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— Introduction —

Functional nanomaterials represent a rapidly expanding class of systems characterized by
properties that emerge from their structural organization at the nanoscale. Their relevance
spans a broad range of applications, including energy conversion, chemical sensing, and
molecular recognition. Understanding and predicting the atomistic or molecular interactions
that govern their formation and properties has become an essential step toward developing
efficient and targeted design strategies. This Thesis addresses this challenge by adopting a
fully computational perspective, based on first-principles approaches, to investigate how
molecular-level interactions can be modulated and exploited to engineer functional
nanomaterials with controlled physicochemical behavior. The central goal of this work is to
demonstrate that the rational design of functional nanomaterials can be achieved by
understanding molecular interactions along three distinct, yet conceptually related, molecule-
to-material strategies: (1) fragmentation of molecular precursors, (i1) encapsulation in confined
nanospaces, and (iii) surface adsorption. Taken together, these strategies enable the
investigation of different aspects of nanomaterial formation, each corresponding to a specific
condition, ranging from gas-phase reactivity to molecular confinement and surface
interactions. In this context, rather than treating these studies as isolated case analyses, this
Thesis proposes a unified framework in which fragmentation, confinement, and surface
binding are regarded as different manifestations of the same principal outcome: control at the
molecular scale determines the structure and function of the resulting nanomaterial. The work
relies on a combination of first-principles computational approaches, with Density Functional
Theory (DFT) as the methodological core. Time-Dependent DFT (TD-DFT) is employed to
study electronic excitations in photoactive systems, while periodic DFT calculations are used
to model extended solid-state structures and molecule-surface interfaces. This multi-method
approach enables the characterization of complex systems under realistic conditions and
provides access to detailed information on structure, energetics, charge distribution, and
electronic behavior. In particular, the computational investigation provides insights into
structure-function relationships that are often not directly accessible by experimental
techniques, and thus plays a crucial complementary role in understanding the material behavior
at the atomic scale. The Thesis is organized into four Chapters:

o Chapter 1 provides a theoretical background on the computational methods used
throughout this work. It introduces the Hartree-Fock approach and its post-HF extensions,
including second-order Magller-Plesset perturbation theory (MP2), and discusses the
foundations of DFT and TD-DFT. In addition, a short Section is devoted to the treatment
of periodic systems, introducing concepts such as plane-wave basis sets, k-point sampling,
and pseudopotentials. This theoretical introduction is intended to offer the reader the
necessary context for understanding the computational tools employed in the subsequent
Chapters.

o Chapter 2 presents a computational study of Ni(Il) B-diketonate-TMEDA molecular
precursors used in chemical vapor deposition (CVD) processes for the fabrication of NiO
nanostructures. The analysis combines several levels of investigation. First, the structural
and electronic properties of the precursors are characterized in the gas phase and in the
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presence of water molecules, providing insight into their thermal stability and reactivity
under CVD-like conditions. Then, gas-phase fragmentation behavior is explored via DFT
and compared with ESI-HRMS/MS data, enabling the identification of key fragments.
Finally, periodic slab models of NiO(100) surfaces, both regular and with hydroxyl defects,
are used to describe the structural and electronic features of the resulting oxide material.
The study was conducted in collaboration with Dr. Davide Barreca and Prof. Dr. Chiara
Maccato at the Department of Chemical Sciences and CNR-ICMATE, University of
Padova (Italy), who provided the experimental data.

Chapter 3 investigates a supramolecular nanosensor composed of a fluorescent dicationic
dye encapsulated within the channel of a zeolite L framework. The confined system is first
characterized in terms of structural organization and optical properties, using periodic DFT,
TD-DFT, and ab initio molecular dynamics (AIMD). Subsequently, the interaction of this
pre-organized nanosensor with serotonin, a molecular target of biological relevance, is
explored to assess the emergence of a new band in the optical spectra, and evaluate the
nanosensor’s response. TD-DFT calculations and thermally averaged spectra reveal that
this new band falls within the visible region and originates from a stable supramolecular
arrangement. This work illustrates how confinement within nanoporous materials can be
leveraged to modulate optoelectronic properties and enable selective molecular
recognition. The computational study was developed in collaboration with Dr. Laura M.
Grimm and Dr. Frank Biedermann at the Institute of Nanotechnology, Karlsruhe Institute
of Technology (KIT, Germany), who provided the experimental support.

Chapter 4 focuses on surface adsorption as a strategy to either construct functional hybrid
nanomaterials or promote molecular recognition through interactions with metal oxide
surfaces. Two systems are considered, corresponding to independent but complementary
research lines. In Section 4.1, the covalent anchoring of a Pillar[6]arene macrocycle onto
indium oxide (In,O3) and indium tin oxide (ITO) surfaces is modeled via two plausible
pathways and analyzed through energy profiles, charge density difference (CDD) maps,
and Bader charge calculations. This work was conducted during a research period abroad
at the University of Zurich (UZH, Switzerland) in the group of Prof. Dr. Juerg Hutter and
Prof. Dr. Marcella Iannuzzi, in collaboration with the experimental group of Prof. Dr. David
Tilley. Section 4.2 presents preliminary results on the interaction of Chemical Warfare
Agents (CWAs) and a structurally distinct simulant with ZnO(1010) surfaces, both regular
and oxygen-enriched. The objective is to assess whether the simulant can reproduce CWAs’
behavior, despite structural differences, by comparing their properties in vacuum and upon
adsorption. The study combines gas-phase modeling, surface calculations, charge analysis,
and TD-DFT spectra, offering early insights into the electronic mechanisms underlying
chemiresistive detection.

Across these Chapters, the Thesis aims to highlight how first-principles computational
methods can provide a consistent and predictive framework for understanding and engineering
functional nanomaterials. While each Chapter addresses a distinct molecular or periodic
system, they are unified by a common methodological and conceptual core: the control of
molecular interactions as a fundamental design parameter. This unified approach enables the
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connection between molecular structure, electronic properties, and material function, offering
insights that complement experimental observations and support the rational design of systems
for real-life applications. Although applied to chemically and functionally different systems,
the computational strategies employed throughout the Thesis remain coherent, underscoring
its reliability and general applicability to the study of functional nanomaterials.



— Chapter 1 —

Theoretical Foundations of First Principles Approaches in
Molecular and Periodic Systems

The accurate description of matter at the atomic and molecular scale requires a rigorous
theoretical framework rooted in quantum mechanics. In the last few decades, first-principles
electronic structure methods, firmly grounded in quantum mechanical principles, have become
indispensable tools in computational chemistry and materials science, enabling not only the
prediction, but also a deep rationalization of structural, electronic, and spectroscopic properties
across a wide range of chemical systems !'3], In this context, this Chapter provides a theoretical
overview of the main quantum chemical approaches employed in this Thesis, with a particular
focus on methods applicable to both molecular and periodic systems. The discussion begins
with the time-independent Schrodinger equation and the Born-Oppenheimer approximation,
which together provide the conceptual foundation for all electronic structure calculations 41,
It then explores the Hartree-Fock method and its limitations, highlighting the motivation for
the development of correlated methods such as Mgller-Plesset perturbation theory (MP2) 471,
The Chapter then introduces Density Functional Theory (DFT), which has become the method
of choice for studying large and complex systems due to its balance between accuracy and
computational cost 3111, Particular attention is given to the conceptual background of DFT, its
practical implementations, and the role of exchange-correlation functional within its
approximations ¥l Extensions to excited states via Time-Dependent DFT (TD-DFT) are also
discussed ['>13]. Finally, the Chapter concludes with a concise Section devoted to the
theoretical foundations of periodic first principles simulations. Concepts such as periodic
boundary conditions, plane-wave basis sets, and reciprocal space sampling are briefly
introduced, providing essential background for the modeling of crystalline solids and extended
surfaces, which are extensively treated in subsequent Chapters ['4],

1.1 The Time-Independent Schrodinger Equation

The mathematical description of matter at the atomic and molecular scale is fundamentally
governed by quantum mechanics. At the heart of this formalism lies the time-independent
Schrédinger equation, formulated by Erwin Schrodinger, which provides access to both the
total energy and the wavefunction of any chemical system. In its general form, the equation is
written as an eigenvalue problem:

Ho(r) = Eo(r) Eqn.1

Here, in the case of one particle with spatial coordinates r = (x,y,z), H is the Hamiltonian
operator, ¢ (r) is the particle’s wavefunction, and E is the associated energy eigenvalue [4,5].

For a general chemical system composed of N electrons and nuclei, the full molecular
Hamiltonian in atomic units is given by:



N| =

-3

N
=1

M N M N N M M
NN RN
l A=12MA 4 iA 4 4 Tij Ryp

In this expression:
o T1;4 1s the distance between electron i and nucleus 4,

« 1;; is the distance between electrons 1 and j,

e R,p is the distance between nuclei A and B,
o M, is the nuclear-to-electron mass ratio for nucleus A and B
o Z, are the atomic numbers of nuclei A and B, respectively.

The first two terms describe the kinetic energy of electrons and nuclei, respectively. The third
term accounts for the attractive Coulomb interaction between electrons and nuclei, while the
fourth and fifth terms represent electron-electron and nucleus-nucleus repulsions 43! In
practice, the exact solution of Eqn.1 is only achievable for systems with one electron, such as
hydrogen-like atoms. For multi-electron systems, approximations are essential. In this context,
the solution strategy typically involves assuming a trial wavefunction constructed as a linear
combination of atomic orbitals ). To make the problem tractable, two foundational
approximations are introduced: 1) the Born-Oppenheimer approximation (discussed in Section
1.2), which separates nuclear and electronic motion, and the variational principle (see Section
1.3), which allows for the optimization of the trial wavefunction to minimize the total energy
3-51 These fundamental principles form the theoretical basis for the development of quantum
chemical methods, starting from the Hartree-Fock approximation and extending to electron
correlation techniques.

1.2 Born-Oppenheimer Approximation

Given that nuclear motion is significantly slower than electronic motion, due to the much
greater mass of nuclei compared to electrons, it is possible to treat the nuclei as stationary
while allowing the electrons to move within electrostatic field generated by fixed nuclei. This
approximation, known as the Born-Oppenheimer approximation > enables the total
wavefunction of a molecular system to be factorized into two components: one describing the
electronic motion in the field of fixed nuclei, and the other accounting for the nuclear
dynamics. As a result, the full time-independent Schrodinger equation can be separated into
two distinct equations, one for the electronic motion and another for the nuclear motion. The
electronic Schrodinger equation is given by:

H\elec"pelec = EetecWetec Egn.2

Where the electronic Hamiltonian H, ;.. in atomic units is:
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In this expression, N is the number of electrons, M is the number of nuclei, Z, is the atomic
number of nucleus A, 74 is the distance between electron i and nucleus A, and 7;; is the
distance between electrons 1 and j. The first term corresponds to the electronic kinetic energy,
the second term to the electron-nucleus Coulomb attraction interaction, and the third to the
electron-electron repulsion. The electronic energy Eci. and the electronic wavefunction Wejec
depend parametrically on the fixed nuclear positions -1, The total energy of the system for a
given nuclear configuration also includes the repulsive Coulomb interaction between nuclei,
which is constant for fixed nuclei:

ZpZp
Etot elec + Z Z R Eqn- 3
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Where Rap is the distance between nuclei A and B. In practice, determining the most stable
structure of a molecule implies computing the electronic wavefunction and energy over a range
of nuclear arrangements, namely solving the electronic Schrédinger equation, thus generating
a potential energy surface (PES). The minimum of this PES corresponds to the minimum
energy structure of the system B,

1.3 The Variational Principle

One of the fundamental tools in quantum chemistry for approximating the ground-state energy
of a molecular system is the variational principle 4. According to this principle, the
expectation value of the Hamiltonian operator H, computed using any normalized trial
wavefunction \|11, will always be greater than or equal to the exact ground-state energy Ey of
the system >4, This is formally expressed as follows:

flliffﬁ, e, i) H Y (ry, o0, Ty ) dT > B, Eqn.4
flpi (rli ---:rN)wi(rl; '--JrN)dT

E[Y;] =

Here, E[vi] is the energy expectation value for the chosen trial wavefunction v;, while Ey and
o represent the exact ground-state energy and wavefunction, respectively, quantities that are
typically unknown for many-electron systems 4. The power of the variational principle lies
in its ability to transform the problem of solving the time-independent Schrodinger equation
into a minimization problem. That is: by systematically varying the parameters of a suitably
chosen trial wavefunction, one can obtain successively lower estimates of the energy,
converging toward the true ground-state value ). In practical quantum chemical calculations,
the trial wavefunction ; is expressed as a linear combination of atomic basis functions ¢,,:
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Where c,,; are the variational parameters (typically expansion coefficients) to be optimized [61,

These coefficients are determined by applying the variational principle and solving the
resulting secular equations, which lead to a generalized eigenvalue problem. Through this
diagonalization process, one obtains the molecular orbital energies and the corresponding
coefficients that define each orbital **®l. In essence, the variational theorem provides a
rigorous foundation for methods such as Hartree-Fock theory (see Section 1.5), where a trial
wavefunction is constructed as a Slater determinant (see Section 1.4) composed of single-
particle spin orbitals. The optimal determinant is found by minimizing the total energy with
respect to the molecular orbital coefficients, under orthonormality constraints. This principle
also underpins more advanced post-Hartree-Fock methods (Section 1.6) and serves as a
cornerstone of modern electronic structure theory 491,

1.4 Slater Determinants

In quantum chemistry, the antisymmetry requirement for electronic wavefunctions, derived
from the Pauli exclusion principle, dictates that the total wavefunction for a system of
indistinguishable electrons must change sign upon exchange of any two electrons. A powerful
mathematical construct that naturally enforces this antisymmetry is the Slater determinant -
61, This is based on a fundamental property of determinants: if two rows (or columns) of a
determinant are exchanged, the determinant changes sign; if two rows are identical, i.e., if two
electrons occupy the same spin-orbital, the determinant is zero. Therefore, constructing the
electronic wavefunction as a determinant ensures that two electrons cannot occupy the same
quantum state, as required by the Pauli principle 2%,

For an N-electron system, the Slater determinant is written as:

o1(z1)  Pa(zy) on(zy)
" ) = 1 | o1(z2)  da(zs) on(z2)
W L1y Ly eeey L) — _I‘Vl

o1(zn) @2(zn) on(zN)

Eqgn.6

Where ¢i denotes the spin-orbital (a one-electron function including spatial and spin
coordinates) occupied by the i-th electron, and x; represents the space and spin coordinates of
electron j. The pre-factor (N!)!? ensures proper normalization.



These monodeterminantal wavefunctions form the cornerstone of Hartree-Fock theory, which
approximates the total electronic wavefunction as a single Slater determinant composed of
optimized spin-orbitals. While this approach captures the exchange interaction arising from
antisymmetry, it neglects electron correlation, i.e., the instantaneous Coulomb interaction
between electrons that move to avoid each other in real systems *¢. Despite this limitation,
the use of Slater determinants remains a foundational concept in electronic structure theory,
enabling the construction of more sophisticated methods that go beyond the Hartree-Fock
approximation by including correlation effects, either through configuration interaction *°],
Moller-Plesset perturbation theory (Section 1.6), or density functional theory (DFT, Section

1.7).

1.5 The Hartree-Fock Method

The Hartree-Fock (HF) method ** is a fundamental first principles approach in quantum
chemistry that approximates the many-electron wavefunction by a single Slater determinant
constructed from orthonormal spin-orbitals. This ansatz ensures the antisymmetry of the total
wavefunction, as required by the Pauli exclusion principle (see Section 1.4). In the Hartree-
Fock framework, electrons are treated as independent particles moving in the average
electrostatic field generated by all other electrons. The explicit electron-electron repulsion
terms in the full Hamiltonian are replaced by mean-field operators, which include both
Coulomb and exchange contributions. As a result, the problem of solving the many-body
Schrodinger equation is recast into a set of effective one-electron equations known as the
Hartree-Fock equations 1-I;

Fo, =g, Eqn.7

Here, F is the Fock operator, which governs the motion of electron i in the mean field
generated by the other electrons. It is defined as:

N
F=h+)(,-R)
J

Where h, is the one-electron core Hamiltonian (kinetic energy + nuclear attraction), ]7 is the
Coulomb operator, and I’(\] is the exchange operator, both of which depend on the occupied
spin-orbitals ¢;. Due to this dependence, the Hartree-Fock equations must be solved iteratively
in a procedure known as the Self-Consistent Field (SCF) method ). To render the problem
tractable for molecular systems, each spin-orbital ¢; is expanded as a linear combination of a
finite set of atomic basis functions ¢, [>¢!:
N
¢ = z CaiPa
a=1

Substituting this into the Hartree-Fock equation leads to the matrix form of the problem *-1:
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This equation can be rewritten compactly in matrix notation as: FC = SCe, known as the
Roothaan-Hall equations, where: F is the Fock matrix, S is the overlap matrix between basis
functions, C is the matrix of molecular orbital coefficients cy;, € 1s the diagonal matrix of orbital
energies %!, Solving the Roothaan-Hall equations involves diagonalizing the Fock matrix, but
since F itself depends on the molecular orbitals (through the Coulomb and exchange integrals),
the solution requires an iterative SCF loop, as summarized below 23]

(1) Initial guess of the molecular orbitals ¢; or the coefficients c4 (e.g., from a core
Hamiltonian).

(2) Construction of the Fock matrix F using the current orbitals.

(3) Evaluation of the electron repulsion integrals, including Coulomb and exchange
contributions.

(4) Diagonalization of the Fock matrix to obtain updated molecular orbital energies and
coefficients.

(5) Update of the density matrix and recomputation of F.

(6) Convergence check: if the change in energy and orbitals is below a threshold, the procedure
terminates. Otherwise, return to step 2.

1.6 Moller-Plesset (MP) Perturbation Theory

While the Hartree-Fock (HF) method (see Section 1.5) provides a valuable first approximation
to the electronic structure of molecules, it inherently neglects electron correlation, namely the
instantaneous interaction between electrons that is not captured by the mean-field
approximation **1, Post-Hartree-Fock methods 7! aim to recover this missing correlation
energy by going beyond the single-determinant description. One of the most widely used
approaches in this category is Moller—Plesset perturbation theory (MP) 437, This method is
based on Rayleigh-Schrodinger perturbation theory, in which the exact electronic Hamiltonian
is written as the sum of a zeroth-order Hamiltonian and a perturbation term:

H=H,+V Eqn. 9
where:
« H is the full electronic Hamiltonian,
« H, is the unperturbed Hamiltonian,

« V is the perturbation operator that accounts for the remaining interactions.



In the Moller-Plesset (MP) approach, the zeroth-order Hamiltonian is taken to be closely
related to the Fock operator derived from the Hartree-Fock method 7). Specifically, the
unperturbed Hamiltonian is defined as:

—

Hy = F + (Do|(H - F)|Dy) Eqn. 10

This choice ensures that the zeroth-order wavefunction @, is the Hartree-Fock determinant,
and the zeroth-order energy is simply the sum of the Fock orbital energies [*>7l. The
perturbation operator is then defined as the correlation potential:

14

H—Hy=H—(F+ (9o|(H - F)|Do)) Eqn.11

In this formulation, the Fock operator F represents the motion of independent electrons in a
mean field, and @ is its lowest energy eigenfunction:

N
N 2

Fo, = Zf(k) &, = ZZ RO Eqn.12
k=1 i=1

Here, f (k) is the one-electron Fock operator acting on electron k, &; is the orbital energy of
the doubly occupied i-th spin-orbital, and N is the total number of electrons. The factor of 2
accounts for spin pairing in closed-shell systems 7. In second-order Mgller-Plesset theory
(MP2), the first non-null correction to the energy appears at second order in perturbation
theory. The MP2 total energy is given by E = Eyr + E?, where E? is the second-order energy
correction 1>7!, This term quantitatively estimates the contribution of electron correlation by
accounting for virtual excitations from the Hartree-Fock reference determinant to doubly
excited configurations. The MP2 energy correction can be computed analytically using the
spin-orbital basis and is computationally efficient compared to more elaborate post-HF
methods (e.g., CI or CCSD) 7. However, it assumes that the HF reference is a good zeroth-
order approximation, which is not always valid, particularly for systems with significant static
correlation (e.g., near-degenerate states, transition metals) *7). Despite these limitations, MP2
remains a widely adopted method due to its favorable balance between computational cost and
accuracy, particularly for closed-shell, weakly correlated systems !,

1.7 Density Functional Theory (DFT)

As shown in the previous Sections, first principles methods typically begin with the Hartree-
Fock (HF) approximation, in which one-electron equations are solved to determine a set of
spin-orbitals, antisymmetrized products of single-electron wavefunctions that satisfy the Pauli
exclusion principle P!, Within this framework, based on the Born-Oppenheimer
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approximation, each electron experiences an average potential field generated by all other
electrons in the system. This antisymmetrized product ensures an exact treatment of exchange
interactions, enforcing the fundamental property that the total wavefunction changes sign upon
particle exchange: ¥(1,2,...1,j,...N) = -¥(1,2,....1,...N), for the exchange of two 1,j fermions
451 While the HF method accounts for exchange, it neglects dynamic electron correlation. To
address this limitation, post-Hartree-Fock methods have been developed, which retain the HF
determinant as a reference and incorporate electron correlation effects by expanding the
wavefunction beyond a single Slater determinant [*>7], These methods have become standard
in quantum chemistry, especially when high accuracy is required. However, they involve a
significant computational cost, which increases considerably with system size, typically with
a power law N™, where m > 5 and N is the number of basis functions. In comparison, HF scales
as N*[*7] The correlation energy is conventionally defined as the difference between the total
energy obtained from a post-HF method and the HF energy. Although this contribution often
represents only a small percentage of the total electronic energy, it can be crucial for the
accurate description of bond dissociation, intermolecular interactions, and reaction energetics
51 An alternative approach is offered by Density Functional Theory (DFT) [>#11 Unlike HF-
based methods, DFT does not rely on the electronic wavefunction as a central quantity, but
rather on the electron density p(r), a three-dimensional scalar field that integrates to the total
number of electrons in the system. Modern DFT techniques provide approximate, but often
reliable, descriptions of both exchange and correlation effects, while remaining
computationally less demanding than post-HF methods [>*!!. DFT thus enables the treatment
of medium to large molecular systems, including those containing hundreds of atoms, at a
significantly reduced computational cost !>, The conceptual origins of DFT can be traced
back to the early years of quantum mechanics, specifically to the Thomas-Fermi model (1920-
1930), which proposed an approximate relationship between the electron density and total
energy 511l However, it was not until the formulation of the Hohenberg-Kohn theorems that
DFT acquired a rigorous theoretical foundation %, These theorems established that, for a
given external potential (typically determined by the positions and charges of atomic nuclei),
the ground-state energy E of an interacting electron system is a unique functional of the
electron density p(r) . This result guarantees the existence and uniqueness of a universal
density functional, although it does not provide an explicit expression for it. A major
breakthrough came with the development of the Kohn-Sham formalism '], which allows one
to map the complex interacting system onto a fictitious system of non-interacting electrons
that reproduces the same ground-state density. This leads to a set of self-consistent one-
electron equations that are computationally accessible and form the basis of nearly all practical
DFT implementations -1,

1.7.1 The Hohenberg-Kohn Theorems

Before introducing the foundational theorems of density functional theory (DFT), it is useful
to clarify the concept of a functional, in contrast to that of a function. A function y = f(x) returns
a single value of y for a given value of x. In contrast, a functional ¥ = F/X] takes an entire
function X as its input and returns a single number as output. This is different from a regular
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function f(x), which takes a single number x as input. For example, f(x) = ¢* is a function,
while the expression:
Y = j e *dx
0

is a functional, as it maps the entire function x = e* onto a single numerical value. In the
context of DFT, the total ground-state energy of a many-electron system is expressed as a
functional of the electron density, namely Eo[p(1)].

The Hohenberg-Kohn theorems 1%, published in 1964, represent the theoretical cornerstone
of DFT and provide a rigorous basis for replacing the many-electron wavefunction with the
electron density as the central variable >%1% The first Hohenberg-Kohn theorem states that,
for any system of interacting electrons in an external potential vex(r), the ground-state electron
density po(r) uniquely determines the external potential, and thus the full Hamiltonian, the
many-electron wavefunction, and all properties of the system. Formally: “There exists a one-
to-one correspondence between the ground-state electron density p(r) and the external
potential v (r), up to a constant.”” %, This implies that the ground-state energy Eo is a unique
functional of the electron density, namely Ey = Eo[p]. Although the theorem ensures the
existence and uniqueness of this functional, it does not provide an explicit form for it; this

remains one of the central challenges of DFT [¥-19],

The second Hohenberg-Kohn theorem ! introduces a variational principle for the density. It
states that the ground-state energy of the system is minimized by the true ground-state density
po(r). In other words: “For any trial density p(r) that is N-representable and integrates to the
correct number of electrons, the corresponding energy functional satisfies the inequality:
E[p] = E[po], with equality if and only if p = py.” 1%, This result is analogous to the
variational principle in wavefunction-based quantum mechanics (see Section 1.3) and
legitimizes the search for the ground state by minimizing the energy functional over all
reasonable densities 519,

Together, these two theorems provide the formal justification for DFT: all ground-state
properties of an electronic system are functionals of the electron density, and the correct
density minimizes the total energy functional %% However, to make DFT practical, an
explicit construction of the energy functional is needed: this challenge is addressed in the
Kohn-Sham formalism 'Y, discussed in the next Sub-section.

1.7.2 The Kohn-Sham Equations

While the Hohenberg-Kohn theorems 1 guarantee that the ground-state energy is a unique
functional of the electron density, they do not provide any guideline on how to determine this
density in practice. This problem was addressed by Kohn and Sham in 1965 "], who proposed
a formally exact method to map the original many-electron system onto a fictitious system of
non-interacting electrons that reproduces the same ground-state density as the real interacting
system [>68-11] Tn the Kohn-Sham formalism '], the total ground-state energy of the system is
written as a functional of the electron density p(r):

Eolp(M] = Tslp(M] + Vaelp(] + J[p(r)] + Exclp ()] Eqn.13
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Where:

o T,[p(r)] is the kinetic energy of a fictitious non-interacting electron system with the same
density p,

o V,.[p(r)] is the nuclear-electron attraction energy,
o Jlp(r)] is the classical Coulomb (electron-electron repulsion) energy,

o Exc[p(r)] is the exchange-correlation functional, which accounts for: (i) the difference
between the true kinetic energy and T (i.e., the kinetic correlation); (ii) the non-classical
contributions to electron-electron repulsion, including exchange and dynamic correlation
effects (8111,

This decomposition corresponds to the more detailed expression sometimes written as:

Eolp(M)] = Tslp(M] + Vae[p(M)] + Jp(r)] + AT[p(r)] + AV [p(r)] Eqn.14
Where Exc[p(r)] = AT[p(r)] + AVe[p(r)] P51,

The electron density is reconstructed from the Kohn-Sham orbitals y;, which are obtained by
solving a set of self-consistent one-electron equations:

p() = ) (I

_KS
h, " = 5, Egn.15

where EKS is the Kohn-Sham Hamiltonian (or operator), X5 are the Kohn-Sham energies.
The Kohn-Sham operator includes four components:

R =T +0, +]+ Ve Eqn.16

With: T as the kinetic energy operator; V,, as the electron-nuclear attraction; J as the classical
Coulomb repulsion; Vi as the exchange-correlation potential, defined as the functional
derivative of the exchange-correlation energy with respect to the density [5-111;

SExclp(r)]
5p(r)
It is important to note that the Kohn-Sham orbitals y; do not have a direct physical meaning !>

11 Unlike Hartree-Fock orbitals, which are variational solutions to a wavefunction-based
theory *°, Kohn-Sham orbitals are simply auxiliary functions used to reproduce the correct

Vyc(r) = Eqn.17

density. Their eigenvalues £X° should not, in general, be interpreted as physical orbital
13



energies [>!!, Because the exchange-correlation potential Vxc depends on the electron density,

which in turn depends on the orbitals ;, the Kohn-Sham equations must be solved iteratively,
using a self-consistent field (SCF) approach analogous to that employed in the Hartree-Fock
method 6311 The accuracy of DFT calculations ultimately depends on the choice of the
exchange-correlation functional Exc[p], the exact form of which remains unknown 11,
Numerous approximations have been developed, giving rise to different classes of DFT
functionals, which will be discussed in the following Section.

1.8 DFT Functionals

The accuracy of a density functional theory (DFT) calculation critically depends on the choice
of the exchange-correlation functional Exc[p], which incorporates the quantum-mechanical
effects of electron exchange and correlation !, Since the exact form of this functional is
unknown, a wide variety of approximate functionals have been developed over the years,
differing in the level of information used to construct them and in their theoretical foundations
(891 The earliest DFT functionals were based on the Local Density Approximation (LDA), in
which the exchange-correlation energy at each point in space depends only on the value of the
electron density p(r) at that point. This approximation is inspired by the uniform electron gas
model and performs reasonably well for systems with slowly varying densities [>¢81,
However, LDA often fails to capture the rapid density variations near atomic nuclei or in
bonding regions, leading to significant errors in molecular properties such as bond lengths,
dissociation energies, and reaction barriers %% To improve upon LDA, the Generalized
Gradient Approximation (GGA) was introduced **). In GGA functionals, Exc[p] depends not
only on the density p(r) itself, but also on its first derivative (i.e., the gradient Vp):

Egét = ff(p,Ap)dr Eqn.18

This allows for a better description of inhomogeneous electron distributions, particularly in
molecular systems 9. Further refinement is provided by meta-GGA functionals, which
include additional terms such as the second derivative of the density or the kinetic energy
density, improving the treatment of non-local effects and offering better accuracy for
thermochemistry and hydrogen bonding 1. LDA, GGA, and meta-GGA functionals are often
referred to as pure DFT functionals, as they rely solely on the electron density and its
derivatives [*?!. An important advancement came with the development of hybrid functionals,
which combine a portion of the exact exchange energy calculated from Hartree-Fock (HF)
theory ™ (EFF) with the DFT exchange-correlation energy (ERFT + EZFT) 589 This
approach takes advantage of the fact that HF provides an exact expression for the exchange
energy of a system of fermions -1, whereas pure DFT functionals approximate both exchange
and correlation contributions 1. Hybrid functionals differ in the proportion of HF exchange
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they incorporate and in how the remaining portion is described via semi-local DFT
approximations:

E)I(lé/brid =q- E)I(JIF + (1 — a) .E)l()FT + ECDFT Eqn.19

The specific mixing ratios and empirical parameters (a) are often optimized to reproduce
experimental observables or high-level theoretical results, and they represent a distinguishing
feature among different hybrid approaches %91 A brief description of some of the most
widely used density functionals is presented below, classified according to the categories
previously discussed:

1. GGA Functionals: Notable examples are BLYP !°! and revPBE [!7]. The BLYP functional
combines the exchange functional developed by Becke in 1988 [ with the correlation
functional introduced by Lee, Yang, and Parr in 1989 [, The revPBE functional, on the
other hand, is a revised version of the exchange—correlation functional originally proposed
by Perdew, Burke, and Ernzerhof '”!) designed to improve accuracy for weakly bound
systems. Another functional in this category is rPW86-PBE, which uses a revised form of
the Perdew-Wang 1986 exchange functional ¥l combined with the standard PBE
correlation term [17],

2. Hybrid GGA Functionals: this class includes B3LYP [’ B3PW91 1520 and PBEO 2!,
B3LYP employs the same exchange and correlation expressions as BLYP, but introduces
three empirical parameters that determine the proportion of exchange energy derived from
Hartree-Fock theory and from DFT-based approximations ['*). B3PW91 follows a similar
approach, differing in that the correlation functional used is the one developed by Perdew
and Wang in 1991. The PBEO functional ?!! represents a hybrid variant of PBE, in which
one-quarter of the exchange energy is calculated exactly via Hartree-Fock theory, while the
remaining three-quarters rely on the original PBE exchange formulation.

3. Range-Separated Functionals: Representative examples are CAM-B3LYP *?! and ®B97X-
D 2], Range-separated functionals partition the exchange interaction into short- and long-
range components, which are treated using different methods. CAM-B3LYP, developed by
Yanai et al. *?!, employs error functions (erf and erfc) to interpolate between short-range
interactions, described by the B3LYP exchange, and long-range interactions, treated using
exact Hartree-Fock exchange. This approach is known as the Coulomb-Attenuating
Method (CAM). The ®B97X-D functional, proposed by Chai et al. [*)/, combines range
separation with an empirical dispersion correction (DFT-D), thereby enhancing the
accuracy for non-covalent and long-range interactions.

1.9 Time-Dependent Density Functional Theory (TD-DFT)

The conventional formulation of Density Functional Theory (DFT) is fundamentally restricted
to ground-state systems, making it unsuitable in its original form for describing processes
15



involving electronic excitations, such as electronic transitions or photochemical phenomena -

1] To address such cases, alternative approaches or extensions of DFT must be employed. One
of the most widely used extensions is Time-Dependent Density Functional Theory (TD-DFT)
(12131 TD-DFT represents a formal extension of conventional ground-state DFT, designed to
handle external time-dependent perturbations, such as electromagnetic fields. The presence of
a time-dependent external potential can drive the system from its stationary ground state to
higher-energy excited states, thereby requiring a proper theoretical framework capable of
describing such transitions. A rigorous mathematical foundation for TD-DFT was established
by Runge and Gross 2!, who introduced two key theorems analogous to the Hohenberg-Kohn
theorems of static DFT (see Sub-section 1.7.1). The first theorem asserts that the time-
dependent electron density is a fundamental variable that uniquely determines all observables
of the system. The second theorem provides a variational principle for time-dependent
systems; however, unlike the ground-state case (see Section 1.3), it does not refer to the
minimization of the total energy. Instead, it introduces a time-dependent functional, whose
stationary point corresponds to the correct time evolution of the system under the applied
perturbation ['?]. A central ingredient in the computation of excitation energies is the functional
derivative of the exchange-correlation (XC) potential with respect to time. The foundational
insight lies in the Runge-Gross theorem 2], which asserts that the temporal evolution of the
electron density encodes the same information as that obtainable from the full time-dependent
wavefunction, under a given external perturbation. From a computational perspective, this is
particularly advantageous, as the electronic density depends only on three spatial variables (X,
y, z), whereas the many-body wavefunction depends on the coordinates of all electrons
simultaneously *>3°1, Effectively, TD-DFT generalizes the static DFT formalism to time-
dependent systems. For any interacting many-electron system under a time-dependent
potential, all physical observables are uniquely determined by the time-dependent density and
the initial state of the system at an arbitrarily chosen time to ['?. In particular, if the time-
dependent perturbation is introduced at ty, and the system is initially in its ground state, then
all observables can be regarded as unique functionals of the electronic density. In this case, the
initial state of the system at t; is itself a unique functional of the ground-state density, as
guaranteed by the Hohenberg-Kohn theorem (Sub-section 1.7.1) for the unperturbed system.
This one-to-one correspondence forms the basis for a time-dependent Kohn-Sham scheme 1%,
in which the complex dynamics of the interacting many-body system are mapped onto an
auxiliary non-interacting system evolving under an effective potential that depends on the
time-dependent density. This mapping enables the study of electronic excitations through the
numerical solution of a time-dependent single-particle problem. Further simplifications arise
in the linear response regime 3], where excitation energies can be computed efficiently by
analyzing the system's response to weak external fields. As in the case of static DFT, the main
challenge in TD-DFT lies in the construction of accurate exchange-correlation potentials. For
the reliable prediction of electronic excitations, range-separated hybrid functionals, such as
CAM-B3LYP #! have proven particularly effective.
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1.10 Justification and Comparative Discussion of the DFT Functionals
Employed in this Thesis

The selection of exchange-correlation functionals in Density Functional Theory (DFT) is a
crucial aspect of first-principles approaches. Different classes of functionals exhibit different
accuracy and limitations depending on the property of interest, from energetics and geometries
to vibrational and excited-state spectra. In the present Thesis, different functionals were
adopted in line with the specific demands posed by the investigated systems, e.g. molecular
precursors, periodic oxide surfaces, and the simulation of electronic excitation spectra (UV-
Vis). As already discussed in Section 1.8, exchange-correlation functionals in DFT can be
classified into hierarchical categories (LDA, GGA, meta-GGA, hybrid and range-separated
hybrid). In this perspective, this Section offers a brief discussion of the functional classes
employed in this work, the reasons for their selection, and a comparative perspective that
places these choices within established benchmarks.

wB97XD, M06 and PBE

Across Chapters 2 and 4, the ®B97XD functional *3! was adopted for ground-state geometry
optimizations and for harmonic vibrational analysis. This family (#B97X variants) combines
long-range corrected exchange with empirical dispersion corrections, addressing two common
limitations of traditional GGAs: inadequate long-range exchange and missing van der Waals
interactions #*). Its use in non-periodic systems is justified by its reliable performance for
geometries, relative energetics, and non-covalent interactions. Benchmark studies have shown
oB97XD to yield good agreement with high-level coupled-cluster reference data for
medium-sized organic systems, especially where dispersion plays a non-negligible role **!. In
Chapter 2, the ®B97XD functional was employed to investigate the structure, vibrational
features, and gas-phase fragmentation energetics of a Ni(II) B-diketonate-TMEDA precursor
series (Par. 2.1). Furthermore, it allowed for an accurate treatment of the precursors’ hydrogen
bonding with explicit water molecules, which were essential to rationalize the experimentally
observed enhancement in NiO thin film growth under humid CVD conditions (Par. 2.2). In
Chapter 4, ®B97XD was employed to optimize the geometries of selected organic molecules
in the gas phase before their adsorption on ZnO surfaces (Par. 4.2). This step was essential to
define reliable starting configurations for subsequent adsorption modeling. Notably, the
oB97XD geometries were benchmarked against those obtained at the post-HF MP2 theory
level, confirming the robustness of the adopted DFT approach for describing this class of
molecular systems and their interaction with oxide surfaces.

In Chapter 2 (Par. 2.3), the M06 functional was adopted to investigate the gas-phase fragments
of Ni(Il) B-diketonate-TMEDA complexes. This choice was motivated by the need to
accurately describe systems involving transition metals and spin-state multiplicity changes.
MO06, a meta hybrid functional, has been reported to offer improved performance for
thermochemistry, non-covalent interactions, and particularly for transition-metal complexes
exhibiting open-shell configurations *°2°!, Preliminary tests using ®B97XD had yielded
inconsistencies in the relative energetics of low-spin and high-spin fragments, prompting the
adoption of M06, which provided more chemically reasonable results in line with literature
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expectations 271, As such, M06 offered a reliable alternative to ®B97XD, complementing the
computational strategy employed in this Thesis.

When treating periodic materials, such as the NiO surfaces in Paragraph 2.4, the Zeolite L
channel in Chapter 3, and the metal oxide surfaces examined in Chapter 4, the Perdew-Burke-
Ernzerhof (PBE) 'l functional, belonging to the GGA family, was selected due to its known
reliability in reproducing structural properties of solid-state oxide systems. Empirical
dispersion corrections were systematically included to address the intrinsic limitations of GGA
functionals in describing long-range van der Waals interactions. In particular, Grimme’s D2
and D3bJ schemes 2% were adopted in this Thesis. For instance, PBE+D3bJ was used in
simulations of NiO and ZnO surfaces, while PBE+D2 was adopted in the modeling of zeolite-
based systems. Additionally, for the In,O; surface discussed in Paragraph 4.1, the rVV10
nonlocal correlation functional P% was employed to achieve a more accurate description of
dispersion interactions in periodic systems. In general, GGA functionals, like PBE, are widely
used in surface science and materials modeling, as they provide a good compromise between
accuracy and computational cost, particularly for the prediction of lattice parameters, defect
energetics, and adsorption geometries P!32. The incorporation of dispersion corrections is
essential in improving the reliability of PBE when applied to hybrid organic-inorganic
systems, where noncovalent interactions play a crucial role in determining the interfacial
structure and energetics ?*/,

CAM-B3LYP

Across the chapters of this Thesis (Chapters 2, 3, and 4), the simulation of UV-Vis absorption
spectra was performed exclusively using the CAM-B3LYP *2! range-separated hybrid
functional. This choice was motivated by the fact that this functional is particularly well-suited
for systems in which frontier orbitals are spatially separated, such as supramolecular
complexes or encapsulated chromophore pairs 12239331, n this perspective, the choice of CAM-
B3LYP for the simulation of UV-vis spectra of the MDAP+SERO complex in Chapter 3 finds
solid justification in the CT character of the low-energy absorption bands, as supported by
experimental and computational data 4. Furthermore, benchmarking tests performed in this
Thesis, comparing CAM-B3LYP to the higher-level method EOM-CCSD, confirmed its
ability to provide reliable excitation wavelengths and oscillator strengths 33, Notably, CAM-
B3LYP outperformed the PBEO functional, which is known to systematically underestimate
CT excitation energies due to self-interaction errors and the incorrect asymptotic behavior of
the exchange potential **37], The choice of CAM-B3LYP as the exclusive functional for all
the UV-Vis spectra simulations across this Thesis, including Ni(Il) precursors (Chapter 2),
supramolecular dye-neurotransmitter complexes (Chapter 3), and gas-phase Chemical Warfare
Agents (CWAs) molecules (Chapter 4), was motivated by multiple considerations that extend
beyond its well-documented performance for charge-transfer (CT) transitions 223933341 First,
CAM-B3LYP has demonstrated excellent versatility in simulating electronic excitations of
various nature, not limited to CT states. Benchmark studies by Jacquemin et al. ¥ and Peach
et al. 3% have shown that this range-separated hybrid functional performs competitively also
for local m — 7* transitions in neutral organic molecules, often outperforming other hybrid
functionals, such as B3LYP or PBEQ. This broader applicability makes CAM-B3LYP areliable
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choice for molecular excitation studies. CAM-B3LYP often proved to yield accurate excitation
energies across a wide range of systems, including both neutral molecules and charged
chromophore-analyte complexes, making it a practical and reliable choice. Although more
accurate range-separated functionals, such as ®B97M-V ¥ B2PLYP 11, or MN15 *2] have
been developed, which may offer improved performance, their higher computational cost often
limits their use in large systems. In this perspective, CAM-B3LYP represents a balanced and
computationally efficient choice.

