
   

      

 

 

 

 
Sede Amministrativa: Università degli Studi di Padova 
 

Dipartimento di Scienze Chimiche 

 

CORSO DI DOTTORATO DI RICERCA IN: Scienze molecolari 

CURRICOLO: Chimica 

CICLO: XXXIV 

 

Investigating energy and charge transfers  

in hybrid molecule-nanoparticle systems  

through atomistic computational methods 

 

Tesi redatta con il contributo finanziario del Ministero dell’Istruzione dell’Università 

e della Ricerca attraverso il progetto PLASMOCHEM afferente al programma 

Framework per l’Attrazione e il Rafforzamento delle Eccellenze per la ricerca in Italia 

 

 

Coordinatore: Ch.mo Prof. Leonard Prins 

Supervisore: Ch.mo Prof. Stefano Corni 

 

       Dottorando: Mirko Vanzan 

          



 

     



 

 

 

To my past self for never stop believing 

To my present self for the efforts spent 

To my future self as a reminder for the strength of my willpower 

 

 

 

 

 

 

 

 

 

 

 

 

                                                              Per aspera ad astra                                                                                                                                 

 



 



Abstract 

Light-matter interaction at the nanoscale is known to produces a wide variety of unique 

phenomena, whose origins are intimately connected to the ultra-small dimensions of the systems. 

Understanding those effects within a comprehensive and unitary paradigm represent one of the 

main challenges of modern nanoscience and is pivotal for the development of future effective 

technologies. Although the physics behind these phenomena are generally well characterized on 

the basis of fundamental processes, there is still an open debate about the way these light-matter 

interactions affect molecules when they are interacting with nanosystems. The proposed theoretical 

approaches usually interpret these evidences on the basis of single phenomenon such as charge-

transfer or carriers excitation, neglecting the role the other processes can play. This naturally limits 

the predictive and explanatory power of the theories which should account not only for all the 

effects occurring, but also for their mutual interplay.  

This thesis aims to propose new perspectives on the theoretical treatment of light-matter 

interaction at the nanoscale, demonstrating the pivotal role some mechanisms usually neglected 

can play in hybrid molecule-nanoparticle devices. These evidences were achieved applying atomistic 

methods based on classical and ab-initio computational approaches on technologically relevant 

nanosystems such as atomically precise metal aggregates and nanoparticle surfaces, interacting 

with atomic or molecular species. The new perspectives proposed allowed (or at least laid the 

foundations) for atomistic inspections of relevant phenomena like photo-driven carbon dioxide 

reduction, enhanced lanthanide ions emission, hot-carriers mediated reactions, and nanoalloys 

photochemistry. Specifically, the main outcomes of this thesis include: findings on the nature of the 

energy transfer occurring when small metallic nanoclusters enhances lanthanide ions luminescence, 

a precise characterization of the Rh-catalysed carbon dioxide reduction rate-determining step, 

evidences about the hot-carriers capability to effectively transfer energy to molecules absorbed on 

the nanoparticle surface selectively stimulating particular vibrational modes; a rigorous analysis of 

gold-rhodium aggregates which sizes ranges between 20-150 atoms. 

The novelty and the quality of the results collected in this thesis, mostly corroborated with 

experimental observations, provide new rationale on the physics behind nano-supported photo-

stimulated processes and constitute a solid base for future inspections on light-matter interaction 

at this scale. 

 



Sommario 

È noto che su scala nanometrica l'interazione luce-materia produce un'ampia varietà di 

fenomeni, le cui origini sono intimamente legate alle dimensioni molto piccole dei sistemi. La 

comprensione di questi effetti all'interno di un paradigma completo e unitario rappresenta una 

delle principali sfide della moderna nanoscienza ed è fondamentale per lo sviluppo di nuove 

tecnologie. Sebbene la fisica alla base di questi fenomeni sia ben caratterizzata sulla base dei 

processi fondamentali, esiste ancora un dibattito aperto sul modo in cui queste interazioni 

influenzano le molecole quando queste interagiscono con nanosistemi. Gli approcci teorici 

proposti interpretano queste evidenze sulla base di singoli fenomeni come il trasferimento di 

carica o l'eccitazione di portatori, trascurando il ruolo che altri processi possono avere. Questo 

naturalmente limita il potere predittivo ed esplicativo delle teorie che dovrebbero rendere conto 

non solo di tutti gli effetti che si possono verificare, ma anche della loro reciproca interazione.  

Questa tesi mira a proporre nuove prospettive sul trattamento teorico dell'interazione luce-

materia su scala nanometrica, dimostrando il ruolo fondamentale che alcuni meccanismi 

solitamente trascurati possono giocare in sistemi ibridi composti da molecole e nanoparticelle. 

Queste evidenze sono state ottenute applicando metodi atomistici classici e ab-initio, su sistemi 

tecnologicamente rilevanti, come aggregati metallici atomicamente precisi e superfici di 

nanoparticelle interagenti con specie atomiche o molecolari. Le nuove prospettive proposte 

hanno permesso (o almeno gettato le basi per) una analisi a livello atomistico di fenomeni 

rilevanti come la riduzione fotostimolata dell'anidride carbonica, l'emissione stimolata da parte 

di ioni lantanidi, le reazioni mediate dai portatori caldi e la fotochimica delle nanoleghe. In 

particolare, i principali risultati di questa tesi includono: scoperte sulla natura del trasferimento 

di energia tra piccoli nanocluster metallici e ioni lantanidi, una caratterizzazione precisa dello step 

limitante della riduzione dell'anidride carbonica catalizzata da rodio, evidenze sulla capacità dei 

portatori caldi di trasferire energia alle molecole assorbite sulla superficie delle nanoparticelle 

stimolando selettivamente particolari modi vibrazionali; un'analisi rigorosa degli aggregati oro-

rodio le cui dimensioni variano tra 20-150 atomi. 

La novità e la qualità dei risultati raccolti in questa tesi, per lo più corroborati da osservazioni 

sperimentali, forniscono nuove prospettive sulla fisica soggiacente processi fotostimolati 

supportati dalle nanoparticelle e costituiscono una solida base per futuri studi sull'interazione 

luce-materia a questa scala. 
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Introduction 

The study of light-matter interaction at the nanoscale is undoubtedly one of the most exciting and 

promising field of modern nanoscience.1 The reduced dimensions of the systems and the 

consequent quantized nature of the physical phenomena occurring at these scale, makes them 

extremely effective in manipulating electromagnetic radiations with nanometric accuracy, opening 

brand new opportunities in the field of applied nanophotonics.  

When light and nanosystems interact in the proper way, specific collective electronic modes are 

excited by the external radiation, leading to a condition where the electromagnetic energy is 

converted into the energy of an oscillating electronic cloud. This phenomenon is called Surface 

Plasmon Resonance (SPR) and is one of the most peculiar and relevant features of optically active 

nanosystems possessing free conduction electrons. By properly tuning structural properties of 

nanostructures such as shape or composition, it is indeed possible to precisely manage the physics 

of the SPR. This in turn allow an highly-accurate manipulation of the electromagnetic radiation at 

the nanometric scale, potentially affecting a wide variety of technological relevant fields such as 

photonics, catalysis, nanomedicine, renewable energy and material sciences.2,3 As examples, 

consider that modern probing techniques such as Surface Enhanced Raman Spectroscopy, Tip 

Enhanced Raman Scattering or Plasmon Enhanced Fluorescence Spectroscopy are based on SPR 

and, specifically, exploit the enormous enhancement of the electric field occurring in the proximity 

of the structure, when SPR is activated.4–6 

During the past 20 years, the community started to investigate the role of SPR in hybrid 

nanostructure-molecular devices i.e., systems where a molecular species is chemically bounded to 

nanoparticle surface. In this configuration, the discrete electronic structure of the molecule is 

strongly hybridized with the band-like energy level distribution of the nanosystem (usually a metallic 

nanoparticle). When a proper external electromagnetic field stimulates one of the optical 

excitations of the system e.g., the nanoparticle SPR, peculiar phenomena can arise within the 

nanosystem-molecule interface, with profound consequences for the chemical and physical 

features of the molecular species.7  

One of these phenomena is the Effective Energy Transfer (EET) from the nanoparticle to the 

adsorbed species. Here the optical excitation, originally localized within the nanosystems, is 

transferred to the molecule, providing a configuration where the species is electronically excited.8,9 

Depending on the way the species relaxes the acquired excitation, there are a few processes can 



2 

 

then occur: the transferred energy can be radiatively emitted, thus increasing the molecular 

emission quantum yield; can prompt chemical reactions, thus allowing to follow certain reaction 

energy paths that without EET would be forbidden; or can be thermally dissipated, gradually relaxing 

within the vibrational structure and exciting specific vibrational excitation.8,9   

To date, there is not a comprehensive and unified mechanism describing how this effect occur 

within these nanostructure-molecule devices. Filling this modelling gap is something of primarily 

importance for the nanoscience community since controlling EET and its consequent features could 

have large impacts on applications such as renewable energy10,11, highly sensible spectroscopic 

imaging tecniques12,13 and telecommunications.14,15  

As first step to properly model this physical phenomenon, it is possible to rely on what is already 

known about how this process occurs among molecules in solution. It is indeed well-known within 

the photochemistry community how EET phenomena can be selectively stimulates when two 

molecular systems are opportunely coupled. Describing in detail how the various EET mechanism 

works in these systems is out of the scope of this thesis, however it is important to remark how 

these processes strongly depends on the molecular relative orientation, their mutual distance, the 

proper alignment of their transition dipole moments and the relative difference among the donor 

and acceptor energy levels.8,16 Typical examples of systems which efficiently exploit EET are the 

organic complexes of lanthanide ions. In these systems, the radiation is first absorbed by the organic 

ligands, also called “antenna”, providing a configuration where it is excited in a singlet state. The 

excitation is then converted via intersystem crossing into a long living triplet state and then 

transferred to one of the lanthanide accepting levels. The ions finally relaxes the excitation by 

radiative emission, emitting with radiative quantum yield impressively larger than the one of the 

isolated lanthanide ion.17 Having in mind this mechanism, it could be argued if this picture can be 

successfully applied to systems where the role of antenna is hold by a nanostructure. If so, this could 

provide a solid base for the development of the theoretical framework formerly mentioned. 

Another notable class of technologically relevant outcomes of nanosystems optical excitation and 

in particular the SPR, relies on the exploitation of the energy released by its decay, via charge 

transfer. Besides specific applications in the field of thermoplasmonics18, the decay of SPR into 

thermal energy is detrimental for devices aimed to convert or manipulate electromagnetic energy, 

since it represent the main source of dissipations. However, when properly controlled, it may turn 

extremely effective and useful for applications such as photocatalysis, solar energy harvesting and 

sensing.19–21 To understand this concept it is necessary to recall how the SPR evolves and gradually 



3 

 

dissipates within a nanoparticle. The currently accepted model representing the SPR lifecycle is 

pictured in Figure 1 and works as follows. During the first tenth of fs following the activation of the 

SPR, the collective motion of the electron cloud starts to dephase.22 The plasmon can indeed be 

considered as combination of single electron-hole transitions initially characterized by in-phase 

oscillations. The mutual electron-electron interactions prompted by the reduced volume of the 

systems, gradually changes the relative phases of the single electronic transitions (or, in other terms, 

promotes the coupling between the SPR and single particle states) thus reducing the whole 

collective oscillations coherency. Such effect goes under the name of Landau damping and lead to 

a configuration where most of the energy is redistributed within the electronic system itself as 

electrons and holes are excited as single particles.23 These early energy and momentum transfers 

within the electronic system, result in an out-of-equilibrium distribution of the carriers (Figure 1B) 

which rapidly relaxes to an equilibrium Fermi-Dirac distribution with an apparent larger 

temperature than the lattice one (Figure 1C). 

 

 

Figure 1. Graphical representation of SPR decays via hot-carriers production. First, the SPR is 
excited with subsequent perturbation of the electromagnetic field around the system (A). 
Within 1-100 fs the SPR starts to dephase and generate electron–hole pairs (B). In longer 
timescales the hot-carriers first thermalize with themselves through electron–electron 

scattering (C) and then with the lattice via electron-phonon coupling, dissipating their energy 
(D). In this scheme the population of the electronic states are pictured in grey, while hot-

electrons and hot-holes are represented in red and blue respectively. All these quantities are 
defined with respect to the nanoparticle Fermi energy EF. Figure adapted from ref.26 Copyright 

2015 Nature Publishing Group. 
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In this state there exist carriers (electrons and holes) whose energies are higher than in the 

unexcited system, as they are heated up; this is why such particles are named “hot-carriers”.  

Without further intervention, the carriers preserve their distribution for 100-1000 fs before 

thermalizing to the ambient temperature through electron-phonon scattering (Figure 1D), 

recovering the original temperature Fermi-Dirac distribution.24,25 Else, if the appropriate molecules 

or interfaces are present, the energetic carriers could interact with these species triggering chemical 

reaction or being collected into a separate device.27–29 In the past decade, much effort was spent in 

order to understand and exploit hot-carriers dynamics in the field of photocatalysis30,31, further 

including new species such as multiple plasmonic devices,32–34  or accounting for alloyed 

nanoparticles.35,36 In particular, the latter seems very promising for photocatalytic purposes since, 

they can join the existence of an intense SPR with high propensity in bounding molecules and 

activate catalytic processes. This indeed can be obtained by properly alloying optically active metals 

such as gold and silver, with species showing high catalytical capabilities like palladium, ruthenium 

and rhodium. Within these systems, plasmonic-related effects such as EET and hot-carriers 

production, can be effectively exploited and can prompt chemical reactions through the mediation 

of the catalytic species.37 The study of nanoalloys is a rapidly growing promising field which, in 

perspective, can enable new possibilities in applications involving photocatalysis.38 To date, there 

are many evidences about the impressive photocatalytic capabilities of these systems toward 

reactions such as CO2 reduction, H2O splitting or reduction of small organic molecules.39–42 However, 

a complete understanding of the various features involved in these systems is missing. In particular, 

there are no theoretical models that can effectively correlate structural features such as chemical 

arrangement, shape and composition with physico-chemical properties such as the magnetic 

moment, absorption spectrum and catalytic activity. In this view, a detailed investigation on the way 

two metals tends to mix within a certain structure and on the properties of the resulting alloy, 

cannot prescind by the usage of computational atomistic methodologies which allow a precise 

control over the various parmeters involved in these systems. 

As mentioned, these plasmonic-based approaches exploiting energy and charge transfers, already 

open new ways of thinking about the technological application of metallic nanoparticles.43–48  The 

high yields and selectivity of plasmonic stimulated chemical reactions49,50 persuaded the scientific 

community to better understand the dynamic of these processes in detail. Despite the mentioned 

potentiality of plasmonic stimulated chemical reactions to date there is still no general consensus 
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on the basic mechanisms of plasmon enhanced photocatalysis and even on the role played by 

energy and charge transfers, preventing a rational design of these devices. Many fundamental 

questions are under debates and their answer might require efforts from different scientific 

communities. To name a few, which is the role of surface or bulk optical excitations? What is the 

precise interplay between charge transfer, energy transfer and molecules? To date, several 

mechanisms were proposed to justify the impressive photocatalytic capabilities of certain 

nanostructures, involving carriers transfer to specific adsorbate orbitals, lowering of reactions 

kinetic energy barriers in the excited state, near fields stimulated intramolecular transitions, or 

simple local temperature enhancing in proximity of the nanoparticle surface.51–58  

This thesis approaches some of the mentioned questions, aiming to investigate the dynamics of 

energy and charge transfer processes occurring in hybrid nanostructure-molecule systems, by 

applying computational techniques based on ab-initio and atomistic methods.  

The choice of study those problems through computational techniques resides in the complexity of 

the systems that prevent an exhaustive and complete investigation through the sole use of 

experimental activities. An effective control of all the variables affecting the phenomena would 

require an atomistic resolution in building the systems and the interfaces, the precise determination 

of local temperatures, and sub-picoseconds resolutions of the signals.59–62 Thus, the mechanisms 

causing and affecting the plasmonic evolution can be only inferred by experimental data, but cannot 

be directly explored.63 In this view, the computational methods developed in modern quantum 

chemistry could provide valuable tools to overcome these difficulties, allowing a detailed insight on 

the physical processes involved in the systems and contributing to characterize the experimental 

outcomes. This is why, in recent years, lots of effort were spent to model these phenomena using 

theoretical approaches. The complexity and variety of this growing literature is remarkable: some 

of these studies describe SPR either as an effective field acting on the electronic system64–66, or as 

stemming directly from the electronic system as one of its possible natural excitation67–69; in some 

works the system is treated on fully atomistic grounds70–72, in other the plasmonic device is treated 

as a continuum73–76; the interactions within carriers are taken into account at many different levels 

of accuracy ranging from independent electrons77–79 to highly correlated quantum chemistry 

methods80–82 and finally the electron-nuclei interactions, when accounted, can be estimate either 

determining the lowest diagrammatic contribution to carriers lifetimes83,84, or by using non-

adiabatic molecular dynamics simulations.85–87 The variety of methods used to approach this topic 
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is an evidence of the interest in it, of the challenges it poses and of the different communities that 

are involved.  

