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Abstract

Systems in the condensed phase are characterized by a high degree of complexity due to
their large size and variety of intermolecular interactions at the microscopic level. Com-
putational spectroscopy is a valuable tool for the investigation of complex systems, but
it requires ad hoc modeling able to reduce the computational cost to simulate e ectively
realistic scenarios. To this end, | have developed a set of computational tools for the
calculation of spectroscopic properties of chemical systems embedded in the external en-
vironment (solvents or nanostructured plasmonic materials). The rst part of the thesis
focuses on solvated systems. Starting from the classical, atomistic, and fully polarizable
model based on the Fluctuating Charges (Fluctuating Dipoles) force eld, | propose
two complementary multiscale approaches for the simulation of spectroscopic proper-
ties: the rst is based on a hybrid quantum-classical description of the environment
for the rst-principles description of short-range non-electrostatic interactions between
solute and solvent. The second aims at cost-e ective simulations of absorption spec-
tra of large embedded substrates through the coupling of a polarizable embedding with
the Time-Dependent Density Functional Tight-Binding approach. In the second part of
the thesis, | focus on the description of surface-enhanced spectroscopies, in which the
environment consists of plasmonic nanostructured materials that may impressively am-
plify the electromagnetic eld experienced by the adsorbed target thanks to the surface
plasmon resonance phenomenon. In this framework, | extend the classical, atomistic
frequency-dependent Fluctuating Charges model to the simulation of the optical prop-
erties of noble metal nanoparticles and graphene-based materials composed of millions
of atoms. The agreement with ab initio and experimental data is remarkable, also in
the case of non-homogeneous plasmonic silver-gold alloyed nanoparticles. The model
is then coupled to a DFT Hamiltonian for the simulation of Surface-Enhanced Raman
Scattering spectra.






Acronyms

Symbols
I FQ Frequency-dependent Fluctuating Charges.

I FQF  Frequency-dependent Fluctuating Charges and Fluctuating Dipoles.

A
AMOEBA  (Atomic Multipole Optimized Energetics for Biomolecular Applications.

AO Atomic Orbitals.

C
CPIM Capacitance Polarizability Interaction Model.

CPKS Coupled-Perturbed Kohn-Sham.

D

DFT Density Functional Theory.

DFTB Density Functional Tight-Binding.
DIM Discrete Interaction Model.

DRF Discrete Reaction Field.

E

EEP Electronegativity Equalization Principle.

F
FDE Frozen Density Embedding.

FQ Fluctuating Charges.



FQF Fluctuating Charges and Fluctuating Dipoles.

H

HF Hartree-Fock.

K
KS Kohn-Sham.

M
MD Molecular Dynamics.
MM Molecular Mechanics.

MO Molecular Orbitals.

N

NMR Nuclear Magnetic Resonance.

P
PE Polarizable Embedding.
PQEq Polarizable Charge Equilibration Model.

PS Plasmonic Substrate.

Q

QM Quantum Mechanics.

S
SCF Self-Consistent Field.
SERS Surface-Enhanced Raman Scattering.

SPR Surface Plasmon Resonance.

T

TDDFT Time-Dependent Density Functional Theory.



Publications

This thesis is based on the following publications:

[Paper I] Laosca, P. , Gmez, S., Giovannini, T., & Cappelli, C., \Absorption
properties of large complex molecular systems: the DFTB/ uctuating
charge approach"

J. Chem. Theory Comput. 18 (2022): 1765-1779
https://doi.org/10.1021/acs.jctc.1c01066
[Paper II] Egidi, F., Angelico, S., La osca, P. , Giovannini, T., & Cappelli, C., \A

polarizable three-layer frozen density embedding/molecular mechanics
approach”

J. Chem. Phys. 154 (2021): 164107
https://doi.org/10.1063/5.0045574
[Paper Ill] Laosca, P. , Rossi, F., Egidi, F., Giovannini, T., & Cappelli, C., \Mul-

tiscale Frozen Density Embedding/Molecular Mechanics Approach for
Simulating Magnetic Response Properties of Solvated Systems"

J. Chem. Theory Comput. 20 (2024): 266{279
https://doi.org/10.1021/acs.jctc.3c00850

[Paper IV] Laosca, P. , Giovannini, T., Benzi, M., & Cappelli, C., \Going beyond
the limits of classical atomistic modeling of plasmonic nanostructures"
J. Phys. Chem. C 125 (2021): 23848-23863
https://doi.org/10.1021/acs.jpcc.1c04716

[Paper V] Giovannini, T., Bonatti, L., Laosca, P. , Nicoli, L., Castagnola, M.,

lllobre, P. G., Corni, S., & Cappelli, C., \Do we really need quantum
mechanics to describe plasmonic properties of metal nanostructures?"

ACS Photonics 9 (2022): 3025-3034
https://doi.org/10.1021/acsphotonics.2c00761

9



[Paper VI] Nicoli, L., Laosca, P. , Grobas lllobre, P., Bonatti, L., Giovannini,
T., & Cappelli, C., \Fully atomistic modeling of plasmonic bimetallic
nanoparticles: nanoalloys and core-shell systems"

Front. Photon. 4 (2023): 1199598
https://doi.org/10.3389/fphot.2023.1199598
[Paper VII] Laosca, P. , Nicoli, L., Bonatti, L., Giovannini, T., Corni, S., & Cap-

pelli, C., \QM/classical modeling of surface enhanced Raman scattering
based on atomistic electromagnetic models”

J. Chem. Theory Comput. 19 (2023): 3616-3633
https://doi.org/10.1021/acs.jctc.3c00177

List of publications not included in this thesis:

" Gomez, S.,Laosca, P. , Egidi, F., Giovannini, T., & Cappelli, C., \UV-Resonance
Raman Spectra of Systems in Complex Environments: A Multiscale Modeling
Applied to Doxorubicin Intercalated into DNA"

J. Chem. Inf. Model. 63 (2023): 1208-1217
https://doi.org/10.1021/acs.jcim.2c01495
Sepali, C.,La osca, P. , @mez, S., Giovannini, T., & Cappelli, C., \E ective fully

polarizable QM/MM approaches to compute Raman and Raman Optical Activity
spectra in aqueous solution”

Spetrochim. Acta A 305 (2023): 123485
https://doi.org/10.1016/j.saa.2023.123485

10



Introduction

The irradiation of a sample through an external electromagnetic eld is one of the most

standard techniques to gather information on a system or to trigger speci c processes.
Understanding the physicochemical basis of the response of matter to light is therefore
one of the most important theoretical contributions to explain spectroscopic signals and

suggest molecular designs with speci ¢ goals.

Quantum Mechanics (QM) plays a fundamental role in the investigation of light-
matter interactions since it provides a hierarchy of well-established methods for then
silico simulation of molecular systems interacting with an external electromagnetic eld.
However, QM methods cannot (yet) be considered \black box" techniques when dealing
with real-world samples, such as proteins with chromophoric regions embedded in a
biological matrix, or solvated systems which are traditionally the prototype of the most
common spectroscopies for analytical purposes. In fact, thessomplex embedded systems
are characterized by many degrees of freedom, which makes brute-force application of
QM methods computationally unfeasible. Also, the interpretation of the simulation
outcome would be far from being clear given the large number of variables involved in
the calculation.

