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Abstract

This thesis investigates the fundamental mechanisms governing the application of an experi-
mental technique, Atom Probe Tomography (APT) to the field of structural biology through a
combination of atomistic simulations and theoretical modeling. In fact, APT typically is uti-
lized to determine the properties of metals and alloys, but recently has got a huge leap forward
towards new fields of application, among these, the protein structure determination field. Thus,
the primary objective of this manuscript is to improve the reliability and interpretability of
APT analyses by flanking the experimental findings with theoretical calculations, providing a
predictive framework to rationalize the APT workflow at the nanoscale.

A first part of the work focuses on the interaction between silica and biomolecular systems.
Using classical molecular dynamics simulations, structural and dynamical properties of these
hybrid interfaces are characterized, highlighting how adsorption phenomena influence the local
protein behavior, with consequences on the dynamics of biomolecular features. These results
provide insight into the challenges of analyzing organic—inorganic systems with APT.

The study then focuses on the evaporation mechanisms of cations from non-conductive nano-
samples under the influence of ultrafast terahertz pulses. By employing ab initio molecular
dynamics simulations, this work highlights the role of transient electric/laser fields in triggering
field evaporation, offering a possible framework to better understand experimental observations
and to extend APT applicability to insulating materials.

A further contribution of this thesis lies in the investigation of defects in sol-gel silica and
their impact on APT analysis. Through computational analysis concerning Density Functional
Theory calculations, it is proposed that structural impurities significantly improve the con-
ductivity of the APT silica specimen, underlining the importance of accounting for material
imperfections when trying to develop a framework to analyze insulators like silica within the
APT workflow.

Overall, this thesis aims at bridging theoretical calculations and experimental findings, elu-
cidating the key role that in silico methods might play as complementary techniques to provide
predictive insights into the main procedures, phases and processes of APT. The findings pre-
sented here help to advance the understanding of APT in challenging new frontiers and open
novel perspectives for its application to structural biology.
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Chapters and [o] share a similar structure: there is always a first introductory section,
followed by two sections describing the aim of the study and the simulation protocol. Then,
a large section storing all the produced data is present, followed by a last conclusive chapter,
sometimes also offering some perspectives of the work. Lastly, Chapter [6] sums up every result
presented, providing the lecturer with a general view of the whole thesis. Moreover, the thesis
contains also Appendix Sections: Specifically, segments [A] and [B] store all the Supplementary
Data and Information of Chapters[3|and [4 while the last unit [7] describes also other side projects
on which I worked outside of the MIMOSA.
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Introduction

1.1 Protein Structure Determination Field: State of the Art

The comprehension of the mechanisms that underlie protein functions in living cells is a cen-
tral milestone of molecular biology. The most detailed information is obtained from three-
dimensional (3D) structures, which directly reflect the chemical characteristics of proteins and
ultimately govern their biological activity. The access to 3D structural information is therefore
essential for interpreting fundamental biochemical phenomena, including enzymatic catalysis and
the interactions between drugs and their targets. Techniques capable of producing quantitative
spatial representations at the atomic resolution must then draw on a wide array of experimen-
tal approaches, collectively addressing structure, composition, mechanics, and dynamics across
many length scales.

The last century saw a strong development of such powerful tools. Historically, X-ray crystal-
lography has been the first methodology to produce an efficient 3D characterization of macro-
molecules at near atomic resolution through the analysis of diffraction patterns from highly
ordered crystals [1]. Its main workflow is illustrated in Fig. Briefly, the sample is in-
duced to precipitate, and the formed crystals are exposed to an X-ray beam. The resulting
diffraction patterns are then processed by molecular modeling algorithms to retrieve the so-
called 3D electron density maps, ultimately needed to obtain spatial information on the protein
of interest. X-ray crystallography requires a reliable source of highly pure and homogeneous
crystals, frequently produced under non-physiological conditions. Such conditions depend on
many variables: type of precipitant and its concentration, buffer and its pH, protein concentra-
tion, temperature, and possible inclusion of additives. An improper treatment of these often
destabilizes sensitive samples, favoring the emergence of non-native conformations, or neglecting
relevant flexible regions of the molecule. Moreover, intermolecular contacts within the crystal
lattice can distort the backbone and side-chain geometries and restrict native dynamics, thus
complicating functional interpretation [2]. As a result, crystallization remains the main bottle-
neck, particularly for membrane proteins and large conformational clusters and complexes [3], [4].

However, X-ray crystallography continues to provide highly accurate structural coordinates that
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underpin mechanistic studies and structure-based ligand design.

Figure 1.1: Schematic and typical workflow of the X-ray crystallography technique. Reproduced from
Ref. [5]

Other procedures have been developed to complement data coming from X-rays. For example,
Nuclear Magnetic Resonance (NMR) offers details on the local chemical environment of atoms
within a protein that could be considered as constraints during reconstruction phases. In so-
lution, NMR can uncover both structural and dynamic features with high specificity through
the use of isotopic labeling and multidimensional experiments. Protonation states, ion binding,
and information about rotamers are features that remain largely inaccessible to most other ex-
perimental techniques. Furthermore, NMR enables the study of proteins at physiological and
ambient temperatures, allowing detailed, site-specific investigation without imposing harsh con-
ditions that might alter their natural dynamics. On the other hand, NMR detection operates
on objects with small molecular weight (40-50 kDa) and typically requires large amounts of
relatively pure sample in the order of several milligrams [6, [7].

The true revolution in the field of structural biology can be represented by the advent of
cryogenic electron microscopy (cryo-EM), developed between the 80s-90s as method to study
proteins in a quasi-native state at sub-nanoscale resolution [8]. The placement of a cryo-EM
sample inside a transmission electron microscope (TEM) is shown in Fig. A small volume of
purified protein solution is applied onto a metal grid, typically copper, often coated with a per-
forated amorphous carbon film. Excess liquid is removed by blotting with a paper fiber, and the

grid is then rapidly plunged into liquid ethane to flash-freeze the sample. This procedure ideally
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produces a thin layer of vitreous, non-crystalline ice in which proteins are distributed in multiple
orientations. Achieving this vitreous state is critical, as a slower freezing at higher tempera-
tures would cause sample expansion and structural damage. During imaging in the transmission
electron microscope (TEM), the frozen grid is maintained at liquid nitrogen temperature. The
resulting images, obtained through the holes in the carbon film, capture two-dimensional (2D)
projections of individual protein complexes in diverse orientations. These numerous 2D projec-
tions are subsequently combined to generate a single 3D reconstruction, revealing the complete
3D architecture of the protein [9] [10].

Figure 1.2: Schematic diagram displaying the workflow of the Cryogenic Electron Microscopy. Cre-
ated in Biorender [11]

Driven by major advances in electron detection and image analysis, cryo-EM has emerged as
a technique that rivals X-ray crystallography in achievable resolution. By 2008, near-atomic
structures of several viruses and ribosomes had already been determined, with resolutions on
the order of 6 A [12, 13]. These early achievements were enabled by decades of progress in
microscope hardware, sample preparation, and computational methods. A decisive turning
point occurred in 2013 with the commercial availability of direct electron detectors, marking the
beginning of a rapid transformation of the field. This new generation of detectors delivers images
of exceptional quality, while modern image-processing algorithms compensate for beam-induced
motion and enable classification of particles into distinct conformational states. Together, these
developments produce density maps with sufficient detail to infer atomic models for a broad
range of biological specimens.

The enhanced image quality provided by direct detectors allows particle orientations to be
assigned with greater accuracy and substantially improves the separation of heterogeneous struc-
tural states. In parallel, the extension of maximum-likelihood approaches within an empirical

Bayesian framework has simplified image processing by enabling key parameters to be inferred
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directly from the data, reducing the need for manual tuning. Consequently, over the past few
years, numerous research groups have reported cryo-EM reconstructions at atomic or near-
atomic resolution across diverse systems. Complexes with molecular masses below 200 kDa have
become accessible targets, and achievable resolutions now routinely approach 3 A, with values
below 2 A attainable under favorable conditions [14, [15]. Despite these advances, high-resolution
structure determination by cryo-EM remains challenging due to the inherently low contrast of
biological specimens, which are primarily composed of light elements (carbon, hydrogen, oxy-
gen, nitrogen, phosphorus, and sulfur). This limitation leads to reduced signal-to-noise ratios,
complicates 3D reconstruction, and necessitates careful management of radiation damage dur-
ing electron-beam exposure. In addition, particle orientation and incomplete angular sampling
can bias reconstructions, motivating approaches such as stage tilting or the use of engineered
support films to increase orientational diversity [16].

The TEM is an instrument that can be also coupled with electron energy-loss spectroscopy
(EELS) and energy-dispersive X-ray spectroscopy (EDS). EELS is particularly sensitive to low-Z
elements, enabling detection of carbon, nitrogen, and oxygen edges, as well as analysis of near-
edge fine structure associated with bonding, which in principle allows discrimination between
chemical states [I7, [I8]. In contrast, EDS performs best for medium to heavy elements and
offers rapid, wide-field elemental mapping. The electron beam that underpins TEM’s high
spatial resolution also imposes a fundamental limitation for soft and biological materials due
to radiation damage. Even under cryogenic conditions, the permissible electron dose is finite,
enforcing trade-offs between signal-to-noise ratio, spatial resolution, and tilt-series completeness;
gains in one dimension inevitably come at the expense of sample integrity [19]. In summary, TEM
provides exceptional structural resolution and, when combined with EELS and EDS, enables
chemically sensitive imaging. However, under realistic dose limits, achieving quantitative 3D

stoichiometry of light elements at nanometric resolution still remains a significant challenge.

1.2 The Relevance of Local Chemistry: from Cryo-EM to Atom
Probe Tomography

Although cryo-EM now routinely provides near-atomic 3D structures of biomolecules, under-
standing biological function in situ requires complementary chemical information. In particular,
structural data must be integrated with spatially resolved, quantitative measurements of local
composition at comparable length scales. While existing techniques excel at structural char-
acterization, methods capable of delivering nanoscale, 3D maps of light-element chemistry (C,
N, O) in biological specimens remain limited. In other words, the next generation techniques

should gather data storing information about 3D structures plus local chemistry as an orthogo-
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nal dimension of analysis. Various techniques have been tested during the recent years, in order
to find promising candidates capable of adding an effective contribute to cryo-EM studies on

biological specimens.

Atom Probe Tomography (APT) holds the potential to complement and extend the insights
obtained from cryo-EM [20} 21]. The core principle of APT relies on the field-evaporation
of individual ions from a needle-shaped specimen (radius less than 100 nm) under a strong
electric field (typically greater than 1 V - A‘l) combined with short, repetitive laser pulses. A
position-sensitive detector provides lateral (X—Y) resolution of each field-evaporated ion, while
the order in which ions hit the detector defines the depth (Z) coordinate. The time-of-flight
information on each evaporated atom reveals its mass-to-charge-state ratio, i.e. its chemical
nature. Consequently, APT enables the reconstruction of 3D compositional maps with sub-
nanometer spatial resolution and absolute counting statistics [20, 22, 23]. Under favorable
conditions, APT achieves parts-per-million sensitivity and can resolve isotopes, especially for
light elements (C, N, O). Hydrogen detection is also possible, though accurate quantification

requires careful management of background signals, adsorbates, and experimental artifacts [24].

Historically, APT emerged from field ion microscopy (FIM) introduced by Mueller in 1951.
The atom probe field ion microscope (APFIM, 1967) combined FIM geometry with time-of-flight
mass spectrometry, enabling chemical identification of field-evaporated ions [20]. A major mile-
stone was the development of the local electrode atom probe (LEAP, 1996), which established
the modern APT instrument architecture [25]. The introduction of laser pulsing expanded the
applicability of APT beyond good conductors, allowing routine analysis of semiconductors, ox-
ides, and minerals [25] 26]. More recently, ultrafast terahertz (THz) pulses have been explored
to assist APT analyses in conductive materials, although the limits of this approach, particularly
for low-conductivity specimens, remain under investigation. APT and EM can be integrated
effectively in advanced materials workflows. Cryo-EM or TEM can first provide high-resolution
structural maps and identify regions of interest. These regions can then be extracted via focused
ion beam lift-out to create site-specific specimens for APT. In such combined workflows, EM de-
livers detailed structural imaging under dose-optimized conditions but is limited in quantifying
light elements, whereas APT provides precise, 3D chemical information, including atomic-level

stoichiometry, at the nanoscale.

1.3 Overview of Atom Probe Tomography

This section introduces some key concepts about the Atom Probe Tomography workflow, also

discussing the principles of the field-evaporation mechanism.
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1.3.1 Key Concepts to understand Atom Probe Tomography

The core concept of Atom Probe Tomography relies on field-induced evaporation: atoms at
the apex of a needle-shaped specimen become ionized and are expelled (or evaporated) under
a strong electric field generated by a steady DC voltage combined with short triggering pulses
(either high-voltage or laser). The DC bias produces a concentrated field at the nanoscale
apex, while the added pulse momentarily boosts the local field to the level needed for ions to
be emitted. A scheme of the procedure is reported in Fig. The shape of the tip is non-
casual, as the specimen must be sufficiently sharp to concentrate the electrostatic field at its
apex. In a spherical approximation, the surface potential and field are V :ﬁ and F =—9&

" 4mwegR2’
which immediately gives F = V/R. In practice, real emitters are more accurately modeled as

a hemispherical cap atop a conical shank within an electrode assembly. The influence of this
geometry and the surrounding boundary conditions is captured by a specimen—instrument field

factor kr (commonly denoted Ky), leading to the practical working relation:

F= R (1.1)
with kp typically 2-8 and dependent on shank angle, apex shape, and extractor coupling [27,
28, 29], 30, BI]. The electric fields required for field ionization or evaporation are on the order
of 10’ Vm~! (equivalent to tens of Vnm~!), which can be readily achieved for tip radii of a
few to tens of nanometers under kilovolt-scale biases. Due to the rapid decay of the field away
from the apex, small variations in the tip geometry or in the local electrostatic environment can

significantly influence ion trajectories and the accuracy of tomographic reconstruction.

The evaporation phase begins as follows: a brief pulse (typically high-voltage pulses for good
conductors) transiently raises the electrostatic field at the tip apex above the binding energy
of surface atoms, causing them to be ejected and accelerated toward the detector. The mass-
to-charge ratio (MCR) of each ion is determined from its time-of-flight (ToF) using energy

conservation [32]: )
m  2eV ToF
MCR = =z (1.2)
where m is the ion mass, n its charge state, V = Vpc + Vpuse the total accelerating potential
(generally the potential difference between tip apex and detector), e the elementary charge, and
L the flight path length. Accurate APT analysis requires careful specimen preparation: the
sample is sharpened into a tip with radius R < 100 nm to achieve the necessary fields [33].
Standard preparation methods include electro-polishing and focused ion beam (FIB) milling
[34]. Modern position-sensitive, time-resolving detectors record both the impact coordinates

and the time-of-flight [35], enabling high-fidelity 3D reconstructions of atomic composition and
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Figure 1.3: Schematic diagram displaying the Atom Probe Tomography experimental setup. The
sample is sharpened to an ultra-fine tip (radius 100 nm), which is then subjected to a high electric field
under illumination of a pulsed laser beam to induce field evaporation of the surface ions. A position-
sensitive detector reconstructs the 3D profile of the original by coupling positional information and
chemical nature of each evaporated ion.

structural organization. The reconstruction phase is a quite complex procedure: ion trajectories
are typically modeled as rays originating from a projection point P located along the tip axis
at a distance OP = £R from the apex, where R is the local radius of curvature and £ is the
image-compression factor [36]. For a detector positioned at a distance L with L > R, the

point-projection magnification is given by:

Mproj =

D L+¢&R L
~ 1.
d (1.3)

ER T ER
allowing the lateral specimen coordinates to be recovered by demagnifying the detector coordi-

nates:
Xp Yp

Y= .
Mproj Mproj

Tr =

(1.4)

Because atoms are initially placed on the tangent plane at the apex, a spherical curvature

correction projects them back onto the cap of radius R:

2 2 2 2
dz’:R(l— 1—x+y>z“”+y, (1.5)

R? 2R

which is valid for small emission polar angles (r = \/2? + y? < R). In practice, the depth of



8 Introduction

the 7-th ion is then accumulated as:

2 :Zdz—l—dzé, (1.6)
j=1

where dz represents the mean depth increment derived from the sequence of evaporated ions.
This procedure ensures an accurate 3D reconstruction of the specimen geometry and composi-

tion.

Figure 1.4: Point-projection geometry (adapted from [22]). The projection point P is located on
the tip axis at a distance OP = £R from the apex, where R is the local radius of curvature. The
detector is positioned at a distance L from the apex, with L > £R.

1.3.2 Principles of the Ion-Field Evaporation

Field-evaporation is a complex mechanism, that entails the removal of an atom from a solid
surface under the action of a strong external electric field (and also a laser pulse in some occa-
sions), as schematically reported in Fig. (a). An applied electric field polarizes surface atoms
and progressively lowers the bonding barrier that confines them to the lattice. When the field
becomes sufficiently strong, an atom can detach from the surface, transfer one or more electrons
back to the solid, and accelerate away as a positively charged ion.

Early theoretical descriptions treated field evaporation as a thermally activated process in
which atoms surmount a field-lowered energy barrier [37, 38, [39]. Gomer’s charge-draining model
emphasizes a gradual loss of electronic charge as the atom moves away from the surface [3§].
In contrast, in the Miiller’s image-hump model, the atom is assumed to remain neutral until it

reaches a critical distance from the surface, where it suddenly becomes fully ionized. Despite
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their conceptual differences, both models allow evaporation to proceed via thermal activation,

with quantum tunnelling becoming relevant when the barrier is sufficiently thin.

Figure 1.5: The field evaporation mechanism (adapted from [22]). (a) Field evaporation process;
a cation detaches from a metal surface. (b) Atomic and ionic potential-energy diagrams with and
without an applied electric field. V is the potential that each ion senses at a distance x from
the surface without (black dashed line) and with (red line) the external electric field. The term
—neF'x represents the work performed by the electric field on an ion of charge state n. I; is the i-th
ionisation energy, and ¢, the work function. Qo and Q(F") are the energy barriers without and with
field, respectively.

Here, the image-hump expression refers to the energy barrier an ion must overcome to leave
the surface, created by the competition between the external electric field pulling it out of the
material and its image charge pulling it back. Therefore, the external electric field lowers the
ionic potential energy, while image-charge forces attract the ion back toward the surface. As
a result, a field-dependent Schottky barrier generates (often referred to as the image hump),

which the atom must overcome to evaporate [39].

Specifically, the associated potential-energy landscape sensed by an ion with (red line) and
without (black dashed) the field is shown in Fig (b). The term —neF'z represents the work
performed by the electric field on an ion of charge state n as it moves away from the surface
(the negative sign indicates that the electric field lowers the potential energy with increasing
distance, promoting ion emission). The zero—field evaporation energy Qo represents the cost of

removing an atom from the surface and ionizing it in the absence of an external electric field,
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and is given by: .
Qo =A+Zfz‘—n¢67 (L.7)

i=1
where A is the binding (or sublimation) energy of the neutral atom at the surface, I; are the
successive ionization energies required to form an ion of charge state n, and ¢, is the electronic
work function of the emitter. The last term accounts for the energy recovered when the n

electrons released during ionization are returned to the metal.

In presence of the external field F, the field-dependent evaporation energy barrier Q(F') for
an ion of charge state n is reduced by the work performed by the field and by the image—charge

interaction, yielding:

n2e?

Q(F)=Qo—neFz — (1.8)

16megz’
where Qg is the zero-field evaporation energy, with A the surface binding energy of the neutral
atom, I; the successive ionization energies to produce a charge n ion, and ¢, the work function
of the metal; x is the distance of the ion from the surface; e is the elementary charge and gg
the vacuum permittivity. The second term represents the energy reduction due to the applied
electric field, while the third term accounts for the attractive interaction with the image charge in
the metal. This construction captures the field-lowered activation barrier that must be overcome

for field evaporation to occur.

Using the definition of Q(F') above, the maximum field-lowered barrier can be obtained by
evaluating the distance = at which Q(F") is minimized. By differentiating Eq. with respect
to = and setting d@Q/dx = 0, the critical distance where the ion is most likely to escape the
surface is Terit = 4/ ﬁ. Substituting this optimal x¢t back into Eq. yields a compact

expression for the field-dependent evaporation energy in terms of the applied field F":

n3e3F
Q) = o[ (19)

that explicitly shows how the combined effects of the external electric field and the image-

charge interaction reduce the effective barrier, providing a simple yet quantitative link between

the zero-field evaporation energy Qg and the field-assisted ion emission rate.

The initial models cited before (refs. [37,38]) assumed that atoms could be emitted directly
as multiply charged ions, but as a matter of fact, they were unable to reproduce the experi-
mentally observed distributions of ion charge states. Subsequent experimental and theoretical
work demonstrated instead that evaporation predominantly produces singly charged, or at most
doubly charged, ions. In fact, higher charge states are generally formed after emission via post-

ionization processes occurring in the strong near-surface field. Precisely, Haydock and Kingham
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proposed the concept of post-ionization [40} [4I]: atoms are initially emitted predominantly as
singly charged ions (occasionally doubly charged) and may undergo further ionization in the
strong local electric field, potentially through successive steps. Analogous to field ionization,
the additional ionization from charge state n to n + 1 occurs at a critical distance , from the
surface:

’ In—l—l - ¢e

zp = T, (1.10)

where I,11 is the (n+ 1)-th ionization energy, ¢, is the work function, and F is the local electric
field. The probability of post-ionization is therefore both field-dependent and influenced by the
ion’s residence time in the ionization zone, which depends on its velocity and mass. Conse-
quently, isotope-dependent charge-state distributions have been observed [42], 43]. Quantitative
agreement with the measured field-dependent charge states has been demonstrated for rhodium
[40] 141], and Kellogg showed that for tungsten, reproducing the average charge state requires
a multi-step ionization sequence, inconsistent with single-step or simple charge-hopping mod-
els [44]. Kingham later tabulated the charge-state probabilities P, (F') for numerous elements,
known as the Kingham curves [41], which form the basis of standard practice in field-evaporation
analysis [39] 45].

To conclude, recent quantum-mechanical treatments based on first-principles and density-
functional theory have been applied to field evaporation [46] 47, 48|, [49, 50, (1), 52, 53]. While
these approaches provide valuable microscopic insight into electronic structure and charge trans-
fer, their quantitative predictive power remains an active topic of discussion, particularly regard-

ing their applicability to realistic tip geometries and high-field conditions [54].

1.3.3 Modulation of the Detection Rate in Atom Probe Tomography

The evaporation rate at the tip of the specimen depends strongly on both the local electric field

and the temperature. In the Arrhenius formalism, it is expressed as

(I)evap =1 Nking €xp <_ Q(F)>7 (1'11)

kgT

where vg is the attempt frequency, Nying is the number of high-field sites, Q(F') is the field-
lowered activation barrier, and T is the emitter temperature. An increase in the local field F
(which reduces @) or in T results in an exponential rise in the evaporation rate.

Arrhenius behavior has been widely observed [44], 55 [42], with typical attempt frequencies
vp ~ 1011-10"3 Hz, sometimes weakly dependent on F, and measured activation energies below
1eV [B5]. At very low temperatures and for light ions, quantum tunneling contributes, producing

a weak temperature dependence [39, 43|, 42].
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The critical evaporation field Fgy can be defined as the field at which the barrier would
vanish, and given the expression for Q(F) in

4menQo

Fi =0 = Frpy=
Q(Frv) BV =" 33

(1.12)

For fields below the critical value, it is often convenient to use a linearized approximation of the

barrier, commonly employed in Arrhenius-type descriptions of the evaporation rate:

F

Qnorm(F) = Qo (1 — F) . (1.13)
EV

This form directly links the exact inverse-field dependence of Q(F') to a normalized, field-scaled

barrier Qnorm (F), facilitating its use in rate equations and experimental analysis. Combin-

ing egs. and yields a compact relation between the field needed to sustain a given

evaporation rate and the specimen temperature:

(I)eva T
p) il (1.14)

r 1+1
S n —_—,
Fevap o QO

that displays a linear-in-T" trend, observed across different materials [44] [55]. Thus, the field
required to maintain a chosen detection rate is extremely sensitive to the surface temperature
due to the KT factor in eq. To ensure ions are synchronized with pulsed excitation,
inter-pulse evaporation must remain negligible (requiring a sufficiently low DC field at base
temperature) in order to avoid information loss, while the pulsed excursion, either high voltage
(HV) or laser-induced thermal, must be sufficient to evaporate relevant species predominantly
during the pulse. In HV pulsing, this is controlled via the pulse fraction; in laser pulsing, via
the temperature excursion at nearly constant DC field. If the DC field (or base T') is too high,
low-field species spontaneously evaporate between pulses, causing composition bias and reduced
depth fidelity. If the pulsed excursion is too small, high-field species remain, leading to sequence
distortions [22] 33 44].

Consequently, careful calibration of field and temperature, validated against element-specific

curves, is essential for accurate atom-probe measurements.

1.4 Laser-assisted Atom Probe Tomography

As reported in previous sections, in APT atoms at the apex of the tip become ionized and are
evaporated under a strong electric field generated by a steady DC voltage combined with short

triggering pulses, either high-voltage or laser. This section describes the foundations of the latter
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case, when APT is coupled with lasers, i. e. laser-assisted APT (la-APT).

Since the late 1970s, short laser pulses have been employed to trigger field evaporation in
atom probe instruments. Early work by Tsong and co-workers established the role of photon-
assisted field ionization processes [56], 67, [58]. Shortly thereafter, Tsong and Kellogg imple-
mented the first pulsed-laser source on an atom probe microscope, demonstrating the feasibility
of laser-triggered evaporation [59]. Numerous instrumental and methodological variants followed
[60] [61], culminating in modern systems that employ sub-nanosecond [62], picosecond [63], and
femtosecond laser sources [64]. Compared with high-voltage pulsing, laser pulsing significantly
extends APT to poorly conducting materials, including semiconductors, oxides, and polymers.
In metallic systems, it can also reduce the energy spread of emitted ions and improve mass re-
solving power, while simultaneously lowering electrostatic and mechanical stresses and reducing
the likelihood of specimen fracture. Although several physical mechanisms may contribute to
laser-assisted evaporation—including photo-ionization, transient field enhancement, and ther-
mally assisted processes—it is now widely accepted that, for pulse durations = 100 fs, la-APT
is predominantly governed by thermal effects.

Following laser absorption, the electronic subsystem is heated almost instantaneously, while
the lattice remains initially out of equilibrium. Over the electron—phonon coupling time, typically
ranging from several hundred femtoseconds to a few picoseconds, energy is transferred to the
lattice, with characteristic timescales that depend on both material properties and tip geometry.
For laser pulses longer than this coupling time (typically on the order of 1 ps), the electronic
and lattice subsystems are effectively coupled during the pulse, leading to a rapid rise in surface
temperature. Under the presence of a strong DC electric field, this transient temperature increase
promotes thermally assisted field evaporation [56], 57].

In conclusion, the field evaporation in la-APT reflects the interplay of optical, thermal, and
electronic effects. In the following two sections, two relevant and key contributors in the ion-field
evaporation process will be elucidated: (i) resonant photo-ionization of surface atoms and (i)

thermally assisted evaporation via a transient temperature rise.

1.4.1 Photo-induced ionization

Photo-ionization is a resonant process in which one or more photons excite an electron from a
surface adsorbed atom (adatom) to an unoccupied state, thereby ionizing the adatom [65] 66].
Tsong and colleagues proposed three distinct mechanisms [22]. (i) Direct tunneling: in this
process, an electron from the adatom escapes directly into an empty bulk state of the underlying
material due to the strong surface electric field. The electron effectively tunnels through the
energy barrier without the need for additional photon energy. This mechanism is purely field-

driven and is more likely when the electric field at the surface is sufficiently high. (4i) Photon-
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assisted tunneling into the conduction band: here, a photon from a laser pulse excites the
adatom electron, increasing its energy. This energy boost allows the electron to tunnel into the
conduction band of the material, which may not have been accessible through direct tunneling
alone. The photon provides the necessary energy to overcome part of the potential barrier, while
the electric field completes the tunneling process. (%ii) Photon-induced creation of valence-band
holes: in this mechanism, a photon excites an electron from the valence band of the substrate
into a higher energy state, leaving behind a hole in the valence band. This hole provides an
available state for the adatom electron to tunnel into, facilitating its emission. Unlike mechanism
(ii), the photon does not directly excite the adatom electron but rather modifies the electronic

states of the substrate to create a pathway for tunneling.

Figure 1.6: The photo-ionization mechanism in a metal (a) or a semi-conductor (b) under an electric
field. Arrows and numbers indicate electron excitation (red), relaxation (blue), and tunneling (black)
pathways. Adapted from [67].

In metals (Fig. [1.6(a)), the high density of electronic states at the Fermi level and the large
electron mobility enable extremely fast charge transport. As a consequence, any positive charge
created at the surface by photo-ionization is rapidly screened and neutralized by electrons from
the bulk, on timescales much shorter than those required for ion desorption. This efficient
re-neutralization suppresses the stabilization of surface ions, rendering photo-ionization experi-
mentally unobservable under typical conditions [68].

In contrast, in semiconductors or other band-gap materials (Fig. [L.6(b)), the presence of an
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energy band gap fundamentally alters the charge dynamics at the surface. Under the strong
electric fields during field evaporation, significant band bending occurs, leading to the formation
of depletion or accumulation regions near the surface. These space-charge regions limit the
supply of free carriers and suppress rapid electron—hole recombination. As a result, ions created
by photo-ionization can remain stabilized at the surface for a sufficiently long time to undergo
field evaporation [67, 69]. For completeness, band bending is the change in the energy of the
electronic bands near the surface or an interface of a material, caused by electric fields or charge
redistribution.

Overall, photo-ionization can occur either directly through field-induced tunneling or indi-
rectly with the assistance of photon absorption, which either energizes the adatom electron or
modifies the electronic structure of the substrate. Metals generally suppress photo-ionization
due to rapid electron recombination, whereas semiconductors and insulators, with their finite
band gaps and slower recombination rates, allow the ionized atom to persist long enough for
field evaporation [69].

From a kinetic perspective, photo-ionization is nearly instantaneous, while field evaporation
typically occurs on a sub-picosecond timescale ( 0.5 ps) [70} [71]. Within this framework, atoms
are first ionized to the 14 state and can then undergo post-ionization near the tip, consistent
with the Kingham theory [72]. Experimentally, photon-assisted evaporation of silicon (semi-
conductor) has been observed at moderate fields using nanosecond pulses [66] and at low laser

energies using sub-picosecond pulses [73].

1.4.2 Thermal Field Evaporation

A short laser pulse can trigger field evaporation by depositing optical energy at the tip apex.
This energy is first absorbed by the electronic system and then rapidly transferred to the lattice
through electron—phonon coupling within a few picoseconds, producing a transient temperature
rise known as the thermal pulse. The evaporation sequence and associated time—temperature
window are schematically illustrated in Fig. Early studies demonstrated that the apex
temperature can rise by several hundred kelvin after a pulse, sufficient to thermally activate
field evaporation [74]. As a result, because ions can be emitted throughout the entire cooling
period, the spread in emission times broadens the time-of-flight distribution, which can degrade
mass resolution. In this regime, the instantaneous evaporation rate follows an Arrhenius-type

law is:

Q.
kpT(t)

o(t) =vexp [ , (1.15)

where v is the attempt frequency, @, is the activation energy for evaporation, and T'(¢) is the

time-dependent apex temperature. For a wire-like tip geometry (1D heat diffusion), the apex
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temperature relaxes according to:

2
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where Tj is the base temperature, « is the thermal diffusivity, w is the effective (Gaussian)
half-width of the heated region, and T} is the initial apex temperature increase. Immedi-
ately after electron—phonon thermalization, at ¢ = 0 [75], the axial temperature profile is often

approximated as a Gaussian:

2
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Figure 1.7: The thermal evaporation mechanism: a laser pulse produces a transient temperature rise
at the apex followed by diffusive cooling that defines the evaporation time window (black line). The
red dashed line represents the normal decrement of the local temperature. Adapted from [23].

For metallic specimens, minimizing the magnitude and duration of the thermal pulse improves
mass resolution by narrowing the evaporation time window. This can be achieved by optimizing
illumination parameters (shorter wavelength, tighter focus, and shorter pulse duration), adjust-
ing tip geometry for better heat dissipation (e.g., larger cone angles), and lowering the base
temperature. In particular, shorter excitation wavelengths reduce the optical absorption depth
and effective heated width w, resulting in sharper peaks in the APT spectra [76]. Additional
discussions of tip radius and cone-angle effects are given in [23| [70, [76, [77]. In semiconductors
and dielectrics, both wavelength and laser fluence strongly influence the peak width and the

long thermal tail, representing slow evaporation during cooling.

A typical effect of thermal evaporation that is observed in APT spectra is the presence of
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a local minimum following the main peak, succeeded by a delayed secondary maximum. This
is typically consistent with a two-step thermal response: an initial rapid temperature rise at
the apex due to direct laser absorption, followed by delayed heat flux from the shank toward
the tip. This secondary thermal contribution reactivates evaporation after a transient cooling
period, producing the observed secondary maximum in the time-of-flight distribution [78, [79].
Finally, defects introduced during FIB preparation, combined with the applied DC field, can

further modify absorption and transient heating, as observed in laser-assisted responses [80, 81].

1.5 Atom Probe Tomography applied on biological materials

This section introduces a novel application of Atom Probe Tomography to the determination
of protein structures, focusing on the advantages and caveats that such procedure displays in

biological contexts.

1.5.1 The Relevance of the Sample Preparation Protocol in Atom Probe
Tomography applied on Biology

Initially, APT was used almost exclusively for analysis of metals and alloys but its application
range widened in the last decade. To open its usage to low-conductive materials and biomate-
rials, nowadays a pulsed UV laser illumination is used to control the field evaporation process.
APT still presents limitations, as the strong electric field around the needle often induces large
mechanical stresses in the sample, called Maxwell stresses. As a result, an APT experiment
typically ends with mechanical fracture or field-induced deformation of the specimen, inducing

a loss of spatial and chemical resolution.

Up to now APT was discussed as a technique able to evaporate ions from a given (relatively)
homogeneous material, a metal or semiconductor (like Silicon). However, its application on
macromolecules presents several challenges, due to the intrinsic complex nature of biological
objects. In fact, the construction of a needle-shaped specimen made of only proteins is not
feasible. Thus, this specific APT workflow must somehow include a preliminary step-0 protocol
able to generate a thin needle containing the biological sample, protecting it and avoiding damage
or fracture during the subsequent APT analysis. In fact, such needle must withstand cryogenic
temperatures, ultra-high vacuum, and intense electric fields, experimental conditions largely
incompatible with the physiological environment of biomolecules in solution. Therefore, the
design of such protocol represents the biggest obstacle to surmount in this context, as well as

its reliability and reproducibility.
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1.5.2 The First Application of Atom Probe Tomography on Proteins

Recently, a novel experimental workflow for investigating the 3D structure and chemical com-
position of individual proteins using APT was introduced by a research group at Chalmers
University of Technology in Gothenburg, Sweden [82]. This approach extends the applicability
of the method beyond traditional materials science and opens new possibilities for structural
biology, particularly for proteins. In fact, Sundell et al. [82] demonstrated that APT might
have the potential to reconstruct single protein structures in 3D without relying on ensemble
averaging, marking a fundamental paradigm shift in structural biology. Rather than deriving a
consensus structure from millions of particles, APT enables true single-molecule 3D reconstruc-
tion, preserving structural individuality and molecular heterogeneity. Crucially, APT couples
to spatial coordinates (X, Y, Z) also the chemical sensitivity through mass-to-charge identifica-
tion, as aforementioned in Section This capability allows direct determination of elemental
composition at near-atomic resolution, revealing chemical heterogeneity and local compositional
variations within a single biomolecule. The relevance of the APT process therefore lies not only
in its spatial resolving power, but in its unique integration of structural and chemical informa-
tion, enabling a more complete and molecule-specific understanding of protein architecture and
function, at the level of individual molecules.

The proposed method builds upon earlier specimen preparation strategies for APT [83], with

specific modifications designed to overcome the intrinsic challenges associated with biological
materials. This novel sample preparation protocol and its details are reviewed in Section [1.5.3
In particular, the aqueous environment surrounding the protein shpuld be by an amorphous
silica matrix formed via a tailored sol-gel process. In principle, this gelled silica network should
provide mechanical stability and protects the embedded biomolecule from damage during focused
ion beam (FIB) milling and the following APT analysis, while preserving the native structure
of the protein. Importantly, the proposed encapsulation process can be carried out at room
temperature. In addition, silica has previously been shown to partially maintain embedded
enzymes in a functional state [84].
Fig. 1.8 (a) illustrates the gel-like silica matrix formed from a silica sol containing the protein
of interest. The needle-shaped APT specimen shown in Fig. (b) was fabricated using an in
situ FIB-SEM lift-out procedure [85], followed by a standard tip-sharpening step (commonly
employed in APT), also described in Section The resulting silica matrix should confer suffi-
cient mechanical integrity to the specimen, enabling controlled APT analysis without premature
fracture [84].

In this Chalmers study, rabbit immunoglobulin G (IgG) was selected as a model protein
[86]. Successful silica encapsulation requires a careful balance between maintaining a chemically

benign environment for the protein and forming a sufficiently dense and robust silica matrix.
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Figure 1.8: Gel-like silica matrix embedding the proteins before APT analysis. (a) Macro photograph
of a bulk piece of the synthesized protein-containing silica matrix. (b) SEM micrograph (600X
magnification) of an array of protein-containing specimen tips sharpened using FIB. Insert: SEM
micrograph of individual specimen apex at 100 000X magnification. Adapted from [82].

Since different proteins respond differently to pH and ionic conditions, multiple synthesis routes
were explored. Two distinct silica precursors were investigated: tetraethyl orthosilicate (TEOS)
and sodium silicate (commonly referred to as water glass), yielding two amorphous silica matrices

with markedly different properties.

Silicon alkoxides such as TEOS undergo spontaneous hydrolysis upon contact with water, fol-
lowed by condensation reactions that form an amorphous silicon—oxygen network while releasing
alcohol as a by-product. These reactions are catalyzed under both acidic and basic conditions
and are strongly influenced by parameters such as pH, precursor concentration, temperature,
and the nature of the organic substituents [87]. By adjusting these parameters, the gelation time
and physical properties of the silica matrix, including porosity and density, can be controlled.
Under neutral pH conditions, TEOS-derived silica was found to be excessively porous and me-
chanically unstable for APT analysis. In contrast, synthesis under acidic conditions produced
a dense silica matrix capable of withstanding the mechanical stresses encountered during APT.
However, IgG embedded in low-pH TEOS-derived silica exhibited pronounced aggregation, likely
due to the sensitivity of the . domain to acidic environments, as shown in Fig. (a). Similar

F.-mediated aggregation has been reported to promote complement activation [88].

More favorable results were obtained using sodium silicate as the silica precursor. In aqueous
solution, the simplest silica species is orthosilicic acid, Si(OH)4, which readily polymerizes at
concentrations exceeding approximately 1072 M, forming nanoscale aggregates that ultimately
condense into an amorphous solid as water evaporates [89]. Because sodium silicate solutions
are inherently basic, an ion-exchange step was employed to adjust the pH to near-physiological

values prior to protein addition. Under these conditions, no IgG aggregation was observed, and
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Figure 1.9: (a) Pentameric aggregate of IgG is visible in a 2D heatmap (atomic number density of
organic species) from an atom probe analysis with TEOS-derived silica at pH 2 as the embedding ma-
trix. (b) Heatmap (atomic number density of organic species) of a single molecule of IgG embedded
in a silica matrix composed of orthosilicic acid (Si(OH),), synthesized through auto-polycondensation
at pH 7. Adapted from [82].

a two-dimensional APT reconstruction of a single IgG molecule is shown in Fig.[1.9) (b).

Electron-transparent lamellae prepared from the Si(OH)4-derived silica matrix using FIB—
SEM confirmed, wvia bright-field transmission electron microscopy, the presence of an intact
IgG monomer exhibiting the characteristic Y-shaped morphology (Fig. [1.10[ (a)). Since the
silica matrix is inorganic, reconstruction of the protein relied on carbon-containing ionic species,
allowing for an unambiguous spatial mapping of a single IgG antibody. The distribution of
such species is presented in Fig. (b). Due to the intrinsic flexibility of the antibody hinge
regions, complete crystallographic structures of IgG molecules are scarce. Consequently, the
reconstructed rabbit IgG was compared with a known human IgG structure obtained by X-ray
diffraction at 2.7 A resolution (PDB entry 1HZH) [90]. This comparison, illustrated in Fig. 1.10)
(c), was performed by importing the crystallographic model into atom probe reconstruction

software and generating 3Datomic density maps for both structures.

The spatial resolution of APT is anisotropic, typically being superior along the analysis direction
compared to lateral directions. As a result, assigning a single global resolution value is chal-
lenging. Nevertheless, the clear visibility of F,p, loop features suggests a resolution better than
10-15 A on a single IgG molecule, sufficient to resolve tertiary structural elements, although not

fine details such as secondary structure or individual side-chain rearrangements.

The atom probe mass spectra further corroborate the successful encapsulation of IgG within the
silica matrix (Fig. [1.11)). Due to the fundamentally different ionization mechanisms involved,
APT spectra of biomolecules differ significantly from those obtained using conventional mass

spectrometry techniques. The dominant organic ions observed were CNH?*, likely originating
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Figure 1.10: TEM micrograph and atom probe 3D reconstructions. (a) Bright field TEM micrograph
of a single IgG molecule embedded in Si(OH)s —derived silica matrix. (b) Spatial distribution of
aminoacidic ionic species CNH?* and CO?* in a single IgG subvolume, retrieved by generating an
isodensity region with the more than 6 C atoms nm3. (c) the images in numbers 1, 2 represent a
carbon isodensity heat map (5 C atoms nm™3) of human IgG as reported by Saphire et al. (2001)
[90] and regenerated in the atom probe 3D visualization software. 3 and 4 display the equivalent
isodensity surface from the APT analysis, retrieved from the isodensity regions. To assemble the
acquired data into tomograms, a standard voltage evolution—based reconstruction protocol for APT
was adopted [26]. Adapted from [82].

Figure 1.11: Atom probe mass spectra. Annotated mass spectra in linear scale from the Si(OH)4
—derived silica matrix (red) and the IgG subvolume (black) of an atom probe analysis. The peaks
from amino acid trace ions are indicated with arrows.. Adapted from [82].
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from combined amine and a-carbon fragments, and CO?*t, associated with carboxyl groups.
Overlapping peaks between the protein and silica matrix complicate the identification of certain
elements, such as nitrogen and sulfur, necessitating isotopic labeling for unambiguous assignment
[01]. Quantitative analysis was therefore limited primarily to carbon. After correcting for
detection efficiency and isotopic abundance, the measured carbon content was found to be in
good agreement with reported values for rabbit IgG [86].

Notably, characteristic water-related peaks at 17-19 Da were absent from the spectra, sug-
gesting that the hydration shell surrounding the protein was largely replaced by silica during
matrix formation. Nevertheless, the presence of oxygen and hydrogen ions throughout the analy-
sis indicates that residual water cannot be entirely excluded, as also stated in other experimental
works [91].

Figure 1.12: Workflow of the First Atom Probe Tomography Analysis on Proteins, consisting of three
key steps: protein encapsulation (1), FIB-SEM lift-out procedure (2) and APT analysis itself (3).
Adapted from [82].

A complete workflow of this application of APT on the determination of protein structures is
reported in Fig. In summary, the work by Sundell et al. [82] demonstrates a fundamentally
new approach for protein analysis using APT. With continued methodological development, this
technique holds promise for simultaneously providing 3D structural information of single pro-

tein molecules flanked with elemental composition, achieving what stated in Section [1.2] Tor
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recall, this novel protocol could have the potential to yield an analysis of individual proteins,
so in principle guaranteeing access to the structural conformation of each protein unit encapsu-
lated in the silica matrix. While atomic-scale resolution comparable to crystalline materials is
unlikely for biomolecules, the method already enables access to protein tertiary structure and,
potentially, conformational variability. The mechanical robustness of the Si(OH)4-derived silica

matrix further supports its suitability as a matrix precursor for biological APT studies.

1.5.3 Detalils of the Sample Preparation Protocol and the FIB-SEM Proce-

dure

As reported in Fig. the overall procedure can be divided into a sequence of well-defined
steps: (i) sample preparation protocol (protein encapsulation), (i) FIB-SEM lift-out procedure,
(ii) APT analysis itself. The current section focuses on the first two steps of this pipeline
proposed by Sundell et al. [82], and the last will be discussed in Section m

Figure 1.13: Scheme of the Sample Preparation Protocol. Sodium silicate (step 0.) is inserted into
an aqueous solution (step 1.), and then passed into an ion exchange column, obtaining an aqueous
Si(OH)4 solution (step 2.). Once reached pH values close to 7, proteins are added (step 3.), and the
the whole mixture undergoes a sol-gel polymerization step, passing from a liquid to a gel-like state
(step 4.).

The preparation of a liquid solution containing both proteins and the matrix precursor molecule,

here Si(OH)y, starts generally from commercially available kits, like sodium silicate kits (step
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0. in Figure . The matrix primer kit might also be more complex in terms of composition,
comprising a monomer, a crosslinker, and an initiator. The initiator provides the energy re-
quired to trigger polymerization, leading to the formation of a matrix through bonding between
monomer and crosslinker. Consequently, the transition from the liquid state to the gel-like state
depends strongly on the chosen matrix precursor. For polymer-based matrices, a curing phase
might be needed at higher temperatures (like 37 °C), to supply sufficient energy to accelerate

the matrix formation.

The highly alcaline sodium silicate NagSiOs (pH 11-12) is dissolved in water (step 1. in Fig-
ure, meaning that silica exists mainly as silicate ions Si02~ and not in the form of Si(OH),.
Then, the whole mixture is passed through an ion exchange column (step 2.), activated with hy-
drochloric acid (HCI) to reduce the pH of the solution up to 7.5 circa. The chemical reaction char-
acterizing this process is the following: NapSiO3 (aq) 4+ 2 HCl (HPLC /resin) — Si(OH)4 (aq) +
2NaCl (aq). Such reaction reduces the pH from highly alkaline to mildly basic/neutral (7-7.5),
as silica begins to be mostly present as an acid, Si(OH)4, reaching metastability. Intuitively,
the role of the pH in this whole procedure is extremely relevant. Briefly, the kinetics of the
Si(OH)4 polymerization is highly dependent on pH of the solution. Si(OH)4 is a weak acid,
and its pKa; is close to 9.5. This means that at pH close to 9.5 the concentration of Si(OH)4
and the conjugated base (or anionic form, Si(OH)30") is equal, i.e. half of the monomers are
with/without a proton. For pH values lower than pK,y, Si(OH), is the most abundant species,
whereas for higher pH values the deprotonated form Si(OH)30~ becomes dominant. Intuitively,
the polymerization rate finds its sweet spot at low values of pH, where there is lots of substrate
(i. e. unprotonated Si(OH)4) and few Si(OH)3O~ anions; in this condition polymerization oc-
curs effectively. However, too low pH values lead to insignificant concentrations of the anions
(all monomers are protonated), and no polymerization occurs. Contrary, for high pH values,
the high negative charge accumulated by the Si(OH)30™ molecules generates repulsion among

monomers, dampening the polymerization rate.

Once reached pH values close to 7/7.5, the proteins and the relative buffer are added (Fig-
ure m step 3.). At such pH value, the polymerization rate is not at its maximum, but is still
sufficient to guarantee a good formation of the silica matrix. In the specific case of orthosilicic
acid, auto-condensation can also occur even at room temperature at sufficiently high concen-
trations (greater than 103 M), albeit with relatively slow kinetics. For this reason, the initial
employed Si(OH)4 concentration ranges between 0.3 and 0.6 M. Lastly, the whole mixture is
cured at 37°C, waiting for silica to polymerize, forming a connected amorphous gel-like matrix
(step 4.). Overall, external control parameters are therefore often required to promote efficient
condensation. Depending on variables such as concentration, pH, temperature, and reaction

time, the silica network may adopt different configurations, including chain-like, ring-like, or
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branched architectures, which eventually reorganize into a continuous, amorphous gel structure.

This whole procedure is characterized by one key and essential phase: the silica should
progressively replace the native aqueous environment around the protein structure during the
early stages of the Si(OH),4 polymerization, as the presence of water between the biomolecules
and the matrix during the subsequent APT analysis would definitely lead to failure. Moreover,
at a certain stage (see Figure m, step 3), a significant amount of water is removed to accelerate
the polymerization chain reaction. If the proteins have not interacted with the silica beforehand,
they will be removed together with H5O.

Previous studies have demonstrated that enzymes encapsulated in silica matrices can par-
tially retain their catalytic activity and, in few cases, remain almost unperturbed, as evidenced
by solid-state NMR investigations [92]. However, it is reasonable to expect at least minor con-
formational changes of the protein due to the interaction with a different chemical environment,

at least at the level of amino acid side chains.

Figure 1.14: Scheme of the The FIB-SEM Procedure. Schematic representation of the APT lift-out
process used to obtain specimens from a silica sample containing the embedded proteins. A region
high in protein concentration is identified and the FIB is to lift out (1-4) such volume, placing on flat
top posts (5). The lift-out segments were then milled using the ion beam into APT ready specimens
with diameters below 100 nm (6-8).

To conclude, the success of the atom probe tomography (APT) pipeline for protein analysis
depends critically on the sample preparation step, and specifically from its early stages. Effective

encapsulation of proteins within an amorphous silica matrix is essential to preserve their spatial
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integrity throughout dehydration, focused ion beam (FIB) processing, and field evaporation.
The sol-gel-derived silica matrix provide sufficient mechanical stability for specimen fabrication
and analysis. At the same time, it must remain chemically inert and structurally homogeneous
to avoid obscuring the protein signal during laser-assisted evaporation. Inadequate control over
this preparation step can lead to protein displacement, damage, or loss of contrast relative to
the surrounding matrix, thereby limiting the achievable spatial and chemical resolution in APT
reconstructions.

Figure [[.14) reports the FIB-SEM procedure. Once gelation is achieved, the bulk material is
mechanically cleaved (steps 1-3) with the FIB-SEM wvia a methodology called the wall method,
an operation exposes the region of the matrix containing the highest concentration of proteins,
which typically settles toward the bottom of the container during preparation. Step 4 depicts
the extraction of the protein-rich region from the silica matrix. All these steps have a peculiar,
essential purpose: to reduce the macroscopic dimensions of the sample, which are incompatible
with APT analysis. This silica region high in protein concentration is then mounted on a top
post, glued and reduced (again) in dimension (step 5-6).

The extracted volume is subsequently shaped into a needle-like geometry through an annular
milling procedure of diameters below 100 nm, as illustrated in steps 7-8. This particular geometry
is a fundamental requirement for APT, as described in detail in standard APT literature [21]
and also in Chapter |4, Section [4.1.3] The final needle-shaped specimen is then suitable for APT

analysis.