Performing theoretical simulation of these processes and precisely controlling all the factors playing 

within the systems, would represent a privileged point of view which should in principle 

unambiguously unravel the physics underlying hot-carriers and in general behind all SPR-related 

effects. Of course, such large advantages are balanced by the great challenges this kind of 

phenomena poses. Challenges are not only ascribed to the modelling of non-equilibrium excited 

state dynamics of an interacting electronic system (possibly coupled to the nuclear degrees of 

freedom) but also to the need of taking into account different components and different space and 

time scales. For instance, in modelling plasmon-molecules interactions, the electronic coupling at 

the nanoparticle-adsorbate interface requires an atomistic description of that region, whereas 

common plasmonic devices size ranges within 10-100 nm; the plasmon decays within 10 fs, but hot-

carrier relaxation and thermalization may take 100-1000 fs. To date, an exhaustive and yet 

sufficiently accurate treatment of this problem is thus far-fetched. Despite these limitations, 

computational treatments of plasmonic-related phenomena demonstrated to provide meaningful 

insights and to support the experimental activities, integrating the empirical findings with a more 

fundamental and theoretical perspectives.88,89 The research activities contained in this thesis 

represent valuable cases in this sense.  

Here I propose new and original perspectives on the physics underlying energy and charge transfer 

processes occurring in technologically relevant devices. This allowed novel interpretations on the 

role the various components of the system have in the observed processes, and provide a new 

picture where the two investigated processes cannot be treated separately. Notably, despite the 

nature of the treated systems and the type of inspected mechanisms are very different, all outcomes 

coming from the simulations highlight the primary importance charge and energy transfers 

phenomena have in the dynamics of plasmonic devices and suggests that, in proper conditions, they 

can cooperate toward a common outcome. These evidences were obtained by applying 

computational approaches based on Density Functional Theory (DFT) techniques and classical 

Molecular Dynamics (MD) simulations on atomistic models representing four different physical 

systems, which involves plasmon-driven charge and energy transfers processes. This thesis is 

divided in four chapters, each treating one of the four systems and is organized as follows. 

Chapter 1 is based on the article “Lanthanide Ions Sensitization by Small Noble Metal Nanoclusters” 

by M. Vanzan, T. Cesca, B. Kalinic, C. Maurizio, G. Mattei and S. Corni, published in ACS Photonics, 
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2021, 8, 1364–1376. The experimental part of this work was performed by the NanoStructures 

Group of the Department of Physics and Astronomy of University of Padova. The study aims to give 

a rationale to the physical process involved in the sensitization of lanthanide ions by small noble 

metal nanoclusters (10-60 atoms), when implanted in a silica matrix. Such lanthanide-sensitizers 

systems are indeed extremely compelling since, when properly illuminated, energy transfers 

processes occur between the nanostructures and the ions, leading to massive enhancement of the 

lanthanide spectral emission, with important consequences in the field of optoelectronics and 

telecommunications.90–93 Despite its relevance the precise processes interplaying within the species 

were not fully understood. The available experimental findings indicate a strong dependence of the 

enhancement magnitude on the nanoclusters size and composition, but no detailed and 

comprehensive theoretical framework was proposed to support those data.14,94,95  

In this chapter it is illustrated how the findings on these systems can be ascribed into a paradigm 

typically adopted to model the photophysical properties of organic lanthanide complexes in 

solution, namely the antenna-lanthanide.This was demonstrated by systematically studying the 

optoelectronic properties of several nanoclusters differing in size and composition, by means of 

linear-response Time Dependent Density Functional Theory (lr-TDDFT) calculations, accounting also 

for the presence of the environment and explicitly considers the presence of matrix defects. 

Joining what is already known about the mechanism occurring in lanthanide−antenna complexes 

with the data coming from lr-TDDFT calculation, I was able to demonstrate that the proposed 

theoretical paradigm can be successfully applied to design and optimize rare-earth ion sensitizers 

based on metal clusters. Such observations are supported by prior and novel experimental findings 

and provide new insights on the physics behind the photo-stimulated energy transfer capabilities of 

these nanosystems. 

Chapter 2 is based on the article “Study of the rate-determining step of Rh catalysed CO2 reduction: 

Insight on the hydrogen assisted molecular dissociation” by M. Vanzan, M. Marsili and S. Corni, 

published in Catalyst, 2021, 11, 538. Here it is presented a detailed characterization of the 

energetics and the dynamics of the rate determining step of the rhodium catalysed carbon-dioxide 

reduction in presence of hydrogen. This work was stimulated by a paper from Zhang et. al. whose 

demonstrated that CO2 can be effectively turned into CH4 in the presence of gaseous hydrogen using 

as photocatalyst Rh nanocubes.96 The authors of this paper propose that the reaction is mediated 

by plasmon-generated hot-carriers which are directly injected into the antibonding orbital of the 

rhodium-adsorbed CHO* molecular species (* indicates the species is adsorbed on the catalyst 
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surface), easing its cleavage into CH* and O*. This stage was indeed proved to be the rate 

determining step of the whole CO2 methanation reaction.97,98 However, other light-driven 

mechanisms can occur when the system is photoexcited and to precisely investigate those 

possibilities, this reaction step needs to be first well characterized from a thermodynamic point of 

view. This is why in this paper the Rh-supported CO* conversion into CH* and O* through CHO* 

formation, was characterized by means of Density Functional Theory and Nudged Elastic Band 

calculations. Besides this thermodynamic characterization, the chapter contains a series of 

investigations conducted to determine the configurations the various molecules can assume on the 

Rh (100) surface, which were further refined by exploiting three different computational setups. 

What emerges from this study is that the rhodium-catalysed CO* to CH* and O* conversion consists 

of two different subprocesses, which subsequently form and split the CHO* species. The obtained 

reaction energy profiles together with the predictions on the dynamics of the species are coherent 

with what is already known on this and on similar systems, and provide a complete and detailed 

analysis of this reaction stage. These results represent a solid ground for future investigation on the 

photocatalytic features of Rh nanoparticles, which are currently being investigated within two 

different lines of research. Such projects aim to analyse (i) the photo-driven mechanisms occurring 

at the nanoparticle-molecule interface through multiscale real-time analysis of the system 

electronic wavefunction and (ii) the variation of the reaction thermodynamic landscape in the 

excited states. Project (i) is conducted in collaboration with the group of Prof. E. Coccia and Prof. M. 

Stener of University of Trieste within the context of the European sponsored program “Partnership 

for Advanced Computing in Europe (PRACE)”.  

Chapter 3 is based on the manuscript “Energy transfer to molecular adsorbates by transient hot-

electron tunnelling” by M. Vanzan, G. Gil, D. Castaldo, P. Nordlander and S. Corni, in preparation. 

This work was conducted in collaboration with Dr. G. Gil from Institute of Cybernetics, Mathematics 

and Physics of La Habana (Cuba) and Prof. P. Nordlander from Department of Physics and 

Astronomy, Rice University in Houston (Texas, United States).  

This chapter proposes a new perspective on the way hot-carriers can interact with molecules species 

in hybrid nanoparticle-molecule systems. This approach relies on the possibility of effective energy 

transfers processes between the hot-carriers and the vibrational states of the adsorbate, occurring 

when the carriers transiently transfer from the nanostructure to the molecular adsorbate, via tunnel 

effect. This charge-mediated energy transfer mechanism was investigated by means of real-time 

Time Dependent Density Functional Theory (rt-TDDFT) calculations, adopting simplified model 
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systems representing the nanoparticle-molecule interface and focusing on the interactions among 

the molecular species and a single hot-electron moving within the systems.  

The outcomes of the calculations clearly show how, within this framework, certain molecular 

vibrational modes are selectively activated by the interaction with the hot-electron and the entity 

on this activation strongly depends on the nature of target molecule and on the energy of hot-

electron itself. These observations, support the available experimental evidences and allow new 

atomistic-based interpretations of the processes occurring in hot-carriers mediate reactions 

involving small molecules, highlighting in particular the role the molecule itself has in the process. 

Finally, I estimate this mechanism can provide non-negligible contributions (up to 10-1 eV) to the 

whole reaction energetics when the effect of the injection of several hot-electrons, previously 

generated within the nanoparticle, is cumulatively accounted. This in turn suggests that such 

inelastic energy transfer mechanism could have a relevant role and has to be accounted as one of 

the possible processes involved in plasmonic-driven photocatalysis.   

Chapter 4 is based on the manuscript “Exploring AuRh nanoalloys: a computational perspective on 

synthesis and physical properties” by M. Vanzan, R. M. Jones, S. Corni, R. D’Agosta and F. Baletto, 

submitted to ChemPhysChem, for a special issue dedicated to the synthesis and modelling of alloy 

nanoparticles. This work was conducted in collaboration with Prof. R. D’Agosta from Department of 

Polymers and Advanced Materials of University of the Basque Country (Spain) and Prof. F. Baletto 

from University of Milano, thanks to the HPC-EUROPA3 program for transnational collaboration, 

which financed this work upon awarding a research proposal. With such grant I could spend a 3-

months visiting Prof. D’Agosta and Prof. Baletto at the University of the Basque Country (Spain). 

This chapter resumes a computational study on the synthesis and the physical properties of AuRh 

nanoalloys, which sizes ranges between 20 and 150 atoms. AuRh nanoalloys was indeed proven to 

have a superb photocatalytic activity towards several technologically relevant reactions.36,41,99–103 

However to date, the sparse investigations on these systems did not highlight neither the precise 

mechanism behind their photocatalytic performances, nor their most favourable arrangement and 

physical properties. This work aims to supply this lack of information, by investigating how gold and 

rhodium can aggregate at the nanoscale and how the properties of the obtained alloys depends on 

their shapes and composition, exploiting a multiscale approach based on MD and DFT simulations.  

Starting from what is already known about the stability of small gold and rhodium nanoclusters, 

three different synthetic protocols for the AuRh alloys were tested. These procedures, produced a 

set of notable nanostructures, some of which were then studied with ab-initio accuracy. 
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Interestingly, regardless the synthetic procedure adopted, the simulations always generate 

structures marked by a strong phase segregation presenting a Rh@Au core-shell ordering. Ab-initio 

investigation revealed noticeable physical and geometrical features such as unusual magnetic 

moments or IR-localized energy gaps. Notably, such properties seem to be strongly correlated to 

the symmetry assumed by the inner Rh core, which axial tilting determine the properties of the 

whole system.  

All results collected in the mentioned chapters are presented in the form of published papers and 

related supporting information, as well as unpublished manuscripts with appendixes. Each chapter 

is introduced by a short section where I highlight my specific contributions to the work. 

Compared to the initial state of the art, the approaches and the results presented in this thesis 

provide novel and effective interpretations of plasmon-driven energy and charge transfer processes 

and their interplay, lay the foundation for future and more sophisticated investigations on 

technologically relevant applications and shine new light on the various processes taking place 

within the field of plasmonic-mediated photochemistry. 
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Chapter 1. Lanthanide Ions Sensitization by Small Noble 
Metal Nanoclusters  

This chapter aims to study the physics underlying the photo-stimulated energy exchanges occurring 

between metallic clusters and lanthanide ions when they are inserted in a silica matrix.  

Here I investigated the way this mechanism takes place, providing solid evidences this effect can be 

frame within the antenna-lanthanide paradigm, a model commonly adopted to investigate the 

photophysical properties of organic complexes of lanthanide ions.  

To reach this goal, I first contribute to design the model systems and the calculations setup. Then I 

autonomously applied linear-response Time Dependent Density Functional Theory calculations on 

the model systems which consist of a set of pure and alloyed noble metal nanoclusters, varying in 

sizes and composition, and then compared the computational outcomes with the energy level of 

the reference lanthanide ion, namely Er3+. Such calculations also accounted for the presence of the 

dielectric environment, while explicitly considers the presence of matrix defects. 

The extensive analysis I carried out as described in this chapter are coherent with the experimental 

data available in the literature; therefore I stressed the proposed theoretical framework and 

contribute to suggest new possible experimental measures aimed to make qualitative predictions 

on the energy transfer capabilities of small Ag aggregates towards Er3+. Thanks to the collaboration 

of Prof. G. Mattei and Prof. T. Cesca from the NanoStructures Group of the Department of Physics 

and Astronomy of University of Padova, with whom I had regular discussions during my PhD, we 

were able to validate these predictions and to empirically sustain the proposed antenna-lanthanide 

paradigm, as testified by the close connections between the experimental and theoretical outcomes 

here included. Once confirmed the theoretical predictions, I finally summarized all the results in the 

form of a manuscript, which became the bearing structure of the final article. Such draft was first 

improved thanks to the support of the other co-authors and then further enriched by the discussions 

emerged from the referees comments, which replies were drafted by myself.  

The results of this work are here reported in the form of published article, together with 

corresponding supporting information, reprinted with permission from ACS Photonics 2021, 8, 

1364−1376. Copyright 2021 American Chemical Society. 



16 
 

Globally the new approach here proposed not only provides a solid ground for designing novel 

nanostructured rare-earth ion sensitizers, but also shed light on the processes behind the optically-

stimulated energy transfer processes. 
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Chapter 2. Study of the rate-determining step of Rh 
catalysed CO2 reduction: Insight on the hydrogen assisted 
molecular dissociation  

This chapter is dedicated to analyse the dynamics and the energetics of the Rate Determining Step 

(RDS) of the rhodium catalysed carbon-dioxide reduction in presence of hydrogen, which was 

identified into the CO* conversion into CH* and O* through the formation of the CHO* species (* 

indicate the molecule is adsorbed on the catalyst surface). Aside from the intrinsic interest this 

reaction could have in the context e.g. of climate-change mitigation, CO2 reduction resulted a 

notable prototype reaction to accurately investigate plasmon-driven photocatalysis, being the RDS 

of this reaction strongly influenced by the photophysical response of the catalyst. The work 

presented in this chapter aims to provide a solid ground for future investigation on plasmon-driven 

CO2 reduction, exploring the Rh (100) catalysed RDS and focusing on the purely thermodynamic 

mechanism. This were done applying Density Functional Theory and Nudge Elastic Bands 

calculations on a system composed on a Rh (100) extended surface, on top of which the molecular 

species involved in the reaction were adsorbed and could properly interact. 

The complete collection of the obtained results, as well as a critical analysis of the adopted 

methodologies are reported in this chapter in the form of published paper, reprinted with 

permission of Catalysts 2021, 11, 538. Besides contributing to the calculation design, I performed 

the calculations and the analysis, under the supervision of Dr. M. Marsili as well as Prof. S. Corni, 

and I drafted the article and wrote the responses to the reviewers comments.  

Attached to the article I report the corresponding supplementary material, containing also a movie 

showing the precise dynamics of the Rh-catalysed CO2 RDS. Such movie can be directly seen by 

scanning the QR code in the dedicated section. 
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Supplementary Movie  

Supplementary Movie (SM) reports the PBE+U CI-NEB calculated mechanism for the CHO* 

generation and dissociation. The latter process is visible after the former in the movie. 

For completeness and to ease the interpretation of the results, SM is included via a Qrcode 

in this section. 
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Chapter 3. Energy transfer to molecular adsorbates by 

transient hot-electron tunnelling  

This chapter explicitly focuses on the study of the interactions occurring between hot-electrons and 

molecular species in hybrid nanoparticle-molecular systems, proposing a new possible mechanism 

by which the carriers can promote photochemistry. This mechanism, originally proposed by Prof. P. 

Nordlander (Department of Physics and Astronomy, Rice University, Texas, United States), assumes 

the hot-electrons can transiently tunnel from the nanostructure to the molecular adsorbate, 

releasing part of their energy onto the vibrational motions of the molecule.  

I investigated this novel mechanism by means of real-time Time Dependent Density Functional 

Theory calculations, contributing to the design of the nanoparticle-molecule system which are 

represented as silver or gold chains on which termination are attached notable target molecules. 

I set-up and performed all the calculations and I was able to estimate the amount of energy that can 

be transiently transferred from the carriers to the molecules through this mechanism, finding how 

it is distributed among all possible molecular vibrational modes and highlighting its dependence on 

the nature of target molecule. 

Moreover I provide an estimate of the effect the inelastic tunnelling of several hot-electrons can 

have within this framework and prove this effect could have non-negligible contribution to the 

whole hot-electron-molecule interaction mechanism, suggesting in turn the important role this 

process can have in plasmonic-driven photocatalysis.  

In this chapter I summarize the main outcomes of this work starting with an introductive part and 

proceeding with an exposition of the adopted theoretical methodologies, a dissertation on the 

findings of this research and a conclusive section. Moreover, I attached an appendix containing also 

a movie showing the hot-electron dynamics within the silver-CO chain, which can be seen by 

scanning the associated QR code. This chapter will serve as a draft for a future publication. 

As final remark I would like to mention that this work was conducted in collaboration with my PhD 

colleague D. Castaldo, Dr. G. Gil from Institute of Cybernetics, Mathematics and Physics of La Habana 

(Cuba), who assisted me in designing the model systems and in analysing the calculation outcomes, 

and Prof. P. Nordlander, who suggested the original idea behind this work with whom I held 

stimulating discussions that profoundly influence the line of investigation. 
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Introduction 

 

Understanding and controlling the physics of light-matter interaction at the nanoscale is an 

indispensable step for future technologies. Knowing the microscopic mechanisms of the phenomena 

occurring when electromagnetic radiations interact with nanostructured objects, allows the 

manipulation of light and matter with extremely high precision and accuracy, thus potentially 

affecting many relevant technological fields such as sensing, chemical catalysis, renewable energy, 

communication, medicine and so on.1–3 

Among all possible processes taking place at these scales, the activation of the Surfaces Plasmon 

Resonances (SPR) is one of the most peculiar and in the past decades, its theoretical comprehension 

gives notable outcomes such as the extremely sensible experimental techniques like Surface 

Enhanced Raman Spectroscopy or Plasmon Enhanced Fluorescence Spectroscopy.4–6 

Particularly interesting and technologically relevant feature arising from the existence of the SPR in 

metallic nanostructures, resides in the use of the energy released by the SPR decays. Just recently, 

SPR decay have been thoroughly investigated unveiling a host of potential applications.7–10 Such 

process can be briefly described through the following main stages. The collective oscillation of the 

electronic cloud starts to diphase because of its natural damping (i.e. Landau damping), resulting in 

the formation of several electron-hole pairs excitations that store the energy initially absorbed by 

the plasmons. Such non equilibrium state of excited electrons and holes rapidly thermalizes. This 

results in a configuration where the carriers (electrons or holes) can be described through a Fermi-

Dirac distribution proper for a higher temperature with respect to the actual lattice temperature, as 

if the electronic system was heated up. That is why these excited particles are called “hot-carriers”. 