2.0 Periodic Systems in First Principles Simulations

First principles simulations of periodic systems play a fundamental role in modern
computational materials science, as they allow for the accurate modeling of crystalline solids,
surfaces, and extended frameworks !, Unlike isolated molecular systems, periodic materials
require specific theoretical and computational treatments to account for their inherent
translational symmetry. This is typically achieved by applying periodic boundary conditions
(PBC), which assume that the system under investigation is replicated infinitely in space,
thereby mimicking the bulk or extended nature of the material [!?!. The adoption of PBC
introduces a set of mathematical and computational simplifications. Most notably, it enables
the use of plane-wave basis sets, which are particularly suited to represent delocalized
electronic states in extended periodic systems [*31. A plane-wave basis set expands the Kohn-
Sham orbitals as a linear combination of plane waves, characterized by well-defined kinetic
energies. However, due to the infinite number of plane waves in principle required for a
complete basis, a cutoff energy is introduced to limit the number of basis functions, balancing
accuracy and computational cost U2, In reciprocal space, the periodicity of the system leads
to the definition of the Brillouin zone, the fundamental domain for wavevectors (k-points).
Integrations over the Brillouin zone, necessary to compute properties such as total energy or
electronic density, are performed using discrete sampling schemes, such as the Monkhorst-
Pack grid, which selects a finite and representative set of k-points !4, The choice of k-point
density significantly affects the accuracy of the calculation and must be converged
accordingly. Another key component in periodic DFT simulations is the use of
pseudopotentials, which replace the all-electron potential of atomic cores with an effective
potential that reproduces the scattering properties of valence electrons 31, This approximation
allows one to avoid explicitly treating tightly bound core states, thus reducing the
computational cost while preserving the accuracy of valence properties. Common types
include norm-conserving, ultrasoft, and projector-augmented wave (PAW) pseudopotentials
[1.2.141° As in molecular DFT, the electronic structure is determined via the self-consistent field
(SCF) procedure (see Section 1.7), where the Kohn-Sham equations are iteratively solved until
convergence of the electronic density is achieved. However, in periodic systems, the SCF loop
includes additional complexity due to the reciprocal-space integration and the plane-wave
expansion 2, Altogether, first principles simulations of periodic systems provide essential
insights into structural, electronic, and magnetic properties of materials, enabling predictive
modeling and rational design of functional solids. When carefully parameterized and
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adequately converged, these simulations represent a powerful and reliable tool in both
fundamental research and materials engineering [1-14],
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— Chapter 2 —

NiO by design: From Molecular Fragmentation to the
Nanomaterial

As mentioned in the Introduction, Chapter 2 focuses on the first steps of formation of a
nanomaterial, specifically nickel(Il) oxide, which is initiated through fragmentation reactions
of molecular precursors occurring at high temperature conditions on a heated surface. In
particular, the study centers on a series of Ni(Il) B-diketonate-TMEDA complexes, used
experimentally for the growth of NiO nanostructures. The central idea is that the fragmentation
pathways of these compounds, triggered by thermal or photochemical activation, provide a
bottom-up route to construct the target nanomaterial under conditions relevant to Chemical
Vapor Deposition (CVD). By adopting a fully computational approach, this Chapter aims to
investigate the relationship between the molecular architecture of the precursors and their
reactivity/fragmentation path.

Nickel (IT) oxide (NiO) is a transparent p-type semiconductor with high chemical stability and
a wide band gap (Eg = 3.2-4.0 eV) "], Tt is characterized by a rock-salt structure featuring an
antiferromagnetic ordering (AF), with collinear spins parallel to (111) planes. " Owing to
this unique combination of properties, NiO-based nanomaterials and thin films have attracted
increasing interest for a broad spectrum of high-impact technologies, including resistive
random access memories 1% sensors B!l hole-extraction layers in solar cells 212131
displays and light-emitting diodes (LEDs) ¥ heterogeneous (photo)catalysis [!>1°1 and
electrocatalysis for the oxygen evolution reaction 17-2°1 the bottleneck step in water splitting
to generate clean H, fuel. The functional performance of these devices strongly depends on
the preparation strategy, as high-quality interfaces and precise control over NiO nanostructure,
morphology, and composition are essential 7. Among the available routes to obtain NiO thin
films and nanostructures 1621301 CVD [1217.183136] i particularly appealing, as it allows one to
control material features under non-equilibrium conditions through a suitable choice of
experimental parameters and of the starting precursors. B7-*! These precursors must possess
specific physicochemical properties, such as adequate volatility, clean decomposition
pathways, and tunable reactivity. B-diketonate complexes are among the most widely used
precursors for the CVD of metal oxide films and nanomaterials ['%4?], as their physicochemical
properties can be tailored by modifying the steric hindrance and fluorination degree of the
ligands backbone ['®]. Nevertheless, as regards the CVD of NiO, conventional [Ni(acac),] 2741
and [Ni(thd),] ! (Hacac = 2,4-pentanedione; Hthd = 2,2,6,6-tetramethyl-3,5-heptanedionate)
suffer from high melting points and limited gas-phase stability 27283244 which hinder precise
process control and limit their large-scale applicability. P7404-%1 This Chapter presents a
theoretical investigation of P-diketonate-diamine compounds of the general formula
NiL,TMEDA [HL = 1,1,1,-trifluoro-2,4-pentanedionate (tfa), 2,2-dimethyl-6,6,7,7,8,8,8-
heptafluoro-3,5-octanedionate (fod), ; TMEDA = N,N,N’,N’-tetramethylethylenediamine
(thd)], used as precursors for the fabrication of NiO thin films through CVD, under both dry
and water-assisted conditions. Moreover, in this Chapter, the fragments of these complexes are
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examined in detail, providing hints for the driving force governing the fragmentation
pathways.

Concerning the final materials, NiO surfaces, both pristine and functionalized with -OH
defects, are simulated to illustrate how defect engineering can modulate the phisico-chemical
properties of these nanomaterials.

Specifically, the following issues will be discussed:

1) Theoretical characterization of the three target Ni complexes, focusing on the interplay
between the diketonate hindrance/fluorination degree, as well as the molecular-level factors
that influence the thickness of the thin films formed by preliminary CVD experiments under
conventional dry O, atmosphere (Paragraph 2.1, Ref. °%);

i1) Computational investigation aimed at exploring the role of water molecules in the
decomposition of Ni precursors, under conditions relevant to humid O, CVD conditions. The
analysis seeks to understand how gaseous H,O molecules promote precursor reactivity,
providing a molecular-level rationale for the experimentally observed enhancement in NiO
thin film growth and quality in the presence of water vapor (Paragraph 2.2, Ref. B!);

ii1) Based on High Resolution Mass spectrometry data, modelling and analysis of the
fragmentation patterns of the target Ni(Il) B-diketonate-diamine complexes in order to
elucidate the molecular and electronic structures of their fragmentation products, providing for
the first time insights into their gas-phase reactivity (Paragraph 2.3, Ref. %),

iv) Computational investigation of NiO (100) surfaces featuring -OH defects, aimed at
providing atomistic-level insights into the structural and electronic properties of NiO-based
thin films, that could be relevant for their use in various technological applications, including
catalysis, sensing, and electronic devices (Paragraph 2.4, Ref. %)),
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2.1 Characterization of B-Diketonate Ni (II) Complexes

From an experimental standpoint, the complexes [Ni(tfa),TMEDA] (1), [Ni(fod),TMEDA]
(2), and [Ni(thd), TMEDA] (3) were thoroughly characterized. Where applicable, their crystal
structures were resolved, and both IR and UV-Vis spectra were recorded (Figures A.4-A.6 in
Appendix 2 and Figure 2, respectively). Preliminary chemical vapor deposition (CVD)
experiments conducted under dry O, atmospheres confirmed that all three complexes serve as
effective precursors for the formation of NiO thin films. However, among them, only
compound 3 (the non-fluorinated derivative one) exhibited significantly higher decomposition
efficiency, resulting in the deposition of a notably thicker film (further details in Table 3,
Section 2.1.5). This unexpected outcome prompted a computational investigation aimed at
identifying the molecular-level factors responsible for such behavior. The results and analyses
presented in this Paragraph (and subsequent ones) are organized to guide the reader through
the key steps of the study.

2.1.1 Ni(ll) Target Complexes: Modelling and Analysis

The crystal structures of 1 and 3 were obtained experimentally, and both exhibited positional
disorder. On the other hand, all efforts to obtain crystals of 2 suitable for X-ray analysis turned
out to be unsuccessful. Based on this, the geometry optimization of the three nickel complexes
was carried out with the dual objective of locating the minimum energy structures of
compounds 1 and 3 - providing a molecular-level interpretation of the observed positional
disorder - and of proposing a reliable structure for compound 2, which had not been previously
reported in the literature. Figure 1 displays the solid-state structures of 1 and 3, along with the
minimum energy structures of 1, 2 and 3 obtained by theoretical modelling. Computational
Details are provided in Appendix 2, Section A.2.1.1. Experimental and computed structural
data are presented in Table 1.

Figure 1 reveals that, in all the reported structures, the Ni(Il) center, surrounded by two [-
diketonates and a TMEDA moiety, is six-fold coordinated and exhibits a slightly distorted
octahedral coordination environment. Despite DFT structural parameters refer to isolated
complexes, data in Table 1 indicate that computed bond lengths and angles are in good
agreement with experimental ones. This finding supports the reliability of the calculated
structure of compound 2, whose geometry was derived exclusively through modelling, thereby
establishing a solid basis for a comparative analysis of the three target Ni(II) complexes. The
DFT-computed minimum energy structures (Figure 1C, D, E) were obtained after evaluating
alternative structural arrangements (see Section A.2.1.2 in Appendix 2), with the aim of also
providing a possible explanation for the positional disorder experimentally observed in
compounds 1 and 2.
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[Ni(tfa), TMEDA] (1) [Ni(fod),TMEDA] (2) [Ni(thd),TMEDA] (3)

Figure 1: (A and B) Solid-state molecular structures of compounds 1 and 3, respectively. A) Compound 1 showing two
determined disordered isomers depending on the orientation of the -CF3 group of one tfa ligand, 1a and 1b. The ratio
1a:1b with the observed disorders is 13.7:86.3. For the 1b isomer, an additional rotational disorder was detected and
represented. B) Molecular structure of compound 3 with modelled positional disorder in the TMEDA backbone
(C6,CT:C6A,C7A = 69.7:30.3) and one of the tert-butyl groups (C1 _4:C1 5 = 63.5:36.5) of the thd ligand. C, D, E)
Graphical representation of the DFT-computed minimum energy structures for 1, 2, 3, respectively.

Table 1: Selected bond lengths and angles for compounds 1, 2, and 3.

1 2 3
Experimental Calculated Calculated  Experimental Calculated
Ni(1)-0(1) 2.0200(12) 2.028 2.039 1.9912(13) 2.016
Ni(1)-0(2) 2.0484(12) 2.045 2.028 2.0217(13) 2.026
Bond Ni(1)-0(3) 2.0498(12) 2.045 2.028 2.0216(14) 2.026
length (A) Ni(1)-0O(4) 2.0361(11) 2.028 2.039 2.0039(14) 2.016
Ni(1)-N(1) 2.1450(14) 2.169 2.171 2.1683(19) 2.182
Ni(1)-N(2) 2.1617(14) 2.169 2.171 2.1522(18) 2.182
O(1)-Ni(1)-0(4) 176.79(5) 177.9 178.1 93.45(5) 93.3
O(1)-Ni(1)-0(2) 89.43(5) 89.2 88.9 89.66(5) 88.9
0O(2)-Ni(1)-0(3) 91.68(5) 90.5 90.0 175.05(6) 174.8
0O(3)-Ni(1)-0(4) 89.18(5) 89.2 88.9 89.17(6) 88.9
Bond N(1)-Ni(1)-N(2) 84.68(6) 84.8 84.6 84.16(9) 84.0
angle (°) O(1)-Ni(1)-0(3) 88.09(5) 89.2 89.8 87.84(6) 91.4
O(1)-Ni(1)-N(1) 94.38(5) 92.6 92.4 90.50(7) 88.9
O(1)-Ni(1)-N(2) 87.63(5) 88.9 89.1 174.66(7) 174.7
Ni(1)-0(1)-C(7/1) 124.58(11) 124.2 124.1 126.29(12) 123.7
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2.1.2 Insight through IR Spectral Analysis

In order to gain a more detailed understanding of bond length trends and to assess structural
similarities/differences among the three investigated complexes, theoretical vibrational
frequencies were computed on the minimum energy structures of 1, 2, and 3. The experimental
and simulated IR spectra of [Ni(tfa), TMEDA], [Ni(fod), TMEDA], and [Ni(thd), TMEDA] are
displayed in Figures A.4-A.6 in Appendix 2, respectively. For all the compounds, which are
characterized by all positive frequencies, the agreement between experimental and theoretical
spectra is satisfactory, allowing thus a detailed band assignment based on the normal modes.
The latter is reported in Tables A.1-A.3 in Appendix 2, Section A.2.1.3. This aspect may also
be particularly relevant for understanding the decomposition efficiency of the precursors in
the formation of NiO thin films.

Taken together, the computed stretching frequency values provide strong and consistent
support for the trends observed in the bond lengths within the coordination sphere of Ni across
all three complexes. More specifically, 1 and 3 exhibit shorter Ni-O bonds than Ni-N bonds,
in accordance with other transition metal B-diketonates and ketoiminates. [7-38:405455]
Furthermore, while in the case of 1, the two Ni-O bonds in frans to TMEDA are slightly
elongated, in structure 3 the same bonds were found to be shortened. As observed for
compounds 1 and 3, even for 2 all Ni-O bonds are shorter than Ni-N ones. Notably, Ni-O
distances in trans to TMEDA are slightly shorter than the other ones, measuring 2.028 A and
2.039 A, respectively (see Table 1). In this context, a clear trend emerges across the series: Ni-
O bonds decrease progressively upon going from complex 1 to 3, with the non-fluorinated 3
displaying the shortest Ni-O distances.

As previously discussed, both the IR spectra (Figures A.4-A.6) and the vibrational analysis
(Tables A.1-A.3) provide a strong support for all these findings. Indeed, Ni-O stretching
frequencies were found to be 578, 618, and 638 cm™ for complexes 1, 2, and 3, respectively.
This outcome reflects a progressive strengthening of the Ni-O bonds, being strongest in
complex 3, suggesting that, in a hypothetical fragmentation process, the loss of a -diketonate
ligand may be less favorable for complex 3, which bears non-fluorinated ligands. An
interesting trend emerges in the Ni-N bond distances, which increase with the number of
electron-donor tert-butyl groups on pB-diketonate ligands. This bond elongation effect, most
pronounced in compound 3, can be reasonably ascribed to the steric hindrance of the two bulky
tert-butyl groups on each thd ligand. Consistently, compound 3 exhibits the lowest Ni-N
stretching frequency (461 cm™). In compound 2, the competing effects of (electron-
withdrawing) fluorine atoms’ increment, and the steric hindrance of fert-butyl groups
(electron-donor) appear to counterbalance, resulting in Ni-N stretching frequencies nearly
identical to those observed for compound 1 (472 and 471 cm™ for 2 and 1, respectively).
Overall, these results suggest that the ters-butyl-rich complex 3, bearing non-fluorinated
ligands, may be more prone to TMEDA release with respect to 1 and 2. A key feature shared
by all three complexes is that Ni-N stretching frequencies are lower than Ni-O ones, pointing
to a weaker interaction between the Ni center and TMEDA nitrogen atoms. This analysis could
suggest that, upon thermal activation, TMEDA detachment might be easier than B-diketonate
loss. Another noteworthy trend emerges by comparing the C=0 stretching frequencies across
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the three complexes: the associated wavenumbers are significantly higher for the fluorinated
compounds (1 and 2) than for the non-fluorinated complex 3. This observation is in line with
the opposite trend found for Ni-O stretching frequencies, which are the highest for 3,
characterized by the strongest Ni-O bonds (see above).

2.1.3 Energetic Considerations for a Hypothetical Fragmentation Event

Prompted by the trends discussed in Section 2.1.2, indicating a progressive strengthening of
Ni-O bonds and a concomitant weakening of Ni-N interactions, particularly in the non-
fluorinated complex 3, in passing from 1 to 3, a comparative energetic analysis was undertaken
to assess the relative favorability of the TMEDA vs -diketonate ligand loss. This investigation
is especially relevant within the broader scope of Chapter 2, which focuses on nanomaterial
formation via the fragmentation of molecular precursors. Evaluating which ligand is more
prone to dissociation upon thermal activation may provide valuable insight into the early steps
of the CVD process and into the reactivity of these Ni(Il) complexes.

In this context, for compounds 1-3 the energetics correlated to the loss of TMEDA (AE,,
Equation 1) and of a B-diketonate ligand L (AE,, Equation 2) were calculated according to the
following pathways:

[NiL,TMEDA] — [NiL,] + TMEDA (1)
[NiL,TMEDA] — [NiL(TMEDA)]* + L- 2)

The calculated fragmentation energies, summarized in Table 2, clearly show that TMEDA
detachment requires significantly less energy than p-diketonate loss for all three complexes.
Notably, the energy required for TMEDA removal is substantially lower in compound 3 than
in the fluorinated compounds, in line with the trends discussed previously. Overall, these
findings suggest that TMEDA detachment should be the first fragmentation step for all three
complexes, and that such event is thermodynamically most favorable in compound 3.

For further details on the theoretical analysis of the fragmentation patterns of the three target
complexes, the reader is encouraged to refer to Paragraph 2.3.

Table 2: DFT-computed energetics for TMEDA loss (AE:), diketonate ligand loss (AE»), and relative energy
difference A(AE) = AE; - AE,, for compounds 1, 2, and 3.

Energies
(keal/mol) 1 2 3
AE; 61.2 65.1 54.9
AE> 1429  143.9 146.6
A(AE) 81.7 78.8 91.7
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2.1.4 Optical Spectra Analysis: Photophysical Insights into NiL:[TMEDA]
Complexes

Assessing the optical spectra of the compounds under investigation may offer further insight
with regard to their potential applicability as precursors in UV photo-assisted CVD processes.
191 In this context, photo-induced dissociation of the complexes in the gas phase may give rise
to highly reactive radical species, thereby enabling film growth at lower temperatures,
particularly advantageous for deposition on thermally sensitive substrates. The optical spectra
of 1-3, shown in Figure 2, exhibited a strong absorption band in the near-UV region around
300 nm, further supporting their suitability for application in UV-assisted deposition strategies.
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Figure 2: Experimental and computed optical absorption spectra of compounds 1, 2, 3.

In the experimental spectra, the main absorption peaks are located at 303, 307, and 312 nm for
compounds 3, 1, and 2, respectively. TD-DFT calculations (see Appendix 2, Section A.2.1.1
for details) reproduced the same trend, yielding values of 271, 277, and 290 nm for 3, 1, and
2, respectively. This result indicates that the absorption band progressively shifts to higher
wavelengths with increasing fluorine content in the diketonate ligand, i.e., the lowest
wavelength value is observed for the non-fluorinated complex 3. For all compounds, electronic
structure analysis provided molecular-level insight, not experimentally accessible, into the
optical properties of the investigated Ni complexes. The molecular spin orbitals primarily
involved in the electronic excitation components of the most intense absorption band in the
spectra of 1-3 are illustrated in Figure A.7. In all cases, the character of the main absorption
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band can be confidently assigned as ligand-ligand n-n* transition, consistent with previous
findings for related metal systems. 74!

2.1.5 Tuning CVD Growth: Insights into NiLTMEDA Behavior under Dry O:
Conditions

Experimental analyses of the chemico-physical properties of the three Ni(Il) compounds show
that their volatility directly depends on both the fluorination degree and the steric hindrance
of the employed diketonate ligands. More specifically, complex 3 was found to be the least
volatile, whereas the lighter tfa complex 1 exhibited the highest volatility. These findings are
consistent with the fact that the presence of fluorinated groups in the ligands not only reduces
intermolecular interactions, but also decreases the basicity of the f-diketonate oxygen donor
sites through their electron-withdrawing effect, thereby enhancing the overall volatility of the
compounds 406371 (see Ref. % for further details). Based on the aforementioned properties,
the suitability of the target Ni compounds for NiO CVD was evaluated through preliminary
experiments conducted on Si(100) substrates at 400 °C under dry O: atmospheres. Key
characteristics of the resulting thin films are collected in Table 3.

Table 3: Key features for NiO nanodeposits obtained on Si(100) at 400°C under dry O, atmospheres.

P Thickness Growth rate
recursor

(nm) (nmxmin)
[Ni(tfa)TMEDA] (1) (101 0.08
[Ni(fod): TMEDA] (2) (10+2) 0.08
[Ni(thd),TMEDA] 3)  (37+2) 0.31

Table 3 highlights how fluorination degree affects both the thickness and the growth rate of
the resulting thin films. Notably, compound 3 exhibited a higher decomposition efficiency
compared to compounds 1 and 2, an unexpected outcome considering thermal analyses data,
which had identified 3 as the least volatile member of the series. Such a result highlights that
the sole volatility is not sufficient by itself to ensure an appreciable precursor decomposition
efficiency on the growth surface. A possible explanation may be provided by theoretical
considerations: the higher sublimation temperature of 3 (120°C) compared to compounds 1
(75°C) and 2 (80°C) indicates that 3 is introduced in the CVD reactor chamber more
vibrationally excited than 1 and 2, and thus potentially more reactive. ¥ In fact, since
deformation modes of the Ni coordination environment, strongly involving metal-ligand bond
distances, are located around 250 cm! (see Tables A.1-A.3), thd is likely to be excited at 120°C
(kT = 273 cm!). Moreover, the non-fluorinated complex 3 should be the one characterized by
the weakest Ni-N bonds, as suggested by the Ni-N stretching frequencies trend (see Section
2.1.2 and Section A.2.1.3 in Appendix 2). A further key indication is the energetic cost of
TMEDA detachment computed for the three complexes (Table 2), which is lowest for
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compound 3, providing a plausible explanation for the more efficient film growth obtained in
this case.

Based on the results discussed thus far, it appears that the fluorinated derivatives within this
family of precursors, despite their higher volatility, lead to the formation of very thin films
under the adopted CVD conditions. This observation suggests that compounds 1 and 2 exhibit
high stability in the vapor phase, and that the main limiting factor of the process lies in their
reactivity at the growth surface. Nonetheless, the findings presented here clearly demonstrate
that all three NiL.TMEDA complexes are promising Ni precursors for CVD applications, with
their fragmentation reactions leading to the formation of the multi-functional nanomaterial
NiO. The next step is to address a key question: how can the decomposition efficiency, and
consequently the growth rate, of the target Ni precursors be enhanced? Previous studies on Fe
and Co tfa-TMEDA adducts %4 have shown that introducing water vapor into the reaction
atmosphere significantly promotes precursor decomposition, ultimately enabling the
formation of thicker films by increasing their growth rate.
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22 From Dry to Wet: why Water Promotes Precursors
Fragmentation and Film Growth

The previous Paragraph addressed, at the computational level, the chemico-physical
characterization of three B-diketonate-diamine Ni(Il) adducts, namely, Ni(tfa).TMEDA (1),
Ni(fod):TMEDA (2), and Ni(thd).TMEDA (3) (see Figure 1), which exhibit promising
features as molecular precursors for the vapor-phase deposition of NiO thin films. As
previously discussed, preliminary CVD validation experiments conducted under conventional
dry O: atmospheres resulted in the formation of very thin deposits, suggesting limited
decomposition efficiency for the used precursors in those conditions. This behavior was
especially pronounced for the fluorinated derivatives (1 and 2), despite their superior transport
properties compared to the non-fluorinated Ni(thd).TMEDA. These observations prompted a
deeper investigation into the effects of modified growth conditions, with the aim of enhancing
precursor conversion and better understanding the correlation between precursor structure and
film-forming behavior. Previous studies of the research group on the CVD fabrication of Fe;Os
38.381 and Co304 %Y nanosystems have demonstrated that the introduction of water vapor into
the reaction atmosphere can significantly promote the overall growth process, positively
impacting both the thickness and morphology of the resulting materials. Building upon this
evidence, a water vapor-assisted CVD experiment was carried out for NiO film deposition
from the target precursors. The process was performed on Si(100) substrates at 400 °C under
humid O: conditions (see Ref. P! for further details). The main features of the deposited thin
films are summarized in Table 4.

Table 4: Key features for NiO nanodeposits obtained by H,O-assisted CVD on Si(100) at 400°C under O, atmospheres.

Thickness Growth rate

Precursor
(nm) (nmxmin')
[Ni(tfa) TMEDA] (1) (180+6) 1.46
[Ni(fod): TMEDA] (2) (90+4) 0.80
[Ni(thd): TMEDA] (3) (170+6) 1.42

The obtained results evidenced that, under the same operating conditions, the presence of water
vapor in the reaction atmosphere had a beneficial effect on all three precursors, promoting
increased film thickness, as anticipated (see Table 3, Section 2.1.5 for comparison).
Nevertheless, while experiments from Ni(tfa) TMEDA and Ni(thd),TMEDA yielded deposits
of comparable thickness, Ni(fod).TMEDA led to significantly thinner films.

In this context, theoretical calculations aim not only to elucidate why compound 2 yields
thinner films compared to the other two members of the series, but also to provide broader
insight into the role of water vapor in the decomposition mechanisms of the precursors. These
findings — which, to the best of our knowledge, have never been previously reported for
comparable systems — are of fundamental importance for understanding, at the molecular level,
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the growth process of oxide nanomaterials and the influence of water on the fragmentation
pathways leading to their formation.

2.2.1 Modeling the Interaction of Ni(Il) Complexes with Water Molecules

To investigate the influence of water vapor in the CVD reaction environment, the interaction
of water molecules with Ni(tfa),TMEDA, Ni(fod), TMEDA, and Ni(thd), TMEDA (Figure 1),
was modeled using the DFT approach described in Appendix 2, Section A.2.2.1. The
geometries of the three complexes were optimized including from one to three H,O molecules
in the second Ni coordination shell. This strategy enabled the evaluation of structural
variations in compounds 1-3 as a function of a variable number # of water molecules (n =1,
2, 3), offering insights into how hydration influences the geometry of the precursors. In
particular, two different arrangements of water molecules were considered for both the di-
hydrated and tri-hydrated complexes. In the di-hydrated species, water molecules were either
symmetrically positioned in two different regions of the complex (Ni(L),TMEDA<2H,0) or
coordinated as a hydrogen-bonded dimer (Ni(L), TMEDA<*2H;04imer). For the tri-hydrated
systems, the starting geometries included either a dimer and an isolated H,O molecule on
opposite sides of the complex (Ni(L), TMEDA<*3H,0), or a hydrogen-bonded trimer near the
precursor (Ni(L), TMEDA *3H;Oximer). Furthermore, all the hydrated structures (Figures A.8-
A.11) were generated by placing water molecules near the least hindered regions of the Ni
coordination environment, starting from the optimized geometries of the dry Ni(L),TMEDA
complexes (L = tfa, fod, thd) reported in Figure 1 (Paragraph 2.1). In order to enhance the
clarity of the presented data and to support a more effective interpretation of the observed
trends, Figure 3 displays only the Ni(L),TMEDA<2H,0O complexes, while Table 5 reports
average Ni-O and Ni-N bond distances per ligand as a function of both the number and spatial
arrangement of water molecules in complexes 1-3. Full structural details are provided in
Section A.2.2.2 of Appendix 2.

Figure 3: Graphical representation of the DFT-computed minimum energy structures of: (a) Ni(tfa) TMEDA*2H,0;
(b) Ni(fod),TMEDA<2H,0; (c) Ni(thd),TMEDA*2H,0. Atom colors code: Ni = green; F = yellow; O =red; N = blue,
C = grey, H = white, dashed red lines = hydrogen bonds (bond lengths are in A).
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It should be noted that the adopted hydration levels (n = 1, 2, 3) were not meant to reproduce
the full solvation environment of the complexes, but rather to provide a simplified
computational model aimed at elucidating the effect of water vapor on the structure and
stability of the precursors. In this context, the comparison between hydrated and dry species
enabled the evaluation of water binding energies, key bond distances, and vibrational modes,
which in turn offered molecular-level insights into the experimentally observed increase in
NiO thin film thickness under humid conditions (see the following Sections). The choice to
limit the models to a maximum of three water molecules was driven by the conditions adopted
in the actual CVD experiment (low-pressure CVD reactor, T> 353 K, water vapor is a minor
component of the transport gas) °°1, which do not favor full solvation of the precursor
molecules.

2.2.2 Theoretical IR Analysis: Hydrated versus Dry Ni(Il) Precursors

Following the methodology adopted for the non-hydrated precursors (see Section2.1.2), a
study of the vibrational properties of the hydrated precursors via harmonic frequency analysis
was performed. This investigation was not intended merely to explore the geometrical changes
induced by water molecules, but rather to provide a deeper understanding of how the presence
of water vapor may enhance the decomposition efficiency of the target precursors, thereby
promoting the formation of thicker NiO thin films. The computed IR spectra (harmonic
frequencies) for the hydrated precursors 1-3 are displayed in Figures A.12-A.14, Section
A.2.2.3 of Appendix 2, respectively.

The main features of the IR spectra computed for the three hydrated complexes are consistent
with those observed in the experimental IR spectra of the corresponding dry precursors (see
Appendix 2, Figures A.4-A.6). As previously noted for the latter, the peaks associated to the
C=O0 stretching modes appear at higher wavenumbers for the fluorinated complexes, namely
Ni(tfa).TMEDA and Ni(fod).TMEDA, compared to Ni(thd).TMEDA. In all cases, the
stretching modes related to metal-ligand bonds in the Ni coordination environment fall within
the 300-650 cm! range. Specifically, and in line with observations for the non-hydrated forms,
Ni-O stretching modes generally occur at higher wavenumbers than those corresponding to
Ni-N vibrations. In this context, particular attention was devoted to the di-hydrated complexes
in which water molecules are symmetrically positioned close to the diketonate ligands, namely
Ni(L).TMEDA<*2H:0 (L = tfa, fod, thd) depicted in Figure 3. For these systems, a detailed
analysis was performed to evaluate the hydration effect on the vibrational modes primarily
localized on the Ni-O bonds. This choice allows for a more direct comparison between the
vibrational frequencies associated to metal-ligand bonds of the di-hydrated and dry complexes,
both of which exhibit a slightly distorted C. symmetry (see Section A.2.2.2). As previously
discussed, this comparison provides valuable insight into the molecular-level reasons on why
the presence of water vapor in the reaction atmosphere enhances the formation of thicker NiO
films compared to the growth under dry O: conditions. To ensure a thorough and cohesive
interpretation of the results derived from structural and vibrational investigations, these
findings will be jointly discussed in the subsequent section. The computed wavenumbers of
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the normal modes mainly localized on Ni-O bonds for both dry and symmetrically di-hydrated
precursors are summarized in Tables A.7-A.9.

2.2.3 Unveiling the Role of Water in Modulating Fragmentation and Film
Growth of Ni(Il) Precursors

As previously discussed in earlier Sections, to support a clearer interpretation of the observed
data and trends, the average Ni-O and Ni-N bond distances per ligand are collected in Table 5
as a function of both the number and spatial arrangement of water molecules interacting with
each of the three precursors. These values are reported alongside the corresponding binding
energies per water molecule. For a more detailed overview of the relevant bond distances and
angles, the reader is referred to Tables A.4-A.6 in Appendix 2.

Table 5: Average Ni-O and Ni-N bond lengths (in A) along with computed binding energy per water molecule (Wgk,
kcal mol ™) for the optimized geometries of both dry and hydrated complexes illustrated in Figures A.8, A.10, A.11.

No water +1 H20 +2H0 +dimer +3H20 + trimer

Ni(tfa)TMEDA (1)
Ni-O ligand 1 (A) 2.037 2.040 2.040 2.046 2.045 2.051
Ni-O ligand 2 (A) 2.037 2.036 2.040 2.035 2.039 2.040
Ni-N TMEDA (&) 2.169 2.167 2.164 2.171 2.167 2.164
Wee (kcal/mol) - 9.77 9.14 9.95 9.64 10.14
Ni(fod) TMEDA (2)
Ni-O ligand 1 (A) 2.034 2.076 2.087 2.043 2.085 2.040
Ni-O ligand 2 (A) 2.034 2.044 2.087 2.086 2.095 2.077
Ni-N TMEDA (&) 2.171 2.156 2.140 2.148 2.135 2.152
Wee (kcal/mol) 6.97 6.85 7.40 7.13 8.08
Ni(thd): TMEDA (3)
Ni-O ligand 1 (A) 2.021 2.021 2.024 2.019 2.024 2.019
Ni-O ligand 2 (A) 2.021 2.025 2.024 2.025 2.024 2.036
Ni-N TMEDA (A) 2.182 2.176 2.170 2.180 2.174 2.173
Wee (kcal/mol) - 7.67 7.37 7.51 7.38 7.44

As shown in Table 5, the binding energies per water molecule are notably higher than the
thermal energy available under the adopted CVD conditions (approximately 1.3 kcal/mol at
400 °C) in all investigated cases. This suggests that the hydrated precursor species are likely

to persist in the reaction environment during NiO film growth. These findings offer a plausible
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molecular-level rationale for the remarkable increase in growth rate observed when water
vapor is introduced into the CVD atmosphere, as compared to depositions carried out under
dry O, conditions (see Section 2.1.5). Overall, the water binding energy trend suggests that the
effect exerted by water vapor presence should be more pronounced for Ni(tfa), TMEDA than
for Ni(fod),TMEDA and Ni(thd),TMEDA. Specifically, when Ni(tfa), TMEDA is employed,
film growth rate rises by =18 times under O,+H,0O reaction atmospheres compared to dry O,
conditions, whereas more moderate increases are observed for Ni(fod),TMEDA (=10 times)
and Ni(thd),TMEDA (=5 times). These data highlight that the highest growth rate increase
occurs for the precursor capable of forming stronger hydrogen bonds with gas-phase water,
namely Ni(tfa),TMEDA. In fact, due to the absence of bulky tert-butyl groups,
Ni(tfa),TMEDA provides the most sterically favorable environment for strong hydrogen
bonding interactions between water molecules and the diketonate oxygen atoms. As reported
in Appendix 2, sub-Section A.2.2.2.3, in Ni(fod),TMEDA, bearing two tert-butyl groups, the
formation of hydrogen bonds is still possible, although weaker and achievable only at the
expense of a significant distortion of Ni coordination sphere. Indeed, complex 2 exhibits the
largest water-induced distortion in both Ni-O and Ni-N distances (Tables A.5 and 5). As
concerns Ni(thd),TMEDA, while water molecules cooperate to perturb the Ni coordination
environment, thus indirectly influencing Ni-ligand bonding (Tables A.6 and 5), their influence
is primarily exerted on the n-structure of the diketonate ligand (see sub-Section A.2.2.2.4). In
general, the introduction of H,O in the Ni second coordination shell induced an elongation of
the Ni-O bonds for at least one diketonate ligand, while the Ni-N bonds are consistently
shortened. This observation suggests that the presence of water may facilitate the detachment
of a B-diketonate ligand, thereby reversing the trend proposed in Section 2.1.3, where energy-
based analysis on the dry precursors indicated that the initial step in the fragmentation process
involved the TMEDA loss. These findings thus offer new molecular-level insights into the
fragmentation behavior of the three target complexes. Despite water-induced distortions, the
Ni octahedral coordination environment is maintained in all hydrated complexes. In contrast,
a significant alteration of such an environment is observed in the case of dissociated water
(Figure A.9). However, the water binding energy obtained for this pentacoordinated structure
(close to -50 kcal/mol) indicates that its formation in vapor-phase is highly unlikely or
negligible.

Building on these water-induced structural changes and the pertaining binding energies, the
vibrational study presented in Section 2.2.2 not only reinforced the impact of hydration on the
investigated systems, but also provided further insights into how water vapor may affect the
decomposition behavior of the target complexes. Indeed, a careful data inspection reveals that,
as anticipated, the most pronounced variations are observed for Ni(tfa) TMEDA*2H,0 (Table
A.7). Specifically, although an overall frequency increase of the collective Ni-O stretching
modes is noted, a significant decrease (15 cm™!) in the stretching frequency of modes involving
apical Ni-O bonds (i.e., those not in trans to TMEDA) was computed, accompanied by a
notable lengthening of such bonds (Table A.4). This result indicates that water plays a key role
in weakening two Ni-O bonds, substantially perturbing the coordination of tfa ligands to the
metal center and likely contributing to activate the precursor decomposition. In the case of
Ni(fod):TMEDA, the interaction with water leads to a general decrease in the stretching
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frequencies of modes localized on Ni-O bonds (Table A.8); however, the maximum frequency
decrease observed (10 cm™) is less pronounced than that computed for complex 1. Conversely,
for Ni(thd).TMEDA, Ni-O stretching frequencies remain virtually unchanged upon hydration
(Table A.9). This finding is consistent with the fact that, in this complex, water protons
primarily interact with the n-system of the diketonate ligands, rendering them less effective in
weakening Ni interaction with diketonate oxygen atoms. Therefore, although the computed
H,O binding energies suggest that the presence of water vapor should generally enhance the
decomposition of all three complexes, both the binding energy trend and the observed decrease
in Ni-O stretching frequencies indicate that the effect should be more pronounced in the case
of Ni(tfa).TMEDA. These findings provide a molecular-level rationale for the experimentally
observed highest growth rate associated with films deposited from precursor 1, while also
explaining the comparatively weaker influence of water vapor on the growth rate when using
the non-fluorinated Ni(thd).TMEDA compound. However, even for the latter, a 5% increase
of growth rate is observed upon introducing H-O vapor into the CVD chamber. This behavior
can be better understood through the analysis of low-energy vibrational modes in the hydrated
precursors. Indeed, the computed IR (harmonic) spectra of the hydrated precursors, compared
to those of their non-hydrated counterparts (Figures A.12-A.14), clearly show that, for all three
systems, the presence of H,O molecules in the Ni second coordination shell gives rise to
relatively intense signals below ~ 400 cm™!, which are absent in the dry analogues. Such signals
are primarily due to water libration modes, which are coupled with strong deformation modes
of the Ni coordination shell. This coupling may play a key role in activating precursor
fragmentation processes.[*¥! Notably, such modes are thermally accessible at the substrate
temperatures adopted in the CVD deposition process (kT at 400 °C ~ 435 cm™). Hence, these
water-induced deformations of the Ni local coordination environment, observed for all three
Ni(L), TMEDA precursors, might be at the origin of the general water-induced increase in rate
growth. This effect is modulated by the nature of the ligands, which determines the extent of
water-induced weakening of the Ni-O bonds in the three precursors.

2.2.4 Final Remarks

In conclusion, the results obtained provided a coherent and robust interpretation of the
experimental observations. The theoretical approach adopted not only produced results in line
with the experimental findings, but also provided molecular-level insights inaccessible to
direct experimental investigation. More specifically, this Paragraph elucidates the positive role
of water vapor in enhancing film growth rates, as revealed by modeling outcomes. The latter
indicated that, under the CVD conditions, water molecules may form stable adducts with the
precursors, perturbing their coordination environment and weakening the interaction between
Ni and the coordinated B-diketonate ligands. The magnitude of this effect was shown to depend
strongly on the chemical nature of the ligands involved. These findings also contributed to
advancing the current understanding of the fragmentation pathways of these precursors to yield
NiO nanomaterials, complementing and refining the hypotheses proposed in Paragraph 2.1.
Particularly remarkable is the central role of water, which acts as a key molecular player in
modulating the reactivity and structural behavior of the target complexes.
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2.3 Where Bonds Break: Computational Insights into the
Fragmentation of Ni(II) B-Diketonate-Diamine Complexes

In the previous two Paragraphs, three Ni(Il) B-diketonate-TMEDA precursors were presented,
with a focus on their computational characterization supported by experimental data.
Moreover, benefiting from preliminary CVD validation experiments conducted under both dry
O, and H,O-enriched conditions, it was possible to theoretically elucidate the beneficial role
of water in promoting the growth of NiO thin films for all three precursors. In this context,
structural insights into the gas-phase fragments of the three precursors are presented in the
current Paragraph, which serves as a conceptual bridge between the starting molecular systems
(see Paragraphs2.1 and 2.2) and the resulting nanomaterial (see Paragraph?2.4).
This approach not only reflects the chronological order in which the studies were carried out
during the PhD work, but also emphasizes the central theme of the present chapter:
fragmentation as a driving force of nanomaterial formation.

Despite electron ionization mass spectrometry (EI-MS) being generally considered more
appropriate for investigating the gas-phase reactivity of CVD precursors, especially in plasma-
assisted processes %, it is known that hard ionization conditions lead to the destruction of
specific ions, which is diagnostic of compound fragmentation %, In contrast, similar insights
can be effectively obtained using soft ionization methods like electrospray ionization mass
spectrometry (ESI-MS) [B746471 which enable a deeper understanding of precursor
decomposition behavior. For this reason, the fragmentation behavior of the three compounds
Ni(tfa),TMEDA (1), Ni(fod), TMEDA (2), and Ni(thd), TMEDA (3) was studied by theoretical
investigations, based on electrospray ionization high resolution mass spectrometry (ESI-
HRMS) and ESI-MS" experiments.

2.3.1 Experimental Section

The positive ion mode ESI-HRMS mass spectra for the three complexes are presented in
Figure 4, while the identification of the main fragments, their corresponding m/z ratios, and
relative abundances are provided in Table 6. In all cases, the base peak (m/z = 327.0830,
469.1229, and 357.2041 for complexes 1, 2, and 3, respectively) was related to [M-L]" species
(where M denotes compound 1, 2, or 3) resulting from the loss of one B-diketonate ligand (L).
Ions due to the protonated diamine [TMEDA+H]" were detected at m/z = 117.1390, with
relative abundance exceeding 45% for all three complexes. Only for 2, the molecular ion was
detected as a sodium adduct at m/z = 787.1690 ([M+Na]"), along with a species resulting from
TMEDA loss [M-TMEDA+Na]" (m/z = 671.0379). The presence of [M+Na]" for 2 can be
ascribed to a good efficiency of Na adduct formation under ESI-MS conditions, promoted by
the partial negative charge of CF,CF,CF; groups due to fluorine atoms %, For compound 3,
the signal at m/z = 425.2190 was attributed to TMEDA loss from the protonated molecular
ion, which itself was not detected.
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Table 6: Main fragments, m/z ratios, and relative abundances (%) obtained in ESI-HRMS analyses of compounds 1, 2,
and 3. Fragment signals corresponding to compounds 1, 2, and 3 are highlighted in green, red, and blue, respectively.

1 2 3
Tonic Species m/z (%) m/z (%) mlz (%)
[M+Na]* 787.1690 (25)
[M-TMEDA+Na]* --- 671.0379 (12) ---
[M-TMEDA-+H]* 425.2190 (15)
[M-L]* 327.0830 (100) | 469.1229 (100) | 357.2041 (100)
[HL+H] --- --- 185.1535 818)
[TMEDA+H]* 117.1391 (70) | 117.1389 (50) | 117.1388 (55)
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Figure 4: Positive ESI-HRMS spectra of compounds 1-3 recorded in methanolic solution. Fragment signals
corresponding to compounds 1, 2, and 3 are highlighted in green, red, and blue, respectively.
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MS/MS experiments (see Figure 5) on [M-L]" ions revealed further decomposition due to
TMEDA-related rearrangements. In particular, the loss of a NH(CHs), species from the
TMEDA moiety emerged as the most favored fragmentation process, resulting in the formation
of ions at m/z = 282, 424, and 312 for 1, 2, and 3, respectively. Additionally, for fluorinated
compounds 1 and 2, the loss of -CH;CH,N(CH3), from [M-L]" led to ionic species at m/z =
254 and 396, respectively. Notably, only for ion [M-L]" of compound 2, an additional
rearrangement of the fod ligand was observed, which led to species at m/z = 413, due to
C(CH3)2:CH2 loss.
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Figure 5: ESI-MS? spectra of [M-L]" ions for compounds 1, 2, and 3. Fragment signals corresponding to compounds
1, 2, and 3 are highlighted in green, red, and blue, respectively.