1.5.4 Details of the Laser-Assisted APT Analysis

This Section has the objective to elucidate some details about the third main step of the protocol,
the la-APT analysis, focusing mainly on its crucial and critical features.

As stated in Section APT instruments can resolve isotopes: such aspect is extremely
relevant for this pipeline characterized by hybrid organic-inorganic systems such as IgGs em-
bedded in silica matrices. In fact, a central limitation of APT is the occurrence of ambiguities
in the mass-to-charge (m/z) spectrum, arising from carbon-, nitrogen-, and oxygen-containing
ionic species deriving from the IgGs, that produce indistinguishable peaks (i.e. overlaps). This
issue becomes more severe in silica—protein systems due to the coexistence of such light elements
(H, C, N, O) and silicon, combined with the extensive fragmentation that occurs during field
evaporation. As a consequence, distinguishing chemical species based solely on m/z becomes
highly uncertain. For example, carbon ions (C*, 12 Da) and nitrogen-related fragments such as
N+ and CH;r (both 14 Da) could coincide. Similarly, IgG generates many molecular ions such
as CO™ and N; , both appearing at 28 Da, which coincides with the peak of the most abundant

silicon isotope, 28Si. Such overlap among the three species introduces significant noise, making it
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difficult to unambiguously assign the detected signal to either the silica matrix or the embedded
biomolecule. Additional complexity arises from oxygen- and hydrogen-containing species. lons
such as O™ (16 Da), OH™ (17 Da), and HoO™" (18 Da) can originate from both the sample and
residual water, and often overlap with hydrocarbon fragments. Hydrogen ions (HT, H;) are
also ubiquitous and provide limited chemical specificity due to their multiple possible sources.

For these reasons, a powerful strategy to mitigate this issue is isotopic labeling, which shifts
characteristic peaks by replacing naturally abundant isotopes with less common ones. For in-
stance, 13C and "N labeling shifts protein-related peaks to higher m/z values. This reduces
peak overlap and enables a clearer distinction between matrix- and protein-derived ions. Sundell
et al. [82] utilized engineered 3C-labeled IgG molecules.

Another relevant aspect lies in the possible critical aspects that might arise in reconstruction
phases of specimens containing silica and biomolecules. As stated in Section[1.3.1] equation[1.18
constitutes a known relationship between voltage, evaporation field and tip radius that can be
utilized to get spacial information of homogeneous, conductive materials, as the evaporation field
(and thus the applied voltage) can be assumed to be relatively constant across the specimen.
Briefly, the voltage can be utilized to track the evolution of the tip radius and refine the signal
of the depth (z-coordinate) of evaporated atoms. This means that, for every atomic species,

equation [1.18| can become:
v

vap — kFiRa

where I, identifies an evaporation threshold typical of each element evaporated. If the spec-

F. (1.18)

imen is homogeneous, every atom will share the same F,,,,. However, using such relation
F = V/kpR in heterogeneous systems like silica—protein systems becomes critical for several
reasons. To get this concept, it is first necessary to explain a relevant concept, namely the laser
pulse energy (LPE).

Under laser-assisted APT conditions, evaporation is not purely field-driven but also strongly
influenced also by thermal effects (see Section . In this regime, LPE plays a central role in
determining the evaporation behavior, as the effective evaporation field threshold (or barrier) is
reduced by a local temperature increase induced by the LPE, as also shown in equations [I.1]]
and of Section As consequence, the final condition for evaporation becomes a coupled
function —a summation— of both electric field (voltage) and temperature (or LPE) Feyep(V,T),
rather than a purely electrostatic threshold (Feyep). This means that, the interplay between
these two parameters, voltage and LPE, is thus extremely crucial. In other words, a fixed target
final evaporation rate, can be described by a high field contribution and a low LPE contribution,
or vice versa. This two combined contributions the actual local evaporation behavior: as far
as the material is homogeneous, this is not a problem, but if we consider a specimen of silica

and embedded IgGs, things change. In fact, the two entities exhibit markedly different optical



28 Introduction

absorption, thermal conductivity, and heat dissipation properties. As a result, a given final
evaporation rate Feyqp(V,T') does not produce a uniform evaporation condition, but a spatially
heterogeneous one. Typically, IgG regions characterized by light atoms like *C, N, O display

lower electric field evaporation Fe,q, thresholds with respect to silica (inorganic, heavier).
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Figure 1.15: The measured 3C/?8SI?* ratios at various LPEs [pJ] from different analyses where the
13C/12C ratio was above 5. Given that the evaporation rate in la-APT is always constant, for low
LPE values (i.e. high voltage values) both the protein and the matrix evaporate, but 13C/28S)2+
ratio is low because 13C atoms cannot be efficiently detected. Instead, for high LPE values (i.e.
low voltage values), the ratio is higher, but the total reconstruction efficiency was low (not shown).
Close to middle-range values of LPE, the detection of 13C is optimal (the ratio is high), as both the
matrix and the IgG exhibit a similar evaporation trend, leading to good final reconstruction.

At low voltage/electric fields (meaning high LPE, if the final evaporation rate is kept constant),
protein atoms evaporate, but silica has not reached its evaporation threshold yet. This nonuni-
form evaporation phenomenon has bad consequences on the overall final result: since IgG atoms
are trapped within a slowly-evaporating silica, they cannot immediately leave the tip, displaying
surface diffusion and subsequently directional migration toward the outer regions of the needle-
shaped specimen, ultimately leaving it. This causes negative effects during reconstruction, as
APT assumes that the evaporation occurs uniformly layer-by-layer: if 3C exhibits migration
toward outer layers and subsequently evaporates, it gets assigned to the same depth and radius
of curvature of silica atoms in those outer layers, leading to artifacts in the final structural

profile of the tip/biomolecule. Instead, at high voltage/electric fields (meaning low LPE, if the
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final evaporation rate is kept constant), silica efficiently evaporates, but given the net difference
between the number of atoms coming from the matrix and the IgGs, protein information is lost
across the analysis (its evaporated ions are not captured as detectable by the instrument). In
conclusion, performing APT on such a heterogeneous specimen requires identifying an optimal
balance between voltage and LPE that yields a sufficiently uniform final evaporation rate, as
shown in Fig. Achieving this compromise is essential to minimize differential evaporation
between components and to ensure a reliable reconstruction of all regions of the tip, including
both the silica matrix and the embedded protein.

To recall, the applied static voltage is no longer uniquely related to the final evaporation
field (laser 4 voltage). This breaks the fundamental assumption that voltage alone can be used
to track the spatial evolution of the tip radius corresponding to a unique geometrical state of the
tip. Therefore, voltage cannot be reliably used as a reconstruction parameter in laser-assisted
APT of heterogeneous systems. Instead, reconstruction strategies must rely on geometrical

models, ion detection sequences, and assumptions about volume conservation.

1.6 The MIMOSA Project

Despite the promising results reported by Sundell et al. [82], several fundamental questions
regarding the proposed protocol remain unresolved. More generally, while the work of Sundell
et al. represents a major step forward, it also highlights several limitations that currently hin-
der atomic-scale analysis of biological materials using APT. These include insufficient chemical
resolution to unambiguously resolve the molecular structure of proteins, a low signal-to-noise
ratio that complicates reliable 3D reconstruction, and uncertainties in spatial resolution arising
from specimen heating induced by laser-assisted APT operation.

In an effort to address these challenges, a European research project entitled 4D Microscopy
of biological materials by short pulse terahertz sources (MIMOSA) was launched on 1 Septem-
ber 2022. The primary objective of MIMOSA is to bridge the gap between current industrial
and academic developments in APT imaging. MIMOSA therefore aims to develop a prototype
microscope capable of providing simultaneous spatial and chemical characterization of biological
materials at the atomic scale, invoking the concepts already mentioned in Section [1.2] Thus,
the final objective of this project is to complement results from cryo-EM /X-ray crystallography,
that otherwise suffer from intrinsic limitations when used independently.

This new instrument concept seeks to utilize new laser types during APT analysis, that might
display a better fit with biological materials. In recent years, the high-resolution microscopy
community has actively explored alternative excitation schemes to overcome the limitations of

conventional laser-assisted APT. A particularly innovative approach was introduced by Vella et
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al. [93], who demonstrated the feasibility of controlling ion emission from a metallic nanotip
using intense THz pulses, instead of standard ultraviolet (UV) pulses. This work established new
degrees of freedom for manipulating the atomic evaporation process and represents a significant

advance in atom probe instrumentation.

The interaction between intense THz pulses and biocompatible materials, as biomolecules
embedded in silica matrices, remains largely unexplored. While the mechanisms of UV, visible,
and infrared laser-assisted field evaporation have been extensively studied, the response of ma-
terials to THz excitation is still poorly understood. A key advantage of THz-driven evaporation
lies in its potential to enable non-thermal field evaporation (see Chapter |4} Section for
more details). This is particularly relevant for soft organic materials such as proteins, which are
highly sensitive to temperature-induced damage. By minimizing thermal effects, THz-assisted

APT could help ensure that biomolecules retain their native structure throughout the analysis.

In parallel, advances in detector technology further enhance the prospects of atom probe
microscopy. State-of-the-art APT detectors already achieve detection efficiencies exceeding 80%,
and realistic pathways exist for the development of new ion detection concepts incorporating
kinetic energy discrimination [94] 05]. If successfully implemented, such advances could enable
atom probe analyses approaching high detection efficiency, allowing the precise localization of

every atom within a single protein without the chemical ambiguities caused by spectral overlaps.

The sample preparation protocol is another procedure that MIMOSA aims to largely im-
prove. Silica matrices could be derived from a broader range of molecular primers, each im-
parting distinct chemical and structural features to the resulting network. Beyond tetraethyl
orthosilicate (TEOS), alternative primers derived from Si(OH)4 might offer the potential to tune
matrix polarity, porosity, and interfacial interactions with embedded biomolecules. Such primers
may enable the incorporation and stabilization of more complex targets, including membrane
proteins, by promoting favorable interactions between hydrophobic domains and the evolving
silica framework. By tailoring the primer chemistry, it may be possible to generate hybrid silica
matrices that better accommodate amphiphilic proteins, preserve their native conformations,
and limit aggregation or denaturation during dehydration and field evaporation. Expanding
the range of silica precursors therefore represents a promising strategy to extend APT analyses
beyond soluble proteins toward membrane-associated systems that remain challenging under

conventional preparation protocols.

In addition, further optimization of the sol-gel synthesis protocols will also be required
to routinely produce suitable Si(OH)4-derived silica matrices. Standard FIB-SEM-based APT
specimen preparation typically requires volumes on the order of 50 fL to fabricate several needle-
shaped specimens. If biomolecules can be homogeneously dispersed within the silica matrix, low

protein concentrations could, in principle, be sufficient for APT-based structural analysis. This
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capability would enable seamless integration with lab-on-a-chip platforms, where only minute

liquid volumes are available for investigation.

The potential impact of combining THz excitation with matrix functionalization is therefore
considerable. Achieving high levels of performance would profoundly enhance our understand-
ing of complex biomolecular systems, including ligand-receptor interactions and metal ion co-
ordination in heme-containing proteins. Similar to the transformative impact of direct electron
detectors in cryo-EM, the development of a new THz-assisted atom probe platform could trigger
a paradigm shift in nanoscale biological analysis. Beyond fundamental research, such advances
may also have far-reaching implications in medicine and pharmaceutical science. More than half
of modern therapeutic drugs target proteins, particularly membrane proteins, for which detailed
3D structural information is often lacking. By providing new insights into these systems, MI-
MOSA has the potential to significantly accelerate drug discovery and development, ultimately

yielding substantial societal benefits.

1.7 The Role of in Silico Modeling in the MIMOSA Project

As stated in the previous section, acquiring a deeper understanding of the matrix effect on
several kinds of proteins and defining also a reliable sample preparation protocol that can be
applied to a wide range of biomolecules represent two major objectives of the MIMOSA project.
Also the design of new laser types (like THz) able to induce less thermal effects and stresses
during the APT analysis are a huge milestone that must be pursued to unlock the full potential

of this novel protocol.

Notably, the success of this methodology critically depends on the compatibility between the
biomolecule and the embedding silica matrix. The encapsulation must preserve the native struc-
ture of the protein, minimize mechanical stress, and ensure a homogeneous and stable coating.
These stringent requirements introduce significant uncertainties that cannot be fully addressed
by experimental techniques alone. A valuable contribution could come from in silico modeling,
which represent a complementary approach capable of formulating testable hypotheses and iden-
tifying physically meaningful pathways, thereby guiding experimental design and facilitating the
interpretation of complex experimental observations. Therefore, the current section is organized
into two seoarate subsections. The former describes the computational strategy adopted to sim-
ulate the key stages of the protein sample preparation protocol, while the latter focuses on the
modeling approach used to reproduce and interpret the subsequent APT analysis. A much more
exhaustive explanations of such computational procedures will be given in Chapters and

respectively.
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1.7.1 Molecular Mechanics Methods Might Unravel Key Mechanisms of the
Sample Preparation Protocol

Immunoglobulin G (IgG) is a relatively large and structurally rigid protein, composed of a
compact F. core and two shorter, more flexible F,, domains. Although according to Sundell
et al. [82] silica should preserve the IgG conformation, it remains unclear whether the observed
compatibility between the protein and the silica matrix is influenced by the size and rigidity
of IgG. Nevertheless, these previous investigations have mainly focused on relatively large and
robust proteins (like IgG antibodies), able to sustain lots of mechanical stresses. To address this
issue, future investigations should focus on smaller and more flexible proteins, whose structural
dynamics may be more sensitive to interactions with the silica network already during the early
stages of the Si(OH)4 polymerization. In this context, developing numerical simulations to
model protein incorporation into a silica matrix would be highly beneficial. Classical Molecular
Dynamics (MD) simulations [96] can provide valuable guidance for experimental procedures,
functioning as an in silico microscope able to visualize and characterize the interaction protein—
silica, in terms of electrostatics, van der Waals forces, hydrogen bonding and hydrophobic effects.
MD gives a time-resolved, atomistic description of the system, enabling the explicit modeling
of protein—silica interactions in aqueous environments. By integrating accurate force fields for
both biomolecules and silica precursors, MD could unravel the dynamical pathways leading to
encapsulation. Moreover, the embedding process is inherently dynamic and occurs at nanoscopic
scales, involving transient and collective effects that are not directly observable experimentally.
This lack of direct experimental access motivates the use of atomistic simulations. More details
about the Molecular Dynamics algorithm can be found in Chapter [2| whereas details about how
Molecular Mechanics methods can be used to unravel key mechanisms of the sample preparation

protocol can be found in Chapter

1.7.2 First Principles Calculations Might Clarify Crucial Aspects of the Ion-
Field Evaporation in APT analyses

From a theoretical perspective, the investigation of THz-driven ion field emission requires an
explicit treatment of the electronic degrees of freedom [97]. In particular, a time-dependent
framework is essential to capture the inherently nonlinear response arising from the simultaneous
interaction of the sample with an intense THz excitation and a static field. Such a scenario
induces dynamical charge redistribution and time-dependent modifications of interatomic forces,
which cannot be described within static or adiabatic approximations.

Time-dependent density functional theory (TDDFT) [98] provides a rigorous quantum-

mechanical description of electronic excitations in external fields and can be naturally coupled
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to molecular dynamics within the Ehrenfest formalism [99]. This ab initio Molecular Dynamics
approach enables a self-consistent propagation of electronic and ionic degrees of freedom, making
it, in principle, suitable for addressing field-driven evaporation phenomena. Nevertheless, com-
putational investigations of laser- or THz-assisted field evaporation based on TDDFT remain
scarce. Existing studies have primarily focused on femtosecond UV laser pulses [I00] or on static
and quasi-static first-principles approaches to field evaporation [101] 102, 103]. Despite these
advances, the evaporation of cations from a solid surface constitutes an exceptionally complex,
multiscale process. Although ab initio simulations offer a formally rigorous route to its inves-
tigation, a fully realistic description is currently beyond reach. This limitation stems from the
coexistence of multiple, strongly coupled mechanisms that contribute to bond breaking at the
specimen surface during an APT experiment. In particular, electronic ionization and thermal
effects act concurrently in promoting atomic evaporation. While ionization processes can be
described within first-principles electronic-structure frameworks, thermal contributions involve
electron—phonon coupling, lattice heating, and phonon-mediated energy redistribution occurring
over longer and frequently stochastic timescales. These dissipative processes are challenging to
treat accurately within first principles MD and precisely TDDFT, which remains a mean-field
approach and does not provide a fully realistic account of decoherence or temperature-dependent
energy dissipation.

For these reasons, a comprehensive and quantitatively predictive simulation of the complete
evaporation event lies beyond the present methodological capabilities. Accordingly, the present
work concentrates primarily on the role of electronic ionization in the context of APT field
evaporation, as this mechanism is both conceptually well defined and directly accessible within
an ab initio time-dependent framework. A detailed discussion about the ab initio Molecular
Dynamics procedure employed in this thesis (TDDFT and Ehrenfest integrations schemes) is
provided in Chapter 2| Sections and . Lastly, more details about the results that this
approach led in the context of APT can be found in Chapter [4]
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Foundations of Molecular Mechanics and First-Principles

Simulations

This Chapter introduces the basis of two computational methods utilized in this thesis: Molec-

ular Dynamics and Density Functional Theory.

2.1 Introduction to Molecular Dynamics

This section describes the fundamental principles of Molecular Dynamics (MD) simulations,

focusing on basis assumptions and approximations.

2.1.1 Assumptions of Molecular Dynamics Simulations

Molecular Dynamics is a computational technique widely used in physics, chemistry, and biology
to investigate the time evolution of complex molecular systems, ranging from condensed matter
to biological macromolecules, within a particle-based description.

The overall effectiveness of molecular dynamics depends on the validity of its underlying
principles. Four of them are reported in the following lines. The first assumption consists
in the validity of the Born-Oppenheimer approximation of the Schrodinger Equation during a
MD simulation of a system of particles. In principle, a fully relativistic quantum-mechanical
description would provide the most rigorous representation of a molecular system. However, in
such case the number of degrees of freedom would be extremely large, and thus its treatment
becomes computationally intractable. Instead, the Born-Oppenheimer approximation assumes
that first only electrons are considered as independent variables of H, while positions of the
nuclei are assumed fixed. This is justified by the different timescales characterizing the motion
of electrons, that vibrate much faster than nuclei and can be even motivated by the discrepancy
between the masses of a single electron and a nucleus (Mmejectron X ﬁ Myproton). Moreover,
at typical biochemical temperatures (T ~ 300K), the thermal energy is kT =~ 2.5kJmol~! ~
0.6kcalmol~! =~ 0.026eV, which is several hundred times smaller than a typical electronic

excitation energy (for example, AFE ~ 10eV in the hydrogen atom). Thus, electronic dynamics is
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solved independently according to QM, through a Schrédinger Equation. Its solution represents
the electronic energy levels of a molecule as a function of atomic coordinates and is treated as
an effective potential energy to investigate the motion of the nuclei. In the MD approach, the
system is treated classically where electrons are implicit variables of an effective potential model
(force field) and specific partial charges (representing the electronic potential) are fitted to the
nuclei centers. Therefore, MD simulations benefit from previous fitted calculations deriving from

quantum mechanics, retaining a classical approach [104].

The second fundamental principle is described by the thermodynamic hypothesis. It as-
sumes that macromolecules are driven naturally to their native structure largely on the grounds
of thermodynamics. This behavior is in contrast to biological processes, that often require the
crucial interplay of enzyme machinery to lower activation barriers, ind order to bring proteins
to their functional state. Though it is important to consider these complex factors when mod-
eling macromolecules, the basic thermodynamic hypothesis of the empirical approach appears

reasonable for many biomolecules under study by molecular mechanics and dynamics [104].

The third assumption is the molecular mechanics principle of additivity. The effective molec-
ular energy can be expressed as a sum of potentials derived from simple physical forces: Van der
Waals, electrostatic, mechanical-like strains arising from ”ideal” bond length and angle devia-
tions, and internal torsion flexibility (rotation of two chemical groups around the bond joining
them) [104].

Lastly, the principle of transferability assumes that potentials can be developed to incorpo-
rate all experimental data for representative structures and then be applied successfully to the
prediction of large biological molecules composed of the same chemical subgroups. This is basi-
cally a reasonable assumption since bond lengths and bond angles tend to adopt similar values
in different molecular species under normal conditions. However, under special straining forces,
these values may vary significantly from ‘ideal’ values. For example, modeling the structures
and properties of complex aromatic or conjugated systems requires special treatment such as

using sophisticated quantum-mechanical calculations for parameterization [104].

2.1.2 The Born-Oppenheimer Approximation

According to the solution of the Born-Oppenheimer approximation scheme, the quantum de-
scription of the full system reduces to a classical treatment of the nuclei. The Hamiltonian of a

molecular system can be written as

H(P,X)=T(P)+ U(X) (2.1)
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where X = {X;}Y, and P = {P;}YY, denote the nuclear coordinates and momenta of the N

particles, respectively. The kinetic energy is

X op2
T(P) =) AT (2.2)
i=1 v

with M; the mass of the i-th nucleus. Within the Born—-Oppenheimer approximation, the po-

tential energy depends only on the nuclear coordinates and can be expressed as
U(X) = Van(X) + EJ(X) (2.3)

where V,,,,(X) represents the direct nucleus-nucleus interaction, and ESI(X ) is the electronic
ground-state energy, defining the potential energy surface. The classical motion of the nuclei
follows Newton’s equations:

Lic. O

Mz 12 _vi [Vnn(X) + ESI(X> (2'4>

The electronic contribution to the potential energy surface is obtained by solving the time-

independent Schrodinger equation at fixed nuclear coordinates:
Te(r) + Vee(r) 4 Vie(r; 5()} Yo (rX) = B (X)tho(r|X) (2.5)

Here, r denotes the electronic coordinates, v, the electronic kinetic energy operator, V.. the
electron—electron Coulomb interaction, and V. the electron—nucleus interaction. The nuclear
positions enter as fixed parameters, meaning that electrons are assumed to instantaneously relax
to their ground state whenever the nuclei move. This formalism defines Born—Oppenheimer
Molecular Dynamics. Although conceptually rigorous within the approximation, its application
to large systems is computationally demanding, since the electronic ground-state energy (and

its derivatives) must be evaluated at every nuclear configuration along the trajectory.

2.2 The Molecular Dynamics Algorithm

The Molecular Dynamics algorithm generates a time evolution of a molecular system. The main

elements required to perform a molecular dynamics simulation are the following;:
1. atomic coordinates:

2. a force field, a set of both functions and parameters for energy calculation;
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3. anintegrator, an algorithm that iteratively updates positions and velocities of each particle,

according tot the potential energy defined in the force field.

2.2.1 Classical Force Fields

Force fields define a set of parameters that model the potential energy surface of a given system.
These parameters are often derived from experimental data, which is why such force fields are
referred to as “semi-empirical”. From physical theory, the derivative of the potential energy
with respect to atomic positions corresponds to a negative force. Estimating these forces be-
tween system particles is essential for integrating their motions. A key assumption of standard
force fields is that every potential energy function must have an analytic form that is continu-
ously differentiable. Consequently, in MD simulations all forces governing the atomic behavior
are conservative. This approximation contrasts with natural systems; for instance, solvents ex-
hibit non-conservative effects such as viscosity and friction. Nevertheless, when treating systems
at molecular resolution, these effects are often negligible, and the approximation remains reli-
able [105]. Each functional form defining a potential energy term in MD simulations is based
on the principle of additivity. Accordingly, the effective molecular energy is expressed as a sum
of potentials arising from simple physical interactions, both molecular and supramolecular, as
shown in equation ([2.6]).

Ur=Up+Upnp (2.6)

where Ur is the total potential energy of the system, Up, Uy p represent the interactions between
covalently-linked and between non-covalently-liked atoms, respectively. These two energies can
be further analysed, starting by Upg. The definition of intra-molecular potentials comprises the
three principal bonded interactions Upr,Upa,Upr, bond length, angle bending and dihedral
angle torsion, respectively (equation (2.7)):

Up =Upr +Upa+Upr (2.7)

Two atoms a, b covalently bound have an equilibrium bond length, 7, ;. Such value minimizes
the potential energy function describing their bond, and assuming the dissociation energy for
the bond to be positive, the minimum is zero. To have the potential energy at an arbitrary
point, it is possible to use a Taylor expansion about 7, truncating it after the first non-null
term. The result is illustrated in equation and defines the simplest possible expression for
the vibrational potential energy [105].

Ua7b = ka,b (ra,b - 'Fa,b)2 (28)
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where r,p is the current distance between the two atoms, 7,5 the equilibrium bond length. In
principle, £, should represent the numerical value of the second derivative of Uy, with respect
position, evaluated in 7. However, it can be seen as the ‘force constant’ for the Hooke’s law
for a spring [105]. A graphical image of Uy, is shown in Fig.

Figure 2.1: The first seven vibrational energy levels for a lighter (solid horizontal lines) and heavier
(horizontal dashed lines) isotopomer of diatomic ab, where a, b are two different atoms. The curve
in the figure indicates U, 3, and 7.4, 74 represent the equilibrium and current position, respectively,
of the two atoms a, b. Allowed vibrational transitions are indicated by solid vertical arrows, forbidden
transitions are indicated by dashed vertical arrows [105].

Therefore, the total bond length potential Upy, is given by the sum over all the pair terms U,y

of all possible bonds within the molecule:

UL = Z ka,b (ra,b - 77(176)2 (2'9)
a,b

However, equation has some limitations. Like any truncated Taylor expansion, it works
best in regions near the equilibrium point, 7, ;. Thus, if interested primarily in molecular struc-
tures where no bond is terribly distorted from its optimal value, the equation has reasonable
utility. However, as the bond gets decisively stretched, the predicted energy becomes infinitely
positive, which is definitely not chemically realistic. One practical solution to such inaccuracy is
to include additional terms in the Taylor expansion, but this inevitably leads to an unintended
complication. There are other descriptions for Upgy,, like the Morse potential, reported in equa-
tion , where D, is the dissociation energy of the bond and ay, is a fitting constant, two
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parameters estimated from experiments [105]:

Ust =) Dap {1 — exp=aap(rap — Tap)]} (2.10)
a,b

The second term Upy4 is associated, for small displacements from equilibrium, with energy vari-
ations caused by bond angle deformation. As well, it can be modeled by polynomial expansions
as oscillations related to bond stretching, by truncating the Taylor expansion at a desirable
level, e.g. first non-zero term to obtain a harmonic description (equation ), or by using
trigonometric functions, like in equation .

Upa =) _kape (Bape—Oape) (2.11)
a,b,c
Upa = Z Kape (C080qpc— cosOypc)? (2.12)
a,b,c

where 6, . is the valence angle between bonds a-b, b-c and émb’c the relative equilibrium angle.
Moreover, cosfg, is defined as the dot product (x, — xp) ® (x; — X.), normalized by the bond
lengths 7,5 and 73, ., where x; is the position vector of the ith atom considered. In a force field,
bonds are defined as vector connecting two atoms, so there is no ambiguity about what is meant
by an angle between two bonds.. The force constants k, ;. now directly depend on the three
atoms a, b, ¢ [105] [106].

Figure 2.2: Schematic representation of bonded interactions. 1) bond stretch; 2) angle bending; 3)
proper dihedral angle torsion; 4) improper dihedral angle torsion [105] [106].

Dihedral or torsional angles are illustrated in figure (8). The torsional potential Upp refers
to four atoms connected in sequence, a-b-c-d and the relative torsional angle is defined as the
angle wq p. ¢4 between bonds a-b, c-d, when they are projected into the plane bisecting the b-c
bond. The convention is to define the angle as positive if one must rotate the bond in front of

the bisecting plane in a clockwise fashion to eclipse the bond behind the bisecting plane. By
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construction, the torsion angle w,p . q is periodic. By convention, — 7 | wepeca | 7. Since the
torsion itself is periodic, so too must be the torsional potential energy. Therefore, its function is
modeled as an expansion of periodic functions, e.g., a Fourier series (equation ([2.13])) [L05] [L06]:

1 ; : , :
Usr =5 3 2 (Ve (14 (=10 cos(jwaped = &) p,c0)) (2.13)
a,b,e,d jeJ

where the values of amplitudes (or height barriers) V; and the set J included in the sum represent
the periodicity of the torsional. Deleting a particular value of j from the evaluated set is
equivalent to setting the term amplitude for that value of j equal to zero. The factor of (—1)(j +1)
is included so that the function in brackets within the sum is zero for all j when wyp 4 = 7, if

the phase angles gbi b.oq are all set to 0. The dihedral angle wq ¢4, can be expressed as reported

in equation ([2.14):

Tap X Tpe Tpe X Yeg

. . .
||rab|‘ ||rbCH Sm grabvrbc HrbCH ||erH Sm Hrbc’rcd

Wa,b,c,d = AICCOS (2.14)
While the mathematical utility of equation is clear, it is also well founded in a chemical
sense. In fact, Upr considers the presence of torsional energy barriers, describing configurations
that more energetically favored than others. A typical example is the functional expressing the
butane dihedral angle potential, obtained by treating the parameters of the equation , as
shown in Fig. A separate situation, arises in the case of four-atom systems where a central
atom is bonded to three otherwise unconnected atoms, e.g. formaldehyde. These particular
dihedral configurations are called improper dihedrals or torsions, see Fig. (4). Many force
fields treat such improper torsions like any other torsion, i.e. using equation [105]. Some

other alternatives to model such cases exist, but will not be considered in this chapter.

The second term Upyp associated to non-bonded interactions in equation (2.6) can be split in
two contributions, electrostatic and van der Waals respectively, as shown in the equation (2.15):

Unp =Ug + ULy (2.15)

The van der Waals term Upr; models the Lennard-Jones potential. Because the motions of
electrons are correlated (more properly, the electronic wave functions are correlated, according
to QM), the two atoms a, b simultaneously develop electrical moments that are oriented so
as to be mutually attractive. The force associated with this interaction is variously defined as
‘dispersion’, the ‘London’ force, or the ‘attractive van der Waals’ force. In the absence of a
permanent charge, this interaction can be described as a dipole—dipole, usually referred to as an

”induced dipole-induced dipole” interaction, since the moments in question are not permanent.
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Figure 2.3: Fourier decomposition of the torsional energy for rotation about the C—C bond of n-
butane (bold black curve, energetics approximate). The Fourier sum has a close overlap, and is
composed of the onefold, twofold, and threefold periodic terms, respectively [105, [106].

Such an interaction has an inverse sixth power dependence on the distance between the two
atoms a, b. Thus, the potential energy becomes increasingly negative as the two atoms approach
one another from infinity. However, as the two atoms continue to approach one another, their
surrounding electron densities ultimately begin to interpenetrate. In the absence of opportunities
for bonding interactions, Pauli repulsion (or ‘exchange repulsion’) causes the energy of the system
to rise rapidly with decreasing bond length (inverse twelve power dependence). Dispersion and
repulsion respectively can be translated in a simple functional form for the Uy ; contribute, that

sums up the two opposite effects for each atomic van der Waals pair r4;, present in the system,
as reported in equation (2.16]):

Aa Ba
ULJ:Z<1;— 6b> (2.16)

ab Tab Tab

where r,p, represents the distance between the two atom nuclei, and Ay, By, are two constants,
dependent on the nature of a, b, for repulsion and dispersion effects, respectively. In a formal
analysis, the number of non-bonded interactions that must be evaluated scales as N2, where N
is the number of atoms. In the process of optimizing geometry, or of searching for many energy
minima for a complex molecule, hundreds or thousands of energy evaluations may need to be
performed for interim structures. Thus, seemingly small savings in time can be done in code
development, i.e. rewriting A, as 46ab<7£ and B, as 4eab02b. This results in storing only two
parameters per each atom couple, €4, and og,.

Finally, the last term to consider in equation is Ugy, referred to the electrostatic
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interactions. Classical electrostatics would tend to describe the related energy with multipole
moments theory. However, this description is not very convenient in the context of intramolecular
energy contributes, because such an approach would be computationally quite intensive, as

evaluation of the moment potentials is tedious.

Therefore, the simplest approach to model electrostatic interactions is to assign to each atom

a partial charge, and treat the relative energy between every pair of atoms a, b as Coulomb
potentials, shown in equation ([2.17)).

Ve = Z ( s ) (2.17)

EabT
ab ab’ ab

where 14 is the distance between the two particles, €, is the permittivity, a measure of the en-
countered resistance if generating an electric field in a given medium (proportional to the relative
dielectric constant), g, and g are the full or partial charges of the atom a and b respectively, and
the sum accounts for all the contributes of atoms within the ensemble related to supramolecular
interactions. The charge of an atom is permanent, so once defined, that atom must carry that

charge along the whole simulation. Thus, the atomic charge is a fixed parameter [105], T06].

A major difficulty in the computation of electrostatic interactions arises from the long-range
nature of the Coulomb potential, which decays as 1/ and therefore cannot be safely truncated
at a finite cutoff distance. This issue becomes particularly critical in simulations performed
under periodic boundary conditions, where each charge interacts not only with particles in the

primary simulation box but also with their infinite periodic images.

A rigorous and widely adopted strategy to address this problem is the Ewald summation
method. The central idea consists in adding and subtracting, at each point charge, a Gaussian
charge distribution of equal magnitude and opposite sign. Since the two Gaussian distributions
cancel each other, the total charge density of the system remains unchanged. However, this
mathematical manipulation allows the electrostatic energy to be decomposed into contributions

that are more convenient to evaluate. The total electrostatic energy can thus be written as:

Uele({ri}) = Ureal({ri}) + Urec({ri}) + Uself (218)

The first term, U,ea, represents the interaction between point charges screened by Gaussian
distributions of opposite sign. Because these screened charge distributions are overall neutral
and possess only multipole moments, their interactions decay faster than 1/r and can therefore
be computed efficiently in real space using a finite cutoff. The second term, Uy, accounts for the
interaction between the compensating Gaussian charge distributions. Owing to their smooth and

spatially extended nature, this contribution is most efficiently evaluated in reciprocal (Fourier)
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space, where periodic boundary conditions can be naturally exploited. The third term, Uge, is
a self-interaction correction that subtracts the artificial interaction between each point charge
and its own compensating Gaussian distribution. This term does not depend on the particle

positions and is computed only once.

An efficient implementation of the Ewald approach is the Particle Mesh Ewald (PME)
method. In PME, charges are interpolated onto a regular three-dimensional grid, and the
reciprocal-space contribution is computed using Fast Fourier Transform (FFT) algorithms, re-
sulting in a computational scaling of order O(N log N). This method is implemented in GRO-
MACS, the molecular dynamics software package used to generate the simulation data presented

in this thesis.

Lastly, several additional aspects require consideration. Bonds, angles, and torsions are not
independent molecular coordinates, as they are coupled with one another. Cross terms, which
depend on variables of different types (e.g., distance and angle between two atoms), are often
included in force fields to more accurately model specific biologically relevant interactions. This
extends equation , adding further terms to the total potential energy of the system, Ur.
Moreover, additional non-bonded terms, such as those specifically modeling different types of
dipoles, can be incorporated. The charge distribution around each nucleus, as described in equa-
tion , is generally complex, and in some cases, induced dipole effects must be accounted for.
It is important to note that a force field is a large collection of functional forms and associated
parameters. With this collection, the energy of a given molecule—whose atomic connectivity
is typically specified—can be evaluated by computing the energy contributions of all defined
interactions present in the molecule. Although the number of such interactions can be substan-
tial, the computations are straightforward and easily handled by a digital computer. However,
the individual parameters in the functional forms (e.g., force constants, equilibrium coordinate
values, phase angles) are not always directly measurable by spectroscopy. The parameterization
process is therefore crucial in the construction of force fields, as previously introduced in the
discussion of van der Waals interactions. It becomes clear that atomic “types” cannot be de-
termined by atomic number alone. For example, bonds between two carbon atoms can belong
to at least four distinct classes—single, aromatic, double, and triple—each with its own stretch-
ing force constant and equilibrium distance. A similar situation arises for any atom pair when
multiple bonding is possible, and different atomic hybridizations lead to distinct angle-bending
equilibrium values [105, [T06]. This creates an underdetermined optimization problem when fi-
nalizing a force field. One possible approach is to make certain atom-pair parameters explicitly
dependent on the properties of the individual atoms, effectively rendering them functions of

single-atom-specific parameters. For instance, the two van der Waals parameters o, and €
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can be expressed as shown in equations (2.19) and (2.20)):

Oab = Oq + 0p (2.19)

N

€ab = (€atb) (2.20)

where o,, €, are specific constants for atom a (the same for constants referred to b). This

reduces the need for W

diatomic parameters to only N atomic parameters, in each atom
pair case, where N is the number of different atom types within the system considered (e.g. C-c,
Cearboxile, €tc...). However, these parameters often vary according to the force field model. In
fact, no universal force-field exists, and different force-field variants are available, all describing
different parametrization according to their own rules. Given a system, its compatibility with a
certain potential model must be tested. Generally, the three types of force fields currently are
developed: All Atom, in which parameters are provided for every single atom within the system;
United Atom, in which parameters are provided for all atoms except non-polar hydrogens; Coarse
Grained models, characterized by an abstract representation of molecules by clustering several
atoms into bigger beads, that constitute rigid architectures, enhancing the performance of the

simulation but reducing the system resolution in terms of chemical description and accuracy.

2.2.2 Reactive Force Fields

Force fields can also be used to model chemical reaction, in a complete different framework, called
Reactive Molecular Dynamics. In this section, a specific type of the reactive force field will be
introduced, namely ReaxFF [107]. ReaxFF is an atomistic simulation framework designed to
model chemical reactivity within a classical Molecular Dynamics (MD) scheme. Unlike clas-
sical force fields, which rely on predefined bond connectivity, ReaxFF employs a bond-order
formalism in which bonds are not fixed but continuously evolve as a function of interatomic dis-
tances. This allows for the seamless description of bond formation and breaking events during
a simulation [10§].

From a theoretical standpoint, ReaxFF bridges the gap between quantum mechanical (QM)
methods and classical force fields. While QM approaches explicitly treat electrons and pro-
vide high accuracy, they are computationally prohibitive for large systems and long timescales.
ReaxFF, instead, encodes chemical information into an empirical potential trained on QM data,
enabling simulations of reactive processes at significantly reduced computational cost [10§].

The accuracy of ReaxFF strongly depends on the quality and transferability of the training
dataset used during parametrization. Since the potential is fitted to reproduce specific QM
observables (e.g., energies, geometries, reaction barriers), it may lose predictive power outside

its training domain. This introduces intrinsic uncertainties, particularly in chemically hetero-
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geneous systems. Additional limitations arise from the charge equilibration scheme (typically
based on electronegativity equalization), which may lead to unphysical long-range charge trans-
fer in some cases [108]. Consequently, while ReaxFF provides a powerful framework for reactive

simulations, but its predictions must always be interpreted with care.

Unlike classical force fields, where the connectivity between atoms is fixed, ReaxFF allows
for the continuous formation and breaking of chemical bonds during the simulation. At the core
of ReaxFF lies the concept of a distance-dependent bond order. For a pair of atoms i and j, the

total bond order BO;; is expressed as the sum of o, m, and double-7 contributions:
BOZ'j = BOZUJ + BOZ; + BOZ;T (2.21)

Each contribution is modeled as an exponential function of the interatomic distance r;;:

- r T‘ij Pbo2
BOj; = exp \pror | (2.22)
L 0

. B rij Pvo4a
BOj; = exp |pros | (2.23)
L 0

BOT = exp [paos (22} 2.24
ij = €XP |Pbos (2.24)

T
To

where every ppor, with K = 1,2,3,4,5,6, is a fitting parameter reproducing bond stiffness.
These expressions ensure that the bond order smoothly decreases with increasing interatomic
distance, enabling a continuous transition between bonded and non-bonded states. The total

energy of the system is written as a sum of physically meaningful contributions:

Etot = Ebond + Eover + Eunder + Eval + Etors + EvdW + ECoulomb (2'25)

The bond energy term depends explicitly on the bond order:
Ebond = Z Déj . BOU - exp [_pbel(l — BOU)] (226)
1<j

Here, DY represents the bond dissociation energy, while pp.1 is a fitting parameter controlling
bond stiffness. To ensure chemically meaningful coordination, ReaxFF includes penalty terms

for over- and under-coordination:

Eover = ZPOU(CNi - CNiopt)2 (227)

(2
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Eunder = Zpun(CNz‘opt - CNZ)Z (228)

where CN; =) j BO;j is the coordination number of atom i. Angular and torsional interactions

are also bond-order dependent:

B =Y f(BOij, BOji) - kg(6ijk — 60)? (2.29)
4,7,k
Biors = » _ f(BOij, BOji, BOy) - Vi, [1 + cos(ng — )] (2.30)
1,5,k,1

Non-bonded interactions are treated through van der Waals and Coulomb terms:

Evaw = Y Dy [exp(—ar;) — 2 exp(—Brij)] (2.31)
i<j
Ecoulomb = 45 (232)

dmegr;;
i<j 0%

The partial charges ¢; are dynamically updated at each timestep using a charge equilibration

(QEq) scheme:
B | Z 4iqj
Echarge - E (X’L'Qi + 2quz> + Rij (233)

i i<y
where x; is the electronegativity and J; the hardness of atom q.

A defining feature of ReaxFF is the use of a single atom type per element, independent of the
local chemical environment. For instance, all oxygen atoms are treated identically whether they
belong to water, silica, or a carbonyl group. This contrasts with classical biomolecular force
fields, where multiple atom types are defined for the same element depending on hybridization
or bonding context. While this choice enables chemical flexibility and phase transitions, it also
introduces limitations in accuracy, as subtle environmental effects are averaged into a single

parametrization.

2.2.3 Integrators

Moving atoms within a system is a difficult task. In principle, calculating the partition function
and associated thermodynamic properties for a general many-body potential that includes non-
linear interactions becomes an insurmountable task if only analytical techniques are employed.
Unless a system can be transformed into a more tractable form, it is very unlikely that this
task can be performed analytically. A possible solution could be introducing approximations,

exploiting a simpler model system, or employing numerical methods, like an integrator [104].
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Integrators offer the possibility to update the positions and velocities of the atoms within a sys-
tem, provided a description of the potential energy, the force field. One principal characteristic
of an integrator is time reversibility: a backwards integration of a forward-integrated trajectory
passes through the same points, but in the reverse order, given both reverse and forward tra-
jectories are computed with the same method. Moreover, energy conservation principles should
be respected, according to the simulated ensemble. For example, the total energy variation of
a system is null during time in an NVE ensemble. Contrary, in settings like NPT or NVT, its
instant value is allowed to change, but the relative fluctuations are so tiny in respect to the
average value, that these deviations are considered negligible, given that they approximately
scale with ﬁ, where N is the total number of particles within a system. Furthermore, given
an infinite amount of time, a system with a given energy is able to visit all configurations on the
constant energy hypersurface. A system with this property is said to be ergodic and can be used
to generate a microcanonical ensemble (NVE). Ergodicity is always assumed when performing
MD and generating the relative trajectories. An integrator generates phase space vectors at dis-
crete times that are multiples of a fundamental time discretization parameter, At, known as the
time step. Starting with the initial condition xg, phase space vectors x,a;, where n = 0,..., M
are generated by applying the integrator or solver iteratively [104]. By far the simplest way
to obtain a numerical integration scheme is to use a Taylor series. A common one is Velocity
Verlet. The coordinate file in input specifies the initial position vector xg, while initial velocities
of a particle 7 are instead generated by sampling the Boltzmann distribution at a given reference
temperature, as follows in the equation .

m; —miUZ
g= ./ i 2.34
) =\ 5T eXp( 2%y T ) (2:34)

Given the initial positions and velocities z(t = 0) and v(t = 0), the Velocity-Verlet algorithm (a

widely used integrator) integrates numerically the Newton’s Equation as follows, generating a

trajectory of the particles (described here below).

Velocity Verlet Algorithm

e N

Initialization

Compute initial acceleration
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Step 1: Half-step velocity

Step 2: Position update

x(t+ At) =x(t) + v (t+ A;) At

Step 3: New acceleration

a(t + At) = %VV(x(t + AB)

Step 4: Final velocity

v(it+At)=v <t+ A;) + %a(t%—At)

Loop

t+t+ At

Repeat the procedure.

- J

The typical At used is around 1-2 [fs]. The number of iterations required to achieve biolog-
ically relevant timescales is therefore huge: 1000 steps are needed to reach 1 [ns] of dynamics
with At = 1 [fs]. Given a set of velocities at a certain time ¢, this algorithm updates the parti-
cle position vector, that defines together with the momenta a state of the system at that time
instance. Then, forces are derived from the updated positions and the gradient of the potential

energy computed from the force field, as in equation ([2.35)).
F(x(t)) = —VU (x(t)) (2.35)

The updated forces are then used to compute new velocities, referred to the end of this particular

iteration cycle [104].
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2.2.4 Periodic Boundary Conditions and Simulation Box

The atoms of the simulated system are placed into a space-filling box, which is surrounded by
translated copies of itself, also called periodic boundaries (PBC) that usually span over all the
three dimensions. For example, in order to simulate in explicit solvent, the protein is inserted
in a box surrounded by water molecules; also ions are often present to balance residual sources
of charge (a system must be neutral), or to emulate physiological cell concentrations. The three
most useful box types for simulations of solvated systems are: cubic, rhombic dodecahedron

and truncated octahedron [104]. In this study, cubic boxes are utilized. An image is shown in

Fig.

Figure 2.4: Typical box shapes utilized in Molecular Dynamics simulations: rhombic dodecahedron
(A) and truncated octahedron (B) simulation boxes [104].

2.2.5 Thermostats and Barostats

The numerical integration of Newton’s equations of motion treated in the previous paragraphs
is considered for an isolated system. Therefore, Newton’s equations alone are insufficient for the
accurate treatment of biomolecules. In fact, Molecular Dynamics has the objective to simulate
biological systems in silico, and most of the conditions found on biological reactions involve
a constant pressure or temperature. This means that the system can exchange energy with
the surrounding environment. To account for these effects, thermodynamic constraints can be
introduced, typically by controlling the temperature 7" and pressure P. Under these conditions,
the sampled configurations {r;} follow the isothermal-isobaric ensemble (NPT) distribution:

p({r:}) = %exp —U({ri}); ;V({ri}) : (2.36)
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where U({r;}) is the potential energy, V({r;}) is the system volume, kp is the Boltzmann
constant, and Z is the partition function. Algorithms have been developed to maintain the
system at constant temperature and pressure, simulating the presence of a thermostat and a
barostat in contact with the system. First, the relation between thermostat and temperature

will be explained, and second the link between pressure and barostats.

Thermostats

Given the bound between temperature and the average kinetic energy explicated by the Virial
theorem, thermostats act on the system by retaining this mean value of the kinetic energy around
a constant input value. In equation (2.37)) is reported such relation:

3N o
< pi>:3NkT (2.37)

where p? represents the squared i** coordinate of the vector of momenta p (stores three entries (z,
y, z) per particle), N is the particle number, k& is the Boltzmann constant and 7" the temperature.
The left-hand side represents the (empirical) average of the kinetic energy. In fact, kinetic energy
directly depends on velocities. The simplest possible idea for a thermostat is represented by the
Velocity-Rescaling, that applies, as the name suggests, velocity rescaling techniques in order to
avoid that velocity (kinetic energy obtained from it) exceeds a certain value. The scaling factor
a can be computed, as follows in equation .

(2.38)

Q
Il
EE)

where K represents the target kinetic energy, computed from the input temperature value, and
K the instant or empirical kinetic energy. Therefore, all atoms, whose velocities do not permit
a constant value for the temperature, are rescaled. By this way, the temperature of the system
is maintained constant. There are more complex thermostats, such as the Nosé-Hoover-chain or
the Bussi Velocity Verlet scheme. A full treatment of these algorithms is out of the purpose of

this manuscript, but a brief and short description will be given in the following paragraph.

A slightly more refined approach with respect to simple velocity rescaling is provided by the
Berendsen thermostat, which introduces a weak coupling between the system and an external
heat bath. Instead of enforcing an instantaneous rescaling of velocities, the Berendsen scheme

relaxes the system temperature T'(¢) towards a target temperature Ty with a characteristic time
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constant 7. This is achieved by modifying the scaling factor as:

om 1 2 (1), 29)

where At is the simulation time step. In this way, temperature fluctuations are smoothly

damped, avoiding the abrupt changes typical of simple velocity rescaling. However, it is impor-
tant to note that the Berendsen thermostat does not generate a correct canonical ensemble, as
it artificially suppresses natural fluctuations of the kinetic energy.

To overcome these limitations, stochastic approaches such as the Bussi velocity Verlet scheme
(also known as stochastic velocity rescaling) have been developed. In this method, the velocity
rescaling factor is modified by introducing a stochastic term that ensures the correct sampling of
the canonical (NVT) ensemble. The evolution of the kinetic energy is governed by a stochastic
differential equation, leading to a scaling factor « that depends not only on the instantaneous
kinetic energy but also on a random variable drawn from an appropriate distribution. In the
scheme proposed by Bussi et al. in Ref. [I09], the kinetic energy is evolved so as to correctly
sample the canonical ensemble by introducing a stochastic contribution to the rescaling factor.

In particular, the velocities are updated according to
vi=av;, (2.40)

where the stochastic scaling factor « is given by

% —At % —2At %
a2:e—At/T+<1_e—At/7)K+26/7—KR_|_1_6 /TE

2
=t~ R 2.41
K Ny K N, K" (2.41)

Here:

e K is the instantaneous kinetic energy,

- N
K= Tfk‘T is the target kinetic energy,

Ny is the number of degrees of freedom,

T is the thermostat relaxation time,
e At is the integration time step,

e 1R is a random number drawn from a standard normal distribution.

This stochastic term ensures that the fluctuations of the kinetic energy follow the correct canon-
ical distribution, in contrast to deterministic rescaling schemes such as Berendsen, while main-

taining a simple and efficient implementation. As a result, the Bussi thermostat preserves the
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simplicity of velocity rescaling while correctly reproducing the Boltzmann distribution of kinetic
energies. Furthermore, when combined with the Velocity Verlet integrator, it provides a numer-
ically stable and efficient scheme widely used in molecular dynamics simulations, ensuring both

proper thermodynamic sampling and good energy conservation properties.

Barostats

The derivation of NPT ensembles requires that volume is allowed to vary in order to keep the
internal pressure equal, on average, to the applied external pressure. This suggests that to
develop a molecular dynamics technique for generating isobaric ensembles, the volume must be
introduced as an independent dynamical variable in the phase space. Indeed, the work-virial
theorem, reported in equation strongly supports such notion, since it effectively assigns

an energy of kT to a ”volume mode” [104].
(PUDVY 4 kT = P(V) (2.42)

The idea of incorporating the volume into the phase space as an additional dynamical degree of
freedom, together with its conjugate momentum, as a means of generating an isobaric ensemble
was first introduced by Andersen (1980) and later generalized for anisotropic volume fluctuations
by Parrinello and Rahman (1980) [L04]. These two models were translated into barostats, that
correspond most closely to laboratory conditions with a flask open to the external pressure.
Practically, into the MD algorithm barostats are a set of equations that modify the equations
of motion in order to allow the simulation box to change its shape to adapt the volume to
a constant pressure. There are many types of barostats, even inspired by numerous other
powerful techniques, based on extended phase spaces, including the Car-Parrinello approach (Car
and Parrinello, 1985) for performing molecular dynamics with forces obtained from electronic

structure calculations, and schemes for including nuclear quantum effects in molecular dynamics.