This configuration remains until the electron-phonon scattering transfers all the extra electron 

energy to the lattice, from where it is then further dissipated thermalizing the system to the room 

temperature.11–14  

The aforementioned mechanisms for the hot-carriers production were studied in detail both 

experimentally and theoretically over the past years and the community agrees on the steps just 

described. However, there are many uncertainties regarding the way those carriers can be exploited, 

especially in the field of photocatalysis.15–17 Indeed, once created, the hot-carriers may effectively 

interact with other systems attached to the nanoparticle, like a solid semiconductor or a molecule.18 

This interaction can then be exploited in several ways, like activating chemical reactions. To date, 

several groups were able to harness hot-carriers to perform different reactions, usually with higher 
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selectivity and rates as compared with their thermal counterpart.19–24 It is worth mentioning that 

some of these hot-carrier catalyzed reactions e.g. nitrogen fixation, water splitting or carbon dioxide 

reduction, are extremely important from the technological point of view, especially considering the 

challenges set by the global warming and the climate change.25 Hot-carriers photocatalysis can then 

represent a way towards a green and sustainable future.26–29  

Despite the many advancements achieved  on the experimental side concerning the characterization 

of these reactions, the way the hot-carriers interact with molecules and activate chemical reactions 

are still a matter of debates.30–32 Focusing on the hot-electrons (HE), the two dominant theories 

aiming to explain their role in photocatalysis are the so called indirect and direct electron transfer. 

In the former approach, the HE are transferred to the Lowest Unoccupied Molecular Orbital (LUMO) 

of the target molecules, weakening the molecular bonds and thus reducing the energy barrier 

required for a bond split. In the latter view, carriers are directly transferred onto the molecule LUMO 

state during the plasmon dephasing and thus without passing through a proper hot-electron 

stage.8,11,18 Although these mechanisms can explain a wide range of observations, they are not 

comprehensive of all possibilities. Indeed, according to such, the reactions occur because of the 

transfer of the HE on the molecule, thus ignoring the role that transient tunneling of the carriers into 

the adsorbate can have on the system dynamics. Moreover, as a mandatory requirement, the HE 

should have an energy high-enough to access the LUMO, and its wavefunction must be strongly 

hybridized with the molecular orbitals. These conditions imply strict limitations on the processes 

that may happen and preclude any role for HE with an energy not high enough to be actually 

transferred to the adsorbate, which are the most abundant. To date, there are a few alternative ideas 

to the aforementioned paradigm, involving e.g. the near field enhancement effects33,34, or the local 

increases of the system temperature35–38; but none of them analyses the actual dynamics of HE and 

its interactions with molecules.  

Here I aim at proposing and supporting a new and unexplored way through which the hot-carriers 

can interact with molecular species. In this perspective, once formed, the hot-carriers can transiently 

tunnel into the adsorbed species, and then return into the nanoparticle, while releasing part of its 

energy to molecular vibrations. This results in a sort of swing-like motion where the hot-carriers act 

as an external source of energy that could initiate and amplify the vibrational oscillations. Such idea 

was considered previously in the literature (e.g., see page 136 of ref.32, reporting the proceedings of 

a recent Faraday Discussion). Moreover, a recent experimental inspections, has highlighted the 

primary role the molecular vibrations have in the photoactivation of chemical processes like Cu-
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catalyzed H2-D2 exchange reaction.39 In contrast with direct/indirect electron transfer approaches 

where the molecular species is intimately destabilized by the hot-carriers occupying specific 

molecular orbitals, here the reactions is promoted by the continuous arrival of hot-carriers and 

consequent energy release, weakening the bonds as the molecule is thermally excited along specific 

vibrations. 

To test the validity of this hypothesis and theoretically estimating the magnitude of this effect, I 

performed a set of ab-initio calculations on simple atomistic models, composed of a linear chain of 

metallic atoms and a molecular adsorbate tethered to one of its ends (see Figure 1 as an example). 

In this model, the chain is a minimalistic model of a plasmonic system supporting HE propagation, 

and the molecule is the target adsorbate to be thermally excited by the carrier. In these simulations 

HE were initially confined on the terminal part of the metallic system, in the furthest site with respect 

to the molecule location, and then allowed to move along the chain, simulating this motion by 

means of real time Time Dependent Density Functional Theory (rt-TDDFT) with clamped nuclei. 

Figure 1 shows a graphical representation of these kind of systems, where Ag is used as metallic 

substrate, while a movie showing an example of the HE dynamics is given in the Appendix 

(Supplementary Movie SM1). By analyzing the amount of charge and the classical forces acting on 

the molecule as a function of time, I was able to observe the way the HE interacts with the adsorbed 

species, which vibrational motions are preferably activated, and how these effects depend on the 

energy of the HE themselves. I applied this methodology to different adsorbates (CO, N2, H2O) and 

metal substrates (Ag, Au) and this allowed to isolate the effects of the various contributions as well 

as to understand the role the chemical nature of atoms and bonds have in the process. Despite the 

simplified nature of the adopted modellistic approach, I could to develop a solid picture of the 

overall process with results querying many open points in the HE debates. Furthermore, these 

findings support recent evidences on hot-carriers mediated reactions like ammonia photocatalyzed 

decomposition40–42 and suggest how HE could strongly improve the lifetime of photocatalysts in 

reactions like methane stream reforming.43–45 Compared to other protocols exploited on similar 

systems based e.g. on the analysis of the optical responses46–51, this method allows a simple and 

direct observation of the HE dynamics and gives insights of the energetics involved in the HE-

molecule interaction, accounting for the effect a single injection mechanism has on the 

photocatalysis performances.  
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Figure 1. Schematic representation of one of the chain-molecule configurations exploited to study 
the HE-molecule interaction. In this case, the Ag21 chains represent the metal substrate and CO, N2 

and H2O the various target molecules. Blue circles indicate the site whereas HE were initially 
confined, while the arrow indicates the direction of HE motion during the TDDFT simulation. Silver, 

black, red, orange and white balls represent Ag, C, O, N and H atoms respectively. 

 

 

Computational Details and Methods 

 

The nanostructure-adsorbate hybrid systems were described at the atomistic level through one-

dimensional models. Here the plasmonic nanostructures were approximated through a 21-metal 

atoms chain made of Ag or Au, while as target species I chose three widespread and technologically 

relevant molecules, namely CO, N2 and H2O. This allowed to explore how HE act in well-known 

plasmonic metals52–56 and interact with relevant molecules with different polarities and number of 

atoms. A picture representing a subset of these models is available in Figure 1. I chose to simulate 

a 21-atoms long chain as substrate since such length allow to represent a configuration where the 

existence of HE at time t=0 do not interfere with the molecule (they are separated by more than 40 

Å), while being close enough to represent a likely physical situation (it is well known that the greatest 

part of hot-carriers are generated on the nanoparticle surface and hot-spots, i.e. generally close to 

the molecular species).57 To assure the size of the system itself does not influence the calculations, 

I tested the replicability of the results obtained within this framework by repeating the simulations 

for an Ag7-CO system and verified that I got similar results as in the case of longer chain, see the 

Appendix. To mimic the presence of HE coming from elsewhere in the nanoparticle, all calculations 

accounts for an extra electron, so that all systems were negatively charged. Before performing the 

electron-dynamics calculations, all considered systems were optimized at the Density Functional 

Theory (DFT) level using the Local Density Approximation (LDA) exchange-correlation functional and 

applying a Broyden–Fletcher–Goldfarb–Shanno (BFGS) optimization procedure. During the 
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optimization the geometry were constrained along the directions orthogonal to the chain extension 

to preserve the monodimensional nature of the systems. All the simulations were carried out using 

the package Octopus 10.4, which performs ab-initio calculations by computing the electronic 

density on a real-space mesh.58,59 Both DFT and rt-TDDFT simulations were conducted on a space 

grid with a 0.12 Å spacing, contained within a simulation box built as the intersection of 6 Å radius 

spheres, each of which centered on each atom. Obtained interatomic distances for the relaxed 

systems are collected as Appendix in Table A1. The core electrons for the metal atoms were 

represented via Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials60, while for the non-metallic 

species I used standard pseudopotentials (psf files) as implemented in the code. The starting 

configurations for TDDFT simulations, namely the state where HE were confined on the terminal 

atom of the chain, was obtained as the ground state electronic density of systems where the 

pseudopotential files of the terminal atoms were modified in order to deepen the potential hole for 

the electrons. Such deepening of the HGH pseudopotentials were obtained by increasing the 

absolute values of C1 and C2 coefficients entering in the pseudopotential equation, defined 

according to the HGH equation presented in the original paper.60 The energy of the HE was identified 

as the difference between the ground state energy of these “pseudo-modified” systems and the 

ground state energy of the optimized chains. A picture of the charge excess given by this 

modification is shown in the first frame of the movie SM1. The modified pseudopotential files were 

then replaced with the standard ones, using these out-of-equilibrium electronic density 

configurations representing the confined HE as the starting point of a rt-TDDFT dynamics. These 

states were allowed to evolve by means of rt-TDDFT using an Approximated Enforced Time-Reversal 

Symmetry (AETRS) algorithm, selecting a timestep of 0.01 fs and a total simulation time of 5 fs, a 

time window long enough to observe the HE transports and injection process, considering the length 

of the systems. 

As first attempt I tried to perform the simulations explicitly accounting for the nuclei motion of by 

coupling rt-TDDFT with Ehrenfest dynamics, as implemented in the code.58,59 However, these 

calculations were affected by numerical errors due to the presence of residual forces coming from 

the geometry optimization of the systems, which magnitude were comparable with the ones 

produced by the injection of a single HE. 

Therefore, the estimate of the HE-molecule transferred energy was conducted by modelling the 

molecular species as collections of coupled harmonic oscillators and recovering the energies 

through the integration of the related Newton’s second laws of motion, i.e. the Classical Equations 
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Of Motions (C-EOM). In this approach the molecular systems are represented by a set of classical 

particles and harmonic bonds whose masses and force constants were the ones of the atomic 

species (C, O, H and N) and the relative bonds (C≡O, O-H, N≡N), while the metallic atoms were 

considered static due to their relatively larger mass. The metal-atomic species M-X bonds (where 

M=Au, Ag and X=C, O, N) were also modelled considering the spring constants available in the 

literature. See Figure 2 for a representation of these models.  

 

Figure 2. Graphical representation of the coupled harmonic oscillator models chosen to calculate 
the dynamics and energetics of the molecular systems along the simulations. Please notice that 

the uppermost model (CO) is analogous to the case of N2 molecule, when masses and spring 
constants are properly chosen. 

The C-EOM of the coupled harmonic oscillators systems were recovered by solving the Eulero-

Lagrange equations for a set of Lagrangians which account for the classical kinetic and elastic 

potential terms associated to the various atoms.  

In the case of CO species, the C-EOM for the atoms can be written as: 

{
𝑚𝐶�̈�𝐶(𝑡) + 𝑘𝑀−𝐶𝑧𝐶(𝑡) + 𝑘𝐶−𝑂[𝑧𝐶(𝑡) − 𝑧𝑂(𝑡)] = 𝐹𝐶

𝑧(𝑡)

𝑚𝑂�̈�𝑂(𝑡) − 𝑘𝐶−𝑂[𝑧𝐶(𝑡) − 𝑧𝑂(𝑡)] = 𝐹𝑂
𝑧(𝑡)

                               (1) 

Where 𝑚𝐶, 𝑚𝑂, are the masses of atoms C and O, 𝑘𝑀−𝐶, 𝑘𝐶−𝑂 are the spring constants of the M-C 

(M=Au, Ag) bond and intramolecular C≡O bond, 𝑧𝐶(𝑡), �̈�𝐶(𝑡), 𝑧𝑂(𝑡), �̈�𝑂(𝑡) are the positions and 

accelerations of atoms C and O given with respect to their initial values, and 𝐹𝐶
𝑧(𝑡), 𝐹𝑂

𝑧(𝑡) are the 

forces acting along the z axis on C and O at time 𝑡 and due to the time dependent electron density. 

I considered only the z-projection of the forces because, since both the metal chains and the CO 

molecule extend along the z axis, the forces coming from the electron density have non-zero 
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components along the z direction only. By a proper substitution of the parameters in equations (1), 

one could represent the C-EOM also for the N2 case, since it has the same geometrical configuration 

of CO (see Figure 1). A complete description of C-EOM in the case of water molecule is available in 

the Appendix.  

The coupled harmonic oscillator C-EOM have been solved numerically by means of a first order Euler 

integration method allowing the computation of the displacements for all the atoms. Atomic masses 

were collected from the latest release of the official IUPAC periodic table of elements61 while the 

values chosen for the spring constants are collected in Table 1.  

M X 𝒌𝑴−𝑿 X-Y 𝒌𝑿−𝒀 

Aga 

C 31 C-O 1822 

N 20 N-N 2407 

O 84 O-H 813 

Aub 

C 46 C-O 1589 

N 20 N-N 2407 

O 96 O-H 796 

Table 1. Spring constants for the various M-X and X-Y intramolecular bonds. M=Ag, Au; X=C, N, O 
and Y=O, N, H. All values are given in N/m. a = taken from ref.62 ; b = taken from ref.63 except for 

the Au-N and N-N case, which values come from ref.62 

Here, M is the metal while X and Y are the atoms constituting the various molecules. Please notice 

that the spring constants in the case of M-N2 calculations are the same for both M=Au, Ag. This 

because it was demonstrated that N2 does not favorably absorb on Au and therefore an estimation 

of 𝑘𝐴𝑢−𝑁 in the case of N2 species is far-fetched.64,65 Moreover, I encountered severe convergence 

problems in the optimization of the Au-N2 geometry, since N2 naturally tends to move away from 

the terminal gold atom. This prevents to obtain a proper geometry in this case and thus I chose to 

model the system imposing the Au-N and N-N distance as in the Ag-N2 case, as clarified in the 

Appendix. Because of these reasons, I decided to chose 𝑘𝐴𝑢−𝑁 = 𝑘𝐴𝑔−𝑁 so that at least I could 

qualitatively compare the performances of the two metals toward the dissociation of this molecule. 

The energy transferred by HE on each vibrational motion were calculated on the basis of the atomic 

displacements, as the sum of the kinetic and potential energy associated to the particular vibrational 

motion. Considering the CO case, these quantities were defined as: 

𝐸𝐷 =
1

2
𝑚𝐶𝑂[𝑧𝐶𝑂̇ (𝑡)]

2 +
1

2
 𝑘𝑀−𝐶[𝑧𝐶(𝑡)]

2                                               (2.1) 

𝐸𝑆 =
1

2
𝜇𝐶𝑂[�̇�𝐶𝑂(𝑡)]

2 +
1

2
 𝑘𝐶−𝑂[𝑟𝐶𝑂(𝑡)]

2                                                (2.2) 
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Where 𝐸𝐷, 𝐸𝑆 are the energies transferred to the desorption vibrational motions (the one involving 

the M-C bond) and the intramolecular C-O stretching vibrational motion respectively, 𝑚𝐶𝑂 is the 

mass of the CO molecule, 𝑧𝐶𝑂̇ (𝑡) is the first derivative of the position of the CO molecule center of 

mass with respect to time, 𝜇𝐶𝑂 is the reduced mass of the CO molecule, 𝑟𝐶𝑂(𝑡) is the calculated 

intramolecular bond length defined as 𝑟𝐶𝑂(𝑡) = 𝑧𝐶(𝑡) − 𝑧𝑂(𝑡) and �̇�𝐶𝑂(𝑡) is its derivative with 

respect to time. Even here, by properly substituting the parameters in equations (2.1) and (2.2), it 

can be computed the transferred energies for the N2 case. For H2O desorption there is an analogous 

equation for the energy transferred to the desorption motion:   

𝐸𝐷 =
1

2
𝑚𝑂[𝑧�̇�(𝑡)]

2 +
1

2
 𝑘𝑀−𝑂[𝑧𝑂(𝑡)]

2                                                (3.1) 

On the contrary, for inner vibrations in this case the equations are slightly more complicated since 

the O and H relative motions can be associated to both O-H symmetric stretching and H2O scissoring 

(bending) motions. Asymmetrical stretching is not accounted since transfer of energy to that motion 

is forbidden by the symmetry of the system. To distinguish among the two inner motions, I 

computed the displacement vector associated to the H2O molecule at the DFT level, as implemented 

in the code Gaussian09.66 I performed this calculation at the LDA/6-31+G* level and recovered the 

normalized vibrational displacement vectors for the symmetric stretching and bending motions that 

from now on will be called 𝒅𝑺
𝒊̅̅ ̅ and 𝒅𝑩

𝒊̅̅ ̅̅  where i indicates the O and H species. I then computed the 

projections of the relative atomic forces over the vibrational displacements vectors as follows: 

𝐹𝑆
𝑖(𝑡) = [𝑭(𝒕)̅̅ ̅̅ ̅̅ · 𝒅𝑺

𝒊̅̅ ̅]                                                                  (3.2) 

𝐹𝐵
𝑖 (𝑡) = [𝑭(𝒕)̅̅ ̅̅ ̅̅ · 𝒅𝑩̅̅ ̅̅ ]                                                                 (3.3) 

Where 𝐹𝑆
𝑖(𝑡) and 𝐹𝐵

𝑖 (𝑡) are the projection of the forces acting on the atom i over the normalized 

vibrational displacements related to symmetric stretching and bending respectively. I then express 

the obtained forces on the basis of the cartesian coordinates and used them to solve the C-EOM for 

water (see the Appendix section). This allowed to obtain the atomic displacements relative to the 

two possible motions in cartesian coordinates. The transferred energy can be calculated as:   

𝐸𝑆 =
1

2
𝜇𝑂𝐻 [𝑟𝑂𝐻

�̇� (𝑡)]
2

+
1

2
 𝑘𝑂−𝐻[𝑟𝑂𝐻

𝑆 (𝑡)]2                                               (3.4) 

𝐸𝐵 =
1

2
𝜇𝑂𝐻[𝑟𝑂𝐻

�̇� (𝑡)]
2

+
1

2
 𝑘𝑂−𝐻[𝑟𝑂𝐻

𝐵 (𝑡)]2                                               (3.5) 
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Where 𝑟𝑂𝐻
𝑆 (𝑡) and 𝑟𝑂𝐻

𝐵 (𝑡) are the relative variation of the normal coordinates calculated on the basis 

of the atomic displacements coming from the resolution of the C-EOM system.  

