concerns the intensity evolution

of the S1 peak around 512–513 eV. Between 10 and 20 fs, this peak gains intensity even

though the total S1 population is still very low. This behavior highlights the sensitivity of

NEXAFS on the nature of the electronic state and shows that S1 can be spectroscopically

detected well before it dominates the population dynamics.

In Figure S9 we reported the time-resolved spectra of thymine calculated using S2 geometry

for 10 and 20 fs and S1 geometry for the calculation at 60 and 70 fs. In this case, we assume

that relaxation towards the S2 geometry occurs within 10 fs. It is also worth pointing out

that at the TDDFT level of theory, the S2 geometry is more a saddle point than a minimum,

in agreement with coupled cluster findings.17 Without an explicit nuclear dynamics, this

choice and that done in Figure 6 are equally acceptable, and therefore should be considered

on the same level. On the other hand, Figure S10 reports the spectra calculated at the same

delay times but only at FC geometry. In both cases we can see a dominating contribution

from the S1 signal even when its population is low and the main differences between the two

sets of spectra are mainly related to the signal from S2 at 10 and 20 fs, due to the different

geometries used for those calculations.

By combining accurate excited-state calculations with SSE dynamics, we can reproduce

experimental time-resolved spectra and interpret them in terms of underlying electronic and

structural processes. In particular, our analysis confirms that the experimentally observed
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Figure 7: Top panel: Time–resolved NEXAFS spectra of thymine at 10, 20, 60 and 70 fs.
Bottom panel: Time evolution of the electronic state populations, showing the ultrafast
population transfer from S2 (black) to S1 (red) within the first tens of femtoseconds. The
vertical dashed lines indicate the time delays at which the NEXAFS spectra are evaluated.

low-energy peaks originates from S1. This work shows how theoretical spectroscopy can serve

as a bridge between ultrafast experiments and microscopic dynamics, providing a detailed
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understanding of photophysical relaxation in nucleobases.

5 Conclusions

This work shows an effective strategy and a successful application, within a theoretical

and computational framework, for calculating time-resolved NEXAFS spectra from excited

states. A novel real-time method based on the propagation of the TDSE in the space of

electronic states is presented. Within this approach, NEXAFS spectra are computed from

the GS or a valence excited state, thus going beyond the CVS scheme. To simulate the time-

resolved NEXAFS signal, real-time propagation was combined with the SSE. This allowed

for the inclusion of relaxation dynamics, modeling the ultrafast population transfer from the

bright S2 state to the dark S1 state by introducing a phenomenological S2 → S1 T1 of 60 fs.

The method was applied to the ultrafast internal conversion observed in gas-phase thymine

when excited to the bright ππ∗ (S2) state, successfully calculating NEXAFS for the K-edge

of oxygen from the GS, S2, and the nπ∗ (S1) state. The calculations properly reproduced the

experimental spectrum observed after the UV pump. The analysis confirms that the exper-

imentally observed low-energy peak is associated with the S1 state. This peak is calculated

at 526.5 eV (or 513.0 eV before applying a 13.5 eV shift for comparison with experiment),

and its high intensity is consistent with the non-bonding character of the molecular orbital

involved (the 1sO2 → n transition).

The simulations highlighted that clear contributions from S1 are visible in the spectra at

early times (10 and 20 fs), even when the population of S1 is low. This is attributed to the

strong intensity of the S1 spectral features, demonstrating that this state can be detected

spectroscopically well before it dominates the population dynamics.
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(9) González-Vázquez, J.; González, L.; Samoylova, E.; Schultz, T. Thymine relaxation

after UV irradiation: the role of tautomerization and πσ* states. Phys. Chem. Chem.

Phys. 2009, 11, 3927.

(10) Samoylova, E.; Schultz, T.; Hertel, I.; Radloff, W. Analysis of ultrafast relaxation in

photoexcited DNA base pairs of adenine and thymine. Chem. Phys. 2008, 347, 376.

(11) Ligare, M.; Siouri, F.; Bludsky, O.; Nachtigallova, D.; De Vries, M. Characterizing

the dark state in thymine and uracil by double resonant spectroscopy and quantum

computation. Phys. Chem. Chem. Phys. 2015, 17, 24336.
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Figure S1: Ground state equilibrium geometry of thymine optimized at the B3LYP/TZP
level. Also reported are the atomic coordinates in .xyz format and selected bond distances
and angles.
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Figure S2: S1 equilibrium geometry optimized at the B3LYP/TDA/TZP level. Also reported
are the atomic coordinates in .xyz format and selected bond distances and angles.

Figure S3: S2 equilibrium geometry optimized at the B3LYP/TDA/TZP level. Also reported
are the atomic coordinates in .xyz format and selected bond distances and angles.
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Figure S4: O1s NEXAFS spectra of ground-state thymine: comparison between the spectra
computed at full TDDFT and at the TDDFT/TDA level of theory.

Table S1: Excitation energies, oscillator strengths, and main 1h-1p configurations of the first
valence excited states of thymine. The 33a MO corresponds to the HOMO and the 34a MO
to the LUMO. The percentage contribution of the oxygen atoms to the relevant MOs is also
reported.
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Figure S5: Spectra at delay time of 60 fs with the S1 geometry obtained averaging over 50,
100, 150 and 180 SSE trajectories.
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Figure S6: O1s NEXAFS spectra of thymine: comparison between theoretical and experi-
mental ground state spectra. A rigid shift of 13.5 eV was applied to the theoretical spectrum.
Lorentzian profile was convolved with γ=0.068 eV.