2.3.2 [M-L]" Fragments: Structural and Electronic Insights

To gain a deeper understanding of the molecular structures of the fragment ions observed in
MS experiments, DFT calculations were carried out (see Appendix 2, Section A.2.3.1), starting
with the computation of the three neutral complexes [Ni(L),TMEDA] minimum energy
structures (Figure 6a, c, and e). In particular, the theoretical analysis provides valuable insights
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into how the nature of the ligand influences the fragmentation behavior, thereby setting the
basis for a molecular-level interpretation of the precursor chemical reactivity. In line with the
experimental ESI-HRMS results, where the base peak in all spectra corresponds to the loss of
one B-diketonate ligand L, minimum energy structures of the resulting [M-L]" fragments were
also investigated. These were obtained by removing a B-diketonate ligand from the
corresponding neutral complexes and subsequently optimizing the geometry of the resulting
[Ni(L)TMEDA]* species. The optimized structures of these cationic fragments are shown in
Figure 6b, d, and f.

Figure 6: Graphical representation of the DFT-computed minimum energy structures for the pristine complexes
[Ni(L),TMEDA] with L = tfa (a), fod (¢), thd (e), and for the corresponding [Ni(L)TMEDA]" fragments with L = tfa
(b), fod (d), and thd (f). Color codes: green = Ni; yellow = F; blue = N; red = O; grey = C; white = H.
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The molecular geometries of the three neutral complexes appear largely comparable. Despite
the change in the density functional approximation compared to the analysis presented in
Paragraph 2.1 (see Appendix 2, Section A.2.1.1), the computed structural parameters remain
close to those previously obtained. In all cases, Ni exhibits a slightly distorted octahedral
coordination environment, with Ni-O bond lengths shorter than the Ni-N ones (Table 7). This
structural feature suggests stronger interactions between nickel and the oxygen atoms of the
B-diketonate ligands compared to those with the nitrogen atoms of TMEDA. This hypothesis
is further supported by the computed bond order (BO) values, which systematically indicate
higher Ni-O than Ni-N BOs across all complexes (Table 7). Interestingly, while BO values for
Ni-O bonds are quite similar, the Ni-N bond order for the non-fluorinated compound 3,
featuring two bulky tert-butyl groups per diketonate ligand, is slightly lower than for the
fluorinated complexes 1 and 2. This trend suggests that fluorinated substituents tend to
enhance Ni-N interaction strength, whereas the steric hindrance introduced by tert-butyl
groups exerts a weakening effect. Despite these slight differences, both molecular geometry
and electronic structure underlying the metal-ligand bonding scheme appear strongly
conserved across the three complexes (see Figure 6 and Table 7). This structural and electronic
similarity may account for their comparable fragmentation behavior, particularly the consistent
appearance of [M-L]" as the base peak in all ESI-HRMS spectra (Figure 4).

Table 7: Selected bond lengths (BL) (in A) and corresponding bond orders (BO) values for the optimized structures of
neutral complexes M and related fragments [M-L]* for compounds 1, 2, and 3. Different colors in the BO columns refer
to different ligands (brown and violet = first and second diketonate ligand, respectively; gray = TMEDA). Atom labels
as in Figure 6.

1 2 3
M [M-tfa]* M [M-fod]* M [M-thd]*

BL BO BL BO BL BO BL BO BL BO BL BO
Ni-O1 2.024 0.284 1.831 0471 2.035 0.242 1.833 0.454 2.018 0.241 1.828 0.476
Ni-O4 2.024 0.284 2.035 0.242 2.018 0.241
Ni-02 2.041 0.294 1.848 0.469 2.023 0.258 1.842 0.452 2.009 0.256 1.828 0.476
Ni-03 2.041 0.294 2.023 0.258 2.010 0.256
Ni-N1 2.147 1.946 2.153 1.946 2.165 1.957
Ni-N2 2.147 1.946 2.153 1.947 2.165 1.957
01-C5 1.260 1362 1.276 1.285 1260 1.363 1.276 1279 1.267 1352 1.284 1.267
02-C7 1.257 1.427 1.274 1318 1258 1.418 1276 1316 1.263 1376 1.284 1.267
04-C6 1.260 1.362 1.260 1.363 1.267 1.352
03-C8 1.257 1.427 1.258 1.418 1.263 1.376

C5-CH1 1.392 1.423 1.380 1.450 1.393 1.421 1.381 1.451 1.411 1.348 1.400 1.367
C7-CHI 1.424 1.264 1.413 1.300 1.425 1.260 1.413 1.288 1.414 1.325 1.400 1.367
C6-CH2 1.392 1.423 1.393 1.421 1.411 1.348
C8-CH2 1.424 1.264 1.425 1.260 1.414 1.325
CHT-CH2T 1.520 1.021 1.508 1.027 1.518 1.021 1.507 1.027 1.520 1.020 1.508 1.026

Comparable features are observed in the minimum energy structures of [M-L]" fragments,
which exhibit very similar geometric arrangements and metal-ligand bonding schemes. In all
three cases, the ions adopt a square-planar geometry (Figure 6b, d, and f), typical of tetra-
coordinated Ni(Il) complexes in the singlet spin state. Furthermore, both the geometrical

parameters and the computed BO values reveal only very slight differences across complexes
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1, 2, and 3 (see Table 7). This observation is further supported by natural bond orbital (NBO)
analysis performed on the electronic structures of the three [M-L]" fragments. Particularly, the
strong similarity between the NBOs localized on metal-ligand bonds is evident from data
collected in Table A.10 in Appendix 2. As shown in Table A.10, all NBOs display c-character,
regardless of the nature of the diketonate ligand. The bonding orbitals [BD(c)] are
predominantly localized on the ligand’s N and O atoms, with occupancies = 90%, whereas the
corresponding antibonding orbitals [BD(c*)] are mostly localized on the Ni center. Taken
together, NBO data suggest a net electron density transfer from the ligands to Ni. This
interpretation is further supported by the graphical representation of the bonding NBOs
(Figures A.15-A.17 in Appendix 2), which highlight their o-character and the direct
involvement of nickel in the bonding scheme.

Following this line of reasoning, NBO analysis offers the possibility of partitioning electron
density between specific portions of a given molecule, thereby enabling an estimation of the
total charge on each. In the present case, it is particularly insightful to examine the total NBO
charges localized on the Ni center, the diketonate ligand (L), and TMEDA (Table 8).

Table 8: NBO charges on Ni, diketonate ligand L, and on TMEDA computed for the optimized structures of neutral
complexes M and corresponding fragments [M-L]" of compounds 1, 2, and 3. Different colors refer to different ligands
(brown = diketonates, purple = TMEDA).

1 2 3

M [M-tfa]* M [M-fod]* M [M-thd]*
Ni 1.00 0.73 1.08 0.75 1.12 0.75
L —0.65 —0.35 —0.68 ~0.36 —0.69 —0.32
TMEDA 0.30 0.62 0.28 0.61 0.26 0.57

Interestingly, the data reveal that the positive charge on Ni decreases by approximately 25-
30% when moving from neutral complexes to [M-L]" cations. Although this trend might seem
counterintuitive, given the overall fragments’ positive charge, it can be rationalized by
considering the enhanced electronic charge donation from both the diketonate ligand and
TMEDA to Ni center upon loss of one L unit. In fact, the total negative charge on L decreases
by 50%, while the total (positive) charge on TMEDA is more than doubled (Table 8). These
findings therefore suggest that all [M-L]" species are stabilized by a strong electronic density
donation from ligands towards Ni. This effect is slightly more pronounced in the fragment
derived from compound 3, due to the higher electron-donor character of the two ters-butyl
groups on the diketonate moiety with respect to F-containing groups, present in compounds 1
and 2. All these close similarities in the electronic structure suggest that all three ions possess
comparable stability and may all easily form in ESI-HRMS conditions. From a purely
geometrical perspective, it is also noteworthy that, for all three complexes, Ni-O and Ni-N
bond lengths undergo a significant shortening when transitioning from the neutral compounds
to the related [M-L]" fragments. This variation is accompanied by a substantial increase in the
corresponding bond orders, which are nearly doubled in the fragment ions. As a result, the loss
of one diketonate ligand leads to significant strengthening of both the Ni-TMEDA interactions
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and the Ni-O bonds within the remaining diketonate moiety. In addition to the main peak
common to the three complexes, ESI-HRMS spectra discussed in Section 2.3.1 also revealed
the formation of additional cationic species (see Figure4 and Table 6). A thorough
computational search for their minimum energy structures was performed; however, since
these results are not essential for the purposes of this Paragraph, they are presented in
Appendix 2, Section A.2.3.3.

2.3.3 Fragmentation of [M-L]* Ions: Structures and Electronic Features of MS*-
Derived Species

With regard to the MS? spectra (see Section 2.3.1, Figure 5), attention was focused on the
subsequent fragmentation of [M-L]" cations. Also in this case, the spectra of the three cations
displayed common features, most notably, the formation of [M-L]"-NH(CH;), species. The
theoretical search for minimum energy structures for these moieties led to the results depicted
in Figure 7a, c, and f. Consistently with findings in Section 2.3.2, these cations exhibit very
similar geometries and Ni-ligand bonding patterns, as summarized in Table 9.

Table 9: Selected bond lengths (BL) (in A) and corresponding bond orders (BO) values for the optimized structures of
fragments detected in ESI-MS? spectra of [M-L]" ions for compounds 1, 2, and 3. Different colors in the BO columns
refer to different ligands (brown = diketonate, gray = TMEDA). Atom labels as in Figure 7.

1 2 3
[M-tfa]*- [M-tfa]*- [M-fod]*- [M-fod]*- [M-fod]*- [M-thd]*-
NH(CH3): CH3CH:N(CH3): NH(CH3): CH3CH:N(CH3): -(CH3):C=CH2 NH(CH3):
BL BO BL BO BL BO BL BO BL BO BL BO

Ni-O1 1.811 0.523  1.799 0.557 1.814 0.506  1.794 0.554 1.837 0.450 1.808 0.535
Ni-O2 1.830 0.511  1.819 0.541 1.816 0.518  1.815 0.543 1.842 0.453  1.803 0.546

Ni-N1 - - 1.929 1.946 1.938 1.941
Ni-N2 1.932 1.943 1.937

Ni-CHT 1.972 1.987 1.976 1.986 1.974
Ni-CH2T 2.096 2.128 2.098 2.128 2.108

O1-C5 1.277 1.288  1.281 1.267 1.280 1.258  1.281 1.263 1.265 1.342  1.288 1.264
02-C7  1.281 1.297  1.279 1.308 1.279 1314 1.280 1.299 1.270 1.318 1.287 1.264
C5-CHI 1.384 1.444 1381 1.463 1.380 1.468  1.381 1.458 1.400 1.345 1.399 1.381
C7-CHI 1.409 1.315 1.412 1.300 1.417 1.281 1.413 1.292 1.389 1.404 1.403 1.361

CHT-
CH2T 1.379 1.373 1.380 1.373 1.508 1.378

While the B-diketonate ligand remains coordinated to the metal center through both its O
atoms, only one N atom (the one that survived the fragmentation) is linked to the Ni center.
Nevertheless, the latter preserves its nearly square-planar coordination geometry thanks to the
interaction with a new C=C double bond formed upon -NH(CH3), release. In these fragments,
the Ni-CHT and Ni-CH2T distances become = 2 A (see Table 9 and Figure 7 for atom labels).
Moreover, a comparison of structural parameters reveals a net shortening of the CHT-CH2T
bond length with respect to the corresponding distance in the [M-L]" species (cf. Tables 7 and
9; see also Figure 7). This structural change is accompanied by a significant increase in the
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associated bond order, rising from = 1 to values exceeding 1.5 (see Tables 7 and 9).
Correspondingly, Ni-CHT and Ni-CH2T BO values become comparable to those of Ni-O and
Ni-N bonds, indicating appreciable Ni-C interactions. The latter are greater for the terminal C
atom (CH2T), which lies closer to the Ni center.

(a)

<

Figure 7: DFT-optimized structures of: (a) [Ni(tfa)TMEDA]"-NH(CHj3),; (b) [Ni(tfa)TMEDA]*-CH3;CH:N(CH3)2; (¢)
[Ni(fod)TMEDA]"-NH(CHs)2; (d) [Ni(fod)TMEDA]'-CH3;CH:N(CH3); (e) [Ni(fod)TMEDA]'-(CH3).C=CH,,
resulting from an additional fod ligand rearrangement; (f) [Ni(thd)TMEDA]"-NH(CHs).. Atom color codes: green = Ni;
yellow = F; blue = N; red = O; grey = C; white = H.

To gain further insight into the chemical nature of this new interaction, a detailed natural bond

orbital analysis was carried out (see Appendix 2, Section A.2.3.4). In this regard, Figures A.21-
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A.23 display the relevant orbitals involved in the interaction, whereas Table A.13 reports the
quantitative NBO data. As observed in the orbital representations, a cation-m intramolecular
interaction occurs between the Ni center and the carbon atoms of the CHT=CH2T double bond.
All these features are consistently observed across all three cations, further confirming once
again the similarity of metal-ligand bonding schemes among the fragments derived from
compounds 1, 2, and 3.

The loss of a -CH3CH,;N(CHj3), group was also observed, but exclusively for fluorinated [ M-
L]" species derived from compounds 1 and 2. In these cations (Figure 7b and 7d), the bonding
pattern around Ni is virtually identical to that of the [M-L]"-NH(CH3), fragments previously
discussed. The square planar tetra-coordinated Ni geometry features two Ni-O bonds, one Ni-
N bond, and a Ni---CHT=CH2T (cation-mt) intramolecular interaction, with the m structure
predominantly localized on the CHT=CH2T double bond (see Figures A.24 and A.25, and
Table A.14 for orbital representations and NBO analysis, respectively).

Finally, in the case of compound 2, fragments corresponding to the loss of a CH3;C=CH, group
from [Ni(fod)TMEDA]", namely [Ni(fod)TMEDA]"-(CH;),C=CH,), were detected in the
ESI-MS spectra. The observed stoichiometry suggests a rearrangement of the fod ligand (see
Paragraph 2.3.1). To elucidate the structure of these cations, geometry optimizations were
performed on different hypothetical isomers consistent with the experimental composition (see
Appendix 2, Section A.2.3.4). Figure 8 presents the most stable structure, which features a
distribution of fluorine atoms on both sides of the diketonate ligand.

Figure 8: Graphical representation of the minimum energy structure of the fragment ion [Ni(fod)TMEDA]'-
(CH3)2C=CH>, resulting from an additional rearrangement of fod ligand and detected in MS? spectra of precursor 2.
Atom color codes: green = Ni; yellow = F; blue = N; red = O; grey = C; white = H.

2.3.4 Bader Charge Analysis and Concluding Remarks on the Fragmentation of
Ni(Il) Complexes

To complement the insights gained from Natural Bond Orbital (NBO) calculations, Bader

charge analysis, rooted in the Quantum Theory of Atoms in Molecules (QTAIM) %11 wag
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also performed. In the present work, this method was employed to further elucidate the
redistribution of electron density occurring during the gas-phase fragmentation of Ni(Il) B-
diketonate-TMEDA complexes (see Appendix 2, Section A.2.3.5 for further details). The
evolution of Bader charges from the neutral complexes to the corresponding positively charged
fragments further evidences common features observed in the fragmentation pathways of all
three species (see Tables A.15-A.18). In particular, the computed values reveal a net electron
displacement from ligands toward the nickel center during the fragmentation process. This
results in a significant reduction of the Ni atomic charge, despite the overall positive character
of the fragments. These findings align well with the outcomes of the NBO analysis, further
supporting the hypothesis of strong ligand-to-metal electron donation stabilizing the cationic
species formed during the fragmentation processes.

In conclusion, the extensive DFT investigation presented in this Paragraph was aimed not only
at gaining deeper insight into the gas-phase fragments of the three Ni(L), TMEDA complexes
(L = tfa, fod, thd), thus allowing to elucidate their molecular and electronic structures. The
results clarify how metal-ligand bonding patterns evolve upon passing from the pristine
precursors to the species detected in MS analyses. Overall, the computational data highlight a
common decomposition route for all three complexes:

(1) in the first fragmentation event, each precursor loses a negatively charged p-diketonate
ligand, yielding structurally analogous [M-L]" cations. In these fragments, Ni-O and Ni-N
interactions become significantly stronger, and the Ni center undergoes a marked reduction in
positive charge compared to the parent neutral complexes;

(11) in the subsequent fragmentation step, the tendency of ligand electronic charge to migrate
towards Ni further increases, likely due to enhanced ligand-to-metal electron donation. This
process leads to the formation of a tetracoordinated Ni environment, in which the coordination
sphere includes carbon atoms from a C=C double bond generated through partial TMEDA
decomposition. NBO analysis, supported by bond order trends, confirms that this unsaturated
moiety participates in a noteworthy intramolecular cation-n interaction with the Ni center.

From a broader perspective, the present findings provide for the first time a detailed molecular-
level description of the fragmentation of such Ni(II) precursors as a function of ligand nature.
The data also offer valuable insight into the geometric and electronic structures of the resulting
fragments, laying the groundwork for a deeper understanding of their chemical behavior under
CVD conditions and shedding light on their possible role in molecule-to-material conversion
processes. Against this broader background, fragmentation should be understood as a
fundamental chemical transformation initiating the pathway from molecular precursor to the
resulting nanostructured material. In the specific case of Ni(Il) B-diketonate-TMEDA
complexes, the gas-phase dissociation steps examined here may dictate the early evolution of
the system under activation conditions. Specifically, the obtained results have provided insight
on how the metal coordination sphere is reorganized, how ligand frameworks are destabilized
and reshaped, and how new metal-ligand interactions (such as the observed cation-n
interactions) are established.
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It should be noted that the present study does not aim to reconstruct the full fragmentation
mechanism through the identification of transition states (TS). Instead, as already mentioned,
it focuses on the structural and electronic characterization of the main fragments obtained upon
gas-phase dissociation of the Ni(Il) B-diketonate-diamine precursors. Such a mechanistic
investigation would have required a multiconfigurational approach, since the initial complexes
are in high-spin states while their fragments adopt mostly low-spin configurations.
Considering all relevant spin states and possible spin state changes along the gas-phase
fragmentation paths would have significantly increased the computational complexity and fall
beyond the scope of the present work. Nevertheless, the insights provided here are expected
to offer a solid basis for future mechanistic studies. Specifically, the studies of surface-induced
fragmentations and adsorbed fragments — molecular oxygen interactions should be a future
step towards a deeper understanding of the molecule-to-material conversion. Moreover, the
difficulties in such studies are further enhanced by the key roles of both high-temperature
regimes and spin state changes at the molecule-substrate interfaces.
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2.4 Computational Investigation of NiO: From Bulk to Regular and
Defective Surfaces

The present Paragraph shifts the focus from the molecular domain to the resulting material,
nickel(Il) oxide (NiO), via the CVD processes.

As introduced at the beginning of Chapter 2, NiO is a wide-gap p-type semiconductor of
notable interest for a variety of technological applications, including gas sensors, solar energy
conversion, electrochromic systems, and heterogeneous catalysis 1834671 In its bulk form,
NiO adopts a rock-salt crystal structure and exhibits antiferromagnetic ordering (AF) with
collinear spins aligned along (111) planes, classifying it as an Antiferromagnetic Insulator
(AFI) with an energy gap (Egp) typically ranging from 4.0 to 4.3 eV 1772, Usually, in NiO
materials the valence band (VB) mainly originates from O 2p-states, while the conduction
band (CB) is dominated by Ni 3d-states ). Nonetheless, experimental Eg,, values for NiO vary
widely (3.2-4.3 eV) 346721 largely depending on morphological differences (e.g., bulk, thin
films, nanoparticles, etc.) [*! and on the presence of structural defects [, In particular,
nanostructured NiO and thin films tend to show lower band gaps, closer to the visible (Vis)
range, enhancing their potential in applications like photocatalysis and solar light harvesting
[2,5.7.72,74-77] While the electronic structure of bulk NiO has been well-studied [677%74.76,78-80]
especially regarding its semiconducting behavior (involving both d-d transitions and charge
transfer mechanisms), further research is needed to better understand the structure-property
relationships in defective or nanostructured films. Factors such as growth temperature, film
thickness, and annealing conditions can significantly impact the band gap 4?3811, Moreover,
although p-type conductivity is typical, n-type or p-type behavior can be tuned by altering the
oxygen partial pressure during synthesis ['!, while defects can also crucially influence the

resulting electronic properties 24731,

In this context, NiO films presented and discussed in Paragraph 2.2, i.e. obtained from the
CVD of Ni(L), TMEDA complexes in presence of water vapor, exhibited a strong (100)
preferential orientation and a band gap of = 3.40 eV 132!, This behavior is consistent with the
presence of surface -OH moieties, as also frequently reported for films fabricated via various
deposition routes 182983341 Degpite their widespread occurrence, the structural and electronic
consequences of these hydroxylated species on NiO surface properties remain poorly
understood, primarily due to the inherent experimental challenges in resolving their nature at
the atomistic level [+ Given the technological relevance of NiO(100) surfaces,
characterized by low polarity and balanced number of spin-up and spin-down Ni atoms 7],
theoretical studies have investigated only water adsorption on NiO(100) surfaces [#% and
hydroxylation processes occurring on NiO(111) facets 7). Nevertheless, to the best of our
knowledge, to date no systematic computational investigation has been conducted on
hydroxylated NiO(100) surfaces. Based on this gap, a theoretical exploration of -OH defects
on NiO(100) can offer valuable insight into the atomistic origins of the experimentally
observed optoelectronic properties.

Therefore, this Paragraph presents a computational study based on Density Functional Theory
(DFT) with the Hubbard Hamiltonian method (DFT+U), aimed at modeling both bulk NiO
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and a series of regular (stoichiometric) and -OH-functionalized NiO(100) surfaces.
Computational Details are provided in Appendix 2, Section A.2.4.1. This approach balances
accuracy and computational cost, enabling a reliable description of NiO electronic structure
[74.86] and the simulation of extended models with various -OH defects. Specifically, different
types of -OH defects are considered, including surface-bound hydroxyls on Ni and O atoms,
dissociatively adsorbed water species, and surfaces with varying degrees of hydroxylation.
This modeling strategy enables a realistic atomistic-level characterization of the structural and
electronic effects associated with surface -OH groups, shedding light on their role in
modulating properties such as band gap, spin distribution, and surface reactivity.

2.4.1 Regular NiO(100) Surfaces: Reference Models for Defect Analysis

In this Section, the defect-free systems are examined, namely bulk NiO and the regular
NiO(100) slab models, from which all -OH-defective surfaces were derived. Since bulk NiO
has been extensively investigated through theoretical studies, providing a solid foundation for
understanding its structural, electronic, and magnetic properties [6-7-72.74.76.78-80.88] 'an(d given that
the main goal of this Paragraph is to assess the impact of -OH defects on NiO(100) surfaces,
the properties computed for the bulk models (specifically, optical band gap, magnetic
moments, and total/partial density of states) are reported in Appendix 2, Section A.2.4.2, as
benchmark data for comparison with those obtained for slab models using the same
computational setup. By contrast, the analysis of the regular (stoichiometric) NiO(100) slabs
offers essential insight into the intrinsic characteristics of the surface prior to functionalization.
These systems not only help to quantify the perturbations induced by -OH groups, but also
allow for assessing the role of defect nature and concentration to the overall electronic
behavior of the material.

Two regular (defect-free) NiO(100) slab models were built: RegSurf 1 (Ni3,03,, derived from
Bulk 1, surface area: 69.65 A?) and RegSurf 2 (NigOgs, derived from Bulk 2, surface area:
139.31 A?), as illustrated in Figure 9. Structural optimizations were carried out on both models.
RegSurf 1 and RegSurf 2 exhibit several common features, with surface relaxation primarily
affecting the two outermost layers (see Table 10). Indeed, the top layer shows slight distortions
in Ni-O distances and interlayer separations, consistent with previously reported STM
observations on NiO surfaces *”!. The antiferromagnetic (AF) ordering is preserved, with a
slight increase in the magnetic moment (pi) per Ni atom compared to the bulk (= 1.80, Table
A.19). The computed band gap is significantly reduced with respect to bulk NiO (= 3.00, Table
A.19), in agreement with literature trends"7>"*71 and is likely related to the surface
distortions described above.
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Figure 9: Ball-and-stick representation of the regular NiO(100) slab models simulation cell: a) RegSurf 1 (Ni3203,)
projected on the xy plane; b) RegSurf 2 (NigsOg4) projected on the xy plane. Atoms color codes red = O; blue = Ni (spin-
up); green = Ni (spin-down).

Table 10: Properties of NiO (100) slab models. Egp: band gap energy; Evs: VB top energy; Ecg: CB bottom energy;
Lot total magnetization; pni: absolute magnetization per Ni atom; d(Ni-O): Ni-O distances; d(Ni-Ni): Ni-Ni distances.
For slab models, distances refer to top-layer atoms. Energies are given in eV, o and pn in Bohr Magnetons (us), and
distances in A. Evp and Ecp are relative to the Fermi Level, conventionally set to 0.

System Egup Eyp Ecp Type Mot MUNi d(Ni-0) d(Ni-Ni)
RegSurf' 1 2.165 -0.656 +1.509 p 0 1.82 2.073 2.951
(Ni32032) 2.101
RegSurf 2 2.165 -1.054 +1.121 p 0 1.82 2.080 2.951
(Nig4Os4) 2.092

Both slabs have p-type character, and the pDOS calculated for RegSurf 1 and RegSurf 2 are
compared in Figure 10. As observed for the corresponding bulk systems (see Figure A.29), the
two slab models display very similar pDOS profiles. In both cases, the pDOS reveals a
dominant contribution from O 2p-states at the top of the VB, accompanied by a minor
contribution from Ni d-states, while the bottom of the CB is mainly composed of unoccupied
Ni d-states. The similarities between the pDOS of the regular slab and bulk models suggest
that the key electronic structure features of bulk NiO are preserved in regular NiO(100) films.

51



LA REAR T 7 tHARARLY EERE L LEES LA RELE) ”l"”””'l""' LLERRESRELLELY LE LAARER)
o -
Wil
o UM AR
a 0 rk/\\,‘ ; ’ \,\, /\,-')\ \7 T"W ~T7 ‘.: /;_
= 'W ‘\-f” w1
‘ "4[1 l : IA ‘lJ
=50+ ' ’ =}
PRET 1l N TTET I YRR TR FT T n; FTEEEENY RN YRR TP RN TR TR RN NN [TRNTT
4 3 2 a1 0 1 2 3 4

eV
Figure 10: Computed pDOS for stoichiometric NiO(100) slab model systems: a) Ni3»Os2; b) NissOss. The black vertical
dashed line represents the Fermi level position (0 eV). Positive and negative values correspond to spin-up and spin-
down components, respectively. Red lines indicate O 2p states, while black lines represent Ni d states.

The comparison between bulk and regular slab models has highlighted the intrinsic structural
and electronic features of stoichiometric NiO. However, real materials rarely exist in such
idealized forms. Surface defects, in particular hydroxylation, play a crucial role in shaping
surface reactivity and modulating the electronic behavior of the material. Taken together, the
results obtained for bulk and regular NiO(100) models define a robust reference framework
for interpreting defect-induced modifications. In this context, following Sections will focus on
hydroxylated NiO(100) surfaces, aiming to assess how the introduction of -OH groups
perturbs the surface and modulates its structural and electronic properties.

2.4.2 Monohydroxylated NiO(100) Surfaces: Structural and Electronic Impact
of a Single Defect

Each layer of the regular Ni1O(100) surfaces features parallel rows of spin-up and spin-down
Ni cations aligned along the (111) planes (Figure 9). As a result, each top-layer oxygen atom
is coordinated by two spin-up and two spin-down Ni cations on opposite sides (see Figure 11).
Additionally, these oxygen atoms are positioned above either spin-up or spin-down Ni cations
of the layer below. Consequently, the formation of a surface -OH group, either through the
addition of a hydrogen atom (H) to a surface oxygen site (Figure 11a) or through the
coordination of an -OH moiety to a Ni center (Figure 11b), breaks the pristine magnetic
symmetry, thereby affecting the antiferromagnetic (AF) ordering of the system.
Nevertheless, it is of particular interest to investigate how the presence of a single hydroxyl
group might influence the structural and electronic properties of regular NiO(100) slabs.
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Figure 11: Ball-and-stick schematic representations of an -OH defect formed by adding: a) an H atom to a top-layer
oxygen; b) a hydroxyl group to a top-layer Ni atom. Atoms directly involved in the defect are highlighted as spheres.
Atoms color code: red = O; blue = Ni (spin-up); green = Ni (spin-down). The a) H and b) OH atoms adsorbed on the
NiO(100) surface are labeled in green, Ni*: top- or lower-layer Ni atom bearing the -OH group; O*: lower-layer O atom

bonded to Ni*.

In this context, three monohydroxylated NiO(100) slab models were considered, characterized
by different simulation cell size: Ni3»O3,(OH) (derived from Bulk 1, surface area: 69.65A2),
Ni;016(OH) (derived from Bulk 3, surface area: 34.83 A?), and NiyyO24(OH) (derived from

Bulk 3, surface area: 34.832 A?), shown in Figure 12a, b, c, respectively.
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Figure 12: Ball-and-stick representation of the simulation cell of the mono-hydroxylated NiO(100) slab models: a)
Ni32032(OH); b) Nii6016(OH); ¢) Ni24024(OH), Atoms color code: red = O; blue = Ni (spin-up); green = Ni (spin-down).
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The relevant properties of the three minimum energy structures of the mono-hydroxylated
NiO(100) slab models are reported in Table 11 (atom labels as in Figure 11). The structural
analysis focused primarily on the local defect environment, namely O*-Ni*-OH atoms (Figure
11). For further details, see Appendix 2, Section A.2.4.4. Structural comparison of the three
mono-hydroxylated NiO(100) slab models revealed highly similar coordination environments
around the -OH group, with consistent O-H bond lengths and Ni*-0-H bond angles. While
slab thickness had a negligible effect on the structure of the hydroxylated slabs, the surface
area plays a crucial role in deviations of average Ni-O distances from the bulk value (2.086
A), with more pronounced deviations observed in the smaller-surface models (Ni;s016(OH)
and N124024(OH))

Table 11: Properties of mono-hydroxylated NiO(100) slab models. Egap: band gap energy; Lo total magnetization; pni:
absolute magnetization per Ni atom. Energies are given in eV, [ and pn in Bohr Magnetons (ps), Ni*-OH, O-H, Ni-O
and Ni*-O*distances in A, Ni*-O-H angles in degrees. (Ni-O) denotes the average Ni-O distance for the top-layer.

System  Egp  Type pot  pni Ni*-OH  O-H  (Ni-O) Ni*-O* Ni*-0-H

Ni32032(0H)* | 0 Half-metal -0.91 1.81 1.817 0.980 2.081 2.118 107.2
Nii6016(OH)* | 0  Half-metal -1.00  1.81 1.808 0.980 2.100 2.148 107.7
Niz4024(0H)* | 0  Half-metal -1.00 1.77 1.808 0.980 2.100 2.152 107.2

As previously discussed, the addition of a single -OH group to a surface Ni atom unevenly
perturbs the two magnetic sublattices, breaking the pristine spin symmetry. This disruption
affects both the magnetic and electronic properties of the systems. Indeed, all mono-
hydroxylated models exhibit non-zero total magnetization L, as reported in Table 11, with
such an effect slightly more pronounced in the models with smaller surface area. More notably,
the electronic structure undergoes a significant modification, with the appearance of a half-
metallic character (Table 11), as further confirmed by the DOS shown in Figure 13. This

behavior is consistent with previous literature findings. P%
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Figure 13: Computed DOS for mono-hydroxylated slab model systems: a) Niz;O32(OH); b) NiisOis(OH); c¢)
Ni24024(OH). The black vertical dashed line represents the Fermi level position (0 eV). Positive and negative curves
correspond to spin-up and spin-down components, respectively. In a), the black and red curves were obtained using
simulation cells with vacuum gaps of 14 A and 17 A, respectively.
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For all those reasons, in all subsequent models, -H and -OH moieties were introduced in pairs,
with their relative positioning arranged to preserve the magnetic symmetry between spin-up
and spin-down sub-lattices. The effect of increasing the surface concentration of hydroxyl
defects was investigated by constructing models containing either two or four -OH groups per
slab, as detailed in the following Sections. For each configuration, slabs with surface areas of
139.31 A? and 34.83 A? were adopted to represent low and high surface densities of defects,
respectively.

2.4.3 Effects of Di-Hydroxylation on NiO(100) Surfaces: Low vs. High -OH
Concentration

As previously mentioned, the effect of introducing two -OH moieties on the NiO(100) surface
was investigated using slab models with different surface areas, in order to evaluate the impact
of increasing defect concentration. Accordingly, this section is divided into two subsections:
2.4.3.1 Low -OH concentration and 2.4.3.2 High -OH concentration, respectively. Each
subsection first describes the geometry of the investigated models and then presents the
corresponding structural, magnetic, and electronic results.

2.4.3.1 Low -OH concentration

To simulate a low concentration of -OH defects, four slab models were constructed using the
largest regular slab, namely RegSurf 2 (Nig4Og4, surface area: 69.65 A% see Figure 9), as
illustrated in Figure 14. Hydroxyl groups on top of Ni(100) can be obtained in two distinct
ways: by adding either an -H atom to an O site, or an -OH group to a Ni site of the Ni(100)
top-layer. Furthermore, the -H (or -OH) ad-atoms may be present also in their charged form
(+1 for -H, -1 for -OH). Indeed, the presence of such charged defects on NiO(100) surfaces
has been experimentally reported in the literature. P! While modeling charged ad-atoms
requires particular care, specifically the inclusion of a suitable charge background and the use
of a sufficiently large supercell, this scenario was nonetheless considered (see Section A.2.4.5
in Appendix 2 for further details). In this context, the first two models, [NigOs4]2H and
[Nie4Oes4]2H+ (Figure 14a,b), and the latter two, [NissOe4]2(OH) and [Nis4Oe4]2(OH-) (Figure
14c,d), have the same simulation cell stoichiometry but differ in their total charge. The
principal structural and electronic properties of the minimum energy structures depicted in
Figure 14 are summarized in Table 12.
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Figure 14: Ball-and-stick representation (projected on the xz plane) of the DFT-optimized structures of di-hydroxylated
NiO(100) 4-layer slab models built from RegSurf 2, simulating a low concentration of surface hydroxyl groups: a)
(NissOg4)2H+, containing two H, each bonded to a top-layer O atom; b) (NigsOs4)2H, with two neutral H, each bonded
to a top-layer O atom; ¢) (NigsOs4)2(OH), containing two neutral —OH defects; d) (NigOs4)2(OH-), containing two
negatively charged -OH defects. In ¢) and d), the two -OH groups are bonded to Ni atoms with opposite spin. Atoms
color code: red = O; blue = Ni (spin-up); green = Ni (spin-down); white = H.

Table 12: Electronic and magnetic properties of the low -OH density di-hydroxylated slabs. Egp: band gap energy;
Evs: VB top energy; Ecg: CB bottom energy; Einra-gap: €nergy of intra-gap states; Lo total magnetization; pi: absolute
magnetization per Ni atom; d(OH-OH): distance between surface -OH groups. Energies are given in eV, Lo and iy in
Bohr Magnetons (ug), and distances in A, referring to top-layer atoms. All energy values are referenced to the Fermi
level, conventionally set to 0.

System Egap Evs Ecs Eintra-gap Type ot pni  d(OH-OH)
[Ni64O64]2H 0.682 (1.86) -1.637 +0.222 -1.36;-1.17;-0.46 n 0 1.78 9.168
[Ni64O64]2(OH) 0.250 (2.11) -0.229 +1.881 +0.021 P 0 1.80 9.157
(NigaOsa)2(H") 1.790 -1.270  0.520 - p 0 1.82 9.168
(Nig4O64)2(OH) 1.149 (1.29) -0.165 1.129 -0.02 )4 0 1.82 9.157
[NisiOs4]2H

The optimized structure of this model (Figure 14b) shows increased surface corrugation
compared to the regular slab, as reported in Appendix 2, Section A.2.4.5. The AF structure is
preserved even in this model, as evidenced by pit = 0.00 ug, whereas i is 1.78 pg. The
introduction of two H atoms severely modifies the electronic structure with respect to regular
NiO(100) surfaces (Table 12 and Figure 15a). In particular, the main changes detected in the
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electronic properties are a drastic Eg,, decrease (0.682 eV), the appearance of donor states in
the gap, and the change from p-type to n-type character. This inversion is indicated by the
relative positioning of the Fermi Level in the [NigOgs]2H pDOS (Figure 15a). As already
mentioned, changes from p- to n-type have been reported for NiO thin films by varying the
oxidative conditions in the film preparation.l'! Notably, the pDOS reveal a substantial Ni
participation to the donor states in the gap (Figure 15a). To further explore the behavior of
electrically charged OH defects, additional calculations were carried out by introducing diluted
H* species on top of the [NigsOes] regular slab, as discussed in the following.

[Nis4O0s4/2(OH)

The optimized OH-type model (Figure 14¢) displays surface corrugation, but milder than in
the H-type one, as explained in Appendix 2, Section A.2.4.5. Nonetheless, the two slabs have
very similar magnetization values (Table 12). The presence of empty states within the band
gap is evident (Table 12), resulting in a drastic E,,, reduction, from 2.11 eV (energy difference
between the bottom CB and the top VB, Ecg-Evg) to 0.250 eV (energy difference between the
lowest unoccupied and the highest occupied state). The system has a p-type character (Figure
15b), and both Ni* and hydroxyl O atoms directly contribute to the empty state in the gap,
located very close to the Fermi Level (+0.021 eV). Additionally, there is a higher density of O
2p-states at the VB top. In contrast, the density of Ni d-states and O 2p-states at the bottom
CB are similar, while Ni-d-states become predominant at higher energies (Figure 15b). For
completeness, the influence of two diluted charged OH- defects on the [Nis1Ocs] slab was also
evaluated (see below).
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Figure 15: Computed pDOS for di-hydroxylated slab models: a) [NigsOg4]2H and b) [NigsOss]2(OH). The vertical
dashed line at 0 eV represents the Fermi level position. Positive and negative curves correspond to spin-up and spin-
down components, respectively. In panel a): black lines represent Ni d-states, red lines O 2p-states, and green lines
hydroxyl O 2p-states. In panel b): black lines represent Ni d-states, red lines O 2p-states, green lines Ni* d-states, and
blue lines hydroxyl O 2p-states.

[Nis4sO64]2H+

The minimum energy structure of this model (Figure 14a) shows structural features similar to
the neutral counterpart, with local distortions around the protonated sites; full details are
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provided in Appendix 2, Section A.2.4.5. The band gap for this p-type system is further
reduced (1.790 eV) compared to both bulk and regular slabs, but no intra-gap states are
detected (see Table 12). The pDOS for this model slab (Figure 16a) indicates an electronic
structure analogous to both the bulk and stoichiometric surfaces. Notably, the Fermi level
computed for the [NigsOes]2H+ system is very close to the top of the VB. The AF ordering is
preserved and i 1s 1.82 ug, matching that of the regular slab (Table 12). The key distinction
with respect to the neutral [NissOs4]2H system lies in the electronic structure: while the neutral
slab exhibits intra-gap states and an n-type character, the charged [NigOss]2H" displays no
intra-gap states and retains a p-type character (Table 12).

[Nis1064]2(OH-)

The optimized [NissOs4]2(OH-) model (Figure 14d) shows structural features similar to the
neutral counterpart, including comparable surface corrugation; see Appendix 2, Section
A.2.4.5 for full details. The Antiferromagnetic ordering is maintained, and p;i is 1.82 pg. The
pDOS (Figure 16b) highlights the p-type character of this system and reveals the appearance
of an occupied intra-gap state. The main contribution to this state results from the 2p-states of
the adsorbed O atoms. Moreover, this state is located below the Fermi level, suggesting that it
is filled by electrons belonging to the two negatively charged -OH™ groups. As in the neutral
[Ni64064]2(OH) model, there is a higher density of O states at the VB top. On the other hand,
the density of Ni d-states and O states at the bottom of the CB are comparable, whereas, at
higher energies, the Ni-d-states become predominant. In summary, the main difference
between the neutral [NigOss]2(OH) and the negatively charged [NigsOs4]2(OH-) model lies in
the intra-gap states’ occupancy. In the former, such states are empty and located just above the
Fermi level; conversely, in the latter the excess electrons occupy these intra-gap states, thus
increasing the computed Eg,p (Figure 16b and Table 12).

Figure 16: Computed pDOS for the charged defective slab models: a) [NigsOgs4]2H+; b) [NissOs4]2(OH-). The vertical
dashed line at 0 eV represents the Fermi level position. Positive and negative curves correspond to spin-up and spin-
down components, respectively. Red lines indicate the contribution of O 2p-states; black lines refer to Ni 3d-states.
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2.4.3.2 High -OH concentration

To explore the effects of high -OH surface coverage, three neutral slab models were
constructed using the NiO(100) surface with the smallest area (34.83 A?). The first model,
(Ni124024)2H (Figures 17a and b), features two H atoms added to two top-layer O sites. The
other two models, both with stoichiometry (N1,40,4)2(OH), include two -OH groups added on
two Ni-sites of opposite spin at different distances. Indeed, the -OH groups were placed either
on two near Ni-sites (Figure 17¢ and d, (Ni24024)2(OHa)) or on two more distant Ni-sites
(Figure 17e and f, (Ni24024)2(OHD)). Further details are provided in Appendix 2, sub-Section
A.2.4.5.2. Table 13 summarizes the key structural and electronic parameters of the minimum
energy structures reported in Figure 17.
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Figure 17: Graphical representations of the DFT-optimized structures of di-hydroxylated NiO(100) slab models (6-
layer) built using the 2x2 tetragonal cell, representing a higher concentration of surface hydroxyl groups. a) side view
and b) top view of (Ni24024)2H, containing two H, each bonded to a top-layer O atom; c) side view and d) top view of
(Ni240,4)2(OHa), with two adsorbed -OH separated by 2.951 A; e) side view and f) top view of (Ni»4O24)2(OHb), with
two adsorbed -OH groups separated by 4.171 A. The two -OH groups are bonded to Ni atoms with opposite spin. Atoms
color code: red = O; blue = Ni (spin-up); green = Ni (spin-down); white = H. Red dashed lines indicate hydrogen bonds;
blue solid lines mark the simulation cell size.
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Table 13: Electronic and magnetic properties of the high -OH density di-hydroxylated slabs. E,.p: band gap energy;
Evs: VB top energy; Ecg: CB bottom energy; Einra-gap: €nergy of intra-gap states; Lo total magnetization; pni: absolute
magnetization per Ni atom; d(OH-OH): distance between surface —OH groups. Energies are given in eV, ot and py in
Bohr Magnetons (ug), and distances in A, referring to top-layer atoms. All energy values are referenced to the Fermi
level, conventionally set to 0.