In these cases, it is possible tdocalize the origin of the spectroscopic signal to
a speci ¢ molecule/molecular region { the target { in the sense that the investigated
signal would not be present if this moiety was absent in our system. The rest of the
system { the environment { is not able to determine the spectroscopic signal, but it can
perturb the molecular response of the targetvia intra/intermolecular interactions. This
partitioning of the total system can be re ected in its theoretical description, giving rise
to a so-called \multiscale model", in which the target and the environment are described
by two di erent levels of theory. 3 The great advantage of a multiscale model approach
is that the complexity of the system can be greatly simpli ed by treating the target,
which usually corresponds to a small portion of the total system, through an accurate,
expensive, and rst-principles-based approach, while the environment can be simulated
through simpler models in order to take into account only the relevant interactions with
the target that can substantially modify the spectroscopic signal 4?®

Reducing the computational cost and simulating extensive systems is not the only
advantage of multiscale modeling. The second advantage of this methodology is that
the reduction of the complexity of the environment can help in the understanding of a
physical process, by allowing theoretical chemists to focus on the relevant intermolecular
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interactions and/or molecular moieties that play a key role in the mechanism under
investigation. In other words, within this framework, we can keep only the information on
the environment that we need without being in uenced by irrelevant degrees of freedom
that we are not interested in { essentially, the \blank solution" of a computational
simulation.

As stated above, the environment acts as a perturbation of the spectroscopic signal
originating into the target; however, for speci c systems, this perturbation may be far
from being weak. This is the case of surface-enhanced phenometal! in which the
molecular target is adsorbed on nanostructured materials that can greatly amplify the
measured spectroscopic signal induced by an external incident electromagnetic eld. The
rising interest in nanostructured materials is due to the fact that it is possible to obtain
a ne-tuning of their optical and chemical properties through accurate control of the
geometry, chemical composition, and surface functional groups. The versatility of these
materials together with the strong enhancement of the molecular properties of adsorbed
substrates is particularly relevant for the design of sensors, in particular in the case of
biomolecules?13 and it can be pushed up to single-molecule detectiof*{16

During my Ph.D., | have extended theoretical methods to the simulation of complex
embedded systems. In the rst part of this thesis, | will review theoretical approaches
to spectroscopy innon-absorbing media i.e., in which the direct interaction of the en-
vironment with the external radiation can safely be neglected. In this framework, |
have worked on the coupling of QM methods with classical or mixed quantum-classical
embedding approaches for the calculation of optical properties of agueous solutions. In
the second part of my thesis, | will describe the case of spectroscopy ambsorbing media
in particular when the environment consists of a plasmonic substrate. In particular,
| have contributed to the development of classical methods for the description of the
optical properties of plasmonic substrates and their coupling with a QM method for
the simulation of Surface-Enhanced Raman Scattering (SERS) spectroscopy. The pub-
lications that originate from the Thesis are then reported, after a brief overview, which
summarizes the framework and the main ndings of my work. A brief summary, some
conclusions, and future perspectives end the thesis.
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Chapter 1

Spectroscopy in non-absorbing
media: solvated systems

In this chapter, we focus on the simulation of molecular properties and spectroscopies
of molecular systems in non-absorbing media. All the methodologies that are reviewed
and presented in this chapter can be applied to a generic molecular system embed-
ded in a complex environment, assuming that the response of the latter to an external
electromagnetic eld can be neglected. In other words, the environment is transparent
(non-absorbing) to the external radiation. Such \transparency" is based on two under-
lying hypotheses. First, it is assumed that, in the studied frequency range, the incident
eld cannot induce electronic transitions and/or structural changes in the environment.
This is generally the case for solvents, which are transparent to external radiation for
a wide range of frequencies. The second assumption is related to the so-callémtal
eld e ects , also known ascavity eld e ects as originally introduced by Onsager!’ The
electric eld experienced by an embedded target system upon irradiation di ers from
the incident eld due to the local elds induced by the environment polarization. Such

e ective eld has the same frequency as the applied eld so that the only e ect is to
modulate the intensity. Therefore, only intensity-dependent quantities, such as oscillator
strengths and polarizabilities, will change, while intensive quantities, such as excitation
energies of the embedded target, will remain una ected. Within the focused models
paradigm, local eld contributions are usually neglected, since they do not originate
from the target. Nevertheless, such e ect has been investigated from the theoretical
point of view in several works 41830

1.1 Multiscale modeling

To model the response properties of embedded systems, we need to simulate the mutual
interaction between three entities: the target, the environment, and the applied electro-
magnetic eld. The rst step in multiscale modeling is to de ne the boundary between
the target and the environment at the molecular level. The choice of the boundaries is
generally driven by chemical intuition and by the spectroscopic signal that needs to be
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Figure 1.1: Graphical representation of multiscale approaches as applied to a solvated
system, which is partitioned into target (solute) and environment (solvent) parts.

computed since we must determine which molecular degrees of freedom must be treated
at the highest level of accuracy. For example, let us consider the system reported in
g. 1.1, which is composed of a chromophore surrounded by water that acts as a solvent.
If we are interested in simulating the absorption spectrum, we can choose the chro-
mophore as a target and all the solvent molecules within a speci ¢ distance range with
respect to the chromophore as the environment. The distance cuto can be selected to
include all the intermolecular interactions that may in uence the target response. The
de nition of boundaries can be less straightforward if the system is characterized by a
higher level of complexity, such as in large and heterogeneous environments with di er-
ent moieties or if the solvent molecules take part in the molecular excitation. However,
once the target-environment partition has been identi ed, a model to describe the target,
the environment, and their mutual interaction needs to be developed.

Our aim is to simulate the spectral signal of the embedded target, which arises from
the interaction of the electromagnetic eld with the molecular degrees of freedom. A
physically driven and reliable description can be obtained by resorting to QM methods
for modeling the target. The choice of the QM Hamiltonian is usually based on the
characteristics of the system under investigation. During my Ph.D., | mainly focused
on developing computational methodologies for simulating medium-to-large targets em-
bedded in complex environments. To this end, two classes of QM methods were con-
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sidered: Density Functional Theory (DFT) and semiempirical methods. DFT3433 js
one of the most successful computational methods, and it has been recently de ned as
the \workhorse of quantum chemistry and materials science"3* For our scope, DFT
represents a good compromise between accuracy and computational cost. Semiempirical
methods, instead, are variants of electronic structure theories that involve integral ap-
proximations and/or empirical parameters to massively reduce the computational cost,
thus allowing for the treatment of very large substrates (thousands of atoms)3>{37

To describe the environmental e ects on the target response, di erent approaches
can be used. They mainly di er in the target-environment interactions that are taken
into account. In my thesis, | focused on two possible methods for describing such inter-
actions: quantum embedding and gm/classical approaches. Within quantum embedding
methods 286! the environment is treated at the QM level but in a simpli ed fashion.