2.3 Coarse-Grained Molecular Dynamics

Up to now, Molecular Dynamics was described within the atomistic framework: every parti-
cle of the system resembles an atom of the modeled molecule, that is assigned to a specific
parametrization strategy dictated by the chosen force field. Such framework is also known as
Atomistic Molecular Dynamics. However, there are other ways to exploit statistical mechanics
to produce reliable results and insights on biomolecules: among these, Coarse-Grained (CG)
Molecular Dynamics. In the following sections, a brief and quick overview on CG MD will

be given, mainly focusing on biological applications. Such section introduces the theoretical
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principles described in Chapter [3] Section [3.6.2

2.3.1 Motivation for Coarse-Grained Models

Atomistic MD provides a detailed and physically grounded description of molecular systems
by explicitly representing every atom. However, this level of resolution comes with significant
computational cost. The accessible time scales are typically limited to microseconds (in favor-
able cases), and system sizes rarely exceed millions of atoms without substantial computational
resources. Many phenomena of biological and soft-matter relevance—such as membrane remod-
eling, protein aggregation, vesicle formation, and polymer self-assembly—occur on length scales
of tens to hundreds of nanometers and time scales extending to milliseconds or longer. These
regimes remain largely inaccessible to fully atomistic simulations.

Coarse-grained (CG) molecular dynamics addresses this limitation by reducing the number
of degrees of freedom in the system. Groups of atoms are represented as single interaction
sites (beads), thereby smoothing the energy landscape and allowing for larger integration time
steps. This reduction enables simulations of larger systems and longer time scales, at the cost of
reduced chemical detail. In other words, tha access to larger length and time scales is guaranteed
by a smoother energy landscapes associated to a system displays less complex features, enabling

faster sampling.

2.3.2 Principles of Coarse-Graining

The central idea of coarse-graining is to construct a mapping from an atomistic representation
to a reduced model. Let r denote the full atomistic coordinates and R the coarse-grained

coordinates. A mapping operator M defines the transformation:
R = M(r). (2.43)

Each coarse-grained bead typically represents a group of atoms, such as a methyl group, an amino
acid side chain, or several water molecules. The choice of mapping is not unique and depends on
the system and the phenomena of interest. Once the mapping is defined, an effective potential
Ucg(R) must be constructed to reproduce relevant properties of the underlying atomistic system.

In principle, this potential corresponds to a potential of mean force:
Ucg(R) = —kpTIn P(R), (2.44)

where P(R) is the probability distribution of coarse-grained configurations obtained by pro-

jecting the atomistic ensemble. Formally, this exact coarse-grained potential is also written
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as:
Upmr(R) = —kpT In / dr §(M(r) — R)e V@), (2.45)

where U(r) is the atomistic potential energy and M is the mapping operator. This expression
highlights two important aspects: the exact CG potential is generally many-body in nature, and
it depends explicitly on thermodynamic conditions (e.g., temperature, pressure). In practice, CG
models approximate Upyr using simplified functional forms, typically limited to pairwise and
low-order bonded interactions. The parameterization process thus seeks the best compromise
between accuracy and computational efficiency. As explained in the case of atomistic MD, the

effective potential can be typically decomposed into bonded and non-bonded contributions:
UCG = Ubonded + Unon—bonded' (246)

2.3.3 Dynamics in Coarse-Grained Models

The reduction of degrees of freedom alters the dynamical properties of the system. Because fast
degrees of freedom are averaged out, CG models typically exhibit accelerated dynamics. As a
result, time in CG simulations does not directly correspond to real physical time. To address
this, time rescaling factors are often applied to the simulation time; another solution can be to
use Langevin dynamics with adjusted friction coefficients, that allow to recover the putative real
dynamics of the system. Nonetheless, interpreting dynamical observables requires caution, and

is still a difficult task to address properly.

2.3.4 Parameterization Strategies in Coarse-Grained Models

The construction of a reliable coarse-grained (CG) force field critically depends on the param-
eterization procedure used to define the effective interactions between beads. Unlike atomistic
force fields, where parameters are often associated with well-defined physical interactions (e.g.,
bonded terms, electrostatics), CG parameters are effective quantities that implicitly incorporate
the influence of the degrees of freedom that have been integrated out. As a consequence, pa-
rameterization is inherently non-unique and must be guided by the specific properties one aims
to reproduce. The main schemes with some examples will be rapidly introduced in the following
lines. However, it is worth mentioning that no detailed description of CG will be given in this

thesis.

Bottom-Up Approaches

Bottom-up methods derive CG potentials directly from atomistic simulation data, ensuring

consistency with a reference high-resolution model. Lots of techniques can be utilized, here
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there is a very quick and rapid overview, describing the most known and utilized ones.
Iterative Boltzmann Inversion (IBI) is one of the most widely used structure-based tech-
niques. The goal is to reproduce target radial distribution functions gtarget('r) obtained from

atomistic simulations. Starting from an initial guess (often the potential of mean force),

UO(T) = —kpTIn gtarget(r)v (2.47)
the potential is iteratively refined:
Unir (r) = Un(r) + ko —920)_ (2.48)
Gtarget 7’)

While IBI is conceptually simple and effective for simple liquids, it has limitations: it assumes
pairwise additivity, may not reproduce thermodynamic properties accurately and convergence
can be slow or unstable for complex large systems.

Another bottom-up parametrization scheme is the Force Matching (Multiscale Coarse-Graining).
Force matching, introduced by Ercolessi and Adams [I10], aims to reproduce the forces acting
on CG sites as projected from atomistic simulations. The CG force field parameters are obtained

by minimizing the objective function:

= <z s F?GF> , 210

i

where F2*°™ are the mapped atomistic forces. This method naturally incorporates many-body
effects and is not limited to pairwise potentials. However it requires large amounts of atomistic
trajectory data, and the resulting potentials may not reproduce structural distributions perfectly.

Lastly, also models based on entropy measurements were adopted. In fact, relative entropy
approaches define the optimal CG model as the one minimizing the Kullback—Leibler divergence

between atomistic and CG probability distributions:

P atom (R)

= Pitom In ——-.
S / AR Py (R) In 208

(2.50)

This framework provides a unifying theoretical basis connecting structure-based and force-based

methods [I11]. In practice, it leads to an optimization problem over the CG parameters.

Top-Down Approaches

Top-down parameterization relies on matching experimental observables rather than atomistic

simulations. These observables typically include:
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e Densities and compressibilities

e Partition coefficients between phases
e Surface tensions

e Free energies of solvation

The advantage of top-down approaches is their direct connection to experimentally measurable

quantities. However:
e They may lack structural fidelity at the microscopic level.

e Transferability can still be limited outside the calibration conditions.

Hybrid Approaches

Many modern CG force fields adopt a hybrid strategy, combining bottom-up and top-down
elements. For example, bonded interactions may be derived from atomistic simulations, while
non-bonded parameters are tuned to reproduce thermodynamic data. This combination allows

to retain local structural accuracy while ensuring correct large-scale behavior.

Representability and Transferability

Two fundamental challenges arise in CG parameterization, involving both transferability and
representability. In fact, a CG model with simplified interactions may not be able to simultane-
ously reproduce all properties of the atomistic system. For instance, a pairwise potential might
match radial distribution functions but fail to reproduce pressure. Moreover, because CG po-
tentials depend on thermodynamic conditions and chemical environment, parameters optimized
for one state point may not be valid under different conditions (e.g., different temperatures or
concentrations). These limitations are intrinsic to the coarse-graining process and must be care-
fully considered when designing and applying CG models. For example, it is well known that
CG has difficulties in representing specific interactions like hydrogen bonding or electrostatics.
Thus, CG models should be chosen carefully depending on the scientific question, and sometimes

they cannot be used as reliable tools.

2.3.5 The MARTINI Force Field

The MARTINI force field is one of the most widely used coarse-grained models for biomolec-
ular simulations. It was originally developed for lipid systems and later extended to proteins,

carbohydrates, and other biomolecules [112]. MARTINI follows a top-down approach, where
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interaction parameters are tuned to reproduce thermodynamic properties such as partitioning
free energies between polar and apolar phases. This makes the force field particularly suitable

for studying self-assembly and phase behavior.

Parametrization and Mapping Scheme

MARTINT parameterization is based on a fragment-based strategy in which small chemical moi-
eties (building blocks) are mapped onto individual coarse-grained beads. Instead of attempting
to reproduce detailed structural correlations, each bead type is calibrated to match a key ther-
modynamic observable: the free energy of transfer between different solvents, most commonly
between water and an apolar phase such as octanol. In practice, this is achieved by tuning the
Lennard—Jones interaction strengths (€) so that the partitioning behavior of the coarse-grained
bead mimics that of the corresponding chemical fragment. This choice is physically motivated,
as partition coefficients encode the balance between hydrophilic and hydrophobic interactions,
which are dominant drivers of self-assembly in soft-matter and biomolecular systems. By en-
suring that each bead reproduces the correct solvation thermodynamics, the MARTINI model
achieves a consistent and transferable description of intermolecular interactions across a wide
range of environments, enabling realistic modeling of processes such as membrane formation,
protein insertion, and phase separation.

MARTINI employs a relatively high level of coarse-graining, typically mapping four heavy
atoms to one interaction bead. This 4:1 mapping strikes a balance between computational
efficiency and chemical specificity. Beads are categorized into different types based on their
polarity and chemical nature: Polar (P), Nonpolar (N), Apolar (C), Charged (Q). Each category

is further subdivided to capture subtle differences in interaction behavior.

Non-Bonded Interactions

Non-bonded interactions are defined through a discrete interaction matrix between bead types.
The Lennard-Jones well depth ¢ is varied systematically to represent different interaction strengths,
while the bead size o is typically fixed within classes. The utilized Lennard-Jones (LJ) potential
is the same of equation [2.16] where in this case € determines the interaction strength and o the
bead size.

Electrostatic interactions are described with a Coulomb potential, but with an effective
relative dielectric constant typically set to e, = 15, significantly larger than the vacuum value.
This choice reflects a key aspect of CG: the explicit degrees of freedom responsible for dielectric
screening —such as electronic polarization and the orientational response of atomistic water— are

no longer resolved. Instead, their collective effect is incorporated implicitly into the model.
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In atomistic simulations, the dielectric response of the environment emerges naturally from
the explicit motion and polarization of molecules. In contrast, MARTINI uses a reduced rep-
resentation in which each bead corresponds to several atoms, and water itself is modeled with
limited polarity. As a consequence, electrostatic interactions would be severely overestimated
if a low dielectric constant were used. The elevated value of &, effectively weakens Coulomb
interactions, mimicking the screening that would otherwise arise from the neglected microscopic
degrees of freedom. This treatment is consistent with the overall top-down philosophy of MAR-
TINI, where interaction parameters are chosen to reproduce thermodynamic observables rather
than microscopic electrostatics. It ensures a balanced interplay between electrostatic and LJ
interactions, which is essential for accurately capturing phenomena such as ion partitioning,

membrane stability, and protein-lipid interactions.

Bonded Interactions

Bonded interactions are often derived from atomistic simulations or experimental structures.
For example, in proteins the secondary structure is frequently maintained fixed with additional
constraints or elastic networks, reflecting the limited resolution of the CG representation. As
in the atomistic scenario, bonded interactions include bonds, angles, and sometimes dihedrals,
described with a functional form similar to that of Atomistic MD. These parameters are often

derived from atomistic simulations or experimental structures.

Applications, Limitations and Extensions

The MARTINI force field has been successfully applied to a wide range of systems:
e Lipid bilayers and membrane proteins
e Protein folding and aggregation
e Nanoparticle-membrane interactions
e Polymer and soft-matter systems
Despite its success, MARTINI has known limitations, including:
e Tendency to overestimate aggregation
e Limited resolution for specific interactions

e Challenges in representing secondary structure without additional constraints
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Recent developments, such as MARTINI 3, aim to address these issues by improving bead types
and overall bead balance [I13]. In fact, the MARTINI 3 force field introduces a refined bead
classification of the bead interactions, addressing issues such as over-aggregation and limited
specificity. It also incorporates more systematic parameterization strategies and broader valida-

tion against experimental data [113].
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2.4 Introduction to Density Functional Theory

This section is inspired by Ref. [114] and describes the fundamental principles of Density Func-
tional Theory (DFT) calculations, focusing on basis assumptions and approximations. Density
Functional Theory is one of the most widely used frameworks for the quantum mechanical de-
scription of many-electron systems, ranging from atoms and molecules to solids. Its main goal
is to determine the ground-state properties of a system based on the electronic density, rather

than the many-body wavefunction, which dramatically reduces computational complexity.

2.4.1 From the Exact Many-Body Problem to the Kohn—-Sham Formalism

The exact quantum mechanical description of a system of IV electrons and M nuclei is provided

by the non-relativistic, time-independent Schrédinger equation:

U({ri}, {Rr}) = EV({r:}, {Rr}), (2.51)

where the Hamiltonian contains all kinetic and potential energy terms:

. Yon2_, LR Zre? N e 717 €?
" ;27”6% ;2 ;;r - Ry| ;m—ra\ ZlRI—RJl' (2.52)
Here, the first two terms are the kinetic energies of electrons and nuclei, respectively. The next
three terms are the electron—nuclear attraction, electron—electron repulsion, and nuclear—nuclear
repulsion. The wavefunction ¥({r;}, {R;}) depends on all 3N + 3M spatial coordinates, and in
principle also on spin coordinates of electrons. The exact solution of this Schrédinger equation
yields all properties of the system; however, the exponential scaling with N and M makes direct
solution computationally infeasible for all but the smallest systems. Even representing the wave-
function in a computer for a modest molecule is impossible due to the enormous dimensionality
of the Hilbert space.

Given this intractability, approximations are necessary to compute molecular properties. One
rigorous alternative is Density Functional Theory. The key insight of DFT is that the ground-
state properties of a quantum system are fully determined by the distribution of its electrons
in space, rather than by the complete many-body wavefunction. While the full wavefunction
U({r;}) contains all information about correlations and interactions, it depends on 3NN spatial
coordinates and is therefore infeasible to store or manipulate for systems with more than a few

electrons. By instead focusing on the electron density:

:N/\\I'(r,rg,...,rN)Fdrg...drN, (2.53)
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which is a function of only three spatial coordinates regardless of the number of electrons, in
principle it is possible to capture all ground-state observables. This approach dramatically
reduces the complexity of the problem: the high-dimensional wavefunction is replaced by a
three-dimensional field, allowing the formal development of rigorous variational principles and
functionals that link the density to the total energy of the system. In this way, the electron den-
sity becomes the central variable, serving as a practical and computationally tractable surrogate

for the full many-body description.

The Hohenberg—-Kohn theorems form the foundation of DFT. The first theorem states
that the ground-state density po(r) uniquely determines an external potential Viy(r) up to
an additive constant (such external potential) and vice versa. This external potential Vi (r)

originates from the classical interactions between the electrons and the nuclei of the system:

M Z[€2
Vext(r) = — E r—R,| (2.54)
=1

and its mathematical form in [2.54] corresponds to the third term in equation 2.52] It is a fixed,
physically determined potential. In principle, it is the only component of the Hamiltonian that
arises directly from the positions and charges of the nuclei. The first Hohenberg—Kohn theorem
states that there is a one-to-one mapping between the ground-state density and the external
potential (up to a constant). In other words, knowing the electronic density is mathematically
sufficient to reconstruct the external potential. This is what allows DFT to be a density-
based theory: by knowing the exact density, all the system properties are accessible since all
ground-state observables are functionals of p(r). The second theorem establishes a variational

principle: there exists a universal functional F[p] such that the total energy

Elpl = Flpl + [ ol0)Viss (1) (2.55)
is minimized by the exact ground-state density:
Fy = Elpo] = min Elp). (2.56)

The universal functional F[p] = T'[p] + U|[p] contains the exact kinetic energy T'[p] of interacting
electrons and the electron—electron interaction U[p]. While formally exact, the explicit depen-
dence of T'[p] on the density is unknown, which makes direct use of these theorems impractical.
In fact, this exact universal functional F[p] introduced by Hohenberg and Kohn is unknown and
cannot be evaluated directly. Kohn and Sham proposed a solution by introducing a hypotheti-

cal, auzxiliary system of non-interacting electrons that reproduces the exact ground-state density
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of the real interacting system. This represents a change of paradigm, from a many-body to a
single particle system. In this auxiliary system, the electrons move independently from each
other in an effective potential Vog(r), which incorporates the external potential, the classical
electron—electron repulsion (Hartree potential), and a corrective exchange—correlation potential

Vxc(r) to account for all many-body effects:

Vert (1) = ext Vxe(r) (2.57)
| ———
electron nuclear exchange-correlation
Hartree
where 5 Exclp
XClP
Vao(r) = 2P 2.58
)= "o (259)

This approach effectively includes the difficult many-body effects into a single term, the ex-
change—correlation functional Exc[p], while all remaining contributions, including a large por-
tion of the kinetic energy, are treated exactly for the non-interacting system. In this formalism,

the total energy functional can be rewritten as:

Emznw+/ﬁmnmww+Um+Emm, (2.59)

where T;[p] is the kinetic energy of the non-interacting system and U|[p] is the classical Hartree
energy. The remainder, Fxc[p|, accounts for the difference between the true kinetic energy and
T[p], as well as all exchange and correlation effects arising from electron—electron interactions.

Importantly, Ts[p] can be expressed exactly in terms of the Kohn—Sham orbitals {¢;(r)}:

72 occ

:——Z [ i@ d (2.60)

that are solution of the Kohn-Sham equations:

R,
[—MV + Véff(r)] Yi(r) = €iti(r), (2.61)

where the effective potential Vog(r) includes the external potential, the Hartree potential, and
the exchange—correlation potential, as already stated in equation Lastly, the electronic

density can be constructed from the occupied orbitals obtained from [2.61

occ

IR (262
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Intuitively, equations [2.61] and can be solved iteratively: starting from an initial guess for
p(r), one constructs Veg, solves the Kohn—Sham equations to obtain new orbitals, updates the
density, and repeats until self-consistency is achieved.

Conceptually, the Kohn-Sham mapping does not correspond to a physical system of non-
interacting electrons; rather, it is a mathematical device that reproduces the exact ground-state
density. All properties that are functionals of the density, including the total energy, can thus
be determined from this auxiliary system. The auxiliary system preserves the complexity of
electron—electron interactions entirely within the exchange—correlation functional, which is the
only component that requires approximation in practical DFT calculations. This allows one to
capture the essential quantum mechanical behavior of electrons while reducing the computa-
tional problem to solving a set of self-consistent single-particle equations. The orbitals ;(r)
themselves have no direct physical interpretation in terms of the interacting system; their pri-
mary role is to generate the correct electron density. The success of this approach lies in the fact
that the majority of the kinetic energy is treated exactly through the non-interacting orbitals,
which dramatically improves the accuracy compared to approximating the kinetic energy as a
functional of the density alone.

In summary, the Kohn-Sham auxiliary system provides a rigorous yet computationally fea-
sible framework to solve the many-electron problem by reducing it to an effective single-particle
problem, thus a mean-field approach. It shifts the complexity of interactions into a manageable
functional, enabling accurate and widely applicable calculations for atoms, molecules, and solids
within the density functional theory framework. Finally, the true goal of DFT is at this point

to determine the the exchange—correlation functional.

2.4.2 The Exchange—Correlation Functional and the Local Density Approx-
imation (LDA)

The Local Density Approximation (LDA) is one of the earliest and simplest approximations
to the exchange—correlation functional in Kohn—Sham DFT. Its defining feature is that the
exchange—correlation energy density at a given point in space is assumed to depend only on the

local value of the electron density at that point:

A h
EXRMo) = [ ol0) S (o(w)) di. (2.63)
Here, 5%?0“1(;)) is the exchange—correlation energy per electron of a uniform electron gas with
density p. The adjective “local” arises from this pointwise treatment: the functional at r depends
only on p(r), and not on gradients, Laplacians, or values of the density at neighboring points.

In other words, LDA assumes that the electron density is slowly varying enough locally that it
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can be treated as homogeneous in an infinitesimal volume element.
The corresponding exchange—correlation potential, which enters the Kohn—Sham equations,

is obtained as the functional derivative of the energy with respect to the density:

5ELDA [p] d(_:hom
VDA (p) = —=XC W0 _ hom )y p)) 4 p(r) —XC ) 2.64
(M) = SR = o) + o) S (264

The locality of V%gA(r) is a direct consequence: the potential at a point depends only on the
density at that point.

When implementing DFT and in a computational code, the choice of basis set affects how
orbitals and densities are represented, but does not alter the formal locality of LDA. Two

common types of basis sets are used.

Local (atomic orbital) basis sets In a local basis, the Kohn—Sham orbitals ¢;(r) are ex-

panded as linear combinations of localized functions centered on atoms:

wz(r) = Z Cui¢u(r - Ru)a (265)

o
where ¢, are typically Gaussian-type orbitals or numerical atomic orbitals. In this case:
e The electron density p(r) = 3.9 |1;(r)|? is naturally localized around atoms.

e The evaluation of the local LDA potential V)%(I?A(r) is straightforward pointwise on a grid

or at the atomic centers.

e The locality of LDA works efficiently with local basis sets, since the potential and density

share the same spatial locality.

Plane-wave basis sets In a plane-wave basis, orbitals are expanded as delocalized functions

over the simulation cell:

(1) = L S geiGr
¢z< )— \/QZG: 1G ) (266)

where G are reciprocal lattice vectors and € is the cell volume. In this representation:

e The density p(r) is obtained by summing the squared magnitudes of orbitals, which can

be efficiently transformed between real and reciprocal space using Fast Fourier Transforms
(FFT).

e The local nature of LDA is realized in real space, even though the orbitals are delocalized.
The LDA potential is applied pointwise on a real-space grid, then transformed back to

reciprocal space to act on plane-wave coefficients.
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e Despite the delocalization of the basis, LDA remains a local approximation because the

potential at a given grid point depends only on the density at that point.

In essence, LDA is “local” because it treats exchange—correlation effects at a point in space
independently of the surrounding density. This locality is naturally aligned with local basis sets
but can also be implemented efficiently in plane-wave codes using grid-based representations.
The choice of basis affects computational efficiency and convergence, but does not alter the

formal definition of the approximation.

2.4.3 Algorithm of the DFT Procedure

In summary, a DFT calculation proceeds as follows:
1. Make an initial guess for the electron density p(r).
2. Construct the effective Kohn—-Sham potential Vog(r) using the guessed density.
3. Solve the Kohn-Sham equations to obtain orbitals ¢;(r) and their energies ;.
4. Compute a new density from the orbitals: p(r) = >, |¢:(r)|?.

5. Equations in point 3 and 4 are then solved self-consistently to obtain the ground-state
density and energy. A check for convergence is then performed, and if not converged,

update the density and repeat steps 2—4.

6. Once converged, compute the ground-state total energy using the same framework shown
in equation 2.59] Practically, this equation is solved via the following Kohn-Sham DFT
framework. In equation m Ts[p|] is the kinetic energy of the non—interacting Kohn—
Sham system, Vex(r) is the external potential, Ulp| is the Hartree energy, and Exc|p] is

the exchange—correlation functional. Specifically, the Hartree energy is:
1 pr)p(r) .
Ulp] = = dr dr’. 2.67
(] 2// ] (2.67)

The Kohn—Sham orbitals satisfy equation [2.61] so summing over the occupied eigenvalues
€ gives Y e =Ts + f PVextdr + f pVidr + f pVxcdr, while the Hartree potential satis-
fies [ p(r)Vu(r)dr = 2U[p]. Removing the double counting terms leads to the following

definition to the total energy functional:

Elpl = 3" & = Uld) + Exoldl - [ p(6) Vo) (2.68)

i
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This framework provides a computationally efficient approach to accurately model the electronic

structure of complex systems while retaining the essential quantum mechanical interactions.

2.5 Introduction to Real Time, Time Dependent Density Func-
tional Theory

The purpose of this chapter is to extend the framework of Density Functional Theory (DFT)
to the time-dependent regime, enabling the description of electronic dynamics under external
perturbations. While the previous chapter introduced the theoretical structure of ground-state
DFT—including the Hohenberg—Kohn theorems, the Kohn—Sham construction, and practical ap-
proximations such as the Local Density Approximation (LDA)—those concepts describe only sta-
tionary electronic ground states. However, many physical phenomena require a time-dependent
treatment, including: optical absorption and emission, electron dynamics in strong laser fields,
ultrafast charge transfer, nonadiabatic molecular processes. Photoexcited molecular dynamics
Time-Dependent Density Functional Theory (TDDFT) provides a formally exact framework for
such phenomena by extending the density-functional paradigm to the time-dependent many-
electron Schrodinger equation. Thus, the purpose of the current section is to extend the Kohn—
Sham framework to the description of electronic systems evolving in time.

Among TDDFT approaches, two main computational strategies exist: Linear-response TDDFT
(frequency-domain methods) and Real-Time TDDFT (RT-TDDFT). This chapter focuses pri-
marily on RT-TDDFT, where the time-dependent Kohn—Sham equations are propagated explic-
itly in time, allowing simulation of electronic dynamics directly. Moreover, this approach allows
to simulate the full dynamical evolution of an interacting electronic system under external per-
turbations, like lasers or external fields (this will become relevant in the next chapters). Finally,
the coupling of RT-TDDFT with nuclear motion will be briefly introduced, leading to Ehrenfest
dynamics, which provides a first-principles framework for simulating the time evolution of both

electrons and nuclei.

2.5.1 Foundations of Time-Dependent Density Functional Theory: the Time-
Dependent Kohn—Sham Equations

Time-Dependent Density Functional Theory generalizes the Hohenberg—-Kohn framework to
systems evolving in time. Consider an interacting many-electron system subject to a time-
dependent external potential Ve (r,t). The full many-body wavefunction satisfies the time-

dependent Schrodinger equation:

i;m(rl,...,m,t) = H(t)U(ry,...,rN, 1), (2.69)



68 Foundations of Molecular Mechanics and First-Principles Simulations

where Hamiltonian now explicitly includes a time-dependent external potential:
A = (“2v2 v ) 30— (2.70)
p 2! i<j i — 1]

The fundamental theorem underlying TDDFT was established by Runge and Gross. The Runge—
Gross theorem states that, given an initial many-body state Wy, the time-dependent density
n(r,t) uniquely determines the time-dependent external potential vex(r, ) up to a purely time-
dependent function. Consequently, all observables of the system become functionals of the
density and the initial state. As in ground-state DFT, the interacting system can be mapped
onto a fictitious system of non-interacting electrons that reproduces the exact time-dependent

density. The auxiliary system satisfies the time-dependent Kohn—Sham equations:
.0 1,
Zawi(ri) = _iv + VKS(I‘,t) wi(rvt)7 (271)

and the time-dependent density is given by:

occ

p(r,t) = [i(r, t), (2.72)
i
where the time-dependent Kohn—Sham potential has the structure
Vks(r,t) = Vexe(r, t) + Vi(r, t) + Vxc(r, t). (2.73)

The Hartree potential retains the same form as in ground-state theory:

Via(r,t) = / |’; (r,’j,)’ dr’. (2.74)

The exchange-correlation potential is now time dependent:

Vio(r, 1) = 2Exclo] (2.75)

dp(r,t)’

where Exc is the exchange-correlation energy functional. In a practical implementations one

commonly adopts the adiabatic approximation:
Vxo(r,t) = Vx& [p(r, )], (2.76)

which evaluates the exchange-correlation potential using the instantaneous density as if the

system were in its ground state.
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2.5.2 Real-Time Propagation in Time Dependent Density Functional Theory

In the real-time (RT formulation of TDDFT, the time-dependent Kohn—Sham equations are
solved directly by propagating the orbitals forward in time. Formally, the evolution operator
H(t) satisfies:
Vit + At) = H(t + At t)a;(t) (2.77)

with:

A t+At

H(t+ At,t) = exp [—z/ HKS(t’)dt’} , (2.78)

¢

where H ks(t') is the Hamiltonian of the time-dependent Kohn—-Sham equation However,
for sufficiently small time steps, the Kohn—Sham time-dependent Hamiltonian can be approxi-

mated as constant, rewriting equation [2.77] as follows:
Vit + At) ~ exp[—iHgg(t) At (t). (2.79)

Various numerical propagation schemes can be used in RT-TDDFT:

e Crank—Nicolson propagator
e split-operator methods
e enforced time-reversal symmetry schemes

e Runge-Kutta integration

A commonly used unitary scheme is the Crank—Nicolson propagator. The Crank—Nicolson prop-
agator can be derived by applying the trapezoidal rule to the time derivative of the wavefunction.

Starting from:
;i
ot

this derivative can be approximated at the midpoint between t and ¢ + At:

= —iH ks, (2.80)

@Z}z’(t—l—AAtz—?/fi(t) _ —%ﬁKS [ (t + At) + i (1)]. (2.81)
Rearranging this equation gives:
At
Yalt -+ ) = i) = =5 Hlies [t + A1) +44(0)]. (2.82)

Collecting the terms containing ;(t + At) yields:

(1 + ifﬁm> Vit + At) = (1 — ifﬁm> ¥i(t). (2.83)
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This is the Crank—Nicolson propagation equation. Formally solving for v;(t + At) gives back

equation
. —1 .
At ~ 1At ~
This operator can be interpreted as a rational approximation to the exponential propagator:

L - 5t His

exp(—iHggAt) ~ —2 =2
14 9 Hyeg

(2.85)
and such approximation corresponds to the second-order Padé approximation of the exponen-
tial function. The Crank—Nicolson scheme possesses several important numerical properties that
make it particularly suitable for quantum dynamics. First, it is second-order accurate in
time. The local truncation error scales as O(At?), while the global error scales as O(At?).
Second, the propagator is unitary, meaning the norm of each orbital is preserved during propa-
gation. Third, the method is numerically stable. Unlike explicit time integration schemes, the
Crank—Nicolson algorithm remains stable even for relatively large time steps. For these reasons
it has historically been one of the most widely used propagation schemes in early TDDFT imple-
mentations, although modern large-scale simulations often employ more advanced exponential
propagators or enforced time-reversal symmetry algorithms. Nevertheless, the Crank—Nicolson
method remains conceptually important because it clearly illustrates how the time-dependent
Kohn—Sham equations can be integrated while preserving the fundamental properties of quan-
tum evolution.

Lastly, it is important to note that the Kohn—Sham Hamiltonian depends on the density,
which itself depends on the propagated orbitals. Consequently, the propagation of equations

and [2.84] must remain self-consistent. A typical time step proceeds as follows:
1. Compute the density p(r,t) from the current orbitals.
2. Construct the Kohn-Sham Hamiltonian Hs[p(r,t)].
3. Apply the Crank—Nicolson propagation to obtain tentative orbitals at ¢ + At.
4. Recompute the density p(r,t + At).
5. Update the Hamiltonian if necessary.

More sophisticated algorithms evaluate the Hamiltonian at the midpoint time ¢+At/2 to improve

accuracy.
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2.5.3 Coupled Electron—Nuclear Dynamics: TDDFT and the Ehrenfest Ap-

proximation

Thus far, nuclei have always been considered as fixed. This approximation, often referred to
as the Born—Oppenheimer approximation (see section , is extremely useful for computing
electronic ground states and excited states at fixed nuclear geometries. However, many physical
and chemical processes involve a strong coupling between electronic motion and nuclear motion.
Examples include photochemical reactions, laser-induced molecular dynamics, charge transfer
processes, vibronic coupling, and nonadiabatic molecular rearrangements. In order to properly
model the dynamics of a molecule from first principles, it is therefore necessary to treat both
electrons and nuclei as dynamical degrees of freedom. In principle, the correct description
would require solving the full time-dependent Schrédinger equation for both electrons and nuclei
simultaneously. Given the electronic coordinates collectively as r and the nuclear coordinates

as R, the full wavefunction of the system is ¥(r, R,t), which evolves according to:

.0 ~

za\IJ(r, R,t) = H(r,R)¥(r,R,1). (2.86)
The total Hamiltonian of the coupled system is:

H=T.+Tyn+Vee + Ven + Vivn, (2.87)

where T, and Ty are the kinetic energy operators for electrons and nuclei respectively, while Vee,
V;N, and Vyn represent the electron—electron, electron—nucleus, and nucleus—nucleus Coulomb
interactions. Solving this equation exactly for realistic molecular systems is computationally
impossible due to the enormous dimensionality of the nuclear configuration space. For this
reason, practical first-principles molecular dynamics approaches rely on mixed quantum—classical
approximations in which the electrons are treated quantum mechanically while the nuclei are
described by classical mechanics. One of the simplest and most widely used approaches of this

type is the Ehrenfest dynamics method.

The Ehrenfest approximation can be derived from Ehrenfest’s theorem, which relates the
time evolution of the expectation value of an observable to the corresponding classical equation
of motion. Applying this principle to the nuclear coordinates leads to classical equations of
motion for the nuclei in which the forces are obtained as quantum expectation values over the
electronic wavefunction. Within this framework, the nuclei are treated as classical particles with
positions Ry (¢) and masses M, whose dynamics is governed by Newton’s equations:

d’R
I dt2I =Fy. (2.88)
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The force acting on nucleus I arises from the instantaneous electronic structure of the system
and is given by the expectation value of the gradient of the Hamiltonian with respect to the
nuclear coordinates: R
0H

F;=— <\Il(t) R,

\If(t)> : (2.89)

This expression is essentially a manifestation of the Hellmann—Feynman theorem generalized to
time-dependent quantum states. It states that the force on each nucleus can be obtained by
differentiating the electronic Hamiltonian with respect to the nuclear position and evaluating the
expectation value over the instantaneous electronic state. Physically, this means that the nuclei
move under the influence of the average electronic force generated by the evolving electronic

density.

In the context of Time-Dependent Density Functional Theory, the full many-electron wave-
function W(¢) is replaced by the set of time-dependent Kohn—Sham orbitals ;(r,¢). Since the
electronic density is reconstructed from these orbitals as in equation [2.72} the forces on the nuclei
can be expressed directly in terms of the Kohn—Sham Hamiltonian. Within TDDFT formalism,

the force on nucleus I can therefore be written as:

F1=—Z<¢i

(2

OHgs
OR;

wi> : (2.90)

The derivative of the Kohn—Sham Hamiltonian with respect to the nuclear coordinates arises

primarily from the dependence of the external potential on the nuclear positions:
Zr
Ve t) =— _ 2.91
) == 2 R (290

where Z7 is the charge of nucleus I. Consequently, the nuclear forces originate from the inter-
action between the electronic density and the nuclear Coulomb potential, as well as from the
direct nucleus—nucleus repulsion. In practice, the total force on a nucleus can be decomposed
into two contributions:

F; = FV + PV, (2.92)

The electron—nucleus force arises from the interaction with the electronic density:

OVext (r, R)
eN _ _ tA7s
F7' = /p(r, t) R, dr, (2.93)
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while the nucleus—nucleus force is given by the classical Coulomb interaction between nuclei:

5} 7175
FNN — _ . 2.94
ARE A=) 294

The key feature of Ehrenfest dynamics is that the electronic and nuclear degrees of free-
dom evolve simultaneously and influence each other in a self-consistent way, giving rise to a
self-consistent electron—nuclear dynamics. At each time step of the simulation: the electronic
wavefunctions are propagated according to the time-dependent Kohn—Sham equations using the
current nuclear positions. Then, the electronic density is updated from the propagated orbitals,
and the forces on the nuclei are computed from that electronic density. Lastly, the nuclear posi-
tions and velocities are updated using classical molecular dynamics integration schemes such as
the velocity-Verlet algorithm. Thus, the nuclear motion modifies the external potential experi-
enced by the electrons, which in turn affects the subsequent electronic evolution. This feedback
loop naturally captures the coupling between electronic excitations and nuclear motion.

Ehrenfest dynamics can be interpreted as a mean-field approach to nonadiabatic dynam-
ics. The electrons evolve according to the time-dependent quantum Hamiltonian generated by
the moving nuclei, while the nuclei feel the average force produced by the electronic density.
However, the Ehrenfest approximation also has important limitations. In particular, it treats
nuclear motion as classical and does not account for nuclear quantum effects such as tunneling
or zero-point motion. Moreover, because the nuclei feel an averaged electronic force, the method
cannot correctly describe situations where the system evolves along multiple potential energy
surfaces simultaneously, such as in strong nonadiabatic transitions. Despite these limitations,
Ehrenfest dynamics combined with RT-TDDF'T still remains one of the most widely used ap-
proaches for simulating coupled electron—nuclear dynamics in molecules and condensed matter

systems, especially in the context of ultrafast phenomena and laser-driven processes.

2.5.4 Algorithm for First-Principles Molecular Dynamics with RT-TDDFT
and Ehrenfest

To sum up, a typical, general RT-TDDFT Ehrenfest dynamics simulation scheme proceeds as

follows:

1. Initialize nuclear positions R;(0) and velocities.

[\)

. Solve the ground-state Kohn-Sham equations to obtain the initial orbitals ;(r, 0).
3. Construct the initial density: p(r,0) =Y, [¢:(r, 0)?.

4. Build the time-dependent Kohn—Sham Hamiltonian.
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5. Propagate the Kohn—Sham orbitals for a time step At using a unitary propagator.
6. Compute the updated density p(r,t).

7. Evaluate the forces on the nuclei.

Ry _ F;

8. Integrate the classical equations of motion: M=

9. Update nuclear positions and velocities.
10. Recompute the external potential from the new nuclear coordinates.
11. Repeat the propagation cycle.

This combined scheme allows the simulation of electronic excitations, energy transfer, charge
migration, and nonadiabatic molecular motion directly from first principles. RT-TDDFT cou-
pled with Ehrenfest dynamics therefore provides a powerful framework for studying ultrafast
processes in molecules and condensed matter systems, bridging electronic structure theory and

dynamical simulations of complex quantum systems.

2.6 Density Functional Theory and Linear Optical Response

This section focuses on a specific application of Density Functional Theory on the modeling of
a very well-known phenomena, namely optical absorption of bulk materials (like silica matrices)
in the framework of the linear optical response approximation. This section is essential to
understand results from Chapter |5 and is inspired by Ref. [114].

2.6.1 Introduction to Optical Absorption and Linear Response Theory

Optical absorption is the process by which a material absorbs energy from an incident elec-
tromagnetic field, leading to electronic excitations within the probed system. When a certain
light of frequency w interacts with a solid, photons carrying an energy hw can be absorbed if
their energy matches the difference between two allowed electronic states. In semiconductors
and insulators, this typically corresponds to the excitation of an electron from a valence band
state to an empty conduction band state. As a consequence of this process, the intensity of the
electromagnetic wave of the incoming light field decreases as it propagates through the material.

Thus, the optical absorption properties of bulk insulating materials originate from the in-
teraction between electromagnetic radiation and their electronic structures. Moreover, such
interaction is fundamentally governed by the response of the electronic charge density to an ex-

ternal time—dependent perturbation. As stated earlier, optical absorption arises when photons
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promote electrons from occupied states to higher—energy unoccupied states, thereby transferring
energy from the electromagnetic field to the electronic system. In the regime relevant to most
spectroscopic experiments, the external electromagnetic field is sufficiently weak that the re-
sponse of the material can be treated within the framework of linear response theory. The term
linear response refers to the approximation in which the induced polarization of the material
depends linearly on the applied external electric field. In the context of optical absorption, the
incident electromagnetic field is typically weak compared to the internal electronic interactions
of the system, so higher-order effects such as nonlinear polarization, multi-photon absorption,
or field-induced changes in the electronic structure are negligible. Under these conditions, the

induced polarization P(w) can be expressed as a first-order expansion in the applied field E(w):
P(w) = x(w)E(w), (2.95)

where x(w) is the frequency-dependent electric susceptibility tensor, that characterizes how the
electronic charge distribution of the material reorganizes in response to the perturbing field.
This linear relation implies that the material’s response at frequency w is directly proportional

to the perturbing field at the same frequency, allowing the use of linear response theory.

In fact, linear response provides a rigorous framework to compute macroscopic optical prop-
erties, such as the dielectric function and absorption coefficient, from microscopic electronic
transitions while ensuring that causality and energy conservation are satisfied. From the x(w),

it is possible to compute the macroscopic dielectric function as follows:
e(w) =1+ 4rx(w), (2.96)

that governs the optical properties of condensed matter systems. In fact, at the macroscopic
level, the interaction between electromagnetic radiation and matter is described by such frequency—

dependent complex dielectric function that can be decomposed as:
e(w) = e1(w) +iea(w). (2.97)

The real part £1(w) describes the dispersive response of the medium, which determines how the
phase velocity of light is modified inside the material, while the imaginary part e2(w) accounts
for the dissipative processes responsible for the absorption of electromagnetic energy. Therefore,
the optical absorption spectrum of a material is directly related to the imaginary part of the

dielectric function. In particular, the absorption coefficient «(w), which is commonly measured
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in optical spectroscopy experiments, is related to the dielectric function through

a(w):\/fw [ g2

1/2
2(w) + €3(w) - el<w>] | (2.98)

This relation connects the macroscopic attenuation of light in a material («(w)) to the complex
dielectric function €(w), which is determined by the electronic transitions between occupied
and unoccupied states of the system. Consequently, the absorption coefficient a(w) encodes
information about the electronic band structure and the allowed optical transitions, establishing
a connection between experimentally measured optical spectra and the microscopic electronic
structure of the material.

From a microscopic point of view, the optical response originates from electronic transitions
between quantum states of the system. In a periodic crystal, the electronic states are described
by Bloch functions v,k(r), which are labeled by a band index n and a wavevector k within the
first Brillouin zone. The interaction with an external electromagnetic field can induce transitions
from occupied valence states to unoccupied conduction states, leading to the absorption of
photons. Within the electric dipole approximation (which assumes that the wavelength of light
is much larger than the unit cell) and the independent particle picture (see Section ,
B

(

the imaginary part of the dielectric tensor 5" (w) can be expressed as a sum over interband

transitions between occupied and unoccupied electronic states throughout the Brillouin zone:

o 8r2e? dk .
&5 (w) = o > /B s (Wl balad) 5 Bk = Buac = o), (2.99)

where:
e v and c denote valence and conduction band Bloch states, respectively;

e () is the volume of the unit cell; note that optical experiments probe a macroscopic re-
sponse, whereas first-principles calculations yield a microscopic, spatially varying dielectric
function. For this reason, a spatial average of the dielectric tensor is performed in order
to obtain a macroscopic quantity that can be directly related to experimentally measur-
able optical properties. This spacially-averaged microscopic imaginary dielectric function

B

(

e5” (w) captures the collective response of the electrons and can be directly related to

optical absorption, thus to macroscopic properties, like a/(w).
e 0, is the component of the velocity operator along the Cartesian direction «;

e the integral is performed over the first Brillouin zone (BZ). In a periodic crystal, the

first Brillouin zone (BZ) is the fundamental region of the reciprocal space, containing all



2.6 Density Functional Theory and Linear Optical Response s

distinct wavevectors k that describe the electronic states. It can be defined as:

BZ:{keR3

closest to the origin in the reciprocal lattice} (2.100)

Or, using the reciprocal lattice vectors by, bg, by and the direct lattice vectors aj, as, as,

the Brillouin zone can be written as:

BZ = {k R ‘ k-a| < “;"‘, i = 1,2,3} (2.101)

In equation [2.99] the integral over the Brillouin zone sums contributions from all unique k-
points. Its physical meaning can be described as follows: electrons in a bulk are described
by Bloch states |1,x) labeled by k. Due to periodicity, wavevectors outside the first BZ
are equivalent to some k inside it. Therefore, integrating over the first BZ captures all
distinct electronic contributions to optical absorption. Moreover, For each k in the BZ,
the formula sums contributions from all possible valence-to-conduction band transitions.
Physically, this accounts for how electrons throughout the bulk respond to light, not just at
one point in reciprocal space. The peaks in the imaginary part e2(w) arise from transitions
where the matrix elements are strong. The Brillouin zone defines the map over which these

electronic states exist, so its shape and symmetry affect the optical properties.

e the Dirac delta function §(FEq — Fyx — Aw) enforces energy conservation, allowing only
transitions for which the photon energy Aw matches the energy difference between initial
and final states, so only transitions with energy difference hw. In practical implemen-
tations, the delta function is replaced by a smearing function, typically a Lorentzian or
Gaussian of finite width 7, in order to mimic lifetime broadening and facilitate numerical
integration:

1 n

0(Ex — Epx — hw — .
(Bex Kk ) — P o e

(2.102)

This broadening parameter plays a crucial role in shaping the computed absorption spectra,

determining the width and smoothness of the spectral features.

Equation [2.99] reveals that the optical absorption spectrum is governed by two key factors: the
joint density of states (JDOS) Zv,c Jaz %(5(&;;{ — Eyx — hw), which counts the number of pairs
of occupied and unoccupied states separated by an energy hw; the dipole (or velocity) matrix
elements, (Yux|0a|tvk), which determine the probability amplitude of the transition. Physically,
even if many electronic states are available at a given energy difference, a transition may be weak
or forbidden if the corresponding matrix element is small due to symmetry or selection rules.

Therefore, the absorption spectrum is shaped by both the electronic structure and the allowed



78 Foundations of Molecular Mechanics and First-Principles Simulations

optical transitions, providing a direct connection between the microscopic quantum states of the

material and the experimentally observed optical properties.

2.6.2 Density Functional Theory, Linear Optical Response and Absorption
Spectra

Determining the transition matrix elements (1|04 |%yk) is the goal of any theoretical approach
aiming at evaluating the Linear Optical Response of a material. In fact, as stated in equa-
tions and obtaining the imaginary part of the dielectric function leads to the deter-
mination of the relative absorption coefficient.

Density Functional Theory can provide a first—principles framework that allows to compute
these quantities starting from the atomic structure of the system. As introduced previously,
DFT reformulates the interacting many—electron problem in terms of a set of auxiliary non—
interacting particles that evolve in an effective potential. The electronic states ¥ (r) and the
relative eigenvalues € are obtained by solving the Kohn—Sham equations . Retaining the
Bloch notation, the electron density is reconstructed from the Kohn—Sham orbitals according to
p(r) =3 1 faxltnk(r)]? (equal to equation, where f,x represents the occupation factor of
each state. Once the self—consistent solution of equations [2.61] and [2.62 is obtained, the eigen-
values e, and eigenfunctions ¢,k provide the fundamental ingredients required for calculating
the optical response of the material.

In this context, it is essential to introduce the independent particle approximation (IPA). IPA
refers to the assumption that the excited electrons and the holes they leave behind behave as non—
interacting particles, even during an optical transition. More precisely, within standard DF'T the
many—body problem of interacting electrons is mapped onto a system of non—interacting Kohn—
Sham particles moving in an effective potential. When computing optical properties in the IPA,
this idea is extended to the excitation process itself, assuming that an electron can be promoted
from a valence state 1, to a conduction state . without any additional interaction with other
electrons beyond what is already included in the ground—state effective potential. Formally, this
implies that: (i) the excited state is approximated as a simple single—particle transition from
valence to conduction states; (i) the electron and the hole do not interact with each other after
the excitation; (i) many—body effects such as electron—hole attraction (excitons) and dynamical
screening are neglected. From a physical point of view, IPA corresponds to a picture in which
each electron responds to the external electromagnetic field as if it were moving independently,
without feeling the presence of the hole it leaves behind or the correlated motion of the other
electrons.

Within this approximation, the optical transition matrix elements entering the dielectric

function can be expressed using the momentum operator p. The transition probability between
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a valence state v and a conduction state c is determined by

Mcv(k) = <¢ck|f”ka>a (2103)

and using these matrix elements, the imaginary part of the dielectric function can also be written

as:

4rr2e? dk 9
2 = i [ el M (08B = Eos = ). (2:101)
Here, as before the integral runs over the first Brillouin zone, ensuring that all distinct electronic
states are included; the Dirac delta function enforces energy conservation, allowing only transi-
tions where the photon energy Aw matches the difference between conduction and valence band
energies. Note that the squared matrix element |M,.,(k)|? accounts for the strength of coupling
between electrons and the electromagnetic field.

The real part of the dielectric function, £;(w), which describes the dispersive response of the
material to light of angular frequency w, can be obtained from the imaginary part e2(w) using

the Kramers-Kronig relation:

W) =1+2 77/ w,;?_ S, (2.105)
where:
e w is the angular frequency of the incident light.
e c5(w') is the imaginary part of the dielectric function at frequency w’.

e P denotes the principal value of the integral, which properly handles the singularity at

w = w.

Physically, this relation reflects the fact that the absorption spectrum e9(w) determines the
dispersive behavior £1(w), ensuring a causal response of the material to the electromagnetic
field.

From a computational perspective, these two quantities are typically computed using plane—
wave implementations of DFT: within this framework, the Kohn—Sham orbitals are expanded in
a plane—wave basis set, as sums of reciprocal lattice vectors G, as reported in equation A
dense sampling of the Brillouin zone is needed, and convergence with respect to the k—point mesh,
the number of empty conduction bands included in the summation, and the plane—wave cutoff
are essential to obtain reliable results. In addition, the interaction between valence electrons
and ionic cores is typically described using pseudopotentials, allowing to remove the chemically

inert core electrons and reduce the computational cost of the calculations. After a self-consistent
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field calculation determines the ground—state electronic density, the Kohn—Sham eigenvalues and
wavefunctions can be used in a subsequent linear response calculation to evaluate the dielectric
tensor Egﬁ (w), and subsequently the absorption coefficient following equation a fundamental

quantity to reproduce absorption spectra.

2.6.3 From DFT and Linear Response Theory to the Computation of Ab-
sorption Spectra

Within the linear response framework introduced above, the quantities derived from Density
Functional Theory can be systematically connected to experimentally measurable optical spec-
tra. In particular, the central observable in optical spectroscopy is the frequency—dependent
absorption coefficient a(w), as it is the typical quantity plotted in absorption spectra. «(w)
is directly related to the complex dielectric function £(w) as reported by equation whose
imaginary part encodes the dissipative processes associated with photon absorption.

The imaginary part of the complex dielectric function e(w), the dielectric tensor 5((12/5),(w) is
averaged over the volume  as in equation [2.99] since optical experiments probe a macroscopic
response, whereas first-principles calculations yield a microscopic, spatially varying dielectric
function. This averaged €(w) becomes then a macroscopic quantity that can be directly related
to experimentally measurable optical properties, such as the absorption coefficient a(w), which,
to recall, quantifies the exponential attenuation of light intensity in the material.

Equation can be rewritten by considering that the complex refractive index n(w) =

n(w)+ik(w) is related to the absorption coefficient, through the formula a(w) = 22 k(w). Thus,
the complex dielectric function (w) is related to n(w) via:
e(w) = n%(w), (2.106)
and the imaginary part can be expressed as:
e (w) = 2n(w)r(w). (2.107)

where k(w) is the imaginary part of n(w). Combining all these expressions yields a linear
relationship between the absorption coefficient and the spatially averaged imaginary dielectric
function: 3

w Eaﬁ(w)
¢ n(w)

a(w) =

(2.108)

The proportionality factors involving w and n(w) are commonly referred to as weighting factors.