System Egap Evs Ecs Eintra-gap Type ot pni  d(OH-OH)
[N124024]2H 1.100 (1.59) -1.238 +0.352 +0.748 n 0 1.79 4.173
[Ni24024]2(OHa) 0 metal 0 1.82 2.951
[Ni24024]2(OHP) 0 metal 0 1.70 4.171
[Ni24024]2H

The minimum energy structure (Figures 17a and b) of [N1240,4]2H is characterized by parallel
rows of -OH moieties, resulting from the high surface density of defects. In this configuration,
the separation between -OH defects is nearly halved compared to the low-concentration model
[Ni64Os4]2H (Table 12). The distinctive arrangement of hydroxyl groups on the system top
layer is further illustrated in Figure A.30 in Appendix 2. A comparison between the
[N1240,4]2H and [NigsOes]2H models reveals a clear trend: structural distortions in comparison
to regular NiO(100) become more pronounced as the surface hydroxyl defect concentration
increases. Conversely, the magnetic and the main electronic properties of the two models are
very similar (cfr. Tables 12 and 13). In particular, both models exhibit n-type character and
feature occupied intra-gap states. The [Ni,40,4]2H pDOS (Figure 18) evidence a predominant
contribution of Ni d-states to the occupied state in the gap. Notably, the hydroxyl oxygen atoms
contribute both to these intra-gap states and to the bottom of the conduction band (CB), while
the top of the valence band (VB) is primarily composed of O 2p-states.
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Figure 18: Computed pDOS for slab model [Ni»4024]2H. The vertical dashed line represents the Fermi level position
(0 eV). Positive and negative curves correspond to spin-up and spin-down components, respectively. Red lines indicate
the contribution of O 2p-states; black lines refer to Ni 3d-states.; green lines represent hydroxyl O 2p-states.
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[Ni24024]2(OH)

The optimized geometries of the two models with this stoichiometry, denoted as
[N124024]2(OHa) and [Ni240,4]2(OHDb), are shown in Figures 17c-d and 17e-f, respectively. In
these models, the hydroxyl groups differ in the distance and relative orientation. In the
[N124024]2(OHa) model, the close proximity of the two -OH groups led to a significant local
rearrangement, with the formation of hydrogen-bonded chains and a tricoordinate environment
around the Ni* centers. In contrast, the [Ni24024]2(OHb) model, characterized by a larger -OH
separation, did not undergo significant structural rearrangement and showed no evidence of
hydrogen bonding. Full structural details are provided in Appendix 2, Sub-section A.2.4.5.2.
Although both systems exhibit zero total magnetization (o), their pni values are different
(Table 13), likely due to the very different geometric structures. The substantial difference in
the top-layer structures results in significantly different pDOS profiles, particularly above the
Fermi level (Figure 19). Nevertheless, both models, characterized by a high density of surface
-OH groups, exhibit zero E,,p,, thus indicating metallic behaviour (Table 13). Such a metallic
behaviour is not predicted for the [NigsOg4]2(OH) system, which has the same number of -OH
groups, but it is characterized by a lower surface coverage (0.125 vs 0.5) and a larger defect
separation. The pDOS for [Ni,4024]2(OHa) and [Ni,4024]2(OHb) are shown in Figures 19a and
19b, respectively.
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Figure 19: Computed pDOS for: a) [Ni24O24]2(OHa) and b) [Ni2sO24]2(OHb). The vertical dashed line at 0 eV
represents the Fermi level position. Positive and negative curves correspond to spin-up and spin-down components,
respectively. Black lines refer to nickel d-states; red lines represent oxygen states; green lines indicate d-states of the Ni
atoms bearing the -OH groups (Ni*); blue lines refer to 2p-states of the hydroxyl oxygen atoms.

In the [Ni,4024]2(OHa) case (Figures 17c-d), the Fermi Level lies in a region predominantly
composed of O-2p states, with a minor contribution from Ni-d states. Notably, the atoms
directly linked to the defect (green and blue lines in Figure 19a) contribute appreciably in this
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region. Between the top of the metallic band, located at +0.383 eV from the Fermi Energy,
and the bottom of the unoccupied band there is a 1.91 eV wide region with no electronic states.
This pDOS pattern closely resembles that found for the [NigOs4]2(OH) model (see Figure
15b), which, characterized by a lower surface density of hydroxyl groups, exhibited a very
narrow electronic gap (0.250 eV) between the VB top and an empty state located just above
the Fermi Level (+0.021 eV, see Table 12), with significant contributions from Ni* and
hydroxyl O atoms (Table 12). Based on this comparison, it can be reasonably argued that the
increase of -OH surface density on passing from [NigOes]2(OH) (surface area: 139.31 A?) to
[Ni2sO24]2(OHa) (surface area: 34.83 A?) has drastically altered the electronic structure of the
slab, inducing a transformation from a small-gap p-type semiconductor to a metallic system.
This effect 1s further supported by the significant reduction in the distance between
neighboring -OH defects (from 9.157 A t0 2.951 A, see Sub-section A.2.4.5.2), also associated
with the transition from [NigOg4]2(OH) to [Ni4O24]2(OHa).

Conversely, the pDOS of the [Ni20,4]2(OHb) model (Figure 47b) reveals the Fermi Level
positioned in a region characterized by a high density of both O-2p states and Ni-d states. The
contribution of Ni* d-states and hydroxyl oxygen states at the Fermi Level is lower than that
obtained for the [Ni,40,4]2(OHa) model (Figure 47a). However, a high density of defect states
emerges immediately above the Fermi Level. In addition, several unoccupied states (with
negligible contribution of Ni* and hydroxyl O atoms) are found in the region between the top
of the metallic band and the bottom of the next empty band. Such differences, compared to the
[N124024]2(OHa) case may be ascribed to the diverse structural features of the top-layer, in
particular the larger separation between -OH groups (4.173 A).

To better contextualize the data presented above, a concise summary is outlined below. The
analysis demonstrates that the introduction of -OH defects to the regular NiO(100) surface
leads to deep alterations in the electronic structure of the nanomaterial. Notably, the addition
of a single hydroxyl group perturbs the magnetic sublattices, breaking the spin symmetry and
resulting in a transition from p-type semiconductor to half-metallic character. This effect is
particularly pronounced in models with reduced surface area, a parameter directly related to
the defect density, that proves to be crucial in modulating the electronic properties of regular
NiO(100) surfaces. In this context, the [NigOs4]2H model (low -OH concentration, surface
area of 139.31 A?) shows that the presence of two hydroxyl moieties induces the appearance
of intra-gap states and promotes a shift from p-type to n-type character. In contrast, the charged
[Ni64O64]2H+ model retains both the p-type character and the absence of intra-gap states,
closely resembling the electronic behavior of the regular surface. The increase in defect density
in this system, as simulated by the [Ni24O24]2H model (high -OH concentration, surface area
of 34.83 A2), does not significantly alter its electronic nature: both models display n-type
character and feature occupied intra-gap states. As concerns the neutral [NigOess]2(OH)
system (low -OH concentration), the presence of two hydroxyl groups induces a more
moderate effect: intra-gap states appear just above the Fermi level (+0.021 eV), while the
system retains its p-type character. These states become occupied in the charged
[Ni64O64]2(OH-) model, although the overall electronic structure remains largely unchanged.
A more drastic effect is observed upon increasing the defect concentration in this system, i.e.
in passing from [NigOss4]2(OH) to [Ni24O24]2(OH): in this case, the electronic structure is
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drastically altered, and a shift from small-gap p-type semiconductor to a metallic system takes
place. Taken together, these findings demonstrate that the functionalization of NiO(100)
surfaces with -OH groups can radically reshape the material’s electronic structure, enabling
transitions between different conduction regimes (p — n or p — metallic system). Such
tunability suggests a potential application of NiO as material with tunable electronic
properties, in which surface reactivity could be modulated in a controlled manner, for instance,
in sensing technologies.

2.4.4 Structural and Electronic Features of Tetra-Hydroxylation on NiO(100)
Surfaces: From Dissociated Water to Hydroxyl Networks

In order to explore the effects of increased hydroxylation, a series of NiO(100) slab models
with varying surface areas and defect concentrations was considered. A low-defect-density
model, [NigsOg4]2H-2(OH), was built using RegSurf 2 (Figure 9b, surface area 139.31 A?), by
placing two H atoms on two top-layer O atoms and two -OH groups on two top-layer Ni of
opposite spin, thus simulating two dissociated H,O molecules (Figure 20a) at low coverage.
To simulate higher -OH defect concentration, three additional models were built using the
smallest surface (34.83 A?): [NinuOx]4H, with four H atoms on four top-layer O sites
(Figure 20b); [Ni24024]4(OH), with four -OH groups on four top-layer Ni sites (Figure 20c);
and [Ni»024]2H-2(OH), mimicking two dissociated H,O molecules at high concentration
(Figure 20d). Further structural details are reported in Appendix 2, Section A.2.4.6.

It should be noted that Figures 20b and 20d illustrate the starting, unrelaxed configurations of
the corresponding models. The optimized structures resulting from geometry optimization will
be presented and discussed later. A summary of the key structural and electronic parameters of

all the slab models shown in Figure 20, following geometry optimization, is provided in Table
14.

Table 14: Electronic and magnetic properties of the tetra-hydroxylated slabs. Egsp: band gap energy; Evs: VB top
energy; Ecg: CB bottom energy; Einra-gap: €nergy of intra-gap states; Lior: total magnetization; pini: absolute magnetization
per Ni atom; d(OH-OH): distance between surface —OH groups. Energies are given in eV, L and px in Bohr Magnetons
(uB), and distances in A, referring to top-layer atoms. All energy values are referenced to the Fermi level, conventionally
set to 0.

System Egap Evs Ecs Eintra-gap Type ot pni  d(OH-OH)
[NigsOes]2H-2(OH) ~ 1.225(2.01) -0.929 +1.085  -0.43;-0.30;-0.14 p 0 1.80  4.974/9.195
[Ni24024]4H 1.330 -0.715 +0.615 - p 0 1.70  2.879/4.176
[Ni24024]4(OH) 0 metal 0 1.74  2.911/4.281
[Ni24024]2H-2(OH) 2.100 -0.448 +1.652 - p 0 1.81 4.127
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Figure 20: Graphical representations (side view) of tetra-hydroxylated NiO(100) slab models: a) [NissOss]2H-2(OH)
(optimized structure); b) [Ni2sO24]4H (starting configuration); ¢) [Ni24O024]4(OH) (optimized structure); d) [Nix4O24]2H-
2(OH) (starting configuration). Atoms color code: red = O; blue = Ni (spin-up); green = Ni (spin-down); white = H. Red
dashed lines indicate hydrogen bonds.

[Nis1Os4]2H-2(OH)

In the optimized structure of the [NigsOes]2H-2(OH) system (Figure 20a), the typical surface
corrugation observed in all previous models is preserved, and the geometric parameters are
consistent with those found for the [NigOss]2H and [NiesOg4]2(OH) systems. Full structural
data are provided in Appendix 2, Section A.2.4.6. The antiferromagnetic ordering is preserved
(see Table 14). Concerning the electronic structure, this system exhibits a p-type character, as
evidenced by the pDOS reported in Figure 21. The computed band gap (Eg.p) 1s 1.225 eV, while
the energy difference Ecp-Eys amounts to 2.01 eV (Table 14). This discrepancy arises from the
presence of occupied intra-gap states located between the top of the VB and the bottom of the
CB, as clearly visible in the pDOS (Figure 21). These states, positioned below the Fermi level,
originate predominantly from the 2p states of hydroxyl oxygen atoms. The contribution of
states belonging to oxygen atoms is predominant at the VB edge. In a different way, at the CB
bottom edge, Ni d-states and O 2p-states show a very similar contribution. Only at higher
energy, the density of Ni d-states becomes much larger.
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Figure 21: Computed pDOS for [NigOs4]2H-2(OH) model. The vertical dashed line at 0 eV represents the Fermi level
position. Positive and negative curves correspond to spin-up and spin-down components, respectively. Black lines refer
to nickel d-states; red lines represent oxygen states; green lines indicate d-states of the Ni atoms bearing the -OH groups
(Ni*); blue lines refer to 2p-states of the hydroxyl oxygen atoms.

[Ni24024]4H

In the optimized structure of this model (Figure 22b), geometry optimization led to a massive
surface reconstruction, resulting in significant deviations from the starting configuration
(Figure 20b and 22a). The top layer was displaced relative to the second layer along the [-110]
direction (see arrow in Figure 50c), giving rise to both three- and tetra-coordinated Ni* sites
and to a pronounced distortion of the Ni-O-Ni angles. These features suggest that high
hydroxyl coverage strongly perturbs the NiO structural organization at the surface. Further
geometric details are reported in Appendix 2, Section A.2.4.6.

Despite the significant structural relaxation observed with respect to regular NiO(100), this
system maintains zero total magnetization. However, pi is lower than that of the bulk (see
Tables A.29 and 13). Interestingly, the calculated electronic properties (Table 14 and Figure
23) evidence a p-type character with no intra-gap states. Upon increasing the density of this
kind of defect, a shift from n-type (in [NieOgs]2H and [Ni24024]2H) to p-type behavior (in
[N124024]4H) 1s observed, along with the increase of defects states at the top of the valence
band (see Figures 15a, 18, and 23). These findings suggest that the electronic behavior evolves
with increasing hydroxyl defect concentration along the series NigsOgs —> [NigaOgs]2H —
[N124024]2H — [Ni24024]4H, leading to a re-establishment of the original p-type character: p
—>n—p.
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Figure 22: Graphical representation of a) starting configuration (side view) and DFT-computed minimum energy
structure of the [Ni»4O24]4H system: b) side view; c) simulation cell top view; d) simulation cell side view. Atoms color
code: red = O; blue = spin-up Ni; green = spin-down Ni; white = H. Blue lines outline the simulation cell.
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Figure 23: Computed pDOS for [Ni2sO24]4H model. The vertical dashed line at 0 eV represents the Fermi level
position. Positive and negative curves correspond to spin-up and spin-down components, respectively. Black lines refer
to nickel d-states; red lines represent oxygen states; green lines indicate d-states of the Ni atoms bearing the -OH groups
(Ni*); blue lines refer to 2p-states of the hydroxyl oxygen atoms.
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[Ni24024]4(OH)

This model (Figure 20c), that exhibits a surface -OH density twice as large as [Ni,4024]2(OH)
and eight times greater than [NieOes]2(OH), did not undergo significant structural
rearrangements upon optimization. The four -OH groups, bonded to top-layer Ni atoms, form
ordered chains of moderately strong hydrogen bonds (Figure A.31). Further structural data are
provided in Appendix 2, Section A.2.4.6.

The data reported in Table 14 indicate that the AF character is preserved in this model, which
also exhibits metallic behavior. Notably, the pDOS (Figure 24) reveals a pronounced
contribution of defect states at the Fermi level, significantly higher than that observed for the
di-hydroxylated models (see Section 2.4.3), a feature that can be attributed to the increased
density of surface hydroxyl groups.
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Figure 24: Computed pDOS for [Ni2sO24]2(OH) model. The vertical dashed line at 0 eV represents the Fermi level
position. Positive and negative curves correspond to spin-up and spin-down components, respectively. Black lines refer
to nickel d-states; red lines represent oxygen states; green lines indicate d-states of the Ni atoms bearing the -OH groups
(Ni*); blue lines refer to 2p-states of the hydroxyl oxygen atoms.

[Niz24024]2H-2(0OH)

This final model (Figure 20d and 25a), initially built to mimic the adsorption of two dissociated
water molecules at much higher concentration than in the [NigOs4]2H-2(OH) model, evolved
upon geometry optimization into a structure featuring two physisorbed H,O molecules
coordinated to two top-layer Ni atoms. The resulting configuration closely resembles that
reported for hydrated NiO(100) at 0.5 monolayer coverage %, Further structural details are
collected in Appendix 2, Section A.2.4.6.

The system exhibits zero total magnetization and a p; value of 1.81 ug. A p-type character is
found, with an Eg,, 2.10 eV (Table 14 and Figure 26). These findings suggest that the electronic
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properties of NiO(100) are only moderately influenced by the physisorption of water
molecules, even at high surface coverage, and that the p-type nature of the system is preserved.

X X

Figure 25: Graphical representation of the [Ni»4024]2H-2(OH) model, which mimics two dissociated H2O molecules:
a) starting configuration (side view); b) DFT-optimized structure (side view); ¢) DFT-optimized structure (top view).
Atoms color code: red = O; blue = spin-up Ni; green = spin-down Ni; white = H. Blue lines outline the simulation cell.
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Figure 26: Computed pDOS for [Ni24024]2H-2(OH) model. The vertical dashed line at 0 eV represents the Fermi level
position. Positive and negative curves correspond to spin-up and spin-down components, respectively. Black lines refer
to nickel d-states; red lines represent oxygen states.
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2.4.5 Final Remarks and Conclusion

The final set of results confirms and further expands the intermediate considerations outlined
at the end of Section 2.4.3, providing an overview of the structural and electronic effects
induced by surface hydroxylation. Overall, the analysis reveals that the introduction of -OH
defects on regular NiO(100) surfaces leads to substantial alterations in the electronic structure
of the material. In the slab models investigated, hydroxylation was simulated either by placing
H atoms on top-layer oxygen atoms and/or by OH groups on top-layer Ni atoms (see Section
2.4.2, Figure 11). Notably, the introduction of a single hydroxyl group perturbs the magnetic
sublattices, disrupting the AF ordering and leading to a change from p-type to half-metallic
character. This effect is particularly pronounced in slab models with reduced surface area,
which emerges as a critical factor in modulating the electronic properties of NiO(100) surfaces.
In this context, the adoption of slab models with different surface areas enabled a systematic
exploration of distinct defect coverage regimes.

When defects are introduced in pairs, in order to evenly affect the two spin sub-lattices, the
surfaces are characterized by antiferromagnetic (AF) ordering, typical of the bulk phase.
Computed band gap values systematically decrease when moving from bulk to slab models,
in agreement with experimental findings reporting a reduced Eg,p in NiO thin films compared
to the bulk material. [""">7*7] Furthermore, the present calculations indicate that the
introduction of surface -OH groups further reduces the band gap compared to the regular (100)
surfaces. The electronic properties of defective slabs depend on how the -OH groups are
bonded to the surface. Indeed, a different behavior as a function of coverage is found when the
-OH groups are formed by linking H atoms to top-layer oxygen atoms (Figure 11a) or by
linking -OH groups to surface Ni sites (Figure 11b). In the former case, passing from the
regular NiO(100) slab to the [Nig4Os4]2H model (low -OH concentration), the introduction of
two hydroxyl moieties leads to the appearance of intra-gap states and a transition from p-type
to n-type character. Interestingly, further increasing the defect density, as in the [Ni,4O02]4H
model, results in a decrease in the number of intra-gap states, a reversion from n-type back to
p-type behavior, and an increment of the Eg,, (cfr Tables 12, 13 and 14). Conversely, in the
latter case, the transition from stoichiometric NiO(100) to [NigOss]2(OH) (low -OH
concentration), induces only moderate changes: intra-gap states appear just above the Fermi
level (+0.021 eV), while the p-type character is preserved. However, upon increasing the -OH
defect concentration in this system, a markedly different trend is observed. The defect
concentration increase in passing from [NigOess]2(OH) to [Ni24024]2(OH) is accompanied by
a strong alteration of the electronic structure, resulting in a shift from a small-gap p-type
semiconductor to a metallic system. A further increase in hydroxyl coverage, as in
[N124024]4(OH), maintains the metallic character.

The effect of introducing charged defects at low surface coverage was also investigated. The
addition of H*, compared to the adsorption of neutral H atoms, induces a substantial
modification of the system electronic structure, resulting in the disappearance of intra-gap
states and a significant increase in the band gap. Notably, the charged [NigOss]2H+ model
retains both the p-type character and the absence of intra-gap states, thus closely resembling
the electronic behavior of the regular surface. A similar effect on the electronic structure is
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observed upon the adsorption of negatively charged OH™ groups, which also leads to a marked
increase in Eg,, compared to neutral -OH species. The main difference between the neutral
[Ni64O64]2(OH) and the negatively charged [NissOess]2(OH-) model lies in the occupancy of
intra-gap states: in the former, these states are unoccupied and located just above the Fermi
level, while in the latter they are filled by the excess electrons introduced with the OH™ groups,
thus increasing the computed Eg,p.

From a structural standpoint, two distinct surface reconstructions of NiO(100) were observed
at high hydroxyl defect densities, namely in the [Ni24024]2(OHa) and [Ni24024]4H models. In
both cases, the formation of three-coordinated Ni centers was detected. Notably, in the
[N124024]4H system, the surface reconstruction also gives rise to tetra-coordinated Ni atoms,
along with the disappearance of intra-gap states and a shift from n-type to p-type behavior.

As a further insight, the simultaneous addition of -H and -OH groups to top-layer O and Ni
sites, respectively, was explored under both low- and high-coverage regimes. In the low-
coverage case ([NieOs4]2H-2(OH)), the electronic behavior appears to reflect a combination
of features observed in the charged [NisOgs]2H+ and [NiesOs4]2(OH-) models. Specifically,
the calculated Eg,p of 1.225 €V lies between those of the aforementioned charged systems, and
the slab retains a p-type character with occupied donor states located just below the Fermi
level. These states are mostly localized on the oxygen atoms of surface hydroxyl groups
(Figure 21). Among the considered -OH-bearing NiO(100) slab, this system might be the
model which approximates more closely NiO thin films fabricated via CVD under humid
conditions, presented in Paragraph 2.2 of this Chapter. At higher coverages ([NizO24]2H-
2(OH)), this type of defect is no longer stable, and the system evolves toward the formation of
physisorbed water molecules. Notably, this structural rearrangement does not significantly
affect the electronic structure, and the p-type character of the surface is preserved.

In conclusion, this Paragraph has presented an extensive DFT investigation on NiO(100)
surfaces functionalized with hydroxyl (-OH) groups. The structural and electronic features
emerging from this analysis provide a microscopic picture of the defective nanomaterial that
may result from molecular precursor decomposition under humid conditions, such as those
employed in CVD processes (see Paragraphs 2.1 and 2.2). The analysis has revealed that the
presence of such defects leads to profound modifications in both the structural and electronic
properties of the material. As expected, the computed band gap values decrease upon moving
from the bulk phase to the (100) slabs, and this effect is further amplified by the introduction
of -OH defects. Interestingly, the impact on the electronic structure strongly depends not only
on the nature of the defects, obtained either by linking H atoms to surface O atoms or by
attaching OH groups to surface Ni atoms, but also on their concentration and spatial
distribution. In particular, low-density defects can induce transitions from p-type to n-type
behavior, while higher coverages may restore the p-type character or even drive the system
toward metallicity. This behavior underscores the central role of surface defect engineering in
tuning the electronic structure of NiO. At higher coverages, surface reconstructions become
prominent, as evidenced by two newly simulated N1O(100) terminations featuring either three-
or four-coordinated Ni species. These reconstructions, together with the general upward
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displacement of Ni atoms in the topmost layers caused by hydroxylation, may have important
implications for the surface chemistry and reactivity of NiO, particularly in catalytic
applications. Taken together, all these findings demonstrate that the functionalization of
NiO(100) surfaces with -OH groups can radically reshape the material’s electronic structure,
enabling transitions between different conduction regimes (p-type — n-type or p-type —
metallic system). Such tunability suggests a potential application of NiO as a material with
tunable electronic properties, in which surface reactivity could be modulated in a controlled
manner. Among the various systems explored, the [NissOgs]2H-2(OH) model emerges as
particularly relevant, as it most closely resembles the hydroxylated NiO films experimentally
observed under humid CVD conditions (see Paragraph 2.2). Its electronic and structural
features suggest it may represent a realistic model for technologically relevant thin films.
Lastly, the instability of highly hydroxylated systems containing both -H and -OH moieties
leads to the formation of molecularly adsorbed water, with minimal effect on the electronic
structure. This observation suggests that only specific configurations and coverages of surface
defects result in meaningful changes to the material’s properties.

2.5 Chapter 2 - Conclusions

Chapter 2 has presented an extensive and multifaceted computational investigation from Ni(II)
B-diketonate-TMEDA precursors to functional nickel(II) oxide (NiO) nanomaterials.In
Paragraph 2.1, the structural and electronic features of three Ni(I) B-diketonate-TMEDA
complexes were analyzed in detail, revealing how the steric hindrance and fluorination degree
of the B-diketonate ligands modulate the precursor’s volatility, bonding scheme, and ultimately
its reactivity. These insights were used to interpret experimental CVD results obtained under
dry conditions, highlighting how ligand design directly influences the thickness and quality of
the resulting NiO thin films B0,

Paragraph 2.2 extended this investigation to water-assisted CVD conditions, unveiling the
crucial role played by water vapor in enhancing the growth of NiO films. DFT modeling
showed that water promotes and facilitates the activation of the Ni precursor, thereby providing
a microscopic rationale for the experimentally observed increase in film thickness and
deposition efficiency under humid conditions "1,

In Paragraph 2.3, a systematic gas-phase study of the fragmentation behavior of the same
complexes was conducted. Through combined analysis of ESI-HRMS, MS/MS, and DFT data,
the properties of the fragmentation products were elucidated, with a particular emphasis on the
role of Ni-ligand interactions and transient cation-w stabilization motifs. [>2],

Paragraph 2.4 presents an in-depth DFT exploration of the structural and electronic properties
of NiO(100) surfaces functionalized with hydroxyl (-OH) groups. These systems model the
final defective nanomaterials that may arise from precursor decomposition under humid CVD
conditions. A variety of configurations were studied, including neutral and charged hydroxyl
defects, low and high coverage regimes, and mixed -H/-OH chemical nature of defects,
showing how surface hydroxylation profoundly affects both the geometry and the electronic
properties of NiO surfaces. The emergence of intra-gap states, and the changes in electronic
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structure type (i.e., p-type, n-type, metallic) underscores the importance of defect engineering
in tuning NiO properties for applications such as catalysis and sensing. Notably, among the
systems investigated, one emerges as a particularly relevant structural model for CVD-grown
hydroxylated NiO films, as discussed in Paragraph 2.2 [53,
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— Appendix Chapter 2 —

Supplementary Information Paragraph 2.1

A.2.1.1 Computational details

The geometry optimizations of the three heteroleptic adducts, [Ni(tfa), TMEDA] (1),
[Ni(fod),TMEDA] (2), and [Ni(thd),TMEDA] (3) — see Figure 1C, D, E in the main text —,
were performed in the framework of hybrid density functional theory (DFT) with Gaussian
basis set and spin multiplicity = 3. In particular, the optimized structures were calculated with
the Gaussian 09 3 code using the ®b97XD DFT approximation " for exchange and
correlation functionals. Ni was described via Stuttgart-Dresden ECP pseudopotential and
related basis set. [ For all the other atoms (H, C, N, O, F), the chosen basis set was D95V(d).
%] This combination has already enabled to properly reproduce physico-chemical properties
of other B-diketonate-TMEDA compounds. *!**] Where available, the starting coordinates for
the geometry optimization procedure were taken from crystallographic data. The computed
optimized geometries of 1-3, considered as isolated molecules, had all positive (harmonic)
frequencies. All the reported energy differences include the Zero-Point-Energy correction. The
compound optical absorption spectra were computed by time dependent (TD)-DFT at the
CAM-B3LYP/D95++2d,p) theory level. Pl TD-DFT excitations (40 in all cases) were
calculated using a polarizable continuum model for the ethanol solvent, ®! and plotted using
a Gaussian broadening (2 nm) to obtain the simulated spectra.

A.2.1.2 Ni(Il) Target Complexes: Modelling and Analysis

In the case of [Ni(tfa), TMEDA] complex, three alternative structural models, characterized by
the different relative positioning of -CF3 group, were considered (Figure A.1). The first one
(Figure A.1A) corresponds to the main component detected experimentally for 1 (isomer 1b,
86.3%) and exhibits both -CHj3 groups in trans position with respect to the TMEDA. According
to DFT results, the geometry shown in Figure A.1A represents the minimum energy structure
of 1 (Figure 1C, main text).

Crystallographic data for isomer 1b indicated an additional disorder, originating from -CF;
group rotation, with a modelled occupancy ratio of 55.4% vs 44.6% between the main and
minor split components. For this reason, the geometry of the two crystallographic structures
of isomer 1b, characterized by different orientations of the -CF5 groups, were optimized. The
corresponding geometry optimizations coalesced to a single energy minimum characterized
by the -CF; orientation depicted in Figure A.1A, in line with that exhibited by the main
modelled split-layer component. This result suggested that the -CF5 rotational static disorder
detected experimentally may be due to intermolecular interactions. The DFT-computed
optimized geometry in Figure A.1B, obtained starting from the crystallographic coordinates of
isomer 1a, is characterized by a -CHj3 group and a -CF; group in the ¢rans position with respect
to TMEDA. This structure was 0.78 kcal/mol less stable than the minimum energy structure
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(Figure A.1A). Such a small energy difference may justify the co-presence of both isomers 1b
and 1a in the crystal structure of 1.

Finally, the optimized geometry shown in Figure A.1C presents both -CF5 groups in trans with
respect to TMEDA and was found to be 2.36 kcal/mol less stable than the minimum energy
structure (Figure A.1A). This appreciable energy difference, well above kT, may explain why
such a conformation was not detected experimentally for [Ni(tfa), TMEDA].
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Figure A.1: DFT-computed optimized structures of the three structural isomers of compound 1.

A

XRD analysis of [Ni(thd), TMEDA] revealed the presence of two isomers characterized by
two different TMEDA ethylene bridge arrangements. Specifically, the latter crystallizes in two
conformationally disordered positions with 69.7 % of the main layer (C6, C7) vs. 30.3 % (C6A,
C7A) for the minor one (Figure 1, dimmed, main text). The ratio of the disorder due to rotating
tert-butyl was found to be 63.5 % vs. 36.5 % between the main (C1_4) and minor (C1_5) split
layers. Geometry optimizations, performed starting from the XRD-coordinates of the two
isomers, led to the structures reported in Figure A.2. In the most stable one (Figure A.2A), the
ethylene bridge orientation is in line with the one found in the main crystallographic structure
component. Conversely, the less stable structure (Figure A.2B), higher in energy only by 0.25
kcal/mol, reproduces the TMEDA ethylene bridge arrangement featured in the minor
component. This small energy difference value supports the co-presence of both ethylene
bridge arrangements in compound 3 crystals. In both structures (A and B), the tert-butyl group
adopts the same orientation as that of the main split-layer component. These findings, in
accordance with experimental data, confirm the reliability of the theory level used for the
description of the compound structural features (see Section A.2.1.1).
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Figure A.2: DFT-computed optimized structures of the two structural isomers of compound 3.

At variance from [Ni(tfa)TMEDA] and [Ni(thd),TMEDA], for which single crystal X-ray
diffraction data were available, the molecular structure of [Ni(fod),TMEDA] was
characterised exclusively through computational methods. As a result, special attention was
devoted to the exploration of the potential energy surface of this system in the search of the
minimum energy structure. In this context, a thorough conformer search was performed
involving different orientations of the -CF,-CF,-CF; chains. Despite the presence of several
energy minima spanning an interval of =1.5 kcal/mol, the results evidenced that the most
favourable arrangements of the fluorinated chains are the so-called “ortho” and “staggered”
conformations, in line with previous studies on fluorinated hydrocarbons. ®®! On this basis,
three guess structures for compound 2 were generated by taking the optimized geometries of
the three isomers of 1 (see Figure A.1) and substituting the -CF5 groups with -CF,-CF,-CF3
chains, and the -CH3; groups with tert-butyl groups. Subsequent geometry optimization yielded
the three structures reported in Figure A.3, characterized by different positioning of -CF,-CF,-
CF; chains with respect to the TMEDA ligand. As for 1 and 3, the three optimized geometries
of 2 are characterized by a distorted octahedral coordination environment. The minimum
energy structure (see Figure A.3A and Figure 1D in the main text) displays both fert-butyl
groups in trans to TMEDA, while the -CF,-CF,-CF; chains occupy the apical positions of the
Ni coordination sphere. As observed for compound 1, the positioning of fluorinated groups in
trans towards the diamine ligand appears to be slightly energetically unfavourable even in 2.
Indeed, the optimized geometry in Figure A.3B presents only one -CF,-CF,-CF; chain in trans
to TMEDA and is 0.91 kcal/mol higher in energy than the minimum energy structure (Figure
A.3A). The slight energy difference between these structures may suggest that, as for
compound 1, both isomers might coexist in solution at room temperature. This finding, along
with the presence of multiple conformers of 2 characterized by different arrangements of the -
CF,-CF,-CF; chains and very similar energy, might also be one of the reasons of the difficulties
encountered in trying to solve the crystal structure of [Ni(fod),TMEDA] by X-ray diffraction.
Conversely, the structure illustrated in Figure A.3C, exhibiting both the -CF,-CF,-CF; chains
in trans towards TMEDA, is less stable by 2.41 kcal/mol with respect to the minimum energy
structure (Figure A.3A). This higher AE value suggests that the co-presence of this isomer
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might be less likely. This hypothesis is also supported by the fact that, in the case of 1, no
isomer presenting both fluorinated groups in trans to TMEDA (see Figure A.1C) was detected
by X-ray analyses.

Figure A.3: DFT-computed optimized structures of the three structural isomers of compound 2.

A.2.1.3 IR Spectral Analysis

The experimental and simulated IR spectra of [Ni(tfa), TMEDA], [Ni(fod), TMEDA], and
[Ni(thd), TMEDA] are displayed in Figures A.4, A.5 and A.6, respectively. The calculated
spectra were broadened with a 2 cm™ gaussian. For all the compounds, a detailed band
assignment based on the normal modes has been done, as reported in Tables A.1-A.3
(wavenumbers refer to computed values; intensities are denoted as vs = very strong; s = strong;
m = medium; w = weak; vw = very weak). A scaling factor of 0.952 was applied to the
computed vibrational frequencies %191 for all the complexes. This correction factor
essentially compensates for two intrinsic limitations of electronic structure calculations: (i) the
electronic structure of the system is inherently affected by several approximations; (i1) normal
modes are computed within the harmonic potential approximation, which fails to accurately
reproduce the curvature near the energy minimum.
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Figure A.4: Experimental and DFT-computed IR spectra of [Ni(tfa), TMEDA] (1).
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Table A.1: Calculated wavenumbers § and band assignment for [Ni(tfa)TMEDA] IR spectra shown in Figure A.4.

U (cm™) Assignment
3268 (vw) Stretching of tfa central C-H
3207-3027 (m,w) | TMEDA —CH3/—CHz stretching
3188-3075 (m,w) | tfa —CH3/—CH> stretching
1746 (vs) Symmetric Stretching C=O in-phase
1730 (vs) Symmetric Stretching C=0 out-of-phase
1599-1586 (vs) | Asymmetric Stretching C=0 (involving C=C—C stretching tfa)
1543-1500 (m,w) | Rocking and scissoring of all -CH3/—~CH2>
1494-1339 (w) | Wagging, rocking, twisting, scissoring of all -CH3/—~CH>
1422 (m) —CHj3 tfa scissoring + —CH and C=C—C bending
1349-1347 (vs,s) | TMEDA rocking and scissoring of —CH3z/—CH> +Stretching C—CF3/C=C
1313-1307 (vw) | TMEDA stretching of N-C-C-N
1264-1199 (s) | Stretching C—F + bending —CH tfa + TMEDA —CH3 wagging
1238-1213 (w) | N-Ni-N rocking and scissoring
1178-1176 (s) | In-plane bending —CH + stretching C-F, C-C=C, C-CF; tfa
1173-1137 (w) | Twisting —CH3/—~CH, TMEDA + asymmetric in-plane bending N-Ni-N
1108 (w) TMEDA stretching C-C in-phase
1083-1075 (m) | TMEDA collective out-of-plane bending
1055-1037 (w) | In-plane and out-of-plane bending modes tfa (CH-C(=0)-C)
994-974 (w) Collective bending N-C-C-N TMEDA

880 (m) Bending O2-Ni-O3
842-804 (m) Stretching Ni-N-C-C-N-Ni
791 (m) Out-of-plane bending O-C-C, C-C-H, -CHj3 tfa
578 (m) Symmetric and asymmetric stretching Ni-O2, Ni-O3
597 (w) Symmetric out-of-plane bending O2-Ni-O3 (wagging)
503 (m,w) Symmetric and asymmetric stretching Ni-O1, Ni-O4
471 (m,w) Symmetric and asymmetric stretching Ni-N1, Ni-N2

424-197 (m,w) | Bending Ni-O, Ni-N bonds (all)
334-276 (w) Symmetric stretching Ni-O2, Ni-O3
249-216 (w) Vibration of Ni in out of the O2-O3-N1-N2 plane
228 (w) Vibration of Ni in the O2-O3-N1-N2 plane
178-16 (w) Collective stretching/bending modes of the Ni octahedron
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Figure A.5: Experimental and DFT-computed IR spectra of [Ni(fod) TMEDA] (2).
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v (cm™)

Assignment

3298 (wv)
3215-3197 (w)
3179-3057 (m)

3156 (m)
3147-3145 (m)

3044-3027 (m,s)
3145-3057 (m)
3045 (s)

1739 (vs)

1721 (vs)
1590-1572 (vs)

1552 (m)
1546-1530 (m,s)
1523-1466 (m)
1452-1415 (m)
1407 (m)
1389-1387 (s)
1349 (m)
1339-1340 (m)
1337-1306 (m)
1315 (m)
1286-1210 (s)
1273 (vs)
1271 (m)
1266 (s)

1259 (vs)
1251-1251(w)
1228,-1210 (s)

1200 (m)
1171-1169 (s)
1106 (s)
1079-1062 (m,w)
999 (s)
996 (m)
960 (m)
865-806 (m)
843 (m)
809, 788 (m)
772-719 (w)
618-615 (w)
593-554 (w)
503-494 (w)
490-483 (m,w)
472 (w)
460, 459 (w)
451 (vw)
429 (w)
426 (vw)
409 (vw)
384-285 (w)
275 —-13 (vw)

Stretching of fod central C-H

TMEDA -CHj3 asymmetric stretching

fod -CH3 asymmetric stretching

TMEDA -CHj3 symmetric stretching

fod and TMEDA -CHj3 asymmetric stretching
TMEDA -CHz3/-CHj stretching

fod -CH3z symmetric stretching

TMEDA -CHj3 stretching

Symmetric stretching C=0O in-phase

Symmetric stretching C=0O out-of-phase
Asymmetric stretching C=0 (involving stretching C=C-C fod)
fod -CH3 scissoring

TMEDA -CH3/-CH; wagging, rocking, twisting and scissoring
TMEDA -CHz3/-CH; in-plane bending

fod -CH3 in-plane bending

Rocking TMEDA

Stretching C=C-C and -CF»-CF; fod

TMEDA N-C-C-N wagging and -CH3/-CH» twisting
Twisting TMEDA

Stretching C=C-C-CF» + fod -CHj3 twisting
Wagging TMEDA

Collective bending fod

Symmetric in-plane bending fod

TMEDA and fod out-of-plane bending

Bending C-H fod

Bending C-H + Scissoring of -CF>-CF»-CF3 fod
fod -CH3/-CH/-CF3 bending

Bending C-H + asymmetric stretching —CF» fod
fod -CH3/-CH/-CF»/-CF3 in-plane bending
Stretching C=C-C and -CH3/-CF; fod wagging
Breathing fod

Stretching C-N, C-C + bending N-C-C-N TMEDA
Bending modes of fod and TMEDA

Bending C-C=C fod

tert-butyl-C stretching + O=C-CF; stretching

fod deformation modes

TMEDA deformation mode

Out-of-plane bending C-H fod

fod breathing modes

Ni-O2, Ni-O3 Symmetric and Asymmetric stretching, respectively

Stretching O1-Ni, O4-Ni, + CF, deformation modes
stretching of Ni-ligand bonds (Ni-N1, Ni-N2, Ni-O3, Ni-O2)
tert-butyl bending

Ni-N1, Ni-N2 asymmetric stretching

Stretching Ni-O1, Ni-O4, + deformation —CF»-CF»-CF3
Ni-N symmetric stretching + deformation modes TMEDA
Ni-O symmetric stretching + deformation modes fod
Ni-O asymmetric stretching

N1-Ni-N2 stretching + TMEDA twisting

TMEDA and fod deformation modes

Collective stretching/bending modes of the Ni octahedron

Table A.2: Calculated wavenumbers § and band assignment for [Ni(fod),TMEDA] IR spectra shown in Figure A.5.
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Figure A.6: Experimental and DFT-computed IR spectra of [Ni(thd). TMEDA] (3).