In principle, this makes such approaches capable of describing all possible interactions
that may occur between target and environment. Various quantum embedding meth-
ods have been developed, ranging from projection-based method&®3:62.63 Multilevel
Hartree-Fock (HF), DFT or Coupled-Cluster (CC), 571606469 tg the Frozen Density Em-
bedding (FDE) approach®*%6.7%79 and jts wavefunction (WFT)-in-DFT and WFT-in-
WFT extensions,8%82 which can be considered the basis of the more general subsystem
DFT class of methods838 The second option completely neglects the quantum na-
ture of the environment and treats it by means of classical mechanics. The resulting
QM/classical approaches can be based on the description of the environment as a con-
tinuum dielectric or by retaining the atomistic nature resorting to Molecular Mechanics
(MM) methods. /2% Continuum methods are based on the description of the environ-
ment by means of an in nite dielectric medium characterized by a frequency-dependent
permittivity tensor "(! ).*8 MM instead methods retain the atomistic nature by locat-
ing a set of electric multipoles on the environment?®®8 |n my Ph.D. Thesis, | mainly
focused on accurately describing speci ¢ interactions between the target and environ-
ment, such as hydrogen bonding, for which an atomistic description of the environment
is crucial. Thus, we considered MM-based models. In particular, among QM/MM
methods, we put a particular emphasis on thepolarizable embedding schemgs which
mutual target-environment polarization e ects are taken into account. In this way,
the environment polarization to the target density is described, and vice-versa. Po-
larization e ects can indeed play an essential role in ruling the spectroscopic signal of
embedded systems? Several polarizable embedding methods have been proposed in
the literature, such as Discrete Reaction Field (DRF)°"199 MMPol 1901103 Drude os-
cillators 104106 ' (Atomic Multipole Optimized Energetics for Biomolecular Applications
(AMOEBA) 107{109 ' Thole's model'1®111 Polarizable Embedding (PE)12{114  polariz-
able Charge Equilibration Model (PQEQ) 1°, Fluctuating Charges (FQ) and Fluctuating
Charges and Fluctuating Dipoles (FQF )>6116{121 - oM/(polarizable) MM methods are
signi cantly cheaper in terms of computational demand with respect to quantum embed-
ding techniques, but they lack the description of non-electrostatic target-environment
interactions that can be particularly relevant for some systems, e.g. biological systems,
and for some spectroscopic signals, e.g. magnetic response. To incorporate such purely
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quantum e ects in QM/MM methods, hybrid approaches, in which classical mechanics
is combined with QM methods, can be used:?2{128 Another possibility is to resort to ad
hoc techniques to introduce non-electrostatic e ects in QM/MM methods. 129130

1.2 Fluctuating Charges/Fluctuating Dipoles force eld

In this section, | will quickly review the main features of two speci c classical atomistic
polarizable embedding approaches, that | have exploited during my Ph.D.. FQ and
FQF (see g. 1.2). The FQ force eld, which was rst proposed by Rick et al. to
describe aqueous solutiond!8{118 has been coupled with a QM Hamiltonian for the
computation of molecular properties and spectral signals, both in agueous and non-
aqueous solutions>{7:120.131{133

Figure 1.2: Pictorial representation of FQ(F ) force eld. Each atom p of a water
trimer is described as a classical charge, de ned according to its electronegativity
and chemical hardness . All charges obey the charge-conservation constrainQ for
each molecule . FQF introduces an additional atomic dipole dp, ruled by the atomic
polarizability .

In the FQ force eld, each atom p is represented with a classical chargep. The
connection of such charge with the energy of the isolated atom is obtained using a
Taylor expansion truncated at the second order:

1
ES™ ()= EZNO+ G p+ 5 o (1)
where Egtom (0) is the zeroth-order energy, while , and , are the atomic electronega-
tivity and chemical hardness, respectively, which are formally de ned as:
t t
_ @gom. _ @Egom:
p @ﬂ ! p @gl
It is worth noting that such de nitions also follow from DFT theory. 134136 |n the general
formulation of FQ, the value of ,and p is assigned to each atom of the molecular region

(1.2)
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of interest. In the re ned FQF force eld, 121137138 in addition to the charge gy, on
each atomp is present an electric dipoledp, whose value is de ned according to the
atomic polarizability | and the electric eld experienced by the atom. When moving to
a molecular system, eq. (1.1) needs to be rewritten to consider the interaction between
the charges. Indeed, the charges are not independent variables, since they need to obey a
charge conservation principle. If we assume that our molecular system is divided inti
fragments, such that the total charge of each fragment is xed to a certain value Q ,
we can incorporate this constraint into our energy functional using a set of Lagrangian
multipliers . By collecting all this information together, the energy functional of
the FQF force eld is written as a collection of electrostatic interactions between the
multipoles: >

2 i {

Ergr ol 1d1= 0 + 3@ T¥G  YQ 1 a)+@T¥d+ 2aT%:  (13)
| 2 }
FOF

In the last equation, g and d are the N -vectors containing the chargeq, and the electric
dipole d, of each atom. The total charge on each fragment is constrained by the corre-
sponding Lagrangian multiplier , the M -vector of the charge constraintsQ and the
M N rectangular matrix 1 , which is de ned as such as

1 ifatomp2 fragment ;

] (1.4)
0 otherwise

L], =

It is worth noting that the charge constraint on each fragment is not based on a theo-
retical principle since it is only required that the total charge is conserved, which can be
achieved by settingM = 1 and by introducing a single Lagrangian multiplier. In this
case, however, the FQ model allows for charge transfer between atoms even when they
are separated by a large distance. This unphysical behavior was already pointed out in
the original paper,''® and it can be related to the fact that this model does not predict
energy barriers for the intermolecular charge transfer, that would inhibit tunneling be-
tween atoms that are far apart. Some models have been proposed in the literature to
correctly account for intermolecular charge transfer for FQ-based methods3%144 but we
will not consider this case in the following by explicitly avoiding charge transfer between
fragments.

In eq. (1.3), the interactions between the multiples are written in terms of the charge-
chargeT 99, charge-dipoleT 99, and dipole-dipole T 99 interaction kernels. In FQF , they
are not de ned as the classical Coulomb interaction between the electric multipoles, be-
cause the interaction kernels would not be bounded functions of the interatomic distance
and the polarization of the system may grow inde nitely. This is the so-called \polar-
ization catastrophe" phenomenon!'® and it is essentially due to imposing a classical
description of the atoms that are instead purely quantum systems. To this extent, dif-
ferent formulations of damped Coulomb interaction kernels have been proposed in the
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literature for other polarizable embedding approaches?’107.115 and the same has also
been done for FQ and FQF force elds.®121145 The diagonal elements of these kernels

are de ned as: 1
= e TH= T T =0 (15)

where , and 1= , play the role of charge and dipole self-energies, while the third
condition is needed to avoid self-interaction between the charge and the dipole on the
same atomic site.

At this point, charges and dipoles can be obtained by resorting to the so-called Elec-
tronegativity Equalization Principle (EEP), 146147 which states that at the equilibrium,
the electronegativity of each atom is the same. In a polyatomic system, thee ective
electronegativity of the atom p at the equilibrium, i.e. the chemical potential, is de ned
as the rst derivative of the total energy functional in eq. (1.3) with respect toq, (see

eq. (1.2)):

@F X X X
~= @QQF = ot T¥gy+ [11q+ TXdg constant (1.6)

q q2 q

In the case of FQF , each dipoled, can be obtained from the de nition of the atomic
polarizability as: 0 1

X
dp = @ THg+  TogddA (1.7)
q a6 p
where the quantity in the parentheses is the electric eld acting on each dipolep due to
the charges and the other dipoles. The conditions in egs. (1.6) and (1.7) are equivalent to
the minimization of the Lagrangian functional in eq. (1.3) with respect to all variables.
This leads to a linear system written in the foIIowing compact expression:

Ta9 qu
%ﬂ §% § % § 18)
Td 0 \Tdd

In the last equation, the electronegativities of the isolated atoms play the role of an elec-
tric potential. The associated equation of the FQ method can be obtained by retaining
the charge and Lagrangian multipliers block only from eq. (1.8).