Therefore, plotting 5&25 (w) versus photon energy provides a direct representation of the optical

absorption spectrum. In anisotropic systems, different Cartesian components («, 3) can give
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different absorption features, but a spatial or orientational average is usually performed to
produce a scalar absorption spectrum comparable to experimental measurements, as explained
above.

In addition, also equation[2.104] establishes the direct link between the dielectric response ob-
tained from DFT and the experimentally observed absorption profile. As stated in section[2.6.1
the spectral features of a(w) are governed by two fundamental ingredients: the energy differences
E. — Eyx, which determine the position of absorption peaks, and the transition matrix elements
| M, (k)|?, which modulate their intensity. The Dirac delta function ensures that only vertical
(i.e., crystal momentum conserving) transitions contribute, reflecting the dipole approximation
valid for optical wavelengths.

It is important to emphasize that, within standard Kohn—-Sham DFT and the independent
particle approximation, electron—hole interactions are neglected. As a consequence, the com-
puted absorption spectra correspond to a picture of non—interacting electron—hole pairs, often
referred to as the independent quasiparticle approximation. This typically results in an under-
estimation of band gaps and the absence of excitonic effects, which in real materials can give
rise to bound states below the continuum and significantly reshape the absorption onset. More
advanced approaches, such as many—body perturbation theory within the GW approximation
combined with the Bethe—Salpeter equation, are required to capture these effects.

Nevertheless, even at the independent particle level, DFT—based linear response calculations
provide a powerful and widely used tool to interpret plotted absorption spectra. They allow
one to assign specific features in the spectra to interband transitions at particular regions of
the Brillouin zone, analyze the polarization dependence of the optical response through the
B

(

dielectric tensor £5”(w), and gain microscopic insight into how the electronic structure of a

material governs its interaction with light.
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Atomistic Insights into Silica—Biomolecule Interactions for APT

sample preparation via MD simulations

This Chapter is primarily inspired by Refs. [115] IT6]. In particular, the opening section high-
lights recent experimental advances in the application of the Atom Probe Tomography (APT)
protocol in ref. [82] to novel protein structures, with a focus on the Green Fluorescent Protein
(GFP). These recent outcomes were directly produced by our collaborators from the Chalmers
University (Gothenburg, Sweden), within the MIMOSA project. Such section establishes the
foundational framework for the whole Chapter, motivating the use of MD simulations to inves-
tigate the interactions between silica and biomolecules, which constitute the central focus. To

recall, details about the Molecular Dynamics algorithm can be found in Chapter |2, Sections [2.1
and 2.2

3.1 DMotivating MD Simulations: Recent Experimental Studies
on GFP via APT

Recently, GFP was analysed through the whole APT protocol described meticulously in Chap-
ter [I} with the same sample preparation protocol and laser irradiation procedure (Section .
This represents the second proof of concept of the whole procedure. The silica matrix containing
the protein samples has Si(OH)4 as precursor molecule and was prepared via the same sol-gel
method of Ref. [82]. Lastly, isotope labelling was employed for the GFP protein synthesis,
to get an unambiguous identification in the mass spectrum obtained during the APT analysis
(the ratio 2C/!'3C was 1:9 in the composition of the !3C-labelled GFP). The needle-shaped
specimens were prepared through the FIB-SEM procedure illustrated in Fig. and the APT
analysis was performed with a LEAP 6000 XR (Cameca, Madison WI) instrument equipped
with a deep-UV laser (257.5 nm).

Results from the whole APT pipeline applied on GFP are reported in Fig. These find-
ings come from a manuscript that is currently under submission phases, cited in the Preface
of this thesis. The full structural profile of the needle-shaped specimen is reported in Fig.
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Figure 3.1: (a) Atom map of the reconstructed needle-shaped silica specimen containing 3C-labelled
GFP proteins. Silicon atoms are shown as grey dots and oxygen as blue dots. '2C, 3C, Ga, and
Pt are shown as isoconcentration surfaces at 2, 20, 5, and 2 atomic % respectively. (b) Segment of
the isotope-labeled Time-of-Flight-Secondary-lon Mass Spectrum (TOF-SIMS) produced during the
APT analysis, highlighting the chemical identity of the main peaks referring to GFP and silica. (c)
Segment of the atom map in (a) defined by a region of interest (ROI) with the dimensions 4-5-7
nm, isolating a 13C cluster exhibiting size and shape consistent with the known structure of a single
GFP molecule. The structure of a GFP molecule can be found in Fig. .
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(a): the 3C atoms (green) were inhomogeneously distributed, frequently forming clusters of
approximately 500 atoms, matching the expected 1134 carbon atoms of a single GFP molecule,
given a detection effeciency of 52% declared by the instrument. Also few larger clusters were
observed, that can be motivated by aggregation phenomena displayed by GFP units during the
preparation of the silica matrix, specifically the polymerization step. As discussed in Chapter
the role of pH plays a crucial role in the specimen generation phase, and it is thus reasonable
to expect that some local pH effects might have led to the occurrence of GFP aggregates within
the silica tip. Fig. [3.1] (¢) represents the main, core result of this analysis, reporting a a !3C
cluster exhibiting size and shape consistent with the known structure of single GFP molecule.
Overall, this outcome suggests that data can be in principle collected also from small individual
proteins like GFP. However, the reconstructed profile lacks specific details, exhibiting a modest
resolved pattern. As aforementioned, this whole protocol is far from being completely and fully
optimized: errors and artifacts might arise from several steps, the reconstruction algorithm or
from the APT instrument itself, as described in Chapter [T, Sections [I.5.3] and [1.5.4. Under-

standing the origin of these vacancies is essential for improving the reliability and accuracy of

the overall protocol, but disentangling their exact sources is a complex task, due to the multiple
and interconnected stages of the workflow. For this reason, the present chapter does not aim
to provide a comprehensive analysis of all possible error sources. Instead, it focuses primarily
on the current sample preparation protocol, with the goal of examining its critical aspects and
identifying potential avenues for refinement. There are few studies in the literature regarding
the interaction of silica and proteins, that come most from experiments [117, 118, 119} 120} 121].
However, no in silico description is present up to now. Thus, a thorough microscopic charac-
terization of the silica adsorption process (and the structural implications thereof) by means of
computational techniques is called for. In fact, numerical simulations have been successfully ap-
plied to model key steps of the standard APT pipeline. For instance, the occurrence of artifacts
through the APT reconstruction phase has been assessed by Molecular Dynamics (MD) and
Monte Carlo (MC) methods, while a mixed approach based on MD and ab initio calculations
has been recently employed to characterize the evaporation mechanism driven by the twofold
(laser, static) APT field [122, [123].
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3.2 The MD Study

3.2.1 Aim of The Study

In this chapter, classical MD simulations are employed to perform an exhaustive assessment
(at the molecular scale) of the adsorption of silica onto diverse biomolecular substrates, specifi-
cally a set of small proteins and peptides, displaying diverse structural features. As mentioned
in Chapter [, Sections [1.5.1] and [1.5.3] the silica-embedding APT protocol involves two steps:

early stages — dissolution of the biomolecule in a solution containing the matrix precursor

Si(OH)4 and some of its short oligomers, as the matrix is polymerizing when proteins are added;
late stages — the subsequent gradual but stronger condensation of silica into a gel-like/glassy
matrix embedding the proteins. This MD study aims at modeling the former process, while the
latter will be covered in a small section at the end of this chapter. To recall, the spontaneous
encapsulation of biomolecular targets by silica species prior to the laser ablation step constitutes
a critical stage in the APT experimental workflow, as it directly influences both sample stability
and the fidelity of the reconstructed chemical information. In fact, a primary concern is that
the silica matrix must act as an inert scaffold, preserving the native conformation of the protein
while reducing thermal fluctuations that could degrade spatial resolution in the following APT
analysis. In other words, an excessive interaction with the silica (particularly at high concen-
trarions) could perturb the biomolecule, specifically if its structural features significantly differ
from a lartge and robust IgG antibody. Secondly, water shells around the protein surface must
be replaced by silica already in the early stages of the process, as residual HoO in the final
needle-shaped specimen leads to failure during la-APT analyses.

In this context, understanding the physicochemical principles governing the adsorption of
silica onto protein surfaces is of paramount importance. To this end, extensive unbiased molec-
ular dynamics (MD) simulations performed on the microsecond timescale provide a detailed
atomistic description of the encapsulation process across multiple protein systems and silica

compositions.

3.2.2 Biomolecular Systems

Every analysed biomolecular system contains an organic (protein) and inorganic (silica) moiety
(see Fig. . Specifically, the chosen proteins span both folded and intrinsically-disordered
motifs, and involve ubiquitin (Ubq), the small ubiquitin-like modifier 1 (SUMO-1), a member of
the Enhanced Green Fluorescent Protein (EGFP) family, lysozyme T4 (LT4), a partially folded
structure of the amyloid-beta 1-40 (AB1-40), and a transmembrane helix of the Interleukin-
22 receptor alpha-1 (IL22RA1). Ubiquitin is associated with a well-characterized and stable
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conformation in solution, and is here employed as a putative benchmark scenario. SUMO-1
is equipped with a ubiquitin-like core and intrinsically disordered carboxy and amino-termini,
whose behavior is characterized in terms of their inherent flexibility and motility. The EGFP
and LT4 proteins were taken as two almost fully folded proteins, the former characterized by
B-sheets organized as a (-barrell, the latter displaying mainly a-helical secondary structures.
Contrary, Af1_40 represents the opposite case, an intrisically disordered (ID) peptide apart
from a short unstable a-helix. Lastly, IL22Ral is here assessed as representative of an unstable,
purely hydrophobic peptide in solution.

Additionally, the early stages of the APT protocol and the synthesis of the silica matrix
were depicted in an effective manner by monitoring the surface affinity of three silica oligomers,
i.e., monomer—Si(OH)4, dimer—SisO7Hg, trimer—Si3O19Hs. Since TEOS did not produce reliable
silica matrices, as explained in Chapter [I Section the present work focuses exclusively on

inorganic orthosilicates, excluding TEOS-derived matrices.

EGFP Ubq
LT4 ABy4o Silica species
monomer
dimer
trimer

Figure 3.2: Structures of the systems characterized in this work (ILRA22 not reported here) — namely,
EGFP (blue), ubiquitin (green), SUMO-1 (red), lysozyme T4 (orange) and Af51_49 (violet) - and of
the silica precursors (i.e., Si(OH)4, SiaO7Hg and SisO19Hsg). Adapted from Ref. [116].

Four main simulation scenarios were thus designed (an example setup is shown in Fig. |3.3)):

e Waterglass, composed of 204 units of Si(OH)4 molecule, homogeneously distributed in
a physiological solution of water, and ions (150 mM sodium chloride-NaCl); the Si(OH)4

concentration is 360 mM, compatible with the experimental conditions of the early stages
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of the APT sample preparation protocol.

e Control, i.e., the system in a physiological solution, built to monitor the natural behavior

of each biomolecule;

e Monomeric, i.e., the system in a physiological solution added with 204 silica monomers;
the Si(OH)4 concentration is 360 mM, compatible with the experimental conditions. No-
tably, this case reproduces the very first instances of the APT specimen procedure, in

which proteins mainly interact with Si(OH)4.

e Mixed, i.e., the system in a physiological solution added with 34 silica monomers, 34
dimers and 34 trimers. Conceptually, this scenario represents a situation in which some of
the Si(OH)4 molecules in the monomeric scenario have polymerized into small oligomers,
namely dimers and trimers, as it should occur during the early stages of the APT protocol.
Therefore, the total number of silicon atoms is still 204, but these have been redistributed

this time in the three silica species sharing the same final concentration of 60 mM.

In the section referred to the results of the work (3.4)), also other minor biomolecular systems
will be introduced, representing specific variants of the main, core four scenarios. Their concep-

tualization, characteristics and details are described further on in this chapter.

3.3 Simulation Protocol

This Section has the aim to cover the relevant subtitles of the performed MD calculations,
spanning from the chosen molecular atomic coordinates, forcefields and simulation parameters,

to simulation setups and performed analysis.

3.3.1 Crystal Structures

The crystal structures of all systems characterized in this work - i.e., ubiquitin (Ubq), SUMO-1,
EGFP, lysozyme T4, and AB1-40 - were retrieved from the RCSB Protein Data Bank [124]
(entries 1UBQ [125], 1A5R [126], 2Y0G [127], 256L [128], 1AML [129] respectively). For 2Y0G,
missing residues at the amino- (16) and carboxy-terminus (8) were reconstructed employing the
Modeller interface [I30] in UCSF Chimera [I31]. The EGFP chromophore was modeled after
the structure in Breyfogle et al. [132]. The 21- residue sequence of the transmembrane helix
of IL22RA1 [133], added with short overhangs at both termini, depicting its native chemical
environment (full sequence: DRTWTYSFSGAFLFSMGFLVAVLCYLSYRYV), was taken from
the UniProt database [134], and the structure of the helix was built with UCSF Chimera (the
full IL22Ral sequence is found in [133]).
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Monomeric Mixed

Figure 3.3: Starting configuration of the monomeric and mixed scenarios of SUMO-1 (similar setups
have been adopted for every other tested protein): for the latter, silica monomers are colored in
orange, dimers in purple and trimers in green. Adapted from Ref. [116]

Lastly, the coordinates of all silica species —i.e., Si(OH)s (monomer), SioO7Hg (dimer),
Si3O10Hg (trimer)— were obtained from the PubChem database [135] (CID codes: 14942, 61804,
and 11966309 respectively).

3.3.2 Force Fields Selection and Compatibility

Molecular Mechanics techniques are well suited to study complex biomolecular systems, but
their reliability depends critically on the availability of accurate and transferable interaction
potentials (force fields). A detailed discussion about forcefields and more generally the Molecular
Dynamics algorithm is provided in Chapter 2], Sections and . Modeling hybrid systems
that combine silicon-based molecules and proteins is inherently challenging, as both components
must be described in a way that ensures the resulting potential accurately captures realistic
dynamical behavior.

Although silicon is the second most abundant element in the Earth’s crust (28.8% by mass)
and naturally occurs in aqueous environments in the form of Si(OH)4, reaching concentrations
of a few ppm in oceans and rivers, until recently no general force field applicable to organosilicon
compounds in the liquid phase was available. Previous efforts primarily addressed silica-based

solids. For example, force fields were developed to model adsorption processes in zeolites and
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other porous silica materials, or to describe crystalline and amorphous silica surfaces [136), [137].
However, these models were optimized for solid-state environments and cannot be directly trans-
ferred to molecular systems in the liquid phase. The intramolecular flexibility and intermolecular
polarization effects differ substantially between solid silica frameworks and solvated organosilicon

molecules.

A significant advancement was achieved by Jorge et al. [138], who introduced a versatile
and systematically validated force field for organosilicon compounds in the liquid phase. This
model, named PolCAFF (Polarization-Consistent Approach Force Field), incorporates approx-
imate treatments of polarization effects while maintaining computational efficiency. Because
parametrizing a fully general force field for all organosilicon compounds would be extremely
demanding, PolCA focuses on a specific and chemically relevant subset: tetrahedrally substi-
tuted organosilicates bearing alkyl (=SiCxHy), alkoxy (=SiOCyHy), and/or silanol (=SiOH)
substituents. The alkyl groups are described using a United Atom (UA) approach, in which
each CHy group is treated as a single interaction center (or “bead”) with effective parameters

representing the entire group.

This approximation improves computational efficiency but introduces limitations. Molecules
such as silane (SiHy), species containing SiHg, SiHo, or =SiH groups, and compounds with aryl
substituents are not included in the parametrization. This choice reflects a compromise between
generality and practical feasibility, while ensuring compatibility with existing PolCA models for

alkanes and alcohols.

Within the framework of MIMOSA, PolCA provides parameters for both TEOS and Si(OH).
TEOS is an alkoxide bearing four OCyHs substituents, whereas Si(OH)4 contains four silanol
groups. However, a methodological issue arises when simulating TEOS together with proteins.
TEOS alkyl groups are modeled using the United Atom description, whereas proteins and water
are typically described using All Atom force fields. Mixing UA and All Atom representations
within the same simulation may introduce inconsistencies in the description of non-bonded and
electrostatic interactions. Since TEOS did not produce reliable silica matrices, as explained
in Chapter (1, Section the present work focuses exclusively on orthosilicic acid, Si(OH)y,
excluding TEOS-derived matrices. In fact, a good aspect of PolCAFF is that the silanol groups
of Si(OH), are treated within an All Atom (AA) framework (Si(OH)4 is an inorganic molecule),
ensuring compatibility with standard biomolecular force fields and enabling a more consistent

and physically sound description of silica—protein interactions.

Thus, the Amber ff14SB [139], TIP3P [140] and PolCAFF [138§] force fields were adopted
for the biomolecules, water and silica species respectively, with Joung-Cheatham corrections for
sodium chloride ions [141]. The applicability of the Lorentz-Berthelot combination rules for the

calculation of Lennard-Jones interactions ensures the formal cross-compatibility between the
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Amber ff14SB and PolCA force fields. However, no specific tuning of the interactions has been
performed — which would rely on the availability of experimental data and/or on an a posteriori

validation anyway.

PS: Also, I personally contacted via email the developers of PolCAFF, who ensured that in
general the forcefield is compatible with the AMBER methodology € parametrization. Without
fine-tuned parameters for the silica-biomolecule interaction, it is fine to accept some source of
error in the final behavior of the system, but such deviation from its natural dynamics can be
assumed almost insignificant due to the simple chemical structure of the silica species, Si(OH)y,
Sip O7 Hg, Si3O10Hg. Thus, the putative refined parameters (to recall, not available in the litera-
ture by any means) should not differ too much from the PolCA ones.

3.3.3 MD setup

Protonation states of biomolecules were checked and verified via the H++ online suite [142].
Classical atomistic MD simulations were performed with the GROMACS 2021.5 software [143]
in explicit solvent (water) and a 150 mM concentration of monovalent salt (NaCl). All sys-
tems/scenarios were subjected to an equilibration protocol as follows: i) 50000 energy mini-
mization steps by the steepest descent algorithm; ii) a first, 1-nanosecond thermalization of the
solvent bath in the NVT ensemble at T = 298 K employing a Berendsen thermostat [144], as-
sociated with a coupling constant 7 = 0.1 ps; iii) a further, 2-nanosecond volume equilibration
in the NPT ensemble at P = 1 bar via a Berendsen barostat [144], with 7p = 2.0 ps and a

water compressibility value of 4.5 - 1075 bar™!.

In all thermalization stages, all heavy atoms
in the solute molecules were restrained by a force constant of 1000 kJ/(mol - nm), and a 1 fs
integration time step (fstep) Was applied. The subsequent, unrestrained NPT equilibration of the
systems lasted 5 nanoseconds, followed by three 500-nanoseconds MD replicates, amounting to
a total 1.5 us per each simulated system. Production simulations were carried out employing a
stochastic velocity-rescale thermostat [109] (77 = 0.1 ps, T = 298 K), and a Parrinello-Rahman
barostat [145] (7p = 2.0 ps, water compressibility = 4.5 - 107° bar~!, P = 1 bar), and were
associated with an integration time step tsiep Of 2 fs. Electrostatic interactions were treated via
the PME method [146], with a 1.0-nm cutoff applied to both short-range and Van der Waals
interactions. All covalent bonds involving hydrogen atoms were constrained by LINCS [147], and

long-range dispersion corrections were applied to both energy and pressure calculations [148)].
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3.3.4 Details about Analysis and Parameters

The GROMACS 2021.5 analysis toolkits were employed to compute all mean square quantities
(RMSF, RMSD) as follows:

N

RMSF (i) = \ %Z es(8) — (r)? (3.1)
=1
1 N

RMSD(t) = | +- > i) — et (3.2)
=1

where r; is the position of the atom i, N the total number of atoms in the system. The contact
analyses were carried out by fixing a 6.0 A threshold distance criterion between heavy atoms,
taking into account unique, atom-wise contacts with GROMACS 2021.5. The solvent-accessible
surface area (SASA) was calculated via the GROMACS implementation of the algorithm de-
scribed in Ref. [148], applying a probe radius of 1.4 A. The Radial Distribution Functions
were computed with their relative built-in implementation of GROMACS 2021.5.The MDAnal-
ysis [149] and SciPy [150] Python libraries were employed to extract significant biomolecular
conformations and to perform a hierarchical clustering analysis of the AB;_49 dynamics. For
the latter, each frame in the aggregated trajectory of Af51_4¢ is assigned a string array, whereby
each residue is mapped to a secondary structure element (e.g., a-helices, 3-10 helices, 3-sheets,
etc.) or disordered motif (i.e., coils and turns): thus, the Hamming distance between these
strings is calculated and employed as a similarity metric in a hierarchical clustering analysis
based on an average-linkage criterion; more information can be found in Fig. here below.
Iso-density maps of silica occupancy about the systems surface were generated via the VMD
1.9.4 interface [I51], applying a grid resolution of 1 A. An in-house, adapted version of the
PylInteraph toolkit [152] 153], built on MDAnalysis libraries, and also Pyinteraph2 [154] were
employed to track the occupancy of interactions. In this framework, electrostatic contacts (salt
bridges) are defined between acidic and basic moieties within 4.5 A; hydrophobic contacts occur
between centers of mass of hydrophobic side chains within 5 A; hydrogen bonds were evaluated
applying a cutoff distance of 3.5 A between the donor and the acceptor moieties, and a tolerance
of 25 degrees. The protein angular dispersion (PAD,,) [155], used to characterize the plasticity

of residues belonging to the proteins, is defined as:

180, [1-C8,
PADW = 7 COSs <%> (33)
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Figure 3.4: Each frame in the aggregated trajectory of AS1_40 is encoded as a string, wherein each
residue is assigned to a secondary structure class (e.g., a-helix, 319-helix, 5-sheet) or to a disordered
state (i.e., coil or turn). The similarity between frames is then quantified via the Hamming distance
between the corresponding strings, which is subsequently used as the metric in a hierarchical clustering
procedure based on an average-linkage criterion.

where C'S,, is the circular spread of the angle w = ¢ + ¥:

(2)2
1-— R
2R,
Here, R((dk) are the k-th order sample moments:
1|
R¥) = =¥ Z the; =1,2 (3.5)

where the summation runs over N unit vectors sampled from the MD trajectory. PAD,, ranges
from 0° (no angular dispersion) to 180° (fully random distribution), providing a quantitative

measure of backbone flexibility, representing an alternative to RMSF.
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3.4 Results of MD Simulations

This section reports sequentially every result from MD simulations aimed at modeling the early
stages of the APT sample preparation protocol. First, outcomes of the Waterglass system are
described, in order to get a good assessment of the silica behavior in water. Secondly, the
focus shifts toward the protein-silica systems, specifically on a comparison among the Control,
Monomeric and Mixed cases. To recall,three 500-nanosecond replicates were generated, amount-
ing for a total simulation time of 1.5 us, per each simulated system. Details about the molecular
systems created can be found in Sections and

3.4.1 The Waterglass System: Assessment of the Silica Behavior in Water
The PolCA parameters for Si(OH), are confirmed by DFT calculations

As stated in Section the utilized forcefield for silica is PolCA. Simulating hybrid systems
composed of silicon-derived molecules and proteins presents significant challenges, as the two
entities must be modeled so that the whole, final potential model is reliably reproducing a real
dynamics. Therefore, we decided to perform standard ab initio calculations in order to test the

goodness of the principal parameters of the PolCA description of Si(OH)y.

The equilibrium coordinates of Si(OH)4 were retrieved by DFT calculations on the Quan-
tum ESPRESSO package [156] I57], employing a plane wave expansion of the electronic wave
functions and charge density. The exchange and correlation functional was treated with the
generalized gradient approximation, as formulated by Perdew, Burke, and Ernzerhof [15§], as-
sociated with the optimized norm-conserving Vanderbilt pseudopotentials [I59]. Cutoffs of 100
and 400 Ry were chosen for the kinetic energy and the charge density, respectively, to achieve
a convergence threshold on the total energy of the system of about 1 meV/atom. A vacuum

buffer larger than 15 A was employed in all calculations, to avoid spurious periodic interactions.

Fig. (a) clearly shows that PolCA provides a proper description of bonding and electrostatic
terms of the Si(OH)4 molecule. Moreover, one detail arising from DFT simulations is that the
total sum of the calculated partial charges is not equal to that of the formal valence values of
each atom. In fact, DFT simulations compute the total charge for one atom by separating the
relative values in its orbitals (e.g. s orbitals, 7 orbitals, ...). However, in many cases, there is a
little fraction of charge that does not lay on a specific atom, and cannot be assigned to a specific

orbital. This occurrence can be attributed to the phenomenon of delocalization of charge.
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Figure 3.5: DFT calculations on the Si(OH)4 structure. (a) Comparison bewteen DFT calculations
and PolCAFF parameters, i.e. equilibrium distance of Si and O, and atomic partial charges. (b)
Representation of the electronic charge density distributed in three-dimensional space (z,y, 2), vi-
sualized as the yellow volumetric region in the figure. The isosurface corresponding to a value of
0.1e~ /Bohr?® was selected and rendered.

Equilibrium Dynamics of the Water—Silica Interface: Si(OH), has a low tendency
to aggregate

To establish a robust and physically meaningful reference for subsequent simulations involving
biomolecular systems, a first in-depth characterization of the equilibrium behavior of a model
involving water and silica was performed. This preliminary analysis serves as a critical baseline,
allowing us to disentangle intrinsic solvent-mediated effects from protein-specific interactions in
later stages of the study. In particular, the focus here is on elucidating the dynamical prop-
erties of orthosilicic acid, Si(OH)4, in an aqueous environment, whether Si(OH)4 undergoes
self-association or not in the probed timescales (nanoseconds). The system was constructed to
mimic conditions relevant to atom probe tomography (APT) experiments, where relatively high
silica concentrations are often encountered. To this end, the simulation box was prepared with
an orthosilicic acid concentration of approximately 360 mM.

The radial distribution function (RDF), g(r), was computed between silicon atoms belong-
ing to distinct orthosilicic acid molecules. The RDF provides a statistical measure of spatial

correlations and is defined as:

g(r) = 47;2/) <Z 5(r — rij)> , (3.6)

where p is the number density, r;; is the distance between atoms 7 and j, and angular brack-
ets denote ensemble averaging. Fig. (a) reports the resulting RDF profile between Silicon

atoms. g¢g; gi(r) exhibits a smooth and weakly structured behavior, approaching unity at large
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distances, which is indicative of a distribution of Si(OH)4 molecules that is predominantly ho-
mogeneous. Importantly, no pronounced peaks are observed at short distances that would signal
the formation of stable silica clusters. This observation is further corroborated by hydrogen-
bond analysis: the fraction of trajectory frames in which two orthosilicic acid molecules are
connected via hydrogen bonds remains below 1%, suggesting that intermolecular interactions
are both transient and rare (not shown).

Despite the high concentration employed, the system does not exhibit significant silica self-
aggregation within the simulated timescale. While such concentrations correspond to a saturated
regime, this behavior is fully consistent with the known physicochemical properties of silica in
aqueous environments. In particular, aggregation is not governed by simple diffusion-limited

encounters, but rather by kinetically hindered chemical reactions.

Figure 3.6: Radial Distribution Functions. (a) Radial distribution function g(r) between silicon
atoms in the water-silica system, showing a broad and homogeneous spatial distribution of Si(OH)4
molecules. (b) Radial distribution function of water oxygen atoms around the silicon atoms of Si(OH),4
(red line), exhibiting a peak at approximately 3.5 A. The blue line represents the cumulative integral
of g(r), while the shaded area under the peak corresponds to the coordination number of Si(OH)y,
amounting to approximately 10 water molecules per orthosilicic acid molecule. Notably, these RDFs
come from a single, total 1.5-microsecond trajectory, composed by the sequential union of the three
500-nanosecond replicates. Adapted from Ref. [115].

The formation of silica oligomers requires a condensation reaction between two orthosilicic acid
molecules, involving the formation of a siloxane bridge and the release of a water molecule:
Si(OH)4 + Si(OH)4 — (HO)3Si—O0—S8i(OH)3 + H20. This process entails bond rearrangements,
including the cleavage of O-H bonds and the formation of Si-O-Si linkages, and is associ-

ated with a significant activation free energy barrier. As a result, even when two Si(OH),4
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molecules come into close proximity, the probability of reaction remains quite low, especially in
the nanosecond timescale.

In the present framework, the system is described using a classical force field. Consequently,
the molecular topology is fixed, and no bond formation or breaking can occur during the sim-
ulation. Under these conditions, the condensation reaction described above is intrinsically for-
bidden, and aggregation beyond transient intermolecular contacts is not possible. The system
therefore samples only diffusional motion and weak intermolecular interactions, such as hydrogen
bonding. However, even in the presence of a reactive potential, silica condensation is character-
ized by slow kinetics under ambient conditions. Experimental studies in Refs. [160, 161} 162} [163]
report second-order rate constants in the range: k ~ 1073-10° M~'s~!. At a concentration of
¢ =~ 0.36 M, the effective reaction rate can be estimated as: r = kc¢®> ~ 1074-10"" s7!, corre-
sponding to characteristic timescales of 7 ~ 10-10%* s. The total simulation time in this work

is on the order of: tgm ~ 500 ns = 5 x 1077 5. A comparison between the simulation time

and the characteristic reaction time yields: ts;m ~ 107810, indicating that the simulated
dynamics are several orders of magnitude too short to capture even a single condensation event.
Therefore, the absence of aggregation is not only expected but unavoidable within the accessible
timescale.

This also supports the rationale for employing classical MD as described in Section
i.e. building the Monomeric and Mixed scenarios separately. Because the timescales associated
with protein—silica interactions lie in the nanosecond to microsecond range, it is reasonable to
assume that each biomolecule experiences silica in a quasi-metastable state of polymerization.

Consequently, the effects of ongoing polymerization can be considered negligible.

The Water Hydration Shell of Si(OH),

Given that Si(OH)4 is soluble in water, the organization of water molecules along its volume
was characterized by computing the RDF between the silicon atom of Si(OH), and the oxygen
atoms of the surrounding HyO. The resulting distribution gs; o, () reveals a well-defined first
solvation shell, with a prominent peak centered at approximately 3.5 A, as shown by Fig. [3.6
(b). This peak reflects a preferred distance at which water molecules are most likely to be found
relative to the silicon center. To quantify the number of HoO molecules in this hydration layer,

the cumulative coordination number, N(r), was defined as:

N(r)=dmp /01" gy dr’. (3.7)

Integration up to the first minimum of the RDF yields an average of approximately 10 water

molecules in the first solvation shell. Moreover, the integration of gs; si(r) up to 3.5 A(peak
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maximum) gives 6, a reasonable value also close to literature evidence [160].

In summary, the lack of silica aggregation observed in the present simulations arises from a
combination of factors: i the intrinsically reaction-limited nature of silica condensation, i the
use of a non-reactive force field, ii4 the large discrepancy between simulation and experimen-
tal timescales, and 7w the stabilizing effect of the aqueous environment. These considerations
collectively explain why, even under supersaturated conditions, orthosilicic acid remains pre-

dominantly monomeric over nanosecond simulation timescales.

Simulation Convergence and Statistical Consistency

To ensure that the observed structural features are not artifacts of insufficient sampling, the
convergence of the simulation was assessed by analyzing the time evolution of the RDF. The
trajectory was partitioned into contiguous blocks of 25 ns, and RDFs were computed indepen-
dently for each block. The similarity between these distributions was then quantified using the
Jensen—Shannon divergence (JSD), a symmetric and bounded measure of the difference between

probability distributions.

Figure 3.7: Heatmap of the Jensen-Shannon divergence between the radial distribution functions
(RDF) associated with each (25-nanosecond) block of the trajectory of the Waterglass system.
Notably, these RDFs come from a single, total 1.5-microsecond trajectory, composed by the sequential
union of the three 500-nanosecond replicates. Adapted from Ref. [115].



3.4 Results of MD Simulations 99

The JSD between two normalized distributions P(r) and Q(r) is defined as:
1 1
JSD(P || Q) = JKL(P | M)+ JKL(@ || M), (33)
where M(r) is the average distribution:

M(r) = 5 (P(r) +Q(r)), (3.9)

N

and KL denotes the Kullback-Leibler divergence:

KL(P || M) =Y P(r)log < ﬁ%) . (3.10)

with r the inter-atomic distance. Here, the summation runs over discretized distance bins with
a resolution of 0.133 A. Low values of the JSD indicate a high degree of similarity between
distributions, and thus convergence of the sampled dynamical properties. This analysis reveals
consistently low JSD values across all block pairs, indicating that the RDFs —and by extension,
the underlying structural organization of the system— are stable over time. This confirms that
the simulation has reached equilibrium and that the observed features of the Waterglass are

statistically robust.

Final Remarks

Overall, the present results provide a detailed molecular picture of Si(OH)4 in water. The absence
of significant silica aggregation, combined with the presence of a well-defined yet highly dynamic
hydration shell, suggests that HoO plays a dominant role in stabilizing the orthosilicic acid in
solution. The mixture is characterized not by rigid structuring, but rather by a fluctuating
network of low-occupancy hydrogen bonds among Si(OH)4 units that continuously reorganizes
on nanosecond timescales. This has important implications for subsequent studies involving
biomolecules. In particular, it could suggest that any protein-monomeric Si(OH)4 interactions
observed in later simulations are unlikely to be driven by pre-existing silica clusters, but instead
arise from direct interactions with monomeric Si(OH)4 and its hydration shell. As such, the
Waterglass system constitutes a well-defined and physically meaningful baseline for interpreting

more complex phenomena.
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3.4.2 The Monomeric and Mixed Scenarios: Adsorption Patterns, Structural
Determinants, and Domain-Specific Selectivity

This section contains results referred to the following protein structures: Ubiquitin, SUMO-1,
EFGP, LT4, AB1_40 - Some evaluations were performed on every protein structure, while others
were very specific for a given biomolecule, according to its structural behavior and pattern.
The first set of analyses focuses on the silica aggregation and adsorption trend on the protein
structures. A subsequent second part is centered on the correlation between adsorption and
protein dynamical features. A last, final part is devoted to the analysis of the hydrophobic
peptide IL22RA1.

Global Encapsulation Efficiency and Solvent Accessibility Reduction

A first quantitative descriptor of the encapsulation efficiency is provided by the solvent-accessible
surface area (SASA). Across all investigated systems (monomeric, mixed) and proteins, a sub-
stantial reduction in SASA is observed upon equilibration. Specifically, the silica coating leads
to an approximately 45-50% decrease in the exposed protein surface area (see Fig. , indi-
cating that silica adsorption is both robust and largely independent of the precise composition
of the solution. This observation suggests that the driving forces for silica deposition are suffi-
ciently general to operate across different molecular environments, and that even simple silicic
acid monomers are capable of contributing to the shielding of the protein surface. However,
while the overall degree of encapsulation appears comparable between monomeric and mixed
scenarios, a more detailed structural analysis reveals profound differences in the microscopic

organization and dynamics of the adsorbed silica layer, that SASA cannot capture.

Spatial Organization of Silica Species: Monomeric versus Oligomeric Si(OH)4

To characterize the spatial distribution of silica molecules relative to the protein surface, RDFs
were computed for all systems (Fig. [3.9). In GROMACS 2021.5, the RDF protein-silica is
computed by treating each as a group of atoms and evaluating all pairwise distances between
atoms of the two groups, then averaging these distances into a distribution histogram normalized
by the bulk density. Specifically, RDFs in the monomeric scenario were computed between the
Silicon atoms of Si(OH)4 and protein residues. In the mixed case, three separate RDFs were
evaluated between the Silicon atoms belonging to each species and the biomolecule. These
analyses consistently reveal the formation of a well-defined first adsorption shell located within
approximately 4 A from the protein surface, with a pronounced peak centered around 3.5 A. This
feature indicates a preferential accumulation of silica species at close proximity to the protein,

involving surface-exposed residues.
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EGFP Ubq

SUMO-1

Figure 3.8: Evaluation of the Solvent Accessible Surface Area for three protein structures: EGFP
(upper left), Ubiquitin (upper right), SUMO-1 (lower left). Adapted from Ref. [116].

Despite this common pattern, the cumulative RDF's highlight a marked difference between
monomeric and mixed systems. In particular, the integrated distribution shows a signifi-
cantly higher population of silicon atoms near the protein surface that belong to oligomeric
species. Dimers SioO7Hg and trimers SizgO19Hg exhibit a markedly enhanced affinity, as evi-
denced by their higher probability density within the first few interaction shells. Conversely,
silica monomers display a more diffuse distribution, extending more uniformly throughout the
simulation volume, as found also from the Waterglass system in Section This distinction
becomes even more evident when considering the radial occupancy up to larger distances. While
the majority of dimers and trimers remain localized within approximately 15 A of the protein
surface for all investigated systems (including EGFP, ubiquitin, and SUMO-1), monomers lack
such preferential localization and instead populate the bulk solvent more homogeneously, both
in the monomeric and mixed scenarios (see Fig. right axis, colors blue and orange, re-
spectively). These findings indicate that oligomerization plays a critical role in enhancing the

effective interaction between silica and protein substrates.

These observations are further supported by the time evolution of the covering factor (CF),
defined as the fraction of silicon atoms located within a specified cutoff distance (4, 6, 8, and
10 A) from the protein heavy atoms, as shown in Fig. [3.10| (this figure stores data from the EGFP
replicates; in the Appendix [A| the CFs of Ubiquitin and SUMO-1 are reported in Fig. |A.3]).
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EGFP Ubq

SUMO-1

monomeric: monomers
mixed: monomers
mixed: dimers

mixed: trimers

Figure 3.9: Left axis: Radial distribution function (RDF) of silicon atoms about the protein surfaces
distributed in each silica species Si(OH)4, SioO7Hg, SisO19Hg, averaged over three 500-nanosecond
replicates. Monomeric scenarios are depicted as blue lines, while contributions from silica monomers,
dimers and trimers in the mixed scenarios are shown in yellow, purple and green respectively. Right
axis: Cumulative distributions of the RDFs (the coordination number is reported as a percentage
of the total number of molecules per species), highlighting the different adsorption patterns of the
silica species on the surface of EGFP, Ubg, and SUMO-1. Adapted from Ref. [116]
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Across all systems, silica adsorption proceeds on a characteristic timescale of approximately
100 ns, after which a quasi-steady-state configuration is reached. Importantly, while the overall
adsorption pattern is similar in monomeric and mixed scenarios, the contributions of different
silica species might differ substantially. Although the CFs were evaluated on the Silicon atom
globally (i.e. for the mixed system there is no repartition into each silica species), it is seemingly
reasonable to assume that most of the Silicon around the protein structure comes from the
oligomeric species. In fact, dimers and trimers should dominate the formation of the stable
coating layer, as evinced also by RDF analysis. In contrast, monomeric silica molecules engage
in more transient contacts, frequently associating and dissociating from the protein without

contributing significantly to long-lived adsorption.

Figure 3.10: Covering factor of EGFP by silica precursors - i.e., the fraction of silicon atoms within
4 A (black), 6 A (blue), 8 A (green), 10 A (red) of the protein surface (data are averaged over MD
replicates). The monomeric and mixed scenarios are shown as dotted and solid lines respectively.
Threshold distance criteria are based on the RDFs shown in Fig. [3.9] Results are averaged among
the three replicates for each studied system. Adapted from Ref. [116].

To corroborate this, a third analysis about the silica rearrangement on the protein surface was
performed. In fact, a key feature emerging from the simulations is the pronounced heterogeneity
of the silica coating. Rather than forming a uniform and continuous layer, silica molecules tend to
aggregate into localized clusters on the protein surface. This behavior is clearly illustrated by the
3D iso-density maps in Fig. and performed in the mixed systems, which show distinct regions
of high silica density interspersed with relatively uncoated areas. Such clustering is primarily
driven by the intrinsic propensity of oligomeric species to self-associate in aqueous solution, in
agreement with previous studies on silicic acid polymerization and aggregation [164] 165]. In
fact, the formation of oligomeric aggregates seems to enhance local adsorption by providing
multiple interaction sites and stabilizing intermolecular hydrogen-bonding networks.

At first glance, aggregation of oligomers might appear in contrast with previous findings
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Figure 3.11: 3D density maps of the silica species about the surfaces of EGFP, Ubq and SUMO-1
(expressed in A3) in the mixed scenarios, highlighting the differences in coating affinity and the
inhomogeneous nature of the encapsulation process. lIso-density values are depicted as wireframes
(0.10 A-3) and darker regions (0.20 A-3). Silica monomers, dimers, and trimers are shown in orange,
purple and green respectively. Adapted from Ref. [116].
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reported the Waterglass section , where monomeric Si(OH)4 was shown to remain pre-
dominantly dispersed in aqueous solution and not to undergo significant aggregation under
comparable conditions. However, the apparent discrepancy can be rationalized by considering
the fundamental physicochemical differences between monomeric and oligomeric silica species,
as well as the role of the protein surface as a heterogeneous nucleation template.

In bulk solution, monomeric silicic acid is highly solvated and stabilized by surrounding water
molecules. The formation of aggregates would require partial desolvation, which is enthalpically
unfavorable and not sufficiently compensated by intermolecular interactions between isolated
monomers. As a result, Si(OH), remains largely dispersed, consistent with its low tendency
to self-condense also at moderately high concentrations. In contrast, silica dimers and trimers
exhibit markedly different behavior displaying a higher conformational flexibility, allowing them
to adopt geometries that maximize favorable interactions while minimizing steric hindrance. The
Si—O-Si bond angle in siloxane bridges is well known for its high intrinsic flexibility, exhibiting

a broad angular range (130-180°) with a very low energetic penalty(1-10 kJ/mol) [166].

Ubq SUMO-1 EGFP
Avg HB per frame (MON): 0.26 Avg HB per frame (MON): 0.47 Avg HB per frame (MON): 0.88
Avg HB per frame (DIM): 0.55 Avg HB per frame (DIM): 1.22 Avg HB per frame (DIM): 1.35
Avg HB per frame (TRI): 0.74 Avg HB per frame (TRI): 1.06 Avg HB per frame (TRI): 1.59

Figure 3.12: Violin plots representing the number of hydrogen bonds per frame (HBpf) between
each silica species - i.e., Si(OH)4 (orange), Si2O7Hg (purple), and SigO19Hs (green) - and Ubiquitin
(left), SUMO-1 (middle), and EGFP (right) in the mixed scenario. The lower and upper edges of
the black boxex refer to the first and third quartiles of the HBpf histogram distribution, while the
white lines represent the median values. The average values of the HBpf distributions are reported
per silica species on top of each plot.. Adapted from Ref. [116].

In addition, the presence of the protein further could shift the balance toward aggregation.
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The protein surface probably acts as a heterogeneous scaffold that locally increases the effective
concentration of silica species and reduces their translational entropy. Once adsorbed, oligomers
experience restricted diffusion, which promotes encounter rates and facilitates cluster formation.
In this context, aggregation is not driven solely by bulk solution thermodynamics, but rather by
interfacial effects that are absent in homogeneous aqueous environments. In fact, the enhanced
affinity of oligmers can be attributed to their increased capacity for hydrogen bonding. Com-
pared to monomeric Si(OH)y, oligomeric species possess a greater number of hydroxyl groups
and exhibit higher conformational versatility, enabling them to establish multiple simultaneous
interactions with the protein surface. This hypothesis is supported by the analysis of hydrogen-
bonding patterns performed on the mixed scenarios in Fig. which shows that oligomers form
a higher average number of hydrogen bonds per molecule. The resulting multivalent interactions
contribute to stronger and more persistent adsorption, stabilizing the silica coating.

From an energetic standpoint, the clustering of silica oligomers on the protein surface can
be interpreted as the result of a balance between enthalpic gains and entropic penalties. The
formation of silica—silica and silica—protein hydrogen bonds provides a significant enthalpic sta-
bilization, while the release of structured water molecules from both the protein surface and the
hydration shells of the oligomers contributes a favorable entropy gain. This partial desolvation
effect is particularly relevant for oligomeric species, whose hydration shells are less tightly bound
than those of monomers. Conversely, the loss of translational and rotational entropy upon ag-
gregation is mitigated by the confinement imposed by the protein interface, which effectively
pre-organizes the system.

Overall, the absence of aggregation for monomeric Si(OH)4 in bulk solution and the pro-
nounced clustering of dimers and trimers at the protein interface are not contradictory, but
rather reflect two distinct regimes governed by different thermodynamic and structural con-
straints. While monomers remain stabilized by solvation and lack sufficient interaction strength
to self-associate, oligomers can exploit hydrogen bonding affinity and interfacial confinement to

form stable, localized clusters on the protein surface.

Correlation Between Silica Adsorption and Protein Structural Features

A central question concerns the origin of the observed heterogeneity in the coating pattern.
Specifically, the main focus of this section is to understand whether there is a clear correlation
between the silica clusters re-organization on the protein surface and protein structural features,

For instance, in the case of enhanced green fluorescent protein (EGFP) reported in Fig.
the rigid g-barrel core is partially devoid of silica molecules, whereas the peripheral loop regions
display a high density of adsorbed silica. Similarly, for ubiquitin and SUMO-1, the folded cores

interact less effectively with silica oligomers than the disordered amino- and carboxy-terminal
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regions. These observations might suggest that conformational flexibility and structural disorder
could play a key role in mediating silica adsorption.

To quantify these effects, a residue-wise contact analysis was performed, considering the total
number of interactions between silica species and protein residues, normalized over simulation
time and averaged across independent replicas. The results in Fig. confirm that residues
belonging to unstructured or flexible regions exhibit significantly higher contact frequencies. In
ubiquitin and SUMO-1, the intrinsically disordered termini show particularly strong interactions
with dimers and trimers, whereas monomers contribute minimally. A similar pattern is observed

for EGFP, where loops and terminal regions dominate the interaction landscape.

Ubq SUMO-1 LT4 EGFP

monomers

high

dimers

low

trimers

Figure 3.13: Heatmaps of the number of contacts between all silica species and ubiquitin, SUMO-1,
lysozyme T4, and EGFP in the mixed scenarios. Contacts are normalized by the number of simulation
frames, and averaged across multiple MD replicates. The abundance of contacts is depicted on a
color scale ranging from poorly (blue) to densely coated residues (red). Adapted from Ref. [116].

In contrast, lysozyme T4 (LT4), which serves as a model for a fully folded a-helical protein,
exhibits a more homogeneous distribution of silica contacts across its surface. Moreover, LT4
displays a reduced overall affinity for silica oligomers compared to the other systems, further
supporting the hypothesis that structural rigidity limits adsorption efficiency.

The preferential adsorption of silica onto disordered regions can be rationalized in terms of
their physicochemical properties. Intrinsically disordered domains are typically enriched in polar

and charged residues, which can act as hydrogen-bond donors and acceptors. This enhances their
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ability to interact with the hydroxyl groups present on silicic acid and its oligomers. Additionally,
the conformational flexibility of these regions allows them to adapt dynamically to the shape
and orientation of the interacting silica species, facilitating the formation of stable binding
configurations. In contrast, structured domains impose geometric constraints that limit the

number and strength of possible interactions.

Silica encapsulation modulates the structural dynamics of disordered domains

In the previous section it was shown that flexible and intrinsically disordered regions exhibit
a markedly different affinity for silica adsorption compared to well-structured domains. At
this point, the consequence of this different interaction pattern on the protein dynamics must
be investigated. The root-mean-square fluctuation (RMSF) profiles reported in Fig. indi-
cate that, in monomeric conditions, the fluctuations of Ca atoms remain comparable—or only
marginally reduced—relative to control simulations performed in the absence of silica. This ob-
servation suggests that isolated Si(OH)4 molecules exert only a limited influence on the intrinsic

flexibility of folded protein structures, as somehow expected.

Ubg SUMO-1 LT4 EGFP

monomeric control

mixed

0 7.58 0 16.60 0 3.27 0 7.77

Figure 3.14: RMS fluctuations of the a-carbons of ubiquitin, SUMO-1, lysozyme T4, and EGFP in
the control, monomeric, and mixed scenarios respectively, averaged over MD independent replicates.
Colors and thicknesses are scaled proportionally to RMSF values, ranging from low (blue/thin) to
high fluctuations (red/thick). Adapted from Ref. [116].

In contrast, the presence of silica oligomers in mixed systems leads to a more pronounced
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attenuation of structural fluctuations across the investigated biomolecules. This dampening
effect is not uniformly distributed but instead preferentially affects structurally labile regions,
including intrinsically disordered domains and unstructured termini. Notably, the amino- and
carboxy-terminal regions of ubiquitin, SUMO-1, and enhanced green fluorescent protein (EGFP)
exhibit a marked reduction in mobility upon silica association, as evidenced by the distinct color
gradients observed in Fig. These findings indicate that silica adsorption contributes to the

early-stage stabilization of flexible protein segments during the formation of the inorganic matrix.

Conversely, well-folded and mechanically robust domains appear largely insensitive to silica
encapsulation. This is exemplified by the helix bundle architecture of T4 lysozyme, whose
RMSF profiles remain essentially unchanged across control, monomeric, and oligomeric silica
conditions. Such behavior underscores the selective nature of silica—protein interactions, whereby
structurally rigid motifs retain their native dynamics while flexible regions are preferentially
stabilized.

Importantly, the reduction in conformational freedom induced by silica oligomers appears
to bias the exploration of the conformational landscape of disordered regions. Rather than
uniformly restricting motion, silica encapsulation promotes the selection and persistence of spe-
cific locally metastable conformations within an otherwise highly degenerate ensemble. This
effect is particularly evident in the case of the amyloid-5 fragment AfB1_49 , which serves as a

prototypical intrinsically disordered peptide.

The structural ensemble of AB1_40 is predominantly characterized by random coils and tran-
sient loop structures, with only occasional formation of an unstable helical segments. However,
hierarchical clustering analysis of the aggregated molecular dynamics trajectories (Fig. [3.15))
reveals distinct differences between control and silica-containing conditions. While the control
scenario displays a general propensity for disorder (lots of middle-ranged colors appear, from
light blue to white and orange), the mixed scenario has a more ordered situation. This can be
also seen qualitatively by the presence of precise red and blue regions in the mixed heatmap,
indicating maximum or minimum occupancy. Notably, a persistent a-helical motif spanning
residues 12-24 is observed in the mixed scenario, with a significantly higher occupancy in the
presence of silica oligomers. Instead, in the control system, this same region transitions among
many helical types, such as «, 7w and 3-10. More strikingly, residues 30-38 display a marked
shift in behavior: whereas they remain largely unstructured in the control simulations, they

consistently adopt a-helical conformations in the mixed silica environment.