By integrating the electronic densities within the volume of the box corresponding to the molecule 

with respect to the simulation time and comparing these results with the transferred energies, I 

could estimate the moment in which the HE is injected in the molecule and thus the amount of 

transferred energy connected to its presence. The estimation of the amount of charge located on 

the molecule as a function of time through integration of the electronic density, were conducted as 

follows:  

𝐶ℎ𝑎𝑟𝑔𝑒(𝑡) =  ∫ 𝜌(𝑥, 𝑦, 𝑧, 𝑡) −  𝜌𝐺𝑆(𝑥, 𝑦, 𝑧) 𝑑𝑉𝑚 
𝑎

𝑉𝑚
                                      (4) 

Where 𝑉𝑚 is the volume of the cell containing the molecule defined as the volume ranging from the 

plane orthogonal to the z axis and bisecting the M-X bond to the terminal part of the simulation box, 

𝜌(𝑥, 𝑦, 𝑧, 𝑡) is the electronic density of the system at time 𝑡 and 𝜌𝐺𝑆(𝑥, 𝑦, 𝑧) is the electronic density 

of the ground state of the system. To monitor the position of the HE along the chain extension in 

time, I calculated the Centroid Of Charge (COC) as a function of time as follows: 

𝐶𝑂𝐶(𝑡) =
∫ 𝑧 [𝜌(𝑥,𝑦,𝑧,𝑡)− 𝜌𝐺𝑆(𝑥,𝑦,𝑧)]𝑑𝑉 
𝑎
𝑉

∫ [𝜌(𝑥,𝑦,𝑧,𝑡)− 𝜌𝐺𝑆(𝑥,𝑦,𝑧)]𝑑𝑉 
𝑎
𝑉

                                                      (5) 

Where 𝑉 indicates the volume of the whole simulation box and z is the coordinate along the chain 

axis. Notice that the difference between these two densities is maximum when t=0 since here the 

HE confinement is maximum. The spread of the HE wave packet is the related root mean square 

deviation, expressed as follows:  

𝑅𝑀𝑆𝐷 (𝑡) = √
∫ [𝑧−𝐶𝑂𝐶(𝑡)]2 [𝜌(𝑥,𝑦,𝑧,𝑡)− 𝜌𝐺𝑆(𝑥,𝑦,𝑧)]𝑑𝑉 
𝑎
𝑉

∫ [𝜌(𝑥,𝑦,𝑧,𝑡)− 𝜌𝐺𝑆(𝑥,𝑦,𝑧)]𝑑𝑉 
𝑎
𝑉

                                         (6) 

All images, including the ones picturing the electronic densities, were produced using the VMD 

visualization package.67  
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Results and Discussion 

 

The first evidence emerging from the calculations is an insight on the nature of the HE motions 

which in turn reflects on the interaction with the molecules. Simulations are built in order to 

emphasize the transient HE migrations on the region occupied by the molecule, preventing efficient 

carriers localization within the adsorbate orbitals. In this framework, the HE-molecule interactions 

cannot be properly represented as consequence of pure charge transfer processes and this allows 

to explore the consequences of the sole transient HE tunneling effect. From the movie SM1, visible 

scanning the QRcode attached in the Appendix, it can be clearly seen that as the simulation 

proceeds, the confined wave packet starts to spread all over the system, gradually losing the initial 

coherency. The evolution of the wave packet over time can be quantitatively assessed by looking at 

the evolution of the Centroid Of Charges (COC), representing the average location of the HE wave 

packet as a function of time (see Computational Details and Methods for more details).  

 

Figure 3. Time evolution of the COC(t) for the Ag-CO system when HE energy is 3.81 eV. The chain 
model reported on the right site serve as reference to understand the motion of COC(t) along the 

trajectory. Red line indicates the moment identified as the actual HE injection on the absorbed 
molecule (3.2 fs), according to the charge analysis in Figure 4. 

In Figure 3 is reported the COC evolution for the Ag-CO system. It can be noticed that the system 

gradually moves from a configuration where the HE wave packet is strongly confined (t=0) to a state 

where the charges are homogenously distributed along the chain length. This is highlighted by the 

COC position, which gradually moves towards the center of the metal chain, together with the 

progressive increasing of the uncertainty associated with the COC position. Such kind of motion for 
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the COC were recovered in all cases under study (see Figure A1 in the Appendix), meaning that this 

type of dynamic is intimately connected with the physics behind the HE motion rather than with the 

chemical nature of the system. Considering the  length of the chain I chose to model the metal 

nanoparticle (21 atoms, i.e. 44.5 Å), together with the time interval spent to reach the molecule (see 

Figure 3 and related discussion), I estimate an average velocity for the motion of HE of about 1.39 · 

106 m/s, which matches the Fermi velocity of conduction electrons in bulk silver.68 These evidences 

suggest that within this computational framework, the HE dynamics can be roughly viewed as a 

ballistically moving wave-packet which progressively loose its proper confinement as its moves 

within the systems. Such perspective represents a different but complementary point of view with 

respect to the ballistic charge-transfer paradigm, commonly adopted to describe the HE-molecule 

interplay dynamics.12,57,69,70 

The moment the HE wave packet starts to interact with the adsorbed molecules can be identified 

by looking at the time-dependence of the molecular charge density. Indeed, the arrival of the HE 

induces a sensible change in the electronic density of the molecule and therefore in the amount of 

charge localized there. By properly integrating the electronic density of the systems (equation 4 in 

Computational Details and Methods section) I quantified the amount of transferred charge for a 

single injection process in the various cases.  As shown in Figure 4, the extra charges localized on 

the molecule is strongly affected by the dynamics of the HE wave packet. In particular, there is a 

major peak around 3.2 fs (red lines in Figure 3 and 4) corresponding to the instant the interaction 

between HE and the species is maximum, namely the moment that can be associated to the actual 

HE injection. The height of these peaks, and thus the amount of transferred charges, are grow 

accordingly to the HE energy, as reported also in Figure A2 of the Appendix, making the injection 

process strongly dependent on the original HE energy. Such major spikes are not the only ones 

recovered along the whole trajectory, but are the sole meaningful for the study of the HE injection. 

Indeed, since the simulations do not account for the nuclei motions, the injected energy cannot be 

dissipated through electron-phonon interactions and therefore the physics occurring following this 

first HE injection step is unreliable. These evidences provide a new perspective on the mechanisms 

behind the HE-molecule injection. In parallel with the  commonly accepted discrete charge transfer 

process paradigm18, here I propose the HE injection can have also the effect of transiently perturb 

the adsorbate electronic density, indirectly activating some specific nuclei degrees of freedom and 

stimulating inner vibrational motions. In this scenario, energy transfer pathways involving lower 

energy HE are possible. 
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Figure 4. Amount of extra charges located on CO in the case of Ag-CO model chain systems, as 
function of time and HE energy. Red line indicates the moment identified as the actual HE injection 

on the absorbed molecule (3.2 fs) 

Moreover, the presence of the smooth peaks around 1.55 fs in Figure 4, indicates that this process 

has a non-negligible long-range character that allows this HE-molecule interaction mechanism to 

take place even when most of the excited electrons are still localized within the nanoparticle. In 

fact, around 1.55 fs the wave packet is still moderately coherent and far from the adsorbate (COC=-

9.2±10.4 Å while CO molecule is at c.a. 20 Å). However, its approach to the adsorbate produces a 

perturbation within the electronic systems which translates into a weak but noticeable long-range 

interaction, as testify by the shallow peaks shown in Figure 4. This effect could be related in principle 

to the size of the system and thus emerges as a computational artifact, also because it was not 

recovered in the simulations on shorter chains (see Figure A3 in the Appendix for more details). 

However, to date the long-range character of HE dynamics was already observed in some particular 

devices71,72, and this could be the first time this effect and its interplay with a molecular species are 

observed through atomistic calculations. Another valuable aspect coming out from the simulations 

resides in reproducing polaronic-like effects within the dynamics. When compared to the unexcited 

chain, the systems accounting for the presence of the confined HE wave packet, that serve as 

starting configurations for the rt-TDDFT simulations, naturally include an electron-deficient spatial 

region surrounding the HE. Even if it is not legitimate to deem this configuration as properly 

polaronic (due to the lack of correlation with nuclei motion73), such a configuration resemble the 

presence of these polaronic states within the nanoparticles since show its essential feature i.e. the 

positively charged cloud surrounding the moving electrons, even though it arises here as a pure 
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electronic effect. The presence of this polaronic-like cloud can be noticed in the first frames of the 

dynamics, as visible from the movie SM1, as well as from Figure 4. Indeed the smooth decrease of 

electronic charge in the molecular region, occurring between 2.2-2.7 fs, indicates a charge 

withdrawing or, in an opposite perspective, the injection of positive charges. This phenomenon 

corresponds to the interaction between the species and the polaronic-like cloud that surrounds the 

arriving HE. As far as I know, this is the first study where the interaction between a polaronic-like 

cloud of a nanoparticle and the electronic structure of an adsorbate directly emerges from the hot-

carriers dynamics and produces measurable effects on the evolution of the atomic displacements.  

Once identified the exact moment in which the injection process transfers the largest amount of 

charge on the molecular states, I calculated the total amount of transferred energy occurring in this 

frame for each system as a function of the energy of the HE, distinguishing between the various 

vibrational motions that can be indirectly activated by the HE transient injection. The corresponding 

results are reported in Figure 5 and 6 (for details on the calculations see Computational Details and 

Methods). Figure 5 collects the results for the diatomic species CO and N2 distinguishing between 

the activation of intramolecular stretching (panel A) and the nanoparticle-adsorbate vibration, 

namely the molecular desorption mode (panel B). The first aspect emerging from the plots is the 

direct proportionality among the HE energy and the amount of energy transferred to the vibrational 

motions of the involved molecules. This is valid for both the molecular inner stretching motion (C-O 

and N-N vibrations) and the metal-adsorbate desorption vibration. However, the energy transferred 

to the two modes are sensibly different and this has profound consequences, even though their 

magnitude are extremely small (within 1.2-6.5·10-6 eV, I discuss the implications of these 

magnitudes later). As visible from the plots, for these molecules the desorption motions are 

preferably activated, with a desorption-to-stretching transferred energy ratio spawning from 1.9 to 

3.5, depending on the system, when HE energy is within 3.5-4.0 eV. This indicates that while the HE 

injection could activate both vibrational modes, the great part of the energy is transferred to 

stimulate the molecules desorption and Au seems to give slightly better performances in this sense 

compared to Ag. Such evidences have different consequences, depending on the reactions 

considered. Taking into account e.g. the synthesis of ammonia, N2 dissociation and fixation on the 

catalyst surface is a fundamental step. In this view, considering also the extremely weak bonds 

between the metals and N2, using Ag or Au nanoparticles as photocatalysts seems to have more 

disadvantages than advantages.  
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Figure 5. Estimated transferred energy per injection process, as a function of HE energy, in the 
case of M-CO and M-N2 systems (M=Ag, Au). Panel A refers to the intramolecular stretching modes 
while panel B reports the results on the activation of the desorption modes. Inset pics denote the 

two possible molecular vibrational motions. Solid lines have to be used as a guide for the eye. 

This is why many efforts are currently being spent in order to find effective photocatalyst for N2 

fixation that rely on other transition metals or composite materials.74,75 However, N2 desorption is 

a crucial step in ammonia decomposition reactions, which is a key-reactions in all processes that use 

NH3 as a medium such as the H2 production.40 This reaction was demonstrated to occur with a 

sensibly low energy barrier if hot-carriers are involved.41 It was speculated that among the various 

contribution photoexcited carriers can give to the ammonia decomposition, N2 associative 

desorption plays a major role41,42 and, using simple model, I demonstrated that the HE can actually 

enhance this process by stimulating the molecular detachment. On the other side, CO desorption is 

a remarkably important process in methane steam reforming.43,76 Indeed, once formed CO tends to 

remains adsorbed on the catalyst surface and reacts with other CO molecules, forming a layer of 

carbon atoms that reduces the active surface thus poisoning the catalyst. Such poisoning 
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mechanism is known as coking.44 This is a major problem in the case of thermally activated methane 

steam reforming that can be reduced using photocatalysts exploiting hot-carriers. Through simple 

models I demonstrated that HE selectively activate the vibration mode corresponding to CO 

desorption, and this could sensibly reduce the cocking rate. Therefore, using as photocatalyst 

plasmonic nanoparticles with high hot-carriers production rates and low affinity towards CO could 

give major improvements to the efficiency and sustainability of stream reforming processes. 

Conversely, thinking about CO2 reduction, using as photocatalyst a surface with high CO affinity was 

proved to lead to highly reaction yields and selectivity towards a full reduction to CH4 due to their 

role in the reaction rate-determining step.19,77,78 These evidences suggest that CO activation could 

be at least partially justified by the excitations of C-O vibrational motions that, however weaker than 

the M-C motion, are present. Different considerations came from the analysis of M-H2O systems 

(M=Ag, Au). As shown in Figure 6, even though preserved the dependence among the transferred 

energy and HE energy, the injection preferably stimulates the inner molecule symmetric O-H 

stretching. In this case the ratios with the energy transferred to desorption are 7 for the Ag- H2O 

chain and 5 for Au-H2O in the 3.5-4.0 eV HE energy window. Even larger numbers are obtained 

considering the stretching-to-bending ratio that, for the same HE energy interval, reach 21 and 17 

for Au and Ag cases respectively. This indicates that in the presence of HE, water O-H symmetric 

stretching is selectively activated, and the magnitude of these transfers are sensibly higher 

compared to the diatomic cases, being these maximum values around 41.9·10-6 eV and 24.1·10-6 eV 

for Ag and Au respectively. Please notice that with stretching I am referring to the H2O symmetric 

stretching mode, being the asymmetric stretching forbidden by the symmetry of the M-H2O systems 

(see Appendix). The fact that hot-carriers can effectively activate water splitting reactions is 

nowadays well established79–82 and a few computational studies were conducted to study the hot-

carriers-water interaction.48,51,83 However, they focus on the reaction mechanism involving a net 

charge transfer to the adsorbate. This approach allows to expand this view and suggests that the 

inner O-H symmetric bond stretching activation could have a crucial role in plasmonic-driven water 

splitting reactions. It is interesting to highlight that in all tested cases, the greatest part of the energy 

transferred during the injection processes translates into a kick to the atoms of the molecule which 

starts to move acquiring kinetic energy. The total energy transferred has two contributions namely 

the kinetic term, associated to the atomic velocities, and the potential term coming from the atomic 

displacements. In all cases, as the HE starts to interact with the species, the predominant 

contribution is the kinetic one, being generally 102-103 times larger than the potential. 
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Figure 6. Estimated transferred energy per injection process, as a function of HE energy, in the 
case of M-H2O systems (M=Ag, Au). Inset pics denote the three possible molecular vibrational 

modes. Solid lines have to be used as a guide for the eye. 

 

This because while a single injection process does not change much the atomic positions within its 

small acting interval (changes are on the order of 10-5-10-6 Å) the impinging pulse due to the HE 

arrival is large enough to give atoms significant velocities, which can reach about 10-4 Å/fs in the 

case of O-H bond.  

The selective activation of a particular molecular vibrational motion can understood by looking at 

the changes in the molecular electronic density taking place during the HE injection. In Figure 7 I 

reported the variation of electronic density compared to its ground state electronic density, for the 

various systems when the charge on the molecule is maximum because of the HE injection. These 

quantities are calculated as the difference between the electronic densities at the moment of 

injection and the ground state of the same chain-molecule system. Although these two quantities 

account for the same number of electrons, in the ground-state there is not artificial charge 

confinements (see Computational Details and Methods for more details); thus a comparison 

between these two quantities provide a solid descriptor for the HE evolution along the dynamics. 