1.3 Coupling with QM Hamiltonian

As stated above, FQ and FQF force elds can be coupled to a QM Hamiltonian. In
this way, a focused fully atomistic QM/classical approach is obtained. For QM/FQ(F ),
the total energy functional of the system can be written as:

E[; ¢ :d]= Equl 1+ Eror [a: ;d]+ EQyror [: :dl: (1.9)
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The rst term corresponds to the energy of the isolated QM system. As stated above, we
are generally exploiting a DFT description of the target, and by resorting to the Kohn-
Sham (KS) method,®? we can represent the electronic density function by means of
the one-electron density matrix P, which is expressed in the Atomic Orbitals (AO) basis
f (r)gas
*O
=P (r) (n (1.10)

Given this representation, the energy functionals in eq. (1.9) can be written as functionals
of the density matrix P. The rst term in eqg. (1.9) in a Self-Consistent Field (SCF)
framework is:

Eom[P]=tr[ hP]+ %tr[PG (P); (1.11)
h and G are the usual one- and two-electron matrices de ned as
* +
nxclei
h = - 27
2 ir R j
%0 (1.12)
G (P)= P [hj i oh j i]l+achju[P]i;
where ; ; ; run over the AO basis set, is the Laplacian operator, Z and R are

the charge and the position of the nucleus and cy; ¢ are weighting coe cients for the
HF exchange and exchange-correlation potentialy.. In this way, pure HF and pure
DFT energy functional can be recovered, as well as hybrid DFT ones.

The second term in eq. (1.9) represents the energy of the selected force eld (see
eqg. (1.3)), while the last term accounts for the QM/MM interaction energy. In QM/FQF
this is de ned as the electrostatic interaction between the target and the environment,
and it has the following expression:

. XN
Edw-ror [P;aid]=  [@Vp(P) dp Ep(P)I= gV (P) dE(P): (1.13)
p=1

In other words, the QM/MM interaction energy is expressed as the sum of the elec-
trostatic interactions between each multipole pair gy;d, located on the atom p at the
position rp in the environment and the electric potential and eld generated by the QM
part. The latter are de ned as:

V(P)=HXCIeI27+XOP Vi Vg = 1
P e R j P P o 1j
el « R ) %O * « i, + (1.14)
Ep(P) = z > —= 3t P Ep;, Ep = ~F = 3
'y R | jro 1j
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Collecting egs. (1.3), (1.11) and (1.13) together, the QM/MM energy functional in
eg. (1.9) can be rewritten as

E[P;q; ;d]=tr[ hP]+ %tr[PG(P)]+ PV (P) dYE(P)+
2 . (1.15)
+gq) +50T% YQ 1)+ T+ Sd'T*d

To determine the ground state of the embedded target, the evaluation of the e ective
Fock matrix F of the system in the AO basis is required. This reads:

_ @
@P

where the explicit contributions related to the electrostatic interaction with charges

and dipoles in the environment appear. Charges and dipoles can be determined by

minimizing the total energy functional in eq. (1.15) with respect to the variables, which
leads to the foIIowing modi ed version of eq (1 8):
v (P)

glf ;;g -bo g % i

da \Tdd E(P)

F =h +G (P)+qv dE (1.16)

1

where the electric potential and eld generated by the target directly in uence the
environmental response.

By comparing eq. (1.16) and eq. (1.17), it is possible to see that the presence of the
interaction term Eg,‘v' “FOF (see eq. (1.13)) in the total energy functional leads to the
explicit contribution of the environment in the target SCF equations and vice versa
This feature, which is common to all polarizable embedding models, is the formalization
of the so-called \mutual polarization" e ect. In other words, the target and environment
react to the presence of each other by explicit polarization.

1.4 Molecular properties

In the previous section, we derived the working equations to determine the ground state
of the target-environment system. In this section, we investigate how to determine the
molecular properties of the target in the presence of an environment. The calculation
of molecular properties of an embedded target surrounded by a polarizable MM embed-
ding has been reported in the literature by many authors898:102,113,132,133,148,149|y thjg
section, we will limit to linear response properties.*>°

Molecular properties can be obtained as derivatives of the energy functional with
respect to external perturbations, i.e., electric and magnetic eld components, or nuclear
coordinates. The rst derivative of the energy functional in eq. (1.15) with respect to a
generic perturbation x can be evaluated by exploiting the chain rule1>

E_& E@® CEQ,EaA, K EO
dx @x @@x @1@x @i@x @ @x
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A valuable feature of QM/FQ(F ), shared with other variational polarizable embedding
approaches?®! is that in eq. (1.18) the last three terms vanish because of the station-
arity conditions imposed during the SCF procedure, and are frequency-independent.
Moreover, the second term is zero for ground state properties, and it is not zero for
frequency-dependent properties. Equation (1.18) can be used as an example of the
di erent contributions that a polarizable embedding can have in response properties.
Indeed, two contributions are generally considered: explicit contributions, which are
evaluated in terms of integral derivatives or expectation values of derivatives of opera-
tors; responsecontributions, which involve the derivatives of the density matrix. 14° The
latter requires the solution of the response equationsin a DFT framework, these result
in solving Coupled-Perturbed Kohn-Sham (CPKS) equations!°? that are modi ed by
the presence of the environment.

As an example, we consider the interaction of an embedded system with an external
monochromatic electric eld E®(!) that oscillates at a frequency! . The interaction
with the system is usually represented in theelectric dipole approximation, which means
that the Hamiltonian of the molecular system is perturbed by means of the following
interaction operator:

Hie =~ E(); (1.19)

where ” is the dipole operator of the QM region. In this framework, the interaction of
the environment with the external electric eld is neglected, coherently with the focused
model paradigm. Therefore, the interaction operator in eq. (1.19) depends on the target
degrees of freedom only. The linear response function is represented by the dynamical
polarizability tensor (! ), which is formally calculated as the second derivative of the
energy functional with respect to the electric eld intensity. The polarizability tensor

can thus be calculated as*>° A _
i
(1)=tr HP () : (1.20)

where P (1) is the rst-order density matrix perturbed by the external eld linearly
polarized along the direction . H is the component of the dipole operator matrix,
namely:

H =hjrji: (1.21)
The rst-order perturbed density matrix can be calculated by solving the following CPKS
equations:152

A B ) I O X Q
[ — .
B oA U*D) o 1y o (1.22)
with .
Aai§bJ = ("a "i) ab ij + Kai;bj + Cgi;bj
B.ini = Kaipy + Cp_c_)_l
ai;bj ai;jb aisjb (1.23)
Xai = Pai(1); Yg =[P ( 1]
Q, = hy jii = H,:
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In the last de nitions, a;band i;j are virtual and occupied Molecular Orbitals (MO),
respectively, while " are orbital energies. K is the coupling matrix in the adiabatic
approximation, de ned as: %3

z

1 2Eye
Kpgrs = drdr® ,(r) o(r) i r‘]+ ORG s (9, (1.24)

where E is the total exchange-correlation functional (see eq. (1.12)). The phenomeno-
logical damping factor takes into account the nite lifetime of the QM excited state. 1°°
CP9 js the polarizable embedding contribution to CPKS matrix, and it is formally the
second derivative of the QM/FQ(F ) interaction energy in eq. (1.13) with respect to the
density matrix, and it can be written as: 6

CEY = V4 aE ELdET, (1.25)
whereV i, and Ej; have been de ned in eq. (1.14) andgP®" and dP®" are the rst-order

perturbed charges and dipoles obtained by solving eq. (1.17) with a modi ed right-hand
side, i.e.5132

0 10 1 0 1
T 1 TOad qgjert vV bi

% ¥ 0] 0 % § = % 0 ; (1.26)
T 0o [T dpet Ey;

In the last equation, the \sources" on the right-hand side are the electric potential and
eld de ned in eq. (1.14) in the occupied-virtual MO space.

QM/FQ and QM/FQF  approaches have been extended to various properties by
exploiting the outlined formalism. To get a complete overview of recent developments
in this direction, we refer to Refs. 5,6,120,154,155.