This observation aligns with previous spectroscopic evidence, including circular dichroism
and nuclear magnetic resonance studies, which have demonstrated that oligomeric derivatives
of orhotsilicic acid can promote local conformational rearrangements in intrinsically disordered

peptides, favoring the formation of a-helical structures upon progressive polymerization [167,
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Figure 3.15: Hierarchical clustering analysis of the dynamics of A31_4¢ in the control (top) and mixed
(bottom) scenarios, based on the frame-wise evolution of the secondary structure: The heatmaps il-
lustrate the secondary structure propensity of each residue of A51_49 within each cluster, categorized
into structured («, 3-10, Pi, and K-helices; isolated bridges, and 3-strands) and unstructured (bends,
hydrogen-bonded turns, breaks, and loops/coils) domain motifs. For the purpose of clarity, the three
most representative clusters of each scenario are shown, along with a representative conformation.
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168]. Collectively, these results support a model in which silica encapsulation does not simply
immobilize biomolecules but rather reshapes their conformational energy landscape, selectively

stabilizing specific structural motifs while preserving overall dynamic behavior.

MD Assessment of the IL22RA1 Peptide System

The last analysis concerns the dynamical behavior of the 31-amino-acids transmembrane he-
lix IL22RA1, here adopted as a prototypical model of a hydrophobic protein segment. It is
worth noting that, while such transmembrane helices are natively embedded in lipid bilayers,
the present simulations were intentionally carried out in aqueous solution as a simplified and
exploratory setup, aimed at probing the intrinsic conformational response of the peptide in
relation to the silica rather than reproducing a fully realistic membrane environment.

As expected for a hydrophobic helix solvated in water, the structure rapidly loses its native
secondary structure. In both the control and mixed trajectories, the overall helical content
decreases by approximately 50% within the first 5 ns, followed by a collapse into a heterogeneous
ensemble of compact conformations. Notably, the system does not converge to a well-defined
equilibrium structure within the simulation timescale, as confirmed by the root-mean-square
deviation (RMSD) profiles reported in Fig. of the Supplementary Data in the Appendix
This behavior is consistent with the intrinsic instability of isolated transmembrane helices in
polar environments.

To assess whether the unfolding process exhibits distinct conformational features in the two
scenarios, the same hierarchical clustering workflow performed in Fig. [3.15] was employed, with
the difference that here a full trajectory was created, consisting of the two contiguous control
and mixed ones; thus, the analysis was performed on such total trajectory. Given the absence of
clear convergence and the rapid interconversion between disordered conformations, a clustering
approach based on structural similarity was deemed more appropriate than conventional metrics
relying on equilibrium sampling.

The resulting dendrogram (Fig. — Supplementary Data in the Appendix enabled
the identification of five significant clusters within the merged trajectory. Fig. [3.15| (a), (b)
report both the temporal distribution of these clusters along the simulations and the residue-
wise secondary structure occupancy associated with each cluster, respectively. Several trends
can be identified from this analysis.

Starting from identical initial conditions, the earliest frames in both control and test (i.e.
mixed) scenarios are assigned to a common cluster (cluster 1), as expected. Subsequently, the
control trajectory exhibits reversible transitions between clusters characterized by moderate
(cluster 3), low (cluster 4), and sparse (cluster 5) helical content, reflecting a highly dynamic

and heterogeneous conformational ensemble.
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Figure 3.16: Top: Timeline distribution of the hierarchical clusters derived from the merged (control,
test — here, test refers to mixed) trajectory of the transmembrane helix of IL22RA1 (details in the main
text). Bottom: Residue-wise occupancy of secondary structure elements and most representative
structures associated with each cluster. Adapted from Ref. [115]

In contrast, the test trajectory—i.e., in the presence of silica species—is predominantly asso-
ciated with a single cluster (cluster 2), which is characterized by the persistence of a small but
relatively stable helical core. This residual helix, with an occupancy ranging between 40% and
60%, involves a contiguous stretch of six residues located in the middle portion of the sequence
(GLY17-VAL22). This suggests that, despite the overall destabilization of the helix in aque-
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ous solution, silica interactions may locally stabilize specific structural motifs,. Such outcome
is in analogy with the behavior observed for the intrinsically disordered domains of SUMO-1
and the disordered peptide AB1_40 . In fact, this effect may be interpreted as arising from a
viscous buffering exerted by SSi(OH)4 and its oligomeric derivatives. Such an environment may
effectively dampen large-amplitude fluctuations of the peptide backbone, thereby constraining
its conformational freedom and promoting the persistence of locally ordered structures.

It is important to emphasize, however, that the observed differences between the control
and test scenarios should be interpreted with caution. The limited sampling afforded by 500 ns
molecular dynamics simulations, combined with the non-native aqueous environment of the
transmembrane helix, may bias the accessible conformational space. Longer simulations and/or
alternative setups—such as membrane-mimetic environments—would be required to establish the
robustness and generality of these observations regarding the whole IL22R A lanalysis. As stated
at the beginning of this section, this evaluation of the IL22RA1dynamics in relation to water—

silica solutions was somehow more of an exploration, rather than a full, detailed investigation.

3.4.3 Effects of the Silica Concentration on the Protein Dynamics

This section has the objective to study the effects of the silica concentration on the protein
dynamics. Two complementary analyses were carried out. The first concerns an alternative
mixed system of only the SUMO-1 protein, designed to probe the effect of silica concentration
on the observed protein—silica interactions. The second evaluation sees the creation of three
EGFP systems at diverse concentrations of only the orthosilicic acid trimer SigO19Hg, taken
here as proxy of the early stages in the synthesis of the silica matrix.

In the first analysis setup, to verify whether the concentration of silica species (that is, a 1:1:1
ratio between the concentration of silica monomers, dimers, and trimers) affects their adsorption
behavior, an alternative mixed scenario was created, where the 204 silicon atoms have been
equally split between 23 trimers, 34 dimers and 67 monomers: As such, the concentration of silica
monomers is twice the concentration of dimers, and three times the concentration of trimers.
Three 500-ns MD replicates of SUMO-1 were performed, taking advantage of its heterogeneous
structural framework. Results reported in Fig. [3.17] clearly show that the adsorption behavior of
the silica oligomers is seemingly unaffected by their relative ratio, as the results are comparable
with the mixed case. However, it is reasonable to assume that, if the concentration of oligomers
is too low with respect to the monomeric form Si(OH)4, the expected behavior could shift closer
to the monomeric systems.

The second analysis focuses on simulations at diverse concentrations of a silicate trimer —600,
900, 1200 mM (also here three 500-ns MD replicates were performed). The found isodensity maps

in Fig.|3.18| (a), (b) and (c) confirm what found in the mixed scenario, somehow also displaying
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SUMO-1 3D density maps: alternative mixed scenario

silica monomers silica dimers silica trimers

SUMO-1 RMSF values

control monomeric mixed alternative mixed

0.64 16.60

Figure 3.17: Top 3D density maps of the silica species about the surface of SUMO-1 (expressed
in points-A=3) in the alternative mixed scenario. Iso-density values are depicted as wireframes
(0.10 points- A=3) and darker regions (0.20 points-A=3). Silica monomers, dimers, and trimers
are shown in orange, purple and green respectively. Bottom RMS fluctuations of the a-carbons of
SUMO-1 in the control, monomeric, mixed and alternative mixed scenarios respectively, averaged
over MD replicates. Colors and thicknesses are scaled proportionally to RMSF values, ranging from
low (blue/thin) to high fluctuations (red/thick). Adapted from Ref. [116]
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Figure 3.18: Analysis of the EGFP at diverse concentrations of Si3O1gHg. Iso-density maps of the
homogeneous adsorption of silicate trimer on the surface of the EGFP, at a (a) 600 mM, (b) 900
mM, and (c) 1200 mM silicate concentration. (d) RMSF of the a-carbon atoms of each residue of
the GFP, at diverse concentrations of silicate, with respect to an average structure. (e) Secondary
structure propensity of each residue of the EGFP in the four (control, 600 mM, 900 mM, 1200
mM) scenarios, expressed as frame-wise percentage along the MD trajectories. On the left side, the
average structures along the three replicates per system are reported.
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a major covering effect exerted by the trimeric forms of Si(OH)4. Interestingly, EGFP retains
its secondary and tertiary structure entirely throughout the embedding process, as shown by the
secondary structure propensity of each residue in Fig.[3.18 (e). Moreover, the surface adsorption
of silica oligomers somewhat dampens the fluctuations of all residues in the sequence (Fig. [3.18
(d)), thereby enhancing the structural stability of the substrate, validating the hypothesis that

silica behaves as an inert molecule also at extremely highly saturated regimes.
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3.5 Concluding Remarks

A recent advancement in Atom Probe Tomography (APT) has introduced the possibility of
encapsulating biomolecules within an amorphous silica matrix, followed by controlled ablation
using short laser pulses, leading to a single molecule reconstruction of the target of interest. A
crucial requirement for the success of this methodology lies in preserving the native conformation
of the biomolecule during the embedding stage, while simultaneously minimizing mechanical
stress.

In this study, MD simulations were employed to investigate the adsorption behavior of silica
species —specifically the monomer Si(OH)4, dimer SioO7Hg, and trimer SizO10Hg of orthosilicic
acid— on a variety of biomolecular substrates. These simulations provide insight into the early
stages of silica matrix formation within the APT workflow.

The encapsulation of proteins by silica is a complex process governed by the interplay between
silica species, protein structural features, and intermolecular interactions. A clear distinction
emerges between monomeric and oligomeric silica species: while monomers remain evenly dis-
persed in solution, oligomers tend to accumulate and organize around the biomolecular surface,
replacing water and establishing stable and localized adsorption patterns. This trend persists
across different silica concentrations and also at oversaturated regimes.

MD results further indicate that structural features of the substrate play a significant role
in silica adsorption. In particular, coiled and intrinsically disordered regions promote stronger
interactions with silica species. This behavior can be rationalized by considering the enhanced
flexibility and hydrophilic character of these regions, which provide accessible and energetically
favorable binding sites. These findings are consistent with previous studies highlighting the
importance of amino acid composition and charge distribution in biosilicification processes [169,
170].

Interestingly, the embedding procedure has a limited effect on the conformational stability of
well-folded domains, whereas it markedly dampens fluctuations in disordered regions. In some
cases, this results in the stabilization of transient secondary structures, such as helical motifs, as
observed for intrinsically disordered peptides like AS1_49 . This selective structural influence,
also suggested in earlier works [I71], points to the potential of APT as a tool for probing the
conformational landscape of flexible biomolecular regions at the single-molecule level, although
further investigation is warranted.

Overall, this work sheds light on the microscopic mechanisms governing the APT em-
bedding process and supports its application in high-resolution structural characterization of
biomolecules. An aspect of relevance is surely the optimization the APT sample preparation
protocols. Achieving a controlled and reproducible silica encapsulation is essential to preserve

the native-like conformational landscape of biomolecules while ensuring sufficient mechanical
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stability and chemical contrast during field evaporation. The demonstrated dependence of pro-
tein dynamics on silica speciation and concentration suggests that fine-tuning the conditions of
silica polymerization may enable a more precise control over the embedding process, ultimately
improving the spatial resolution and reliability of APT measurements on biological specimens.
Notably, recent experimental studies by G. Eriksson and co-workers have demonstrated the ca-
pability of APT to resolve gold nanoparticles embedded in silica matrices [I72]. Furthermore,
functionalization of nanoparticle surfaces with proteins prior to encapsulation has been explored
as a strategy to improve stability and broaden the applicability of the technique, for instance in
studying biomolecule—metal interfaces. Given the rapid progress in APT methodologies, further

experimental validation and expanded datasets are expected in the near future.

3.6 Perspectives of the Study: Going Beyond Classical Molec-

ular Dynamics

Until now, the main discussion focused on the application of classical Molecular Dynamics to the
reproduction of the early stages of the APT sample preparation protocol. Instead, this section
is dedicated to the modeling of the late stages of the protein encapsulation step, specifically
trying to address the issue of chemical reactivity and silica polymerization within the Molecular
Dynamics framework.

While classical Molecular Dynamics provides valuable insight into the structural and dynam-
ical aspects of the early adsorption process, it inherently lacks the capability to describe bond
formation and breaking, essential to capture the transition from dissolved silica species to an
amorphous silica matrix. In this context, extending the present study toward reactive simula-
tion approaches represents a natural step. In particular, the explicit modeling of condensation
reactions among silica precursors and their coupling with biomolecular surfaces would provide a
direct link between the early adsorption stages and the final embedded state observed in APT
experiments.

However, addressing such polymerization process is not so easy. First of all, the Si(OH),4
polymerization might not be compatible with the timescales explored by MD. In fact, sponta-
neous reactions among silica species does not typically occur on the nanosecond timescale at
the concentrations used in APT (0.3-0.6 M), but over milliseconds to hours (see Section .
Thus, observing bond formation within nanoseconds in silico presents a huge challenge, and
maybe does not even reproduce what really happens in reality.

Overall, achieving this level of description introduces significant methodological challenges,
especially in systems as chemically heterogeneous as protein—silica interfaces. These aspects

motivate the exploration of alternative simulation strategies, which are discussed in the following
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sections.

3.6.1 Modeling Reactivity: Reactive Molecular Dynamics and Reaxff

ReaxFF is a reactive force field for Molecular Dynamics that enables bond formation and break-
ing through a distance-dependent bond-order formalism, unlike classical force fields with fixed
connectivity [107, [108]. The bond order serves as a bridge between quantum mechanical meth-
ods and classical simulations by incorporating QM-trained empirical potentials, thus achieving
a balance between accuracy and computational efficiency. A scheme of the ReaxFF formalism
is illustrated in Fig. (a), while major details can be found in Chapter [2 Section [2.2.2]

Figure 3.19: (@) Energy Evaluation within the ReaxFF framework. Briefly, energy is still divided in
non-bonded and bonded contributions. The former are evaluated like in classical force fields, while the
latter follow a different treatment. According to bond order measurements, the topology of the system
is implicitly guessed; then, the bonded terms are calculated, corrected for local overcoordination and
summed up. The final energy of the system results from the addition of the non-bonded part to the
bonded one (see Chapter 2] Section[2.2.2)for a more exhaustive treatment of the ReaxFF formalism).
(b) Organization of the ReaxFF published force fields. Adapted from Ref. [108].

A key characteristic of ReaxFF is the use of a single atom type per element, regardless of its
chemical environment. This means that every atom of a given element is parametrized in the
same way during a simulation, not caring about its surroundings, e.g. whether it belongs to a
biomolecule or a solvent molecule. While this allows for chemical reactivity and flexibility, it
reduces the ability to capture subtle environmental differences, introducing at least, approxima-
tions or artifacts. Additionally, the reliability of ReaxFF depends on the quality and transfer-
ability of its parameterization, which is fitted to specific QM datasets and may not generalize
well to different systems.

Finally, the charge equilibration scheme can introduce artifacts such as unphysical charge
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transfer, especially in heterogeneous systems. Overall, although ReaxFF is a powerful tool
for modeling reactive processes, its results require careful interpretation due to these intrinsic

limitations.

The ReaxFF Branches

ReaxFF parameter sets are derived by fitting to quantum mechanical data, including bond
dissociation curves, angle distortions, reaction pathways, and condensed-phase properties. Each
parameterization is tailored to a specific class of materials, leading to the development of distinct
branches, see Fig. (b).

Examples include silica-focused parameterizations (optimized for Si/O/H systems), hydro-
carbon combustion branches (C/H/O), and biomolecular variants (C/N/O/H systems). Within
a given branch, parameters can be internally consistent and transferable across related systems,
according to the case. However, different branches are nmot inherently compatible. Since all
interactions are co-optimized simultaneously, combining parameter sets from different branches
generally leads to inconsistencies and artifacts. This is further complicated by the absence of
atom typing, which prevents the independent tuning of specific chemical environments. Parame-
ter optimization involves a high-dimensional fitting procedure, where competing objectives (e.g.,
gas-phase accuracy vs condensed-phase behavior) must be balanced. As a result, transferability

remains one of the main challenges of ReaxFF.

Silica Polymerization within the ReaxFF Framework

ReaxFF provides a decent silica-focused parameterization, optimized for Si/O/H systems, like
for example the Waterglass System. In fact, Dupuis et al. [I73] investigated the formation of
Si(OH)4 gel-like structures, focusing on the effects of dilution and drying on the resulting matrix.
While Reactive Force Fields have not been implemented in GROMACS, LAMMPS [174] was
used in their study, the methodology demonstrates that polymerization and vitreous matrix
formation are achievable computationally. Water plays a crucial role: drying induces glassy
behavior, while hydration softens the gel. Depending on hydration conditions, the atomistic
structure of the silica gel can display varying degrees of order or disorder. The employed the
force field was developed by Fogarty et al. [I75], which enables reactions between Si(OH)4
acid molecules, leading to linear and branched Si(OH),4 chains. This approach allowed them to
emulate the vitreous composition of a silica matrix under drying conditions, although no proteins
were included. Simulating gel formation remains computationally demanding due to the slow
polymerization kinetics of siloxane (Si-O-Si) bonds and the weak long-range order of gels. To
overcome these challenges, the study combined Parallel Tempering (PT) to accelerate bond

formation with Grand-Canonical Monte Carlo (GCMC) to remove water molecules, effectively
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mimicking drying conditions [I76, 177, 178]. A scheme of this is reported in Fig. (a), that
was also reproduced by me with LAMMPS [179] (see Fig. (b)).

Figure 3.20: (a) Scheme utilized by Dupuis et al. [173] to reproduce the matrix formation process
starting from an initial condition identical to the Waterglass system. Water molecules are represented
by the blue cloud, while orthosilicic acid molecules and chains by the typical red-and-yellow ball-and-
stick representations. Small chains showing some branches can be distinguished in the polymerized
matrix. (b) Reproduction of the Dupuis et al. simulation protocol. In the image there are shown
the first an final frames of the same simulation performed by me: red molecules in the left box are
of Si(OH)4 units, while in the right a connected, polymerized matrix was generated during a single
Reactive MD trajectory with ReaxFF. Details of my simulations can be found in the Appendix [A]
Adapted from Ref. [173].

This particular scheme was utilized for the following reasons: the siloxane bond formation
between Si(OH)4 molecules is intrinsically slow due to high energy barriers, making the spon-
taneous formation of a silica network computationally expensive at normal temperatures. PT
allows replicas at different temperatures to exchange configurations, thereby overcoming such
kinetic barriers without artificially heating the system to unrealistic temperatures. In con-

trast, other studies using the Fogarty et al. reactive force field without PT sometimes relied
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on extremely high temperatures to induce faster fusion of the silica network [I80], which may
distort the dynamics compared to realistic gelation conditions. Therefore, PT provides a more
controlled and physically meaningful route to sample siloxane bond formation and gelation in

silicate systems.

Proteins and Silica Polymerization within the ReaxFF Framework

However, the main goal of this section should be to reproduce the effect that the forming matrix
might have on a protein structure, not really reproducing polymerization itself. ReaxFF has
proven highly effective in modeling reactive processes in silica systems, but the simultaneous
description of protein—silica—water systems remains an open challenge. A major limitation is

the lack of a unified parameter set capable of accurately capturing:
e silica network formation,
e protein structure and amino acid chemistry,
e their mutual interactions in aqueous environments.

While separate parameterizations exist for silica—water and protein—water systems, their com-
bination is not feasible nowadays, as they belong to very different sub-branches. The direct
merging of different ReaxFF parameter sets is not considered reliable, as it breaks the internal
consistency of the force field (merging different parameters is not a good idea). Current ap-
proaches typically model silica and biomolecular subsystems independently. The full coupling
between these components —necessary to describe biosilicification or APT embedding processes—
cannot yet be robustly captured. Although some efforts have been made toward unified pa-
rameterizations, no broadly accepted ReaxFF force field for protein—silica systems is currently
available. Therefore, another more successful strategy, described in the next section, could be
used to overcome both the ReaxFF parametrization issue and also the fact that silica polymer-

ization should occur in greater timescales.

3.6.2 Coarse Grained Molecular Dynamics and Reactivity: A New Hope

In this section, I will provide a brief overview of the results obtained mainly by my colleague
Francesco Carnovale within the MIMOSA project (I contributed only marginally). His work
focused on studying the late stages of the encapsulation process through Coarse-Grained (CG)
Molecular Dynamics Simulations. In Chapter there is a brief and naive explanation of the
CG MD framework.

As described in the previous sections, atomistic MD (classical, reactive) cannot provide a

proper pipeline to investigate the late stages of the polymerization process, i.e. a forming SiO»
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matrix around the protein structure. In fact, the simulation of silica polymerization represents
a formidable challenge in computational chemistry, requiring a balance between the chemical
accuracy of bond formation and the long-timescale dynamics of gelation. This section connects
coarse-grained with the current discussion, beginning with the description of an initial CG
model of SiOy polymerization, named Sticky-MARTINI, published in 2022 (Ref. [I81]), that
was further refined by Francesco Carnovale, resulting into a final model, called Si8B MARTINI
3. More detailed information about his work can be found in his PhD thesis [182].

The Sticky-MARTINI Model Within the MARTINI 2 Framework

The Sticky-MARTINI model, introduced by Carvalho et al. (2022) [181], was designed to sim-
ulate the polymerization of silicic acid (Si(OH),4) into complex Q™ species, where n defines the
degree of polymerization, meaning that 0, 1, 2 identify three separate species, Si(OH)4, SiaO7Hg,
Si3O19Hsg, respectively. Based on the Martini 2 force field, this model utilized a multi-bead sticky
particle approach. Each silica unit consisted of a central virtual site (representing the Silicon
atom, Si) surrounded by four Acceptor-Donor (AD) beads representing the hydroxyl groups
and four Repulsive-Virtual (RV) beads intended to maintain tetrahedral geometry, as shown in
Fig. These two particle types might allow to reproduce the correct behavior of the bond
between two or more Si(OH)4 units [I81].

From Chemical Reactivity to Effective Interactions: Defining Reactivity in the
Context of CG MD Simulations

Some words should be spent here to define some differences between what Sticky-MARTINI truly
models and chemical reactivity. In fact, a fundamental limitation of standard coarse-grained
(CG) force fields, including MARTINI, is that they are inherently non-reactive: the molecular
topology is fixed, and chemical bonds cannot be formed or broken during the simulation. In fact,
performing classical CG simulations involving a protein (Ubiquitin) and silica species (Si(OH)4,
SioO7Hg and SizO19Hg) is possible, as parameters for the CG beads that represent the two
entities are already present in the standard (thus, non-sticky) MARTINI force field. Fig.
reports results from classical CG simulations, that can be seen as CG versions of the classical
atomistic simulations presented in the previous chapters (specifically the Mixed scenario). Three
standard, different types of beads were utilized to model silica, namely N5, P4, P6. These results
qualitatively resemble somehow what found in Figs. and However, the resolution of the
system is too low to infer the same conclusions, and moreover these simulations, still displaying
a classical nature, cannot capture the silica polymerization.

This poses a challenge for processes such as polymerization, where the formation of new covalent

bonds is the central physical mechanism. To address this limitation within the classical MAR-
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Figure 3.21: (a) The sticky-MARTINI bead organization: each silica unit is represented by a central
virtual site (Si), four Acceptor—Donor (AD) beads modeling the hydroxyl groups, and four Repul-
sive-Virtual (RV) beads that enforce the tetrahedral geometry. The AD beads act as reactive sites
via attractive interactions, while the RV beads maintain the correct spatial arrangement. (b) Com-
parison between a Si;O7Hg molecule in the non-reactive CG framework (the two intersecting beads
are represented by gray spheres) and in a reactive CG framework. Adapted from Ref. [182].

TINT forcefield, extensions such as the Sticky MARTINI model have been developed, enabling an
effective representation of reactivity through bead association rather than explicit bond forma-
tion. In the context of silica polymerization, this approach provides a practical route to capture

network formation while retaining the computational efficiency of coarse-grained simulations.

At the atomistic level, silica polymerization involves condensation reactions between silanol
groups, leading to the formation of Si-O-Si linkages and the release of small molecules (e.g.,
water). These processes are governed by complex reaction pathways, including bond breaking,

bond formation, and solvent-mediated effects.

In a coarse-grained representation, such detailed chemistry is not explicitly resolved. In-
stead, the key idea is to map reactive chemical groups onto CG beads and to encode their
propensity to form bonds into effective, short-range attractive interactions. In Sticky MARTINI,
this is achieved by introducing specific bead types — the multi-bead sticky particle approach
aforementioned— that interact via enhanced Lennard—Jones potentials. These interactions are

tuned such that, when two reactive beads come into proximity, they experience a sufficiently
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Figure 3.22: Classical Coarse-Grained MD Simulations Replicating the Mixed System. (a) 3D density
maps of silica species around the surface of the ubiquitin protein in classical CG MARTINI simulations.
Results resemble that ones of Fig. [3.11} and are shown for three different classical Si(OH), bead
types, namely N5, P4, P6. (b) Radial distribution functions p(r) calculated for monomers, dimers,
and trimers using three different silica bead types (N5, P4, and P6). These values are computed
following the same procedure adopted for the all-atom simulations shown in Fig. . (c) Rendering
of the mixed system: ubiquitin (yellow and pink beads) in aqueous solution (water represented as
cyan surface) at 150 mM NaCl concentration (ions not shown), with orthosilicic monomers, dimers,
and trimers depicted in orange, violet, and green, respectively. Adapted from Ref. [182].

strong attraction to form a stable association. Importantly, this association is not a true covalent
bond: it does not involve a change in topology, and it remains reversible on sufficiently long time

scales. Therefore, the central approximation of the Sticky MARTINI approach is to treat bead
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association as a proxy for chemical bond formation. This mapping relies on the assumption
that, for the purposes of mesoscale structure formation, the presence of a persistent contact
between two reactive sites is functionally equivalent to a covalent linkage. To implement this,
the interaction strength between sticky beads is significantly increased compared to standard
MARTINTI interactions, and the interaction range is often adjusted to favor contact formation.
As a result, once two reactive beads associate, they remain in close proximity for extended
periods, effectively mimicking the permanence of a chemical bond.

The use of sticky interactions introduces an implicit description of both thermodynamics and
kinetics. The depth of the interaction potential controls the equilibrium constant of association,
thereby encoding the thermodynamic favorability of bond formation. At the same time, the
diffusive encounter rate between beads governs the effective reaction kinetics.

However, it is important to emphasize that this mapping is approximate. The resulting
association rates do not correspond directly to chemical reaction rates, and the reversibility
of bead associations may not reflect the irreversibility of certain polymerization reactions. As
such, parameterization often involves tuning interaction strengths to reproduce macroscopic
observables, such as degree of polymerization or network structure, rather than microscopic
reaction mechanisms.

This approach allows one to study the evolution of mesoscale structure over time scales and
system sizes that would be inaccessible to reactive atomistic simulations. At the same time, it
preserves the simplicity and transferability of the MARTINI framework. Despite these limita-
tions, the method provides a valuable compromise between chemical realism and computational

efficiency, enabling the study of reactive processes within a coarse-grained paradigm.

Limitations of Sticky-MARTINI

While Sticky-MARTINI was a breakthrough in observing microsecond-scale gelation, it suffered
from three fundamental physical discrepancies that Ref. [I82] seeks to rectify:

1. Geometric Distortion: The equilibrium Si—Si distance in the Carvalho model was ap-
proximately 4.82 A. This is significantly higher than the experimental values for amor-
phous silica, which typically range between 3.1 and 3.6 A. This ”stretched” network fails

to accurately capture the density and porosity of real silica gels.

2. Coordination Artifacts: The model frequently allowed ”triple bonds” or over-coordination,
where multiple AD beads clustered at a single site due to insufficient steric shielding by
the RV beads.

3. Numerical Instability: To prevent unphysical bead overlaps and simulation crashes, the

model required an integration time step of 6 fs or less, which is computationally expensive



3.6 Perspectives of the Study: Going Beyond Classical Molecular Dynamics 127

for coarse-grained (CG) regimes [I81].

Moreover, the whole model was developed under the MARTINI 2 force field, that is known to
have problems in modeling proteins. For this reason, the work performed by Francesco was
mainly oriented in transfer the Sticky-MARTINI implementation to MARTINI 3 [I83]. Such
detail has an extremely high relevance, as this means that this model developed by my colleague
is compatible with the parametrization of proteins within MARTINI 3. In other words, this
solves the issue that ReaxFF had before, enabling the representation of a polymerizing matrix

around a protein structure within a single simulation run.

From Sticky-MARTINI to Si8B MARTINI 3 Model

The reactive framework of Sticky MARTINI should be brought into the Martini 3 ecosys-
tem [183], which offers superior resolution through Tiny (T) and Small (S) beads instead of
regular (R) size beads. Three subsequent models were introduced by Francesco Carnovale, each

designed to overcome the shortcomings of the previous one. Here I summarize the first two,
while the final refined third model will be described in the following section (see also Fig. [3.23)):

e Model 1 was a direct port of the Carvalho geometry into Martini 3. While it maintained
stability, it inherited the unphysical 4.82 A Si-Si distance present i Sticky-MARTINI. More
critically, Model 1 exhibited a ”freezing” phenomenon, where the system would undergo
an unphysical phase transition into a quasi-crystalline lattice rather than remaining an

amorphous gel.

e Model 2 attempted to correct the Si-Si distance to 3.82 A by protruding the AD beads
further from the central Si site. However, this protrusion exposed the reactive sites, leading
to a massive increase in over-coordination and ”triple-bound” artifacts, rendering the

resulting network chemically inaccurate.

Model 3: the Si8B MARTINI 3 Parametrization

First of all, the name Si8B is a descriptive shorthand for the specific geometry and composition
of the coarse-grained silica unit utilized. In fact, the naming convention breaks down as fol-
lows: Si (Silicon) represents the central silicon atom of the orthosilicic acid monomer Si(OH);.
In this model, the silicon is specifically a massless virtual site (using the Martini 3 TN6 bead
type) positioned at the geometric center of the unit to ensure structural stability. The 8 (Eight
Peripheral Sites) refers to the eight distinct interaction sites that surround the central silicon to
manage its chemical stickiness and geometry: 4 Attractive Dummy (AD) beads —representing

the four hydroxyl (—~OH) groups and are responsible for forming the siloxane bonds (Si— O — S%)
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Figure 3.23: The geometries of the three Si8B bead models developed in this work are illustrated.
Model 1 is shown slightly larger to emphasize that it uses standard-sized beads rather than tiny
Martini beads. The beads are in scale within the drawing of the same model but not between the
different models. Each model shows the interaction between two Si8B beads; for clarity, only the
central Si atom and a single AD bead of each interacting Si8B bead are represented.. Adapted from
Ref. [182].

through strong attractive potentials— and 4 Repulsive Virtual (RV) sites —positioned diametri-
cally opposite to the AD beads to create a star-shaped octahedral configuration, as in Fig.
providing steric repulsion, preventing the unit from forming more than four bonds (avoiding
unphysical over-coordination). Lastly, the letter B (Bead) refers to the fact that this entire
9-point construction (1 central Si 4+ 8 peripheral sites) is treated as a single, unified Si8B bead
in the coarse-grained simulation framework. Model 3 is presented as the definitive solution to
the flaws of its predecessors and the original Sticky-MARTINI model.

Geometric Precision and Si—Si Bond Length The primary achievement of Model 3 is the
reduction of the Si-Si distance to a physically relevant 3.82 A. This was achieved by utilizing the
smaller footprint of Martini 3 TN6 beads, allowing the reactive sites to sit closer to the silicon
center without overlapping. This 20% reduction in bond length compared to the Carvalho 2022
model [181] allows for a much more realistic description of the silica during the polymerization

of the matrix.

The Physics of Repulsion (ery) and Coordination Control The parameter responsible
for the repulsion energy ery was also modified within Model3. In Sticky-MARTINI, the repulsion
was often insufficient to prevent over-coordination, while Model 3 utilizes a robust repulsion value
of egy = 44 kJ /mol. This value was meticulously tuned to provide a steric exclusion zone around
each reactive AD site. At lower egy values, the model reverts to the failures of Model 2, allowing
unphysical situations like the formation of triple bonds. At the optimized 44 kJ/mol, the model

strictly enforces tetrahedral connectivity, ensuring that each AD site can only interact with a
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single partner, thereby mimicking the valency of real oxygen bridges in Si — O — Si bonds.

Angular Distribution and Amorphous Stability Unlike Model 1, which suffered from
unphysical crystallization, Model 3 produces a broad Si—O—Si angular distribution peaking at
approximately 165°. While slightly higher than the experimental 145° for bulk silica, this angle
provides the necessary topological flexibility for the CG beads to form a disordered, glass-like

network. This is essential for simulating the random growth of silica clusters.

Kinetics and Temporal Stability In Model 3, the interaction energy between reactive sites
is set to e4p = 50 kJ/mol. This high energy ensures that once a bond is formed, it is effectively
irreversible on the simulation timescale, accurately reflecting the covalent nature of siloxane
bonds. Despite the high forces involved, the model remains numerically stable at a 5 fs time

step, avoiding the simulation crashes observed in the Carvalho model [I8]1].

The Relevance of Backmapping to Atomistic Resolution

Before introducing the results of Model 3, it is furst essential to report a fundamental concept
within CG simulations, the backmapping procedures. While the sticky-bead approach enables
the simulation of silica polymerization at mesoscopic scales, the resulting structures lack explicit
chemical detail. In particular, the representation of reactivity through bead association does
not uniquely define the underlying atomistic connectivity, bond geometries, or local chemical
environments. For this reason, backmapping to an atomistic description becomes a crucial step
for recovering chemically resolved structures.

Backmapping consists in reconstructing atomistic coordinates from a coarse-grained config-
uration by assigning atomistic fragments to each bead and restoring the molecular topology. In
the context of CG simulations and MARTINI, this step is non-trivial: because bead association
does not correspond to explicit bond formation, additional criteria must be introduced to infer
which contacts should be converted into covalent linkages. Typically, distance-based thresholds
and geometric considerations are used to identify persistent associations and translate them into
bonded atomistic structures.

The relevance of backmapping is twofold. First, it enables structural refinement: once an
atomistic model is reconstructed, energy minimization and short atomistic MD simulations
can relax local geometries, yielding physically realistic bond lengths, angles, and coordination
environments. This is particularly important for silica systems, where network connectivity
and local tetrahedral order are key structural features. Second, backmapping provides access
to properties that cannot be described at the coarse-grained level, such as detailed bonding

patterns, defect structures, vibrational properties, and spectroscopic observables. It also allows
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one to validate the coarse-grained model a posteriori, by comparing reconstructed atomistic
structures with experimental data or fully atomistic simulations.

Overall, backmapping serves as a bridge between the efficiency of coarse-grained simulations
and the chemical accuracy of atomistic models. In the case of effective reactive CG approaches
such as Sticky MARTINI, it is an essential step for interpreting the resulting structures in

chemically meaningful terms.

The Late Stages of Silica Polymerization

Model 3 reproduces the SiO2 polymerization Fig. reports the results from Model
3. First of all, the number of @3 and Q% species (i.e. silica species that combine 4 or 5
Si(OH)4 monomers) increases over the simulation, as can be seen by points (a) and (b). This
indicates that the silica is properly polymerizing, forming a interconnected matrix structure.
In fact, over longer timescales the system evolves into an amorphous SiOg network (see point
(c)). This transition does not occur immediately, but only after a few hundreds of nanoseconds
(approximately 200 ns in most replicas). At that stage, a solid matrix surrounding the protein
has formed, enabling backmapping and subsequent atomistic investigation of the system.

In conclusion, by coupling the advanced bead types of Martini 3 with a tangent geometric
arrangement, Model 3 represents a significant advancement over the 2022 Sticky-MARTINI
paper. It corrects the fundamental Si—Si distance error, eliminates unphysical over-coordination
through tuned egy parameters, and provides the stability required for large-scale MD studies of

protein-silica interactions.

Modeling the Silica Polymerization around Protein Structures As mentioned previ-
ously, the main goal of this work should be to utilize the faster dynamics of CG coupled with an
effective reactive framework to study the formation of the matrix around the protein structure.
This is a non-trivial, but achievable task, since the parametrization of Model 3 lies within the
MARTINT 3 force field, thus compatible with aminoacidic beads. However, up to now Model 3
models only silica and water systems; no protein was inserted within the simulations described
in Fig. In fact, to do so the Model 3 should be partially re-tuned, in order to account for
the interactions with other MARTINI 3 beads that are typically used to represent biomolecules
within CG frameworks. This is a process that is affordable and achievable, but it requires
time and effort. Francesco, me and the whole MIMOSA researchers are confident that such

implementation will be pursued successfully in the next upcoming months.
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Figure 3.24: Results of Reactive CG Simulations of Model 3 (a) Number of polymerizing silica species
Q™ in function of time, where n is the degree of polymerization starting from 0 —i. e. Q° corre-
sponds Si(OH),. (b) Average number of polymerizing silica species Q™ across the while simulation.
(c) Schematic representation of one simulation trajectory (six frames are shown) representing a poly-
merizing silica matrix; first frame is the upper left, last frame is lower right (please read first row
first, then second row). Adapted from Ref. [182].
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Unraveling THz-mediated lon Field Evaporation in APT via ab
initio Molecular Dynamics

This Chapter is primarily inspired by Ref. [I84]. The opening section contains a brief in-
troduction to Terahertz-assisted Atom Probe Tomography. A second section describes recent
experimental advances in the application of such laser type on the APT analysis of insulating
samples like SiO9 matrices, in correlation to a relevant aspect, called THz pulse polarity. These
recent outcomes were directly produced by the group of Angela Vella from the University of
Rouen (France), collaborators within the MIMOSA project. Such section establishes the foun-
dational framework for all the following ones, motivating the use of ab initio MD simulations to
investigate essential microscopical details, that provide a theoretical baseline needed for the un-
derstanding of these found experimental results. A coupled scheme —Real time, time-dependent
density functional theory (RT-TDDFT) and Ehrenfest dynamics (ED)— was employed to repro-
duce in silico the THz-APT experimental setup dynamics. To recall, more information about
RT-TDDFT and ED can be found in Chapter [2| Sections and respectively.

4.1 Introduction to THz-assisted Atom Probe Tomography

4.1.1 THz Radiation Properties

Terahertz (THz) radiation occupies the spectral region between microwaves and infrared light,
spanning approximately 0.1 < v < 30 THz, corresponding to wavelengths from about 3 mm
down to 30 um. A useful reference point is v = 1 THz, which gives a period 7 = 1 ps,
wavelength A ~ 300 pm, and photon energy E, ~ 4.1 meV (see Fig.

Because these photon energies are far below typical electronic band gaps, THz radiation is
generally non-ionizing and induces significantly less heating than UV or visible light. Many dry
dielectric materials are relatively transparent in this frequency range, while water exhibits strong
absorption [I86], 187]. In the time domain, THz pulses are typically single-cycle transients with
durations in the sub- to few-picosecond range, comparable to ion evaporation times in atom

probe tomography (APT). Here, the single-cycle term refers to an extremely short burst of
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Figure 4.1: The Terahertz Laser Frequency. Electromagnetic spectrum highlighting the THz band
(shaded): 0.1 < v <30 THz, A & 3 mm down to 30 p. At 1 THz, the period is 1 ps and the photon
energy is ~ 4.1 meV. Adapted from Ref. [185]

radiation, whose the relative associated field oscillates only once (one cycle). Such pulses are
very fast, precise and strong at their peak.

Free-space THz sources can generate peak fields on the order of tens to hundreds of kV/cm.
However, in the context of APT there is a subtle detail: in fact, at nanosharp emitters, these fields
can be significantly enhanced through near-field effects arising from geometric field concentration
and antenna-like coupling at the tip apex [188] 189 [190]. In practice, the effective field at the
apex is determined not only by the incident THz amplitude, but also by the emitter geometry
(apex radius and shank angle), electrostatic boundary conditions, and applied DC bias. These
factors collectively define the local field enhancement, that plays a pivotal role within APT
frameworks. A more detailed discussion of these mechanisms follows in the next sections. This

is a crucial step for the comprehension of how THz APT can evaporate ions.

4.1.2 THz-assisted Field Evaporation and Thermal Effects

THz excitation modifies the emission physics in APT. The research group of Angela Vella, a
collaborator within the MIMOSA Consortium, performed an APT experiment on aluminum
tips, trying to compare a single-cycle THz pulse and a near-infrared (NIR) pulse in terms of
variable delay and evaporation rate [93]. Specifically, the two pulses were sequentially in two
ways: THz first and NIR last, and NIR first and Thz last. Notably, the setup is built so that
evaporation is triggered only if the two pulses energies sum up.

Two different behaviors were observed. (i) If THz precedes NIR, no evaporation is observed,
i.e. THz does not store energy in the system and acts only during its instantaneous presence
and when NIR arrives, only its energy is not enough to cause evaporation. (ii) If NIR precedes

THz, as THz arrives a strong increase in the evaporation rate is observed (the two pulses sum
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up together). Thus, NIR must deposit energy into the system, leaving a persistent effect over
picoseconds, and the only relevant quantity that persists on that timescale is temperature. Thus,
this asymmetry indicates that NIR excitation primarily induces thermal effects (heats the apex,
thermal assistance), whereas THz excitation promotes mostly athermal, field-driven emission
(only during its presence) [93].

As seen by equation[I.11} the evaporation rate depends on both the lattice temperature T and
the activation barrier Q(F), which decreases with increasing electric field F' (see equations
and . NIR pulses mainly increase 1" through electronic and lattice heating, while THz
pulses predominantly increase F' with negligible heating [I91]. Thus, this simple model treating
NIR as a AT perturbation and THz as a AF perturbation successfully supports a field-driven
evaporation mechanism for THz [93]. As a result, this field-dominated evaporation regime
reduces thermal artifacts and improves resolution, suppressing thermal tailing in the relative
APT spectra.

4.1.3 THz-assisted APT and Field Enhancement

Field evaporation is a ionization-driven mechanism that requires apex fields of several V/nm.
To reach these values, THz-assisted APT exploits strong near-field antenna enhancement: when
ATHz > Riip, the local field can be amplified by factors up to 103. The total field can then be

written as
Ftot(t) = FDC + nFTHz(t)- (41)

where Fpc is the static electric field due to the applied bias, and Fry,(t) is the time-dependent
THz field in free space (not enhanced). The factor 1 represents the near-field enhancement at
the tip apex, arising from geometric field concentration and antenna-like effects. Physically, this
expression indicates that the local field experienced by surface atoms is the superposition of a
constant bias field and a transient contribution from the THz pulse, which is strongly amplified at
the nanoscale (needle apex). Although the incident THz field is relatively weak, the enhancement
factor n > 1 can increase its modulus at the apex by several orders of magnitude. The total
field can transiently exceed the evaporation threshold during the THz pulse, even when the DC
field alone is subcritical. This enables ultrafast, field-driven evaporation within a picosecond
time window, after which the field returns to its baseline value Fpc. This enhancement is
thought to be material-dependent: metallic tips typically exhibit large enhancement factors due
to conduction electron dynamics, whereas semiconductors show a modest amplification.

While equation describes the origin of the total apex field via near-field enhancement,
there is a practical experimental relation used to extract the THz field enhanced contribution
nFru,(t) from a measured voltage, also reported in equation Applied to the THz case,
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nFru,(t) is then given by:

o VTHZ (t)

nFru,(t) = TRy (4.2)
ip

where Ryp, is the apex radius and k; is a geometry factor. Using this approach, enhancement
factors as high as 7 ~ 2 x 103 have been reported.

The magnitude of the THz field at the tip apex, 7, is governed by the ratio between the
radiation wavelength A and the tip radius R;p. For THz radiation, Arg, ~ 102-10% pm, while
Ryip ~ 10-100 nm, such that Arg, > Rijp. In this regime, the tip behaves as a subwavelength
metallic antenna: the incident electromagnetic wave drives collective motion of conduction elec-
trons, leading to charge accumulation at the apex and strong localization of the electric field
(up to 1 ~ 103, as aforementioned).

In contrast, for UV radiation Ayy ~ 10 nm, which is comparable to the tip radius: Ayy ~
Ryiip. Under these conditions, the quasi-static approximation breaks down and the electron
motion cannot follow the oscillating field coherently across the structure. Consequently, no
significant charge build-up occurs at the apex, and the antenna effect is strongly suppressed in

the case of UV, leading to n ~ 1.

Figure 4.2: Near-field amplification at a nanotip. Comparison between UV (Ayy ~ Ryip) (a) and
THz (AtHz > Ryip) (b) illumination. In the UV regime, the wavelength is comparable to the tip size,
so the field interacts with the detailed geometry of the apex and produces only weak enhancement;
in the THz regime the wavelength is much larger than the tip, causing it to behave like a small
antenna that concentrates charge at the apex and generates a strongly enhanced, localized electric
field. Adapted from Vella et al. [93].

To sum up, THz radiation remains non-ionizing in terms of photon energy, but the antenna
enhancement through the tip apex generates extremely strong local electric fields that induce
field ionization and evaporation via barrier lowering mechanisms. Moreover, while THz radiation
can be efficiently concentrated at the tip apex through this field enhancement, UV excitation
primarily interacts with the material through absorption and electronic excitation, without

substantial field amplification. In other terms, UV-assisted APT ionizes by kicking electrons
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out of the sample (high-energy photons), THz-assisted APT by pulling them out of the tip with
a strong total field.

4.1.4 The Single-Cycle THz Pulse Polarity in APT

A defining feature of a single-cycle THz pulse is its temporal field profile, commonly referred
to as its polarity, which describes the instantaneous direction of the field within the pulse. A
THz pulse may exhibit positive polarity, where the field points predominantly in one direction,
negative polarity, where the field points oppositely, or bipolar behavior, where the field reverses
direction during the pulse. In the context of atom probe tomography (APT), the polarity of
the THz pulse is a crucial parameter because the local electric field at the apex of the sample
governs the emission of ions and electrons. A unipolar positive pulse can preferentially enhance
the extraction of negatively charged electrons, while a negative pulse may favor the emission of
positive ions. Bipolar pulses, by contrast, may partially cancel the field-driven emission in one
direction or enable sequential emission of opposite charges, depending on the precise temporal
overlap of the field extrema with the atomic evaporation process. Fig. reports examples of

THz positive (a) and negative (b) polarity pulses.

Figure 4.3: Electro-optical traces of a positive polarity (a) and a negative polarity (b) THz pulse.
Adapted from Ref. [184].

This polarity-dependent effect is particularly important in THz-assisted APT, where field-driven
ionization dominates over thermal mechanisms due to the ultrashort pulse duration. The tempo-
ral asymmetry introduced by the polarity can modify the local potential barrier at the apex on
sub-picosecond timescales, effectively controlling which species are emitted and when. Moreover,
the shape of the pulse—including the relative amplitudes, duration, and polarity sequence—can
be used to tune the field-enhancement dynamics, making THz pulses versatile tools for selective

ion emission. Despite these fundamental implications, the influence of THz polarity on the emis-
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sion from nonconducting or dielectric nanostructures, and on the overall ionization dynamics
in APT, remains largely unexplored. Understanding and controlling polarity effects therefore
represents a key avenue for optimizing THz-driven APT and for extending its capability to a

broader range of materials.

4.2 Motivating ab initio MD Simulations: Anomalous THz Pulse
Polarity Behavior in THz-assisted APT of Silica Tips

Recently, the group of Angela Vella from the University of Rouen (France) made a huge leap
forward towards the comprehension of the THz laser in the context of APT, extending its usage
also to amorphous silica (SiOg) tips [I84]. Silica is an insulator material with a large band gap of
about 9 eV and low electrical conductivity. As mentioned above, THz lasers work really well for
metals, as the tip geometry can easily enhance the THz field, resulting into a good evaporation
trend. However, such enhancement depends rigorously on the utilized materials, and is known to
decrease when the probed specimen is a semiconductor on an insulator. Moreover, also the THz
laser polarity might play a pivotal rolein this context. In fact, THz polarity can significantly
influence the interaction between THz light and material during APT experiments, especially
with regard to the emission of positive or negative charges.

Thus, this work by Vella et al. [I84] presents for the first time the single-cycle evaporation
of cations from nonconducting amorphous SiOo matrices using THz pulses, emphasizing the
importance of pulse polarity for the emission process. The results were also compared with
outcomes coming from LaB6 semi-metallic samples, here taken as a benchmark. Specifically,
two separate analyses were carried out, one on LaBg and the other on silica specimens. For each
case (SiO2, LaBg), two separate THz single-cycle pulses with an asymmetrically large positive
or negative peak field were utilized, as in Fig. therefore, four final APT analyses were
conducted, in order to monitor and compare the pulse polarity behavior across semi-metallic
and insulating systems.

LaBg tips were fabricated from single-crystal rods via electrochemical etching followed by
focused ion beam (FIB) milling. Silica samples were prepared according to a protocol originally
developed for protein encapsulation in silica for APT analysis [82, [115], as described in Chap-
ter [I, with the only modification being the absence of proteins. Additional details on sample
preparation are provided in Ref. [I92]. A representative scanning electron microscopy image is
shown in the Appendix B} Fig. (a), highlighting a ~5 pm long silica tip mounted and glued
on a tungsten pre-tip. Spatially resolved mass spectra were acquired using a THz-assisted atom
probe tomography (APT) setup, schematically shown in Fig. (b).

The needle-shaped specimen is biased with a DC voltage between —0.8 and 20 kV, gen-
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erating an enhanced apex electric field exceeding 10 V/nm. Field evaporation is triggered by
the combined action of this static field and single-cycle THz pulses, which are generated via a
two-color laser-induced plasma [193] [194]. This means that the static field alone cannot induce
evaporation. Although the incident THz field is on the order of 0.02 V/nm, near-field enhance-
ment at the tip apex amplifies it by roughly three orders of magnitude [195], resulting in peak
fields between 5 and 20 V/nm. Overall, the static and THz fields lie in comparable ranges of
approximately 10-20 V/nm and 5-20 V/nm, respectively.

The THz laser system consists of the fundamental (800 nm) and its second harmonic, produc-
ing asymmetric electron currents that emit THz radiation.The final pulse energy (non-enhanced)
on the order of ~ 0.1uJ (=~ 1077 J), and the relative laser frequencies are in the range of 1-
10 THz. These raw pulse energy will be enhanced by the APT instrument. The pulse repetition
rate is 1 kHz, and the THz field amplitude is controlled through the input power of the fun-
damental harmonic. The emitted THz pulses are characterized by electro-optical sampling in a
nonlinear crystal, with representative traces of positive and negative pulses shown in Fig.
The beam is focused onto the sample using a spherical mirror (focal length 5 cm), yielding a
spot size of approximately 1 mm. An image of the APT setup can be found in the Appendix [B]
Fig. Following evaporation, ions are accelerated toward a position-sensitive detector. Their
impact position and time-of-flight are recorded [196], allowing for 3D reconstruction of the spec-
imen. The chemical identity of each ion is determined from its mass-to-charge ratio, while its

original position is estimated via back-projection algorithms [197].

The resulting SiOy and LaBg APT spectra are reported in Fig. [£.4] First, results from silica

specimens will be explained, and then the outcomes from the LaBg tips.