By simple visual inspection, it is clear how in all cases there is a loss of electron density in the region 

within the metal and the molecule, suggesting a weakening of the metal-molecule bond and thus a 

condition where the molecular desorption is more likely, explaining what previously noticed during 

the transferred energy analysis. 
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Figure 7. Excess electronic density distribution occurring during the HE injection. Red and blue 
wireframe surfaces represent electons excess and defect respectively. Silver, gold, black, red, 

orange and white balls represent Ag, Au, C, O, N and H atoms respectively. Results come from the 
simulations with the highest HE energy (3.56 eV and 3.81 eV for Au and Ag supported systems 

respectively). Isovalues=±10-4 e·Å-3. 

 

Regarding the electron density distribution within the molecule, there are minor differences 

depending on the system. In the case of CO, it can be noticed an electron density accumulation on 

top of the two atomic species, while the C-O bond results less populated by the electronic density 

compared to the ground state. This is valid for both Ag and Au based systems and points to a picture 

in which the C-O σ-bond orbital result depopulated in favor of C-O σ* antibonding orbital. This 

reflects the activation of the C-O stretching motion. Same considerations can be applied to H2O 

where in both Ag and Au cases, electron density was drained from the O-H bond towards the atoms 

themselves, suggesting a weakening of the O-H bonds and thus an activation of the bond stretching. 

Finally, in the case of N2, while the metal-nitrogen bond is weakened as in all other molecules 

considered so far, the N-N bond is actually strengthen as visible from the red wireframe surface 

surrounding the N-N bond that indicate increased electron population in the bond region. This 

confirms the low propensity of N2 to split via this mechanism, as observed in Figure 5 panel A, and 

is also in line with the difficulty of performing hot-electron catalyzed reactions on N2.41,42 
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Finally, I provide here an estimate on the entity of energy that can be stored in molecular vibrations 

by means of this mechanism. This is relevant to asses if it can compete or anyway supplement other 

photocatalytic mechanisms involving hot-carriers (such as  direct and indirect electrontransfer11,18). 

As visible from the plots in Figure 5 and Figure 6, the maximum amount of transferred energy to a 

single vibrational mode is in the order of 10-5-10-6 eV. Naturally such a small amount of energy would 

be irrelevant to promote chemical reaction. However, the energy estimated from the calculations 

refers to a single tunneling injection. Therefore, it can be hypothesized the existence of cumulative 

effects arising from multiple HE transient visits on a certain molecule, each of which contribute to 

excite its vibrational modes accordingly to the mechanism here studied. The total amount of energy 

that can be transferred considering multiple injections can be expressed as follows: 

𝐸𝑡𝑜𝑡 =  𝑅𝑝𝑟𝑜𝑑 ∙ 𝑃𝐻𝐸 ∙ 𝜏𝑡ℎ𝑒𝑟𝑚 · 𝐸𝑇                                                          (7) 

Where 𝑅𝑝𝑟𝑜𝑑is the hot-carriers production rate, 𝑃𝐻𝐸  is the probability of HE-molecule interaction, 

𝜏𝑡ℎ𝑒𝑟𝑚 is the dissipation time constant for a certain molecule vibrational mode and 𝐸𝑇 is the energy 

transferred per injection event (10-5-10-6 eV from the calculations). 𝑅𝑝𝑟𝑜𝑑 strongly depends on the 

shape and nature of the plasmonic device.84,85 If equation (7) is applied in the case of a CO molecule 

adsorbed on a silver nanoparticle, a reasonable estimate for 𝑅𝑝𝑟𝑜𝑑 is 1017 s-1.53 Assuming that the 

CO species is adsorbed on a nanoparticle hot-spots, 𝑃𝐻𝐸 is around 0.5 (50% of HE are produced on 

the hot-spots).52,86 A conservative estimation for 𝜏𝑡ℎ𝑒𝑟𝑚 can be 2 ps for the Ag-CO stretching motion, 

even thus larger value were obtained on other metallic surfaces87; and lastly, from calculations 𝐸𝑇 

resulted to be around 1.6·10-6 eV for the desorption motion in the case of the Ag-CO system when 

the HE energy is 2.06 eV, which is a realistic reference value for the carriers energy.52 By solving 

equation (7) I recovered an estimation for 𝐸𝑡𝑜𝑡 ≈ 0.16 eV, a remarkably value large enough to excite 

the vibrational levels of small molecules.  

For a more clear understanding of the magnitude of such value, I express this as the equivalent 

vibrational temperature Teq,v , defined as the temperature at which an harmonic oscillator would 

have the same average total energy. With 𝐸𝑡𝑜𝑡 ≈ 0.12 eV, Teq,v~1800K. Due to its strong dependency 

on the HE energy, I suggest this effect can be relevant only for carriers with energy larger than 1.00 

eV.  Indeed, when the HE energy is around the latter value, I obtain 𝐸𝑡𝑜𝑡 ≈ 0.04 eV and Teq,v~340K, 

meaning the equivalent temperature for the Ag-CO bond is barely warmer than room temperature. 

However, depending on the amount of produced carriers and on the value of 𝜏𝑡ℎ𝑒𝑟𝑚 (it can reach 

up to 50 ps on specific metal surfaces)87 it can be reasonably assume that significant contribution 
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can be given also by carriers with energy below 1.00 eV. Though a simple estimate, these results 

suggest that, the hypothesis of inelastic transient electron transfer can actually provide a significant 

and bond selective boost to reaction rate, and represents a feasible mechanism occurring during 

hot-carriers mediated reactions. Of course, this mechanism does not replace other, actually it can 

cooperate with them to enhance the performances of the plasmonic device.  

 

Conclusions 

 

In this chapter I have presented first-principle simulations that provided an insight on the role the 

inelastic transient electron transfer can play in hot-carrier driven photochemistry. In particular, by 

means of rt-TDDFT, I simulated the injection of hot-electrons from the metal substrate to the 

molecule, to investigate the role the injection itself can have in plasmonic-driven reactions. Such 

simple and versatile approach returns important indications on the phenomena occurring when hot-

carriers are injected in a molecule. First of all, I showed that the charge motions within the metallic 

system can be viewed as a wave packet moving with a ballistic motion, that allows long-range 

interactions among the carriers and the molecule while lose its confinement-coherence as it moves 

within the systems. Then I noticed that the movement of the hot-electrons are connected to the 

presence of a positive cloud surrounding the carriers, clearly visible from the charge dynamics, 

which resemble the effect a polaronic state could have towards the molecular species. Most 

remarkably, hot-electrons injection stimulates particular vibrational modes involving both the 

nanoparticle-molecule bond and the inner molecular structure. Some of the normal modes of the 

system are selectively activated, depending on the nature of the molecular species. In particular I 

found that in the case of CO and N2, the vibrational mode corresponding to the molecular desorption 

is activated more than the intramolecular vibrations, while in the case of H2O the activation of O-H 

symmetric stretching is largely favorite over the bending and the desorption motion. These 

observations follow the experimental evidences19,41,42,77,79–81 and allow new atomistic-based 

interpretations of the processes occurring hot-carriers mediate reactions involving those molecules.  

These features were explained by an analysis of the electronic density of the systems at the time 

when the carriers are injected. The charge distribution clearly indicated that some bonds are 

weakened due to the carriers injection, suggesting in turn that they are stimulated by the energy 

released during the HE injection. Finally, I proposed a way to extend the observation towards a 

picture where several hot carriers are produced and can interact with the molecule. Accounting for 
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what is currently known about the rate of hot-carriers production and distribution, I estimate the 

vibrational excitation of particular bonds can actually have an active part in the whole photocatalytic 

process, being the magnitude of the energy cumulatively transferred to a specific vibration of the 

order of 10-1 eV (i.e., ≈103 K equivalent vibrational temperature). Therefore, this effect could play a 

key-role in promoting chemical reactions.  

 

Appendix 

 

Centroid Of Charges (COC) analysis  

 
In Figure A1 I reported the evolutions of COC with respect to the time for the tested systems. In all 

cases, the results refer to the simulations where the HE energy is maxima (3.81 eV in the case of Ag-

N2 and Ag-H2O, 2.0.3 eV for Ag7-CO and 3.56 eV in the case of Au based systems). Red lines indicate 

the moment in which the HE is injected in the molecule. This time is 3.2 fs in the case of Ag substrate 

and 2.75 fs in the case of Au-supported systems. This time difference is not related to the metal 

itself (the fermi velocity of Ag and Au are almost identical68) but to the different metal-metal bond 

length within the chain that makes gold-based chains shorter than the silver systems (see Table A1 

in the Appendix for more details). The moments in which the injection processes occur are fully 

compatible with the estimations that can be made on the basis of the systems Fermi velocities. 

Notice that in the case of Ag7-CO (top left panel of Figure A1), the injection takes place in a sensibly 

shorter time, since the chain is shorter compared to all other systems (it is made by 7 metal atoms 

while all others are 21-atoms long).  

 

Transferred charge as a function of the HE energy 

 
As mentioned in the main text, the amount of charges that transiently localizes on the adsorbate 

depends on the original HE energy. This is clearly visible Figure A2 where I reported the maximum 

amount of charge that is transferred to the CO molecule in the Ag-CO simulations, as a function of 

the HE original energy. The charge values are taken at 3.2 fs, which is the moment in which the HE 

injection occur according to the graph in Figure 3. Notice that there is a direct proportionality among 

the initial HE energy and the charge transferred to the adsorbate.  
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Figure A1. Centroid Of Charges (COC) analysis of all tested systems, when the energy of the 
adopted HE is maximum. Red lines indicate the moment in which the charge on the molecular 

species is maximum, namely the moment when the injection process occurs. Graphical 
representation of the model systems served as a guide to understand the HE wave-packet 

displacement along the system extension. 
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Figure A2. Amount of extra charges located on CO in the case of Ag-CO model short-chain system, 
as function of the HE energy. The values are taken at t=3.2 fs, namely the moment when the 

injection actually take place. Solid line have to be used as a guide for the eye. 

 

Ag7-CO results 

 
As mentioned in the chapter, I performed the calculations on a shorter system, to assure the 

dimension of the chain itself does not affects the simulations results. I therefore apply the 

methodology to a chain-moecule system composed on a CO molecule adsorbed on a 7-atoms silver 

chain. The COC motion when the HE energy is 2.03 eV is pictured in Figure 1. Such HE energy was 

the larger we could simulate for such a small system (calculations accounting for higher HE energy 

did not converge). As visible from the COC trend, this follows the expected dynamics, being the HE 

confined on the last atom of the silver chain (around -6 Å) and gradually moving towards the other 

side of the system, while increasing its delocalization. The charge analysis in Figure A3 clearly 

measure a growing of the charge density on the molecule as the simulation proceeds, showing 

maxima at 1.1 fs. Considering that the chains is c.a. 13 Å long, this result is compatible with the fermi 

velocity of silver, as well as for the other systems. 
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Figure A3. Amount of extra charges located on CO in the case of Ag7-CO model short-chain system, 
as function of time and HE energy. Red line indicates the moment identified as the actual HE 

injection on the absorbed molecule (1.1 fs) 

 

Figure A4. Estimated transferred energy per injection process, as a function of HE energy, in the 
case of Ag21-CO (main model) and Ag21-CO (short-chain model). Inset pics denote the two possible 

molecular vibrational motions. Solid lines have to be used as a guide for the eye. 

 

The HE-molecule transferred energy analysis reveal a dependence on the HE energy fully compatible 

with what observed in the case of longer 21-metal atoms Ag-CO system, as shown in Figure A4. 

However, such deviations are almost negligible, suggesting that our simulations are not sensibly 

influenced by the choice of the chain length, at least in the 7-21 metal atoms range. 
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Structural and geometrical parameters 
 

In Table A1 there are collected the structural parameters of the systems adopted in the simulations. 

All intramolecular bonds length are compatible with the theoretical values calculated for the species 

adsorbed on Ag (111)62 and Au (111)63 and are very similar to the ones of the free molecules in the 

gas phase.88 The latter consideration remains valid for H2O inner angle which  measure 108.5° and 

105.2° in the case of Ag and Au supported systems respectively.  

Regarding the metal-metal distances within the chains, I found an average bond length of about 

2.1±0.1 Å and 1.8±0.1 Å for Ag-Ag and Au-Au respectively. Such distances are considerably shorter 

than what is observed in the bulk (c.a. 2.9 Å) and in small metal aggregates.89,90 Such an important 

rate of contraction could be related to the monodimensional nature of the systems since, being the 

atoms highly uncoordinated, they tend to get closer and assume a more compact configuration.  

This represents one of the main limitations of this methodology that, rather than representing a 

realistic system, wants to qualitatively explore the effects occurring during the HE-molecule 

interaction through a simple, versatile and feasible strategy. 

Finally, I remark I could not recover any stable relaxed geometry for the Au-N2 system. It is indeed 

well known that N2 does not attach on gold surfaces and can only be physiosorbed.65 Therefore I 

impose as reference values for the Au-N and the N-N distance the one obtained in the case of silver 

chains, in order to have a direct comparison on the HE performances in the two cases. 

 

M X 𝒅𝑴−𝑿 𝒅𝑴−𝑿
𝑳  X-Y 𝒅𝑿−𝒀 𝒅𝑴−𝑿

𝑳  

Ag 

C 1.96 2.12 C-O 1.12 1.16 

N 1.74 - N-N 1.08 1.09 

O 1.62 1.47 O-H 0.97 0.98 

Au 

C 1.53 1.36 C-O 1.10 1.19 

N 1.74 - N-N 1.08 1.09 

O 1.72 1.76 O-H 0.97 0.99 

 

Table S2. Bond lenght for the various M-X and X-Y bonds. M=Ag, Au; X=C, N, O and Y=O, N, H. 

dM−X is the bond length values in our systems, while dM−X
L  are the theoretical values reported in 

the literature for the molecules adsorbed on the M (111) slab.62,63 All values are given in Å. 
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Description of C-EOM in the case of water molecule 
 

The Classical Equation Of Motions (C-EOM) system for the water molecule is:  

{
  
 

  
 
𝑚𝑂�̈�𝑂(𝑡) + 𝑘𝑀−𝑂𝑧𝑂(𝑡) + 2𝑘𝑂−𝐻[𝑧𝑂(𝑡) − 𝑧𝐻(𝑡)] = 𝐹𝑂

𝑧(𝑡)

𝑚𝐻�̈�𝐻1(𝑡) + 𝑘𝑂−𝐻 𝑦𝐻1(𝑡) = 𝐹𝐻1
𝑦
(𝑡)

𝑚𝐻�̈�𝐻1(𝑡) − 𝑘𝑂−𝐻[𝑧𝑂(𝑡) − 𝑧𝐻1(𝑡)] = 𝐹𝐻1
𝑧 (𝑡)

𝑚𝐻�̈�𝐻2(𝑡) + 𝑘𝑂−𝐻 𝑦𝐻2(𝑡) = 𝐹𝐻2
𝑦 (𝑡)

𝑚𝐻�̈�𝐻2(𝑡) − 𝑘𝑂−𝐻[𝑧𝑂(𝑡) − 𝑧𝐻2(𝑡)] = 𝐹𝐻2
𝑧 (𝑡)

  (A.1) 

Where 𝑚𝑂, 𝑚𝐻, are the masses of oxygen and hydrogen, 𝑘𝑀−𝑂, 𝑘𝑂−𝐻 are the spring constants of 

the M-O (M=Au, Ag)  bond and intramolecular O-H bond, 𝑧𝑂(𝑡), �̈�𝑂(𝑡), are the positions and 

accelerations of oxygen given with respect to their initial values, 𝑧𝐻1(𝑡), 𝑧𝐻2(𝑡), �̈�𝐻1(𝑡), �̈�𝐻2(𝑡), 

𝑦𝐻1(𝑡), 𝑦𝐻2(𝑡), �̈�𝐻1(𝑡), �̈�𝐻2(𝑡) are the projection of the two H atoms  displacements and 

accelerations along the z and y axis respectively with respect to their initial values, 𝐹𝑂(𝑡) is the force 

acting on oxygen and 𝐹𝐻1
𝑧 (𝑡), 𝐹𝐻2

𝑧 (𝑡), 𝐹𝐻1
𝑦
(𝑡), 𝐹𝐻2

𝑦
(𝑡) are the projections of the forces acting on the 

two H atoms along z and y axis respectively at time 𝑡. As pictured in Figure 1, since the M-O bond is 

oriented along the z axis and the molecule extends on the z-y plane, the symmetry of the system 

imposes that the forces coming from the arrival of HE acting on the two H atoms, have the same 

components on the z axis and have opposite components on the y axis, meaning 𝐹𝐻1
𝑦 (𝑡) = −𝐹𝐻2

𝑦
(𝑡). 

 
Supplementary Movie  
 

Supplementary Movie (SM1) reports the carrier dynamics in the case of the Ag-CO system, when 

the initial HE energy is 3.81 eV. The top half part of the movie represents the electronic density 

evolution on the plane x=0 with respect to the density of the unexcited Ag-CO system. The bottom 

half part of the movie reports the electronic density evolution along the z axis on the section x=0, 

y=0. The movie contains a reference stopwatch measuring the simulated time.  

For completeness and to ease the interpretation of the results, SM is included via a QRcode in this 

section. 
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QRcode link for Supplementary Movie SM1 
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Chapter 4. Exploring AuRh nanoalloys: a computational 
perspective on synthesis and physical properties  

This chapter aims at investigating the geometrical structure and the physical properties of small (20-

150 atoms) AuRh nanoalloys. Indeed, despite these systems are known to have remarkable 

photocatalytic capabilities, to date they are poorly investigated and there is not a consensus on the 

structures and arrangement assumed by those nanostructures, as well as the basic physical features. 