¥ (em™)

Assignment

3310 (vw)
3201-3198(m,w)
3166-3055(m,w)
3148-3015(m,w)
3146-3015 (m,s)

3141-3135 (m)
1700 (vs)
1680 (vs)
1593 (s)
1553 (vs)
1549 (vs)
1547 (w)

1546-1498 (m)

1533-1500(m,w)

1508-1495 (m)

1494-1487 (m)

1466-1461 (w)
1450 (w)

1420-1413(m,w)

1406 (vw)

1350 (m,w)

1344 (vw)

1310 (vw)

1282 (m)
1280 (m)
1246-1244 (s)
1210 (w)
1184 (m)
1179 (m)
1111 (m)
1080 (m)
1065 (m)
995 (m)
906 (m)
840 (m)
810 (m,w)
804 (w)

779 (m,w)
638-493 (m,w)
633-505 (m)
599-490 (m,w)
461 (w)
447(w)
433-335 (w)
284-256 (m,w)
253-22 (vw)

Symmetric stretching of thd central CH

TMEDA —CHj stretching

Symmetric and asymmetric thd —CH3 stretching

thd and TMEDA —CH3s stretching

TMEDA —CH3/-CH3 stretching

All —CH3 thd stretching

Symmetric stretching C=0 in-phase

Symmetric stretching C=0 out-of-phase

Asymmetric stretching C=0 (involving stretching C=C-C thd)
Stretching C=C-C thd + collective bending of —CH3 groups
Collective rocking and scissoring of —CHj3 groups

All -CH/CH2/-CHj3 in-plane-bending + TMEDA -CHj3 scissoring
TMEDA rocking and scissoring of —CH3/—CH; groups
Collective rocking and scissoring of —CH3/~CH> groups
Collective rocking /scissoring of —CH3/—~CH: groups + C=C-C thd stretching
Wagging, rocking, twisting, scissoring of TMEDA —CH3/—~CH>
TMEDA —CH; wagging + N-CHj3 stretching

thd -C-CH3 collective stretching

thd wagging, rocking, twisting, scissoring of C—-CH3 fert-butyl
TMEDA N-C-C-N symmetric out-of-plane-bending

TMEDA N-C-C-N asymmetric out-of-plane-bending

thd fert-butyl-C-CHaz-C-tert-Butyl symmetric stretching
TMEDA stretching N-C-C-N out-of-phase

thd fert-butyl C-CH3 symmetric stretching

thd fert-butyl C-CH3 asymmetric stretching

O=C-CH-C=0 bending

Collective TMEDA bending

thd C-CH-C symmetric stretching

thd C-CH-C asymmetric stretching

TMEDA stretching C-C in-phase

TMEDA collective symmetric out-of-plane bending (wagging)
TMEDA N-Ni-N wagging

Collective bending N-C-C-N TMEDA

Collective bending thd

Symmetric stretching Ni-N-C-C-N-Ni bond

Out-of-plane bending O-C-C

N-Ni-N asymmetric stretching

thd central CH bending

Symmetric stretching Ni-O

Asymmetric stretching Ni-O

Symmetric out-of-plane bending N-Ni-N (wagging)
Asymmetric stretching Ni-N1

Symmetric in-plane bending N1-Ni-N2

Scissoring and bending O1-Ni-O4

Bending Ni bonds (all), thd, and TMEDA -CHj3

Collective stretching/bending modes of the Ni octahedron

Table A.3: Calculated wavenumbers § and band assignment for [Ni(thd),TMEDA] IR spectra shown in Figure A.6.
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A.2.1.4 Optical Spectra Analysis

The optical spectra of compounds 1-3 were simulated through TD-DFT calculations (see
Section A.2.1.1), showing good agreement with the experimental data (see Section 2.1.4 of the
main text for further details). The molecular spin orbitals primarily involved in the electronic
transitions responsible for the most intense absorption band in the spectra of 1-3 are illustrated
in Figure A.7. In all cases, the initial and final states of the transition are predominantly
localized on combinations of B-diketonate n- and n-* states, respectively, with only minimal
contributions from Ni d-states. The initial states of the transition also include a very weak
component ascribable to TMEDA states, which is greater in the case of 3 (Figure A.7C).
Nevertheless, owing to the overwhelming predominance of B-diketonate contributions in the
involved spin-orbitals, the character of the main absorption band can be confidently assigned
as ligand-ligand n-n* for all the three complexes, in line with previous findings for related
metal systems. 374

Figure A.7: Graphical representation of the spin orbitals primarily involved in the electronic transitions associated with
the main absorption band in the UV-Vis spectra of the investigated Ni complexes. A: compound 1 (A = 277 nm); B:
compound 2 (A =290 nm); C: compound 3 (A =271 nm). Yellow and blue colors indicate positive (+0.02 e) and negative
(-0.02 e) isosurface values of the spin orbitals, respectively.
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Supplementary Information Paragraph 2.2
A.2.2.1 Theoretical Method

To investigate the influence of water vapor in the CVD reaction environment, the interaction
of water molecules with Ni(tfa). TMEDA, Ni(fod).TMEDA, and Ni(thd). TMEDA (Figures
A.8-A.11) was modeled using a DFT approach. The computational protocol adopted was the
same as that employed for the characterization of the three precursors under dry conditions
(see Section A.2.1.1). More specifically, the hydrated target compounds 1-3 were theoretically
studied using the ®b97XD functional P¥, used without modifications as coded in the
Gaussian09 program package, which was employed to perform all calculations. 3! The
Stuttgart-Dresden ECP pseudopotential and basis set were employed for Ni, [°>! which accounts
for 18 valence electrons. For all the other atoms the D95V(d) basis set was adopted. °°! Water
binding energies (Wgg), expressed per water molecule, for the formation of hydrated
precursors were calculated according to the following expression:

E(Ni(L),TMEDA n(H,0))—E(Ni(L),TMEDA)—n-E(H,0)
n

Wgg = — (1)

with L = tfa, fod, thd respectively, and n = number of water molecules. The zero-point-energy
(ZPE) correction was considered in calculating water binding energies.

The calculated optimized structures of all hydrated Ni(L), TMEDA (triplet spin state, i.e. spin
multiplicity = 3) did not feature any imaginary frequency.

A.2.2.2 Modeling Water-Precursor Interactions: Structural Impact of Hydration
on Ni(Il) Complexes

As mentioned in the main text (Section 2.2.1), the interaction of Ni(tfa),TMEDA,
Ni(fod),TMEDA, and Ni(thd),TMEDA with water vapor was theoretically investigated by
optimizing the geometries of the three complexes including from one to three H,O molecules
in the second Ni coordination shell. This approach enabled the evaluation of structural
variations in compounds 1-3 as a function of a variable number #n of water molecules (n =1,
2, 3), offering insights into how hydration influences the geometry of the precursors. More
specifically, two distinct arrangements of water molecules were examined for both the di-
hydrated and tri-hydrated complexes. For the di-hydrated species, the two water molecules
were either symmetrically positioned in two different regions of the complex or were
coordinated as a hydrogen-bonded dimer interacting with it. In the case of three water
molecules, two starting configurations were considered: one in which a dimer and an isolated
water molecule were placed on opposite sides of the complex, and another featuring a
hydrogen-bonded water trimer positioned in proximity to the precursor. These structural
arrangements are illustrated in Figures A.8, A.10 and A.11. From a purely modeling
standpoint, the guess geometries of Ni(L),TMEDA*H,O (with L = tfa, fod, and thd,
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respectively) were built starting from the minimum energy structures of isolated complexes
(Figure 1, Paragraph 2.1 in the main text) and placing the water molecule in the less sterically
hindered region of Ni coordination environment. A similar approach was performed for the
starting geometries of Ni(L),TMEDA¢*2H,0, in which the two water molecules were
symmetrically placed in the less sterically hindered regions of the Ni coordination sphere. The
guess structures of Ni(L),TMEDA®3H,O was achieved by adding one additional H-O
molecule to the previously optimized Ni(L).TMEDA®2H:0O structures, positioning it in
proximity to one of the already coordinated water molecules. Similarly, the starting geometries
of Ni(L), TMEDA®*2H;O4imer and Ni(L), TMEDA®3H;O¢imer Were built starting from
previously optimized structures.

It is worth noting that all the minimum energy structures of dry precursors exhibit a slightly
distorted octahedral coordination environment at the Ni center (C; symmetry). However, these
structures present very tiny distortions from the C, and could be approximately considered as
having an effective C, symmetry. These considerations might suggest that asymmetric
placement of water molecules in the Ni second coordination shell could induce significant
deviations from the C, symmetry in the hydrated complexes’ structure.

The computed optimized structures of all hydrated Ni(L), TMEDA in their triplet spin state
exhibited no imaginary frequency. Bond lengths and angles achieved for the optimized
geometries of Ni(L),TMEDA*H,O, Ni(L),TMEDA®2H,O, Ni(L),TMEDA *2H;O¢imer,
Ni(L), TMEDA<*3H,0, and Ni(L),TMEDA¢®3H;Oyime: are summarized in Tables A.4-A.6,
alongside the corresponding values obtained for non-hydrated complexes (see Paragraph 2.1,
Section 2.1.2, Table 1 in the main text). Meanwhile, average Ni-O and Ni-N bond distances
per ligand as a function of both the number and spatial arrangement of water molecules in
complexes 1-3 were collected in Table 5 (main text). This choice was intended to enhance the
clarity of the presented data and to support a more effective interpretation of the observed
trends. It is worth noting that in all the considered structures, water molecules were
undissociated; however, in the case of Ni(tfa) TMEDA, a model with one dissociated H,O
molecule was considered as well (Figure A.9).

The following subsections present the structural properties of the hydrated compounds
discussed above, along with graphical representations and tables reporting the calculated bond
lengths and angles. These data are systematically organized based on both the number of water
molecules included in the Ni second coordination shell and the specific Ni(Il) precursor
involved in the interaction.

A.2.2.2.1 Ni(tfa),TMEDA*nH;0

Figure A.8 shows the optimized geometries of complex 1 before water interaction (i.e., the
structure previously shown in Figure 1, main text) and after the addition of n = 1, 2, and 3
water molecules. This comparative visualization allows for a direct assessment of the structural
modifications induced by hydration. The corresponding geometric parameters are summarized
in Table A 4.
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Figure A.8: Graphical representation of the DFT-computed minimum energy structures of: (a) Ni(tfa) TMEDA; (b)
Ni(tfa),TMEDA*H>0; (c) Ni(tfa)TMEDA<*2H,0; (d) Ni(tfa),TMEDA®2H:Ogimer; (€) Ni(tfa)) TMEDA<®3H,0; (f)
Ni(tfa), TMEDA ¢3H>Ouimer. Atom colors: Ni = green; F = yellow; O = red; N = blue, C = grey, H = white, dashed red
lines = hydrogen bonds (bond lengths are in A).

As previously noted, Figure A.8 clearly illustrates that H-O molecules are positioned in the
less sterically hindered regions within the coordination environment of the complex. In
addition, water molecules are observed to engage in relatively strong hydrogen-bonding
interactions with the oxygen atoms of the -diketonate ligands.
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Table A.4: Selected geometrical parameters of Ni(tfa): TMEDA and its hydrated analogues Ni(tfa) TMEDA*nH-O (n=
1, 2, 3). Atom labels correspond to those reported in Figure A.8.

Ni(tfa),TMEDA
Bond length (A) | Nowater | +1H:0 | +2H:0 +dimer | +3 H:20 | + trimer
Ni-Ol 2.028 2.033 2.039 2.027 2.045 2.043
Ni-O4 2.028 2.033 2.039 2.039 2.033 2.027
Ni-O2 2.045 2.047 2.040 2.042 2.044 2.059
Ni-O3 2.045 2.039 2.040 2.052 2.044 2.052
Ni-N1 2.169 2.163 2.164 2.173 2.165 2.171
Ni-N2 2.169 2.170 2.164 2.168 2.169 2.156
01-C5 1.260 1.264 1.261 1.258 1.262 1.265
02-C7 1.255 1.253 1.261 1.265 1.260 1.252
04-C6 1.260 1.258 1.261 1.265 1.262 1.255
03-C8 1.255 1.263 1.261 1.251 1.264 1.265
C5-CF1 1.543 1.543 1.544 1.544 1.544 1.543
C5-CH1 1.391 1.387 1.391 1.392 1.389 1.386
C7-CH1 1.426 1.430 1.422 1.420 1.424 1.432
C6-CF2 1.543 1.544 1.544 1.543 1.544 1.545
C6-CH2 1.391 1.393 1.391 1.385 1.389 1.396
C8-CH2 1.426 1.420 1.422 1.432 1.423 1.417
H-Bond (A)
O3-Hwi 1.862 1.873 - 1.812 1.777
0O2-Hw2 - 1.873 - - -
O2-Hw1 - - 1.801 - -
02-Hw3 - - - 1.879 -
Owi-Hw2 - - 1.794 1.796 1.731
O WI'HW3 - - - - 1.814
Bond angles (°)

O1-Ni-O4 177.9 177.2 176.4 177.2 176.3 176.0
O1-Ni-O2 89.2 89.3 88.3 89.9 89.1 89.0
NI1-Ni-N2 84.8 84.9 85.1 84.9 85.1 84.8
02-Ni-O3 90.5 89.8 89.5 89.7 89.2 87.9
02-Ni-N1 92.4 92.6 92.8 92.3 92.5 91.3
O1-Ni-N1 92.6 93.6 93.7 93.5 93.6 93.2

A.2.2.2.2 Ni(tfa), TMEDA *nHO0 dissociated form

For compound 1, a monohydrated Ni(tfa), TMEDA*H,O structure featuring a dissociated
water molecule was also investigated. The guess geometry for this system was built by placing
the 1onized OH™ and H* water-fragments in the proximity of the Ni center and close to one of
the nitrogen atoms of the TMEDA ligand, respectively. Upon geometry optimization
(Figure A.9), one of the TMEDA nitrogen atoms was found to be protonated and no longer
coordinated to the Ni center, displaying a distance of 4.092 A from the latter. Furthermore, one
B-diketonate ligand was converted into a ketocarboxilic acid, with the carboxylic group
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positioned near the CFs group. The resulting optimized geometry (Figure A.9) therefore
exhibited a pentacoordinated Ni environment, and the computed water binding energy for this
structure was -49.32 kcal/mol. This species could potentially display higher reactivity, i.e. a
greater propensity to undergo fragmentation if compared to the original hexacoordinated
precursor, making it a potential interesting candidate for alternative fragmentation pathways
toward NiO nanomaterial formation. Nevertheless, the significantly negative water binding
energy value suggests that the direct dissociation of a water molecule in this family of
complexes is energetically unfavored. Based on this result, no further structures with
dissociated water molecules were considered in this work.

Figure A.9: Graphical representation of the DFT-computed minimum energy structure of
Ni(tfa), TMEDA *H>Ouissociated, featuring a dissociated water molecule. Atom colors: Ni = green; F = yellow; O
= red; N = blue, C = grey, H = white. Relevant Ni-O, Ni-N and C-OH distances are reported in A.

A.2.2.2.3 Ni(fod) TMEDA*nH>0

As for complex 1, the optimized geometries of complex 2 before hydration and after the
addition of n = 1, 2, and 3 water molecules are shown in Figure A.10. As illustrated, H.O
molecules are positioned in the less sterically hindered regions within the coordination
environment of the complex, thereby minimizing unfavorable spatial interactions.

Nevertheless, in contrast to the Ni(tfa). TMEDA case, water molecules in Ni(fod).TMEDA
form weaker hydrogen bonds, which occur only at the expense of a pronounced distortion of
the Ni coordination sphere. This behavior might be attributed to the presence of two bulky tert-
butyl groups in the complex moiety, whose steric hindrance hampers effective interaction
between water molecules and the second coordination shell of the Ni center. The relevant
geometrical parameters are collected in Table A.5.
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Figure A.10: Graphical representation of the DFT-computed minimum energy structures of: (a) Ni(fod), TMEDA; (b)
Ni(fod), TMEDA<*H,0; (¢) Ni(fod),TMEDA*2H,0; (d) Ni(fod),TMEDA *2H>Ogimer; (€¢) Ni(fod)TMEDA*3H,0; (f)
Ni(fod),TMEDA ®3H>Ogimer. Atom colors: Ni = green; F = yellow; O =red; N = blue, C = grey, H = white, dashed red
lines = hydrogen bonds (bond lengths are in A).
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Table A.5: Selected geometrical parameters of Ni(fod): TMEDA and its hydrated analogues Ni(fod): TMEDA *nH-0O (n
=1, 2, 3). Atom labels correspond to those reported in Figure A.10.

Ni(fod): TMEDA
Bond length (A) | No water +1 H20 +2 H20 + dimer | +3 H20 | + trimer
Ni-O1 2.039 2.120 2.143 2.055 2.136 2.052
Ni-O4 2.039 2.058 2.143 2.142 2.162 2.119
Ni-O2 2.028 2.032 2.031 2.031 2.033 2.028
Ni-O3 2.028 2.029 2.031 2.030 2.028 2.026
Ni-N1 2.171 2.152 2.140 2.151 2.136 2.153
Ni-N2 2.171 2.160 2.140 2.144 2.133 2.150
01-C5 1.260 1.269 1.267 1.258 1.266 1.259
02-C7 1.256 1.253 1.254 1.258 1.255 1.257
04-C6 1.260 1.258 1.267 1.271 1.268 1.268
03-C8 1.256 1.257 1.254 1.252 1.253 1.254
C5-CF1 1.551 1.553 1.555 1.551 1.554 1.551
C5-CHI1 1.390 1.386 1.387 1.392 1.387 1.391
C7-CHI1 1.425 1.427 1.425 1.423 1.425 1.424
C6-CF2 1.551 1.551 1.555 1.554 1.555 1.553
C6-CH2 1.390 1.391 1.387 1.385 1.386 1.388
C8-CH2 1.425 1.424 1.425 1.428 1.426 1.426
H-Bond (A)
O1-Huwi 1.943 2.017 - - -
04-Hyw1 - - 1.940 2.014 2.210
0O4-Hw2 - 2.017 - - -
O1-Hw2 - - - 2.013 -
F- Hwi - - - - 2.247
Owi-Hw2 - - 1.875 - -
Owi-Hw3 - - - 1.874 1.915
Ow2-H’wi - - - - 1.823
Hw2-Ows - - - - 1.915
Bond angles (°)
O1-Ni-O4 178.1 172.5 170.4 172.8 170.8 173.9
01-Ni-O2 88.9 87.1 87.4 88.6 87.5 88.8
N1-Ni-N2 84.6 84.9 85.2 85.3 85.7 85.2
02-Ni-0O3 90.0 88.4 88.2 88.4 87.9 88.8
02-Ni-N1 92.7 93.5 933 93.1 93.3 93.1
O1-Ni-N1 92.4 95.0 93.2 91.6 93.3 91.5

A.2.2.2.4 Ni(thd):.TMEDA*nH-0

The optimized geometries of complex 3 in dry conditions and after the interaction with n =1,
2, and 3 water molecules are shown in Figure A.11, while the corresponding geometric
parameters are summarized in Table A.6. Unlike the previous cases, involving F-containing
complexes 1 and 2, no hydrogen bonds are formed between water molecules and ligands’
atoms in Ni(thd),TMEDA. This outcome could be attributed to the presence of four bulky tert-
butyl groups on the B-diketonate ligands bonded to the Ni centre, which sterically hinder the
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access of H-0 molecules in the proximity of diketonate oxygen atoms. Nonetheless, water
molecules are still present in Ni second coordination shell and interact via a proton with the
thd diketonate m-structure. These weaker interactions may still play a role in modulating the
precursor’s overall geometry and reactivity.

Figure A.11: Graphical representation of the DFT-computed minimum energy structures of: (a) Ni(thd),TMEDA; (b)
Ni(thd), TMEDA*H:O; (c¢) Ni(thd),TMEDA*2H:0; (d) Ni(thd):TMEDA *2H;O4imer; (€) Ni(thd), TMEDA*3H:O; (f)
Ni(thd), TMEDA *3H:Oximer. Atom colors: Ni = green; F = yellow; O = red; N = blue, C = grey, H = white, dashed red
lines = hydrogen bonds (bond lengths are in A).
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Table A.6: Selected geometrical parameters of Ni(thd).TMEDA and its hydrated analogues Ni(thd): TMEDA*nH-O (n
=1, 2, 3). Atom labels correspond to those reported in Figure A.11.

Ni(thd): TMEDA
Bond length (A) | No water +1 H20 +2H,0 | +dimer | +3 H2O | + trimer
Ni-O3 2.026 2.029 2.027 2.030 2.026 2.048
Ni-O2 2.026 2.025 2.027 2.022 2.028 2.022
Ni-O4 2.016 2.020 2.020 2.020 2.021 2.023
Ni-O1 2.016 2.017 2.020 2.015 2.020 2.016
Ni-N1 2.182 2.175 2.170 2.184 2.169 2.180
Ni-N2 2.182 2.177 2.170 2.175 2.178 2.166
03-C5 1.286 1.263 1.263 1.265 1.263 1.265
04-C7 1.263 1.259 1.259 1.254 1.259 1.252
02-Cé6 1.268 1.268 1.263 1.267 1.265 1.267
01-C8 1.263 1.264 1.259 1.263 1.254 1.264
C5-CH1 1.409 1.415 1.415 1.412 1.416 1.413
C7-CH1 1.413 1.418 1.418 1.427 1.418 1.429
C6-CH2 1.409 1.409 1.415 1.410 1.412 1.411
C8-CH2 1.413 1.413 1.418 1.413 1.427 1.412
H-Bond (A)
CHI-Hy, 2.147 2.130 2.073 2.074 2.016
CH2-Hw» - 2.130 - - -
CH2-Hys - - - 2.151 -
Owi-Huw> - - 1.828 1.829 1.868
Owi-Hw3 - - - - 1.899
Bond Angles (°)
03-Ni-O2 174.8 174.4 174.0 174.0 173.7 173.0
03-Ni-O4 88.9 88.9 89.0 88.9 88.9 88.3
N1-Ni-N2 84.4 84.3 84.5 84.1 84.4 84.2
04-Ni-O1 93.3 92.6 91.8 93.8 92.9 93.8
04-Ni-N2 914 91.6 91.9 90.6 91.7 90.2
03-Ni-N1 90.2 93.5 90.7 93.6 93.5 94.2
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A.2.2.3 Theoretical IR Analysis

As for the non-hydrated precursors (see Section A.2.1.3), all IR spectra were convoluted using
a Gaussian function with a full width at half maximum of 2 cm!. A scaling factor of 0.952 was

applied to the calculated vibrational frequencies, consistent with previous literature [

100,101

land

in accordance with the procedure adopted in Section A.2.1.3. The computed IR spectra
(harmonic frequencies) of the hydrated precursors 1-3 are shown in Figures A.12-A.14, while
the wavenumbers of the normal modes mainly localized on Ni-O bonds, calculated for both
the dry and symmetrically di-hydrated complexes, are summarized in Tables A.7-A.9.
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Figure A.12: DFT-computed IR spectra of: Ni(tfa),TMEDA; Ni(tfa)TMEDA*H,0O; Ni(tfa),TMEDA<*2H,0;
Ni(tfa), TMEDA 2H>Ogimer; Ni(tfa),TMEDA*3H,0; Ni(tfa),TMEDA ¢3H>Oimer.
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Figure A.13: DFT-computed IR spectra of: Ni(fod),TMEDA; Ni(fod):TMEDA*H,0; Ni(fod),TMEDA¢*2H,0;
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Figure A.14: DFT-computed IR spectra of: Ni(thd) TMEDA; Ni(thd), TMEDA*H,0; Ni(thd),TMEDA*2H,0;
Ni(thd), TMEDA *2H>Oimer; Ni(thd), TMEDA ¢3H>0; Ni(thd),TMEDA *3H:Ogimer.
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Table A.7: Calculated wavenumbers ¥ (cm™) for stretching modes mainly localized on Ni-O bonds in Ni(tfa),TMEDA
and Ni(tfa)TMEDA-2H,0. Atom labels as in Figure A.12.

Ni(tfa) TMEDA mode Ni(tfa) TMEDA-2H20
581 Collective symmetric stretching (all Ni-O bonds) 537
578 Collective asymmetric stretching (all Ni-O 538

bonds)

503 Asymmetric stretching of the apical Ni-O1 and 488
Ni-O4 bonds

488 Symmetric stretching of the apical Ni-O1 and Ni- 481

O4 bonds

337 Asymmetric stretching of the equatorial Ni-O2, 343
Ni-O3 bonds

334 Symmetric stretching of the equatorial Ni-O2, 342
Ni-O3 bonds

Table A.8: Calculated wavenumbers & (cm™) for stretching modes mainly localized on Ni-O bonds in Ni(fod), TMEDA
and Ni(fod), TMEDA-2H>0. Atom labels as in Figure A.13.

Ni(fod): TMEDA mode Ni(fod): TMEDA-2H20
618 symmetric stretching of the equatorial Ni-O2, Ni- 616
O3 bonds

615 asymmetric stretching of the equatorial Ni-O2, 613

Ni-O3 bonds
556 asymmetric stretching of the apical Ni-O1 and 544

Ni-O4 bonds
554 symmetric stretching of the apical Ni-O1 and 544

Ni-O4 bonds
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Table A.9: Calculated wavenumbers & (cm™) for stretching modes mainly localized on Ni-O bonds in Ni(thd), TMEDA
and Ni(thd),TMEDA-2H,0. Atom labels as in Figure A.14.

Ni(thd):TMEDA mode Ni(thd): TMEDA-2H.O

637 Collective symmetric stretching (localized on 637
all Ni-O bonds)

632 Collective asymmetric stretching (localized 632
on all Ni-O bonds)

615 Collective asymmetric stretching (localized 617
on all Ni-O bonds)

607 Collective asymmetric stretching (localized 609
on all Ni-O bonds)

508 Collective symmetri‘c stretching (localized 508
on all Ni-O bonds)

503 Collective asymmetric stretching (localized 501
on all Ni-O bonds)

Collective asymmetric stretching Ni-O
bonds (mainly localized on the apical Ni-O2,
Ni-O3 bonds)

435 435

Collective symmetric stretching (mainly
433 localized on the equatorial Ni-O1, Ni-O4 433
bonds)

Collective asymmetric stretching (mainly
429 localized on the equatorial Ni-O1, Ni-O4 428
bonds)

symmetric stretching of the apical Ni-O2,
423 Ni-O3 bonds 424

Although the frequency variations observed in Ni-O stretching modes upon hydration may
appear modest when considered alone, they should not be interpreted as evidence of a
negligible water effect. Indeed, when considered with the computed Wpgg values (see Table 5),
the structural distortions in the metal coordination sphere, and the low-frequency vibrational
modes, these findings might support an interesting role of H,O in modulating the stability and
decomposition behavior of the investigated complexes, in agreement with the experimentally
observed increase in NiO thin film thickness under humid conditions P,
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Supplementary Information Paragraph 2.3

A.2.3.1 Computational Details

Density functional theory (DFT) calculations were performed on [Ni(L), TMEDA] (with L =
tfa, fod, thd) and related fragments. Specifically, the M06 hybrid meta-functional by Zhao and
Truhlar was selected 1% using the Gaussian 09 code 1. This functional was chosen for its
capability to provide a good description of both the molecular and electronic structures of
several [M(L),TMEDA] family complexes (M = Fe, Co, Cu, Zn) !l including the detailed
fragmentation behavior of [Cu(hfa),TMEDA] in ESI-MS experiments 1. For nickel, an
“energy-adjusted” ab initio pseudopotential was employed in conjunction with the
(8s7p6d2f1g)/[6s5p3d2f1g] basis set 1. All the other atoms were treated adopting the D95(d)
basis set, except for Na, for which the 6-31G(d) set was employed *®. All the computed
optimized structures were characterized by no imaginary frequencies. Reported energy
differences were calculated by including the zero-point-energy (ZPE) correction. Additionally,
all fragments discussed in Section 2.3.1 of the main text were subjected to structural
optimization.

In electrospray ionization/mass spectrometry, ions are ejected from charged solvent droplets
through successive desolvation steps in the ion source region, such that only gas-phase ions
reach the analyzer !9 For this reason, all the ions observed and described in Paragraph 2.3
should be considered non-solvated. Consequently, solvation effects were not included in the
DFT calculations. Bonding properties were theoretically investigated through Natural Bond
Orbitals (NBOs) analysis 1'%, Specifically, the NBO charges on Ni, B-diketonate ligand L, and
TMEDA reported in Table 8 of the main text, bond order values (Tables 7 and 9), quantitative
NBO data (Tables A.10, A.13, A.14), and graphical representations of natural bond orbitals
(Figures A.15-A.17, A.21-A.23, A.24, A.25), were all obtained using the same DFT functional
and basis sets employed for the geometry optimizations. The NBO analysis was performed by
employing the NBO code (Version 3.1) available in Gaussian 09. Bond order values were
calculated according to the Wiberg scheme %1, Atomic charges reported in Tables A.15-A.18
were computed using the Bader approach %31, As with the NBO analysis, Bader charges were
also calculated using the same level of theory as adopted in the structural optimizations.
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A.2.3.2 Structural and Electronic Features of [M-L]" Fragments

This Section presents a table reporting the results of the Natural Bond Orbital (NBO) analysis
for the [Ni(L)TMEDA]" fragments, along with a graphical representation of their bonding
NBOs.

Table A.10: NBO analysis for [Ni(L)YTMEDA]" species, where L = tfa, fod, thd. The table reports the NBO type, the
atoms on which NBOs are localized, the NBO occupancy, and the localization (%) of NBOs on the involved atoms. BD
= bonding character; BD* = anti-bonding character; X = O or N. Atoms labels as in Figure 6 in the main text.

Fragment NBO type | Bond | Occupancy | % Ni % X
Ni(tfa)TMEDA*
BD (o) Ni-O2 | 1.909 11 89
BD (o) Ni-O1 | 1.904 11 89
BD (o) Ni-N1 | 1.866 12 88
BD (o) Ni-N2 | 1.868 12 88
BD* (o) Ni-O2 | 0.100 89 11
BD* (o) Ni-O1 | 0.102 89 11
BD* (o) Ni-N1 | 0.128 88 12
BD* (o) Ni-N2 | 0.128 88 12
Ni(fod) TMEDA"
BD (o) Ni-O2 | 1.903 11 89
BD (o) Ni-O1 | 1.897 11 89
BD (o) Ni-N1 | 1.861 11 89
BD (o) Ni-N2 | 1.863 11 89
BD* (o) Ni-O2 | 0.111 89 11
BD* (o) Ni-O1 | 0.112 89 11
BD* (o) Ni-N1 | 0.132 89 11
BD* (o) Ni-N2 | 0.133 89 11
Ni(thd)TMEDA*
BD (o) Ni-O2 | 1.896 11 89
BD (o) Ni-O1 | 1.896 11 89
BD (o) Ni-N1 | 1.866 10 90
BD (o) Ni-N2 | 1.866 10 90
BD* (o) Ni-0O2 | 0.110 89 11
BD* (o) Ni-O1 | 0.110 89 11
BD* (o) Ni-N1 | 0.137 90 10
BD* (o) Ni-N2 | 0.137 90 10
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Figure A.15: Graphical representation of natural bond orbitals of [Ni(tfa)TMEDA]" localized on the following bonds:
a) Ni-O1 (BD); b) Ni-O2 (BD); c¢) Ni-N1 (BD); d) Ni-N2 (BD) (see also Table A.10). Atom color codes: green = Ni;
yellow = F; blue = N; red = O; grey = C; white = H.

a)

Figure A.16: Graphical representation of natural bond orbitals of [Ni(fod) TMEDA]" localized on the following bonds:
a) Ni-O1 (BD); b) Ni-O2 (BD); ¢) Ni-N1 (BD); d) Ni-N2 (BD) (see also Table A.10). Atom color codes: green = Ni;
blue = N; red = O; grey = C; white = H.
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Figure A.17: Graphical representation of natural bond orbitals of [Ni(thd)TMEDA]" localized on the following bonds:
a) Ni-O1 (BD); b) Ni-O2 (BD); ¢) Ni-N1 (BD); d) Ni-N2 (BD) (see also Table A.10). Atom color codes: green = Ni;
blue = N; red = O; grey = C; white = H.

A.2.3.3 Modeling of Low-Abundance Cationic Species in ESI-HRMS spectra:
Sodium Adducts and Protonated Species

In addition to the main peak common to the three complexes, ESI-HRMS spectra presented in
Section 2.3.1 (main text) also revealed the formation of additional cationic species (see Figure
4 and Table 6), for which a thorough computational search of minimum energy structures was
also conducted. Once again, it is worth highlighting that the computational analysis performed
in this study plays a key role in predicting the molecular structures of these species, including
those of lower abundance, thus providing valuable insights into the fragmentation reaction of
these NiO precursors. Graphical representations of the optimized geometries of sodium
adducts, namely [M+Na]" and [M-TMEDA+Na]", are shown in Figure A.18, whereas selected
geometrical parameters are summarized in Table A.11.

It is worth noting that Na* is present exclusively in the ESI-HRMS spectra of compound 2,
which features the highest fluorine content among the series. In [M+Na]", the Ni center retains
its octahedral coordination environment despite the incorporation of Na* into the second
coordination shell (Figure A.18a). Notably, three oxygen atoms are located at coordination
distances from Na* (average Na-O distance = 2.416 A), which also interacts with a fluorine
atom (Na-F distance = 2.441 A). This results in a distortion of the Ni octahedral environment,
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as evidenced by the elongation of both Ni-O and Ni-N bonds compared to the neutral
Ni(fod), TMEDA. The effect is particularly relevant for the bonds involving the three oxygen
atoms also coordinated with Na® (Table A.11). A similar trend is observed for the [M-
TMEDA+Na]" ion, which features a distorted square-planar Ni coordination and exhibits
significant O-Na" and F-Na" interactions (Table A.11, Figure A.18b). Although experimental
evidence has linked the formation of sodium adducts to the presence of fluorine atoms ], in
this case located in the CF,CF,CF; moieties of the B-diketonates, the DFT-computed O-Na*
and F-Na" distances for the two aforementioned species suggest that, in these systems, oxygen
atoms play a more crucial role in adduct formation than fluorine. In both cases, O-Na*
distances are shorter than F-Na* ones, indicating stronger interactions with oxygen.

(b)

Figure A.18: DFT-computed minimum energy structures of: (a) [M+Na]*= [Ni(fod), TMEDA+Na]", (triplet state) and
(b) [M-TMEDA+Na]" = [Ni(fod)>*+Na]", obtained by loss of TMEDA and addition of Na* from complex 2. Atom color
codes: purple = Na; green = Ni; yellow = F; blue = N; red = O; grey = C; white = H.

Table A.11: Ni-O and Ni-N bond distances for the species shown in Figure 23, namely: (a) [M+Na]® =
[Ni(fod). TMEDA+Na]*, (triplet state) and (b) [M-TMEDA+Na]" = [Ni(fod)>+Na]*, derived from complex 2 by
TMEDA loss and Na* addition.

Bond Lenghts () | [M+Na]* [M-TMEDA+Na]*
Ni-Ol1 2.080 1.876
Ni-O2 2.112 1.822
Ni-O3 2.098 1.847
Ni-O4 1.989 1.837
Ni-N1 2.152 -
Ni-N2 2.126 -
Na-O1 2.502 2.389
Na-02 2.532 -
Na-0O3 2.215 2.240

Na-F 2.441 2.542;2.470
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In contrast, [M-TMEDA+H]" species was experimentally detected exclusively for
compound 3. This ion, identified as [Ni(thd),+H]", is protonated at the CH1 carbon of the
diketonate backbone, suggesting a preferential site for protonation likely stabilized by the
adjacent carbonyl groups. For this species, two nearly isoenergetic structures were identified
(AE =0.32 kcal/mol), as shown in Figure A.19a and A.19b. The most stable conformer exhibits
a distorted tetrahedral arrangement around the Ni center and a triplet spin multiplicity. On the
other hand, the less stable structure displays a square-planar Ni coordination geometry and a
singlet spin multiplicity. Key geometrical parameters for both structures are reported in
Table A.12. Given the small energy difference between the two forms, it is plausible that both
structures may coexist and be formed during the ESI process.

Figure A.19: DFT-computed minimum energy structures of [M-TMEDA-+H]" = [Ni(thd),+H]": a) pseudo-planar
geometry (singlet state) and b) distorted tetrahedral geometry (triplet state). The second one is 0.32 kcalxmol™! lower in
energy with respect to (a). Atom color codes: green = Ni; red = O; grey = C; white = H.

Table A.12: Ni-O and Ni-N bond distances for the species shown in Figure A.19, namely: [M-TMEDA+H]" =
[Ni(thd),+H]" a) pseudo-planar geometry (singlet state) and b) distorted tetrahedral geometry (triplet state), derived
from complex 3 by TMEDA loss and H" addition.

Bond Lenghts (A) [M-TMEDA+H] [M-TMEDA+H]
Ni-O1 1.897 1.986
Ni-02 1.897 1.981
Ni-O3 1.793 1.901
Ni-O4 1.793 1.842
Ni-N1 - -

Ni-N2 - -

The protonated diketonate species [HL+H]" was detected exclusively in the case of the more
electron-donor thd ligand. Its optimized structure reveals protonation on both carbonyl groups
(Figure A.20a). In contrast, the protonated ligand [TMEDA + H]"* was observed in the
fragmentation of all complexes; in this case, the proton is located on one of the N atoms of the
TMEDA moiety (Figure A.20b).
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Figure A.20: DFT-computed minimum energy structures of a) [HL+H]" = [thd+H]" obtained by addition of H* to thd
ligand; b) [TMEDA-+H]" obtained by addition of H" to neutral TMEDA. Color codes blue =N; red = O; grey = C; white

=H.

A.2.3.4 Electronic Features of MS?*-Derived Species

This Section presents the NBO analysis results and related orbital graphical representations

for the species formed upon subsequent fragmentation of the [Ni(L)TMEDA]* cations.

Table A.13: Natural bond orbital (NBO) analysis for [Ni(L)TMEDA]*-NH(CHs). species, where L = tfa, fod, thd. The
table reports the NBO type, the atoms on which NBOs are localized, the NBO occupancy, and the localization (%) of
NBOs on the involved atoms. BD = bonding character; BD* = anti-bonding character; LP = lone-pair; Y = Ni or CHT;
X =N1 or CH2T. Atoms labels as in Figure 7 of the main text.

Fragment NBO type | Bond Occupancy | % Y % X

Ni(tfa)TMEDA*

-NH(CH3)2 BD (m) CHT-CH2T | 1.985 52 48
BD (n) CHT-CH2T | 1.663 49 51
BD (o) Ni-N1 1.878 26 74
BD* (n) CHT-CH2T | 0.011 48 52
BD* (n) CHT-CH2T | 0.187 51 49
BD* (o) Ni-N1 0.527 74 26

Ni(fod) TMEDA"

-NH(CH3)2 BD () CHT-CH2T | 1.981 52 48
LP (m) CH2T 0.959 - -
BD (o) CHT-NI 1.749 22 78
BD* (n) CHT-CH2T | 0.010 48 52
BD* (o) CHT-NI 0.676 78 22

Ni(thd) TMEDA*

-NH(CH3)2 BD (n) CHT-CH2T | 1.985 52 48
BD (n) CHT-CH2T | 1.691 49 51
BD (o) Ni-N1 1.871 24 76
BD* (n) CHT-CH2T | 0.011 48 52
BD* (1) CHT-CH2T | 0.198 51 49
BD* (o) Ni-N1 0.548 76 24
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Figure A.21: Graphical representation of natural bond orbitals of [Ni(tfa)TMEDA]*-NH(CH3s), localized on the
following bonds: a) CHT-CH2T (BD); b) CHT-CH2T (BD*); ¢) CHT-CH2T (BD); d) CHT-CH2T (BD*); e¢) Ni-N1
(BD); f) Ni-N1 (BD*) (see also Table A.13). Atom color codes: green = Ni; yellow = F; blue = N; red = O; grey = C;
white = H.

¢

104



¢

Figure A.22: Graphical representation of natural bond orbitals of [Ni(fod) TMEDA]"-NH(CHj3), localized on
the following bonds: a) CHT-CH2T (BD); b) CHT-CH2T (BD¥*); ¢) Ni-N1 (BD); d) Ni-N1 (BD*); e¢) CH2T
(LP) (see also Table A.13). Atom color codes: green = Ni; yellow = F; blue = N; red = O; grey = C; white = H.
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Figure A.23: Graphical representation of natural bond orbitals of [Ni(thd) TMEDA]*-NH(CH3), localized on
the following bonds: a) CHT-CH2T (BD); b) CHT-CH2T (BD*); ¢) CHT-CH2T (BD); d) CHT-CH2T (BD*);
e) Ni-N1 (BD); f) Ni-N1 (BD*) (see also Table A.13). Atom color codes: green = Ni; blue = N; red = O; grey = C;
white = H.
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Table A.14: Natural bond orbital (NBO) analysis for [Ni(L)TMEDA]*-CH3;CH>N(CHj3),, where L = tfa and fod. The
table reports the NBO type, the atoms on which NBOs are localized, the NBO occupancy, and the localization (%) of
NBOs on the involved atoms. BD = bonding; BD* = anti-bonding; LP = lone-pair; Y = Ni or CHT; X = N1 or CH2T.
Atoms labels as in Figure 7 of the main text.

Fragment NBO type | Bond Occupancy | % Y % X

Ni(tfa)TMEDA"*

-CH3;CH:N(CHs)2 | BD (n) CHT-CH2T | 1.987 52 48
LP (n) CHT 0.916 - -
LP (m) CH2T 0914 - -
BD (o) Ni-N1 1.836 14 86
BD* () CHT-CH2T | 0.010 48 52
BD* (0) Ni-N1 0.197 86 14

Ni(fod) TMEDA"

- CH3CH2N(CH3)2 | BD (n) CHT-CH2T | 1.987 52 48
LP (n) CHT 0.920 - -
LP (m) CH2T 0.914 - -
BD (o) Ni-N1 1.838 14 86
BD* () CHT-CH2T | 0.010 48 52
BD* (o) Ni-N1 0.197 86 14
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Figure A.24: Graphical representation of natural bond orbitals of [Ni(tfa)TMEDA]"-CH3CH>N(CH3)»
localized on the following bonds: a) CHT-CH2T (BD); b) CHT-CH2T (BD*); c¢) Ni-N1 (BD); d) Ni-N1 (BD*);
e) CHT (LP); f) CH2T (LP) (see also Table A.14). Atom color codes: green = Ni; yellow = F; blue = N; red = O; grey
= C; white = H.
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Figure A.25: Graphical representation of natural bond orbitals of [Ni(fod)TMEDA]"-CH3CH>N(CH3)»
localized on the following bonds: a) CHT-CH2T (BD); b) CHT-CH2T (BD*); c¢) Ni-N1 (BD); d) Ni-N1 (BD*);
e) CHT (LP); f) CH2T (LP) (see also Table A.14). Atom color codes: green = Ni; yellow = F; blue = N; red = O; grey
= C; white = H.
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In addition to the electronic structure analysis, geometry optimizations were carried out for
selected isomers of the [Ni(fod)TMEDA]"-(CH;),C=CH;) fragment (see Paragraph 2.3.3 of
the main text). Figure A.26 shows the six most stable structures, along with their relative
stability, including zero-point energy corrections. The lowest-energy isomer (Figure A.26a)
features a distribution of fluorine atoms on both sides of the diketonate ligand, a characteristic
also shared by other low-energy isomers, which differ only slightly in energy from the most
stable one.

a) Minimum energy structure b) AE = +2.29 kcal/mol

¢

Cc) AE = +7.35 kcal/mol d) AE = +7.54 kcal/mol

« (&

e) AE = +8.25 kcal/mol f) AE = +23.68 kcal/mol

Figure A.26: Graphical representation of six possible structures of the fragment ion [Ni(fod)TMEDA]"-
(CH3),C=CH,, resulting from an additional rearrangement of fod ligand and detected in MS? spectra of
precursor 2. Relative energies (with respect to the minimum-energy structure, a) are reported above each model
geometry. Atom color codes: green = Ni; yellow = F; blue = N; red = O; grey = C; white = H.
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A.2.3.5 Bader Charge Analysis

Bader charge analysis offers a robust method for partitioning the electron density of a molecule
into atomic contributions based on rigorous quantum mechanical principles ¢!, Unlike
Mulliken 7 or Lowdin U% population analyses, which depend heavily on the basis set and
orbital representation, the Bader approach relies exclusively on the topology of the electron
density, providing a more physically meaningful and transferable definition of atomic regions
[60.611 'Tn this model, each atom is defined by a zero-flux surface, i.e., a surface across which
the gradient of the electron density vector field does not cross, ensuring that electron density
is uniquely assigned to each atom [¢!l. This makes Bader analysis particularly well-suited for
studying systems undergoing fragmentation, where a clear and basis-independent picture of
electron redistribution is essential. In fact, previous studies have demonstrated that Bader
charges are particularly informative in describing subtle shifts in electronic structure during
processes such as ligand dissociation or ion formation %1% For this reason, Bader analysis
has been applied in the present work to further clarify how the electronic density is
redistributed during the gas-phase fragmentation of Ni(I) B-diketonate-TMEDA complexes.
Bader charges of all three species are reported in Tables A.15-A.18.