1.5 Computational protocol

The atomistic quantum and QM/classical methodologies outlined above can be applied
to describing a single target embedded into an environment in astatic con guration.
This means that the coordinates of all atoms in the system are xed quantities of our
simulation. However, this picture is far from being realistic, because several factors are
discarded:

" As an order of magnitude, real-world samples usually contain an Avogadro number
of target molecules in solution. Each of these may be characterized by di erent
geometrical/electronic con gurations, and, therefore, possibly di erent values of
the investigated molecular property. Even if we assume that the system is in nitely
diluted to avoid the formation of molecular aggregates composed of multiple target
molecules, the measured spectroscopic signal is a sum of substantially di erent
contributions;
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~ Equivalently, the local environment of each target molecule is a ected by the same
dynamism since solvent molecules can be arranged in di erent local con gurations
separated by low energy barriers and can in uence the investigated molecular prop-

erty to a di erent extent;

All moieties are in constant motion throughout the interaction with the exter-

nal electromagnetic eld, and experimental data are usually collected asaveraged
response of the sample over certain time scales.

Figure 1.3: Schematic view of
the computational protocol.

From this picture, it emerges clearly that spectroscopic
properties of solvated systems require the knowledge of
the distribution of the target-environment system both
along the time and space scales. To address this as-
pect, and, in general, to apply QM/MM approaches to
the simulation of spectroscopic properties, in the last
years, we have developed and validated eomputational
protocol for the simulation of solvated systems®©:156
The computational protocol is graphically reported in
g. 1.3, and it is composed by the following steps:

1) De nition of the QM/MM system. The rst step of
the computational protocol is partitioning the total sys-
tem into a QM target and an MM environment. As out-
lined in section 1.1, the choice is carried out depending
on the investigated system, to include in the QM region
all the molecular degrees of freedom that determine the
investigated spectroscopic signal, and to properly de-
scribe target-environment interactions.

2) Conformational sampling. The second step deals
with sampling the solute-solvent phase space. Since we
are interested in large complex embedded systems, this
step is usually performed by means of classical Molec-
ular Dynamics (MD) simulations, in which the total
system evolution over time and space is determined by
means of classical mechanic¥’20-157 Temperature and
pressure values are usually chosen to reproduce avail-
able experimental conditions. The MD simulation has
to be long enough to recover an accurate description and
balance of all possible solute-solvent con gurations. At

this stage, it is mandatory to make an accurate choice of the classical force eld for the
description of the solute and the solvent. Several parameterizations are available in the
literature to describe common solutes (peptides, nucleic acids). However, novel param-

eterizations can be developed

to deal with speci c systems characterized, for instance,

by highly exible dihedral angles. 158159

3) Extraction of representative

structures. Given the MD trajectory, a number of un-
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correlated solute-solvent con gurations (so-called \snapshots") are extracted. In the
speci c case of QM/MM calculations, the snapshots are obtained by including only the
solvent molecules located in a sphere of a given radius centered on the solute. The sphere
radius is chosen to retain all solute-solvent interactions, and it is usually of the order of
tenths of Angstroms. The total number of snapshots that need to be considered to reach
the convergence of the computed spectra strongly depends on the investigated system,
and the investigated molecular property. It can vary between hundreds and thousands
of snapshots®:158.160.161
4) QM/MM calculations. To compute the spectroscopic signal, a QM/MM calculation
is carried out on each snapshot. At this stage, it is necessary to choose the QM level of
theory and the MM force eld to describe the environment. Such a choice is generally
made by considering the target, the property under investigation, and the solute-solvent
interactions that we need to include. Speci c QM/MM calculation setups can be de ned
according to the investigated spectroscopic signal (electronic or vibrational), and more
details can be found in Refs. 5,6,156.
5) Analysis and re nement. All relevant information is extracted from previous QM/MM
calculations and averaged to produce the nal spectra. These can be compared with
available experimental data. This step is also a litmus test for the quality of the whole
computational protocol: an inadequate number of snapshots, a short or not accurate
MD simulation, or a poor choice of the QM/MM level of theory can be recognized and
corrected by going back to the previous steps until the required accuracy is obtained.
This computational protocol has been developed for the simulation of solvated sys-
tems, and it has been tested against experimental results for agueous and non-aqueous
solutions.>3! Remarkably, the protocol is not linked to a speci ¢ software or platform,
but it can be applied with multiple quantum chemistry software.

1.6 Further developments of the QM/FQ(F ) model

During my research activity, | actively contributed to further extend the applicability of
the QM/FQ and QM/FQF  approaches along three di erent lines:

" Extension to semi-empirical methods: | worked on the coupling of the FQ force
eld with the Density Functional Tight-Binding (DFTB) method, which lays its
foundations into a truncated Taylor expansion of the DFT energy functional in
terms of the electronic density uctuations concerning a reference density:52{172
The resulting DFTB/FQ method is suitable for the simulation of large molecu-
lar substrates in condensed phase, and we have applied such methodology to the
simulation of UV/Vis [Paper 1] and Vibrational Circular Dichroism spectra; 173

Coupling to quantum embedding techniques: we have proposed a hybrid quantum-
classical embedding scheme, in which the environment is partitioned into two por-
tions, the rst treated using the FDE embedding scheme and the second using the
classical polarizable embeddingria FQ and FQF methods. By this, it is possi-
ble to include short-range, non-electrostatic e ects by resorting to rst-principles
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methods, while the long-range, electrostatic interactions are treated with a com-
putationally advantageous method. The resulting QM/FDE/FQ scheme has been
applied to the simulation of absorption spectra[Paper Il]] of aqueous solutions,
and the QM/FDE/FQ(F ) method to the simulation of NMR spectra in di erent
solvents [Paper 1] ;

Extension to other spectroscopies: rst, | have contributed to the extension and
application of QM/FQ to the simulation of Resonance Raman spectra in aqueous
solution; 1% second, we have extended the QM/FQF multiscale method to the
simulation of Raman and Raman Optical Activity spectra in solvated systems154
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Chapter 2

Spectroscopy in absorbing media:
plasmonic substrates

In this chapter, the extension of the QM/MM framework presented above to the particu-
lar case of \absorbing" media is presented. In particular, we will mainly focus on molec-
ular systems interacting with plasmonic substrates. Thus, similarly to \non-absorbing"
media, it is crucial to develop a model for describing the properties of the plasmonic
substrates.

2.1 Modeling of plasmonic substrate

A Plasmonic Substrate (PS) is a hanostructured material supporting light-driven collec-
tive oscillations of conduction electrons on its surface, called Surface Plasmon Resonance
(SPR). The coupling between photons and valence electrons leads to strong resonances in
the absorption spectrum of the PS. Indeed, this coupling generates intense and localized
near electric elds. Noble metal (silver and gold) nanopatrticles are traditional examples
of PS,17 but new materials have acquired interest for their plasmonic properties, such
as graphenel’>176 semiconductors!’’17® and refractory materials.1’® PS has become
ideal substrates for a large number of applications, including the development of biosen-
sors, optical and photovoltaic devices!®%181 One of the essential features of PS is that
their plasmonic properties are sensitive to several factors, such as chemical composition,
shape, size, geometrical defects, supramolecular con gurations, and environment. In this
context, the development of accurate and e cient computational methods for simulat-
ing the optical properties of PS is a valuable tool for the interpretation of experimental
results and for guiding the design of tailored materials for speci ¢ applications!82

In this section, we deal with theoretical approaches for simulating light-matter inter-
actions in PS. In principle, the following key requirements need to be ful lled:

~ atomistic detail: as stated above, the optical properties of PS depend on the geo-
metrical properties of the material. In fact, the presence of defects, hot spots, pic-
ocavities, and subnanometer gaps in nanostructured materials can strongly a ect
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the intensity and the distribution of the local elds in the immediate surroundings
of the material. 183{185

quantum e ects: when dealing with gaps in the PS structure of the order of
nanometer/subnanometer, the quantum nature of the electrons can strongly im-
pact the plasmonic response, in particular through the spill-out of the electronic
density from the material's interfaces and quantum tunneling e ect; 186

computational e ciency: real-size PS have typical dimensions in the nanoscale
regime (10-100 nm). Therefore, a suitable model must be able to describe such a
huge number of atoms (thousands/millions).