The work contained in this chapter aims to fill these gaps, exploiting Molecular Dynamics (MD) and 

Density Functional Theory (DFT) calculations to explore the mechanism of gold-rhodium aggregation 

and to study the alloys properties with ab-initio accuracy.  

I actively participate in the simulations design, and performed all the calculations and data analysis. 

From these, I was able to extrapolate and characterise a set of notable structures differing in size 

and composition. The results contained in this chapter not only provide valuable information about 

those systems but also represent a solid ground for future insight on the comprehension of AuRh 

optical activity and photodynamic properties. 

This chapter is divided as follows. First, I introduce the problem investigated and describe the 

adopted computational methodologies, then I present the outcomes of the calculations and the 

corresponding data analysis. Finally, I end the chapter with conclusive remarks and perspectives.  

I would like to mention that I already drafted and submitted these results in the form of manuscript 

to the journal ChemPhysChem, as an invited contribution for a special issue dedicated to nanoalloys. 

It has been accepted and it is currently published on the journal website (DOI: 

10.1002/cphc.202200035). 

As a final remarks, I would like to specify this work were conducted in collaboration with Prof. F. 

Baletto from the Department of Physics of University of Milano (formerly employed at King’s 

Collage, London), and Prof. R. D’Agosta from Department of Polymers and Advanced Materials of 

University of the Basque Country (Spain), and were developed in the context of a 3-months visiting 

period spent at the University of the Basque Country (Spain), granted to me by the European 

program HPC-EUROPA3 (http://www.hpc-europa.eu). Moreover, I presented the results of this 

project at the 3rd HPC-Europa3 Transnational Access Meeting in the form of a poster presentation 

and that I was awarded with the first prize for posters. 
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Introduction 

 

Most of chemical’s production is nowadays based on reactions catalysed by transition metals and 

their alloys. These catalysts usually offer high activities and recyclability, but suffer from poor 

selectivity and, usually, require a high amount of energy to work properly.1 A possible way to 

overcome these problems is considering nanoalloys. With their reduced dimensions (less than 2 

nm)and alloying metals with different properties, such ultra-small systems are characterised by 

strong quantum confinement effects. This is the reason for their unique properties in terms of opto-

electronic features, magnetism, and catalytical capabilities.2–6 The adaptability and the catalytic 

efficiency of these nanosystems can be further enhanced by alloying two or more metallic species, 

which structural and then electronic properties are significantly different from those of the 

individual constituents.7–12 Furthermore, at the nanoscale it is possible to alloy bulk-immiscible 

elements giving rise to new unexplored compounds, as in the case of gold-rhodium nanoalloys. 

According to literature, gold and rhodium are almost immiscible in bulk: the dissolution of the metals 

is below 1% even when temperature reaches 1200 °K.13,14 However, at the nanoscale Au and Rh  form 

hybrid structures which was proved to be very effective in catalysing light-induced reactions such as 

hydrogen generation from water15, oxygen evolution16, H2O2 synthesis17 and NO reduction in 

presence of carbon monoxide.18,19 The AuRh nanoalloy shows also superb catalytic activity towards 

carbon-based compounds, as in the case of tetralin hydroconversion with H2S20, alkenes reduction 

with gaseous hydrogen21 and CO oxidation.22 Last but not least, it was recently shown that such 

system has strong bactericide action towards drug-resistant bacteria.23 Despite the extraordinary 

performances and adaptability, AuRh alloy has been rarely investigated to date, mostly because 

batch-synthesized AuRh particles are mildly stable and tends to dissociate.24 Most of the available 

data are therefore related to surface-supported systems, using as supporting materials TiO2 or Al2O3. 

However, it was shown that such experimental setting induces phase segregation, affecting the 

catalytic potential which remains largely unexpressed.20,25 Thus, finding a feasible synthetic way to 

obtain stable AuRh alloys that do not segregate is a crucial point that must be addressed. 

To date, the computational efforts spent on the study of this nanoalloy mainly focus on the 

characterisation of the systems, barely accounting for its dynamics. Several studies indicate how the 

most stable configuration for the isolated nanoalloy seems to be the one with the rhodium 

encapsulated inside gold, forming a core-shell structure, in line with what can be predicted on the 

basis of the relative surface energy of the two components.26 Interestingly, this feature was 
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recovered either in small aggregates (few dozens of atoms) and in large systems (more than 10000 

atoms), using both ab-initio and classical atomistic approaches.27–30 Despite these evidences, there 

is no general consensus among the theoretical and experimental communities  

on which are the more favorable geometrical arrangements, how these depend on variables as the 

relative metal composition or the operating temperature and what is the relation between the 

structure and the photocatalytic properties. Indeed, very recent studies seems to undermine the net 

stability of core-shell pattern compared to others configurations, suggesting a hybrid mixed-Janus 

motif as the most favorable arrangement31,32 while in parallel, other investigations started to shed 

light on the dynamics behind the synthetic process of these nanoalloys in some particular cases.33  

To date, what appears to be certain by mixing Au and Rh is that the shapes and properties strongly 

deviate from the ones of pure metal systems and this mismatch can be recovered even in aggregates 

composed of a few atoms.34 Moreover, it seems that in these aggregates an odd number of atoms 

stabilize the system and that the optimal Au:Rh ratio is around 50%.35 This naturally prompts the 

question: do these evidences still apply to larger system sizes? Understanding the relative stabilities 

of the various isomers and homotopes36 as a function of their size and chemical composition is a 

fundamental step to deeply understand their catalytic activity. To do that, it is necessary to study the 

formation process of the alloys using atomistic resolution and correlate the geometrical properties 

of the obtained structures with their physical features. I therefore conducted a computational study 

aimed to investigate the synthesis and the physical properties of AuRh nanoalloys in the 

subnanometer regime, between 20-150 atoms, by means of a multi-scale approach. I combined 

classical Molecular Dynamics (MD) and Density Functional Theory (DFT) simulations. The former 

method was applied to explore three different synthetic routes commonly adopted in the nanoalloys 

gas-phase synthesis, namely the one-by-one growth over a small metallic seed, the collision between 

nanostructures with different dimensions, and the annealing of liquid nanodroplets.37 By analysing 

the evolution of the energetics along the simulations, I could identify the most favourable nanoalloy 

morphology and their likelihood of being formed. The latter technique was further exploited to study 

their physical properties and their correlation with the nanoalloys shapes, obtaining interesting 

connections between the nanocluster structures and features.  

 

 

 

 



101 
 

Computational Methods 

 

Classical Molecular Dynamics simulations 

All calculations were performed as implemented in the open-source package LoDiS38, using the RGL 

protocol to describe the interatomic potential.39,40 Such force field is well known to give reliable 

results when the system involve metallic atoms.36,41,42 By means of MD I studied three different 

synthetic mechanisms using the following methodologies: 

1) One-by-one growth: I simulated the growth of Rh over a tetrahedron Au20 seed (Au20-Th) and 

of Au over various Rh seeds, namely double-icosahedron Rh19 (Rh19-DI), truncated cuboctahedron 

Rh38 (Rh38-Co) and icosahedron Rh55 (Rh55-Ih). These structures are visible in the bottom panel of 

Figure 1. All simulation were conducted at 600 K, depositing one atom every 50 ns. The deposition 

stopped when the whole nanocluster reaches the sizes of 150 atoms. The choice of simulating Rh 

deposition on a gold seed in a single case come from the evidence that Au naturally tends to diffuse 

towards the surface and constitute the external part of the particle, losing its role as kernel. 

2) Nanocluster’s coalescence: I simulated the collision and further coalescence of the gold-

based systems Au20-Th, Au38-Co, Au55-Ih and Au75-Co with the rhodium Rh19-DI, Rh55-Ih and Rh75-Co 

nanoclusters. This allowed me to obtain and analyze the dynamics of formation of several alloyed 

structures which differ in sizes and compositions. The collision always occurs along the same 

cartesian axis, thus using the same nanoclusters impact angle. All systems were simulated for at 600 

K for a total amount of 500 ns, allowing the system to relax after the impact which always takes 

place within the firsts 50 ns. Snapshots showing coalesced structures are reported within the graphs 

in Figure 2. 

3) Nanodroplets annealing: I simulated the annealing process of several Au, Rh and AuRh 

systems. In particular I tested the following structures: Au55-Ih, Au147-Ih; Rh55-Ih, Rh147-Ih; Rh@Au 

core-shell 55 atoms Au42Rh13-Ih and Au36Rh19-Ih, 71 atoms Au52Rh19, 92 atoms Au73Rh19, 147 atoms 

Au92Rh55-Ih, Au128Rh19-Ih and Au134Rh13-Ih; Au@Rh inverse core-shell 55 atoms Au13Rh42-Ih; 

randomly mixed chemical ordered 55 atoms Au26Rh29-Ih; Janus ordered 55 atoms Au27Rh28-Ih. 

Notice that most of the chosen nanoalloys come from the simulations described in 1) and 2) while 

other structures were built ad hoc to be tested in these simulations and measure their Tm. The 

systems were first melted by gradually increasing the temperature and then cooled down using an 
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heating (and cooling) rate of 1 K/ns, which is small enough to consider the solid-liquid transitions as 

a reversible process and was proven to give reliable Tm within a ±50 K range.43 The initial and final 

temperatures depend on each system, and are chosen in order to make the solid–liquid transition 

clearly visible from the excess energy data, as shown in Figure 3. Please notice that some of the 

mentioned nanoclusters are not explicitly treated in the discussion and not considered in the plot 

reported in Figure 4. This because, as mentioned in the text, some of the considered 55 atoms 

structures (inverse core-shell Au13Rh42, randomly mixed chemical ordered Au26Rh29-Ih and Janus 

ordered Au27Rh28-Ih) are highly unstable and naturally assume core-shell motifs during the initial 

heating, giving caloric patterns and structure similar to the core-shell cases (e.g. Au42Rh13-Ih or 

Au36Rh19-Ih).  

Before performing the simulations, all nanoclusters were quenched through a 5 ns long 

equilibration. The simulations were performed through a Velocity–Verlet algorithm to resolve 

Newton’s equation, using a time-step of 5 fs and imposing a temperature control through an 

Andersen thermostat with a stochastic collision frequency of 5·1011 Hz. This protocol has already 

been assessed as reliable by other simulations involving metallic nanoclusters.41,44,45 All described 

simulations were repeated 10 times, randomly assigning the initial value of the atomic velocities 

from a fixed-temperature Maxwell-Boltzmann distribution. All results I reported in this chapter are 

averaged over the 10 trajectories, and thus neglect spurious contributions coming from the initial 

conditions of the systems. Lastly, notice that most of the calculations are performed on 

geometrically closed shapes since they are the most energetically favourable in the case of bare 

metallic nanoclusters.46  

 

Density Functional Theory calculations 

As discussed in the Result and Discussion section, I performed ground-state DFT calculations on the 

most favorable geometries recovered along the MD simulations and relative isomers. These 

calculations were conducted at the PBE level47 using plane-waves basis sets, as implemented in the 

code Quantum ESPRESSO version 6.6.48,49 To describe the core electrons of the metal species I 

employed fully relativistic norm-conserving pseudopotentials. For both Au and Rh, the kinetic 

energy cut-off for the wavefunction and the electronic density were converged to 60 Ry and 300 Ry 

respectively. The various structures were relaxed through spin-polarized BFGS optimizations, 

assigning a non-null magnetization to both Au and Rh species of 0.5 bohr/atoms and imposing a 

0.01 Ry gaussian smearing to facilitate the convergence of the electronic densities. Calculations 
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were performed at Γ point using a system-dependent cubic cell large enough to assure at least a 15 

Å vacuum layer among a nanocluster and its replica. A subset of the structures relaxed with this 

approach are visible in Figure 5. The effective atomic charges assigned on each atom of the 

nanoalloys were calculated as 𝑄𝑒𝑓𝑓 = 𝑛𝑒 − 𝑞 where 𝑛𝑒 is the number of accounted valence 

electrons for Rh and Au, while 𝑞 is the Bader charge calculated through the Bader partitioning 

charge analysis.50–52 

 

Energetics and characterisation  

To characterise the thermodynamics of the trajectories and estimate the stabilities of various 

isomers, I defined some useful quantities that allow a characterization of the processes and systems 

energetics. These quantities are defined as follows: 

• Excess energy: this represents the energy required to form a certain alloyed structure 

starting from the Au and Rh bulk phases. This quantity was proved to be a reliable descriptor for the 

relative stability of alloys with different sizes and compositions.46,53,54 It is defined as: 

𝐸𝑒𝑥𝑐 =
[𝑁𝐴𝑢𝐸𝐴𝑢

𝑐𝑜ℎ+𝑁𝑅ℎ𝐸𝑅ℎ
𝑐𝑜ℎ]−𝐸𝑎𝑙𝑙𝑜𝑦

(𝑁𝐴𝑢+𝑁𝑅ℎ)
2/3                                                          (1) 

where 𝑁𝐴𝑢and 𝑁𝑅ℎ are the number of Au and Rh atoms constituting the alloy, 𝐸𝐴𝑢
𝑐𝑜ℎand 𝐸𝑅ℎ

𝑐𝑜ℎare the 

cohesive energy of bulk Au and Rh and 𝐸𝑎𝑙𝑙𝑜𝑦 is the total energy of the nanoalloy, estimated 

classically by MD. In all cases, 𝐸𝐴𝑢
𝑐𝑜ℎ= 3.55 eV and 𝐸𝑅ℎ

𝑐𝑜ℎ= 5.75 eV which are the values of cohesive 

energies predicted by the adopted force field. 

• Binding energy: the energy gained by the systems when the atoms bind together starting 

from their gas phase, defined as: 

𝐸𝑏𝑜𝑛𝑑 =
[𝑁𝐴𝑢𝐸𝐴𝑢

𝑓𝑟𝑒𝑒
+𝑁𝑅ℎ𝐸𝑅ℎ

𝑓𝑟𝑒𝑒
]−𝐸𝑎𝑙𝑙𝑜𝑦

𝑁𝐴𝑢+𝑁𝑅ℎ
                                                   (2) 

where 𝐸𝐴𝑢
𝑓𝑟𝑒𝑒

 and 𝐸𝑅ℎ
𝑓𝑟𝑒𝑒

are the energy of single Au and Rh atoms in the gas phases, estimated at the 

DFT level. In this case 𝐸𝑎𝑙𝑙𝑜𝑦 refers to the total energy of the relaxed nanoalloy, calculated at the 

DFT level. 
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• Mixing energy: energy gained by the systems when alloys with specific geometries are 

formed, compared to the pure metal nanoclusters. It is defined as: 

𝐸𝑚𝑖𝑥 =
[

𝑁𝐴𝑢
𝑁𝐴𝑢+𝑁𝑅ℎ

𝐸𝐴𝑢
𝑎𝑙𝑙𝑜𝑦

+
𝑁𝑅ℎ

𝑁𝐴𝑢+𝑁𝑅ℎ
𝐸𝑅ℎ
𝑎𝑙𝑙𝑜𝑦

]−𝐸𝑎𝑙𝑙𝑜𝑦

𝑁𝐴𝑢+𝑁𝑅ℎ
                                                  (3) 

where 𝐸𝐴𝑢
𝑎𝑙𝑙𝑜𝑦

 and 𝐸𝑅ℎ
𝑎𝑙𝑙𝑜𝑦

are the DFT calculated energy of pure Au and Rh nanoclusters at the 

geometry of the considered alloy. Even in this case 𝐸𝑎𝑙𝑙𝑜𝑦 is the total energy of the relaxed nanoalloy 

computed at the DFT level. The ε𝑚𝑖𝑥 values collected in Table 1, are the mixing energy defined in 

equation (3) normalized by the number of atoms. 

Finally, I want to mention that the graphical representation of all nanocluster structures were 

obtained using the visualization code OVITO.55 

 

Results and Discussion 

 

The first explored synthetic route was the one-by-one growth in the gas phase. Here, a nanocluster 

of a certain species (Au or Rh) act as a nucleation site for the nanoalloy growth which is performed 

by subsequent deposition of atoms of the other species. I explored the growth of Au over three 

different Rh seeds, namely the Rh19 double-icosahedron (Rh19-DI), Rh38 truncated cuboctahedron 

(Rh38-Co), and Rh55 icosahedron (Rh55-Ih), while the growth of Rh atoms over gold were performed 

for a single seed, i.e. the Au20 tetrahedron seed (Au20-Th). Graphical representations of these 

nanoclusters, as well as the excess energy trend as a function of the alloy composition and total 

number of atoms are collected in Figure 1. The excess energy is defined as the energy loss with 

respect the same amount of atoms in the bulk, roughly divided by the number of atoms at the 

surface (see equation 1 in the Computational Methods section). The choice of such particular seeds 

come from what is already known about the structure of small metal clusters which tend to generate 

compact aggregates with well-defined geometries. 38-Co and the 55-Ih are configurations 

commonly assumed by many metal aggregates,54 while the Au20-Th and Rh19-DI are known stable 

structures for these two particular metal species.56,57 As visible from the excess energy plots, the 

thermodynamic and the stability of the systems strongly depend on the size and composition. In 

particular, it appears that the larger the amount of gold the lower the excess energy of the alloy. 