Table A.15: Computed Bader charges for [Ni(L).TMEDA], with L = tfa, fod, and thd. Atom labels as in Figure 6.

Atom Ni(tfa)2:TMEDA [ Ni(fod):TMEDA | Ni(thd):TMEDA
Ni +1.33 +1.33 +1.33
) -1.19 -1.18 -1.21
02 -1.20 -1.19 -1.21
03 -1.20 -1.20 -1.19
04 -1.19 -1.18 -1.21
NI -1.03 -1.03 -1.04
N2 -1.05 -1.05 -1.04
C5 +0.81 +0.81 +0.78
C6 +0.82 +0.77 +0.77
c7 +0.86 +0.84 +0.78
Cs +0.86 +0.85 +0.78
CHI -0.01 -0.03 -0.07
CH?2 -0.03 0.00 -0.05
CHT +0.27 +0.25 +0.28
CH2T +0.31 +0.28 +0.28
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Table A.16: Computed Bader charges for [Ni(L)TMEDA]", with L = tfa, fod, and thd. Atom labels as in Figure 6.

Atom [Ni(tfa)TMEDA] * | [Ni(fod) TMEDA] " | [Ni(thd)TMEDA] *
Ni +0.99 +1.00 +1.00
01 -1.14 -1.16 -1.16
02 -1.14 1.17 1.17
NI -1.03 -1.01 -1.01
N2 -1.01 -1.03 -1.03
C5 +0.71 +0.67 +0.67
c7 +0.72 +0.65 +0.65
CHI +0.10 +0.08 +0.08
CHT +0.28 +0.27 +0.27
CH2T +0.28 +0.27 +0.27

Table A.17: Computed Bader charges for [Ni(L)YTMEDA]" -NH(CHs),, where L = tfa, fod, thd. Atom labels as in
Figure 7. N denotes the nitrogen atom coordinated to the Ni center.

Atom [Ni(tfa)TMEDA]" | [Ni(fod)TMEDA]" | [Ni(thd) TMEDA]"
-NH(CH3)2 -NH(CH3)2 -NH(CH3)2
Ni +0.95 +0.95 +0.95
0)] -1.12 -1.13 -1.13
02 -1.17 -1.12 -1.12
N -1.09 -1.10 -1.10
C5 +0.70 +0.67 +0.67
c7 +0.72 +0.71 +0.71
CHI +0.09 +0.09 +0.09
CHT +0.22 +0.21 +0.21
CH2T -0.05 -0.08 -0.08

Table A.18: Computed Bader charges for [Ni(L)TMEDA]" - CH;CH:;N(CH3),, where L = tfa, fod, and for
[Ni(fod)TMEDA] *-(CH3),C=CH.,. Atom labels as in Figure 7. In each case, N denotes the nitrogen atom(s) coordinated
to the Ni center (for [Ni(fod) TMEDA] *-(CH3),C=CH,, both N atoms are bound to Ni and bear identical Bader charges).

Atom [Ni(tfa)TMEDA] * | [Ni(fod) TMEDA] " | [Ni(fod) TMEDA]*
-CH3CH:N(CH3)2 | -CH3CH2N(CH3)2 | -(CH3)2C=CH:2
Ni +0.97 +0.97 +1.00
o) -1.11 -1.09 -1.12
02 -1.12 -1.13 -1.14
N -1.15 -1.14 -1.01
C5 +0.68 +0.68 +0.76
Cc7 +0.72 +0.69 +0.77
CHI +0.09 +0.08 +0.07
CHT +0.21 +0.19 +0.27
CH2T -0.06 -0.05 +0.24
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Supplementary Information Paragraph 2.4

A.2.4.1 Computational Details and Structural Models

With the aim of providing a clear and comprehensive overview of the computational
methodology, this Section outlines the NiO models constructed and investigated in the present
Paragraph. A very concise description of the employed structural models is presented here,
while a detailed analysis of their structural and electronic features will be provided in the
following Sections. Readers are therefore referred to those Sections whenever specific models
introduced here are subsequently discussed in greater depth.

All calculations on bulk NiO, as well as on regular (stoichiometric) and -OH-defective
NiO(100) surfaces, were performed using the Quantum ESPRESSO code. ! Structural
optimizations were carried out employing the spin polarized PBE approximation to DFT [!12]
in conjunction with D3-bj '3l empirical correction to dispersion interactions, a setup known
to yield a reliable description of metal oxide structural properties. 741131 In contrast, the
electronic structure calculations for obtaining electronic band gap values were performed, on
the optimized structures, using the Hubbard Hamiltonian approach. The latter offers effective
strategies to correct the well-known tendency of Gradient Corrected DFT approximations
(GGA) to severely underestimate band gaps in transition metal oxides. Specifically, the
DFT + U method was adopted, in which the DFT total energy is augmented by a local Hubbard
correction, defined by the on-site Coulomb interaction U. In this work, the simplest version of
this approach was adopted, involving the addition of a U term to the Hamiltonian !''¥l. The
selected value of the U term of 6.4 €V is in line with literature data [*¢l. The interactions
between valence electrons and cores were treated using the Vanderbilt type ultra-soft
pseudopotentials !1>11%) for Ni, O and H atoms. In the case of Ni, a semicore pseudopotential
was adopted, i.e. only the 1s and 2s-2p shells were included in the core, while the 3s, 3p, 3d,
and 4s electrons were pseudized. Concerning the number of valence electrons, the core charge
of Ni was 18, hence the 3s, 3p, 3d, and 4s electrons of Ni are explicitly accounted for in the
calculations (18 valence electrons for each Ni, 3s?3p®3d®4s?). The core charge of O was 6, thus
the 2s and 2p O electrons are explicitly represented (pseudized) in the calculations (6 valence
electrons for each O, 2s*2p*). Concerning H, its core charge was 1, thus the electron in the 1s
state was pseudized (1 valence electron for each H, 1s'). In all calculations, the electronic
states were expanded in planewaves with a cutoff of 60 Ry for the wavefunction (320 Ry for
the electron density). In the optimization procedure, the initial spin polarizations of the two
kinds of Ni were given opposite sign. Both total and absolute magnetization values were
computed self-consistently, as is appropriate for magnetic oxide systems. [!!7-1"] The electronic
structure character of each system (i.e., p-type, n-type, metal, ssmimetal) was determined from
the pertaining Density of States (DOS) by comparing the energies of the VB and CB band

edges with the Fermi Level, which was conventionally set to zero [120:121],

A.2.4.2 Bulk NiO Models

As previously mentioned, bulk NiO has a cubic rock-salt structure (a = 4.173 A) [©! (Figure
A.27). The cubic crystallographic unit cell contains four Ni and four O atoms (crystallographic
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unit cell stoichiometry: Ni4O4, 8 atoms). Due to the antiferromagnetic (AF) ordering of NiO,
the magnetic unit cell parameter is twice as large as a, resulting in a 2x2x2 crystallographic
unit cell, with magnetic unit cell stoichiometry of NisOs, (64 atoms, Figure A.27a).
Furthermore, a tetragonal 2x2 magnetic unit cell characterized by AF ordering as well can be
constructed, with magnetic unit cell stoichiometry of Ni,606 (32 atoms, FigureA.273¢c-d). In
this study, Density Functional Theory (DFT) calculations on bulk NiO were performed on
three different models, denoted Bulk 1, Bulk 2, and Bulk 3, illustrated in Figure 33 and defined
as follows:

1) Bulk 1, containing 64 atoms (Ni3;;Os,), and characterized by a cubic simulation cell,
corresponding to the cubic 2x2x2 magnetic unit cell (Figure A.27a);

2) Bulk 2, containing 128 atoms (NigOss), and characterized by an orthorhombic simulation

cell, obtained by doubling the cubic magnetic simulation cell along the x direction (Figure
A.27b);

3) Bulk 3, containing 32 atoms (Ni;6016), and characterized by a tetragonal simulation cell,
corresponding to the tetragonal 2x2 magnetic unit cell (Figure A.27c-d).

For all bulk models, full geometry optimizations (0 K) were performed, allowing both atomic
positions and cell volumes to relax at a pressure of 0 kbar. All atoms were allowed to move
during the optimization.

b)

X X

Figure A.27: Ball-and-stick representation of the bulk NiO models simulation cell: a) Bulk 1 (Ni3203;, cubic 2x2x2
cell) projected on the xz plane; b) Bulk 2 (NigsOss, orthorhombic 4x2x2 cell) projected on the xz plane; ¢) and d) Bulk
3 (Nii6O1s, tetragonal 2x2 cell) projected on the yz and xy planes, respectively. Atoms color codes red = O; blue = Ni
(spin-up); green = Ni (spin-down). Blue lines in ¢)-d) indicate the simulation cell size.
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The structural optimization of the three bulk models (Bulk 1-3) provided identical computed
cell parameter (a = 4.175A) and interatomic Ni-O and Ni-Ni nearest-neighbor distances, in
excellent agreement with experimental values . All models exhibited the same structural
features and very similar electronic and magnetic properties (see Table A.19).

Table A.19: Properties of bulk models. Eg.p: band gap energy; Evs: VB top energy; Ecs: CB bottom energy; o total
magnetization; ini: absolute magnetization per Ni atom; d(Ni-O): Ni-O distances; d(Ni-Ni): Ni-Ni distances. Energies
are given in eV, o and pn in Bohr Magnetons (pg), and distances in A. Evg and Ecp are relative to the Fermi Level,
conventionally set to 0.

System Equp Eyg Ecs Type Hiot HNi d(Ni-0) d(Ni-Ni)

Bulk 1 3.030 -1.531 +1.679 p 0 1.77 2.086 2.951
(N132032)

Bulk 2 3.030 -1.334 +1.696 p 0 1.77 2.086 2.951
(Ni64Oe4)

Bulk 3 2.980 -1.303 +1.677 p 0 1.80 2.086 2.951
(N116016)

Each Ni atom is surrounded by six O atoms at 2.086 A distance. The total magnetization of
the system (Luot) equals 0.00 Bohr Magnetons (ug), consistent with the antiferromagnetic (AF)
ordering observed at the experimental level. The absolute magnetization per Ni atom (i) is
comparable with the reported experimental values (1.64-1.77 pg). % The computed Eg,p
(Table 29) is smaller than the quoted values reported in literature for bulk NiO systems (4.0-
4.3 eV) 167679.80.122] 'reflecting the well-known tendency of DFT, and even DFT+U approaches,
to underestimate band gaps, U'*86:88.114] egpecially in NiO-based systems.!”?! Nonetheless, the
E.ap, magnetization and lattice parameters are in good agreement with the results obtained in
other DFT+U studies on bulk NiO."l The investigated bulk systems reproduce the
experimentally detected p-type behavior, as evidenced by the total electronic density of states
(DOS) shown in Figure A.28a-c. The DOS profiles of the three bulk models are nearly
identical, in agreement with their corresponding E,.p, values (Table A.19).
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Figure A.28: Computed DOS for bulk NiO model systems: a) Bulk 1, Ni3,O3»; b) Bulk 2, NigsOes; ¢) Bulk 3, NijgOie.
The black vertical dashed line represents the Fermi level position (0 ¢V). Positive and negative curves represent spin-
up and spin-down components, respectively.
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Given this close similarity in both total DOS and electronic properties, the partial DOS analysis
was restricted to Bulk 1 and Bulk 2. A comparison of the partial density of states (pDOS) for
Bulk 1 and Bulk 2 is presented in Figure A.29, confirming their close similarity. In both cases,
the pDOS reveals a dominant contribution of O 2p-states at the top of the valence band (VB),
whereas at the bottom of the conduction band (CB) there is a higher density of empty Ni d-
states. This finding is in line with literature data on NiO materials. (674780 Furthermore, the
presence of a non-negligible contribution from occupied d-states at the top of the VB suggests
that even d-d transitions may also play a key role in shaping the electronic properties of bulk
NiO. 8%
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Figure A.29: Computed pDOS for bulk NiO model systems: a) Ni32Osz; b) NigsOss. The black vertical dashed line

represents the Fermi level position (0 eV). Positive and negative curves correspond to spin-up and spin-down
components, respectively. Red lines indicate O 2p states, while black lines represent Ni d states.

A.2.4.3 NiO(100) Regular Slab — Further Details

Regular NiO(100) surfaces were modeled including a vacuum region of 14 A vacuum in the z
direction with the aim of minimizing inter-slabs interactions. Two stoichiometric slabs were
built (see Figure 9 main text):

1) RegSurf 1, with stoichiometry Ni3;Os3, (64 atoms), derived from Bulk 1. This model
consists of four NiO layers and 8 top-layer Ni atoms (4 spin-up, 4 spin-down), with a
surface area: 69.65 AZ;

2) RegSurf 2, with stoichiometry NigOg4 (128 atoms), derived from Bulk 2. This model also
comprises four NiO layers but presents 16 top-layer Ni atoms (8 spin-up, 8 spin-down),
with a surface area: 139.31 A2,

BZ sampling employed: 2x2x1 and 1x2x1 meshes for RegSurf 1 and RegSurf 2, respectively.
Structural optimizations of NiO(100) slab models were carried out by relaxing the atomic
coordinates, while keeping the a cell parameter fixed to the value obtained for the
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corresponding bulk models. The Ni and O atoms in the bottom layer were constrained to their
bulk positions during optimization. In both slab models, the surface relaxation primarily
affects the two outermost layers (see Table 10 in the main text). The top layer displays a slight
corrugation: O atoms are slightly displaced inwards (2.030 A from the nearest Ni in the second
layer), whereas Ni ones are slightly displaced outwards (2.090 A from the nearest O in the
second layer). For comparison, the Ni-O bond lengths in the bulk system are 2.086 A (Table
A.19). Moreover, Ni-O distances and interlayer separations between the (100) planes in the
top layer differ, giving rise to chains of alternating short (2.073 A) and long (2.101 A) bonds
(Table 10). In the second layer, this alternation is less pronounced, with Ni-O bond lengths of
2.082 A and 2.091 A, respectively, in the case of Ni3;O3,. Additionally, atoms in the second
layer are all closer to the third one, with an average interlayer separation of 2.070 A. This
behavior of the Ni-O distances in NiO (100) topmost layers, which affects evenly the two
magnetic sub-lattices, is in good agreement with the results of scanning tunnelling microscopy
(STM) experiments on NiO surfaces. ¥ The antiferromagnetic (AF) ordering is preserved in
the stoichiometric NiO(100) slabs, although the magnetic moment per Ni atom (i) increases
slightly compared to the corresponding bulk value (Table A.19). The E,,, values computed for
regular NiO(100) surfaces are collected in Table 10, showing a substantial decrease in
comparison to the bulk structure (Table A.19), in line with the trend previously observed in
the literature. -">7473 This behavior may be attributed to the surface deformations discussed
above.

A.2.4.4 Monohydroxylated NiO(100) Slab — Further Details

Monohydroxylated NiO(100) surfaces were modeled with special care due to AF ordering
[7588] ~ A single -OH group breaks magnetic symmetry, perturbing the spin sub-lattices
unevenly. Moreover, the same vacuum region of Regular NiO(100) was adopted (see Section
A.2.4.3). This case was explored with three models of increasing size and thickness (see Figure
12 in the main text):

1) Ni3,032(OH) (66 atoms), derived from Bulk 1 (cubic 2x2x2 simulation cell), containing
four NiO layers and 8 top-layer Ni atoms (4 spin-up, 4 spin-down), surface area: 69.65A2;

2) Nij6016(OH) (34 atoms), derived from Bulk 3 (tetragonal 2x2 simulation cell), containing
four NiO layers and 4 top-layer Ni atoms (2 spin-up, 2 spin-down), surface area: 34.83A2;

3) Niz4024(OH) (50 atoms), derived from Bulk 3 (tetragonal 2x2 simulation cell), containing
six NiO layers and 4 top-layer Ni atoms (2 spin-up, 2 spin-down), surface area: 34.83 A2,

BZ meshes of 6x6x1 were used for Ni3»Os3,(OH) and Ni;60,6(OH) models, while 2x2x1 for
Ni240,4(OH). These mono-hydroxylated NiO(100) slab models were subjected to atomic
position optimization. In the four-layer systems, Ni and O atoms in the bottom layer were fixed
at their bulk positions, while in the six-layer model, atoms of the two bottom layers were fixed
at their bulk coordinates. This setup was consistently applied across all hydroxylated slab
models discussed in the Paragraph 2.4. A vacuum gap of 14 A along z has been included in the
simulation cell of the three models. To assess the convergence of structural, electronic, and
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magnetic properties with respect to vacuum gap size, additional calculations were performed
on the largest model Ni3,O3,(OH) using a 17 A vacuum region (see Table A.20).

Table A.20: Properties of Niz»O3(OH) slab models. Egap: band gap energy; o total magnetization; pni: absolute
magnetization per Ni atom. Energies are given in eV, L and px in Bohr Magnetons (us), Ni*-OH, O-H, Ni-O and Ni*-
O*distances in A, Ni*-O-H angles in degrees. (Ni-O) denotes the average Ni-O distance for the top-layer. * Computed
with a vacuum gap of 14 A. ®* Computed with a vacuum gap of 17 A.

System Egup Type Hiot uni  Ni*-OH  O0-H  (Ni-O) Ni*-0* Ni*-0-H
Ni3203(0H)* | 0 Half-metal -0.91 1.81 1.817 0.980 2.081 2.118 107.2
Ni3203(0H)® | 0 Half-metal -0.91 1.81 1.817 0.980 2.081 2.118 107.2

The relevant properties of the three minimum energy structures of the mono-hydroxylated
NiO(100) slab models are reported in Table 11 (main text). The structural analysis focused
primarily on the local defect environment, namely O*-Ni*-OH atoms (Figure 11). As shown
in Table 11, the three slab models exhibit very similar structural features. In all cases, the O-H
bond lengths are identical and the -OH moiety forms a strong bond with a top-layer Ni atom
(Ni1*). The formation of the Ni*-OH bond brings to a significant elongation of the Ni*-O*
distance with respect to the bulk value (2.086 A, see Table A.19), suggesting a weakening of
the Ni*-O* bond. This effect is more pronounced in the Ni;s0,64(OH) and Ni240,4(OH) models,
which are characterized by smaller surface areas. In addition, the Ni*-0-H bond angle is also
consistent across all the considered models (Table 11), further supporting the structural
similarity of the local hydroxyl environment. Beyond the defect environment, the three slabs
display very similar average Ni-O distances (Ni-O) between top-layer Ni and O atoms (Table
11). Overall, this analysis indicates that slab thickness has a negligible impact on the structure
of the hydroxylated slabs. In contrast, surface area appears to play a more significant role:
deviations of Ni-O distances from the bulk value (2.086 A) are more pronounced in the
smaller-surface Ni;6016(OH) and Ni»4O24(OH) models, characterized by only four top-layer
Ni atoms. The data reported in Table 11, along with the DOS profiles shown in Figure 13 (main
text), clearly indicate that a vacuum gap of 14 A is sufficient to achieve convergence.

A.2.4.5 Di-Hydroxylated NiO(100) Surfaces — Further Details

To preserve magnetic symmetry, paired hydroxyl groups were introduced on opposite
magnetic sub-lattices. [">) -OH groups were modeled by placing either an -H atom to an O site
or an -OH group to a Ni site, maximizing separation between defects. Models with different
surface areas were evaluated to explore the increasing defect concentration. 2 x -OH groups
models were generated from:

o RegSurf2 (16 Ni sites): 4 models to simulate low -OH coverage (see Figures 14)
o Tetragonal 2x2 slabs (4 Ni sites): 3 models to mimic higher coverage (see Figures 17, A.30)
BZ meshes of 1x2x1 (RegSurf2) and 6x6x1 (Tetragonal 2x2 slabs) were adopted.

The first two models (Figure 14a,b) have the same simulation cell stoichiometry [NigOg4]2H
but differ in their total charge. The first one, [NigaOss4]2H+, characterized by total charge +2e,
was obtained by adding two protons to two top-layer oxygen atoms (Figure 14a). A uniform
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compensating background charge of -2e was applied to ensure the system’s electrical neutrality
during the calculations. The second one, electrically neutral, was obtained by adding two H
atoms to two top-layer oxygen atoms (Figure 14b). The third and fourth models (Figure 14c,d)
have simulation cell stoichiometry [NieOgs]2(OH). The third model, denoted as
[Ni64O64]2(OH), is electrically neutral and simulates the adsorption of two OH radicals on the
surface (Figure 14c). In the fourth model, the hydroxyl groups were introduced in their anionic
form (OH"), resulting in a total negative charge of -2e. The latter was compensated by a +2e
uniform charge background, and the model is denoted as [NieOs4]2(OH-) (Figure 14d).

A.2.4.5.1 Low -OH concentration

To simulate a low concentration of -OH defects, four slab models were constructed:
[Ni64064]2H, [Ni64064]2H+, [N164064]2(OH), and [Nl64064]2(OH—) (see Figure 14, main text).
In the “H-type models” (see Figure 14a,b, main text) the two H (or H") were positioned on top
of the same top-layer oxygens, separated by 9.168 A, the maximum distance compatible with
the periodic boundary conditions. In the “OH-type models” (see Figure 14c,d), the two -OH
groups were instead placed on two top-layer Ni atoms belonging to different magnetic sub-
lattices, separated by 9.157 A, again the maximum separation compatible with the periodic
boundary conditions. In all these models, the a cell parameter was optimized as well, due to
the presence of charged species in some of them. The resulting optimized a values were
4.100 A for [Ni64064]2H, 4.084 A for [Ni64064]2H+, 4.092 A for [Nl64064]2(OH), and 3.980 A
for [N164064]2(OH-)

[NissOsJ2H

In the optimized structure of this model (Figure 14b), surface corrugation is more pronounced
compared to the regular slab (see Table 10 and Figure 9, main text), with Ni top-layer atoms
always upward with respect to oxygen ones (except for the O atoms bonded to H, which lie
slightly higher due to the presence of the adsorbed protons). The two OH groups are oriented
nearly perpendicular to the (100) surface and are separated by 9.168 A (Table 12). The distance
between each OH-bearing oxygen and the underlying Ni* atom is 2.905 A, indicating that
these O atoms are located approximately 0.7 A above the top-layer plane.

[Nis4064]2(OH)

The minimum energy structure of this model, illustrated in Figure 14c, exhibits an OH-OH
separation of 9.157 A. Within the Ni*-O-H groups (see Figure 11), the OH bond length is
0.979 A, the Ni*-O one is 1.825 A and the Ni*-O-H bond angle is 106.7°. The Ni* atoms
bearing -OH groups are at 2.032 A from the nearest oxygen atoms of the layer below (O*,
Figure 11), which are slightly shifted upward compared to the other atoms in the same layer
(Figure 14c). The bond distances between atoms in the top and second layers range from
2.008 A to 2.117 A. Even in this case, the top layer is corrugated, with Ni atoms positioned
slightly upward (0.1 A) with respect to oxygen atoms. However, the surface deformation
induced by the binding of two hydroxyls to Ni* is less pronounced than that caused by the
addition of two H atoms to two surface O sites (cftr. Figure 14c and 14b).
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[Nis4Os4]2H+

The minimum energy structure for this model is illustrated in Figure 14a. The optimized cell
parameter (4.084 A) is slightly shorter than the corresponding bulk value (4.175 A). Overall,
the structural feature of this charged slab closely resemble those of the neutral [NigOes]2H
model. The top layers exhibit a slightly corrugated morphology, as already observed in non-
defective slabs, with Ni atoms positioned about 0.05 A above the neighboring O atoms along
the z-direction. In contrast, the two oxygen atoms bearing the two protons are significantly
displaced outward with respect to the surrounding Ni atoms. Both Ni*-O-H groups (Figure 11,
main text) are characterized by a Ni*-O bond distance of 2.806 A, an O-H bond length of
0.982 A and a nearly linear Ni*-O-H angle of 179.5°. The two protons are separated by 9.130
A. Notably, the Ni*-O distance in Ni*-OH groups is significantly larger than the average Ni-
O separation between top- and second-layer atoms (2.077 A), which itself is smaller than the
Ni-O distance between second- and third-layer atoms (2.107 A). Even in this model, an
alternation of short and long Ni-O bonds is observed between atoms in the top layer.
Nevertheless, the presence of the two OH groups in the top layer break this bond pattern,
rendering it less regular (see Figure 14a).

[Nis1064]2(OH-)

The minimum energy structure of this model is shown in Figure 14d. The introduction of two
negatively charged OH defects leads to a decrease of the cell parameter to 3.980 A. Despite
this variation, the overall geometry of [NigOss]2(OH-) closely resembles the ones exhibited
by the related neutral [NigOgs]2(OH) model (Figure 14c). In particular, the O-H bond
distances are both equal to 0.977A, while each hydroxyl O atom is coordinated to a top-layer
Ni* through a Ni*-OH bond of 1.895 A. This Ni* is separated by 2.385 A from the nearest
second-layer oxygen O* (see Figure 11). The Ni*-O-H bond angle is 105.3°, indicating a
slightly bent geometry. As a result, the Ni* atoms bearing the hydroxyl groups are shifted
upward with respect to the other atoms in the layer. As found in all the previously discussed
slabs, the top-layer is corrugated, exhibiting the Ni atoms located approximately 0.1 A above
the oxygen atoms along the z-axis. The extent of this surface distortion in [NigOe4]2(OH-) is
nearly identical to that found in the neutral counterpart [NigaOs4]2(OH) (cft. Figures. 14¢ and
14d in the main text).

A.2.4.5.2 High -OH concentration

To simulate a high concentration of -OH defects, three new slab models were built using the
tetragonal 2x2 cell (the one with the smallest surface area: 34.83 A2), which includes six NiO
layers and features only four Ni centers (Figure 17). In this case, only neutral -H and -OH ad-
atoms were introduced, as the reduced surface area of the 2x2 cell precludes reliable modeling
of charged species. Consequently, no optimization of the cell parameter was required. The first
model of this series, denoted (Ni24024)2H, was built by adding two -H atoms to two top-layer
O sites, separated by 4.173 A (Figures 17a and b). Two additional models with stoichiometry
(N124024)2(OH) were generated by adding two -OH groups on two Ni-sites of opposite spin,
in different locations. In the former case (Figure 17c¢ and d, (Ni,4O24)2(OHa)), the two Ni
centers were separated by 2.951 A, while in the latter (Figure 17e and f, (Ni24O24)2(OHb)) the
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separation among the Ni sites was 4.170 A. As in all previous cases, a vacuum gap of 14 A
along the z-axis has been included in the simulation cell.

[Ni24024]2H

The [Ni24024]2H model (Figures 17a and b) is characterized by parallel rows of -OH moieties,
arranged on the system top layer as illustrated in Figure A.30.

Figure A.30: Graphical representation of the surface hydroxyl defect arrangement in [Ni24O24]2H with respect to the
two magnetic spin sublattices. Each -OH group is adsorbed on top of a Ni* cation and is surrounded by four -OH defects
located on opposite spin Ni* centers.

Each hydroxyl group is surrounded by four -OH defects adsorbed on Ni* sites with opposite
spin and bridges two top-layer Ni* centers of different spin, with Ni*-O distances of 2.175 A
and 2.454 A, respectively, while the separation of the hydroxyl oxygen from Ni* is 3.037 A.
The -O-H bond lengths amount to 0.980 A. The corresponding distances in [NigOgs]2H were
2.174 A, 2.208 A, 2.905 and 0.980 A, respectively (see Table 12, main text). This comparison
highlights a notable trend: structural distortions with respect to regular NiO(100) become more
pronounced as the concentration of surface hydroxyl defects rises. Conversely, the magnetic
and the main electronic properties of the two models are very similar (cfr. Tables 12 and 13,
main text).

[Ni24024]2(OH)

The optimized geometries of the two models with this stoichiometry, denoted as
[N124024]2(OHa) and [Ni240,4]2(OHDb), are shown in Figures 17c-d and 17e-f, respectively. In
these models, the -OH groups are separated by 2.951 A and 4.171 A, respectively. In
[N124024]2(OHa), geometry optimization led to a notable rearrangement: each Ni*-OH group
moved on top of two top-layer oxygen atoms, leaving an under-coordinated O atom in the
layer below (Figures 17¢ and d). Each Ni* atom forms two strong bonds (1.888 A) with the
two neighboring top-layer oxygens, defining an O-Ni*-O angle of 127.6°. The Ni*-OH
distances are 1.784 A, the O-H bond lengths 0.990 A, and the Ni*-O-H angles 110.8°,
revealing a tricoordinate environment around the Ni* center. Notably, the -OH groups are
aligned along the y-axis (Figures 17c and d), forming hydrogen-bonded chains characterized
by an O----HO separation of 2.050 A, indicating the occurrence of moderately strong hydrogen
bonds. In contrast, the [Ni24O24]2(OHDb) system exhibits very different structural features
(Figures 17e and f). Indeed, there is no massive reconstruction like in the [Ni»4O.4]2(OHa)
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model: the -OH groups are adsorbed on two top-layer Ni* atoms, which are moderately upward
shifted (Figure 17¢). In this case, the Ni*-O* distances (2.081 A) exceed the average Ni-O
distance between top- and second- layer atoms (1.998 A), while Ni*-OH and O-H bond lengths
are 1.801 A and 0.981 A, respectively, with a Ni*-O-H bond angle of 107.9°. Due to the large
separation between -OH groups (4.171 A), no hydrogen bond is observed.

A.2.4.6 Tetra-Hydroxylated NiO(100) Surfaces — Further Details

Following the same approach adopted for NiO(100) surface models bearing two -OH groups
(see Section 2.4.3), slabs with different surface areas were employed to assess the impact of
further increasing the defect concentration. The first model, simulating a relatively low -OH
defect density, was built by placing two H atoms on two top-layer O atoms and two -OH groups
on two top-layer Ni of opposite spin, using RegSurf 2 (the regular slab with the largest surface
area). This model (optimized a cell parameter: 4.112 A) mimics a NiO(100) slab with two
dissociated water molecules at low concentration and is referred to as [NigsOgs]2H-2(OH)
(Figure 20a). To simulate a higher -OH defect density, three additional models were built using
the tetragonal 2x2 cell (characterized by a smaller surface area). In the first of this series,
[N124024]4H, four H atoms were added to the four top-layer O sites (Figure 20b). The second
model, [Ni24024]4(OH), was built by placing four -OH groups on the four top-layer Ni sites
(Figure 20c). The third model, [Ni240,4]2H-2(OH), was constructed by positioning two -OH
groups on two Ni sites of opposite spins (Ni-Ni distance = 4.171 A) and two H atoms on the
respective neighboring oxygen atoms. This model represents a NiO(100) slab with two
dissociated water molecules at high concentration (Figure 20d).

All tetra-hydroxylated Ni(100) models were sampled using a 6x6x1 mesh, except for the one
generated from RegSurf 2 (denoted as NigsOs42H2(OH), for which a 1x2x1 mesh was adopted,
as for RegSurf 2 (see Figure 20a). In summary, four models bearing four surface hydroxyl
moieties were considered:

1. [NieaOs4]2H-2(OH) (134 atoms): consists of four NiO layers and 16 top-layer Ni atoms (8
spin-up, 8 spin-down), built by adding two H atoms to two surface O atoms and two -OH
groups to two surface Ni atoms of RegSurf 2.

2. [Ni24024]4H (52 atoms): contains six NiO layers and 4 top-layer Ni atoms (2 spin-up, 2
spin-down), built by adding four -H atoms to the four top-layer O sites of the 2x2 cell.

3. [Ni24024]4(OH) (56 atoms): contains six NiO layers and 4 top-layer Ni atoms (2 spin-up, 2
spin-down), constructed by adding four -OH groups to the four Ni sites of the 2x2 cell top
layer.

4. [Ni24024]2H-2(OH) (54 atoms): contains six NiO layers and 4 top-layer Ni atoms (2 spin-
up, 2 spin-down), built by adding two -H atoms to two surface O atoms and two -OH groups
to two Ni sites of opposite spin within the 2x2 cell top layer.

All models were subjected to optimization of the atomic coordinates. A vacuum gap of 14 A
along the z-direction was applied in all simulation cells. It should be noted that Figures 20b
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and 20d illustrate the starting, unrelaxed configurations of the corresponding models. The
optimized structures resulting from geometry optimization will be presented and discussed in
the main text.

[Nisi044]2H-2(OH)

In this model, shown in Figure 20a (main text), the two H atoms are positioned at 0.981 A
from the top-layer oxygen atoms to which they are linked. These oxygen atoms, in turn, are
located at 2.781 A from the nearest second-layer Ni atom (Ni*, see Section2.4.2 and
Figure 11a). The Ni*-O-H angles are 178.4°, and the O-H bonds are nearly perpendicular to
the top layer, as found for the [NigsOes]2H and [NiesOss]2H+ models (see Section 2.4.2). As
regards the two -OH groups bonded to top-layer Ni atoms (Ni*-OH distances = 1.871 A), the
O-H bond lengths are both 0.977 A. The Ni atoms bearing these hydroxyl groups (Ni*, see
Section 2.4.2, Figure 11b) are separated by 2.309 A from the nearest second-layer oxygen
atoms. The two Ni*-bound -OH groups are separated by 9.195 A, which is also the distance
between the two H atoms bonded to the top-layer oxygen atoms. The shortest distance between
different types of OH moieties is notably smaller (4.974 A). As in all previous models, the top
layers exhibit corrugation, with Ni atoms typically shifted upward with respect to O ones
(except for the H-bearing oxygens). The average separation between top layer and second layer
is 2.070 A, while the separation between second and third layer is 2.094 A.

[Ni24024]4H

The optimized structure of this model (Figure 22b, main text) is very different from the starting
configuration (Figures 20b and 22a) due to a substantial top layer reconstruction. Only two of
the four Ni* remain at bonding distances (2.110 A) from second-layer oxygen atoms (Figure
22b). Each of these two Ni* cations (of opposite spin) are also bonded to two hydroxyl
oxygens, resulting in three-fold coordination. In contrast, the other two Ni* atoms are tetra-
coordinated by the O atoms of the four -OH groups (Figure 22¢). These tetra-coordinated Ni*
are separated by 2.535 A from the plane of the second layer, and by 2.730 A from the closest
second-layer oxygen. This massive reconstruction, featuring both three- and tetra-coordinated
Ni, is due to the displacement of the entire top layer with respect to the second layer by
approximately 0.898 A along the [-110] direction (see arrow in Figure 22c¢). This distortion is
also reflected in the Ni-O-Ni angle between top and second layer, which is 68° (Figure 22d),
a substantial deviation from the 90° angle observed in the regular NiO(100) surface. As
observed for the [NigsOgs]2H and [Ni24O,4]2H models, the O-H bonds are nearly parallel to
the z-direction. The O-H bond lengths occur in pairs (0.983 A and 0.980 A). For the tetra-
coordinated Ni* atoms, the Ni*-O distances are 2.088 A, 2.049 A, 2.183 A, and 2.140 A,
highlighting an asymmetric coordination environment defined by two shorter and two longer
Ni*-0 bonds. The four O-Ni-O angles are: 94.8°, 91.4°, 83.5°, and 86.5°.

Ni24024]4(0OH)

This system exhibits a surface -OH density twice as large as [Ni240,4]2(OH) and eight times
greater than [NigsOes]2(OH). In this case, the DFT-optimized slab structure (Figure 20c) does
not show significant deviations from the geometry of the regular NiO(100) surface. The four
-OH groups are bonded to the four top-layer Ni atoms. Within each spin sub-lattice, Ni*-OH
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bond lengths alternate between shorter (1.826 A) and longer (1.808 A) values. All O-H bond
lengths are 0.989 A. The hydroxyl groups coordinated to spin-up and spin-down Ni* cations
are oriented along the -x and +x direction, respectively, forming chains of moderately strong
hydrogen bonds with alternating O---H distances of 2.015 A and 2.089 A (see Figure A.31).
Likewise, N1*-O-H bond angles occur in pairs within each hydrogen-bonded chain, amounting
to 107.9° and 107.0°, respectively.

Figure A.31: Top-view graphical representation of the DFT-computed minimum energy structure of [NixO24]4(OH),
as depicted in Figure 48. Atom color codes are consistent with those used in Figure 48. Red dashed lines indicate
hydrogen bonds, while blue lines delineate the simulation cell boundaries.

[Ni24024]2H-2(0OH)

The [Ni4024]2H-2(OH) model results from the optimization of a system initially built by
placing two -H and two -OH moieties on two top-layer O and Ni centers, respectively (Figures
20d and 25a), thereby mimicking the adsorption of two dissociated water molecules at a much
higher concentration (eight times greater) than in the [NigOes]2H-2(OH) model. After
geometry optimization, the system evolved toward the formation of two physisorbed water
molecules coordinated to two Ni atoms with opposite spin (Figures 25b and c). The
arrangement of the water molecules in the final structure closely resembles that reported for
hydrated NiO(100) at 0.5 monolayer coverage.’?! The separation between the oxygen atoms
of the two H,O molecules is 4.127 A, and water protons do not form hydrogen bonds with
surface oxygen atoms. The geometry of the adsorbed water molecules is consistent with
previous findings:[*? the O-H bond lengths are 0.980 A and 1.000 A, and the H-O-H bond
angle is 104.2°. Regarding the local environment of H,O molecules, the Ni*-Oyr separation
is 2.216 A, the distance between Ni and the nearest second-layer oxygen (O*) is 2.110 A, and
the O*-Ni*-Oyaer angle is 167.1°
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— Chapter 3 —

From Encapsulation to Recognition: Molecular Sensing in
Zeolite-Based Nanomaterials

While Chapter 2 focused on the formation of nanomaterials via fragmentation of molecular
precursors, the focus here is placed on a fundamentally different design strategy: the
encapsulation of functional molecules within confined nanospaces. Rather than decomposing
molecular precursors to form extended solids, this approach centers on the stabilization and
spatial organization of intact guest species within the inner cavities of porous crystalline
frameworks, such as zeolites. The latter are microporous aluminosilicate materials
characterized by periodic channel systems and nanoscale voids, which make them ideal
candidates for confinement-driven supramolecular chemistry . Their rigid, shape-selective
architectures can host a wide variety of organic molecules, enabling the design of hybrid
nanomaterials with tunable chemical reactivity, recognition selectivity, and photophysical
behavior. [

In particular, zeolite L has attracted considerable interest for its unique one-dimensional
channels (~7.1 A in diameter), capable of accommodating aromatic and m-conjugated guests
along the channel axis with high orientational order. [!*! Confinement within such well-defined
frameworks gives rise to unique physicochemical phenomena usually absent in homogeneous
media. The spatial restriction imposed by the host species can affect the geometry, electronic
structure, and reactivity of encapsulated molecules, as well as their mutual orientation and
dynamics.[*'In this sense, molecular encapsulation offers a platform to engineer nanomaterial
properties without the need for covalent modifications, instead relying on host-guest
complementarity and non-covalent interactions, such as dispersion forces, hydrogen bonding,
and m-m stacking. Moreover, recent theoretical and experimental work has demonstrated that
confinement can modulate excited-state dynamics, promote energy or charge transport, and
influence reactivity pathways. [>°! These effects are particularly relevant in the context of
molecular recognition, where the restricted environment can enhance selectivity, organize
guest molecules, and exclude competing species. Such properties make zeolites attractive for
sensing, catalysis, and photoactive hybrid devices. !¢

Despite their apparent simplicity, confinement effects are multifaceted and still poorly
understood at the molecular level. Computational chemistry, especially periodic DFT methods,
offers a powerful lens through which to explore the structural, energetic, and electronic
landscape of encapsulated systems, and to unravel the delicate balance of forces that govern
host-guest stability. Molecular recognition in aqueous environments is a complex and
multifaceted phenomenon governed not only by direct intermolecular interactions but also by
the unique role of water as a structure-directing agent. Hydrophobic effects, together with the
ability of water molecules to bridge interacting species, play a decisive role in mediating
recognition processes. In protein-ligand complexes, for instance, water molecules inside the
hydration shell can profoundly influence both the thermodynamics and kinetics of binding
events, acting as structural templates that either facilitate or hinder complex formation
depending on their arrangement near the binding site. ") This water-mediated organization,
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essential in biological systems, implies that water molecules may either persist as bridging
entities or be displaced upon ligand binding, thereby modulating the overall affinity and
specificity of the interaction. (! In contrast, the role of water in molecular recognition within
artificial receptors and material-based systems is far less understood. Macrocyclic hosts such
as cucurbit[n]urils, calix[n]arenes, and cyclodextrins, though extensively employed in host-
guest chemistry, generally present hydrophobic cavities devoid of anchoring sites for
structured water. As a result, partial or complete de-wetting of the cavity often occurs,
particularly when accommodating larger organic guests. ! This de-wetting process typically
limits binding affinity and selectivity, in marked contrast to protein-ligand complexes, where
structured water is a critical enhancer of molecular recognition. Although ordered water
molecules are occasionally detected in the solid-state structures of such synthetic receptors,
[19 they do not substantially influence their binding properties. Consequently, current artificial
hosts lack the ability to reproduce this fundamental water-mediated feature of recognition that
characterizes biological systems.

Hybrid organic-inorganic systems based on microporous zeolites incorporating fluorescent
dicationic dyes as cofactors have recently been shown to display remarkable affinity and
selectivity toward the neurotransmitter serotonin. The sensing process was evidenced by the
appearance of new optical bands in the spectra of the receptor upon titration with serotonin.
111 These “nanosensors” obtained through the simple self-assembly of an aqueous zeolite
dispersion with a dye solution, outperform other synthetic receptors in key binding parameters.
Spectroscopic and calorimetric investigations revealed that both dye-analyte interactions and
analyte-zeolite contacts contribute critically to the exceptionally high affinity and selectivity
observed, making these systems promising nanomaterials for sensing applications.
Computational studies based on static Density Functional Theory (DFT) models initially
appeared adequate to rationalize the origin of the new optical spectral bands. '] However,
these calculations neglected two essential components of the experimental system: the aqueous
environment and the zeolite framework itself. !!l In addition, the static models failed to
account for the spectral differences observed experimentally when compared to host-guest
complexes in cucurbit[8]uril (CB8), where the same dye and analyte adopt a well-defined face-
to-face stacking arrangement within the macrocyclic cavity. ['?) These limitations suggested
that an explicit treatment of water molecules, the zeolite framework, and their dynamic
interplay was required to gain deeper insight into the binding and sensing mechanism, as well
as to rationalize the additional spectral features observed experimentally.