In APT experiments on needle-shaped silica specimens, evaporation conditions must be care-
fully controlled due to the insulating nature of the material. For negative THz pulses, the pulse
amplitude was thus limited to 0.015 V/nm to provide sufficient transient field enhancement for
ion emission while avoiding excessive stress and tip fracture. The DC voltage was automati-
cally adjusted to maintain a constant detection rate of 8% ions per pulse. Clear silicon and
silica-related peaks are observed with high signal-to-noise ratio and good mass resolution for the
negative pulse (blue spectrum in Fig.|4.4| (a)). These values are comparable to those obtained in
UV laser-assisted APT of oxides [198], [199]. The relatively high spectral quality indicates that,
under negative THz excitation, the evaporation process is primarily driven by the electric field,
with limited thermal contribution: some asymmetry in the peaks suggests that thermal effects
are still present but remain secondary. Traces of sodium (Na), hydrogen or other defects are

present in a limited quantity.

In contrast, for positive THz pulses (gray in Fig. (a), the amplitude was kept at its

maximum while the DC voltage was reduced to maintain a much lower detection rate (0.3% ions
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(a) (b)

Figure 4.4: (a) Mass spectrum measured using THz-assisted APT on an amorphous SiO, sample,
comparing THz negative (blue) and positive (grey) polarity pulses. The datasets comprise approxi-
mately 4 x 10° ions for negative pulses and 1 x 10° ions for positive pulses, acquired at bias voltages
of Vpc = 4 kV (negative) and 9 kV (positive), with THz field non-enhanced amplitudes of 0.015
and 0.020 V/nm, respectively. The corresponding evaporation rates are 0.08 (negative) and 0.003
(positive) ions per pulse at a temperature of 7' = 50 K. The lower panel shows a zoom-in of the Si**
peak region and its isotopic distribution. (b) Mass spectrum measured using THz-assisted atom
probe tomography on a pure LaBg sample, comparing negative (blue) and positive (black) THz
pulses. The datasets consist of approximately 10° ions collected at a bias voltage of V¢ = 6.35 kV,
with a THz field amplitude of 0.02 V/nm for negative pulses and 0.01 V/nm for positive pulses. The
evaporation rate is 0.04 ions per pulse at a temperature of T' = 50 K in both cases. In the lower
panels, a zoom of BT and La?t mass peaks is displayed on a semi-logarithmic scale. Adapted from
Ref. [184].

per pulse) with respect to the negative polarity. In this regime, the mass spectrum is strongly
degraded: only hydrogen-related peaks remain clearly visible, while all other features are masked
by a high background. This behavior indicates that evaporation is dominated by thermally
assisted processes. The positive THz pulses induce heating at the tip apex, leading to repeated
heating and cooling cycles that cause continuous, uncontrolled ion emission and increased noise.
That is also why the DC voltage was kept low as mentioned above, because there was already
too much uncontrolled thermal evaporation: further increasing the DC field would have led
to fractures in the specimen. To conclude, only in negative case the field evaporation process

dominates the thermal process, due to the larger THz near field enhancement close to the apex
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of the tip.
For LaBg samples, the situation differs significantly. The THz amplitude was set to 0.02 V/nm

for negative pulses and 0.01 V/nm for positive pulses, while keeping the same DC voltage and a
constant detection rate of 4% ions per pulse. The resulting mass spectra in Fig. [4.4] (b) clearly
shows a better performance displayed by the positive pulse (black) with respect tot he nega-
tive (blue). Moreover, the shift in mass-to-charge ratio between positive is attributed to ion
acceleration or deceleration induced by the THz field, as also found in similar experiments [200].
Additionally, the peak shapes suggest the coexistence of fast field evaporation and slower ther-
mal processes, as also verified and discussed in [201] for metallic samples behaving similarly.
Notably, here negative pulses introduce stronger thermal contributions (longer and greater ther-
mal tails in the blue spectra), whereas positive pulses enhance the fast evaporation component

and perform better.

Overall, while silica shows an anomaly, i.e. a strong asymmetry between positive and negative
THz excitation —the latter favoring field-driven evaporation—, LaBg exhibits an opposite —and
more expected— outcome, with the positive polarity effectively inducing evaporation promoted

mainly by ion-field and non-thermal mechanisms.

In APT, the evaporation leading to interpretable, highly resolved spectra must be field

driven: as the instantaneous total field (DC + enhanced THz) becomes sufficiently large, ion-
field evaporation is triggered. In such case, thermal effects such as laser-induced heating play a
much smaller role and therefore the experimental signal arrives at high quality in the spectra.
Thus, the field enhancement induced by the tip geometry is a pivotal contributor in APT. This
means that, the discrepancy in the efficacy between the two polarities could then be explained
by differences in such enhancement effect. In fact, as stated in Section the THz field
enhancement promoted by the THz (equation is strictly material dependent. Therefore,
it is possible that the intrinsic differences between SiOo and LaBg play a pivotal role in the
behavior of the APT field enhancement and the relative total field sensed by the ions while
evaporating.
For this reason, it is first essential to visualize how the DC and laser fields (positive, negative
polarity) are rearranged within the APT experimental setup. Intuitively, in Fig. the DC
(black) and THz enhanced field —positive (cyan) or negative (blue) polarity— are represented by
arrows indicating their orientation, where here the word orientation refers to the direction in
which positive ions are evaporated within the APT chamber: cations always evaporate toward
the right side of the chamber in Fig. [4.5] where the detector is placed.

Thus, in the APT experimental setup (Fig. the DC field adds to the positive polarity
(enhanced) field, but subtracts to the negative one. This means that the evaporation of cations

should be more field-dominated in the case of the positive pulse, since the total field should be
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Figure 4.5: Scheme of the orientation of each field within the APT Chamber. The static voltage is
represented in black, whereas the positive and negative polarity lasers in cyan and blue, respectively.
Cations are evaporated towards the right side of the chamber. Notably, the DC field adds to the
positive pulse, but subtracts to the negative one.

bigger, and such molecular ions should be strongly induced to leave the sample, reaching the
detector with higher efficiency. As expected, such scenario is confirmed in fact for metallic and
semi-metallic tips like LaBg, but strangely not for silica samples. Therefore, it is evident that
in the case of SiOy the THz pulse polarity has an unknown effect on the two main factors that
typically promote field-driven evaporation of cations: THz field enhancement and total field

summation (DC + enhanced THz).



4.3 The ab initio MD Study 143

4.3 The ab initio MD Study

Finding an answer to the discrepancy found in the experimental results of the last section is
relevant, as it could also lead to new knowledge about insulating and semi-metallic in the context
of APT, reaching new frontiers of applications. As stated in Chapter [I} Section [1.7.2] in silico
techniques can provide some intuition and insights in order to formulate a meaningful hypothesis.
In fact, a time-dependent framework like ab initio Molecular Dynamics simulations is essential to
capture the simultaneous interaction of the sample with THz and static fields. Specifically, Time-
dependent density functional theory (TDDFT) [98] provides a rigorous quantum-mechanical
description of electronic excitations in external fields and can be naturally coupled to MD
workflows within the Ehrenfest formalism [99].

The evaporation of cations from a solid surface is a complex multiscale process involving
several coupled mechanisms. While ab initio approaches provide a rigorous framework to inves-
tigate it, a fully realistic description remains out of reach. This is mainly due to the coexistence
of electronic ionization and thermal effects during APT experiments. Ionization can be treated
within first-principles methods, whereas thermal processes —such as electron-phonon coupling
and lattice heating— occur over longer and often stochastic timescales, making them difficult to
capture accurately within TDDFT and Ehrenfest frameworks. In particular, TDDFT, being a
mean-field approach, does not fully account for decoherence or dissipative effects realistically.
For this reason, the present work focuses on field-induced evaporation mediated by ionization,
which is both well defined and directly accessible within an ab initio time-dependent framework.
A detailed discussion about the ab initio Molecular Dynamics procedure employed in this thesis
(TDDFT and Ehrenfest integrations schemes) is provided in Chapter [2| Sections and .

Typically, the TDDFT formulation has high computational costs, often needed to achieve
the accuracy required to describe the APT evaporation processes. Such aspect of TDDFT limits
significantly the size of the simulated system. For this reason, to describe and investigate the
behavior of a silicon dioxide matrix under an electrostatic field and THz laser irradiation, a
much simpler model bound by TDDFT limitations was utilized, consisting of only one Si(OH)4
molecule (the matrix precursor). Such model will be named the First Model, and its aim is
to provide a computational procedure to model THz-mediated ion field evaporation, with a
particular focus on the correct reproduction of the THz pulse polarity, a relevant parameter to
consider in the context of ion emission and APT. Fig. [1.6]represents intuitively its characteristics,
that can be associated to the APT setup in Fig.

However, a system composed by a single molecule is quite limited by the lack of a band
structure and the size constraints of a silica matrix. In fact, electrons are either confined or
free to move in a realistic scenario, according to the specimen properties (insulating or metallic

material). For this reason, a second simplified toy model is introduced (referenced as the Second
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Model), with the purpose (i) to bridge the gap between the first Si(OH)4 model (molecules) and
silica matrices (bulks) and (ii) to account for the diverse electron mobility in insulating SiOq
specimens compared to semi metallic LaBg samples. In this manner, the Second Model provides
a possible explanation to the found experimental results, by relating the chemical nature of the

analyzed samples with the THz pulse polarity.

Figure 4.6: The First Model: a Si(OH)4 molecule is irradiated by a THz and a DC field. The pulse
can have positive (cyan) or negative (blue) polarity. More details can be found in the Section .

4.4 Simulation Protocol

This section describes the simulation protocol utilized for the First Model. The procedure
employed for the Second Model shares almost every detail with the First model workflow, and

the small but relevant differences will be directly introduced in Section [4.5.2

4.4.1 Software Details

All calculations were performed using the OCTOPUS code [202, 203]. OCTOPUS is based on a
real-space grid representation, where wave functions are discretized directly in real space rather
than expanded in a basis set. This approach allows for an efficient and flexible treatment of

time-dependent problems and external fields without basis-set limitations.

4.4.2 External Field

The system is subjected to an external field that can be static (Epc), time-dependent (FEjaser),
or both (like in the APT setup). The total external potential is written as:

. t—1t0)*\ ..
Vext—apt (Z,1) = T - € | Epc + Elaser €XP <—(2020)> sm(wt)} ) (4.3)



4.4 Simulation Protocol 145

where é is the polarization vector, w/2m = 5 THz, to = 50 fs, and o = 14.13 fs. The static field
Fpc is always positive, while Ej,qer can be either positive or negative, corresponding to the two
THz pulse polarities.

The laser field is modeled as a Gaussian envelope multiplied by a sinusoidal carrier, allowing
flexible tuning of frequency, duration, and intensity. The dipole approximation is valid in our
simulations, as the simulation box size (¢ = 2 nm) is much smaller than the THz wavelength
(A ~ 6x10* nm); therefore, it is a classical field (so, not quantised). The field mimics the effect of
a single-cycle THz pulse, as reported in Fig. lasting 0.1 ps (due to TDDFT time constraints),
showing both the positive (cyan) and the negative (blue) pulse polarity cases. Notably, the red
curve in Fig. refers to the UV laser, where polarity does not really play a relevant role here

(too fast oscillations in the picosecond timescale).

Figure 4.7: Model of a Single-Cycle THz Pulse of positive (cyan) or negative (blue) polarity. For
comparison purposes, a UV pulse is shown in red.

The laser frequency utilized is 10 THz (1-10 THz were utilized in the experimental workflow).
A range of THz field amplitudes was considered: seven values for each polarity, spanning from
8.75 to 86 V/nm, resulting in a total of 14 field configurations, as can be seen by Fig. 4.8 These
values are in the order of the V/nm, as they already reproduce the antenna effect, i.e. the
enhancement of field near the tip apex (as in experiments).

The static electric field values used are Epc = (0,0,0), (5,0,0), (10,0,0) V/nm. These values
ensure that electrons remain bound in the absence of the laser field. An explicit treatment

of the electric field is essential to prevent the electrons from traveling to the edges of the box
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Figure 4.8: (a) Values of THz Laser Amplitudes (b) coupled with DC Field ones. For Ej,ser, seven
positive and seven negative polarity pulses were employed, combined with three static DC fields. The
values are reported as the modulus of the field, i.e. the maximum value of the peak (found at t =
50 fs).

at a large field amplitude. While modern polarization theory can address this problem, an
explicit treatment of Epc is retained, as it has proven useful in previous studies to describe the

evaporation dynamics of atoms from molecules and periodic systems [204], 205], 206}, 207].

Importantly, the static field is time-independent but spatially varying, enabling the emulation
of THz field enhancement in the vicinity of the tip apex. As shown in Fig. the irradiated
molecule is positioned at the extremity of the needle-shaped APT specimen, in close proximity
to the tip (see points (a) and (b)). Owing to its small size, the molecule effectively probes the

maximum field value; indeed, for positions near z = 0, the field Epc is approximately uniform.

This component of the model is therefore primarily intended to demonstrate that field en-
hancement can be represented, even though the physical phenomenon occurs over larger length
scales (on the order of tens of nanometers). In most cases, the Fpc term in equation 4.3 remains

effectively constant and close to the three values introduced earlier.

However, the analytical form of the green curve in Fig. (b) mimicking the position-dependent

potential can be expressed as a smoothly switched-on linear ramp with a constant offset. It is
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Figure 4.9: Modelization of the static electric field Epc. (a) Sketch of the APT experimental
setup. (b) Plot of Epc in function of the x-dimension of the simulation box, mimicking the field
enhancement effect.

defined by:

Vpe(z) =0.5 GX <0.5 + % arctan (1.2 (z + 8.5 A))) (x+8.5A) + |Vl (4.4)

where the constant offset Vj is given by evaluating the same expression at a reference point:

\Y 1
Vo=0.5 eK (0.5 + — arctan (1.2 (—1.0A))> (-1.04). (4.5)
™
The factor )
S(z) =05+ — arctan (1.2 (z +8.5A)) (4.6)
acts as a smooth step function, interpolating from 0 to 1 around x = —8.5A. Thus, the

full potential V() represents a linear ramp (constant field) that turns on smoothly, avoiding
discontinuities in the simulation box, with a slope of 0.5eV/A and a constant energy shift for

reference.



Unraveling THz-mediated Ion Field Evaporation in APT via ab initio Molecular
148 Dynamics

4.4.3 Time Propagation Scheme

The coupled electron—ion dynamics is described within the Ehrenfest approximation (atomic

units):
O (r,t A& .
ija(tr) - |:_2 + 'Uext—apt(ry t) + UH,xc(r7 t) + Wen:| wj(ra t)a (47)
I’R X 5 R
MJW = —VR, |Vext—apt (R, t) + Wi + [ &1 n(r, t)Wen |, (4.8)

where 1); is the electronic wave function of the occupied orbitals, vext—apt is the external scalar
potential acting on both electrons at position {r} and nuclei at position {R}, vy xc is the Hartree
plus exchange-correlation potential, Wiy, is the Coulomb interaction between the nuclei, My is
the mass of the J-th nucleus, Wen is the Coulomb interaction between the electrons and the
nuclei, and n(r,t) = 7% |;(r,t)|? is the time-dependent electron density. This represents a
variation of the coupled scheme presented in the self-consistent equations [2.71] 2.72] and [2.88§]
to which the external field in equation was added. In Chapter 2| Section there is an
exhaustive explanation of this TDDFT + Ehrenfest scheme. Additional implementation details
are provided in Ref. [192], which also includes Refs. [208, 209] 210]. Electron—ion interactions
are described using pseudopotentials within the local density approximation (LDA) [208], and

the adiabatic LDA is employed for time-dependent simulations.

Here, the OCTOPUS implementation of the Approximated Enforced Time-Reversal Symme-
try (AETRS) propagator was employed. AETRS is closely related to the Crank—Nicolson (CN)
propagators (see Section , as both approximate the exact time-evolution operator using the
Hamiltonian evaluated at the midpoint of the time step. AETRS applies the exponential form
exp[—iH (t + 5!)At], while Crank-Nicolson uses a rational (Padé) approximation of the same
exponential, (1 + mTtH )_1 (1 - %H ) As a result, both methods are unitary, time-reversal
symmetric, and second-order accurate, differing mainly in that AETRS uses the exponential
operator directly, whereas Crank—Nicolson replaces it with a numerically convenient rational

form.

4.4.4 Si(OH), Atomic Coordinates and Simulation Box Parameters

The equilibrium coordinates of Si(OH), were taken from previous results, generated with DFT
procedures (see Chapter Section . The molecule has a tetrahedrical shape with the
silicon atom coordinated by four hydroxyl groups, and has 32 valence electrons. The simulation
box employed for the calculation is a 10 A3 cubic box, chosen to conserve the system’s energy
without time-dependent fields. The lattice spacing is 0.16 A in each dimension, ensuring total

energy convergence below 5 meV.



4.4 Simulation Protocol 149

4.4.5 Optimization under Static Electric Fields

The DFT equilibrium structure of the Si(OH)4 molecule was modeled under different values of
the external static field and is used as the initial configuration for the temporal evolution of the
system. To do so, an optimization strategy was employed, using the FIRE algorithm [210] with
a force threshold of 0.03 eV/ A. To prevent global translations and rotations of the molecule
under the static external field, we clamped the central Si atom, the y and z coordinates of the
oxygen atom O1, and the y coordinate of the hydrogen atom H1 (see Fig. for the atom

names) during the optimization.

Figure 4.10: Si(OH)4 molecule as a function of the static external field: (a) Epc = (0,0,0); (b)
(5,0,0); and (c) (10,0,0) V/nm. The insets (i) at the top left of panels (a)—(c) show the optimized
geometries, while the insets (ii) at the top right display the electron localization function (ELF) at an
isosurface value of 0.66. The bottom insets (iii) report the corresponding pair distribution functions.
The geometries were optimized by clamping the Si atom, the y and z coordinates of the oxygen
atom O1, and the y coordinate of the corresponding hydrogen atom H1. Adapted from Ref. [184].

4.4.6 Boundary Conditions

Absorbing boundary conditions were applied to avoid artificial reflections of emitted electrons.
This is implemented via a mask function that smoothly damps the electronic density near the

box edges:

Mx)= [ mi(r) (4.9)

’L':%y,z
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where the one-dimensional mask along direction ¢ is given by:

1, il < R — L;
mi(ri) = { cosP g‘HLL“} R — L; < |ri| < R; (4.10)
07 |T1| Z Rz

where r; is the coordinate along the i-th Cartesian direction, R; is the half-length of the simu-
lation box along that direction, and L; defines the width of the absorbing region near the box
boundaries. The parameter p controls the smoothness of the mask decay, with typical values
p =1 or p=2. The function is equal to unity in the central region (|r;| < R; — L;), smoothly
decreases within the region of the absorbing layer (R; — L; < |r;| < R;), and vanishes at the
box edges (|r;| > R;). Notably, each m; transitions smoothly from 1 to 0 within an absorbing

region.

4.4.7 Production Run Details

The time step was 4 x 107* fs, and simulations were run for 100 fs (approximately 2.5 x 10°
steps). A total of 42 simulations were performed, combining three values of Epc (0, 5, 10 V/nm)
with the 14 THz field configurations (seven positive and seven negative polarities). During the
dynamics, the positions of the silicon atom and the O2H2, O3H3 and O4H4 (labels follow the
notation of Figs. and ions are fixed to prevent the molecule from drifting. In fact, the
main purpose of the simulation is to study the evaporation of the O1 and H1 atoms in form of
ions, in response to static and THz fields, which is similar to the evaporation of single atoms

from a solid surface [100].
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4.5 Results of ab tnitio MD Simulations

This section reports the results from the ab initio MD simulations. First, the outcomes of the
First Model are described, in order to get a good assessment of the modeling of a THz laser
source coupled with a static DC field on a simpler system, the Si(OH)4 molecule. Secondly,
the findings obtained from the Second Model will be introduced, with the purpose to complete
what found for the First Model, trying to get closer to the real experimental setup of APT (a

needle-shaped silica matrix). Details about the created models can be found in Sections |4.3

4.5.1 Modeling the THz-assisted Field Evaporation Mechanism in Molecules:
The First Model

A Brief Summary of the Key Modeling Aspects

To interpret the puzzling APT experimental findings concerning semi-metallic and insulating
samples in the context of single-cycle THz pulse polarity, a detailed first-principles theoretical
analysis of atom field evaporation under combined static (DC) and time-dependent (THz) fields
was conducted. The microscopic mechanism of field evaporation was explored by directly cou-
pling RT-TDDFT —essential to describe real-time electron dynamics— with Ehrenfest dynamics
— an effective approximation for nuclear motion. This coupled TDDFT+Ehrenfest framework
has been used previously to describe coupled electron—ion motion in atomic environments and
surface processes [211], 212].

As already stated in Section the First Model uses Si(OH)4 as a molecular surrogate for
key evaporation physics. Despite being completely aware that molecular and bulk structural
and electronic properties differ significantly, TDDFT presents computational constraints, not
allowing to emulate in silico the real-time electron dynamics of bulks. This limitation and its
implications will be discussed further with reference to an additional simplified “toy” model, the
Second Model (see Section . Throughout the time-dependent simulations, the positions
of the Si atom and selected O/H groups (OsHs, OsH3, O4H,) are fixed, so that
only the relevant functional groups (O1, Hy) can respond to the external fields. This step was
essential because in this way it is possible to know which molecular ion is evaporated. Notably,
the electrons of all fixed atoms are allowed to follow their natural dynamics within this APT
context. The labeling of atoms follows Fig. For this reason, the focus of the work is on the
evaporation behavior of O; and H; atoms.

Three static field strengths were considered: Epc,x = 0 V/nm, Epc,x = 5 V/nm and 10
V/nm, using the molecular geometries shown in Figs. [£.10] (a), (b) and (c) as starting con-

figurations. These configurations do not represent the full configurational space —many more
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angles between the external fields and the molecule are possible. In fact, the O;—Si bond was
specifically aligned along the x-axis so that the contributions from the Coulomb force, static
field, and THz pulse can be uniquely assessed. Consequently, the present results serve as an
upper bound on the critical fields necessary for ion evaporation; in realistic bulk silica, additional
factors such as matrix defects and angular distributions would further complicate the picture.
Notably, the evaporation condition will be thus toward the right side, positive values of the
x-axis, where the detector is virtually placed in APT experiemnts. A full comparison between
the experimental and the computational setups can be obtaind by comparing Figs. and [4.6]
A total of 42 simulations were performed, combining three values of Epc with the 14 THz field
configurations (seven positive and seven negative polarities). Notably, every time that a THz
field amplitude/intensity is cited, like for example 50 V/nm, such number corresponds to its
value at t & 50 fs, near the peak of the THz pulse (see Fig. [1.8] (a)).

Hydrogen and Oxygen Evaporation

A distinctly different evaporation behavior was found depending on both the peak amplitude
and the polarity of the THz pulses. The time-dependent results are collected in Fig. where
the H;—Si distance is shown in (a), (¢) and (e), whereas the O;-Si distance in (b), (d) and
(f). Different symbols represent different THz intensities and static field baselines; positive THz
pulses are shown in (a)—(d) and negative pulses in (e)—(f).

Under positive THz fields, hydrogen evaporation is strongly influenced by both the magnitude
of the static field and the peak amplitude of the THz pulse. For instance, when the DC field
is absent (Epcx = 0 V/nm), even moderate THz fields such as 27.5 V/nm fail to remove H;
from the molecule (small dots in Fig. 4.11| (a)). Conversely, the addition of a static field of 10
V/nm reduces the threshold for hydrogen evaporation dramatically, allowing H; to be released
at the same THz amplitude (small dots in Fig. |4.11] (¢)). This effect highlights the synergistic
interplay between static and THz fields, which combines to produce a larger effective field along
the molecular axis. Once evaporation begins, H; is observed to rapidly move away from the
Si atom, with the H;-Si distance exceeding 10 A in several high-field cases, signaling complete
detachment. The rapidity of the hydrogen escape reflects its low mass and the strong Coulomb
repulsion experienced once electrons are extracted out of the molecule. Furthermore, the charge
of H; remains consistently 41, indicating that it leaves the molecule fully ionized regardless of
field polarity or magnitude, a behavior consistent with the expected proton-like nature of the
evaporating hydrogen in strong fields (see Table .

Intriguingly, for negative pulses, a much higher value of -54.5 V/nm for the THz laser under
the effect of a 10 V/nm electric field is needed to obtain the evaporation of one proton, as seen

from Fig. m (e). Apparently, it seems that the positive pulse performs better for the hydrogen
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atom.

Figure 4.11: Time evolution of atomic distances under THz-assisted fields of different pulse polarities.
Panels (a), (c), and (e) show the distances between the hydrogen atom H; and the silicon atom as
a function of time. Panels (b), (d), and (f) show the distances between the oxygen atom O; and
the silicon atom as a function of time. The labeling of atoms follows the convention introduced in
Fig. 2. Panels (a)—(d) correspond to positive THz pulses, while panels (e) and (f) correspond to
negative THz pulses. Adapted from Ref. [184].

Oxygen evaporation exhibits a more complex dynamics due to the stronger Si—-O bond and
the higher mass of the atom. A clear threshold effect is observed: only THz fields above 54.5
V/nm (positive polarity) can break the Si-O; bond (red diamonds in Figs. (b) and (d)).
Below this threshold, the O; atom remains attached, even if H; evaporates. The O;—-Si distance
increases more slowly than H;—Si, reflecting both the bond strength and the greater inertia of
oxygen. This slow evolution complicates the precise determination of the evaporation point

within the simulation time window.

In the negative polarity scenario, evaporation thresholds are significantly higher (Figs.
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(e) and (f)), about three times larger than that for positive pulses (an enormous value of -174.8

V/nm is needed to trigger the mechanism), suggesting a bad evaporation efficiency.

Pulse Polarity, Ionization and Electron Loss Govern the Field-driven Evaporation

Mechanism

Interestingly, there is a qualitative disparity between positive and negative polarity. Such dif-
ference mirrors experimental findings in semi-metallic samples such as LaBg, where negative
pulses are less effective than positive ones. In contrast, the same polarity dependence is not
found experimentally in insulating silica matrices. This polarity effect arises because the rela-
tive alignment of static and oscillating fields governs the effective net field experienced by the
electrons. When the THz and DC fields share the same sign, the total field strength is enhanced,
promoting stronger ionization —the driver of bond breaking and atomic evaporation. When they
oppose each other, partial cancellation diminishes the total field and raises the threshold for ion
evaporation. The next paragraph focuses on a more detailed description of such process.

Ehrenfest dynamics nonetheless yields rich information on forces, velocities, and kinetic
energy of the escaping ions. This data, taken together with charge density analyses, highlights
the critical role of ionization: intense THz pulses promote electron loss and a concomitant
accumulation of positive charge, as visualized in Fig. 4.12| Here, electronic density (green) and
evaporating ions (O (red), H (white)) are shown at different simulation times for £61.4 V/nm
peak THz amplitudes. A stark difference emerges at the height of the pulse (tgim ~ 50 fs): under
positive pulses, electron depletion occurs toward the left edge of the simulation cell, whereas
under negative pulses electrons migrate toward the right, where the detector is virtually placed
(see Fig. . This anisotropic electron depletion drives an evolving net positive charge on the
molecule, which in turn accelerates the departing ions. For positive pulses, H; and O experience
strong Coulomb repulsion from the fixed molecular scaffold after about 48 fs, enabling their
release even without the static field. In contrast, under negative polarity, the effective field is
weaker due to cancellation, producing lower ionization and requiring much higher THz intensities
to trigger evaporation.

In summary, the polarity of the THz pulse plays a critical role, as it maneuvers both ionization
and the subsequent electron loss, key aspects for the evaporation process. In fact, the simulations
reveal that intense THz fields induce electron flows out of the molecule, creating a net positive
charge on the fixed part of Si(OH),. If such loss is large enough, the subsequent accumulation
of positive charge generates strong Coulomb forces on the evaporating ions, accelerating them
away from the molecular scaffold, as illustrated in Fig. |4.12

Table summarizes the final charge states and distances of the relevant atoms, providing a

complete quantitative picture. In fact, the emitted charge distribution also provides insight into
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Figure 4.12: Isosurface plots of the electronic density (10~* a.u.) and ionic positions at five different
time snapshots during the temporal evolution for Ejsser o (t = 50 fs) = 61.4 V/nm. The upper panels
correspond to the evolution under a positive THz pulse, while the lower panels show the evolution
under a negative THz pulse. As noted by the images, the loss of electrons occurs in the two different
directions (left - positive, right - negative) along the x-axis. Adapted from Ref. [184].

the total number of electrons removed. For each simulation, the sum N ; + Nfj; + NG, gives
the number of electrons emitted. Hydrogen always contributes +1 electron when evaporated,
while oxygen contributes depending on the THz amplitude and polarity: its charge increases
with the laser intensity only for positive pulses, whereas under negative ones, it does not detach
within accessible field ranges. The final charge on oxygen increases with the THz amplitude, but
only for positive pulses. In contrast, for negative pulses, the O1 atom often remains attached
or neutral, further underscoring the directionality dependence of the field-assisted evaporation.
These results suggest that the evaporation mechanism is highly nonlinear, as small changes
in field strength or polarity produce qualitatively different outcomes in atom detachment and

ionization.

Quick Summary

In summary, ab initio MD simulations indicate that:
1. The presence of a DC field lowers the evaporation thresholds.
2. Hydrogen atoms are easily evaporated under combined DC and THz fields.

3. Oxygen atoms require larger THz amplitudes, and their evaporation is highly sensitive to

pulse polarity.

4. Negative THz pulses are less effective due to partial cancellation with the DC field, re-
quiring higher amplitudes to achieve evaporation with respect to positive THz pulses,

systematically inducing evaporation at lower amplitude values.
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Table 4.1: Data from the Ehrenfest dynamics simulations. dyi_g; and dpi_s; represent the distances
between the hydrogen atom H1 and the Si atom, and between the oxygen atom O1 and the Si atom,
respectively. IV ; denotes the final total charge of the fixed molecule, while Ny, and NN, indicate
the charges of the evaporated hydrogen and oxygen atoms. The latter two values are reported only
if the respective atom-Si distance exceeds 3 A. The total number of electrons emitted is given by

the sum N, + Npj; + NG;. The symbol “=" indicates a neutral state.

Epcx (V/om)  Blasx (V/om) Ny, Niy N§y dwisi (A)  doisi (A)
0 8.7 - - - 2.30 1.61
10 8.7 0.1 - - 2.36 1.59
10 -8.7 - - - 2.48 1.59
0 27.5 0.8 - - 2.39 1.58
10 27.5 0.6 1.0 - >10 1.58
10 -27.5 0.7 - - 2.41 1.65
0 41.1 1.2 1.0 - >10 1.60
10 41.1 2.0 1.0 - >10 1.49
10 -41.1 1.1 - - 2.60 1.64
0 48.8 1.6 1.0 - >10 1.71
10 48.8 26 1.0 - >10 2.20
10 -48.8 2.0 - - 2.55 1.64
0 54.5 24 1.0 05 >10 3.52
10 54.5 2.5 1.0 09 >10 4.37
10 -54.5 24 - - 2.58 1.62
0 61.4 27 1.0 07 >10 4.88
10 61.4 28 1.0 1.0 >10 6.27
10 -61.4 1.9 - - 2.55 1.59
0 86.7 39 10 1.9 >10 >10
10 86.7 40 1.0 21 >10 >10
10 -86.7 4.2 1.0 - >10 2.64

10 -174.8 9.8 1.0 1.5 >10 7.11
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5. The pulse polarity plays a central role, by promoting in different ways ionization and
subsequent electron loss from the molecule, generating Coulomb forces that drive atomic

ejection.

Taken together, these findings provide a quantitative picture of atomic evaporation in a molecule
under THz-assisted conditions, offering mechanistic insights into the nonlinear interplay of field
amplitude, pulse polarity, ionization and atomic mass. Despite the isolated-molecule model,
the Fist Model captured the essential physics of field-driven evaporation process. The clear
asymmetry with respect to the pulse polarity variable evinced a striking fact: molecules behave
consistently with experimental observations in semi-metallic systems such as LaBg, where neg-

ative pulses exhibit a lower efficiency in inducing evaporation than their positive counterparts.

4.5.2 Bridging the Gaps between Bulks and Molecules: The Second Model

The theoretical outcomes found in the last section depart significantly from APT experiments on
Si0g matrices: simulations suggest lower thresholds for positive THz pulses than negative ones,
contrary to the experimental mass-spectra results for amorphous silica, reported in Fig.
This discrepancy likely stems from the use of an isolated Si(OH)4 molecule in vacuum as a
model. In a bulk system, excited electrons have a finite lifetime and can be extracted if the
external field energy exceeds the band gap + work function (insulators) or just the work function
(metals), when states at the conduction band bottom are accessible. The subsequent electron
dynamics —whether they remain bound or are transported— crucially distinguishes insulating
versus metallic/semi-metallic behavior, and consequently the atom evaporation mechanism.
For these reasons, the Second Model has been developed. This model aims to provide a
qualitative interpretation of the discrepancies observed between theoretical predictions and ex-
perimental results, particularly in relation to the polarity of THz pulses and their influence on
the electron redistribution under external perturbations, central to understanding these discrep-

ancies.

Features of the Second Model

The Second Model introduces a simplified and fictitious representation of a bulk material. This
model is designed to mimic the essential features of a needle-shaped specimen typically used in an
APT setup, while remaining computationally tractable. To achieve this, the simplest possible
bound system has been considered, namely a hydrogen molecule (Hy). The same framework
described in Section [4.4] was applied, based on TDDFT+Ehrenfest dynamics. However, for
simplicity, only one dimension (1D) was considered, with a box size of 80 A, a lattice spacing

of 0.05 A, a time step of 5 x 10~* fs for the time integration of the equations of motion, and a
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total of 3.2 x 10° steps to follow the dynamics of the system even after removal of the THz field.
The reduction to 1D should significantly decrease the computational cost and complexity, while
still retaining the fundamental physical mechanisms governing electron—nucleus interactions and
field-induced dynamics.

The full configuration of the Hs system is illustrated in Fig. It is important to emphasize
that this model is not intended to provide quantitatively accurate predictions of field strengths
or evaporation rates, but rather to capture and interpret the underlying physical mechanisms

in a controlled and transparent manner.

Figure 4.13: The one-dimensional potential of the Second Model described by equation. is
experienced by the two fictitious electrons within the hydrogen molecule and varies as a function
of the left potential barrier. In this framework, Atom; is bound to an atom (Atom;) located on
the solid surface, which is schematically represented by the cyan rectangle. The steepness of the
potential barrier is directly related to the electron mobility in the system, which in turn depends
on the position of the Fermi level in metals or on the magnitude of the band gap in insulators and
semiconductors. Adapted from Ref. [184].

A key element of the model is the introduction of an additional tunable potential barrier. This
barrier plays a crucial role in emulating different classes of materials. Within this framework,

the effective potential experienced by an electron in the 1D system is given, in atomic units, by:

1 1

V(x’t):_\/1+(ﬂf—X1)2_ V1t (2 = Xo)?

+ax+xE(t) (4.11)

where the quantities X; and X5 denote the positions of Atom; and Atoms, respectively, as
illustrated in Fig. The parameter a controls the strength of the additional potential

barrier: by adjusting its value, the system can effectively reproduce behaviors ranging from
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metallic to insulating. In particular, when the barrier is absent or negligible (a — 0), the
system behaves like a metal, allowing electrons to move freely across the structure. Conversely,
when a steep barrier is present (a > 0), electron motion is hindered, mimicking the reduced
conductivity characteristic of semiconductors or insulators. In this sense, the barrier acts either

as a conductive channel or as an obstacle to electron flow.

It is worth noting that, in a strictly one-dimensional model, the standard Coulomb potential
of the form —1/x exhibits a singularity at * = 0. This singular behavior leads to strong
localization of the electronic wavefunction near the nuclei, significantly increasing the numerical
cost and instability of the simulations. To overcome this issue, a softened Coulomb potential
of the form —1/v/1 + 22 has been employed. This modified potential removes the singularity
while preserving the correct asymptotic behavior and reproducing the ground-state energy of
the hydrogen atom (i.e., —0.5 atomic units). As a result, numerical stability is greatly improved

without compromising the essential physics of electron—nucleus attraction.

The process under investigation is the evaporation of Atoms from the surface of a solid.
In Fig. , the surface itself is represented by a fictitious aquamarine rectangle, to which
Atom; belongs, binding Atoms at the beginning of each simulation. Both atoms are assumed to
be hydrogen-like, each consisting of a single proton and a single electron, thus simplifying the
electronic structure while preserving the essential Coulomb interactions. The potential barrier
is positioned such that it represents the bulk of the material (the aquamarine rectangle) lying
to the left of Atom;, thereby controlling the degree of electronic coupling between the system

and its environment.

As in the case of Si(OH),, the evaporation process is triggered by the combined action of a
static electric field and a time-dependent THz pulse, as defined in equation [£.3] The static field
is always taken to be positive, implying that positively charged particles are driven toward the
right-hand side of the simulation box. In this 1D geometry, the spatial coordinate = increases

toward the detector, which is conceptually placed at large positive .

Another important aspect of the model is the linear nature of the added potential barrier.
This choice allows for a clear interpretation of the interplay between the barrier and the ex-
ternally applied static electric field. In particular, if the static field is sufficiently strong, its
effect can effectively compensate for the barrier, allowing electrons to overcome it. This situa-
tion mimics the behavior of insulating materials under high electric fields, where electrons can
be promoted across the band gap into the conduction band, thereby increasing the material’s

effective conductivity.



Unraveling THz-mediated Ion Field Evaporation in APT via ab initio Molecular
160 Dynamics

Results from the Second Model

The results obtained with this model are presented in Figs. and In Fig. the
behavior of the system is compared in the absence and in the presence of the potential barrier.
When no barrier is present, a peak electric field of 51.4 V/nm (see Fig. (b2)) is sufficient to
induce evaporation of Atomsy under a positive THz pulse, as shown by the light and dark green
curves. In contrast, under a negative pulse, Atomy does not evaporate but instead oscillates
around its equilibrium position, as indicated by the cyan and blue curves. The velocity of the
evaporating atom is observed to increase linearly with the strength of the static electric field
(light green curve), while remaining approximately constant in the absence of such a field (dark
green curve), as shown in Fig. (b3).

Figure 4.14: Comparison of the results obtained with the two different potentials (metallic - no
barrier, insulating - barrier) in (a) and (c) for a fixed amplitude of the THz pulse in (bl) and
(d1). The maximum amplitude is 0.1 atomic units (51.4 V/nm the relative field). The green curves
correspond to the positive pulse, while the blue lines represent the negative pulse, under presence
(light green, cyan) or absence (dark green, dark blue) of an electric field Epc of 2 V/nm. In (b2)
and (d2), the position of Atom; is shown as a function of time, and in (b3) and (d3), its velocity
in the different cases. Finally, (b4) and (d4) show the total charge inside the box. Adapted from
Ref. [184].

In the presence of a static field, positive THz pulses induce strong ionization of the system.
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This ionization leads to the buildup of positive charge and, consequently, to strong electrostatic
repulsion, which drives the evaporation process. Negative pulses, on the other hand, do not
produce sufficient ionization and therefore fail to break the bond between Atom; and Atoms.
The degree of ionization depends sensitively on the combination of static and time-dependent
fields, with the highest ionization occurring for positive THz pulses in conjunction with a static
field, as shown in Fig. (b4) and as discussed in Section Up top here, the behavior of
this system agrees with what found in the First Model for another molecule, Si(OH)y4.

Figure 4.15: Comparison of the results obtained with the two different potentials (metallic - no
barrier, insulating - barrier) in (a) and (c) for a fixed amplitude of the THz pulse in (bl) and
(d1). The maximum amplitude is 0.2 atomic units (61.7 V/nm the relative field). The green curves
correspond to the positive pulse, while the blue lines represent the negative pulse, under presence
(light green, cyan) or absence (dark green, dark blue) of an electric field Epc of 2 V/nm. In (b2)
and (d2), the position of Atom; is shown as a function of time, and in (b3) and (d3), its velocity
in the different cases. Finally, (b4) and (d4) show the total charge inside the box. Adapted from
Ref. [184].

When the potential barrier is introduced, the system dynamics change significantly. In
particular, under a positive THz pulse, evaporation no longer occurs, as shown in Figs. [4.14
(d2) and (d3). This suppression of evaporation is due to the inability of the system to ionize:
electrons are prevented from escaping by the barrier and remain localized, resulting in a nearly

constant total charge. In contrast, the dynamics under negative pulses are less affected, since
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electrons are preferentially driven toward the barrier-free region on the right-hand side, where
they can escape more easily towards the detector. As a result, the barrier selectively suppresses
electron emission under positive pulses.

This behavior closely resembles that of insulating materials, in which electrons are not free
to move across the system. Instead, they respond to external fields primarily through polariza-
tion, i.e., through a redistribution of charge without net transport. Consequently, even if the
amplitude of the THz pulse is sufficient to induce evaporation in the absence of a barrier, it may
become insufficient once the barrier is introduced.

Further insight is provided by the results shown in Fig. where a larger amplitude of the
time-dependent field is considered. In the absence of the barrier (left panels), Atoms evaporates
under both positive and negative THz pulses, although the positive remains more efficient. In
contrast, when the barrier is present (right panels), evaporation occurs only under negative
pulses, while positive pulses fail to induce ionization and subsequent evaporation. This leads to
a situation in which the threshold field required for evaporation is lower for negative pulses than
for positive ones.

Such asymmetry in the evaporation threshold is in qualitative agreement with experimental
observations in silica-based systems, where the polarity of the THz pulse plays a decisive role.
The model therefore provides a simple yet physically meaningful explanation of how reduced
electron mobility and the presence of potential barriers can give rise to polarity-dependent
evaporation dynamics in the case of the THz lasers. In fact, additional simulations reported
in Fig. demonstrate that the system response to multicycle ultraviolet (UV) fields is not
affected by the barrier, as in the case of UV, pulse polarity is not a relevant parameter (see
Fig. [4.3)).

Also single-cycle infrared (IR) pulses were tested, as can be found in Fig. in the Ap-
pendix [B] highlighting the generality of the observed behavior across different frequency regimes.
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Figure 4.16: Comparison of the results obtained with the two potentials shown in panels (a) and (c)
is reported for a fixed amplitude of a UV laser with frequency w = 3.61 eV in panels (bl) and (d1).
The maximum amplitude is 0.1 atomic units, consistent with Fig. Panels (b2) and (d2) display
the position of Atom; as a function of time, while panels (b3) and (d3) show its velocity for the case
of a laser combined with a static potential (purple line) and in the absence of an external potential
(brown line). Finally, the total charge within the simulation box is reported in panels (b4) and (d4).
On the left-hand side (metallic case, panels (a) and (b1-b4)), Atom evaporates when a positive THz
pulse is applied (light green and dark green lines), as a consequence of the strong ionization observed
in panel (b4). On the right-hand side (insulating case, panels (c) and (d1-d4)), a similar evaporation
process is observed even in the presence of a linear potential barrier. In contrast to the THz-driven
dynamics, the potential barrier becomes ineffective under UV laser excitation, as electrons can be
directly ejected from the surface, as shown on the right-hand side of panels (a) and (c). Adapted
from Ref. [184].

4.5.3 The True Role of Electron Dynamics in the Context of Negative Pulse
Polarity and APT

Ab initio MD Simulations were essential to get the following results: first of all, THz-assisted
APT is always driven by ionization mechanisms. Moreover, in the case of silica, only THz
negative polarity pulses can properly induce ionization, since SiO», being an insulator, does not
allow electrons to flow towards the inside of the silica tip. In other words, the polarity of the

THz pulse determines whether the time-dependent field reinforces or opposes the static DC field
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at the tip apex. The total electric field is given by the sum of the static and time-dependent
contributions, Fiot = Epc + ETn,(t). In the adopted convention, the static field points toward
the detector, i.e. drives positive charges toward the detector. A negative THz pulse corresponds
to a field oriented in the opposite direction. When the magnitude of the THz field exceeds
that of the static field, i.e. |Erm,| > Epc, the total field reverses direction. As a result, such
total field points away from the detector, and electrons, which move opposite to the field due to
their negative charge, are accelerated toward the detector and can be detected. Ultimately, this
electron loss causes Coulomb repulsion, and positive ions are ejected out of the tip. These ions
are then carried by the DC field towards the detector, as they do not sense too much the THz

field once left the silica sample.

This means that, for the negative case, both ions and electrons can in principle reach the
detector, for two different reasons: the first are driven by Coulomb repulsion and the DC field,
the latter by the THz negative pulse. However, in the case of electrons things are a bit more
complex. In fact, if the ions typically reach the detector once left the tip, some electrons might
come back towards it, as they sense the static field driving them in the opposite direction. This
effect is quite relevant here, because these coming-backward electrons represent a key aspéect to
investigate, ultimately giving rise to the so-called electron—assisted mechanism, that takes place

only under negative THz polarity. More details will be provided in the following paragraphs.

As aforementioned, for all cases in which |Ery,| > Epc, electrons are driven towards the
detector. Thus, increasing Vpc reduces the electrons detected rate until it falls to background,
defining a threshold that can be identified as blocking voltage Vyjock. As shown in Fig. (a),
if Vbc = 0 (meaning that Eyo, = ETp,(t)), electrons leave the tip apex, being subjected only
to the negative THz polarity. In this case, a current of electrons flowing out the tip gives rise
to a phenomenon called Joule heating. In other words, the kinetic energy of these electrons is
influenced by the amplitude of the negative peak of the THz pulse and by the angle at which
the electrons are emitted from the tip surface. In a resistive tip, the THz-emitted electrons
contribute to apex heating and the power dissipated as heat is proportional to the square of the
electron current:

P=1I°R (4.12)

or equivalently, per unit volume,
q=J% (4.13)

where [ is the electron current, R is the electrical resistance of the heated region, J the current
density, and p the resistivity of the material. The resulting steady-state temperature rise is, to
first order,

P I ’R

AT ~ — = ——
G G

(4.14)
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where Gy, is the thermal conductance from the heated region to the base, determined by ge-
ometry and material properties. Therefore, a higher electron current produces a larger AT,
increasing the probability that ions can overcome the energy barrier for evaporation (see equa-
tion displaying a linear-in-T trend). This means that, THz negative polarity pulse gives
rise to small thermal effects, assisting the ion ejection process (from here: electron-assisted

mechanism).

Figure 4.17: Electron-assisted mechanism under negative THz polarity. (a) For Vpc &~ 0, THz pulses
induce electron emission, and the emitted electrons reach the detector, while the ion rate remains
negligible. (b) For 0 < Vbc < Whlock, @ fraction of the emitted electrons is decelerated and redirected
back toward the tip apex, where they redeposit their energy. This process generates localized heating,
which in turn assists ion evaporation. Adapted from Ref. [184]

If instead the DC voltage is such that 0 < Vpo < Vhioek, two distinct heating mechanisms
contribute simultaneously to the temperature deposition at the tip apex, favoring even more
evaporation: ¢ the through—tip electron current that dissipates Joule heat and i a significant
fraction of the electrons emitted by the THz pulse that does not escape toward the detector,
due to the presence of the positive DC bias. In fact, these electrons are decelerated by Vpc
after emission and can be redirected back toward the tip apex, as illustrated in Fig. (b).

Upon returning, these electrons impact the surface and deposit their kinetic energy locally. This
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process effectively converts part of the electron kinetic energy into localized heating at the apex.
The combination of these two mechanisms results in a highly non-uniform energy deposition. In
particular, the back-acceleration of electrons concentrates power within a nanometric region near
the apex, thereby enhancing local thermal gradients. This localized heating can significantly
influence the evaporation dynamics by lowering the effective energy barrier for ion desorption.

The fraction of electrons that return to the tip depends sensitively on both their initial
emission angle and the time at which they are emitted within the THz pulse cycle. Since the
instantaneous electric field varies rapidly during the pulse, electrons emitted at different times
experience different acceleration and deceleration phases, which determines whether they escape
or are redirected back to the surface.

Experimentally, this behavior is reflected in the ion detection rate, and was observed by our
colleagues from the University of Rouen. The ion rate is often observed to peak in the regime
Vbc < Whlock, Where the fraction of returning electrons is maximal and electron-induced heating
is most effective. As the DC voltage approaches Vyock, fewer electrons are able to escape or
return to the tip, since emission into free space becomes suppressed. Consequently, the electron-
assisted heating mechanism diminishes, leading to a reduction in the ion evaporation rate [184].

A quick sum up of the role that electrons play within the THz-assisted APT (with negative
pulse) is displayed here:

e They carry away negative charge, which modifies the local electrostatic environment and

can assist in creating conditions favorable for ion emission.

e A fraction of these electrons is decelerated by the DC bias and redirected back toward
the apex, depositing kinetic energy in a highly localized region. This generates electron-
assisted Joule heating, producing local thermal gradients that enhance the probability of

ion evaporation.

e The combined effect of field inversion and electron backscattering explains why negative
pulses are far more efficient at promoting cation evaporation in insulating samples than

positive pulses.

Notably, from Fig. [4.4] it is clear that THz-negative polarity on sol-gel silica displays some
thermal effects, as the spectrum presents thermal tails. As stated in Section THz lasers
shpuld not give rise to significant thermal effects. However, thanks to numerical simulations
followed by experimental validations, it was possible to discover that, as in standard UV-assisted
APT, the emission under THz drive (specifically under single-cycle negative polarity pulses) also
has a benign thermal component as well, that promotes ion evaporation, supporting the main
field-driven force of the THz laser.
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4.5.4 Near-Apex Field Enhancement in the Context of Negative Pulse Po-
larity and APT

At this point, a final aspect should be addressed. As stated in Section 4.1.4] in the case of
SiOy the THz pulse polarity has an effect on the total field sensed by ions and electrons and
also on the THz field enhancement near the tip apex. While the first aspect was abundantly
covered in the previous sections, the relationship between polarity and field enhancement was
not discussed. Intuitively, negative polarity should, given all the presented results, give rise to
a better field amplification.

Therefore, to investigate whether positive or negative polarity pulses promote different
THz field enhancements, numerical simulations were performed using the commercial software
LORENTZ-2E V10.2. Specifically, the THz field enhancement near the apex was measured,
given a THz field before amplification of roughly 0.015 V/nm. To recall, the total electric field
experienced by electrons is: Vio(t) = Vbce + nVrn,(t). From these calculations, the enhanced
THz field at the tip apex was then 20 V/nm for negative pulses and 8 V/nm for positive pulses,
implying a field enhancement factor of approximately 1300 for negative and 520 for positive
pulses. The same numbers were confirmed by experiments on silica tips (not shown). Taken
together, these results demonstrate that negative THz pulses also contribute more significantly
to the total field amplification at the tip than positive pulses by a factor of roughly 2.5, corrob-
orating the evidence of their higher efficiency in resolving insulating silica samples. More details
about these outcomes can be found in Ref. [I84], Fig. 5 (they were not performed by me, but

from out colleagues from Rouen).
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4.6 Concluding Remarks

This chapter provides a comprehensive overview of a combined theoretical and experimental
study aimed at understanding the mechanisms responsible for the evaporation of cations from
nanoneedle-shaped tips of materials with differing electrical properties, with particular attention
to SiO9 as a representative insulating material. Experiments were performed using a THz-
assisted APT setup, where the mass spectra of insulating SiOs samples were compared to those
of LaBg, a semi-metallic material with high electrical conductivity. In such THz-assisted APT
experiments, the total field experienced by the sample consists of a static DC background voltage,
Vbe, and a single-cycle, time-dependent THz pulse, Vrp, (), oscillating in the THz frequency
range.