This is because the bulk cohesive energy, which directly influence the excess energy as reported in 
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equation (1), is remarkably lower for gold compared to rhodium (c.a. 3.8 eV vs 5.9 eV)58  and 

therefore larger Au:Rh ratio are characterised by smaller excess energies. The latter argument 

explains also why the growth of Rh over Au20-Th (red line) seems to follow an opposite trend in the 

bottom panel of Figure 1. Notably, each line in the graphs presents a non-monotonic behavior and 

local energy minima. This is particularly evident in the case of Au deposition over Rh19-DI (black line) 

where 5 local minima can be identified. These points correspond to the 5 morphologies, depicted 

at the bottom panel of Figure 1.  

Those morphologies have a Rh19 core enclosed in a gold-shell which covering extension and motif 

depend on the number of Au-atoms. Among these 5 structures, the ones with lower number of 

atoms are worth of particular interest as they present very unusual and exotic arrangements. The 

39 atoms Au20Rh19 structure is composed by an inner Rh19 core surrounded by an atomic gold stripe; 

Figure 1. Excess energy as a function of composition (upper panel) and total number of atoms 
(bottom panel) for the AuRh formation through one-by-one growth in gas phase. Inset images 

at the beginning of the curves represent the starting metal seeds, while the others are 
schematic representations of notable structures. Blueish and yellow balls represent Rh and Au 
atoms, respectively. Plotted curves are averaged over 10 trajectories, error bars are omitted, 

curves are given within ±0.1 eV. 
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the 55 icosahedral Au36Rh19 system presents a ball-cup arrangement where a Rh tip emerges from 

the inner part of the icosahedron and the 71 atom Au52Rh19 which shows a chiral core-shell motif. 

For the sake of brevity from now on these clusters will be named 39-GS (gold stripe), 55-BC (ball-

cup) and 71-CM (chiral motif).  

At this stage of the investigation, it is worth noticing that the configuration of the Rh19 seed seems 

to play a major role in determining the formation process of those structures. While in the case of 

71-CM the seed still shows a double-icosahedron symmetry, in the case of 39-GS and 55-BC, the 

Rh19 seed presents a fused icosahedron-decahedron geometry, as visible from Figure 2. I never 

observed the Rh-seed assuming a double-decahedron, but the Ih-Dh is similar to what recently 

found in ab-initio MD of Al-nanoalloys.59 This indicates that geometrical modification can occur 

within the nanoalloy cores during the formation process and that these changes directly influence 

the stability of the whole nanoalloy and drive its growth. I will refer to this seed configuration as 

Rh19-ID. The role the seed geometry has on the whole structure stability, together with a thorough 

analysis of the mentioned notable structures is given in the following section, where DFT 

calculations results will be presented and discussed. 

The two morphologies corresponding to the other excess energy minima in the one-by-one 

deposition of Au over Rh19 (black curve in Figure 1) corresponds to the 92 atoms Au73Rh19 and the 

147 atoms Au138Rh19 respectively. These structures present more predictable and less unique shapes 

compared to the previous ones, since they possess complete (Au138Rh19) or incomplete (Au73Rh19) 

icosahedral geometries.46 Therefore, despite these structures are marked by relative low-energy 

geometries, I did not include them in the examinations which is dedicated to the sole structures 

which due to their exotic shapes, could present notable and unique physical and catalytical 

properties. The discarded nanoclusters will be however taken into account in the simulations 

investigating nanodroplets annealing, as I will discuss later.  

Figure 2. Graphical representation of the two configurations assumed by the Rh19 seed along the 
nanoalloys growth. 
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Focusing on the growth over the other Rh seeds (Rh38-Co and Rh55-Ih), the excess energy trend does 

not reveal any particular structure corresponding to a certain nanocluster size or composition, 

except for the icosahedral Au92Rh55 147 atoms nanocluster, coming from the growth of Au over 

Rh55-Ih which is stable due to the geometrical closure of the shell enveloping the inner seed. Lastly, 

the deposition of Rh atoms over a gold seed does not produces any notable structures. The mild 

variation of the excess energy trend in Figure 1 (red line) refers to geometries in which the gold 

atoms of the seed migrate toward the external surface of the nanocluster, locally smoothening the 

monotonical growth of the excess energy. Obtained Rh-rich systems do not produce high symmetry 

structures, preferring to form aggregates reminding the FCC structures of bulk rhodium. The 

remarkable propensity of Au atoms to migrate towards the surface notwithstanding its small 

diffusion coefficients60 (it was estimated in the order of 10-17 cm2/s) suggests a strong tendency to 

form segregated phases with Rh preferably confined within a gold shell, in line with what observed 

in the previously discussed simulations where the seed was made of Rh atoms. Despite the general 

consensus in reputing the Rh@Au core-shell arrangement as the most stable for AuRh arising from 

computational inspections,27–30,61 this is the first time the arising of this chemical order is directly 

observed with atomistic accuracy in such small nanoclusters through MD simulations. This tendency 

to form alloys with this specific chemical ordering can be justified by the higher cohesive of Rh atoms 

compared to Au, which naturally arrange in order to minimise the exposed surface and saturate all 

pending bonds. Having in mind photocatalytic applications where the strong plasmonic properties 

of gold are combined with the catalytic capabilities of rhodium, this phase segregation could heavily 

affect the device performances since no Rh atoms are available to bond molecular species on the 

surface of the nanosystems. Thus, searching for strategies that promote synthesis of alloys rich in 

surface Rh content is currently a major challenge that must be faced.  Simply increasing the Rh 

content of the alloy cannot represent a solution, since the disordered spread of the gold atoms on 

the surface would dramatically affect the plasmonic resonance and thus the optical properties of 

the system. Indeed, these would be dominated by the poor optical response of rhodium, losing the 

main driver for the photocatalysis. Within this framework, the presented 39-GS and 55-BC systems 

could represent a concrete possibility for catalytic applications since they expose Rh atoms on the 

surface while maintaining well-defined structures and thus specific and well distinguishable 

electronic transitions. For photocatalytic purposes, 71-CM could also represent a valuable candidate 

due to its chiral superficial texture that could bind molecules with a chiral configuration, even 

though the shell is made of gold atoms. 
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The second explored synthetic route was the coalescence between pure nanoclusters in the gas 

phase. The complete list of structures I chose for these simulations is available in the Computational 

Methods section, while the excess energy of the obtained alloys as a function of composition and 

dimensions are given in Figure 3. As expected, the stability of the coalesced nanoclusters directly 

depends on the ratio between the two metals: the higher the Au:Rh ratio, the lower the excess 

energy. Notably, regardless the dimension of the gold counterpart, the coalesced nanoclusters 

coming from the collision of Rh19 have the lowest excess energies and closely follow the trend 

recovered in the case of the one-by-one growth, included in Figure 3 as reference to evaluate the 

coalescence efficiency. This because, due to its small dimension, the Rh nanocluster can be fully 

enveloped within a gold shell and this rapidly occur in order to minimize the whole surface energy, 

similarly to what is observed in the one-by-one growth.  

Figure 3. Excess energy as a function of the chemical composition (upper panel) and the total 
number of atoms (bottom panel) for the AuRh formation through coalescence (coloured symbols). 
For the sake of comparison, the graphs include the excess energy trends of the one-by-one growth 

in the case of Au20-Th and Rh19-DI seeds. Inset images represent the alloys recovered from the 
coalescence simulations. Error bars are the standard deviation of the excess energy calculated 

over 10 trajectories. 
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Apart minor differences, the structures obtained in this case have morphology which is surprisingly 

similar to the ones of the gold deposition over Rh19 seed. An interesting exception is represented by 

the case of the coalescence between Au20 and Rh19 which produce a nanocluster where the Rh 

kernel is partially covered by Au atoms, in a covering motif quite different from the one of the 39-

GS case obtained during the deposition. 

Despite the different structural arrangements, isomers obtained through these two synthetic 

approaches have practically the same excess energy, indicating the same relative stability compared 

to other possible shapes. This suggests that, although coalescence can produce structures 

energetically identical to the one of the growths over seeds in some specific cases, this technique 

can be used to synthesise isomers of the same nanocluster whose properties could be sensibly 

different from its one-by-one growth counterpart. These considerations are however valid only in 

some specific cases. As observable from Figure 3, most of the coalesced alloys strongly deviate from 

the ones of the metal deposition over a seed, either considering the growth over Au20-Th and Rh19-

DI (red and black lines in Figure 3). Most of the simulations produce non-symmetric shapes which 

often are energetically higher than those obtained from the one-by-one growth at the same Au:Rh 

compositions (see e.g. the results concerning the coalescence of Au75). In general, they have 

energies higher compared to the ones obtainable through metal deposition and nucleation on a 

seed. At finite temperatures, it is likely coalesced morphologies will evolve to those shapes obtained 

from the one-by-one growth. I did not consider asymmetric morphologies for further analysis. 

Before proceeding with the presentation of the results concerning the last explored synthetic 

procedure, it is interesting to highlight the natural propensity to generate Rh@Au core-shell 

nanoclusters where the Au atoms tends to cover the surface of the Rh counterpart as noticeable in 

the inset images reported in Figure 3, confirming the natural predisposition observed in the 

previously analysed synthetic route. 

The third and last way I explored for the formation of AuRh nanoalloys is the annealing of small 

nanodroplets. In these simulations, some of the tested systems were collected from the trajectories 

of the processes already discussed, while others were specifically built for this purpose. A detailed 

list of the tested systems is available in the Computational Methods section. Compared to the 

previous synthetic approaches, this process allows the formation of the thermodynamically stable 

isomer for a certain nanocluster and this highlight which structures are more likely to be obtained 

in an experimental setup. Moreover, these simulations provide the melting temperature (Tm) of the 

investigated alloys, since the solid-liquid phase transition can be directly observed from the trend 
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of the excess energy as function of the temperature in both melting and subsequent freezing 

processes. An example of this plot is given in Figure 4 where the excess energy for the 55 atoms 

core-shell Au42Rh13 icosahedral nanocluster is given as function of temperature, in both processes. 

In this case, the systems present a phase transition which begins at 1000K and terminate around 

1200K, leading to a liquid nanodroplet. I define the Tm of the nanocluster as the inflection point of 

the functions which in this case falls around 1100K. The overlap of the two lines referring to the 

melting and freezing processes indicates that the transition is thermodynamically reversible and 

that the geometries recovered from the solidification, i.e. the thermodynamically stable isomer of 

the alloy, coincide with the nanocluster initially melted. 

As a general trend, I recover that all investigated nanoalloys present excess energy trends similar to 

the ones of Figure 3. However, there were specific cases where the plots show discontinuities and 

non-monotonical trends for the excess energy dependence on the temperature. This is especially 

the cases for the systems I built to study the stabilities of Janus, inverse core-shell, and randomly 

mixed chemical ordering. The uncommon tendencies of their excess energy indicate large 

instabilities and testify the presence of phases transition toward the Rh@Au core-shell chemical 

order even below 300 K, thus highlighting the high instabilities of these arrangement compared to 

the core-shell one.  

Apart from these cases, most of the investigated nanosystems present annealing patterns that 

confirm the thermodynamical stability of the structures annealed, presenting no mismatches 

Figure 4. Caloric curves for core-shell Au42Rh13 nanocluster for both melting and freezing 
processes. Inset images represent the alloy conformation at 800K and at 1400K. 
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between the excess energy trends for the melting and freezing simulations and well-defined Tm. 

Dynamically, it appears that the solid-liquid transition is generally driven by the integrity of the gold 

shell. In the case of melting process, as the temperature approaches the Tm, the atoms constituting 

the Au shell starts to vibrate and diffuse, losing a coherent motif while the inner Rh seed remains 

compact. As the temperature exceeds Tm, the rhodium kernel starts to lose its structure and 

gradually melts. This phenomenon, always observed in the systems, can be interpreted on the basis 

of the following considerations. First, Tm  for gold is sensibly lower than the one of rhodium (1337K 

vs 2237K in the bulk phase62) indicating a weaker temperature stability for gold structures. Secondly, 

rhodium core is usually enveloped within the gold shell in a compact shape where the atom 

coordination numbers are generally higher than the ones of the gold atoms constituting the shell. 

Therefore, the binding energy per atom is higher for Rh than Au. This does not mean the Rh kernel 

do not play an active role in the process. In the case of 71-CM, for example, the rotational motion 

of Rh19-DI seed is activated by the temperature, allowing a continuous swap between Rh19-DI and 

Rh19-ID shapes, whose graphical models are presented in Figure 2. A plot showing the Tm as function 

of the cluster sizes and metal contents for the investigated nanoalloys is available in Figure 5.  

 

Figure 5. Melting temperatures of the investigated nanoalloys, as a function of size and metal 
content. The images are graphical representations of the particular systems. Tm are given within a 

confidence interval error of ±50K. 
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Pure Au and Rh icosahedral structures made on 55 and 147 atoms were included in the analysis as 

benchmark to evaluate the features of the nanoalloys. As expected, the Tm of systems owning the 

same number of atoms (e.g. when N=55, 147 in Figure 5) locate between the values identified for 

the pure nanoclusters. This proves that Tm is a multifactorial function that depend on both system 

size and composition. Such dependencies are however not so trivial as could be thought in the first 

place. It is indeed surprising how the Tm of 71-CM is 140K higher than the one of the 92 atom 

structure Au73Rh19. Such temperature difference is too large to be justified on the basis of the sole 

difference in metal content which is indeed quite moderate (73% of Au content for 71-CM vs 79% 

in the case of Au73Rh19) and anyway is not coherent with the fact that the 147 atoms Au128Rh19 

present a higher Tm compared to Au73Rh19. Furthermore, all those structures arise from the same 

synthesis, and thus this peculiar Tm behaviour cannot be related to differences in chemical ordering 

or nanoclusters inner morphology. The explanation of this phenomenon must lie elsewhere. 

Thinking about the relative structures stabilities it can be noticed that the 71-CM and the Au128Rh19 

nanoclusters possess remarkable energetic stabilities given by the geometrical closure of the gold 

shell surrounding the inner part of the system. Being stacked within a well-defined texture, the gold 

atoms have a high kinetic diffusion barrier and texture is less affected by the enhanced thermal 

vibrations. On the opposite side the superficial atoms of Au73Rh19 are not constrained within any 

particular motif and further suffer from low-coordinated Au atoms, making them more sensible to 

the increasing of temperature.  

Another interesting aspect that emerges from the analysis of Tm is that all nanoalloys shows 

remarkably high thermal stabilities. There are nanoalloys like 55-BC with remarkably high Tm 

(around 1000K), which is an outstanding value for a 55 atoms aggregate. The case of 147 atoms 

structure is even more surprising. Even though some of them have a very low Rh content (e.g. 

around 13% in the case of Au128Rh19), the Tm are still impressive being located around 1000K. This 

indicates that even a small amount of Rh can heavily modify the physical properties of these systems 

and influence their thermal stabilities. This in turn suggests that a Rh doping of gold structures could 

effectively increase the thermal stability of the system and extend the range of temperature in 

which gold-nanostructured devices can be applied, potentially leading to important improvements 

in technologically relevant applications.  

These latter observations, which are here based on a theoretical approach to the problem, follows 

what is experimentally known about the thermal stabilities of these nanoalloys. In a work from 2017, 

Shubin et al. studied the formation and stability of gold-based nanoalloys exploring also the AuRh 
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system.33 Despite the investigated sizes and compositions were slightly different from the ones of 

my nanosystems, their analysis reflects what I observed in the simulations. High Temperature 

Synchrotron X-Ray Diffraction techniques revealed that AuRh nanoalloys have a remarkable thermal 

stability (even though smaller than the ones I observed) and the authors suggested this is due to the 

slow kinetics of rearrangements which require large amount of thermal energy to be activated. My 

simulations are compatible with the experimental observations on the impressive thermal stabilities 

and the high kinetic energy barriers, while highlighted the importance of the latter and its 

connection with the geometrical arrangements of the atoms. I indeed recover a non-monotonic 

trend in the size dependence of Tm, which I related to the structures of the alloys themselves and 

their structural closure. To conclude this section on the results of MD simulations, I want to 

comment and integrate the synthetic mechanism Shubin et al. proposed their work. From the data 

obtained through X-Ray Diffraction, they proposed the synthesis of AuRh could occur through a 

conversion chemistry mechanism where Au seeds act as nucleation spots for Rh growth, which 

gradually migrates towards the inner part of the structure as the sizes increase.33 The experimental 

conditions indeed forced the synthesis to proceed that way and it was demonstrated to generate 

thermally stable nanoclusters. However, the melting temperature recovered by the authors are 

sensibly smaller compared to the ones I predict in The simulations, being around 700-800K for 

nanoparticles with sizes around 5 nm. In my opinion this is due to the chosen synthetic procedure 

(Rh nucleation over Au seeds), which I demonstrated is not the most suitable for these kinds of 

nanoalloys, leading to relatively unstable systems. On the contrary, performing the growth the 

opposite way i.e., by depositing Au onto Rh seeds could bring to structures with higher thermal 

stabilities, lower topological disorder and could lead to a more accurate atomic species distribution, 

selectively producing minimum energy alloy isomers.  