The rst possibility is to resort to ab initio methods, i.e., the PS is treated using quan-
tum chemistry methods.*®? Time-Dependent Density Functional Theory (TDDFT) is
considered the reference method for the simulation of optical properties of PS, given its
favorable computational scaling and the ability to include quantum e ects in the plas-
monic responsel®{188 However, retardation e ects are usually neglected in TDDFT,
even if some methodologies to take these e ects into account have been proposé&ty.
Also, the size of the a ordable systems is generally small (hundreds of atoms).

An active research eld is the development of approximated methods based on
TDDFT for the simulation of large PS. 82 These methods are based on jellium model&’
on the approximations of the Casida eigenvalue equatioff?, such as PolTDDFT 190.191
or the minimal auxiliary basis set method { TDDFT-as 12, on formulation of TDDFT
in a real-time formulation { RT-TDDFT, 19319 on the application of tight-binding
schemes, such as TDDFT+TB,196{198 TDDFTB 169199 gnd the real-time version { RT-
TDDFTB, 200201 on a subsystem DFT approach?%? or on orbital-free formulations of
TDDFT theory. 182:203{207 pegpite all the advances in this eld, current TDDFT-based
techniques can simulate the optical properties of very small PS composed of a thousand
atoms, with a typical dimension smaller than 5 nm.?%®

Therefore, a possible way to increase the dimensionality of the investigated systems
is to resort to classical electrodynamics. As for the case of non-absorbing media, the
PS is modeled in terms of electric multipoles (charges, dipoles, ...) determined by clas-
sical electrodynamical models, or by corrected versions to include more sophisticated
e ects. Two versions of quasi-static, classical atomistic models have been proposed for
the simulation of optical properties of PS: Discrete Interaction Model (DIM) 299211 gnd
Frequency-dependent Fluctuating Charges { FQ). 212 In both of these models, each atom
of the nanostructure is endowed by a charge and/or a dipole to simulate the oscillating
electronic density of the PS under the action of an external electric eld. Despite their
similar structure, the two families of models di er in their theoretical formulation and
range of applications:

~

| FQ lays its foundations into the Drude model of conduction®'® and classical
electrodynamics, allowing for a physically consistent description of the PS conduc-
tion electrons and intraband transitions. DIM instead incorporates the plasmonic
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nature of the substrate through a phenomenological approach with frequency-
dependent atomic parameters (capacitance and polarizability in the most re ned
version, Capacitance Polarizability Interaction Model (CPIM));

! FQ physically accounts for the quantum tunneling between nearby nanoparticles
by exponentially modulating Drude conductance as a function of atom-atom dis-
tances. This is particularly relevant for nanoaggregates and nanojunctions, where
plasmonic hot spots are createct'? DIM has been recently extended to introduce
a description of the surface e ects of nanopatrticles in the quantum-size regime in
terms of a set of coordination-dependent parametergy4216

I FQ is currently the only atomistic classical approach able to physically describe
graphene plasmonics in terms of its fundamental physical parameters, such as the
Fermi energy, relaxation time, and two-dimensional electron density?2"{219 |n par-
ticular, ! FQ can accurately reproduce experimental data for realistic structures,
characterized by complex shapes, of a size of hundreds of nanometers L million
atoms).

My starting point during my Ph.D. for the simulation of optical properties of PS has
been the! FQ model. Therefore, in the following section, | will review the fundamentals
of this method.

2.2 Frequency-dependent Fluctuating Charges force eld
(! FQ)

I FQ is a classical atomistic method for the description of the response properties of
nanostructured materials to an external oscillating electric eld E®*(t). As for the FQ
force eld, each atom of the plasmonic substrate is represented by a chargg, that is

not xed but allowed to uctuate as a response to the external perturbation. Since we
are interested in describing the surface plasmonic resonance phenomenon, the charges
¢ are time-dependent quantities. The total charge is constant, assuming our plasmonic
substrate is a closed system. By imposing the microscopic continuity equation, we obtain
an equation of motion for the charges as:'?

d X . .
(Tctbz Apg NgMpipg 1\qp NphPipq 1\pq (2.1)
q

where nj is the e ective electron density on each atom,hpipq is the momentum of an
electron averaged over all the trajectories connecting atonp to g, while foq = fyp is
the unit vector connecting p to g. Apq is an e ective area that modulates the charge
exchange mechanism between the atomg and g. The physical meaning of eq. (2.1) is
based on the assumption that the plasmonic substrate is a closed system. Therefore,
the total charge is constant, and charge variations on each atonp have to be associated
with inward or outward charge ow with the other atoms of the system.
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In the original formulation of the ! FQ model, it is assumed to deal with a homoge-
neous system composed of atoms of the same chemical nature, such that the total charge
on each atom is only partially modi ed by the external perturbation. Therefore, we may
write np = ng = Ng whereng is the unperturbed e ective electron density on each atom.
eg. (2.1) becomes:

d X _
q

The cornerstone of the! FQ is the description of the charge redistribution mechanism
between atoms in terms of the Drude model of conductance, which is represented by the

following key equation:?t3

dp _ p.
G- EO S (2.3)

where is a relaxation time associated with scattering events ande(t) is the total electric
eld acting on the electron.

If we assume that the external electromagnetic eld is monochromatic and oscillating
with frequency ! , we can rewrite eq. (2.1) and eq. (2.3) in the frequency domain and
obtain: 212 x .

ilgp(!)=2ng quW:
q
The total electric eld averaged over the trajectories connectingp to g, represented by
the term hE(! )i ’I\qp, is rewritten to resort to atomic properties of the system. This is
done by assuming that

(2.4)

E)i T —H— (2.5)
Pq
where we have introducedlyq as the distance between atonp and g, and the electro-
chemical potential of the atom p:
X
5= ot Toa()+ v (2.6)
r

The electrochemical potential de ned in eq. (2.6) can be interpreted as the derivative
with respect to g, of the electrostatic energy of a FQ system (see eq. (1.3)) interacting
with an external eld that induces the electrostatic potential VpeXt.

Each term of the right-hand side sum in eq. (2.4) represents the electron transfer
between the atomqg and p. To avoid an unphysical charge transfer between atoms that
are too far apart, each term is weighted with a factor 1 f (Ipg), wheref is a Fermi-like
damping function that depends only on the atom-atom distance, de ned as

1 .
f(lpg) = h | —: (2.7)
l+exp d ﬁ;‘q 1

where ng is the equilibrium distance between atomp and g in the bulk material, while
d and s are parameters that rule the in ection point and the steepness of the curve.
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By plugging these two modi cations together, we can write down the nal working
equation of the! FQ model as
" #
X X X
Kor()(TS TIN+i1 g l) = (VDY VPOKpg(!); (2.8)
a q

where we have de ned the so-called Drude-tunneling matrix as

0 Apll f(pg)]

i 6 (2.9)
i! lpg

2n
Kpg(!) = =

while the diagonal elements are zero. Notice that in eq. (2.8), the electronegativities do
not enter the right-hand side because we are assuming a plasmonic substrate composed
of identical atoms, thus the dierence |, ¢ cancels out. The presence of the Fermi
damping function in eq. (2.9) is responsible for the phenomenological description of
quantum tunneling for small values of the interatomic distance lpq.