Single-cycle, high-intensity THz pulses are capable of triggering the evaporation of ions
from nonconducting materials, such as amorphous silica, a process that would be inefficient
under conventional DC-only conditions due to the poor mobility of electrons in insulators. A
critical feature observed in these experiments is the dependence of the evaporation efficiency on
the polarity of the THz pulse. Negative pulses induce a significantly stronger response in silica,
producing an effective field amplification exceeding a factor of 1300, while positive pulses lead to
a reduced amplification, approximately 2.5 times smaller. In contrast, such polarity dependence
is absent when multicycle pulses in other frequency ranges, such as UV, are used, indicating
that the observed effect is specific to single-cycle high-intensity pulses.

These observations motivated the development of in silico approaches to understand the
underlying mechanisms. Two models were constructed within an ab initio molecular dynam-
ics (MD) framework, employing TDDFT+FEhrenfest dynamics to capture both electronic and
nuclear responses under strong static and time-dependent fields.

The First Model focused on a single Si(OH)4 acid molecule. While it did not fully capture
the polarity-dependent effects observed in solids, it highlighted the importance of ionization and
electron loss in the evaporation process. Specifically, electron emission during field application
reduces the total charge on the system, altering the electrostatic forces that drive cation detach-
ment. However, the limitations of a single-molecule model, particularly in capturing electron
mobility and collective effects in extended solids, necessitated a more sophisticated approach.

The Second Model was designed to mimic the interface between a vacuum and a nanoneedle
tip. A simplified one-dimensional model with two bound atoms, representing a surface atom
and a surface-bound cation, was employed. To simulate insulating behavior, a potential barrier
was introduced, which hinders electron motion and suppresses ionization. The simulations
revealed that under a positive THz field, evaporation is strongly inhibited in the presence of
this barrier, whereas negative pulses efficiently promote electron emission, even when electrons

are partially trapped and redirected. This model demonstrates that the polarity dependence of
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ion evaporation arises naturally from the interplay between field-induced electron dynamics and
the insulating character of the sample.

These two models were essential to capture the following aspects. The asymmetry between
negative and positive THz pulses can be attributed primarily to the dynamics of electrons near
the tip apex. In the case of a negative pulse, the transient THz field partially cancels the static
DC field but can also locally invert the total field, producing a condition where electrons are
accelerated toward the detector (as shown by both theoretical models).

Further experimental analysis inspired by computational results showed that electron-assisted
heating plays a central role in negative-pulse-assisted ion evaporation. When 0 < Vpc < Viiop,
a fraction of the THz-emitted electrons is decelerated by the static field and redeposited near
the tip apex. This backscattering concentrates energy in a nanometric region, creating local
thermal gradients that reduce the effective energy barrier for cation emission. Therefore, the
combination of field inversion, electron emission, and localized heating under negative pulses
provides a coherent explanation for the enhanced ion evaporation observed experimentally in
SiO2 tips.

Finally, the findings from the Second Model indicate that the polarity-dependent behavior
observed in THz-assisted APT is not limited to the THz spectral range. Any single-cycle, high-
intensity pulse capable of producing sufficient electron emission can, in principle, exhibit similar
asymmetry, extending the relevance of these results to other spectral regions.

In conclusion, the combined theoretical and experimental analysis demonstrates that cation
evaporation from insulating nanoneedle tips is governed by a subtle interplay of total electric
field orientation, electron emission dynamics, and electron-assisted thermal effects. Negative
single-cycle THz pulses are particularly effective due to their ability to invert the local field
and generate backscattered electrons that locally heat the tip, thus facilitating the evaporation
of ions. This study provides a comprehensive framework for understanding polarity-dependent

evaporation mechanisms in THz-assisted atom probe experiments.
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Understanding The Role of Defects During APT Analyses of
Sol-gel Silica through DFT Calculations

This last Chapter contains details about a side project within the MIMOSA, primarily inspired
by Ref. [213]. The opening section contains a brief introduction to the link between impurities
within silica matrices and optocal absorption properties. A second section describes recent
experimental advances aimed at studying how impurities change the absorption properties of
SiO2 matrices. These recent outcomes were directly produced by the groups of Angela Vella
(University of Rouen - France) and Martin Andersson (Chalmers University of Gothenberg -
Sweden), collaborators within the MIMOSA project. These experimental results motivate the
use of Density Functional Theory calculations to investigate microscopic optical properties of
SiO2 matrices, providing a simple but effective theoretical baseline. More information about the

modeling of optical properties within the DFT pipeline can be found in Chapter [2] Sections [2.6

5.1 Introduction to the Modeling of the Optical Properties of
Defects in SiO, Matrices

5.1.1 The Role of Defects within SiO, Matrices

Due to its chemical stability, optical transparency, and ability to host a wide range of guest
species, silica has been extensively used in applications ranging from glass manufacturing to
nanostructured materials. In this thesis silica was mainly described within frameworks con-
cerning biology and Atom Probe Tomography, employing such material for the encapsulation
of biomolecular substrates, enabling preservation of the native biomolecule by minimizing me-
chanical stresses, as shown in previous Chapters. However, SiO2 matrices present significant
challenges for APT [82], that might not concern strictly biological aspects.

In fact, amorphous silica is intrinsically a poor electrical conductor; although its conductivity
can increase slightly under specific conditions such as the presence of impurities, intentional

doping, elevated temperatures, or exposure to radiation, it remains largely insulating. This
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low conductivity complicates APT measurements, as the applied potential transmitted to the
specimen apex to generate the high electrostatic field required for field evaporation is typically
less enhanced with respect to other materials like metals. Overall, these intrinsic electronic
properties pose significant challenges for both experimental characterization and theoretical

description.

Silicon dioxide is a wide-band—gap insulating oxide whose electronic structure is dominated
by strong covalent bonding between silicon and oxygen atoms. In crystalline polymorphs as well
as in amorphous silica networks, the valence band is primarily composed of oxygen 2p states
hybridized with silicon orbitals, while the conduction band consists mainly of antibonding Si—O
states. As a result, the fundamental absorption edge of SiOs arises from electronic transitions
from the O—derived valence band to the Si—O antibonding conduction band. DFT calculations
provide a natural way to investigate these transitions by explicitly computing the electronic
band structure and the corresponding transition matrix elements, as described in the theoretical
framework reported in Chapter [2| Section [2.6, However, in the case of amorphous or sol-gel
derived silica matrices, calculations become more complex because the material does not possess
long—range crystalline order. Modelling such systems within DFT therefore typically requires
the construction of large periodic supercells that mimic the structural disorder of the amorphous
network. These supercells can be generated through MD or Monte Carlo (MC)simulations or
structural optimization procedures that reproduce the characteristic bond lengths, bond angles,
and coordination environments observed experimentally. Once a representative structural model
has been obtained, the electronic structure of the amorphous silica matrix can be computed using
standard DFT methods.

An additional level of complexity arises from the presence of structural defects within the
silica network. In sol-gel derived materials, defects such as oxygen vacancies, non-bridging
oxygen atoms, under—coordinated silicon atoms, or distorted bonding environments may be
present as a result of the synthesis process or subsequent thermal treatments. These defects
can introduce localized electronic states within the band gap or modify the position of the band
edges, thereby altering the optical absorption properties of the material. Within a first—principles
framework, the influence of such defects can be investigated by explicitly incorporating them
into the atomistic model of the silica matrix and recomputing the electronic structure of the

defective system.

The presence of defect states typically leads to new optical transitions that are not present
in the pristine material. For example, localized states within the band gap can participate in
optical excitations that require lower photon energies than the intrinsic band—to—band transitions
of bulk SiO2. As a consequence, the calculated imaginary part of the dielectric function may

exhibit additional peaks or a shift of the absorption edge toward lower energies. By analysing the
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contributions of individual electronic transitions to the dielectric function, it becomes possible
to identify which defect states are responsible for specific features in the absorption spectrum.
Note that in amorphous silica optical absorption at sub-band-gap energies is dominated by defect
states rather than transitions between extended band states. Therefore, accurately capturing
the presence and nature of these localized states is more important than obtaining quantitatively
precise band edges. Defects can enhance absorption in the UV and deep-UV range by introducing
intermediate states that facilitate electronic transitions. This mechanism is particularly relevant
for interpreting experimental observations in La-APT, where increased absorption correlates

with improved ion yield.

5.1.2 Optical Linear Response and Defects Modeled via Density Functional
Theory

From a theoretical perspective, understanding the role of defects in amorphous silica requires
an accurate description of both structural disorder and electronic localization. Within standard
DFT, optical absorption is typically computed using the independent particle approximation,
where transitions are calculated between occupied and unoccupied Kohn—Sham states. In other
words, DFT enables the identification of defect-induced states, their energetic position within
the band gap, and their spatial localization, all of which are essential for interpreting optical
absorption mechanisms. As aforementioned, defects can introduce localized electronic states
within the band gap of the material. If a defect state lies within the forbidden gap, it can
participate in optical transitions involving either the valence band or the conduction band,
leading to additional features in the optical absorption spectrum. Specifically, the contribution

of defect states to the optical response can be expressed schematically as equation (that

reminds equations and [2.104] in Chapter [2] Section [2.6]):

e3°° (W) oc Y [(0s[Blvi) [P6(Ef — E; — hw), (5.1)
if
where v; and 1)y denote electronic states associated with defect levels and extended band states.
Note that this approach neglects excitonic effects and local field variations, which can be signif-
icant in insulating materials (see below).

It is important to emphasize that Eq. does not introduce a new formal expression specific
to defects, but rather corresponds to the standard independent-particle formulation of the imag-
inary part of the dielectric function. The effect of defects enters through the modification of the
electronic structure, namely by introducing localized states within the band gap or by perturb-
ing the extended states near the band edges. As a consequence, additional optical transitions

become possible.



Understanding The Role of Defects During APT Analyses of Sol-gel Silica
174 through DFT Calculations

In this context, the defect-related contribution to the optical response can be understood by
restricting the sum over transitions to those involving defect states. Schematically, this can be
written as

gt w)oc Y (Bl 6(Bf — B — hw), (5.2)

1€{VB,defect}
fe{CB,defect}

where the sum is restricted to transitions involving at least one defect state. More explicitly,
the total imaginary part of the dielectric function can be decomposed into distinct contributions

associated with different classes of transitions:
62(&)) _ 6;/B—>CB (w) + E;/'B—>defect (w) + 6(2115-fect—>CB (w) + 6(21efect—>defect(w)‘ (53)

This decomposition highlights that defects do not alter the formal structure of the optical re-
sponse, but instead give rise to new absorption channels and redistribute oscillator strength,

thereby modifying the spectral features of eo(w).

Within this computational framework, the Kohn—Sham orbitals are expanded in a plane-wave
basis set and the interaction between valence electrons and ionic cores is described using pseu-
dopotentials. After a self-consistent field calculation determines the ground—state charge den-
sity and the corresponding Kohn—Sham eigenstates, the linear optical response of the simulation
box containing the silica matrix unit cell can be evaluated in a subsequent post—processing step.
This step involves calculating momentum or velocity matrix elements between valence and con-
duction states and performing the Brillouin zone integration required to obtain the dielectric
tensor. In practice, the Dirac delta function appearing in equation is replaced by a finite
broadening function, which accounts for the finite lifetime of electronic excitations and produces
a continuous absorption spectrum comparable to experimental measurements. See Chapter
Section for more details, also regarding how defect states are typically characterized within
DFT and linked to absorption spectra. In summary, the most common observables that can be
extracted from simulations to reconstruct the absorption spectra are the Density of States
(DOS), identifying the presence of states within the band gap, and the Projected Density
of States (PDOS), determining the atomic and orbital character of defect states. Localized
states associated with defects often appear as sharp peaks within the band gap and are spatially
confined around specific atomic sites. These states play a dominant role in sub-band-gap optical

absorption.

The predictive capability of DFT is limited by its ground-state nature. Standard exchange—
correlation functionals tend to underestimate the band gap of silica, which in turn affects the
predicted position of defect states and the description of optical transitions. Despite these

limitations, DFT remains a powerful and widely used approach for studying defect physics in
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amorphous materials, particularly when the focus is on qualitative trends and the identification
of localized states rather than quantitatively exact excitation energies. The accuracy of DFT
calculations depends critically on the choice of the exchange—correlation functional. Common
approximations include the Local Density Approximation (LDA) and the Generalized Gradient
Approximation (GGA), such as the Perdew—Burke-Ernzerhof (PBE) functional [I58]. While
these functionals provide a reasonable description of ground-state properties, they systematically
underestimate band gaps due to the lack of proper quasiparticle corrections. The underestima-
tion of the band gap has important consequences for defect studies. Defect levels that should lie
deep within the band gap may appear artificially close to the conduction band, affecting both
their energetic position and their optical activity, specifically in wide-band-gap materials such

as silica, where discrepancies can exceed several electronvolts [214].

Moreover, standard DFT does not explicitly account for electron—hole interactions, which
are essential for accurately describing optical absorption processes, as described in Section[2.6.3]
As a result, calculated absorption spectra may lack quantitative accuracy, especially near defect-
induced transitions. More advanced methods, such as the GW approximation and the Bethe—
Salpeter Equation (BSE), provide improved descriptions of electronic excitations and optical
spectra. However, their computational cost scales poorly with system size, making them im-
practical for large amorphous models that need supercells. In addition, the presence of disorder
and a high density of localized states complicates the convergence of these methods. Luckily,
optical absorption in the context of amorphous SiOs is often dominated by defect-related states
within the band gap rather than by the precise energies of extended band states. Thus, cap-
turing the presence, nature, and spatial localization of these defect states is more critical than
achieving quantitatively exact excitation energies. Practically, this approximation assumes that
microscopic variations of the induced electric field within the unit cell can be ignored, so that
the electrons respond only to the macroscopic average field. For these reasons, standard DFT

remains the method of choice for large-scale simulations of defective amorphous silica.

Overall, the combination of DFT and linear response theory therefore provides a powerful
first—principles framework for modeling the optical properties of complex oxide materials. By
computing the electronic eigenstates of the system and evaluating the transition probabilities be-
tween occupied and unoccupied states, it becomes possible to predict the frequency—dependent
dielectric function and the corresponding absorption spectrum directly from the atomic struc-
ture of the material. When applied to realistic structural models of silica matrices, including
those containing defects and structural disorder, this approach enables the identification of the
microscopic mechanisms responsible for experimentally observed spectroscopic features, thereby
establishing a direct connection between atomic structure, electronic properties, and optical

response in SiO9 materials. In other words, a direct connection between computational calcula-
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tions and experimental spectroscopy can be established and exploited.

5.2 Motivating DFT Calculations: Experimental Data on De-
fects of SiO, Matrices within the APT Context

Recently, the groups of Angela Vella (University of Rouen - France) and Martin Andersson
(Chalmers University, Gotherburg - Sweden) collaborated with us to unravel the role of defects
within SiO2 during APT measurements [213]. In this section, the experimental results that
motivated the employment of DFT calculations will be explained.

Specifically, the work done by our collaborators within the MIMOSA project focuses on the
influence of laser wavelength on the APT analysis of silica, correlating evaporation conditions,
mass spectral features, thermal effects, and compositional defects of the matrix. A systematic
comparison between deep-UV (257.5 nm, LEAP 6000 XR), UV (343 nm, La-WATAP — Cameca),
and green (515-532 nm, La-WATAP - Cameca) laser illumination reveals the fundamental role
of optical absorption and electronic excitation in controlling the field evaporation process in this
highly insulating material.

Notably, we are interested in only a partial part of the results, concerning the defects in
the APT silica matrices and not the comparison UV /deep-UV lasers in terms of evaporation
efficiency. Thus, the following sections will be mainly focused on the former aspect, whereas the

latter will be instead poorly treated (more details about it can be found though in Ref. [213]).

5.2.1 SiO, Matrices in APT Display Defects

A first important observation concerns the feasibility of APT measurements under these condi-
tions. Analyses performed using green light were generally unsuccessful, as the samples system-
atically fractured before a sufficient number of ions (typically < 10°) could be collected. This
behavior is directly related to the low optical absorption of silica at these wavelengths. Because
the material absorbs poorly in the green spectral range, the incident laser energy is not effi-
ciently converted into localized electronic excitation. Instead, it leads to excessive and spatially
delocalized heating, which promotes mechanical failure before a stable evaporation regime can
be established.

In contrast, the use of UV and deep-UV illumination significantly improves the success rate of
the analyses, as displayed in Figs. (a) and (b). Under these conditions, a lower onset voltage
is sufficient to reach the target evaporation rate, allowing the acquisition of datasets containing
millions of ions. The improved performance with respect to green light can be attributed to
the higher absorption coefficient of silica at shorter wavelengths, which enables a more efficient

coupling between the laser pulse and the electronic system of the material.
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Figure 5.1: Three-dimensional atomic reconstruction of the analyzed silica samples, showing the
spatial distribution of ionic species. Silicon and oxygen are represented as gray and cyan dots,
respectively, while carbon, sodium, gallium, and platinum are shown as iso-surfaces in dark brown,
green, yellow, and orange, with composition thresholds of 18%, 12%, 45%, and 25%, respectively.
These latter species originate from the FIB-SEM sample preparation procedure. The reconstructions
were obtained from (a) deep-UV (LEAP) laser-assisted atom probe tomography (La-APT), using a
starting radius of 15 nm and a cone angle of 6.5°, and (b) UV (LaWATAP) La-APT, using a starting
radius of 15 nm and a cone angle of 15°. Adapted from Ref. [213].

Sodium (green in Fig. [5.1]), deriving from the matrix precursor (sodium silicate), is also
detected throughout the reconstructed volume. Its concentration is slightly higher at the tip
apex, suggesting a redistribution process. This behavior is consistent with field-driven migration
of alkali ions. The presence of clusters of Pt and C within the silica matrix is also captured.
These species are introduced during sample preparation FIB analysis and are found to infiltrate
the porous structure of the material. A notable difference between deep-UV and UV analyses
concerns diffusion. Under deep-UV illumination, the distribution of Pt, Ga, and C appears
more diffuse, indicating enhanced atomic mobility. This might be attributed to the stronger
laser-induced heating, which facilitates diffusion processes. Additionally, when the silica region
is small, direct irradiation of the Pt weld can further increase local temperatures, assisting
evaporation (lowering the relative evaporation barrier of ions).

The mass spectra obtained under deep-UV and UV illumination exhibit similar dominant
features. The most intense peaks are observed at 14 Da and 16 Da, corresponding to Si** and
O™ ions, respectively. Additional peaks are identified at 28 Da (Si*), 32 Da (O3 ), 44 Da (SiO*),
and 60 Da (SiO5). Some smaller contributions at 22-23 Da correspond to sodium originating
from the precursor solution. Intriguingly, there is also a consistent detection of Ga, Pt, C species

(also present in the resolved 3D tip in Fig.[5.1]). These contaminant atoms constitute structural
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defects that should be further analyzed, as they might modify the SiO2 properties. To recall, the
more conductive the silica, the more the field enhancement near the tip apex, the more effective
the APT analysis.

Figure 5.2: (a) Mass spectra of silica samples measured in the ranges [0-80] Da (upper) and [80-
230] Da (lower) using deep-UV (dusty pink spectrum) and UV (orange spectrum) illumination. For
deep-UV, 17 million ions were collected at a laser energy of 250 pJ (energy density 80 J/m?) with a
detection rate of 0.5% ions/pulse at a base temperature of "= 50 K. For UV, 17 million ions were
collected at 50 nJ (energy density 70 J/m?) with a detection rate of 0.25% ions/pulse at T = 50
K. (b) time-of-flight (TOF) spectrum from the APT analyses of silica samples using deep-UV (black
line) and UV (orange line) illumination. The TOF spectra in were fitted using the cooling equation
reported in Ref. [213], yielding cooling times of 7.35 ns for deep-UV and 0.5 ns for UV analyses.
Notably, deep-UV conditions promote a slower thermal relaxation of the tip, primarily due to the
smaller cone angle and resulting reduced heat dissipation, which leads to longer cooling times and
broader peak tails with respect to UV. Adapted from Ref. [213].

5.2.2 Defects Alter the Absorption Properties of the SiO, Matrices utilized
in APT

A second analysis concerns the measuring of absorption properties of silica matrices utilized in
APT through UV/Vis spectroscopy. The absorbance was measured with a Hewlett- Packard
8453 UV /Vis spectrometer, which was blanked against air. The absorption spectrum obtained is
shown in Fig. and exhibits a nearly constant absorbance above 400 nm, which can be partially
attributed to light scattering due to the non-ideal flatness of the sample. However, more relevant
features appear at shorter wavelengths, where two distinct increases in absorbance are observed

around 400 nm and, more prominently, around 300 nm.
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A key quantitative result is that the absorbance increases by approximately a factor of three
when moving from 343 nm (UV) to 258 nm (deep-UV). Since these photon energies lie below
the fundamental band gap of silica, this behavior cannot be explained by intrinsic band-to-
band transitions. Instead, it provides direct experimental evidence for sub-bandgap absorption
mechanisms, which are typically associated with defect-induced electronic states.

This experimental observation directly correlates with the APT results. Despite similar
incident laser energy densities (70-80 J/m?), deep-UV illumination enables stable evaporation
at significantly lower electric fields compared to UV illumination (not shown here). This implies
that the energy deposited into the electronic system is more efficiently absorbed in the deep-UV
range. Consequently, more effective electronic excitation leads to enhanced energy transfer to
the lattice, increasing the local temperature at the tip apex and assisting field evaporation. In
other words, a higher absorption leads to the generation of more free charges and thus to a
higher energy transfer into the structure, which in turn leads to a higher temperature of the
silica matrix. This also means that an extremely high electric field is not required to evaporate
the surface atoms, reducing the risk of sample breakage. When many free charges diffuse in
the sample, the resistivity of the silica also decreases, so the potential drop along the tip is also
reduced due to the resistivity effect. This increases the effective electric field at the surface and

thus evaporate the atoms more easily.

Figure 5.3: Absorption spectrum of a 0.6 mm thick silica sample that has been blanked against air.
The standard deviation is shown in grey. Adapted from Ref. [213].
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5.3 The DFT Study

The combination of experimental measurements and first-principles simulations a key aspect
within this thesis. As stated in the previous sections, first—principles DFT calculations com-
bined with linear optical response theory provide a complementary theoretical perspective by
allowing the identification of defect—related electronic states and their corresponding spectro-
scopic signatures. While DFT has well-known limitations in describing excitation energies, its
ability to capture the main structural and electronic characteristics of defect states makes it
particularly valuable for studying sub-band-gap optical absorption effects.

In this context, the present work aims to employ DFT-based simulations to investigate the
structural, electronic, and optical properties of defective amorphous silica, by comparing results
from both pristine and defect-containing matrix models. This approach allows to identify the
spectroscopic fingerprints associated with particular defect types and to assess how variations
in defect concentration or local structural disorder influence the optical properties of the ma-
terial. In this way, it should be possible to link the presence of defects in the SiOy samples to
the enhanced optical absorption observed experimentally, which is strongly connected to APT
performances, as explained in the last section.

Typically, in APT matrices lots of defects can be found. Point defects involving oxygen and
hydrogen are among the most common in SiOy matrices. Oxygen vacancies can be generated
by the removal of bridging oxygen atoms, leading to the formation of undercoordinated silicon
centers, while hydrogen is typically incorporated as an interstitial species or bonded to oxygen,
forming silanol (Si-OH) groups. These defects are particularly prevalent near surfaces and in
sol—gel-derived silica, where incomplete network formation and exposure to ambient conditions
promote their formation.

The needle shaped specimen is typically mounted to a Tungsten pre-tip with a glue that can
contain Carbon or Gallium impurities. These atoms might shift from the support to the silica
matrix, originating there several defects within the matrix network, that can be substitutional
or interstitial (see below). In particular, the use of FIB for lift-out can lead to substitution
or displacement of atomic constituents by the implantation of Ga™ ions, which can lose all
their kinetic energy through elastic and inelastic interactions in the sample and be adsorbed;
depending on the Ga ion concentration, this can lead to significant changes in the structural and
optical properties of the sample. Lastly, residual Na atoms can be incorporated as interstitial
species, often deriving from the initial silicate sodium solution utilized to initiate the sol-gel
polymerization process.

For all these reasons, several types of defects were considered, including hydrogen and oxygen
defects, carbon impurities, residual sodium, or also gallium at different concentrations. Specifi-

cally, this work focuses on two classes of point defects:
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e substitutional defects, in which a host atom of the silica matrix —either silicon or
oxygen— is replaced by a foreign atom, such as carbon or gallium (e.g. Si — Ga), while

preserving the original lattice site.

e interstitial defects, where an atom of the same or a different chemical species (e.g.
Sodium) occupies an interstitial position within the silica network, i.e. a site that is
normally unoccupied in the ideal crystal structure. For example, interstitial gallium defects

correspond to gallium atoms residing at non-lattice sites within the silica framework.

Different SiO9 matrices were also considered in this work. In fact, the optical absorption spectra
for three diverse DFT-optimized models of pure amorphous silica (see Fig. were evaluated
in combination of the defect conditions aforementioned. All silica structures are characterized
by a cubic box of 1.426 nm size with 192 atoms at a density of 66.2 atoms/nm?, representing
relative minima in the potential energy landscape. Also other box sizes were investigated, but

only results from systems displaying a 1.426 nm cubic box will be reported.

Figure 5.4: Atomistic models of defect-free SiOo simulation supercells containing N = 192 atoms,
corresponding to a cubic box with edge length L = 1.42 nm. Oxygen atoms are shown in red and
silicon atoms in yellow. Adapted from Ref. [213].

5.4 Simulation Protocol

This section describes the simulation protocol utilized for every DFT calculation, within the
Quantum ESPRESSO package [156].

5.4.1 DFT and Optical Properties

The optical properties of the analyzed systems are evaluated within the framework of linear
response theory by calculating the imaginary part of the complex dielectric tensor, 6&25(00),

where a and 8 denote the tensor components with respect to a set of Cartesian axes. Its spatial
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average is directly related to the absorption coefficient, up to a proportionality factor. In the
present calculations, local field effects (LFE) are neglected, and the expression for 6?5 (w) is
given by equation [215] 216], similar to equation but discretized:
2,2

can(w) = gm n%:k o8 (0)3(Enic — Bnxe — hw), (5.4)
where e is the electron charge, §2 is the volume of the simulation cell, N is the number of k-points
used to sample the Brillouin zone, and m is the electron mass. The quantity Mgg/(k) represents
the squared matrix element connecting the initial and final electronic states via the perturbation
induced by the electromagnetic field. The transitions occur between states belonging to different
bands n and n’ at the same crystal momentum k, with energies E,, and FE,, ., respectively. This
expression is derived in the long-wavelength limit. The Dirac delta functions are broadened using
a small smearing parameter in order to avoid unphysical transitions with infinite lifetimes. See

Chapter [2], Section [2.6] for more details.

5.4.2 Exchange—Correlation Functional Utilized

The calculation of the dielectric tensor 6?;; (w) was carried out as follows. The ground-state

electronic density was obtained using a plane-wave basis set with an energy cutoff of 80 Ry and
the Perdew—Burke-Ernzerhof (PBE) exchange—correlation functional [I58]. Within the same
functional, the effect of an external constant electric field on the electronic properties of pristine
amorphous silica was also investigated, revealing negligible modifications for all configurations
considered.

To improve the description of the electronic band gap, hybrid functional calculations were
subsequently performed using the Heyd—Scuseria—Ernzerhof (HSE06) functional [2I7]. This
approach yields a band gap of approximately 8 eV for amorphous silica (see Fig. , in good
agreement with experimental values reported in the range of 8-9 eV [218] 219] 220)].

The Heyd—Scuseria—Ernzerhof (HSE) hybrid functional is based on a range separation of
the Coulomb interaction into short-range (SR) and long-range (LR) components using the error
function:

1 erfe(wr) erf(wr)

1_ , 5.5
r T + r ( )

where w is the range-separation parameter. In the HSE functional, w typically defines the range
separation of the Coulomb interaction into short-range and long-range components. erfc and erf
denote the complementary error function and the error function, respectively. The first term
represents the short-range contribution, while the second term corresponds to the long-range

part. The parameter w controls the spatial extent of the short-range interaction. Physically, it
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Figure 5.5: Effect of the DFT functional: average of the imaginary part of the dielectric tensor along
the orthogonal Cartesian directions. Amorphous silica matrix using a PBE exchange-correlation
functional (dark green colour) compared to a hybrid HSE06 functional (red colour).. Adapted from
Ref. [213].

defines a screening length rscreen ~ 1/w, beyond which the Coulomb interaction is treated at the
semilocal level. In the standard HSE06 parametrization, w = 0.11 bohr—!, corresponding to a
screening length of approximately 5 A. As a result, exact (Hartree-Fock) exchange is included
only at short distances, where electronic interactions are strongest and localization effects are
most important, while long-range interactions are described using the PBE exchange functional.
This screened hybrid approach significantly reduces the computational cost compared to full-
range hybrid functionals, while retaining an improved description of localized electronic states,
such as those associated with defects.

Within this framework, the exchange—correlation energy is written as:
Epd® = aBT N (w) + (1 - a) By PP (w) + By PP (w) + ECPF, (5.6)

where:

e « is the fraction of exact exchange,

o BN PSR i5 the short-range Hartree—Fock exchange,

o EY BESR and EFPBELR e the short- and long-range components of the PBE exchange,

° EFBE is the PBE correlation functional.
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In the standard HSEO6 parametrization, the parameters are a = 0.25, w = 0.11 bohr™*

The short-range Hartree-Fock exchange term is explicitly given by:

occ

EHESE _ Z// )5 (e erfc|(w|r : D%( Nabi (') de ' (5.7)

The use of the screened Coulomb interaction in the exchange term ensures that exact exchange is
included only at short range, which significantly reduces the computational cost while preserving

an improved description of localized electronic states.

5.4.3 External Electric Field

A constant electric field of 20 V/nm was applied along the horizontal direction during DFT
calculations. This field strength is comparable to experimentally estimated values derived from
the charge-state ratio (CSR) in APT analyses performed by our colleagues within the MIMOSA
Project [213].

5.4.4 Generation and Optimization of Amorphous Structures and Defective
Structures

In atomistic simulations of disordered materials, it is standard practice to initialize the system
from a well-defined, defect-free crystalline structure in order to avoid introducing uncontrolled
artifacts at the outset. In the present work, 8-cristobalite is selected as the starting configuration.
This phase is a high-temperature crystalline polymorph of SiO,, composed of a network of
corner-sharing SiOy4 tetrahedra. Its local tetrahedral coordination closely resembles the short-
range order of amorphous silica, making it a suitable precursor for generating realistic glassy
structures.

The atomic number density is fixed to 0.0662 atoms/AB, corresponding to a mass density
of approximately 2.2 g/cm?, in agreement with experimentally measured values for amorphous
silica. This choice ensures that the resulting structures are physically meaningful and repre-
sentative of amorphous materials. Starting from an ideal periodic S-cristobalite configuration
at this density guarantees the absence of pre-existing defects and provides a controlled initial
condition for subsequent amorphization.

The crystalline structure is then transformed into an amorphous network through a melt—quench
and relaxation procedure. In this work, the Monte Carlo (MC) approach introduced by Wooten,
Winer, and Weaire is employed to efficiently generate defect-free amorphous configurations [221].
In this method, the atomic structure is represented as a continuous random network, and the

bonding topology is modified through a sequence of bond-switching moves. Initially, a series of
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random bond rearrangements is performed to disrupt the crystalline order, effectively random-

izing the network.

Figure 5.6: Model of the amorphous silica matrix: (a) SiOy simulation cell containing N = 192
atoms, corresponding to a cubic box with edge length L = 1.42 nm. The structure is defect-free;
oxygen atoms are shown in red and silicon atoms in grey. (b) Corresponding pair distribution function.
Adapted from Ref. [213].

Following this randomization step, the system is annealed at constant volume by progres-
sively lowering the temperature. At each step, atomic displacements and bond rearrangements
are proposed and accepted or rejected according to a Boltzmann probability criterion, based on
the associated change in potential energy. The energy evaluation is carried out using an empirical
force field parametrized for SiOy [222], ensuring a realistic description of interatomic interac-
tions. This approach is conceptually similar to molecular dynamics-based annealing procedures,
but offers improved efficiency in exploring configurational space [223] 224].

The Wooten—Winer—Weaire (WWW) algorithm enables the generation of fully amorphous
structures while preserving the fourfold coordination of silicon atoms, thereby avoiding the
introduction of coordination defects. As a result, the obtained configurations correspond to
low-energy, defect-free amorphous silica networks that are well suited for subsequent electronic
structure calculations.

The final amorphous structures are contained within cubic simulation cells with periodic
boundary conditions. To assess finite-size effects, three different system sizes are considered,
corresponding to cubic boxes with edge lengths of L = 10.283, 14.26, and 21.39 A. These models

provide a consistent basis for investigating the structural and electronic properties of amorphous
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SiOq across different length scales. Since results did not vary too much, only the 14.26 box will
be presented in the results, represented in Fig.

At this point, defects can be introduced into amorphous silica models in several ways:

e Oxygen vacancies: Created by removing an oxygen atom, leading to the formation of

Si-Si bonds (E’ centers). This will be named as Oxygen defect.

e Dangling bonds: Generated by breaking Si—O bonds without recombination; in some
cases, an Hydrogen atom can be inserted close to the Oxygen atom, so that a silanol
group forms (OH), leaving the Si atom without a bond. This last case takes the name of

Hydrogen defect.
e Interstitial: Additional atoms inserted into the network, like Ga or Na.
e Substitutional: Replacing a Silicon atom with a C or Ga atom.

After introducing defects, optimization procedures like full structural relaxation is performed
to allow the system to reach a local energy minimum. Notably, for defective silica structures,
only the atomic positions were optimized, while the simulation supercell was kept fixed in order
to preserve the target density. As a result, the cubic box is characterized by fixed lattice
vectors throughout the relaxation procedure. The structural optimization was performed using
a Broyden—Fletcher—Goldfarb—Shanno (BFGS) quasi-Newton algorithm [156], with convergence
thresholds of 10~° Hartree/Bohr for the forces and 10~¢ Hartree for the total energy.
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5.5 Results of Optical Absorption Evaluations through DFT

This section focuses on the results deriving from DFT calculations performed on several SiOq
amorphous matrices containing different defect types. Details about the creation of silica model
structures can be found in Section To recall, pure silica has a very large band gap, but
in the context of APT, three effects might reduce it: first, the presence of defects might give
origin to new energy levels inside the band gap, populated by electrons receiving energy from
the external field. Second, the presence of such strong field lowers the energy difference between
occupied and unoccupied states (a weak band-gap narrowing). Third, phonon excitation and/or
lattice distortion might arise due to the heating of the sample during irradiation. The bandgap
energy of insulators such as silica decreases with increasing temperature, as the amplitude of
atomic vibrations increases, leading to larger interatomic distances and thus weaker orbital in-
teraction. Note that, when many free charges diffuse in the sample (i. e. smaller bandgap),
both the temperature and the effective electric field at the tip surface are increased and ions
evaporate more easily. By systematically introducing representative defects into realistic amor-
phous models, the goal of this Chapter is to understand the role that defects and impurities play
in modifying the optical absorption properties of silica, specifically focusing on the ultraviolet
(UV) and deep-ultraviolet (DUV) regions, spanning photon energies from 3.1 to 6.2 eV, and
from 6.2 to 12.4 eV, respectively.

5.5.1 Preliminary Analyses on the Amorphous SiO; Models
Convergence Analysis on the Box Size of the amorphous SiOs Models

When analyzing with DFT amorphous silica bulks, some aspect must be carefully analyzed:
first, the absence of long-range order necessitates the use of large supercell models to capture
the inherent structural disorder. Typically, supercells containing hundreds of atoms are often
required to capture realistic disorder and defect distributions. In our case, three types of peri-
odic, cubic supercells where created, with L = 10.28, 14.26 and 21.42 A, containing amorphous
Si02. Second, the diversity of possible defects—ranging from intrinsic point defects to extrinsic
impurities such as carbon, hydrogen, or metal ions—requires systematic investigation of multiple
configurations. For this reason, the following results have three replicates, as shown in Fig.

To obtain a convincing interpretation of the role of defects in the absorption properties of
amorphous silica in the APT setup, the DFT-derived optical absorption spectra of the three
different optimized supercells were calculated, in order to perform a convergence analysis with
respect to the cell size: the main objective is to find the minimum cell box edge, in order to
retain physical accuracy while lowering computational costs.

Fig. displays the imaginary part of the dielectric tensor, e2(w) for the three amorphous
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Si02 models of edge 1.03 nm (N = 72 atoms - red), L = 1.42 nm (N = 192 atoms - green), and
L = 2.14 nm (N = 648 atoms, yellow). The spectra exhibit a clear dependence on the system
size, particularly for the smallest cell: a spurious peak appears in the energy range between
7 and 8 eV, which is absent in the larger simulation cells. This feature could be attributed
to finite-size artifacts, artificial interactions between periodic images insufficient sampling of
the disordered network, which can lead to unphysical electronic transitions. In contrast, the
spectra corresponding to the larger supercells (L = 1.42 nm and L = 2.14 nm) are qualitatively
consistent. Although slight differences are observed in the fine structure of the main absorption
peak around 10 eV, these variations can be ascribed to the intrinsic structural disorder of
the amorphous network rather than finite-size effects. Importantly, the fundamental band gap
remains unchanged between these two models, indicating that the electronic structure is well
converged with respect to system size.

These results demonstrate that a supercell with L = 1.42 nm (N = 192 atoms at a density
of 66.2 atoms/nm?) is sufficient to accurately describe the optical properties of amorphous silica
within the present computational framework. Therefore, the N = 192 model represents an
optimal compromise between accuracy and efficiency for the calculation of e2(w) in amorphous
SiOs.

Figure 5.7: Imaginary part of the dielectric tensor for three amorphous SiO; models with different
supercell sizes: L = 2.14 nm (N = 648, yellow), L = 1.42 nm (N = 192, green), and L = 1.03
nm (N = 72, red). The smallest cell exhibits a spurious peak between 7 and 8 eV, which is absent
in larger systems. While the fine structure of the main peak around 10 eV varies slightly due to
structural differences, the band gap remains unchanged for the L = 1.42 nm and L = 2.14 nm cells.
This indicates that a box size of L = 1.42 nm is sufficient to avoid spurious interactions between
periodic images when evaluating optical properties. Adapted from Ref. [213].

Three replicates of the 192-atoms supercell were generated (Fig. . Fig. shows the real and
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imaginary parts of €(w) and the refractive index, which lies between 1.5 and 1.7 in the energy
range of interest (8-10 eV), for the the three defect-free amorphous structures. These three

structures serve as starting configurations, to which representative defects are added. Optical

Figure 5.8: (a) Real and imaginary part of the dielectric function for the three silicon dioxide samples
in Fig. .4} calculated with the exchange-correlation functional HSE06. (b) Refractive index of the
silica sample 1 (green line) in Fig. , calculated with the exchange-correlation functional HSEQ6 in
comparison to experimental data (black line). Adapted from Ref. [213].

properties of such defective configurations were subsequently evaluated within density functional
theory using the HSE06 hybrid exchange—correlation functional [217]. The use of a hybrid
functional is essential to obtain an accurate description of the electronic structure, in particular
the band gap, which directly affects the calculated absorption spectra and, consequently, the

imaginary part of the dielectric function.

5.5.2 Defects Play a Major Role in Optical Response Compared to the APT
Static Field

The atomic evaporation process in APT occurs under the combined influence of a strong static
electric field and an external laser field. To isolate and understand the role of the static field, its
effect on the optical absorption properties of silica matrices was first investigated. A constant
electric field of 20 V/nm was applied along the horizontal direction. This field strength is
comparable to experimentally estimated values derived from the charge-state ratio (CSR) in
APT analyses.

The optical properties for each configuration were computed using DFT, first within the
framework of the Perdew—Burke-Ernzerhof (PBE) exchange-correlation functional. The result-

ing absorption spectra were analyzed with a consistent reference energy scale, where the zero
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of the energy axis is aligned with the top of the valence band for all configurations. This
choice of energy reference facilitates direct comparison between different systems and highlights

field-induced modifications in the electronic structure and optical response.

A systematic red shift of the optical absorption spectrum is observed in all three samples
when compared to the zero electrostatic field case (see Fig. (a)). This shift results in a
slight reduction of the band gap in amorphous silica. However, the magnitude of the shift
remains relatively small and does not significantly alter the overall absorption characteristics of
the material. These findings suggest that the applied static electric field does not fundamentally
modify the optical response of amorphous silica, but instead induces subtle and systematic

perturbations in its electronic structure.

Figure 5.9: (a) Influence of the static electric field: average of the imaginary part of the dielectric
tensor along the orthogonal Cartesian directions for the three SiO, samples. Pristine amorphous
silica matrix without electric field (violet, orange and green lines) and with a constant electric field
of 20 V/nm along the x direction (black, blue and red lines). (b) Amorphous silica matrix with a
non-bridging oxygen defect without electric field (orange line) and with a constant electric field of 20
V/nm along the x direction (violet line). These calculations were performed with a PBE functional
that notoriously underestimates the fundamental gap. Adapted from Ref. [213].

In contrast, the presence of structural defects leads to a much more pronounced effect. Specif-
ically, when a bridging oxygen atom is removed from the amorphous silica network, a red shift
of approximately 1 eV is observed in the absorption spectrum (violet line in Fig. (b)), which
is significantly larger than in the defect-free case (orange line in Fig. (b)). This behavior
is expected, as defects introduce localized intra-gap states, enhancing low-energy optical transi-
tions that can be captured within the absorption response. Therefore, while the static electric
field alone has a limited impact, its combination with structural defects plays a critical role in

tuning the optical properties of amorphous silica.
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5.5.3 Optical Response of Typical Defects Present in APT Analyses

A range of representative defects for APT was studied. Such impurities are known to form
during sol-gel synthesis and specimen preparation processes (e.g., lift-out FIB-SEM), and may
significantly influence laser light absorption. The defects considered include interstitial C, H, O,
and Na atoms, as well as both interstitial and substitutional gallium atoms, in configurations ei-
ther with or without nearby oxygen vacancies. The optical properties of each defective structure
were computed using density functional theory (DFT) with the HSE06 exchange—correlation
functional, which provides a significantly improved description of the band gap of amorphous
silica compared to PBE, as reported in Fig.

Carbon Defects

Figure 5.10: (a) Absorption spectra (right panel) of the silica sample shown in the left panel for
one substitutional carbon atom (in blue color) replacing silicon (yellow color); (b) absorption spectra
(right panel) of the silica samples with three (as shown in the left panel) to five interstitial carbon
atoms (blue color in the left panel of the figure). Adapted from Ref. [213].
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Fig. [5.10| (a) presents the calculated absorption spectra for silica structures containing substi-
tutional carbon defects, generated by replacing a silicon atom with a carbon atom (blue atom
shown in the left panel). Various configurations and amorphous environments were explored,
yielding consistent results without significant variations. Fig. |5.10| (b) shows the absorption
spectra for systems containing multiple interstitial carbon atoms (three to five atoms inserted
into the silica network, shown in blue in the left panel). These configurations represent higher

defect concentrations and varying local bonding environments.

Fig.[5.10[ (a) reveals that substitutional carbon defects have a negligible impact on the optical
absorption properties of silica. This behavior can be understood from the electronic structure
of amorphous SiOg, where the valence band maximum is primarily composed of nonbonding
O 2p orbitals. Consequently, replacing silicon with carbon does not significantly perturb the
band structure or alter the band gap, in agreement with the computed absorption spectra. In
contrast, interstitial carbon defects lead to a substantial increase in intragap optical absorption,
particularly in the energy range between 4 and 8 eV. This enhancement arises from the in-
troduction of localized defect states within the band gap, which facilitate additional electronic

transitions at lower photon energies.

These results suggest that while substitutional defects are relatively benign, interstitial car-
bon impurities —especially at higher concentrations— play a critical role in enhancing light absorp-
tion in the deep-UV region. This provides a plausible explanation for the increased absorption

observed experimentally.

Oxygen and Hydrogen Defects

The shape of the optical absorption spectrum is significantly altered by the introduction of
specific point defects, such as an interstitial hydrogen atom bonded to oxygen or a bridging
oxygen vacancy, across different configurations of the three representative silica samples (see
Fig. . In the case of interstitial hydrogen, the formation of O—H bonds leads to the emer-
gence of multiple but modest intragap absorption peaks in the energy range between 4 and 8 eV
(see Fig. (a) and (b)). Similarly, the creation of a bridging oxygen vacancy gives rise to
distinct intragap features, although these are shifted toward higher energies, typically between
6 and 8 eV (see Fig. (c)). As a result, the presence of such defects effectively reduces the
optical gap and enhances sub-band-gap absorption. This behavior is consistent with experi-
mental observations, where a reduction of the apparent band gap and increased absorption in
the ultraviolet and deep-ultraviolet regions are reported. Therefore, these results highlight the
critical role of hydrogen-related defects and oxygen vacancies in governing the optical response

of defective silica.
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Figure 5.11: Absorption spectra of the silica samples shown in panel (a), for (b) interstitial hydrogen
(H def., blue color) bound to oxygen and (c) for an oxygen vacancy (O def., red color) in different
configurations compared to the defect-free amorphous structures of Fig. (no def.). Adapted from
Ref. [213].

Sodium Defects in Relation to Oxygen Vacancies

Another investigation was carried out, concerning the potential impact of sodium species in
relation to SiO2 configurations involving oxygen vacancies. Previous atomistic simulations have
provided detailed insight into the structure of sodium silicate glasses, showing that sodium
atoms tend to cluster in alkali-rich regions and preferentially associate with nonbridging oxygen
atoms [225], 226]. To capture these effects, two representative configurations were modeled: (%)
a sodium molecule embedded within the silica matrix to mimic clustering in alkali-rich regions
(see left panel of Fig.[5.12f (a)), and (7) a sodium molecule positioned near oxygen vacancies to
represent aggregation around non-bridging oxygen sites (see left panel of Fig. [5.12[ (b)).

The results in the right panel of Fig.[5.12] (a) indicate that the presence of interstitial atomic
(blue, green) or molecular (red) sodium alone does not significantly modify the optical absorp-
tion spectra of the silica matrix. In particular, no defect-induced states are observed within
the band gap (4-8 eV). Instead, the resulting spectra can be interpreted as a superposition of
the contributions from isolated atomic sodium (blue and green curves), molecular sodium (red
curve), and pristine silica (orange curve). In contrast, when bridging oxygen vacancies are in-
troduced (see left panel of Fig. (b)), sodium atoms tend to aggregate in the vicinity of
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these defects. This leads to a noticeable increase in optical absorption in the energy range of
approximately 4-6 eV (see right panel of Fig. (b)). This energy range is consistent with

experimental observations obtained under deep-UV irradiation, typically around 4.8 eV.

These findings suggest that while sodium alone has a negligible effect on the optical properties
of silica, its interaction with intrinsic defects such as oxygen vacancies can enhance sub-band-gap

absorption, thereby contributing to the experimentally observed optical response.

Figure 5.12: (a) Left: optimized configuration for interstitial sodium defects (violet atoms) in the
amorphous silica matrix. Right: absorption spectra of the silica samples without (orange line) and
with (blue and green lines) the interstitial sodium atoms, or with molecular sodium (red line). (b) Left:
optimized configuration for molecular sodium near a bridging oxygen vacancy inside the amorphous
silica matrix. Right: Absorption spectrum of the amorphous silica sample in the simultaneous
presence of a sodium molecule in the vicinity of a bridging oxygen vacancy (violet line) and in
pristine (defect-free) form (orange line). Adapted from Ref. [213].
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Gallium Defects in Relation to Oxygen Vacancies

Finally, the optical absorption properties induced by the presence of gallium impurities in the
silica matrix were tested, considering both interstitial (green atoms in Fig. (a)) and substi-
tutional (blue atoms in Fig. (b)) configurations, as well as their interaction with bridging

oxygen vacancies. Simulations reveal that substitutional incorporation of gallium leads to the

Figure 5.13: (a) Model of a silica sample with the simultaneous presence of several interstitial
gallium atoms (green), one and two oxygen vacancies (red); (b) model of a silica sample with the
simultaneous presence of two substitutional (blue) and one interstitial (green) gallium atom. (c)
Absorption spectra of silica samples with two substitutional gallium atoms (blue line) also in the
presence of interstitial gallium atoms (green line). (d) Absorption spectra of different silica samples
with different numbers of interstitial gallium atoms without oxygen defects, at least in the vicinity.
(e) Absorption spectra of different silica samples with different numbers of interstitial gallium atoms,
which may be close to or far from the oxygen vacancy. Adapted from Ref. [213].

emergence of metallic states at the Fermi level (see green and blue features around 0 eV in
Fig. (c)). This results in a conductive electronic structure, which is in clear contradic-
tion with experimental observations where gallium-doped silica remains insulating. Therefore,
a purely substitutional model for gallium incorporation is unlikely to accurately represent the

atomic-scale configuration in experimentally studied samples. In contrast, interstitial gallium
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defects introduce localized intragap electronic states (see Fig. [5.13| (d)), which enhance optical
absorption, particularly at low photon energies. However, the concentration of gallium plays a
critical role: when the number of interstitial Ga atoms exceeds five within the simulation cell
(corresponding to a concentration of approximately 2%), metallic states emerge at the Fermi
level (see cyan curve in Fig. [5.13| (d)), again leading to a conductive behavior inconsistent with
experiments.

At lower concentrations, specifically for four interstitial gallium atoms, the material remains
non-metallic while exhibiting a significant increase in optical absorption starting from approx-
imately 3.5 eV (see blue curve in Fig. [5.13| (d)), even in the absence of oxygen-related defects.
This behavior provides a plausible explanation for experimentally observed absorption features
in the UV and deep-UV spectral regions. These results indicate that interstitial gallium de-
fects can modify the local electronic structure by introducing defect states within the band gap
without necessarily inducing full metallization, depending on their concentration and spatial
distribution within the host matrix.

Furthermore, the combined effect of interstitial gallium atoms and bridging oxygen vacancies
was examined. Fig. [5.13| (e) shows the resulting absorption spectra for configurations with one
(O def.) or two (2 O def.) oxygen vacancies, either located in close proximity to (O def. close)
or far from (O def. far) the interstitial gallium atoms, for gallium concentrations up to 6%. The
results demonstrate that the interplay between gallium defects and oxygen vacancies further
enhances intragap absorption.

Overall, these findings suggest that the coexistence of interstitial gallium atoms and oxy-
gen vacancies in various configurations might contribute to the experimentally observed optical
absorption in the UV and deep-UV range, together with the other tested defects.
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5.6 Conclusive Remarks

The present study provides a comprehensive investigation of the optical absorption properties
of sol—gel silica in the context of laser-assisted atom probe tomography (La-APT) under green,
ultraviolet (UV), and deep-ultraviolet (DUV) illumination. The results demonstrate that the
improved performance of UV and DUV La-APT, compared to green illumination, originates
from the enhanced optical absorption of silica at shorter wavelengths, primarily induced by the
presence of intrinsic and extrinsic defects.