In the second part of this chapter, I deepen the insights on some specific AuRh structures and 

investigate their features by means of DFT. I focused the treatment on the formerly described 39-

GS, 55-BC and 71-CM nanoclusters since their exotic shapes together with their remarkably relative 

stability makes them good potential candidates for photocatalytic applications. Each of the 

mentioned cases were studied in two different shapes. As noticed in the one-by-one growth 

simulations, the geometry of the inner Rh seed seems pivotal to determine the structure and 

stability of the nanoalloys. I therefore investigated the mentioned alloys taking into account two 

different isomers, namely Rh19-DI and Rh19-ID. I furthermore extend the calculations on the pure 

forms of metal structures, i.e. on Rh19, Au20-Th, Rh55-Ih and Au55-Ih. The data recovered from the 
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DFT calculations are collected in Table 1. Starting from the systems energetics, the nanoclusters 

isomer which resulted energetically favoured from the MD simulations still resulted the most 

favourable structures in the DFT simulations. This is confirmed by the values of the bonding energy 

Ebond which are always higher for the isomers recovered through MD (marked with * in Table 1) 

compared to the counterpart. However, the relative stability between the two isomers is not 

constant and seems to increase as the gold shell covers the inner seed. The energy separating the 

two isomers are 0.16 eV, 0.24 eV and 1.36 eV for 39-GS, 55-BC and 71-CM nanostructures, 

respectively. This clearly suggests that the higher the constraining given by the gold enveloping, the 

more difficult is for the seed to retain a certain configuration.  

Energetically speaking, there is also a net energy gain in forming the alloy compared from the pure 

nanoclusters, as confirmed by the positive values of the mixing energy εmix. This in turn indicates 

that the production of those systems should be an exothermic process which occurs spontaneously 

and could in principle catalyse the production of isomers with similar energy, if the kinetic energy 

barrier for isomers transition is small enough. The geometrical analysis of the DFT relaxed 

nanoalloys reveals interesting trends for the nearest neighbour interatomic distances. At first, the 

data demonstrate that as the size of the system increases, the average Au-Au bond length increases 

and get closer to the bulk reference value of about 2.88 Å.63 This phenomena is well known to take 

Name Shape dAu-Au [Å] dRh-Rh [Å] dAu-Rh [Å] Ebond  [eV] εmix [eV] M [μB] H-L [eV] 

39-GS 
DI 2.80±0.02 2.72±0.17 2.77±0.10 3.419 0.297 0.07 0.03 

ID* 2.88±0.07 2.71±0.07 2.82±0.07 3.423 0.255 0.64 0.14 

55-BC 
DI 2.85±0.08 2.74±0.08 2.80±0.08 3.303 0.178 0.18 0.15 

ID* 2.89±0.04 2.69±0.05 2.81±0.04 3.307 0.146 0.32 0.16 

71-CM 
DI* 2.87±0.04 2.71±0.06 2.80±0.05 3.213 0.186 0.18 0.11 

ID 2.85±0.04 2.70±0.06 2.79±0.05 3.194 0.181 0.22 0.08 

Rh19 
DI* - 2.67±0.04 - 3.888 - 0.55 0.08 

ID - 2.63±0.08 - 3.876 - 0.41 0.18 

Au20 Th 2.81±0.10 - - 2.360 - 0.00 1.79 

Rh55 Ih - 2.65±0.06 - 4.489 - 0.54 0.10 

Au55 Ih 2.84±0.07 - - 2.527 - 0.00 0.65 

Table 1. Data collected from DFT calculations performed on various pure and alloyed nanostructures. 
Here d indicates the average bond length between nearest neighbour for the couple of species indicate as 
subscript, Ebond and εmix are the bonding and mixing energy, M is the average magnetisation per atom and 

H-L indicate the energy of the HOMO-LUMO gap. Errors associated to d are calculated as the standard 
deviation of the sets. * stands for the classical predicted lowest energy isomer. 
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place in small metal aggregates, where the average bond length is shortened compared to the bulk 

because of the lower coordination number of the superficial atoms, which tend to compensate the 

pending bonds by reducing their relative distance. Even Rh-Rh couples follow the same trend, 

especially if the average distances of the nanoalloys are compared with the ones of the pure Rh19 

seeds. This however is not connected to a larger number of Rh constituting the nanocluster, since 

the seeds always have the same number of atoms; indeed this effect arises from the sole covering 

effect given by Au, which stimulates an elongation of the Rh-Rh bonds, allowing them to approach 

and reach the bulk value of 2.69 Å.63 As far as I know, this is the first time this stimulated bond 

elongation given by the shell enveloping is observed in AuRh nanosystems. Finally, Au-Rh bonds are 

not sensibly affected by the size of the nanoalloys since their values remain always within the same 

confidence interval.  

The most remarkable differences involving DI and ID isomers are the ones relative to the magnetic 

moment per atom and to the energy gap between the frontier orbitals, namely the HOMO-LUMO 

gap. Simulations reveal that two isomers, which I remember differs for the sole rotation of the Rh 

seed, can have heavily different magnetic moment. According to the simulations, 39-GS nanocluster 

in its DI form has an impressive magnetic moment per atom and remarkable large HOMO-LUMO 

gap compared to its DI shaped counterpart. This suggests that small geometrical changes of the Rh 

seed could reflect into massive changes of the systems physical features and therefore, on its 

potential technological applications. Same considerations can be applied to the other analysed 

alloys and even on the Rh19 seed itself whose geometrical configurations strongly affect its 

electronic properties (see Table 1).  

Since I am interested in characterising the optical and photophysical dynamics of these systems, I 

searched for the existence of charge unbalances within the structures which could reflects to the 

existence of optically active charge transfer transitions. The analysis of the charge distribution 

within the most stable isomers is given in Figure 6. Take into account that the charge excesses and 

loses are given with respect to the number of electrons possessed by the single atomic species, as 

specified in the Computational Methods section. From the pictures collected in Figure 6, it can be 

clearly noticed the existence of a strong charge separation between Rh and Au atoms. In particular, 

gold atoms naturally withdraw electrons from rhodium, resulting in a partially oxidised 

configuration where Rh atoms can lose up to 0.2 electrons. Such an important charge unbalance 

directly arises from the electrochemical processes occurring at the Au-Rh interface which lead to a 

net electron transfer from rhodium to gold due to its lower electrochemical reduction potential. The 



116 
 

presence of partially oxidised Rh atoms in the external part of the clusters (in the case of 39-GS and 

55-BC) could lead to interesting photocatalytic processes. Indeed, simple coulomb interactions 

could favour the adsorption of electron rich molecules on top of these sites. Then by optically 

stimulating charge transfer transitions within the alloy, these adsorption points could easily take 

part to the optical activity and this in turn would probably affect the vibrational and/or the 

electronic structure of the adsorbed molecule, activating chemical reactions. Such a mechanism 

could also involve the generation of hot-carriers as already proposed for these nanoalloys.15  

 

 

 

Conclusions 

 

In this chapter, I studied the formation and the physical properties of AuRh nanoalloys, between 20 

and 150 atoms, by means of a multiscale protocol involving molecular MD and DFT simulations. 

Among the tested synthetic procedures, the one-by-one growth produces the most favourable 

geometries, especially when Au atoms are deposited over a Rh seed. Such processes generate 

structures with exotic shapes, whose growth is driven by the symmetry assumed by of the Rh seed, 

and turned to have extremely interesting physical features. All simulations generate structures 

marked by a strong phase segregation presenting a Rh@Au core-shell ordering. Any other 

Figure 6. Left panel: morphologies from the classical MD and DFT-relaxed. Au coloured in gold, Rh 
in blue. Central and right panels: distribution of charge unbalance, accordingly to the colour map. 

Right panel: Au atoms are shrunk to ease the visualisation of the Rh charge unbalances. Au 
vertexes are positively charged, while Rh is more negative when covered by Au. Details on the 

calculations are given in the Computational methods section. 
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arrangement resulted to be highly unstable, sometimes even at room temperature (as in the case 

of randomly mixed chemical ordering). All tested AuRh nanoalloys are characterised by a remarkably 

high melting temperature, sometimes above 1000K, even in cases where the Rh content is below 

20%. Moreover, I noticed that structures presenting geometrical closures resulted particularly 

stable at high temperature. Ab-initio investigations performed on structures built from a Rh19 seed 

revealed that the shape assumed by the inner parts of the nanostructures plays a major role in 

determining the system physical features, especially regarding the magnetic moment and HOMO-

LUMO gap. An analysis of the charge distribution demonstrates the existence of a net charge 

separation within the nanoclusters, with gold atoms withdrawing electrons from rhodium. This 

suggests the existence of optically active charge transfer transitions that could play a major role in 

the system photocatalytic capabilities. To date these are nothing more than theoretical 

speculations, however I strongly believe this route deserves to be explored since it could bring 

massive theoretical and practical improvements in the use of AuRh nanosystems as effective 

photocatalysts. Globally, these results represent a solid step toward the comprehension of the 

dynamics and the physical properties of these notable nanoclusters. 
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Conclusions and perspectives 

This PhD thesis is devoted to investigate the mechanisms underlying energy and charge transfer 

processes occurring between nanostructures and molecular species in the presence of an external 

electromagnetic field, through the application of various computational methodologies based on 

ab-initio calculations and classical atomistic techniques.  

Each of the four main chapters constituting this thesis aims to focus on a specific aspect of light 

stimulated nanostructure-molecule interactions in technologically relevant devices or in simplified 

model systems. This provided new insights on energy and charge transfers phenomena which in 

some cases resulted to be intimately connected. Unfortunately, exploring those effects was not 

directly possible for all cases accounted, since exploring such features would require a prior 

extensive characterization of the unexcited systems which were not available when I first started 

my PhD. An adequate treatment of the energy and charge transfers processes in these hybrid 

nanosystems indeed requires particular attention from a computational point of view even in the 

case of ground-state calculations since the system have an intrinsic multiscale nature. As example, 

just remind that typical dimensions for plasmonic devices are in the order of 10-100 nm while the 

typical length of common molecular species are usually smaller than 1 nm. While the latter can be 

easily handled and studied via first-principles techniques, the former necessarily need some 

approximation, being a complete first-principle treatment computationally unfeasible.  

In order to tackle this problem, I therefore had to make some necessary simplifications to the 

systems explored. These approximations were chosen in accordance with the problems under study 

and were always weighed against the type of detail the system required. 

In chapter one, for example, the approximation lies in the fact that the object of study is the sole 

nanocluster and its optical properties, embedded in a certain environment. Here I decided to ignore 

the presence of the lanthanide as well as the possible resonance effects generated by the presence 

of a time-resolved light pulse. Although this naturally loses some of the underlying physics, it has 

allowed me to explore the theoretical behaviour of a set of nanostructured systems and validate, 

against experimental data, a unifying theoretical approach which can interpret the energy transfer 

processes occurring in these systems.   

In chapter two I could not directly explore the photophysical feature of the reaction since an 

exhaustive treatment of the ground state properties of the system were lacking. It was then 

necessary to study the thermal catalysed reaction path, and this required certain approximations. 
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The main one was that the metallic nanoparticle were modelled as a slab of finite thickness, over 

which the dynamics of the various reaction intermediates were estimated with ab-initio accuracy. 

In this way, the contribution the bulk-like electronic structure of the nanoparticle could have toward 

the dynamics reaction was lost. In addition, I have found that the choice of the appropriate 

exchange-correlation functional can severely affect the results and thus can represent a further 

source of inaccuracy. Despite their presence, these simplifications were necessary to characterise 

the thermodynamics of the CO2 reduction rate determining step and to lay the foundations for a 

more in-depth study of the photophysical properties of this process. I would here like to mention 

that further explorations in this sense are currently being developed following two different 

approaches, which describe differently the effects the external electric field has toward the system. 

As mentioned in the Introduction of this thesis, such approaches consist in (i) modelling the 

nanoparticle-molecule interface through multiscale model based on continuum and atomistic 

techniques and treating the light-stimulated effects by exploiting real-time dynamics of the 

polarized system wavefunction and (ii) investigate the thermodynamic profile of the rate 

determining step in the excited states, adopting a fully atomistic approach based on both DFT 

calculations and many body perturbation theory techniques. The expectations for these 

investigations are remarkable: these indeed can unravel the true mechanism underlying the metal-

catalysed CO2 photoreduction and give valuable indications about the role played by the energy and 

charge transfer processes.  

The third chapter is perhaps the one that suffers most from approximations both on the definition 

of the model system and in the calculation accuracy. Here, major simplifications have been made to 

the structure of the nanoparticle in order to study how a charge injection can also be accompanied 

by an energy transfer. Moreover, unfortunately, the presence of computational artefacts within the 

code prevented me to include the dynamics of the ions in the calculation and this further increased 

the degree of simplification, this time affecting the calculation methodology. Notwithstanding these 

strong approximations, in this chapter I was able to demonstrate how charge injection can be also 

accompanied by energy transfers that can selectively activate certain vibrational modes within the 

molecule. This in turn provides new evidences on the mechanism interplaying between charge and 

energy transfers and on how this could have important consequences in photocatalysis.   

Finally, in the fourth and last chapter, I decided to adopt a different approach: instead of accounting 

for certain assumptions about the nanoalloys structures treating it at the first-principle level form 

the beginning, I have chosen to start the exploration by analysing how these alloys can be formed 
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in certain conditions and which are the main structural features emerging during the synthesis of 

those systems, by means of molecular dynamics calculations. Using these techniques on systems 

with such small dimension (20-150 atoms) and thus intrinsically affected by quantum confinement 

effects is limiting. However, such protocol could rapidly provide geometries that were then 

investigated with more refined ab-initio tecniques. By exploiting this multiscale protocol, I was able 

to obtain a set of particularly interesting nanoalloyed structures, to validate their stability and to 

characterise them from a structural and physical point of view. More investigations on the optical 

properties of those systems will be performed in the next months, also thanks to a newly obtained 

HPC-EUROPA3 grant award, aimed to support a 3-months visiting period during 2022 by granting 

financial contributions and access to computational facilities. I am convinced that this study will 

provide new and stimulating insights on the nature of energy and charge transfer phenomena within 

bimetallic nanosystems and on how this reflects in photocatalysis. Indeed, as demonstrated in 

chapter 1, there exist alloyed nanosystems which can sustain effective energy transfer and provide 

energy to a coupled species. This, joined to the fact that within these systems there can be 

production of excited carriers, naturally lead to the hypothesis that within these system energy and 

charge transfer effects may cooperate. Studying those systems could then provide new and deeper 

comprehension of these phenomena. 

Globally, the various investigation performed during my PhD have provided new perspectives and 

in the field of light-stimulated energy and charge transfer processes at the nanoscale, suggesting 

those mechanism cannot be in principle treated separately. 

Compared to the initial state of the art, my contribution expands the range of theoretical tools that 

can be adopted to study photo stimulated phenomena, while provide original data on specific 

relevant nanosystems; thus enriching our knowledge on this fascinating field of nanoscience and 

contributing to unravel the fundamental mechanism behind plasmonic-mediated photochemistry. 

 

 

 

 

 

 



123 
 

Ringraziamenti 

Con questa tesi di dottorato si chiude un cammino che, nonostante le apparenze, è iniziato ben più 

di tre anni fa. Sin da quando ho memoria, il mio obiettivo di vita è stato quello di diventare uno 

scienziato. Che fossi un bambino ingenuo o un adolescente scapestrato, nel mio futuro ho sempre 

visto libri contenenti formule complicate, strumenti all’avanguardia, ed un uomo dal camice bianco 

alla ricerca di qualcosa che avrebbe cambiato il mondo.  

Ora, all’età di 28 anni, non sono circondato da strumenti sofisticati, non indosso il camice bianco e 

certamente non ho cambiato il mondo. Eppure, in un certo senso, posso dire di essermi avvicinato 

come mai prima d’ora all’uomo che sognavo di essere. E riflettendo su tutta la strada percorsa dal 

momento in cui ho intrapreso questa via, il cuore mi si riempie di orgoglio, soddisfazione e sincera 

gratitudine. Vorrei quindi dedicare le ultime righe di questo lavoro a tutti coloro che, direttamente 

o meno, mi hanno consentito di arrivare fin qui. 

Sono grato in primo luogo alla mia famiglia, per aver sempre sostenuto le mie scelte e aver creduto 

nelle mie capacità anche quando io non ero in grado di farlo; per avermi festeggiato nei momenti di 

gioia ed avermi sostenuto in quelli di sconforto. Senza di loro non sarei la persona che sono oggi. 

Vorrei poi ringraziare coloro che, con pazienza e dedizione, mi hanno accompagnato in questi anni 

di formazione e mi hanno guidato in questo lungo e faticoso percorso. Ringrazio in particolare dal 

più profondo del cuore le persone che mi hanno guidato negli ultimi tre anni: il Prof. Stefano Corni, 

la Prof.ssa Francesca Baletto e la Dr.ssa Margherita Marsili. Sono stati specialmente loro che con 

insegnamenti, consigli e ragguagli mi hanno trasformato nel ricercatore che sono ora. 

Immancabili in questi ringraziamenti i colleghi del gruppo di ricerca di Padova. Incoraggianti 

nell’amarezza, preziosi nel dubbio e complici nella spensieratezza, loro sono stati attori 

fondamentali negli ultimi tre anni della mia vita. Grazie a tutti voi. 

Vorrei poi esprimere la mia riconoscenza ai miei più cari amici, coloro che in questi tre anni hanno 

condiviso con me momenti di indimenticabile felicità, profonda riflessione e che mi hanno dato 

sempre il più solido sostegno nei momenti più bui. Vi voglio bene. 

E’ solo mentre scrivo queste ultime parole che realizzo davvero come unendo opportunamente 

passione, forza di volontà e le giuste persone, non esistono obiettivi che non si possano raggiungere.  

E per aver vissuto finora una vita densa di questi tre elementi, mi sento estremamente fortunato.  

Grazie a tutti, per tutto. 