In light of these considerations, this Chapter presents periodic atomistic models of a zeolite-
based nanosensor and examines their properties under both static and dynamic conditions in
the presence of explicit water molecules. Specifically, the system was composed of negatively
charged zeolite L (ZL, Figure 27) as the host matrix, in combination with the dicationic dye
2,7-dimethyldiazapyrenium (MDAP) and the cationic neurotransmitter serotonin (SERO)
(Figure 28). This computational study aims to provide a theoretical framework for interpreting
the experimental findings, with particular emphasis on elucidating the origin of the optical
spectral changes induced by serotonin binding. Moreover, it seeks to clarify how spatial
confinement modulates host-guest interactions, thereby offering key insights into the
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characterization and functional behavior of the (MDAP)ZL nanomaterial, which constitutes
the central subject of this Chapter.

3.1 Computational Methods and Atomistic Models

Before presenting the results of the static and dynamic simulations discussed in the following
Sections, it is essential to provide a detailed overview of the computational models and
methodologies employed throughout this Chapter. Unlike isolated host-guest complexes in
solution, as discussed previously, the systems investigated here involve the encapsulation of
charged organic species within the one-dimensional channels of a crystalline zeolite
framework, in the presence of water molecules. This level of complexity requires a
computational strategy that combines periodic models, geometry optimizations, excited-state
calculations, and ab initio molecular dynamics (AIMD). This Section, along with its
Subsections, describes the construction and characterization of the atomistic models used to
simulate the host matrix (ZL), the two molecular guests (SERO and MDAP), and their
corresponding host-guest supramolecular assemblies. Particular attention is given to the
structural features of the zeolite channels, the charge states of the guest species, and the spatial
arrangement of all components within the periodic simulation cell. The theoretical methods
adopted, including the choice of functionals, dispersion corrections, and computational
parameters, are also detailed. This comprehensive overview provides the methodological basis
for the simulations and analyses reported in the remainder of the Chapter.

3.1.1 Periodic Models of Zeolite L and Related Host-Guest Systems

The zeolite host used in this study has LTL framework type, with an ideal unit cell
stoichiometry of KoAlgSi»;O7,'mH,0 and belongs to the P6/mmm space group. The primary
building units are TO4 tetrahedra (T = Si or Al), which assemble to form a framework
composed of cancrinite cages stacked along the c¢ axis. !*!*) This arrangement generates
parallel 12-membered-ring (12MR) channels with approximately circular cross-sections, as
well as smaller 8-membered-ring (§MR) channels with elliptical sections, both aligned along
the ¢ axis. The channels are interconnected by non-planar 8MR openings characterized by
boat-shaped geometry. As illustrated in Figure 27, the parallel 12MR channels impose
significant spatial confinement on guest molecules, such as water in the crystallographic
structure of hydrated zeolite L. This one-dimensional channel system is characterized by pore
openings of approximately 0.71 nm and maximum internal cage diameters of about 1.2 nm,
dimensions that are comparable to those of many neutral or positively charged organic
chromophores. These structural features have made ZL an effective host matrix for the
confinement of photoactive guest species. [1°!

The fluorescent nanozeolite receptors described in Ref. ', which form the basis of the present
study, incorporated the chromophore 2,7-dimethyldiazapyrenium (MDAP) as a guest species
within the channels of ZL nanocrystals and were employed for the selective detection of the
neurotransmitter serotonin (SERO) (Figure 28). The reported sensing ability was attributed to
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the high-affinity binding of SERO to the nanosensor, "'l most likely arising from the formation
of an MDAP-SERO intermolecular complex inside the ZL channels.
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Figure 27: Left panel: Crystal structure of hydrated zeolite L projected onto the ab plane, highlighting the main channel,
defined by a twelve-membered ring (12MR) and containing water molecules. The channel axis is parallel to c. Six-
membered-ring (6MR) cancrinite cages and elliptical eight-membered-ring (§MR) channels are also visible. Blue solid
lines delineate the unit cell dimensions. Right panel: Graphical representation of a 12MR channel cross-section, showing
the 12 TO4 (T = Al or Si) tetrahedral building units that define the pore opening (diameter: 0.71 nm). Color codes:
green/yellow = Al/Si sites; red = framework oxygen atoms; violet = K* ions; cyan = water oxygen atoms. Extra-
framework sites are displayed with fractional occupancy.

SERO OH MDAP
NH,* [ \
7\ / \
— N+ +N ——

NH

Figure 28: Structural formulas of the neurotransmitter serotonin (SERO, charge: +1) and the chromophore 2,7-
dimethyldiazapyrenium (MDAP, charge: +2)

In this study, three periodic models of ZL-based host-guest systems were investigated:
(SERO)ZL, containing serotonin as the guest species; (MDAP)ZL, containing the MDAP
chromophore as the guest species; and (MDAP+SERO)ZL, containing the MDAP+SERO
complex as the encapsulated moiety. In all cases, water molecules were explicitly included
within the ZL channels.
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3.1.2 Periodic Host-Guest Models: AIMD simulations and Geometry Optimizations

Host-guest inorganic-organic materials based on zeolite systems are crystalline and are
typically modeled adopting periodic boundary conditions (PBC). In this approach, the
simulation unit cell, containing the coordinates of the zeolite framework, extra-framework
cations, guest molecules, and water molecules, is replicated along the three spatial dimensions.
The inclusion of water reflects its common presence within zeolite pores under humid
conditions. Since crystallographic data were not available in the literature for the three host-
guest systems investigated in this work, namely, zeolite L (ZL) hosting SERO, MDAP, or the
MDAP+SERO complex, the initial guess structures for the simulations were constructed based
on the available crystallographic data of the ZL framework.

The crystallographic unit cell of ZL is hexagonal, with cell parameters a = b = 18.466 A, ¢ =
7.476 A, and B = 120°. [l The framework stoichiometry is AloSi»;O7,. The crystallographic
unit cell also contains 9 extra-framework K" cations, which compensate for the negative charge
of the 9 AlO4tetrahedra. The main channel axis is oriented along the z-direction, corresponding
to the ¢ axis of the crystallographic unit cell. The size of the simulation cell was determined
based on the dimensions of the largest guest species considered in this study, namely, the
MDAP+SERO supramolecular complex. In particular, a simulation cell composed of three ZL
unit cells replicated along the ¢ axis was found to be sufficient to accommodate the complex.
Special attention was given to ensuring that the periodic images of the guest molecules did not
come into close contact. Accordingly, in all calculations performed in this work, the periodic
crystal model of ZL consisted of three crystallographic unit cells replicated along the channel
axis (a = b =18.466 A; c =3 x 7.476 A; f = 120°). This model corresponds to a simulation
cell with the stoichiometry K;7[Al»7S1310216], as 27 monovalent extra-framework cations are
required to compensate for the total negative charge introduced by the 27 AlO, tetrahedra in
the framework.

In the periodic models developed herein, from one to three K* cations were removed from the
ZL framework to accommodate the incorporation of the charged guest species (SERO and/or
MDAP) within the main channel. The eliminated K" ions were originally located close to the
12-membered-ring (12MR) channel.

The resulting stoichiometries for the three host-guest systems per simulation cell are as
follows:

1) (SERO)ZL: Ky6[Al27S1510216], containing SERO (charge +1) and 46 water molecules (total
number of atoms in the simulation cell: 514);

2) (MDAP)ZL: Kj;s5[Aly7S1310216], containing MDAP (charge +2) and 44 water molecules
(total number of atoms in the simulation cell: 513);

3) (MDAP+SERO)ZL: K[ Al»7S1510516], containing the MDAP+SERO complex (charge +3)
and 37 water molecules (total number of atoms in the simulation cell: 517).

These stoichiometries were derived by replacing the appropriate number of K* cations with
the guest species while maintaining overall electroneutrality. In the (SERO)ZL model, only
one K* was removed to insert the monocationic serotonin; in (MDAP)ZL, two K* ions were
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replaced by the dicationic MDAP. The corresponding water content amounted to 15.33 and
14.67 H,O molecules per crystallographic unit cell, respectively, with all water molecules
located within the 12MR channels of ZL. Following the same rationale, the guest species in
(MDAP+SERO)ZL bear a total positive charge of +3, thus requiring the removal of three K*
cations to preserve charge balance. The final ZL stoichiometry per simulation cell was
K24[Al»7S1810416], with 37 water molecules, corresponding to 12.33 H,O per unit cell. All water
molecules in this model were also confined within the main zeolite channels. The three
periodic models described above are graphically represented in Figure 29.
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Figure 29: Graphical representation of the simulation cell of the periodic models: a) (SERO)ZL; b) (MDAP)ZL; c¢)
(MDAP+SERO)ZL. In each case, the configuration shown corresponds to the minimum energy structure calculated for
each model. Color codes: yellow = Si; green = Al; red = O; cyan = C; blue = N; white=H. Framework oxygen atoms
and extra-framework K* cations are omitted for clarity.

The number of water molecules included in each model was determined by taking as a
reference the water content of hydrated zeolite L. Specifically, the crystallographic unit cell of
hydrated ZL contains 18 H,O molecules, ['”) which implies a total of 54 water molecules in the
hydrated simulation cell composed of three unit cells. However, the actual number of water
molecules in the three host-guest models is lower than 54, as some had to be removed to
accommodate the guest species MDAP and SERO. For (SERO)ZL and (MDAP)ZL, the water
contents (46 and 44 molecules, respectively) were estimated by subtracting from the total
water volume in the simulation cell of hydrated ZL the molecular volume of the corresponding
guest species. Similarly, in the (MDAP+SERO)ZL model, the number of water molecules (37)
was determined by subtracting the sum of the molecular volumes of MDAP and SERO from
the hydrated ZL reference. All molecular volumes were calculated using the Gaussian 09
package. ['81 Once the number of water molecules to be removed was established for each
model, those found to overlap with the guest species and/or located at less than van der Waals
contact distances were eliminated. In the initial guess structures of all models, the main
molecular axis of each guest species was aligned with the ZL main channel axis (z direction).

For all models, both minimum energy structures at 0 K and structures sampled from the AIMD
simulations of the investigated systems at room temperature (298 K) were considered. All
calculations were carried out under periodic boundary conditions (PBC) using the PBE !
approximation to Density Functional Theory (DFT), combined with empirical Grimme’s D2
dispersion corrections. *° Wavefunctions were expanded in plane-waves (PW) basis set and
computed at the I'-point of the Brillouin zone. The PW basis size was defined by cutoff of 25
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Ry for the wavefunctions and 200 Ry for the electronic density. The interaction between
valence electrons and cores was treated using Vanderbilt-type ultrasoft pseudopotentials for N,
O, C, and H atoms, 222l while norm conserving pseudopotentials with non-linear core
corrections were employed for Si, Al, and K. 23! No symmetry constraints were imposed on
atomic positions during the calculations; only the simulation cell parameters were kept fixed
at the experimental values, while periodic boundary conditions were applied throughout. All
AIMD simulations were performed in the framework of the NVT ensemble by using the Nose-
Hoover chain thermostats. 22! The Car-Parrinello equations of motion %1 were integrated
with a time step of 5 atomic units (a.u.), corresponding to 0.121 fs, and a fictitious mass of 500
a.u. was assigned to the wavefunction coefficients. The target temperature was set at 298 K.
For each of the three models, (SERO)ZL, (MDAP)ZL, and (MDAP+SERO)ZL, an AIMD
equilibration of 5 ps was carried out. The total elapsed times for the production AIMD runs
were 36.32 ps, 42.35 ps, and 35.09 ps, respectively. Minimum energy structures of the three
models were obtained by selecting different configurations sampled along the AIMD
trajectories and subjecting them to full geometry optimizations. The lowest-energy structure
among these was then retained for further analysis. Geometry optimizations were considered
converged when the maximum force on the ions was below 1 x 107 Hartree/Bohr. 21 All
calculations on the periodic models were performed using the CPMD code. 3%

3.1.3 Calculations on Isolated MDAP and SERO in Gas-Phase

To support the assignment of electronic excitation bands observed in the simulated UV-vis
spectra of the MDAP+SERO complex within the ZL framework, additional calculations were
carried out on the isolated MDAP and SERO species in vacuum. The geometries of both
molecules were optimized at the ®B97XD/6-311G(d,p) level, employing the ®wB97XD
functional !, which includes empirical dispersion corrections to account for van der Waals
interactions. Subsequently, electronic excitation calculations were performed using the time-
dependent density functional theory (TD-DFT) at the CAM-B3LYP/6-311++G(df,pd) level of
theory. For both MDAP and SERO, the first 20 excited states were considered. To assess the
reliability of the TD-DFT/CAM-B3LYP/6-311++G(df,pd) approach adopted in this study, a
benchmark analysis was carried out on the isolated MDAP molecule in the gas phase. First,
the MDAP geometry was re-optimized at the MP2/6-311++G(df,pd) level, and the electronic
excitations were computed using different levels of theory. Specifically, TD-DFT/CAM-
B3LYP/6-311++G(df,pd) results were compared to those obtained using TD-DFT with the
PBEO B2 hybrid functional (TD-DFT/PBE0/6-311++G(df,pd)), and to a higher-level post-
Hartree-Fock method, namely Equation-of-Motion - Coupled Cluster with Single and Double
excitations (EOM-CCSD). %3] For each method, the wavelengths (A;, A,) and oscillator
strengths (fi, f;) of the two lowest-energy excitations of isolated MDAP in vacuum were
computed. The comparative results are summarized in Table 15.
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Table 15: Wavelengths (A, nm) and oscillator strengths (f) of the two lowest-energy excitations of isolated MDAP in
vacuum, calculated at different levels of theory.

Level of Theory A1 A2 Ji )2
EOM-CCSD/6-311++G(df,pd) 350.07 277.27 0.1294 0.2457
TD-DFT/CAM-B3LYP/6-311++G(df,pd) | 355.85 305.43 0.1337 0.2625
TD-DFT/PBE0/6-311++G(df,pd) 374.03 323.57 0.1091 0.2243

From the reported results, it is evident that within the TD-DFT framework the CAM-B3LYP
functional reproduces the EOM-CCSD values obtained for the first two excitations of MDAP
more accurately than the PBEO functional. Furthermore, CAM-B3LYP has been shown to
provide, on average, the best agreement with EOM-CCSD even for charge-transfer transitions,
which could be relevant under the specific confinement conditions investigated in this work.
1341 For this reason, the TD-DFT/CAM-B3LYP/6-311++G(df,pd) scheme was adopted for the
calculation of the electronic excitations of the target guest species throughout this work. All
electronic excitation calculations were performed with the Gaussian 09 code. ['®

3.1.4 TD-DFT Calculations of Electronic Excitation Spectra in Confined Cluster Models

To investigate the electronic excitation of the host-guest systems described above, a
complementary computational strategy was adopted. While AIMD simulations based on pure
DFT approximations proved effective in predicting the structural properties of ZL-based
materials at room temperature, thus enabling meaningful comparison with experimental
observations, they do not provide sufficient accuracy for the calculation of electronic excited-
state properties, such as UV-vis absorption spectra of embedded photoactive species. To
address this limitation, time-dependent density functional theory (TD-DFT) 1*°! was employed,
which, when combined with hybrid functionals and extended basis sets (typically triple-zeta),
offers a favorable balance between computational cost and predictive accuracy. In particular,
cluster models were adopted to simulate the optical properties of the host-guest complexes.
These models were used to calculate the electronic excitation spectra of the guest species
incorporated in the zeolite framework, using TD-DFT with the CAM-B3LYP range-separated
hybrid functional %1 and the 6-311++G(df,pd) basis set. The cluster models were extracted
from the minimum energy structures of the periodic systems, (SERO)ZL, (MDAP)ZL, and
(MDAP+SERO)ZL, obtained from the AIMD simulations (see Figure 29). The specific cluster
models geometries employed for the TD-DFT calculations are shown in Figure 30.
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Figure 30: a-c): Graphical representation of the DFT-optimized cluster models employed for the calculation of
electronic excitation spectra. Atomic coordinates were extracted from the periodic minimum energy structures of
(SERO)ZL, (MDAP)ZL, and (MDAP+SERO)ZL, respectively (see Figure 29). The MDAP and SERO molecules
(shown as large spheres) were treated at the CAM-B3LYP/6-311++G(df,pd) level of theory (QM), while surrounding
water molecules (ball-and-stick representation) were treated as point charges (MM) using the RESP charges 7! (MM).
Atoms color code: red = O; cyan = C; blue = N; white = H. Red dashed lines indicate hydrogen bonds.

To reduce computational costs, MDAP and SERO were treated at the CAM-B3LYP/6-
311++G(df,pd) theory level, while the surrounding water molecules were represented as point
charges, namely using a “molecular mechanics” (MM) treatment. Specifically, RESP
(Restrained Electrostatic Potential) charges 71 were assigned, with values of +0.34195 for
hydrogen atoms and -0.6839 for oxygen atoms of water.

The same theoretical protocol was employed to compute the thermally averaged electronic
excitation spectra of MDAP and the MDAP+SERO complex. In this case, TD-DFT
calculations were performed on similar cluster models, consisting of the organic guest
molecules and their surrounding water environments, extracted from 15 and 25 uncorrelated
configurations, respectively sampled along the AIMD trajectories of the (MDAP)ZL and
(MDAP+SERO)ZL systems. This strategy enabled the generation of thermally-averaged UV-
Vis spectra, suitable for direct comparison with the experimental data reported in Ref. 11.
Moreover, it provided microscopic insight into the molecular-level factors that may influence
both the position and intensity of the absorption bands observed in the experimental UV-Vis
spectra [l of the MDAP+SERO complex confined in ZL. The configurations were randomly
selected along the respective AIMD trajectories. For each configuration, the coordinates of the
guest organic species, MDAP or MDAP+SERO, were extracted along with those of the nearest
surrounding water molecules (43 and 41 for (MDAP)ZL and (MDAP+SERO)ZL,
respectively). Periodic images were included where necessary to ensure complete solvation of
the guest organic molecules. The thermally-averaged UV-Vis spectra of both the MDAP
receptor and the MDAP+SERO complex were then obtained by averaging the electronic
excitations calculated for all sampled configurations: 15 for (MDAP)ZL and 25 for
(MDAP+SERO)ZL. Representative cluster models employed for the calculation of the
thermally averaged UV-Vis spectrum of the MDAP+SERO complex are reported in Sub-
section 3.6.2, Figure 88.

To evaluate the influence of the zeolite framework on the electronic spectra, additional
calculations were performed including the surrounding ZL atoms treated as point charges.
Specifically, a representative slice of the 12-membered-ring (12MR) channel (see Figure 31),
encompassing the organic guest molecules, the solvating water molecules, and the pertaining
extraframework K" cations, was selected from the optimized periodic structures.

143



Figure 31: Graphical representation of the zeolite L (ZL) channel used to build the cluster models for the calculation
of UV-Vis spectra from the optimized geometries of (MDAP)ZL and (MDAP+SERO)ZL. Atoms color code: yellow =
Si; green = Al; red = O; purple = K.

The atomic charges assigned to the zeolite framework were taken from literature data, *¥! while
the water molecules were described using RESP charges. To preserve electroneutrality, the
terminal oxygen atoms of the truncated ZL framework were saturated with hydrogen atoms. A
graphical representation of the resulting cluster model for (MDAP+SERO)ZL is shown in
Figure 32, clearly illustrating that the framework atoms provide a full embedding environment
for the guest species. A similar cluster model was constructed for the (MDAP)ZL system. For
both models, the electronic excitation spectra were computed using cluster structures extracted
from the respective minimum energy geometries of the periodic systems.
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Figure 32: Graphical representation of the cluster model used to compute the UV-Vis spectra of the (MDAP+SERO)ZL
minimum energy structure with the ZL environment, shown in two different orientations (a, b). Atomic coordinates were
extracted from the optimized periodic geometry reported in Figure 29c. MDAP and SERO (shown as large spheres)
were treated at the CAM-B3LYP/6-311++G(df,pd) level (QM), water molecules were included as RESP point charges,
and the surrounding zeolite atoms (including capping H atoms) were represented as point charges using values from
Ref. B8, Atoms color code: yellow = Si; green = Al; purple = K; red = O; cyan = C; blue = N; white = H.

With the computational setup and atomistic models established, the following Sections focus
on the analysis of the structural and electronic properties of the confined systems. Particular

attention is devoted to the interpretation of their spectroscopic response and to the atomistic-

level elucidation of the additional absorption band observed upon guest complexation.
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3.2 Minimum Energy Structure of the MDAP+SERO Complex Confined within
the Zeolite L Channel

The analysis of the confined systems begins with the minimum energy structure of the
MDAP+SERO complex within the ZL framework, for which the appearance of a new
absorption band was experimentally detected in the UV-Vis spectrum ['!!. This system is not
only an excellent starting point for understanding the behavior of (MDAP)ZL, namely, the
nanomaterial at the core of this study, but also represents the nanomaterial itself in the presence
of the target analyte, serotonin. As such, it enables an atomistic interpretation of how two
charged species can coexist in proximity despite strong Coulombic repulsion, thereby offering
a possible explanation for the experimental spectral signal and shedding light on the factors
responsible for its onset. Moreover, this supramolecular system not only provides a structural
reference for interpreting the spectroscopic response of the confined species, but also serves
as a baseline for comparative analysis across all models investigated in this study.

Figure 33: Minimum energy structure of the (MDAP+SERO)ZL system shown in four different orientations,
highlighting: a) the MDAP+SERO complex and the surrounding water molecules; b) the four water molecules (ball-
and-stick) located between the two positively charged guests, MDAP and SERO; c) the H-bond between SERO -OH
group and a framework oxygen atom of ZL (ball-and-stick); d) the H-bonds between the SERO —NH3" group and a ZL
framework oxygen atom (ball-and-stick). Atoms color codes: grey = Si; green = Al; red = O; blue = N; cyan = C; white
= H. Hydrogen bonds are represented as dotted lines. Framework oxygen atoms and extraframework K" cations are
omitted for clarity.

In the minimum energy structure of (MDAP+SERO)ZL (Figure 33), the aromatic moieties of
both MDAP and SERO preserve the characteristic nearly-planar geometry typical of n-
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conjugated systems. These units form an intermolecular complex, although they are not
directly connected by short-range interactions. The shortest distance between the nitrogen
atoms of MDAP and the aromatic carbon atoms of SERO is 5.621 A, while the closest
intermolecular contact is 3.200 A, indicating a significant spatial separation within the zeolite
channel. This observation can be rationalized by considering that both MDAP and SERO are
positively charged species (+2 and +1, respectively). Despite the expected Coulomb repulsion,
the proximity of the two cationic guests is stabilized by a combination of factors: the negatively
charged ZL framework, the geometric confinement imposed by the channel (primarily
effective in the xy plane, but not along z), and most notably, the presence of water molecules.
In fact, four water molecules are located between MDAP and SERO (Figure 33b), acting as a
dielectric buffer that partially screens the electrostatic repulsion. Zeolitic water molecules are
thus found to play a key role in stabilizing this otherwise disfavored supramolecular system.
The formation of a triply charged MDAP+SERO complex, highly unfavored in gas phase or
in solution, is enabled by the delicate balance between electrostatics, confinement, and solvent-
mediated interactions within the zeolite framework. Geometrically, the MDAP molecule is
located approximately in the middle of the ZL 12MR channel, with its molecular axis oriented
at an about 30° with respect to the ZL channel axis. In contrast, SERO is positioned closer to
the pore walls, with its axis forming an angle of 10° relative to the same direction. Notably,
the hydroxyl proton of SERO forms a strong hydrogen bond with a framework oxygen atom
from an AlOj tetrahedron, at a distance of 1.731 A (Figure 33c¢). In addition, the -NH;" group
of SERO establishes two strong hydrogen bonds with the ZL framework (Figure 33d), with
N-H---O distances of 1.790 A and 1.913 A; the shorter interaction also involves a framework
oxygen from an AlO,4 unit. The minimum energy structure of the (MDAP+SERO)ZL system
thus serves as the starting point for subsequent investigations, including isolated guest
molecules, cluster models, and ab initio molecular dynamics (AIMD) simulations

3.3 Isolated Guest Species: Electronic Excitations for SERO and MDAP

Once the key structural features of the confined (MDAP+SERO)ZL system have been
established, attention is turned to the analysis of the individual guest molecules in isolation,
with the aim of disentangling their intrinsic electronic properties from those induced by
confinement and host-guest interactions.

Serotonin

Minimum ’ AE=+0.89
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Structure

Figure 34: a-d) The four most stable conformers identified for isolated protonated serotonin (SERO). Energy
differences (in kcal/mol) are reported with respect to the minimum energy conformer (panel b). Atoms color code: red
= O; cyan = C; blue = N; white = H.
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As a neutral molecule, serotonin can have many distinct conformational isomers due to
conformational flexibility involving both the hydroxyl group and the ethylamine side chain
391 n this study, serotonin was modeled in its protonated form (Figure 28), consistent with the
nanozeolite receptor experiments described in Ref. ''l. A conformational search was thus
performed on the protonated species at the wB97XD/6-311G(d,p) level of theory. The
geometries of the four most stable conformers, along with their relative energies (in kcal/mol),
are shown in Figure 34. The lowest-energy structure features the hydroxyl group in an outward
orientation and the ethylamine chain bent toward the nearly planar aromatic moiety. For the
minimum energy structure, electronic excitations were computed using TD-DFT at the CAM-
B3LYP/6-311++G(df,pd) level of theory. The molecular orbitals (MOs) involved in the low-
energy excitations, as well as the corresponding excitation spectrum, are shown in Figures 35
and 36, respectively.
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Figure 35: Molecular orbitals of isolated protonated SERO involved in the lower energy electronic excitations: a)
HOMO, b) HOMO-1, ¢) HOMO-2, d) LUMO, ¢) LUMO+1. Atoms color code: blue =N, gray = C, red = O, white = H.
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Figure 36: Simulated UV-vis spectrum for isolated protonated SERO in vacuum. The MOs involved in the main
components of the two highest-wavelength bands are shown in the insets.
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As illustrated in the spectrum, SERO absorbs in the UV region. The two lowest energy
absorption bands, peaked at 267 nm and 245 nm, are primarily composed of two electronic
transitions (Figure 36). Specifically, the band at 267nm is mainly assigned to a
HOMO — LUMO+1 excitation, while the 245 nm band arises predominantly from a HOMO-
1 — LUMO-+I transition. Higher energy peaks, e.g., those at 222 nm, 207 nm, and 198 nm,
corresponding to HOMO — LUMO+2, HOMO-2 — LUMO+1, and HOMO — LUMO+5
transitions, respectively, are not expected to significantly contribute to the electronic excitation
behavior of the (MDAP+SERO)ZL complex.

MDAP

As previously mentioned, MDAP (Figure 28) was employed as a diacationic reporter dye in
the nanozeolite receptors described in Ref. 'l This molecule is characterized by four
condensed aromatic rings and a planar geometry. Electronic excitations were computed using
TD-DFT at the CAM-B3LYP/6-311++G(df,pd) level of theory, based on the minimum energy
structure of the isolated species. The molecular orbitals (MOs) involved in the low-energy
excitations are, as expected, predominantly localized on the aromatic part of the molecule
(Figure 37).
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Figure 37: Molecular orbitals of isolated MDAP involved in the electronic excitations spectrum depicted in Figure 67.
Atoms color code: blue = N, gray = C, red = O, white = H.

The simulated UV-Vis spectrum is presented in Figure 38, together with the corresponding
band assignments. In particular, the highest-wavelength peak at 356 nm is attributed to a
HOMO — LUMO excitation, while the peak at 305 nm arises from a HOMO — LUMO+1
transition. At lower wavelengths, the band centered at 223 nm involves HOMO-2 — LUMO
and HOMO-2 — LUMO-+1 excitations, whereas the band at 188 nm corresponds to a HOMO-
1 — LUMO+2 transition. As expected, the computed wavelengths values are lower than those
experimentally reported in Ref. !, primarily because the present calculations refer to an
isolated MDAP molecule in vacuum, optimized in its minimum energy structure at 0 K.
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Thermal and solvent effects are therefore not accounted for. Nevertheless, these results enable
a clear assignment of the MDAP absorption bands in terms of electronic transitions, which
will be crucial for interpreting the excitation features of the MDAP+SERO complex.
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Figure 38: Simulated UV-Vis spectra of isolated MDAP in vacuum (black line) and of a hydrated MDAP cluster model
extracted from the minimum energy structure of the (MDAP)ZL system (red line). Band assignments in terms of
electronic excitations are shown in the insets, along with the corresponding MDAP molecular orbitals (MOs) involved.

The same computational protocol (TD-DFT/CAM-B3LYP/6-311++G(df,pd)) was employed
to calculate the electronic excitations of the MDAP molecule extracted from the minimum
energy structure of the (MDAP)ZL system. The molecular orbitals (MOs) involved in the
electronic excitations, as well as the band assignments, were found to be analogous to those
obtained for MDAP optimized in vacuum. However, the lowest-energy transitions were
slightly red-shifted; for instance, the HOMO — LUMO and HOMO — LUMO+1 excitations
were found at 367 nm and 317 nm, respectively. This modest red-shift may be attributed to the
structural distortion of MDAP in the extracted geometry, which deviates slightly from its
optimized structure in vacuum. These findings suggest that, at first approximation, the
presence of water within the channel does not alter the nature of the molecular orbitals or the
associated electronic transitions. Rather, it induces slight geometric distortions in the MDAP
structure, which in turn lead to a modest red-shift in the excitation energies.

3.4 Electronic Spectra of MDAP and SERO: Insights from Cluster Models

As described in Sub-section 3.1.4, the UV-Vis spectra of the investigated host-guest systems
were computed using cluster models composed of the organic guest species and the
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surrounding water molecules, extracted from the corresponding minimum energy structures.
To account for the influence of zeolitic water in the electronic spectra calculations, an explicit
description of water molecules was adopted. The simplest approximation for this purpose is to
model hydrogen and oxygen atoms as point charges within the Molecular Mechanics (MM)
framework. One of the most widely used methods for deriving partial charges in MM
approaches with fixed charge force-fields is the Restrained Electrostatic Potential (RESP) B71,
which generates charges that reproduce the molecular electrostatic potential in the gas phase,
typically computed at the HF/6-31G* level. In this work, partial charges of +0.34195 and -
0.6839 were assigned to hydrogen and oxygen atoms of water, respectively. This approach was
tested on the minimum energy structure of (MDAP)ZL (see Figure 29b) obtained from periodic
DFT calculations. Specifically, to build a cluster model for the excited states calculation of
MDAP with a MM treatment of water, the coordinates of both MDAP and the surrounding
H,O molecules were extracted from the optimized (MDAP)ZL structure. A TD-DFT
calculation including the first 20 excited states was then carried out. The resulting model,
shown in Figure 39, consists of MDAP treated at the QM level and 43 water molecules treated
at the MM level. The corresponding electronic spectrum is presented in Figure 38, together
with the previously discussed spectrum of isolated MDAP in vacuum (see Section 3.3). As
mentioned before, TD-DFT results indicate that both the band assignments and the character
of the molecular orbitals involved in the excitations remain unchanged compared to isolated
MDAP. However, the comparison between the two spectra in Figure 38 reveals that all
absorption bands of hydrated MDAP are red-shifted relative to those of the isolated molecule.
Interestingly, the HOMO — LUMO and HOMO — LUMO+1 excitations, found at 364 nm
and 316 nm, respectively, are slightly blue-shifted with respect to the values obtained for the
same MDAP geometry in the absence of water (367 nm and 317 nm). In addition, the spectrum
of hydrated MDAP (Figure 38), the band at 227 nm involves HOMO-2 — LUMO and HOMO-
2 — LUMO-+1 transitions, while the band at 190 nm corresponds to a HOMO-1 — LUMO+2
excitation. However, these higher-energy transitions are not expected to play a significant role

in the sensing mechanism, as suggested by the experimental UV-Vis spectra reported in Ref.
[11]

Figure 39: Cluster model extracted from the minimum energy structure of (MDAP)ZL, consisting of MDAP and 43
water molecules. MDAP (represented as large spheres) is treated at the TD-DFT/CAM-B3LYP/6-311++G(df,pd) level
(QM), while water molecules (shown in ball-and-stick) are described as point charges within a molecular mechanics
(MM) framework.
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To validate the point-charge treatment of water molecules, a refined model was considered in
which some water molecules were treated at the TD-DFT/CAM-B3LYP/6-311++G(df,pd)
level, as in the case of MDAP. To limit the computational cost, this approach was applied only
to the eight water molecules closest to MDAP, as these are expected to interact most strongly
with the dye. The remaining water molecules were modeled using RESP point charges, as in
the previous model. A TD-DFT calculation including the first twenty excited states was
performed on this hybrid system. The HOMO — LUMO and HOMO — LUMO+1 excitations
were found at 368 nm and 320 nm, respectively, slightly red-shifted relative to the values
obtained using point charges for all water molecules. This small difference supports the use of
the RESP model for describing the surrounding water molecules in MDAP excitation
calculations. Consequently, the RESP point-charge approach was also adopted for the TD-DFT
simulations of hydrated SERO. In this context, the first twenty excited states of protonated
SERO were calculated using TD-DFT at the CAM-B3LYP/6-311++G(df,pd) level, on a cluster
model (Figure 30a) extracted from the periodic minimum energy structure of (SERO)ZL. The
model includes the SERO molecule and 46 surrounding water molecules, the latter treated
using the RESP point charge approach. The resulting electronic spectrum was compared with
that of isolated SERO (Figure 40). The inclusion of explicit solvation leads to a modest red-
shift of the highest-wavelength absorption band, from 267 nm to 272 nm.
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Figure 40: Simulated UV-Vis spectrum of the cluster model extracted from the minimum energy structure of
(SERO)ZL, consisting of protonated SERO and 46 surrounding water molecules (Figure 30a). The spectrum of isolated
SERO in vacuum is also shown for comparison.

Taken together, these results suggest that the presence of zeolitic water has only a minor effect
on the electronic structure and excitation properties of SERO, similarly to what was observed
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for MDAP, at least in the first instance. However, this observation does not preclude a more
significant role of solvation in modulating intermolecular interactions and electronic behavior
in the combined MDAP+SERO system, as will be explored in the following Section.

3.5 Charge-Transfer Interactions in the MDAP+SERO Complex: A Theoretical
Insight into the Optical Signature of Supramolecular Recognition

The titration of the (MDAP)ZL nanozeolite receptor with serotonin (SERO) was
experimentally shown to induce a strong quenching of MDAP emission, accompanied by the
appearance of a broad absorption band in the 430-550 nm range of the UV-Vis spectrum !,
Structurally, the formation of a supramolecular MDAP+SERO complex within the ZL
framework, stabilized by confinement and zeolitic water, offers a plausible microscopic
rationale for these experimental observations. To substantiate this hypothesis, the UV-Vis
spectrum of the MDAP+SERO complex was simulated using a cluster model extracted from
the periodic minimum energy structure of (MDAP+SERO)ZL, previously discussed in
Section 3.2. In this Section (and the following Sub-sections), the MDAP+SERO
supramolecular system will be investigated in detail through a series of theoretical models. By
progressively increasing the complexity of the models and incorporating structural and
environmental effects, the goal is to provide an atomistic-level explanation for the emergence
of the new spectral feature observed upon serotonin binding. Special attention will be devoted
to the role of intermolecular interactions, electronic transitions, and solvation effects in
shaping the optical response of this supramolecular sensor complex. This analysis therefore
represents a fundamental starting point for understanding the optical response of the
(MDAP)ZL nanosensor in the presence of serotonin.

As discussed in the previous Sections, electronic excitation calculations on hydrated MDAP
and SERO, based on coordinates extracted from the minimum energy structures of (MDAP)ZL
and (SERO)ZL, respectively, have demonstrated that a hybrid QM/MM approach offers a
suitable compromise between accuracy and computational cost. In particular, the combination
of a quantum mechanical treatment of the organic moieties at the TD-DFT/CAM-B3LYP/6-
311++G(df,pd) level with a representation of water via a RESP point-charge model proved to
be both reliable and computationally efficient. Accordingly, the same QM/MM methodology
was adopted to simulate the electronic excitations of the MDAP+SERO complex. The
coordinates of the supramolecular system and the surrounding zeolitic water molecules were
extracted from the periodic minimum energy structure of (MDAP+SERO)ZL. The resulting
cluster model (Figure 30c) comprises the MDAP+SERO complex, treated at the QM level,
and 37 water molecules, treated at the MM level, with the organic guests embedded within the
hydrogen-bonding network formed by zeolitic water. A TD-DFT calculation of the first 50
excited states was carried out for this model. The simulated UV-Vis spectrum of the hydrated
MDAP+SERO complex is compared with those of the individual hydrated components
(MDAP and SERO) in Figure 41.
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Figure 41: UV-Vis spectra simulated from cluster models extracted from the periodic minimum energy structures of
(MDAP+SERO)ZL, (MDAP)ZL, and (SERO)ZL (see Figure 29), highlighting the spectral changes induced by
supramolecular interaction.

The simulated spectrum of the MDAP+SERO complex exhibits several similarities with those
of the individual components; however, notable differences arise. In particular, the bands
associated with the HOMO — LUMO and HOMO — LUMO+1 transitions of isolated MDAP
are red-shifted in the supramolecular complex, moving from 364 nm to 372 nm and from
316 nm to 322 nm, respectively. A red-shift is also observed for the higher energy MDAP
bands, which shift from 227 to 230 nm and from 190 to 192 nm upon complexation with
SERO. Also the absorption features associated with SERO undergo red-shifts in the
MDAP+SERO system, particularly in the 240-280 nm region, which corresponds to its two
lower energy excitations. These findings are confirmed by the detailed band assignments
reported in Table 16 and by the analysis of the molecular orbitals (MOs) involved in the
electronic transitions, shown in Figure 42. Although a few MOs are delocalized over both
molecular fragments (e.g., MOs 117, 118, and 135 in Figure 42), the majority remain spatially
localized either on MDAP or on SERO only. Remarkably, the data reported in Table 16 reveal
the presence of two very low-intensity bands in the spectrum of the MDAP+SERO complex,
located at 457 nm and 414 nm, i.e., at significantly longer wavelengths than any transition
observed in the spectra of the isolated MDAP or SERO components (see also the inset of
Figure 43). These new bands correspond to the HOMO — LUMO and HOMO-1 — LUMO
excitations in the MDAP+SERO complex, respectively. Crucially, while the HOMO and
HOMO-1 molecular orbitals are localized only on SERO, the LUMO is fully localized on
MDAP (see Figure42). Hence, these excitations can be ascribed to charge-transfer (CT)
transitions from SERO to MDAP, with SERO acting as the electron donor and MDAP as the
acceptor, in line with as proposed in Ref. !'. Remarkably, such CT bands are completely absent
in the spectra of the individual components, and their appearance is attributed to the
supramolecular confinement of the two guest molecules within the zeolitic framework. These
results thus provide compelling theoretical evidence for the occurrence of a CT process,
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offering an atomistic-level explanation for the new absorption feature experimentally observed
in the 430-550 nm range upon serotonin addition, as previously hypothesized in Ref. .

108=HOMO 107=HOMO-1

106=HOMO-2 102=HOMO-6
109=LUMO 110=LUMO+1

Figure 42: Graphical representation of the MDAP+SERO molecular orbitals (MOs) involved in the electronic
excitations reported in Table 16. MOs predominantly localized on MDAP and SERO are highlighted in red and green,
respectively, while those delocalized over both moieties are shown in black.
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Table 16: Band assignment for the simulated UV-Vis spectrum of the hydrated MDAP+SERO complex (Figures 41
and 43), based on the molecular orbitals depicted in Figure 42. Green and red labels denote MOs predominantly localized
on SERO and MDAP, respectively, while black labels indicate orbitals delocalized over both molecular species.
Accordingly, excitations colored in green and red can be attributed to transitions localized on the individual SERO and
MDAP fragments, whereas black denotes charge-transfer (CT) transitions. For the higher-energy bands, only the main
components of the transitions are reported in Table 16.

Excitation A f
108—109 HOMO—LUMO 456.77 | 0.0001
107—109 HOMO-1-LUMO 414.31 | 0.0002
108—110 HOMO—LUMO+1 403.13 | 0.0000
106—109 HOMO-2—LUMO 371.74 | 0.1181
107—-110 HOMO-1-LUMO+1 369.53 | 0.0014
106—-110 HOMO-2—LUMO+1 322.51 | 0.2724
108—115 HOMO—LUMO+6 281.48 | 0.0828
107—115 HOMO-1—-LUMO+6 264.79 | 0.0534
108 —-116 HOMO—LUMO+7 263.23 | 0.0248
102—109 HOMO-6—LUMO 229.82 | 1.1337
106—112 HOMO-2— LUMO+3 217.01 | 0.0668
107—116 HOMO-1— LUMO+7 210.39 | 0.1345
108—124 HOMO— LUMO+15
107—-117 HOMO-1— LUMO+8 209.59 | 0.3042
108—124 HOMO— LUMO+15
107—118 HOMO-1— LUMO+9 204.50 | 0.0513
108—123 HOMO— LUMO+14 202.74 | 0.0508
100—-110 HOMO-8—LUMO+1 202.50 | 0.0147
103—111 HOMO-5—LUMO+2 191.57 | 0.5321
108—135 HOMO— LUMO+26 186.76 | 0.1563
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Figure 43: Simulated UV-Vis spectrum of the cluster model extracted from the (MDAP+SERO)ZL minimum energy
structure (Figure 29c¢). The inset highlights the low-intensity charge-transfer (CT) bands observed at 457 nm and 414 nm.
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By comparing these findings with those reported in Ref. !, it appears that, despite the common
identification of charge-transfer (CT) bands upon MDAP+SERO complex formation, the
present results underestimate both the wavelength and intensity of the experimentally observed
CT signal. In particular, experimental UV-Vis spectra revealed the growth of a broad band in
the ~430-550 nm range upon titration of the (MDAP)ZL nanozeolite receptors with serotonin.
Theoretical calculations reported in Ref. !! predicted CT transitions in a similar wavelength
range. These spectra were obtained using TD-DFT at the PBEO/def2-TZVP level of theory,
considering a system composed solely of the MDAP and SERO molecules. The coordinates
were extracted from a previously optimized cluster model including two ZL unit cells, MDAP,
SERO, and 24 surrounding water molecules 'l In that study, the influence of water on the
electronic properties was accounted for through an implicit solvation approach, namely, the
COSMO model %, These literature results motivated a complementary analysis in which the
MDAP+SERO complex, extracted from the periodic minimum energy structure of
(MDAP+SERO)ZL, was subjected to TD-DFT calculations employing an implicit solvent
model for water. The aim was to assess the effect of this solvation approach on the computed
electronic excitations of the MDAP+SERO complex, particularly on the CT transitions, and
to compare the outcomes with those previously obtained using the point-charge model. The
results of this investigation are presented in the following Sub-section.