Defects such as oxygen vacancies, as well as interstitial impurities introduced during synthesis
and sample preparation (e.g., C, H, Na, and Ga), give rise to localized electronic states within
the band gap. These states enable sub-bandgap optical absorption, particularly in the UV and
DUV energy ranges. Increased absorption leads to a higher generation of free charge carriers,
promoting more efficient energy transfer to the lattice and resulting in enhanced local heating
of the silica matrix. Consequently, lower external electric fields are required to trigger field
evaporation, thereby reducing mechanical stress and minimizing the risk of specimen fracture.

Additionally, the increase in free carrier density reduces the effective resistivity of the ma-
terial, mitigating potential drops along the tip and enabling a higher effective electric field at
the apex. This facilitates more stable evaporation conditions. Experimental absorption spectra
confirm a significant increase in absorption at wavelengths below 300 nm, with an enhancement
by nearly a factor of three between 343 nm and 258 nm [213], consistent with the presence of
defect-induced sub-bandgap states.

Density functional theory (DFT) calculations using the HSE06 hybrid functional corrob-
orate these findings. This thorough defect analysis has highlighted four particularly relevant
cases: (i) the oxygen vacancy that disrupts the Si-O—Si network by breaking a Si—Si bond; (ii)
the interstitial hydrogen defect that passivates and weakens the oxygen bonds; (iii) an oxygen
vacancy with a Nag molecule nearby; (iv) interstitial and substitutional gallium atoms, which
could originate from the synthesis process of the needle-shaped silica specimens for the APT
analyses, also in the presence of bridging oxygen vacancies. It was shown that these specific de-
fects —particularly interstitial carbon, hydrogen-related defects, oxygen vacancies, and sodium
in the presence of vacancies— enhance absorption in the DUV region, while having a limited
effect in the UV range. The computed spectra exhibit very low absorption at photon energies
around 3.6 eV, even at high defect concentrations, supporting the experimentally observed lower
efficiency of UV illumination compared to DUV.

The role of gallium impurities, potentially introduced during focused ion beam (FIB) prepa-
ration, has also been examined. Substitutional gallium and high concentrations of interstitial
gallium lead to the formation of metallic states at the Fermi level, which is inconsistent with

the experimentally observed insulating behavior of silica. In contrast, moderate concentrations
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of interstitial gallium (on the order of 2%), particularly in the presence of oxygen vacancies,
introduce intragap states that enhance absorption in the 3.5-5 eV range without inducing met-
allization. These configurations might provide a possible explanation for experimentally observed
absorption features.

The influence of strong static electric fields, on the order of 20 V/nm, has also been assessed.
The results indicate that such fields induce only minor modifications in the optical absorption
spectrum, suggesting that the optical response of amorphous silica is robust under APT-relevant
field conditions.

Finally, although the present DFT approach captures the essential role of defect-induced ab-
sorption, further theoretical improvements—such as the inclusion of excitonic effects via many-
body perturbation theory (e.g., Bethe-Salpeter equation)—would provide a more accurate de-
scription of the optical response. However, such methods remain computationally demanding for
systems of this size. Future work should therefore focus on more complex defect configurations
and multiscale approaches to fully elucidate the interplay between defects, optical absorption,

and evaporation mechanisms in silica-based systems.



Conclusions

My PhD research was conducted within the broader framework of the MIMOSA project, a
large-scale European-funded consortium that brings together numerous research groups across
several European countries. The consortium is characterized by its interdisciplinary nature, en-
compassing expertise ranging from experimental investigations to theoretical modeling. During
the course of my PhD, I had the opportunity to collaborate with two experimental research
groups: the group led by A. Vella at the University of Rouen (France), and the group led by M.
Andersson at Chalmers University of Technology in Gothenburg (Sweden). These collaborations
provided valuable experimental perspectives that complemented the theoretical aspects of my
work.

Atom Probe Tomography (APT) has recently emerged as a promising technique for the
structural characterization of biological systems at the single-molecule level. Traditionally de-
veloped for conductive and semi-conductive materials, APT faces intrinsic challenges when ap-
plied to biomolecules, primarily due to their fragility, low electrical conductivity, and sensitivity
to external fields and thermal perturbations. Early explorations into bio-APT demonstrated
that embedding biological specimens within a stabilizing matrix—most notably amorphous sil-
ica—can mitigate these limitations by providing mechanical support, chemical protection, and
improved field evaporation conditions. This strategy has opened a pathway toward extending
APT into the realm of structural biology, with the long-term goal of achieving near-atomic
resolution reconstructions of biomolecular systems while preserving their native conformational
landscape.

Within this context, the three computational studies considered here —in Chapters [3] [
and collectively establish a coherent and multiscale understanding of the key processes
governing silica-assisted APT of biological materials. Rather than addressing isolated aspects,
they converge toward a unified picture in which the success of APT in biological applications
depends critically on the interplay between silica chemistry, electronic excitation mechanisms,
and field-driven evaporation dynamics. Their conclusions, when integrated, define both the
current capabilities and the fundamental constraints of the technique.

A central conclusion emerging from the first study is that silica encapsulation is not a passive
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embedding process but an active, highly selective interaction between silica species and biomolec-
ular surfaces. The speciation of silica —whether monomeric or oligomeric— plays a relevant role in
determining how the matrix forms and stabilizes around the target molecule. Monomeric species
behave largely as a homogeneous solvent component, exerting minimal structural influence. In
contrast, oligomeric species exhibit a strong propensity to accumulate at the biomolecular in-
terface, displacing water and forming structured, persistent adsorption layers. This distinction
leads to a key conceptual advancement: the early stages of silica matrix formation are governed
by cooperative and localized interactions rather than uniform condensation. The resulting ma-
trix is therefore inherently heterogeneous at the nanoscale, with regions of enhanced silica density
correlating with specific structural features of the biomolecule. In particular, flexible and in-
trinsically disordered regions emerge as preferential nucleation sites for silica adsorption. Their
conformational plasticity and exposure of hydrophilic and charged residues create energetically
favorable conditions for interaction with oligomeric silica species. From a structural perspec-
tive, this selective adsorption has a dual implication. On one hand, it preserves the integrity of
well-folded domains, confirming that silica embedding can maintain native-like conformations
in structured regions. On the other hand, it actively modulates the dynamics of disordered
segments, reducing their conformational freedom and, in some cases, stabilizing transient sec-
ondary structures like a-helices. The conclusion is therefore not merely that APT-compatible
embedding is feasible, but that it introduces a controlled perturbation of the conformational

ensemble — one that can potentially be exploited to probe otherwise elusive structural states.

The second study extends this understanding into the field evaporation regime, addressing
one of the most critical bottlenecks in APT of insulating materials: the efficient and controlled
removal of ions under extreme electric fields. The key conclusion here is that ion evaporation
from insulating silica cannot be explained solely in terms of static electric field strength. Instead,
it is governed by a complex coupling between ionization (charge transport), electronic dynam-
ics, and transient field parameters/conditions. The introduction of single-cycle, high-intensity
Terahertz (THz) pulses reveals a fundamentally new evaporation mechanism in the context of
SiO9 matrices. The observed polarity dependence —where negative pulses dramatically enhance
evaporation efficiency while positive pulses suppress it— demonstrates that the temporal struc-
ture and directionality of the electric field are as important as its magnitude. This resulting
asymmetry is not a trivial experimental artifact but a direct manifestation of the underlying
electron dynamics in an insulating environment. The theoretical models developed in this study
lead to a decisive conclusion: electron emission and subsequent electron dynamics near the tip
apex are the primary drivers of evaporation in these systems. In particular, negative pulses
induce conditions that favor electron extraction followed by partial backscattering toward the

tip. This process results in localized energy deposition, effectively generating nanoscale thermal
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hotspots. These transient heating events lower the activation barrier for cation evaporation,
assisting and enabling efficient ion emission even in materials with poor intrinsic conductivity.
This mechanism redefines the role of electronic processes in APT. Rather than acting merely
as a background facilitator of field evaporation, electron dynamics becomes the central element
controlling evaporation efficiency. The implication is profound: by tailoring the temporal and
polarity properties of the THz single-cycle pulse, it is possible to manipulate evaporation path-
ways in a controlled manner. Moreover, the conclusion that such polarity-dependent effects
could not be restricted to the THz regime suggests a broader applicability of this mechanism

across different excitation conditions, provided that sufficient electron emission is achieved.

The third study completes the picture by addressing the optical properties of silica un-
der laser-assisted APT (la-APT) conditions. Its primary conclusion is that the efficiency of
laser-assisted evaporation in the APT amorphous SiOs tip is fundamentally limited —and si-
multaneously enabled— by defect-mediated optical absorption. Pure silica has a very large and
wide band gap (circa 9 eV). However, the presence of intrinsic and extrinsic defects introduces
localized electronic states within the band gap, enabling sub-bandgap absorption and thereby
facilitating energy transfer from the laser pulse to the material. This leads to a crucial insight:
defects are not merely unavoidable imperfections but functional components that determine the
operability of the technique. Their presence enhances the generation of free charge carriers,
increases local heating, and reduces the effective electric field required for evaporation. Conse-
quently, defect engineering becomes a central parameter in optimizing APT performance. The
study further concludes that not all defects contribute equally. Specific configurations —such as
oxygen vacancies, hydrogen-related defects, and impurity complexes involving light elements—
are particularly effective in enhancing deep-UV absorption without compromising the insulating
nature of the material. In contrast, excessive incorporation of certain species, such as gallium,
can induce metallic behavior, which is detrimental to controlled evaporation. This establishes a
delicate balance between enhancing optical absorption and preserving the electrical characteris-
tics necessary for stable APT operation. An additional important conclusion is that the optical
response is largely independent of the high-field environment characteristic of APT, but only

when defects are not introduced.

When considered together, these three studies converge toward a unified framework for silica-
assisted APT of biological systems. The encapsulation process defines the initial structural state
of the biomolecule within a heterogeneous and functionally active matrix. The optical properties
of this matrix, governed by its defect landscape, determine how efficiently external energy can
be coupled into the system. Finally, the interplay between electronic excitation and transient
electric fields dictates the mechanisms by which ions are ultimately evaporated and detected.

The final conclusion is that successful application of APT to biological materials requires a
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holistic optimization strategy that simultaneously addresses chemical, structural, electronic,
and optical factors.

Importantly, these works collectively suggest that the limitations traditionally associated
with APT of insulating and biological materials are not fundamental barriers but challenges that
can be overcome through targeted control of material properties and excitation conditions. Silica
is not simply a protective medium but a multifunctional component that mediates every stage
of the experiment —from sample preparation to ion detection. Thus, to recall, by tuning silica
speciation during embedding, engineering defect populations to optimize optical absorption, and
exploiting advanced pulsed-field techniques to control electron dynamics, it becomes possible to
achieve stable, high-resolution measurements while preserving the essential structural features
of the biomolecule.

In this light, APT could emerge in the future not only as a viable tool for biological analysis
but as a technique with unique capabilities. Its sensitivity to both atomic composition and
local environment, combined with the ability to probe individual molecules, positions it as a
complementary approach to established structural biology methods. Looking forward, these
studies described in this thesis suggest several key directions. Optimization of key steps such as
silica polymerization, evaporation conditions and meaningful defect incorporation might lead to
large improvements in APT pipelines. Moreover, advanced theoretical methods (for instance,
Machine Learning techniques) that might bridge electronic and atomistic levels of detail, will
further refine our understanding of the fundamental APT mechanisms. Finally, systematic
experimental validation across a broader range of biomolecular systems will be necessary to
fully establish the generality of the observed phenomena, that for the moment are just somehow
confined to a “proof of concept” framework.

In conclusion, the combined findings of these studies —having a dual nature, computational
and experimental- define a coherent and predictive framework, that leads to an integrated
perspective providing a solid foundation for the development of APT as a powerful tool for

single-molecule structural analysis.



Other Projects

In parallel with the main research activities carried out within the Statistical and Biologi-
cal Physics Group, my PhD work has also involved several collaborative projects that either
originated before my enrollment in the doctoral program or were initiated during its course.
Although these studies addressed different biological questions, they shared a common method-
ological framework: the investigation of specific protein—ligand interactions through computa-
tional molecular modeling and simulations, with the aim of complementing and rationalizing
experimental observations obtained by the collaborating research groups. The collaborations

included:

e the Laboratory of Translational Defects of Gene Expression at the Institute of Biophysics
(CNR-IBF, Trento), led by Dr. Gabriella Viero. This project investigates the interaction
between a known small-molecule ligand a specific protein, implicated in the pathophysiol-
ogy of spinal muscular atrophy (SMA). The study aims to elucidate the molecular basis of
such interaction and its potential role, by flanking the most relevant experimental outcomes

with molecular docking and molecular dynamics simulations.

e the Armenise-Harvard Laboratory of Cell Division within the Department of Cellular,
Computational and Integrative Biology of the University of Trento, led by Prof. Luca
Fava. This collaboration concerns the study of NS-methyladenosine (m®A), the most
abundant internal RNA modification in eukaryotic messenger RNA. The deposition of
mOA is catalyzed by the methyltransferase complex composed primarily of METTL3 and
METTL14. Aberrant m®A methylation has been implicated in numerous human diseases,
particularly cancer. Consequently, the METTL3-METTL14 complex has emerged as an
attractive therapeutic target, promoting the development of several small-molecule in-
hibitors aimed at modulating its methyltransferase activity. Although these inhibitors
have shown promising preclinical results, the potential emergence of resistance-conferring
mutations in METTL3 or METTL14 represents a possible challenge for their future clini-
cal application. Such mutations could reduce inhibitor binding while preserving enzymatic

function, ultimately compromising therapeutic efficacy. This project aims at identifying
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the molecular mechanisms underlying the interaction between a subset of drugs and clini-
cally relevant mutants, through an integrated computational and experimental approach.
In particular, I employed —and am currently using— molecular dynamics simulations and
enhanced sampling techniques based on free-energy calculations, including metadynam-
ics, to characterize the effects of several mutations on ligand binding and conformational

dynamics.

the Bio-organic Chemistry Laboratory and the Laboratory of Protein Crystallography and
Structure-Based Drug Design at the University of Trento, specifically Dr. Jacopo Vigna
and Prof. Graziano Lolli. Specifically, the aim of this study was to identify and characterize
small-molecule inhibitors of YTHDF proteins capable of disrupting the recognition of m®A-
modified RNA. Particular emphasis was placed on elucidating the non-covalent binding
mechanism of ebselen and its structural effects on the YTH domain to provide a framework
for the rational design of improved YTHDF inhibitors. In this very broad context, my role
was to support with molecular dynamics simulations and enhanced methods (mainly well-
tempered metadynamics and localized volume-based metadynamics) the most informative

experimental outcomes.

The preliminary results of the first two collaborations obtained so far are currently subject to

intellectual property protection and some are also undergoing patent procedures. Consequently,

their scientific findings cannot be disclosed yet. Finally, the third collaboration has not reached

a sufficiently advanced stage to be published, yet. However, I decided to insert a comprehensive

description of its scientific rationale and computational methodology in Appendix [C] The cor-

responding molecular simulations and data analyses are currently underway, and the complete

results are expected to become available in the near future.
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A.1 Supplementary Figures

Figure A.1: RMSD of the control (red) and test (blue) trajectories of the transmembrane domain of
IL22RA1. Clearly, the helix does not converge to a specific structure at these simulation timescales
in both scenarios. Adapted from Ref. [115].
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Figure A.2: Dendrogram of the hierarchical clustering analysis on the merged (control, test) trajectory
of the transmembrane helix of IL22RA1, whereby five clusters were isolated based on the dynamical
evolution of the secondary structure elements. Adapted from Ref. [115].

Ubiquitin
] J
]

SUMO-1
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]

Figure A.3: Covering factor of Ubiquitin and SUMO-1 by silica precursors - i.e., the fraction of silicon
atoms within 4 A (black), 6 A (blue), 8 A (green) of the protein surface (data are averaged over MD
replicates). The monomeric and mixed scenarios are shown as dotted and solid lines respectively.
Threshold distance criteria are based on the RDFs shown in Fig. [3.9] Results are averaged among
the three replicates for each studied system. Adapted from Ref. [116].
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A.2 Simulation Protocol for the Reproduction of the Dupuis et
al. Results

The ReaxFF simulations in this thesis follow the protocol established by Dupuis [I73], in which
a hybrid grand canonical Monte Carlo (GCMC) and parallel tempering (PT) approach is used

to enhance sampling of silica gel structures.

A.2.1 Software and Initial Configuration

All simulations were performed using the LAMMPS molecular simulation package. The initial
atomic coordinates were taken from and consisted of a 100 Si(OH)4 molecules placed into a

water box of 35-30-15 A; periodic boundary conditions were applied in all directions.

A.2.2 Force Field

Atomic interactions were described using the Fogarty et al. ReaxFF model [175].

A.2.3 Energy Minimization and Equilibration

Prior to production sampling, the system was energy-minimized using the LAMMPS implemen-
tation of the Steepest Descent algorithm [I79]. Equilibration consisted of a canonical ensemble
(NVT) run for 100 ps with a timestep of 0.1 fs at T = 298 K using the Langevin thermostat
implementation of LAMMPS [I79]. For such small equilibraiton times and without PT or ex-
tremely high temperatures, chemical reactions among the Si(OH)4 molecules are extremely rare,

so there is no need to worry about silica polymerization.

A.2.4 Production Simulation

Production sampling was conducted for 1 ns under the same NVT conditions of equilibration,
with the same timestep of 0.1 fs, with PT and GCMC implementations within the LAMMPS
suite [179].

A.2.5 Hybrid GCMC-PT Scheme for Reactive MD

To model water exchange and structural relaxation in reactive silica systems, a hybrid simula-
tion approach was employed, that couples GCMC with PT within a ReaxFF-based molecular
dynamics (MD) framework. This methodology enables efficient sampling of both configurational
and compositional phase space, particularly in systems where bond formation and breaking are

relevant.
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GCMC Step with MD Relaxation

Each GCMC cycle consists of a sequence of 10 trial moves, where each trial is separated by 10 fs
of MD in the NVT ensemble. Unlike traditional GCMC schemes that consider only particle

insertion or deletion, each trial move here includes:
e An insertion or deletion of a water molecule,
e A short MD relaxation to allow local structural rearrangement.

The acceptance or rejection of a trial move is determined using a Metropolis criterion based on

the Boltzmann-weighted energy difference between the initial and final states:
Pacceptance = min (17 exp [_/8 (AE - MHzOAN)]) s (Al)

where § = kT, AE is the energy difference after the insertion/deletion plus relaxation, pm,o0
is the chemical potential of water, and AN is the change in the number of water molecules.
This strategy allows inserted molecules to diffuse toward energetically favorable sites before
evaluation, leading to significantly higher acceptance rates compared to conventional GCMC

moves, albeit at a higher computational cost.

Chemical Potential Calibration

The chemical potential of water, pum,o0, is determined from separate bulk simulations using
ReaxFF. A value of u1,0 = 225 kcal /mol was found to reproduce a density of 1 g/cm3. Adjusting

this parameter allows controlled hydration or dehydration of the silica network in the box.

Parallel Tempering Phase

Following each GCMC phase, the system undergoes a PT simulation consisting of 500 steps. A
set of 16 replicas is simulated at temperatures ranging from 300 K to 1000 K. Replica exchange
attempts are performed with a ratio of 1 exchange attempt every 10 MD steps. The acceptance

probability for replica exchange is governed by:

Pyyvap = min (1,exp [(8; — B;)(E; — E;)]), (A.2)

where i and j denote neighboring replicas. An average exchange acceptance rate of approxi-
mately 10% ensures efficient sampling across the PT ladder and helps overcome energy barriers,
such as the ~ 15 kcal/mol barrier associated with siloxane bond formation under gelation con-

ditions [I73]. At temperature T, the relevant thermal energy scale is given by kpT. At 300 K:
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kT =~ 0.6 kcal/mol. At 1000 K: kpT =~ 2.0 kcal/mol Therefore, a barrier of 15 kcal/mol
corresponds to: ~ 25 kgT at 300 K, ~ 7-8 kgT at 1000 K.

Alternating GCMC and PT Cycles

The overall simulation alternates between GCMC and short PT phases. During the GCMC
stage, the number of water molecules is equilibrated according to the imposed chemical potential,
while the PT phase enhances configurational sampling and facilitates structural transitions. This
combined approach is particularly suited for modeling the silica gel formation, in which slow

chemical reactions and solvent exchange play a critical role.
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A.3 Modeling the pH in Molecular Dynamics

Modeling the effect of pH in molecular dynamics (MD) simulations is essential for accurately
describing systems where protonation states play a critical role, like for example the ones studied
in this thesis, composed by biomolecules and silicon—oxide interfaces. Unlike standard MD, where
protonation states are fixed, constant-pH molecular dynamics (CpHMD) allows these states to
fluctuate in response to the imposed pH. This section provides a comprehensive overview of the

theoretical frameworks, practical implementations, and limitations of CpHMD methods.

Notably, this is something different from what described in the previous sections: here the
aim is not to model reactivity, but to monitor the system dynamics according to a given pH
value. For example, all the notions that are present in the following lines could be used to study
how a ligand modifies the local pH within its binding pocket, stabilizing a protonation state
that is not favoured by e.g. water (apo-state of the bidning pocket). This section is inspired by
Refs. [227, 22§].

A.3.1 Fundamental Concept of Constant-pH Simulations

In constant-pH simulations, the protonation state of titratable sites is treated as a dynamic
variable coupled to the thermodynamic reservoir defined by the pH. The probability of a given

protonation state is governed by:

P x exp [—B (E(r,n) + ZniMH+>

7

: (A.3)

where r are atomic coordinates, n represents protonation states, F is the potential energy, py+

is the chemical potential of the proton. The proton chemical potential is related to pH through:
pu+ = pp+ + kT In(10) - pH. (A4)

and this equation is proportional to the energy needed to insert a proton into a molecule. In
the next sections two approaches will be explained, that integrate in two different ways such

concepts.

A.3.2 Discrete Constant-pH Molecular Dynamics

In the discrete approach, protonation states are treated as binary variables (protonated /deprotonated),

and transitions are performed via Monte Carlo (MC) moves interleaved with MD. A trial change
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in protonation state is accepted or rejected using a Metropolis criterion:
Picc = min (1,exp [-5 (AE + AGpn))) , (A.5)

where:
AGpu = kT In(10) - (pH — pK,) - An. (A.6)

Here, AFE is the energy difference between protonation states, An = +1 is the change in proton
count, pK, is the intrinsic acidity constant of the site. This scheme resembles GCMC, where

proton insertion/removal is analogous to particle exchange. A possible algorithm workflow can

be:
1. Run MD for a fixed number of steps.

2. Select a titratable site, e.g. amino acid within a protein. This choice can be random (i.e.
givena set of titrable sites, select one every fixed number of timesteps), or sequential (every
fixed number of timesteps, perform steo 3., 4. and 5. over every titrable site, one after the
other).

3. Attempt protonation/deprotonation.
4. Accept/reject via Metropolis criterion.

5. Continue MD with updated state. If the solvent is explicit, perform a relaxation step

before continuing, in order to let the system adapt to the insertion of new sets of atoms.

This approach is intuitively highly computationally expensive.

A.3.3 Continuous Constant-pH Molecular Dynamics

In continuous CpHMD, protonation is described by a continuous variable A € [0, 1], interpolating
between protonated and deprotonated states. The formalism of continuous CpHMD starts from
a Hamiltonian re-formulation and is very close to what happens for Free Energy Perturbation
methods [229] 230]:

H(r,\) = (1 = A)Hprot (r) + AHdeprot () + Upias(A), (A.7)

where Up;ns enforces correct thermodynamics under a given pH value (see later). The A coor-
dinate plays a pivotal role in this formalism: the protonation state of a titratable site is not
treated as a discrete variable, but rather as a continuous coordinate A € [0,1]. This variable

provides a smooth interpolation between two physical states:
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e )\ = 0: fully protonated state,
e )\ = 1: fully deprotonated state.

Intermediate values (0 < A < 1) correspond to nonphysical hybrid states, which are nevertheless
useful for enhancing sampling and enabling continuous transitions. In equation [A77] the total
Hamiltonian of the system depends explicitly on A, as Hpror and Hgeprot are the Hamiltonians
of the protonated and deprotonated states, and Upias(A) is a biasing potential ensuring correct
thermodynamic weighting. This linear interpolation effectively mixes force field parameters
(charges, bonded terms, etc.) between the two states.

The A variable is treated as an additional dynamical degree of freedom with an associated

fictitious mass my. Its evolution follows:

OH(r,\)

A= TN

. (A.8)

This allows A to evolve continuously during the simulation, enabling spontaneous transitions
between protonation states.
The equilibrium distribution of A is related to the free energy difference between protonation

states. The effective free energy profile along A is:
F(\) = —kgTIn P(\), (A.9)

where P()) is the probability density of observing a given A. To recover physically meaningful

protonation states, one typically enforces a double-well potential:
Urestrain(A) = k)\)\Q(l - >\)27 (AIO)

which favors A &~ 0 and A\ =~ 1. The effect of pH is introduced via a biasing term, Upias(\), also

written as:
Upt(A) = kT In(10) (pH — pK,) A, (A.11)

which shifts the relative stability of the A states. If pH < pK,, the protonated state (A =~ 0)
is favored; if pH > pK,, the deprotonated state (A =~ 1) is favored. Although intermediate A

values do not correspond to real chemical states, they:
e Lower free energy barriers between protonation states,
e Enable efficient sampling,

e Allow coupling with standard MD integrators.



A.3 Modeling the pH in Molecular Dynamics 215

Thus, A acts as an alchemical coordinate that transforms one chemical state into another in a
continuous manner, analogous to free energy perturbation or thermodynamic integration meth-

ods.

A.3.4 Coupling Constant-pH Methods with Replica Exchange

To enhance sampling, CpHMD can be combined with Replica Exchange Molecular Dynamics
(REMD) (equivalent of Parallel Tempering), either in temperature or pH space.
In the former case (temperature space), each replica is simulated at a different temperature

T;, with exchange probability:
Pewap = min (1, exp [(8; — B5)(E; — Ey)]) (A.12)

This improves barrier crossing in both conformational and protonation spaces. Alternatively, in

the pH space implementation, replicas differ in pH values. The acceptance criterion becomes:
Pywap = min (1, exp [—5ln(10)(pHi — ij)(Nj — Nz)]) , (A.13)

where N; is the number of bound protons in replica 3.
Also hybrid temperature-pH exchange schemes can be utilized. A generalized exchange

criterion:

Piwap = min (1, exp [— (B E; + BipiNi — B E; — BipiNj)]) - (A.14)

This allows simultaneous sampling of temperature and proton chemical potential.

A.3.5 Applicability of CpHMD to the Systems in this Thesis

Applying CpHMD to systems such as the Waterglass or the Mixed scenarios is conceptually

appealing but practically challenging. Key limitations are:

o Computational Cost: CpHMD requires additional sampling over protonation states, sig-
nificantly increasing computational expense. Think about the fact that, in principle, every
silica molecule has four titrable sites, and there are also the ones coming from the protein

amino acids.

e Timescale Mismatch: Gelation and siloxane formation involve barriers (~ 15 kcal/mol)
that already require enhanced sampling (e.g., PT). Adding CpHMD further complicates

convergence.

In conclusion, while constant-pH methodologies provide a rigorous framework for modeling
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proton-coupled phenomena, their application to large-scale systems displaying lots of titrable

sites remains limited by computational cost.
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B.1 Supplementary Figures

Figure B.1: APT analysis of the SiOy and LaBg samples. (a) SEM Image of the APT chamber; the
needle-shaped sample is attached to a Tungsten (W) support with a Tungsten glue. (b) Scheme of
the whole APT chamber. Adapted from Ref. [184].
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Figure B.2: Low repetition rate TERA-SAT setup (1 kHz). THz radiation generation involves a
two-color plasma process where a high-energy NIR beam is focused through a lens and a BBO
crystal, converting part of the fundamental wave into its second harmonic to produce a bi-chromatic
femtosecond beam. This beam forms a plasma filament that emits a broadband THz pulse. Adapted
from Ref. [184].
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Figure B.3: Comparison of the results obtained with the two potentials shown in panels (a) and
(c) is reported for a fixed amplitude of a single-cycle IR pulse with frequency w = 0.799898 eV,
corresponding to a wavelength of 1.55 um, in panels (bl) and (d1). The maximum amplitude is
0.15 atomic units. The light and dark green curves correspond to the positive pulse, while the cyan
and blue lines represent the negative pulse. Panels (b2) and (d2) show the position of Atom?2 as
a function of time, while panels (b3) and (d3) display its velocity under the different conditions.
Finally, panels (b4) and (d4) report the total charge inside the simulation box. On the left-hand
side (metal-like case, panels (a) and (b1-b4)), Atom2 evaporates when a positive pulse is applied in
conjunction with the static external field (light green line), as a result of the strong ionization shown
in panel (b4). On the right-hand side (insulating-like case, panels (c) and (d1-d4)), evaporation does
not occur. This behavior is consistent with the findings for THz pulses reported in Fig. 8 of the main
text, although a larger pulse amplitude is required in the present case. Adapted from Ref. [184].
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Case of Study: The YTHDF1-Ebselen Compound Interaction

This Chapter contains details and preliminary results of a study cited in Chapter [7] whose aim
is to find clues about the interaction between the the YTHDF1 protein and one of its inhibitors,
Ebselen, an organoselenium compound. Ebselen is a particular molecule, as it contains the
Selenium (Se) element, and is also classified as a covalent drug. Thus, a first introductory
section will be dedicated to the description of this particular family of compounds, with a
specific focus on the Ebselen and its inhibitory interaction with the YTHDF1 protein. A second
section presents the scientific aim that I had to pursue in this very large collaboration, followed
by a third and fourth section describing the simulation protocol employed and some preliminary
results, respectively. More details about the cited experimental procedures in this Chapter can
be found in Refs. [231], 232], that also represent the fundamental basis of this study.

C.1 Introduction

C.1.1 Covalent Drugs

Covalent drugs form a covalent bond with their biological target. Although historically consid-
ered risky because of potential off-target reactivity and chemically reactive metabolites, they
have become an important class of therapeutics, with successful examples including aspirin, peni-
cillins and several kinase inhibitors. When properly designed, covalent inhibitors can achieve
high potency, prolonged target inhibition and activity against targets that are difficult to mod-
ulate with conventional reversible ligands [233].

The mechanism of action of a covalent inhibitor generally involves two sequential steps, as

follows:
kon k2
T+I=T.1 = T-1 (C.1)
koff k72

First, the ligand binds reversibly to the target protein, forming a non-covalent complex char-
acterized by the equilibrium constant k; = ,f“—f’} This recognition step correctly positions the

electrophilic warhead (a reactive electrophilic functional group) close to a nucleophilic amino
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acid residue and largely determines target selectivity. Subsequently, the covalent bond is formed
with rate constant ko, yielding either a reversible or irreversible covalent complex depending
on the chemistry of the warhead. For irreversible inhibitors, the reverse rate constant (k_z) is
effectively zero, resulting in permanent target inactivation until new protein is synthesized.

Because inhibition depends on both binding affinity and covalent bond formation, conven-
tional ICsg values alone are often insufficient to characterize covalent inhibitors. Their apparent
potency is influenced by both k; and ko, as well as by additional factors such as the lifetime of
the covalent complex and the target protein turnover rate.

Selectivity primarily arises from the non-covalent recognition step rather than from highly
reactive electrophiles. Once the ligand is correctly oriented within the binding pocket, the
proximity between the electrophilic warhead and the target nucleophile greatly accelerates the
reaction. Consequently, moderately reactive warheads are generally preferred over highly reac-
tive electrophiles, which tend to react indiscriminately with off-target proteins and are frequently
classified as PAINS [234]. Rational design therefore aims to combine a highly selective binding
scaffold with an appropriately reactive warhead.

A wide variety of electrophilic warheads have been developed for targeted covalent inhibitors.
Among these, «, f-unsaturated amides (Michael acceptors) are the most widely used because
they efficiently react with cysteine residues while maintaining relatively low intrinsic reactivity.
Other warheads have been designed to target cysteine, lysine, tyrosine, serine, threonine and ad-
ditional nucleophilic amino acids, considerably expanding the applicability of covalent inhibition
strategies [233] 235].

The irreversible nature of many covalent inhibitors provides sustained pharmacological ef-
fects, since recovery of target activity depends on de mowvo protein synthesis rather than drug
clearance. Furthermore, covalent inhibitors can retain efficacy against certain resistance muta-
tions, which often reduce the binding affinity of reversible inhibitors without completely pre-

venting covalent bond formation.

C.1.2 The Ebselen Compound

Selenium is an essential trace element involved in redox homeostasis through several seleno-
proteins. Owing to its higher nucleophilicity, polarizability and redox activity compared to
sulfur, organoselenium compounds have attracted considerable interest in medicinal chemistry
[236], 237].

Ebselen (2-phenylbenzisoselenazol-3(2H)-one) is one of the best-known organoselenium com-
pounds. It exhibits low toxicity and broad pharmacological activity, including antioxidant,
antibacterial, antiviral and anticancer effects [238], 239]. Its antioxidant properties arise mainly

from its glutathione peroxidase-like activity and modulation of the thioredoxin system.
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Ebselen acts as a reversible covalent inhibitor by reaction of its electrophilic selenium atom
with cysteine residues, forming a Se—S bond that can be cleaved under reducing conditions.
This mechanism underlies its activity against several biological targets, including the SARS-
CoV-2 main protease (MP™) [240] (see Fig. [C.1)). The favorable biological profile of ebselen
has stimulated the synthesis of numerous selenium- and sulfur-based analogues with improved

potency and selectivity.

Figure C.1: The mechanism of the Se-S covalent bond formation by reaction with a cysteine residue
on the electrophilic selenium atom in the SARS-CoV-2 main protease (MP™). In blue the pecu-
liar histidine-catalyzed SNAr-like mechanism, leading to the selenylation of Cysl45. Adapted from
Ref. [232].

C.1.3 Ebselen as a covalent inhibitor of YTHDF proteins

Researchers from the Bio-organic Chemistry Laboratory and the Laboratory of Protein Crys-
tallography and Structure-Based Drug Design (University of Trento) reported in a previous
study [231] that ebselen covalently binds a conserved cysteine residue located adjacent to the
mOA recognition pocket of YTHDF1-3 proteins.

Specifically, ebselen was identified as a small-molecule inhibitor of YTHDF proteins through
a tryptophan fluorescence quenching screening assay, exploiting the intrinsic fluorescence of the
aromatic residues forming the mSA recognition pocket. After a screening of a library of 2560
bioactive molecules, this compound showed interference with the YTH domains of YTHDF1 and
YTHDF2, while no interaction was observed with YTHDC1. This selectivity was attributed to
the presence of a conserved cysteine residue (C412 in YTHDF1) located near the m%A-binding
pocket (see Fig. , which is replaced by serine in YTHDC1. Further biochemical and biophys-
ical analyses confirmed that ebselen inhibits mSA-RNA recognition through a covalent mecha-
nism involving its selenium reactive group. More details regarding all the employed experimental

procedures can be found in Ref. [231].
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Figure C.2: Crystal structure of the YTH domain of the YTHDF1 protein (PDB code: 4RCJ).
The mSA-modified RNA is contained in the PDB file and shown in green, with only the NS-
methyladenosine residue highlighted (the resolved 3D profile contains three more nucleotides). The
cysteine residue C412, located near the mSA recognition domain, is also shown. Adapted from
Ref. [232].

The structural basis of ebselen activity was elucidated by X-ray crystallography, performed on
the YTHDF1 YTH domain in complex with the ligand. The crystal structure confirmed the
formation of a covalent bond between the selenium atom and C412, positioning the compound
close to the m%A recognition site, mainly composed of three tryptophan residues which define
a narrow hydrophobic pocket for the modified nucleotide. Ebselen adopts two slightly different
binding conformations in the crystal structure (PDB code: 7PCU [241]) as seen in Fig.
while maintaining interactions with residues surrounding the hydrophobic recognition groove.
The N-phenylformamide moiety establishes contacts with D401, R404, S405, 1410 and W411,
whereas the selenobenzene group extends towards the region containing K471, G472 and K473.

C.1.4 The Relevance of the 5435 Loop of YTHDF1 for the Inhibitory Mech-

anism

The inhibitory mechanism of ebselen is mainly related to the disruption of the conformational
rearrangement of the 5435 loop required for m®A recognition and stabilization. In the mSA-
bound YTHDF1 structure, this loop adopts a defined conformation that positions W465 together
with W411 and W470, forming the aromatic cage responsible for methylated adenine recogni-
tion, as seen in the 4RCJ PDB file (see Fig. [C.2). Covalent attachment of ebselen to C412
prevents this rearrangement, resulting in loop destabilization and disorder. Fig displays a
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Figure C.3: Co-crystal structures of Ebselen (green) covalently bound to C412 of YTHDF1 domain
(gray) (PDB code: 7PCU). The blue dotted lines highlight the disordered loop conformation (for
this reason, not present in the resolved structure) that disrupts the m6A binding domain. A slightly
different orientation can be noted in chain A (left) and chain B (middle). On the right, the overlap
of the two chains emphasizes the different poses assumed by Ebselen. Adapted from Ref. [232].

structural comparison between the m®A-bound and ebselen-bound structures, revealing steric
incompatibilities between the compound and residues S461, A462, V464 and W465, preventing
the formation of the m%A-binding competent conformation. Moreover, ebselen binding induces
the displacement of W465 and W470, generating a new pocket architecture compared with the
native m®A-recognition state. This rearranged conformation provides a structural framework
for the development of new YTHDF inhibitors exploiting the ebselen-induced binding site [231].
Based on these findings, additional selenium- and sulfur-containing analogues were and are cur-
rently being investigated to further optimize inhibition of mSA-RNA recognition by YTHDF
proteins [242].

Interestingly, there is also another structure of YTHDF1 that was recently resolved. Com-
pared with the previously reported YTHDF1 structures, PDB 7YZ8 [243] provides an alternative
conformational state of the 435 loop that differs from both the active m%A-bound (4RCJ)
and the ebselen-bound (7PCU) structures.

In the canonical m®A-bound structure (PDB: 4RCJ), the 5435 loop adopts a closed confor-
mation that positions W465 together with W411 and W470 to form the aromatic cage required
for m%A recognition. In contrast, the 34-35 loop in PDB: 7YZ8 remains well ordered but un-

dergoes a pronounced conformational rearrangement, resulting in different orientations of W465
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Figure C.4: Comparison of the $4—/35 loop conformations in YTHDF1. Left: structured loop and
mOYA recognition domain in the binding-competent conformation. Right: disordered loop induced by
covalent binding of Ebselen (compound 1a in the image) to C412. The superposition highlights the
displacement of W465 caused by the aromatic moiety of Ebselen and the rearrangement of W470.
The positions of W411 and D507 remain largely conserved between the two structures. Adapted
from Ref. [232].

and W470 and the establishment of an alternative network of aromatic interactions compared
with the canonical m%A-bound state. Consequently, the aromatic cage is not assembled in a
binding-competent conformation, giving rise to a distinct binding pocket. Moreover, this rear-
rangement increases the solvent accessibility of the nearby C412 residue, potentially facilitating
the binding of Ebselen.

Unlike the ebselen-bound structure (PDB: 7PCU), where covalent attachment of ebselen
to C412 results in a largely disordered $4—-35 loop and disruption of the aromatic cage, 7YZS8
demonstrates that the loop can adopt a stable alternative conformation in the absence of ligand
binding.

To sum up, Fig. reports all the key details of the three YTHDF1 PDB files. These
structures highlight the intrinsic conformational plasticity of the S4-35 loop and identify this
region as a promising target for structure-based inhibitor design [244] 241] [245].
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Figure C.5: Comparison of the three PDB files representing three different states of the 84—35 loop.
Left: alternative conformational state of the 34—35 loop without presence of endogenous ligands or
inhibitors. C412 is more accessible. Middle: unresolved (thus, disorered) loop induced by covalent
binding of Ebselen to C412 (7PCU). Right: structured loop and mSA recognition domain in the
binding-competent conformation (4RCJ), that completely covers C412. Color code: ebselen and the
resolved piece of mMRNA containing m6A (only the sidechain of the methylated Adenine is shown)
are reported in red; the three Tryptophans constituting the m6A binding pocket (W411, W466 and
W470) are displayed in green, together with the 54—35 loop; C412 is reported in yellow.

C.2 Aim of The Study

Up to here, available structural data indicate that the 84—35 loop plays a central role in reg-
ulating the accessibility of the YTHDF1 mSA-binding pocket. In the canonical m®A-bound
structure (PDB: 4RCJ), the loop adopts a closed conformation that assembles the aromatic
cage and buries C412 beneath the recognition site. Conversely, in the ebselen-bound structure
(PDB: 7PCU), covalent attachment of the ligand to C412 is associated with a non-resolved
54—85 loop and disruption of the aromatic cage. Stating that the loop is completely disordered
would be inaccurate without a structural proof, but at least it is reasonable to say that it is in an
open form, so that C412 becomes accessible to ebselen. More recently, the alternative crystal
structure 7YZ8 revealed that the loop can also populate a stable ordered conformation dis-
tinct from both 4RCJ and 7TPCU, exposing a different pocket architecture and suggesting that
the YTH domain samples multiple conformational states separated by significant free-energy
barriers rather than behaving as a simple open/closed switch [241] 246], 247].

These observations raise a fundamental mechanistic question: how does ebselen reach C412 to
initiate covalent bond formation? If the active m®A-bound conformation (4RCJ) is maintained
also without the presence of the mRNA or also if the loop stays in the 7YZ8 form, the cysteine

appears poorly accessible to solvent and ligand. Therefore, before investigating the chemical
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reaction leading to covalent bond formation, it is essential to characterize the preceding non-
covalent recognition event, that should bring the compound close to C412. As described at the
begining of this Chapter, in a typical covalent inhibition mechanism, the first affinity (k;) is
determined by the initial reversible binding step, whereas the subsequent covalent reaction is
described by the inactivation rate constant (k2), assuming k_o null. The present study therefore
focuses on the first step of this process, namely the structural pathway through which ebselen

can access C412: in other words, K; should be estimated somehow.

To address this question, plain molecular dynamics and also localized volume-based well-
tempered metadynamics simulations were performed starting from the three available structural
states (PDB: 4RCJ, 7YZ8 and 7TPCU), representing three completely different conformations of
the loop, that will be named closed (4RCJ), semi-open (7YZ8), and open —or disordered-
(7PCU), respectively. By selectively enhancing the conformational sampling of Ebselen and the
£4-85 loop, these simulations aim to characterize and quantify the accessibility of C412, and
identify which structural state provides the most favorable pathway for the initial recognition

of ebselen prior to covalent bond formation.

C.3 Simulation Protocol

C.3.1 Crystal Structures

The crystal structures of the three systems investigated in this study (4RCJ, 7PCU, and 7YZS8)
were obtained from the RCSB Protein Data Bank [124]. For 7TPCU, missing residues of the loop
were reconstructed employing the Modeller interface [130] in UCSF Chimera [131]. Moreover,
the covalent-bound Ebselen molecule was removed. The purpose of this procedure is to have a
conformation of the loop as open as possible, so that the C412 is in principle completely accessible
(this is also why it was not employed a more advanced software i.e. Machine Learning-based to
reconstruct this loop). Fig. shows the differences betweent the original and the reconstructed
7PCU PDB file.

C.3.2 Force Fields Selection and Compatibility

The Amber ff14SB [I39] force field was used to model the biomolecules, TIP3P [140] was em-
ployed for water molecules, and GAFF was adopted for Ebselen. Sodium and chloride ions were

described using the Joung—Cheatham ion parameters [141].
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Figure C.6: Comparison of the two 7PCU PDB files representing the original PDB file (left) and the
reconstructed $4-35 loop without the Ebselen molecule covalently bound (right). Color code: the
three Tryptophans constituting the m6A binding pocket (W411, W466 and W470) are displayed in
green, together with the $4—35 loop; C412 is reported in yellow.

C.3.3 Plain MD setup

The protonation states of all biomolecules were evaluated and verified using the H++ online
server [142]. Classical all-atom molecular dynamics simulations were performed with GROMACS
2021.5 [I43] in explicit water containing 150 mM NaCl. All simulated systems underwent the
following equilibration protocol: (i) 50,000 steps of energy minimization using the steepest
descent algorithm; (ii) a 1 ns NVT equilibration at 7' = 298 K using a Berendsen thermostat [144]
with a coupling constant of 7p = 0.1 ps; and (iii) a subsequent 2 ns NPT equilibration at P = 1
bar using a Berendsen barostat [144], with 7p = 2.0 ps and a water compressibility of 4.5 -107°
bar~!. During these equilibration stages, all heavy atoms of the solute were restrained with a
force constant of 1000 kJ/(mol - nm), and a 1 fs integration time step (tstep) Was employed.
Following equilibration, each system was subjected to an additional 5 ns unrestrained NPT
equilibration, after which three independent production simulations of 1 us each were performed,
yielding a cumulative simulation time of 3.0 us per system. Production runs were carried out in

the NPT ensemble using the stochastic velocity-rescale thermostat [I09] (70 = 0.1 ps, T' = 298
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K) together with the Parrinello-Rahman barostat [I45] (7p = 2.0 ps, water compressibility =
4.5-107° bar~!, P = 1 bar). An integration time step of 2 fs was used throughout the production
phase.

Electrostatic interactions were calculated using the particle mesh Ewald (PME) method [146],
with a 1.0 nm cutoff applied to both short-range electrostatic and van der Waals interactions.
Covalent bonds involving hydrogen atoms were constrained using the LINCS algorithm [147],
while long-range dispersion corrections were included in both the energy and pressure calcula-
tions [148].

C.3.4 Localized Volume-Based Metadynamics

To investigate the structural determinants governing the accessibility of C412 to ebselen, local-
ized volume-based well-tempered metadynamics (LV-MetaD) was employed using the PLUMED
plugin interfaced with GROMACS. This enhanced sampling approach, originally proposed by
Capelli et al., is specifically designed to investigate ligand recognition processes by restricting
the exploration of the ligand to a predefined volume surrounding the binding site, thereby avoid-
ing the inefficient sampling of bulk solvent while preserving an unbiased description of ligand
binding and unbinding events [248, 249| 250].

Unlike conventional metadynamics, where the ligand is free to diffuse throughout the entire
simulation box, LV-MetaD confines the sampling within a geometrically defined region encom-
passing the protein binding site. This strategy substantially accelerates the exploration of the
configurational space relevant to the binding process while maintaining the possibility of ob-
serving multiple binding and unbinding events. Since the present work aims to characterize the
structural pathway through which ebselen reaches the reactive residue C412, rather than the
covalent reaction itself, LV-MetaD represents an appropriate approach to investigate the initial
reversible recognition step preceding covalent bond formation. The simulation protocol is the
same of that of plain MD, with the difference that all the production runs were run coupled

with this enhanced method algorithm.

Collective variables

The position of ebselen relative to the protein was described using a spherical coordinate system
centered on a reference region of the protein. A group of structurally rigid C, atoms (RMSF <
0.20 nm) was used to define the reference frame, while the ligand center of mass was employed
to describe ligand motion. After optimal fitting of the protein onto the reference structure, the

ligand coordinates were transformed into the three collective variables:

p=ar2+y?+ 22 (C.2)
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6 = tan* (%) (C.3)

r=vp—z (C.4)

The variables p, 6 and 7 respectively describe the radial distance, the azimuthal angle and the
vertical position of the ligand relative to the protein reference frame. Metadynamics bias was
deposited simultaneously along these three coordinates, allowing the ligand to freely explore the

accessible volume surrounding the binding pocket.

Paraboloidal restraining volume

The localized volume was generated through restraining potentials acting on p and 7. While
the upper wall on p limits the maximum radial distance explored by the ligand, the definition

of 7 naturally generates a paraboloidal boundary. From the definition

r=vp—2 (C.5)

it follows that
p=T14+2 (C.6)

Considering the definition of the spherical radius,
PP =2+t + 27 (C.7)
substitution yields
22+ =11+ 2722, (C.8)

which corresponds to the equation of a paraboloid of revolution. Therefore, imposing an upper
wall on 7 confines ligand diffusion inside a paraboloidal volume aligned with the binding pocket
entrance, while avoiding the sharp discontinuities introduced by purely spherical restraints.

In addition, an upper wall was applied to the protein RMSD to preserve the native fold during
the enhanced sampling simulations and to ensure that the observed ligand motions resulted from
local conformational fluctuations of the binding site rather than global structural distortions.

The restraining potentials were therefore defined as
e radial restraint: p < 3.5 nm;
e paraboloidal restraint: 7 < Tinax;

e protein stability restraint: RMSD < 0.10 nm.
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The harmonic force constants were set to 22000 kJ mol~! nm~2 for the radial restraint and 20000
kJ mol~! nm~2 for both the paraboloidal and RMSD restraints, preventing ligand escape from
the localized sampling region while minimally perturbing the conformational dynamics inside

the explored volume.

Well-tempered Metadynamics

Bias deposition was performed using the well-tempered metadynamics formalism [249]. Gaussian
potentials with an initial height of 1.2 kJ mol~! were deposited every 500 simulation steps (1
ps) along the three collective variables p, 7 and 6. Gaussian widths were set to 0.10 nm for
p, 0.04 nm'/? for 7, and m/8 rad for 6. A bias factor of 10 was employed at 310 K, ensuring
gradual filling of the free-energy landscape while preserving convergence towards the underlying

free-energy surface.

Simulation design of LV-MetaD MD Simulations

Localized volume-based metadynamics simulations were carried out starting from the three

experimentally determined conformational states of the YTHDF1 YTH domain:
e PDB 4RCJ (m®A-bound conformation);
e PDB 7YZ8 (alternative ordered loop conformation);
e PDB 7PCU (ebselen-bound conformation).

To investigate the effect of the size of the localized sampling region on ligand accessibility, three
different values of the paraboloidal restraint were considered, tauma.x = 0.6, 0.8, 1.0,, corre-
sponding to progressively larger accessible sampling volumes surrounding the binding pocket.
For each combination of starting structure and Tyax, three independent replicas were performed
using different initial velocity distributions.

Each simulation consisted of a 1 us production run, resulting in a total of 27 independent
localized metadynamics simulations, 3 structures X 3 Tmax X 3 replicas = 27,, corresponding to
an aggregate simulation time of 27 us. The overall objective of this simulation campaign was
to correlate the three experimentally observed conformational states of the $4—35 loop with the
accessibility of C412 and the ability of ebselen to enter the YTHDF1 binding pocket, thereby
identifying the structural state that most likely represents the productive recognition pathway

preceding covalent bond formation.
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C.4 Preliminary Results and Conclusions

Note: At present, the associated computational simulations and data analyses are still ongoing,
and therefore a comprehensive presentation of the scientific findings would be premature. It
1s expected that the complete results will become available in the near future, allowing their

dissemination through future scientific publications.
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