Given an external monochromatic eld E®!(!) with frequency !, we can solve
eg. (2.8) and obtain a set of complex-valued chargesg(! ) that describe the response
of the plasmonic substrate to the incoming radiation eld. From the charges, we can
compute the complex-valued frequency-dependent polarizability as

X
M= q)p ;= XYz (2.10)
P

whereq, (! ) are the solution of eq. (2.8) in the case of an electric eld linearly polarized
along the direction , while isthe component of the Cartesian position of the atom
p. The absorption cross-section can thus be calculated as:

aws(! )= S Om T () (2.11)

where c is the speed of light and Imf (! )g is the imaginary part of the polarizability
tensor computed in eq. (2.10).

To apply ! FQ to a specic PS, the electron density ng and in the de nition
of the Drude-tunneling matrix in eq. (2.9) needs to be de ned. These are physical
quantities that depend on the chemical composition. For a general 3D system, such a
metal nanoparticle, ng is the e ective 3D atomic electron density that can be expressed
as:

fo 0=
no = W = W (212)

where ry is the 3D atomic electron density andm? is the e ective electron mass of the
material, which is commonly approximated to 1 for a metal nanoparticle??° By using
the Drude model, ay is then expressed in terms of the static conductance of the material

o and the relaxation time , which can be recovered from the literature. The remaining
parameters entering eq. (2.8) are instead determined by comparindg FQ results with
reference data (eitherab initio or experimental).
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2.3 | FQ for graphene plasmonics

I FQ is the rst classical atomistic force eld that attempts to simulate the plasmonic

properties of graphene-based PS in a physically consistent wat"{219 |ts extension to
graphene-based materials can be obtained by considering that in this casen” can be
expressed as reported in Ref. 221:

P N 2o
m? = ; (2.13)
VF

where nyp is the 2D electron density of the system andvg is the Fermi velocity. 221 nop
can be calculated from the 3D atomic electron density as

Nop = Ag Qg (2.14)

with ag being the Bohr radius.?!” By combining egs. (2.12) to (2.14), we obtain the
following expression for theny parameter:
P NopVE

We can nd two alternative expressions of n,p. The rst is to calculate it as the ratio
of the number of atomsN and the surface of the systens, i.e.:

N
Nop = ?; (2.16)

where is a parameter (< 1) which selects the fraction of electrons which are involved
in the studied plasmonic excitation.?!” The second expression is in terms of the Fermi
energy, which can be de ned ag?!

"E = ‘“VFp N 2p (2.17)
We note that the parameter is uniquely determined by the value of"g, which can be
directly recovered from experimental conditions 222

By exploiting this de nition of ng, the optical properties of graphene-based materials
can be simulated e ectively through ! FQ.2%/

2.4 Surface-enhanced spectroscopies

In the previous sections, we described theoretical models for describing optical properties
of PS, with a particular emphasis on the! FQ approach. Now, we take a step further
and introduce a new element into our physical system, particularly by focusing on the
simulation of spectroscopic signals of a target molecule adsorbed on a PS. In fact, it
has been observed that the presence of PS close to target chromophores can greatly
enhance the intensity of the chromophore spectroscopic signal. Such phenomenon led
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to the birth of the so-called \surface-enhanced spectroscopies®?11:16.223(226 The st
experimental result of this new family of spectroscopic methods has been the measure of
very intense Raman signals of pyridine adsorbed on silver electrode®’122° The resulting
Surface-Enhanced Raman Scattering (SERS) spectroscop3Pt232 gained popularity in
the scienti c community and it became a widespread experimental method?33{238 since
combines the advantages of classical Raman scattering spectroscopy (high sensitivity,
non-destructive) by solving its main weakness, i.e. typical low scattering amplitudes
and add, possibly, spatial resolution on the nanometer scale and belo#1°:239.240

From the physicochemical point of view, it is generally assumed-241{243 that two
enhancement mechanisms are responsible for the large intensity of SERS signals. The
rst is the electromagnetic enhancementwhich originates from the interaction of the
target molecule with the strong local eld arising from the SPR induced on the PS.
This mechanism usually yields enhancements up to 08. The second enhancement
mechanism is thechemical enhancementand it has been invoked to theoretically explain
the enhancement factors that are exhibited by speci c molecule-metal couples, such as
the well-known example of mercaptopyridine resting on gold nanoparticles*424> The
physical origin of chemical enhancement is considered to be the electron transfer between
the PS and the target molecule?3%:246 and it mostly arises when covalent bonds between
the two moieties are present. The enhancement factors are of the order of 10°.

During my Ph.D., | focused on developing a theoretical approach for simulating SERS
spectroscopy. To do that, we need to develop a model that describes the coupling between
the PS and the target molecule upon irradiation with an external electromagnetic eld.
As described aboveab initio methods are currently not able to catch the physics of real-
world PS since the computational cost to simulate nanostructures with a typical size of
10{100 nm is not a ordable. Therefore, our approach is based on multiscale modeling
of the target-PS system, in which the former is treated with the standard machinery
of QM methods, while the latter is described with a classical atomistic force eld able
to describe the light-matter interaction in PS, such as! FQ. The theoretical simulation
of SERS through a multiscale approach has already been rst proposed in the case
of continuum modeling of PS by Corni and Tomasi?324’ while Jensen and coworkers
developed the rst fully atomistic multiscale model by coupling DFT with DIM. 248:249
In this context, since the PS is described as a classical electrodynamic system, only the
electromagnetic enhancement mechanism can be taken into accounta the inclusion
of local eld e ects associated with the PS on the response properties of the target
molecule.

From the computational point of view, the calculation of SERS signals requires access
to the frequency-dependent polarizability tensor (! ). This can be computed using the
linear response formalism described in section 1.4. As for the case of non-absorbing
media, the presence of the environment enters Casida's equations by means of t&°
matrix, which becomes a frequency-dependent complex-valued operator that describes
the \image eld" induced by the perturbed density of the target on the PS. 2*° On
top of this, the inclusion of local eld e ects is performed by formally adding to the
electric dipole operator in eq. (1.19) the frequency-dependent complex-valuekbcal eld
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operator, which describes the electric potential generated by the SPR on the target at
the given frequency! .247(24% There are two consequences of this modi cation. The rst
one is that the resulting CPKS equations in eq. (1.22) have to be modi ed by adding
the local eld operator matrix elements on the right-hand side, which is responsible for
the electromagnetic enhancement of the target response. Second, the expression of the
polarizability tensor as the trace of the perturbed density matrix with the electric dipole
operator in eq. (1.20) contains an additional term, the so-called \re ected eld". The
re ected eld originates from the electromagnetic radiation scattered from the target
and re ected on the PS, and it contributes to the total scattered eld measured from
the detector in the experimental setup.247:250

The calculation of Raman intensities from the frequency-dependent polarizability
tensor (! ) with the inclusion of nite lifetime e ects has been proposed by Jensen
et al..?>! This approach is based on Placzek's approximated theory of Raman scatter-
ing, 22253 and under the assumption that the perturbation eld is linearly perpendicular-
plane polarized and the scattered light is collected perpendicularly to the incident direc-
tion, the Raman intensity associated to the k-th normal mode is calculated as?5*

1k wms[ 2 +71 20N (2.18)
"k

where! and ! are the frequencies of the external eld and thek-th normal mode,
respectively, while E and E are the isotropic and anisotropic polarizability derivatives
with respect to the k-th normal mode coordinate Qy, i.e.:

2

1 X @)
0 —
[ RO = g | 80 (2.19)
i=Xy;z 1
1,3 X @i(l) @;i()?
[R()P= 5@ L+ = o R(IPA (2.20)
2 4 . ©@Q @Q

The expression in eq. (2.18) is valid under the assumption that the frequency di erence
between the incident and scattered light is negligible?47-248.251

As a nal note, it is worth remarking that to calculate Raman intensities, we need the
derivative of the polarizability tensor (! ) with respect to the normal modes coordinates
Qk. In the context of SERS, polarizability derivatives are usually evaluated numerically
by computing (! ) at the frequency of the incident eld for two molecular geometries
obtained by distorting the equilibrium geometry along a given normal mode 23248

2.5 Further developments of the I FQ model

At the beginning of my PhD, the ! FQ model had recently been proposed for the simu-
lation of optical properties of sodium nanoparticles featuring subnanometer gapgt?2>4
and partially extended to treat graphene substrates217-218 | contributed to this research
eld in di erent directions:
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~ Technical improvement: | worked on the implementation of e cient iterative tech-
niques for the solution of the! FQ linear system, to hugely increase the size of the
simulated substrates up to more than 1 million atomgPaper IV] ;

Extension to d-metals: the rst formulation of the ! FQ model was intended to
simulate metal nanoparticles in a frequency regime in which interband transitions
can be neglected. In such transitions, electrons are promoted from a fully occupied
band to a partially empty one. This is the case of noble metals such as gold and
silver, in which such transitions can occur from the band generated by thed-shell
of the metal to the s;p band. | contributed to the extension of the ! FQ method
to other plasmonic substrates, in particular materials with d-electrongPaper V]
and with di erent chemical compositions[Paper VI] ;

Surface Enhanced Raman Scattering spectroscopy: | coupled theFQ method
with a QM Hamiltonian to simulate the SERS spectrum of molecular systems
adsorbed on plasmonic substrate§Paper VII]
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Chapter 3

Overview of attached publications

In [Paper I] , we present the coupling of the semiempirical DFTB method with the FQ
polarizable force eld. Thisis the rst case in which a fully atomistic polarizable, classical
force eld is coupled to the DFTB Hamiltonian. The resulting DFTB/FQ method is
suitable for the simulation of molecular properties of chemicals with thousands of atoms
embedded into a complex environment, which would require huge computational demand
also in caso of cost-e ective DFT/FQ methods. In particular, we extend the DFTB/FQ
method to calculate excitation energies, which allows for the simulation of solvent e ects
on UV/Vis spectra. In the paper, the method is applied to the simulation of UV/Vis
spectra of two large systems in aqueous solution: (a) doxorubicin and doxorubicin/DNA
intercalation complex, for which a detailed analysis of the e ect of the solvent and the
intercalation on the absorption spectra is also provided, and (b) ubiquitin (1231 atoms),
where a comparison with available experimental data is proposed.

[Paper Il] and[Paper Ill] focus on the development of a three-layer QM/FDE/MM
approach. This is the rst three-layer hybrid quantum/classical embedding method, in
which short-range repulsive e ects are described at the QM level by means of FDE,
while long-range electrostatic e ects are introduced in terms of classical mechanics in
terms of the FQ and FQF polarizable force elds. This permits us to overcome the
weaknesses of standard quantum and classical embedding techniques. In particular,
[Paper 1] presents the rst implementation of QM/FDE/FQ for the simulation of
absorption spectra of organic molecules in aqueous solution, while ifPaper 1ll] the
method is extended both to the FQF force eld and the simulation of NMR spectra.
Application to the calculation of NMR spectral parameters for Brooker's merocyanine
in aqueous and non-aqueous solutions is reported.

[Paper IV] is my rst contribution to the ! FQ method. In this work, the ! FQ
linear system is rewritten in a new and simpler formalism. Then, the algebraic proper-
ties of the new coe cient matrix are investigated, and the solution of the ! FQ linear
system is implemented through iterative methods based on Krylov subspace techniques
(GMRES and QMR). The dependence of the number of iterations required to converge
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the solution of the linear system on several preconditioning techniques and on the phys-
ical parameters that enter the ! FQ model is also studied. The combination of GMRES
with a matrix-free implementation of matrix-vector products in a parallel computing
environment allows us the calculation of optical properties of sodium nanoparticles and
graphene disks composed of more than 1 million atoms. This is the rst and crucial
step toward developing classical atomistic force elds for the simulation of realistic plas-
monic substrates. Also, by exploiting the atomistic description of the ! FQ method,
the e ects of structural defects on the absorption properties of large graphene disks are
investigated.

In [Paper V] we present the extension of the FQ method to the case of plasmonic
substrates composed ofl metals. The optical properties of these systems are strongly
a ected by interband transitions, that occur between a fully occupied band (e.g. formed
by the d orbitals of the metal) to a partially empty one (e.g. formed by s; p orbitals), and
which cannot be described e ectively by the Drude model. Our approach to overcome
this limitation is based on the partition of the experimental frequency-dependent per-
mittivity into two parts: the Drude contribution and the intraband contribution. The
rst contribution is described by the ! FQ model through a set of charges located on
each atom of the plasmonic substrate, while the second contribution is used to de ne
a set of atomic frequency-dependent electric dipoles through an interband polarizabil-
ity. The resulting Frequency-dependent Fluctuating Charges and Fluctuating Dipoles
(' FQF ) method can therefore be applied tod-metals nanoparticles and permits to
decompose intraband and interband contributions to the plasmonic densities. Remark-
ably, the method can reproduce the results of TDDFT calculations, and all the typical
\quantum" size e ects, such as the sign and the magnitude of the plasmon shift, and
the progressive loss of the plasmon resonance for gold.

I FQ and ! FQF models have been rst introduced for the case of homogeneous
plasmonic substrates, i.e. composed of several atoms of the same element. However, the
plasmonic properties change dramatically when moving for example to metallic alloys
or chemically doped graphene-based materials. Therefore, ifPaper VI] we propose
the extension of! FQ and ! FQF to inhomogeneous systems. One of the biggest the-
oretical challenges of this work is the de nition of the intraband polarizability for a
composite system. We propose an empirical formula based on the harmonic mean of
the homogeneous intraband polarizabilities weighted by the chemical composition of the
local environment of each atom. The resulting method has been parametrized viab
initio calculations and compared with experimental data, showing both its accuracy and
versatility in the simulation of silver-gold alloyed nanoparticles.

To conclude, in[Paper VII] , we propose for the rst time the coupling of ! FQ and
I FQF with a QM Hamiltonian for the simulation of SERS. As stated above, surface-
enhanced spectroscopies arise from the presence of intense local electric elds associated
with the surface plasmon resonance induced by the interaction of the plasmonic substrate
with the external electromagnetic eld. In this work, the electric polarizability of the
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QM portion is calculated through the solution of modi ed CPKS equations with the
inclusion of the local eld operator associated with the plasmonic substrate. After that,
the SERS signal is calculated by numerical di erentiation of the electric polarizability
with respect to the normal mode coordinates of the QM portion. The resulting QM/! FQ
and QM/! FQF methods are applied to the simulation of SERS spectra of pyridine and
methotrexate adsorbed on several substrates, showing how the atomistic description and
the chemical nature of the plasmonic substrate plays an essential role in determining
enhancement factors. Also, simulated spectra are compared with available experimental
data.
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Chapter 4

Attached publications

|. Absorption Properties of Large
Complex Molecular Systems: The
DFTB/Fluctuating Charge
Approach
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