Figure S7: Valence absorption spectrum of thymine calculated at the TDDFT/TDA level.
The occupied/virtual MO pairs corresponding to the dominant 1h-1p excited configurations
of the S0 −→S1 and S0 −→S2 transitions are shown. Lorentzian profile was convolved with
amplitude γ=0.068 eV.
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Figure S8: Left panel: Oxygen K-edge first-excited state NEXAFS spectra of thymine in the
S1-optimized geometry (red) and in the FC geometry (blue). Right panel: Oxygen K-edge
second-excited state NEXAFS spectra of thymine in the S2-optimized geometry (red) and
in the FC geometry (blue).

Figure S9: Time–resolved NEXAFS spectra of thymine at 10, 20, 60 and 70 fs. Spectra cap-
tured at 10 and 20 fs are extracted from dynamics performed on the S2 optimized geometry,
while the S1 optimized geometry has been used for delay times of 60 and 70 fs.
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Figure S10: Time–resolved NEXAFS spectra of thymine at 10, 20, 60 and 70 fs. All spectra
were calculated at the FC geometry.
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Chapter 6

Conclusions

The main goal of my research over the past three years has been to investigate phe-
nomena related to the electronic dynamics of molecular and composite systems.
To this end, I explored different aspects of the field, ranging from theoretical spec-
troscopy to photocatalysis. This diversity reflects not only the breadth of the ques-
tions addressed, but also the versatility and effectiveness of the methodologies de-
veloped within my research group in Trieste.

Despite this apparent heterogeneity, the projects presented in this thesis can be
organized into three main themes that serve as the common thread of my doctoral
work:

1. Investigation of Chirality
My first line of research focused on how chiral molecules interact with light,
and conversely, how chiral light couples to molecular systems (Chapter 3).
In Section 3.1, I describe the project carried out in Metz with Professor Jean
Christophe Tremblay, where we studied the interaction between endohedral
fullerenes and a chiral external pulse. We demonstrated that the angular mo-
mentum transfer to molecular electrons depends strongly on the nature of the
atoms encapsulated inside the fullerene cage. The long-term goal of this line is
to embed such endofullerenes in carbon nanotubes and investigate how their
response to chiral pulses is further modified.

Thanks to methodological developments achieved in Trieste, we were also able
to compute spectra of molecules in their excited states. An application of this
approach is presented in Section 3.2, where we studied the photoisomerization
of a molecular motor using TR-ECD. This allowed us to track the geometrical
evolution of the system, from its spectroscopic response in S1 during the early
stages of the dynamics, to its return to the ground state in the final steps of the
reaction. This project bridges the investigation of chirality with that of excited–
state dynamics, thus connecting the first two overarching themes of this thesis.

Another key methodological advance of my doctoral work has been the in-
clusion of a plasmonic NP in electronic dynamics simulations (Chapter 2, Sec-
tion 2.5). In Section 3.3, I applied this framework to analyze the influence of
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a NP on the ECD spectra of chiral molecules. We demonstrated an enhance-
ment of the spectra for molecular systems with absorption energies close to
the plasmon resonance, while far–detuned excitations showed negligible ef-
fects. Together with a detailed analysis of the role of the NP, laser polarization,
and molecular excitations, these results provided valuable insight into the un-
derlying physical mechanism of the enhancement.

2. Investigation of Photocatalysis
The second major theme of my PhD is the investigation of photocatalytic pro-
cesses. This topic is closely linked to the first, as it relies on the methodol-
ogy developed for describing NP–molecule interactions. The original motiva-
tion of this line of work was to establish computational strategies for studying
antenna–reactor complexes, coupling plasmonic nanoantennas with catalytic
nanostructures. Inspired by experimental studies [132], we focused on the
effect of a gold plasmonic nanorod on the electronic dynamics of a catalytic
system consisting of Pd as the catalytic center and the intermediates of formic
acid dehydrogenation (HCOO* and H*).

In the study presented in Section 4.1, we analyzed the electron dynamics of the
Pd cluster and the molecular intermediates in the absence of the gold nanorod.
We observed a net electron injection from the Pd slab into formate and hy-
drogen. Building on these results, we then included the plasmonic nanorod
to compare the electron transfer processes with and without plasmonic excita-
tion (Section 4.2). Our simulations revealed that while the qualitative features
of the dynamics remained similar, the magnitude of electron transfer increased
by up to three orders of magnitude. Moreover, we discovered an asymmetry
in the charge injection into the two oxygen atoms of formate, a feature that be-
came even more pronounced when the NP was placed in close proximity to the
catalytic system. These findings, combined with the observed surface charge
heterogeneity on the Pd reactor, provide a microscopic explanation for the ex-
perimentally observed enhancement of catalytic activity under plasmonic ex-
citation.

3. TR-NEXAFS

In Chapter 5, I extended the investigation of excited states to TR-NEXAFS and
the internal conversion process of thymine. This study led to the development
of a novel computational framework that goes beyond the conventional core–
valence separation, enabling the calculation of excited–state NEXAFS spectra
with unprecedented accuracy. Moreover, using the theory of open quantum
systems via SSE allows us to effectively compute NEXAFS spectra along the
internal conversion of the thymine.
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Overall, the results presented in this thesis extend the theoretical and computa-
tional toolbox available for the study of electronic dynamics in molecular systems
and offer new insights into fundamental processes ranging from chirality to photo-
catalysis.

I believe that the methodologies and findings developed here will serve as a
foundation for future research, helping to bridge the gap between theory and exper-
iment and contributing to a deeper understanding of light–matter interactions at the
molecular and nanoscale.
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