3.5.1 Evaluating the Effect of Implicit Solvent Models on the Electronic Excitations of the
MDAP+SERO Complex

In order to investigate the effect of an implicit solvation model, a new cluster was built by
extracting the coordinates of the MDAP+SERO complex from the periodic minimum energy
structure of (MDAP+SERO)ZL (Figures 29c¢ and 33), excluding the surrounding water
molecules. The resulting model therefore includes only MDAP and SERO, preserving their
relative geometry and orientation as displayed in Figure 30c. On this cluster, a first TD-DFT
calculation was performed in the gas phase (i.e., without any solvation) as a reference. A
second calculation was then carried out using the Self-Consistent Reaction Field (SCRF)
implicit solvation model for water !, Both calculations were conducted at the TD-
DFT/CAM-B3LYP/6-311++G(df,pd) level, considering the first 30 excited states. A
comparison of the UV-Vis spectra simulated for the MDAP+SERO complex in vacuum, with
implicit solvation, and with the RESP point-charge water model is presented in Figure 44. It
is worth noting that the molecular orbitals involved in the MDAP+SERO excitations, in both
the vacuum and the implicit solvent models, closely resemble those obtained using the explicit
point-charge water model (Figure 42). However, the TD-DFT calculation in vacuum, included
for reference purposes only, predicts charge-transfer excitations at significantly longer
wavelengths compared to the point-charge model. Specifically, the HOMO — LUMO and
HOMO-1 — LUMO charge-transfer (CT) transitions, labeled as A and B in Figure 44, are
predicted at 612 nm and 466 nm, respectively (Figure 73, top inset). These values, particularly
the former, are clearly overestimated with respect to the experimental data, indicating that the
MDAP+SERO complex in vacuum does not provide a suitable model for describing the
electronic excitation behavior of the complex within the ZL framework. This finding strongly
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suggests that a description of the solvent environment, namely water, is essential to accurately
reproduce the spectroscopic features of the system. For instance, the RESP point-charge model
for water employed throughout this work yields a HOMO — LUMO CT band at 457 nm, 1.e.,
within the 430-550 nm range experimentally observed, although with lower intensity. When
considering the TD-DFT calculation using the implicit solvent model, the HOMO — LUMO
and HOMO-1 —- LUMO CT excitations are found at 351 nm and 333 nm, respectively
(Figure 44, bottom inset), i.e., significantly blue-shifted relative to the experimental CT band.
These results indicate that the implicit solvation approach fails to capture the essential features
of the zeolitic water environment, thereby rendering it unsuitable for modeling this class of
confined supramolecular systems. Consequently, the implicit solvent model was not employed
in any of the subsequent calculations presented in this work.
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Figure 44: Simulated UV-Vis spectra of the MDAP-+SERO cluster model extracted from the minimum energy structure
of (MDAP+SERO)ZL, computed in vacuum (black), with an implicit solvent model (red), and with an explicit water
environment described via RESP point charges (green). The low-intensity bands corresponding to the HOMO — LUMO
and HOMO-1 — LUMO charge-transfer (CT) transitions, labeled A and B, respectively, are highlighted in the insets.

3.5.2 Effect of Periodic Boundary Conditions on Supramolecular Geometry and Charge-
Transfer Excitations

To further explore structural factors influencing the occurrence of charge-transfer (CT)
excitations in the MDAP+SERO complex, the effect of an alternative molecular arrangement
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derived from the periodic (MDAP+SERO)ZL structure has been evaluated. Due to the inherent
nature of periodic boundary conditions (PBC), different choices are possible when extracting
a finite cluster model from the infinite system. In particular, the relative orientation and
positioning of MDAP and SERO units along the crystallographic ¢ axis can lead to distinct
supramolecular configurations. While the CT analysis presented in the previous Sub-sections
was based on a “compact” SERO-MDAP pair, characterized by a short intermolecular
separation (3.2 A), an “inverted” MDAP-SERO arrangement has now been considered, in
which the two molecules are geometrically reversed and spatially more distant. This
comparative investigation aims to assess whether and how the supramolecular geometry,
modulated by the extraction protocol under PBC, may affect the emergence of CT transitions,
thus justifying the structural choices adopted throughout this work.

Figure 45: Periodic arrangement of MDAP and SERO units within the ZL channel, illustrating the sequence of
neighboring supramolecular pairs along the crystallographic ¢ axis. Atoms color code: yellow = Si; green = Al; purple
= K; red = O; cyan = C; blue = N; white = H. The blue lines denote the PBC simulation cell along the ¢ axis.

In this context, the absence of a unique coordinate origin in systems modeled with PBC can
introduce issues when extracting finite clusters from extended periodic structures. In the case
of (MDAP+SERO)ZL, the repetition of SERO-MDAP units along the ¢ axis generates a
continuous supramolecular chain. A representative portion of this sequence is shown in
Figure 45, which illustrates the alternating MDAP-SERO-MDAP-SERO arrangement derived
from the periodic minimum energy structure. Among the possible geometries, the so-called
“inverted” MDAP-SERO cluster, featuring a longer intermolecular separation of 5.6 A
(Figure 46), was selected to assess the impact of this alternative supramolecular orientation on
the electronic excitation properties. A TD-DFT calculation was performed on this “inverted”
complex at the CAM-B3LYP/6-311++G(df,pd) level of theory, embedding the system in a
solvation environment composed of 45 MM water molecules (Figure 46a). For comparison,
the structure of the solvated “compact” SERO-MDAP complex is depicted in Figure 46b.

The simulated UV-Vis spectra of both models are compared in Figure 47. In the spectrum of
the “inverted” complex, the charge-transfer (CT) signals previously identified at 457 nm and
414 nm for the “compact” MDAP+SERO system are absent (see Table 16 and Figure 43).
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Instead, the two highest-wavelength excitations, located at 368 nm and 330 nm, are entirely
localized on the MDAP wunit and correspond to the HOMO — LUMO and
HOMO — LUMO+1 transitions of isolated MDAP, respectively (see also Figure 38). The
disappearance of CT bands in the “inverted” geometry can be rationalized by the increased
spatial separation between the n-systems of SERO and MDAP. Notably, these findings validate
the structural choice adopted in this work: among the two closest SERO periodic images, only
one contributes significantly to the optical response of a given MDAP unit. Accordingly, all
subsequent calculations will be based on the “compact” MDAP+SERO complex,

characterized by the shortest intermolecular distance (3.20 A).

Figure 46: Graphical representation of: (a) the “inverted” MDAP-SERO complex and (b) the “compact” SERO-MDAP
complex. Green arrows indicate the shortest intermolecular separations: 5.6 A in (a) and 3.2 A in (b). Both geometries
are extracted from the minimum energy structure of the periodic (MDAP+SERO)ZL system. Atoms color code: red =
O; cyan = C; blue = N; white = H
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Figure 47: Comparison of the UV-Vis spectra computed for the “compact” MDAP+SERO complex and the “inverted”
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3.6 Thermal Motion and Charge-Transfer Response: AIMD Insights into the
Nanosensing Behavior of (MDAP)ZL

The previous Sections were limited to 0 K optimized geometries, neglecting the impact of
thermal fluctuations on the structural and electronic properties of the confined systems.
However, at room temperature, molecular assemblies undergo continuous nuclear motion,
including bond vibrations, rotations, and translations, which may significantly affect both their
equilibrium configurations and their spectroscopic response [*1. In order to account for thermal
effects, ab initio molecular dynamics (AIMD) simulations were employed. This approach
enables the inclusion of finite-temperature nuclear dynamics by propagating classical
trajectories under interatomic forces computed at each time from quantum mechanical
principles, typically within the framework of density functional theory (DFT) 21, Originally
developed by Car and Parrinello [**), AIMD has become a widely used methodology to explore
structure-property relationships in molecular and extended systems beyond the static
approximation %21 AIMD simulations at ~300 K were thus carried out for (SERO)ZL,
(MDAP)ZL and (MDAP+SERO)ZL systems. Two distinct analyses were performed on the
resulting trajectories. First, radial distribution functions (g(r)s) were computed to obtain an
average structural picture of the three host-guest materials. Second, thermally averaged UV-
Vis spectra were calculated from configurations extracted along the AIMD trajectories of
(MDAP)ZL and (MDAP+SERO)ZL, allowing for an evaluation of how dynamic fluctuations
influence the spectral signature of the charge-transfer (CT) excitation observed in the static
models.

All three host-guest systems considered in this study remain structurally stable along their
room-temperature AIMD trajectories. The MDAP molecule consistently occupies a position
near the center of the 12MR channel, in agreement with the minimum energy structure of
(MDAP)ZL (see Section 3.2). Due to thermal motion, the angle between its molecular axis
and the ZL channel axis slightly oscillates around 30°. Nevertheless, within the simulated
elapsed time (~42 ps), no translational motion along the channel, which also contains zeolitic
water molecules, is observed. Similarly, the SERO molecule maintains its position near the
channel walls throughout the trajectory. Both the -NH; and -OH groups remain, on average,
involved in hydrogen bonding interactions with framework oxygen atoms. In addition, the -
NH; moiety establishes hydrogen bonds with nearby water molecules. Compared to their
respective minimum energy structures, both MDAP and SERO exhibit deviations from
planarity in their m-conjugated systems. These distortions are also observed throughout the
thermal evolution of the confined MDAP+SERO complex, as illustrated in the trajectory
snapshot sequence shown in the “MDAP_SERO ZL.mpeg” movie available in Ref.*.
Overall, the complex remains stable under room-temperature conditions. The two guest
molecules remain, on average, in close proximity, although a range of intermolecular
separations is sampled along the AIMD trajectory. Notably, the individual behavior of the
MDAP and SERO units within the complex does not significantly differ from that observed
when each species is encapsulated alone within the ZL channel. Specifically, MDAP remains
near the center of the channel, while SERO is positioned closer to the pore walls and engages
in hydrogen bonding with both framework oxygen atoms and zeolitic water molecules. As

previously noted for the optimized (MDAP+SERO)ZL structure, a few water molecules are
160



located between MDAP and SERO, effectively screening the positive charges of the two
moieties. A more detailed structural characterization of the three host-guest systems under
room-temperature conditions is provided by the radial distribution functions computed from
the AIMD trajectories, as discussed in the following Sub-section. These data not only offer a
time-averaged description of key intermolecular interactions, but also provide valuable
insights into the role of confinement and solvation effects, which will be further explored in
the following Sections and Sub-sections.

3.6.1 Radial Distribution Functions from AIMD: Host—Guest Interactions Supporting
Nanosensing Behavior

The H,O-H,O radial distribution functions (g(r)) for the three systems, (MDAP+SERO)ZL,
(MDAP)ZL, and (SERO)ZL, are reported in Figure 48. In all O-H g(r) profiles, intense and
narrow peaks centered at approximately 1.0 A correspond to intramolecular O-H bonds. The
presence of strong intermolecular hydrogen bonding between water molecules is indicated by
the prominent peaks at ~1.8 A, which are consistently observed across all three systems. This
is further corroborated by the O-O g(r) functions, which display the main peak near 2.8 A,
characteristic of hydrogen-bonded water networks 444, Additional O-O peaks located around
4.5 A suggest a close-to-liquid-phase structural organization of water within the ZL channels.
This quasi-liquid character appears more pronounced in the (SERO)ZL system and somewhat
reduced in the (MDAP+SERO)ZL complex. A third O-O peak at approximately 7.0 A further
supports this interpretation.
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Figure 48: Radial distribution functions g(r) for H>O molecules computed from the three room-temperature AIMD
simulations. Dashed lines correspond to O-H g(r) functions, while solid lines represent O-O g(r) functions. Black, red,
and green lines refer to the (MDAP+SERO)ZL, (SERO)ZL, and (MDAP)ZL systems, respectively.
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Figure 49 shows the g(r) functions for Hyawer-Ofamework contacts, highlighting additional
interactions between water molecules and the framework oxygen atoms. Peaks located near
1.9 A indicate the presence of hydrogen bonding between zeolitic water and the ZL framework,
in line with typical behavior observed for confined water species [*”). However, this interaction
appears weaker than the intermolecular H,O-H,O hydrogen bonding discussed above, as
evidenced by the comparatively less intense peaks.
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Figure 49: Radial distribution functions g(r) for Hwater-Osamework cOntacts calculated from the room-temperature AIMD
trajectories. The black, red, and green lines correspond to the (MDAP+SERO)ZL, (SERO)ZL, and (MDAP)ZL systems,
respectively.

The interactions of SERO with either water molecules or framework oxygen atoms can be
quantitatively assessed by examining Figures 50 and 51. The ammonium protons of SERO
form strong hydrogen bonds with water oxygen atoms, as indicated by the g(r) peaks at 1.9-
2.0 A. This interaction is particularly pronounced in the (SERO)ZL system. In the presence of
MDAP, as in the (MDAP+SERO)ZL system, the strength of this hydrogen bonding is reduced.
Conversely, the hydrogen bonding interactions between the SERO ammonium protons and the
framework oxygen atoms, generally weaker than those with water, are enhanced upon
inclusion of the MDAP dication. This observation is consistent with the experimental results
reported in Ref. ', which indicate an increased affinity of SERO for the nanozeolite receptor
(i.e., the (MDAP)ZL system) compared to the parent ZL material. The hydroxyl group of
SERO also engages in strong hydrogen bonding with framework oxygen atoms, as evidenced
by the sharp peak at 1.9 A in the top panel of Figure 51. In the presence of MDAP, this
interaction is only partially weakened, with the peak position shifting to approximately 2.0 A.
In contrast, the -OH group of SERO exhibits negligible interaction with water molecules, as
shown in the bottom panel of Figure 51.
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Analysis of the interactions between the aromatic moiety of SERO and the framework oxygen
atoms (Figure 52) indicates that the n-conjugated system of SERO approaches the ZL channel
walls more closely in the presence of MDAP. Overall, the g(r) functions describing contacts
between SERO atoms and both framework and water oxygen atoms suggest that the binding
affinity of SERO toward the host is enhanced upon inclusion of MDAP, in agreement with the
experimental findings reported in Ref. !'. All these observations further support the selective
recognition ability of the (MDAP)ZL nanomaterial towards serotonin.
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Figure 52: Top panel: Radial distribution functions g(r) between the carbon atoms of the SERO aromatic moiety and
the framework oxygen atoms in the (SERO)ZL and (MDAP+SERO)ZL systems. Bottom panel: Radial distribution
functions g(r) between the hydrogen atoms of the SERO aromatic moiety and the framework oxygen atoms in the same
systems.

The interaction of MDAP with its surrounding environment can be assessed by examining
Figure 53, which reports the g(r) functions describing the contacts between the -CH; protons
and both framework and water oxygen atoms. These g(r) functions are structured, although the
broad peaks observed in the 2-3 A range for the contacts with framework oxygens suggest
weak interactions. Moreover, these interactions appear further weakened in the presence of the
SERO molecule. Regarding the interaction of the MDAP -CHj; protons with water oxygens
(Figure 53, bottom), the g(r) profiles exhibit relatively high peaks; however, the corresponding
distances are more consistent with non-specific van der Waals interactions.
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Figure 53: Top panel: Radial distribution functions g(r) describing the interaction between the -CHj protons of MDAP
and the framework oxygen atoms in the (MDAP+SERO)ZL and (MDAP)ZL systems. Bottom panel: Radial distribution
functions g(r) describing the interaction between the -CH3 protons of MDAP and the water oxygen atoms in the same
systems.

Figure 54 provides relevant insight into the behavior of MDAP when encapsulated within the
ZL framework. The aromatic core of MDAP, represented by its carbon atoms, remains
relatively distant from the channel walls, as evidenced by the absence of distinct features in
the g(r) function describing contacts with framework oxygen atoms. In contrast, short-range
interactions with water oxygen atoms are observed, with a peak appearing in the 3.2-3.4 A
range. Notably, the interaction between the aromatic carbon atoms of MDAP and water
molecules becomes more pronounced in the presence of SERO. This observation suggests that
water molecules contribute to screening the Coulomb repulsion between the two positively
charged species, SERO and MDAP. A similar effect is seen in the g(r) function describing
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contacts between the methyl carbon atoms of MDAP and water oxygen atoms (Figure 54,
bottom panel), where the intensity of the peak increases upon inclusion of SERO.
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Figure 54: Top panel: Radial distribution functions g(r) describing the contacts between the aromatic carbon atoms of
MDAP and both water and framework oxygen atoms in the (MDAP)ZL and (MDAP+SERO)ZL systems. Bottom panel:
Radial distribution functions g(r) describing the contacts between the CHj; carbon atoms of MDAP and both water and
framework oxygen atoms in the same systems.

Particularly relevant to the discussion of the sensing behavior of the ZL system upon co-
encapsulation of SERO and MDAP is the g(r) function describing the distance between the
aromatic moieties of the two guest species. The observed charge-transfer (CT) transition
originates from an electron transfer between a singly charged donor (SERO, +1) and a doubly
charged acceptor (MDAP, +2), giving rise to a new band. This electronic feature indicates the
sensitivity of the (MDAP)ZL system toward serotonin upon guest incorporation. The CT
process specifically involves electron transfer from the n system of SERO to a n* orbital of
MDAP. As shown in Figure 55, the g(r) function describing the separation between the two ©
systems highlights the range of intermolecular distances at which such a CT event is likely to
occur.

In summary, the radial distribution functions provide essential structural insight into the
complex interplay between the confined guest species and the ZL framework under thermal
conditions. The enhanced interaction of SERO with the channel walls upon inclusion of
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MDAP, the role of water molecules in mitigating Coulomb repulsion between the two cationic
guests, and the range of intermolecular distances between their aromatic moieties, all emerge
as critical parameters that shape the host-guest architecture and its dynamic evolution. These
factors are expected to have a direct impact on the electronic excitation properties of the
system, particularly on the charge-transfer (CT) transition, as will be further explored in the
following Sub-section through the analysis of thermally-averaged UV-Vis spectra and models
including the ZL host explicitly (see Section 3.7).
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Figure 55: Radial distribution function g(r) describing the intermolecular distances between the aromatic carbon atoms
of SERO and those of MDAP in the (MDAP+SERO)ZL system.

3.6.2 Thermally Averaged UV-Vis Spectra and Structural Origins of the Charge-Transfer
Response in (MDAP+SERO)ZL

While the UV-Vis spectra calculated for the optimized geometries in Section 3.5 (see Figures
41, 43, 44 and 47) provided useful insight into the nature of the interaction between serotonin
and the (MDAP)ZL nanosensor within the zeolite channel, the computed charge-transfer (CT)
bands were found to be significantly blue-shifted and less intense than those observed
experimentally ['!l. This discrepancy suggests that the static approach may underestimate the
extent of charge transfer between the two species and neglect important configurational
contributions arising from thermal motion. To obtain a more realistic picture of the CT
excitation at room temperature, thermally averaged UV-Vis spectra were computed by
sampling cluster models of the MDAP system and of the MDAP-SERO complex extracted
from randomly selected configurations along the AIMD trajectory.

MDAP
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The thermally-averaged electronic spectrum of the (MDAP)ZL system was obtained by
averaging the electronic excitations computed for cluster models extracted from 15
representative configurations sampled along the AIMD trajectory. This spectrum was then
compared with that calculated for the minimum energy structure of MDAP within the ZL
channel using the same computational protocol (see Figure 56).
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Figure 56: Comparison of UV-Vis spectra calculated for the (MDAP)ZL system: thermally-averaged spectrum
obtained from cluster models extracted along the AIMD trajectory (black line) versus the spectrum computed for the
minimum energy structure (red line).

As shown in Figure 56, the thermally-averaged spectrum exhibits a closer agreement with the
experimental UV-Vis spectrum reported in Ref. !, both in terms of the relative intensity of
the absorption bands and the position of the corresponding wavelengths. Notably, all MDAP-
related bands appear broadened and red-shifted with respect to those obtained from the static
structure, particularly the transitions involving the HOMO — LUMO and HOMO —
LUMO+1 excitations. This red-shift was attributed to slight geometric distortions of the
MDAP molecule induced by thermal fluctuations within the zeolite channel, as well as to
intermolecular interactions with nearby water molecules. In particular, deviations from
planarity of the MDAP n-conjugated system were identified as the primary factor responsible
for the observed spectral red-shift and for the emergence of additional low-intensity bands in
the 250-280 nm region.

MDAP+SERO

The thermally-averaged UV-Vis spectrum of the MDAP+SERO complex was obtained by
averaging the electronic excitations computed for cluster models extracted from 25
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configurations sampled along the AIMD trajectory of the (MDAP+SERO)ZL system. As
shown in Figure 57, this spectrum is compared with that calculated for the hydrated cluster
model derived from the (MDAP+SERO)ZL minimum energy structure (see Figure 30c). As
observed for the MDAP-only system, the thermally-averaged spectrum of the MDAP+SERO
complex displays broader bands that are red-shifted relative to those obtained from the
minimum energy structure. This red-shift is particularly pronounced for the charge-transfer
(CT) transitions, which appear as a broad tail in the 450-550 nm region (see inset in Figure 57),
in good agreement with experimental observations '!!. Within this CT tail, two distinct features
can be identified at 520 nm and 460 nm, corresponding to the HOMO — LUMO and HOMO-
1 — LUMO transitions, respectively. These excitations were previously located at 457 nm and
414nm in the corresponding minimum energy structure (see Figure43 and Table 16,
Section 3.5), highlighting the key role of thermal fluctuations in stabilizing CT transitions
towards longer wavelengths, i.e. in lowering the energy cost of electron transfer from SERO
to MDAP. Despite this red-shift, the intensity of the CT band remains weak due to the low
oscillator strengths associated with these excitations.
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Figure 57: Comparison between the thermally-averaged UV-Vis spectrum obtained from cluster models extracted
along the AIMD trajectory of (MDAP+SERO)ZL (black line), and the spectrum computed from a cluster model derived
from the corresponding minimum energy structure (red line). Insets highlight the CT bands located at 520 nm and
460 nm, along with the molecular orbitals involved in the electronic transitions.

Figure 58 presents the comparison between the thermally-averaged UV-Vis spectra of MDAP
(red line) and the MDAP+SERO complex (black line), both derived from configurations
sampled along their respective AIMD trajectories. In addition to the appearance of the
previously discussed charge-transfer (CT) bands, absent in the MDAP-only spectrum, the
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association of the neurotransmitter (SERO) leads to a noticeable attenuation in the intensity of
the MDAP bands, in agreement with experimental trends 1.

To further elucidate the factors governing the CT excitations, particularly those affecting the
wavelength and oscillator strength of the HOMO — LUMO transition, a detailed analysis of
structural parameters was undertaken. Specifically, appropriately defined geometrical
descriptors were monitored along the AIMD trajectory (see Sub-section 3.6.1), with the aim
of correlating them with the CT spectral features. In fact, these parameters were expected to
have a direct impact on the charge-transfer (CT) transitions. In particular, the following
structural descriptors were considered: (i) the conformation of the SERO molecule; (ii) the
deviation from planarity of the aromatic structure of both MDAP and SERO; (ii1) the relative
orientation of MDAP and SERO within the complex; (iv) the intermolecular separation
between MDAP and SERO, measured as the distance between the center of the SERO phenyl
ring and the closest -CHj3; group of MDAP; and (v) the number and positioning of water
molecules located between the two species. Figure 59 shows a representative selection of
cluster models randomly sampled from the AIMD trajectory of the MDAP+SERO system,
used for the analysis of structural parameters influencing the charge-transfer excitations.
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Figure 58: Comparison of the thermally-averaged UV-Vis spectra obtained from cluster models extracted from
configurations sampled along the AIMD simulations of (MDAP+SERO)ZL (black line) and (MDAP)ZL (red line). The
insets highlight the charge-transfer (CT) bands at 520nm and 460 nm, along with the corresponding electronic
excitations.

With regard to the wavelength of the HOMO — LUMO charge-transfer (CT) transition,
configurations featuring an “edge-to-face” arrangement between the n-systems of MDAP and
SERO (see Figure 59¢ and 59d), combined with an almost planar geometry of both aromatic
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frameworks (Figure 59a), exhibit a marked red-shift of the CT band, which appears at
wavelengths above 500 nm, significantly longer than that computed for the minimum energy
structure (457 nm); this behavior is observed regardless of the specific conformation adopted
by the SERO molecule. In contrast, configurations in which either MDAP or SERO deviate
significantly from planarity (e.g., Figure 59b) display the HOMO — LUMO CT transition at
shorter wavelengths relative to the optimized structure. This blue-shift can be rationalized in
terms of either stabilization of the HOMO (localized on SERO) or destabilization of the
LUMO (localized on MDAP), both induced by distortion of the n-conjugated system. These
observations indicate that parameters (i1) (deviations from planarity of the m-structure of
MDAP and SERO) and (ii1) (relative orientation of the two guest molecules) are the principal
structural factors modulating the position of the CT transition. Their effect on the transition
intensity appears to be more limited; nonetheless, configurations with a near-planar geometry
and edge-to-face orientation tend to display slightly enhanced oscillator strengths, suggesting
a modest correlation between these structural motifs and CT band intensity.

Figure 59: Cluster models extracted from four configurations sampled along the AIMD simulation of
(MDAP+SERO)ZL, illustrating representative distortions of MDAP and SERO, their relative orientations, and the
arrangement of H,O molecules. Water molecules located between MDAP and SERO in panels (a), (c) and (d) are
highlighted in ball-and-stick representation. Atoms color code: gray = Si, green = Al, red = O, cyan = C, blue = N, white
= H. Hydrogen bonds are shown as dashed lines.

Regarding the intensity of the CT transition, attention is now turned to parameters (iv) and (v).
These two structural descriptors appear to be closely interconnected: in configurations where
no water molecule or only a single H,O is located between the two positively charged species
(see Figures 59a and 59b), the MDAP-SERO separation is reduced compared to the minimum
energy structure. Conversely, the presence of multiple water molecules interposed between
MDAP and SERO (Figures 59¢ and 59d) leads to an increased intermolecular distance. This
trend indicates that water molecules act as spatial modulators, effectively tuning the proximity
between the donor and acceptor units. Importantly, configurations characterized by a shorter
MDAP-SERO separation, typically in the absence or presence of only one interposed H,O,
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display a higher oscillator strength for the CT transitions than the minimum structure. This
observation suggests that a reduced separation between the m systems may enhance the CT
intensity. However, despite this trend, the intensity of the CT band in the thermally-averaged
spectrum of the MDAP+SERO complex remains lower than the experimental values. This
discrepancy implies that additional contributions, not accounted for in the current cluster
models, may play a non-negligible role in modulating the transition intensity.

In summary, ab initio molecular dynamics (AIMD) proved essential in elucidating the complex
interplay between finite-temperature structural dynamics, host-guest interactions, and charge-
transfer (CT) behavior within the (MDAP)ZL nanosensor. The AIMD trajectories revealed
that, under ambient conditions (~300 K), the confined MDAP and SERO molecules present
structural motifs, such as hydrogen bonding, relative orientation, and solvation patterns, that
critically influence CT excitations. In particular, radial distribution functions (g(r)) quantified
how zeolitic water molecules modulate donor-acceptor distances and screen electrostatic
repulsion, ultimately shaping the spectral response. Furthermore, thermally-averaged UV-Vis
spectra derived from AIMD snapshots enabled a more realistic prediction of CT band
positions, aligning theoretical outcomes more closely with experimental observations. The
analysis underscored the key role of specific geometric descriptors, such as n-system planarity,
edge-to-face stacking, and the location of water molecules, in governing both the wavelength
and oscillator strength of the HOMO — LUMO transition. Altogether, these results
demonstrate that the nanosensing ability of (MDAP)ZL towards serotonin arises not merely
from static host-guest affinity, but from a dynamic ensemble of configurations. The inclusion
of thermal motion via AIMD is therefore not only advantageous but indispensable to fully
capture the structure-property relationships that govern molecular recognition in confined
nanospaces.

3.7 Role of the Zeolite Host: Enhancing Charge-Transfer Excitations through
Specific Host-Guest Interactions

Until now, the host system (ZL framework) has not been explicitly included in the cluster
models used to investigate the charge-transfer (CT) transitions. In order to assess the influence
of the host environment on the position and intensity of the CT bands, new cluster models
were built incorporating the zeolite matrix. In this Section, such an analysis was carried out
for the minimum energy structures of both (MDAP)ZL and (MDAP+SERO)ZL, with the aim
of disentangling the effect of the ZL host from the thermal contributions previously discussed.
The rationale for including the ZL framework lies in the strong host—guest interactions
observed between the -NH;" and -OH groups of SERO and the framework oxygen atoms, as
evidenced by both the optimized geometries (see Figures33c and 33d) and the radial
distribution functions (see Figures 50 and 51), which reveal a marked affinity of SERO for the
ZL structure. Notably, the presence of the MDAP dication further enhances this interaction.
The ZL matrix was modeled using a point-charge embedding approach ¥ (see Figures 31 and
32, Section 3.1), allowing for a direct evaluation of the effect of the electrostatic environment
on the CT transitions in the minimum energy structures of (MDAP)ZL and
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(MDAP+SERO)ZL. This strategy allowed for the isolation of the specific contribution of the
host framework, independently of thermal fluctuations.

(MDAP)ZL

In the case of the cluster model including the ZL framework, extracted from the minimum
energy structure of (MDAP)ZL (see Figure 29b), 30 excited states were computed using TD-
DFT. The results indicate that the presence of the host matrix exerts only a minor influence on
the electronic excitations of MDAP. Figure 60 compares the UV-Vis spectra obtained with
(black line) and without (red line) the ZL framework.
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Figure 60: Comparison between the electronic excitation spectra computed for cluster models extracted from the
minimum energy structure of (MDAP)ZL, with (black line) and without (red line) inclusion of the ZL framework. Insets
show the molecular orbitals involved in the two lowest-energy excitations.

Notably, the inclusion of the host induces only marginal changes in the spectrum. In particular,
the two lowest-energy bands, corresponding to the HOMO —LUMO and
HOMO — LUMO+1 transitions, undergo a slight blue-shift and a negligible reduction in
intensity. The minimal impact of the ZL environment on the electronic excitations of MDAP
can be attributed to the screening effect provided by the surrounding zeolitic water molecules,
which effectively isolate the dye from direct interactions with the framework (see Figure 39,
Section 3.4). This interpretation is further supported by the radial distribution function (g(r))
describing contacts between the aromatic carbon atoms of MDAP and the framework oxygen
atoms, which appears completely unstructured (Figure 54, black line, top panel), indicating the
absence of specific host-guest interactions involving the n-system of the dye.

173



(MDAP+SERQO)ZL

Regarding the cluster model including the ZL framework extracted from the minimum energy
structure of (MDAP+SERO)ZL, representing the nanosensor after serotonin addition, 65
excited states were computed using TD-DFT. The results indicate that the presence of the ZL
host exerts a significantly stronger influence on the electronic excitations of the complex
compared to (MDAP)ZL. As shown in Figure 61, the comparison between the electronic
excitation spectra of (MDAP+SERO)ZL and (MDAP)ZL (both including the ZL framework)
reveals a red-shift of the signals associated with excitations localized only on the MDAP unit
in the presence of SERO. Most notably, in the spectrum of the (MDAP+SERO)ZL complex,
the charge-transfer (CT) transitions become clearly distinguishable, appearing as a broad band
in the 457-460 nm region and a shoulder around 395-400 nm. These CT features exhibit
substantially higher intensity compared to the corresponding spectrum computed without the
ZL host (see also Figure 43), highlighting the role of the framework in enhancing the CT
response.
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Figure 61: Comparison of the electronic excitation spectra obtained from cluster models extracted from the minimum
energy structures of (MDAP+SERO)ZL (black line) and (MDAP)ZL (red line), both including the ZL framework. The
inset highlights the HOMO — LUMO charge-transfer (CT) band observed at 457-460 nm (see Table 17).

As shown in Figure 62, the comparison between the electronic excitation spectra of
(MDAP+SERO)ZL computed with (black line) and without (red line) inclusion of the ZL
framework reveals a marked enhancement in the intensity of the charge-transfer (CT) bands
upon explicit consideration of the host environment. In particular, the intensity of the
HOMO — LUMO CT transition, barely visible in the spectrum without the framework,
increases by approximately one order of magnitude (see also Table 17), while its position in
the spectrum remains essentially unchanged. Conversely, the HOMO-1 — LUMO CT band
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also undergoes a notable increase in intensity, accompanied by a blue-shift in its position from
414 nm to 395 nm. A plausible explanation for the more pronounced influence of the ZL
environment on the MDAP+SERO complex, compared to the MDAP-only system, lies in the
incomplete solvation of the complex by water molecules. Unlike MDAP, the MDAP+SERO
complex can approach the pore walls of the zeolite, thereby experiencing direct host-guest
interactions. As previously discussed, the SERO moiety engages in strong hydrogen bonds
with the framework oxygen atoms via its -NHj3 and -OH groups. Consequently, the surrounding
water molecules may not provide sufficient electrostatic screening to isolate the complex from
the effects of the ZL framework. Nevertheless, the inclusion of the framework does not
significantly modify the shape of the molecular orbitals involved in the CT transitions (see
Figure 63).
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Figure 62: Comparison of the electronic excitation spectra computed for cluster models extracted from the minimum
energy structure of (MDAP+SERO)ZL, with (black line) and without (red line) inclusion of the ZL framework. Insets
show the molecular orbitals involved in the charge-transfer (CT) transitions and in the two highest-wavelength bands
localized on the MDAP moiety.

As already observed for the orbitals computed in the absence of the ZL framework (Figure 42,
Section 3.5), most of the molecular orbitals remain localized on either MDAP or SERO
individually, as shown in Figure 63. Accordingly, several bands in the simulated UV-Vis
spectrum can be attributed to excitations related to a single component. For instance, the bands
at 370nm and 320nm closely match the HOMO — LUMO and HOMO — LUMO+1
transitions of the MDAP moiety, consistent with the results obtained in the absence of SERO
(Figure 61). Additional excitations localized on MDAP are calculated at 232 nm (the most
intense band of the spectrum), 203 nm, and 188 nm. Both the excitation energies and the shapes
of the involved orbitals (see Table 17 and Figures 61 and 62) are in close agreement with those
computed for the MDAP+SERO cluster without the ZL framework (Table 16 and Figures 41
and 42). Similarly, bands associated with SERO-localized excitations appear at 283 nm and
269 nm, as well as in the 211-218 nm region (see Figure 62, Table 17, and Figure 63). Notably,
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the reduction in intensity of the 283 nm band (HOMO — LUMO+12), with respect to the
spectrum calculated without the ZL host, may be attributed to the concurrent enhancement of
the HOMO — LUMO charge-transfer band.

Table 17: Band assignment for the simulated UV-Vis spectrum (Figures 61-62) of the hydrated MDAP+SERO complex
with explicit inclusion of the ZL framework (model shown in Figure 32a), based on the molecular orbitals displayed in
Figure 63. Green and red indicate MOs predominantly localized on MDAP and SERO, respectively, while black denotes
orbitals delocalized over both moieties. Correspondingly, excitations colored in green and red are assigned to MDAP
and SERO as individual units, whereas black refers to charge-transfer (CT) transitions. For higher-energy excitations,
only the main component(s) contributions are reported in Table 17.

Excitation A f
108—109 HOMO—LUMO 460.41 | 0.0019
108—109 HOMO—LUMO 456.34 | 0.0037
108—110 HOMO—LUMO+1 400.52 | 0.0002
107—-109 HOMO-1—-LUMO 397.02 | 0.0056
107—-109 HOMO-1—-LUMO 394.24 | 0.0078
1065109 HOMO-2—-LUMO 370.53 | 0.1131

107—=110 HOMO-1-LUMO+1 | 351.22 | 0.0000
106—110 HOMO-2—LUMO+1 320.16 | 0.2575
108—121 HOMO—LUMO+12 283.34 | 0.0476
107—121 HOMO-1-LUMO+12 | 269.68 | 0.0226
107 -114 HOMO—LUMO+5 243.17 | 0.0018
107 -114 HOMO—LUMO+5 233.03 | 0.1352
101—-109 HOMO-7—-LUMO 232.66 | 1.0076
101—110 HOMO-7—-LUMO+1 | 231.32 ] 0.1699
108—118 HOMO— LUMO+9 219.35 | 0.0288
107—-120 HOMO-1— LUMO+11 | 217.68 | 0.1125
108—120 HOMO— LUMO+11
108—121 HOMO— LUMO+12
108—121 HOMO— LUMO+12 215.74 | 0.0303
108—122 HOMO— LUMO+13

107—122 HOMO-1— LUMO+13
108—120 HOMO— LUMO+11

107—121 HOMO-1—- LUMO+12 | 212.60 | 0.1671
108—121 HOMO— LUMO+12
108—129 HOMO— LUMO+20
107—122 HOMO-1— LUMO+13 | 210.85 | 0.0401
107—121 HOMO-1—- LUMO+12
107—118 HOMO-1— LUMO+9 | 204.71 | 0.1301
107—=129 HOMO-1—- LUMO+20
107—118 HOMO-1— LUMO+9 | 203.10 | 0.0493
107—=120 HOMO-1—- LUMO+11
99—-110 HOMO-9—-LUMO 202.82 | 0.0354
103—114 HOMO-5—-LUMO+5 188.39 | 0.4436

Interestingly, analysis of the data reported in Table 17 reveals the presence of additional
charge-transfer (CT) excitations beyond the previously discussed HOMO — LUMO and
HOMO-1 — LUMO transitions. These CT bands are absent in the spectrum computed without
the ZL framework. While the HOMO — LUMO+1 excitation (at 400 nm) displays a very low
oscillator strength, several higher-energy CT transitions, specifically HOMO — LUMO+S5,
HOMO — LUMO+9, and HOMO-1 — LUMO+9, located at 233-243, 219, and 203 nm,
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respectively, exhibit significantly higher oscillator strengths. These transitions provide a
substantial contribution to the spectral region between 200 and 250 nm, where the differences
between the spectra computed with and without the ZL framework become particularly
pronounced (see Figure 62).
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Figure 63: Molecular orbitals of the MDAP+SERO complex involved in the electronic excitations computed with
inclusion of the ZL framework (modeled as a point-charge system) in the TD-DFT calculations, as reported in Table 17.
Orbitals predominantly localized on MDAP and SERO are highlighted in red and green, respectively, while those
delocalized over both moieties, indicative of charge-transfer (CT) character, are shown in black.
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Overall, the comparison between the electronic excitation spectra of the MDAP+SERO
complex computed with and without the ZL framework clearly demonstrates the pivotal role
of the zeolite host in amplifying charge-transfer (CT) excitations across the UV-vis range. In
particular, inclusion of the ZL matrix leads to a substantial enhancement, by at least one order
of magnitude of the oscillator strengths associated with the HOMO — LUMO and HOMO-1
— LUMO transitions. This increase in CT intensity can be rationalized by considering the
specific host-guest interactions established between the SERO unit and the zeolite framework.
In the complex, SERO is positioned near the channel walls, where its -NH3" and -OH groups
engage in strong hydrogen bonds with negatively charged AlO,4 tetrahedral units. Such
interactions likely increase the donor capacity of SERO by stabilizing its positive charge and
facilitating electron density transfer to the adjacent MDAP dication, thereby reinforcing the
CT excitations. These two enhanced CT bands are directly responsible for the high-wavelength
tail experimentally observed in the optical spectra of (MDAP)ZL upon serotonin titration !,
It can thus be concluded that specific host-guest interactions, particularly the direct hydrogen-
bonding between SERO and the zeolite framework, play a fundamental role in the sensing
mechanism of nanozeolite receptors. They not only underpin the high binding specificity but
also critically determine the intensity and detectability of the CT signal, ultimately accounting
for the remarkable sensitivity observed experimentally for this nanomaterial [''!. These insights
open the way to rational design strategies for optimizing nanozeolite-based sensors. In
particular, they suggest that, beyond the formation of confined analyte-dye complexes capable
of CT, strong interactions between the analyte and the host framework should be deliberately
favored to maximize signal intensity. A careful tuning of the host-dye dyad, optimized as a
function of the analyte’s chemical nature, could thus provide a powerful route to further
enhance the performance of CT-based nanosensors.

3.8 Chapter 3 - Conclusions

Chapter 3 has presented a comprehensive computational investigation on a second strategy for
the obtainment of functional nanomaterials: the supramolecular encapsulation of molecular
species within confined nanoporous environments. In particular, the present work focused on
a nanomaterial composed of the dicationic dye MDAP (charge +2) confined in a zeolite L (ZL)
channel, resulting in the (MDAP)ZL nanosensor, whose spectroscopic response is strongly
modulated by the addition of serotonin (SERO, charge +1 in solution). Encapsulation in
zeolitic cavities thus represents a powerful approach for engineering complex nanomaterials
at the molecular scale. This strategy exploits non-covalent host-guest interactions and spatial
confinement to control the structural, electronic, and spectroscopic behavior of guest
molecules. Importantly, the unique topology and electrostatic environment of ZL enable the
stabilization of molecular assemblies that would be otherwise unstable in solution or gas phase,
such as the triply charged (MDAP+SERO) complex. The confinement effect thus plays a dual
role: it promotes the close spatial arrangement of co-encapsulated species and offers a well-
defined environment in which non-covalent interactions are modulated by both geometric
constraints and the local environment of the zeolite framework. Therefore, the computational
investigation presented in this Chapter has revealed how encapsulation within the ZL channel
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promotes a thermally stable supramolecular organization of MDAP and SERO. This feature is
in excellent agreement with the spectral changes experimentally observed in the (MDAP)ZL
nanosensor upon serotonin titration. The confined MDAP-SERO complex exhibits a
spectroscopically detectable charge-transfer transition. The presence of such CT was
confirmed by static TD-DFT calculations and refined through ab initio molecular dynamics
(AIMD) simulations, which provided a more realistic account of thermal effects, the role of
confined water molecules, and conformational dynamics of the system at room temperature.
Radial distribution functions obtained from the AIMD trajectories demonstrated how water
molecules confined in the ZL cavity play a crucial role in modulating the Coulomb repulsion
between MDAP and SERO. By effectively screening their positive charges, these water
molecules enable the two species to stay close together, an arrangement that would be
unachievable in either solution or the gas phase. Furthermore, thermally-averaged UV-Vis
spectra, computed from AIMD-sampled cluster models, were crucial to bridge the gap between
theory and experiment. Compared to static calculations, these spectra provided more realistic
predictions of CT band positions, confirming the red-shift and band broadening observed
experimentally. The analysis highlighted how key geometrical parameters, such as (i) a
reduced MDAP-SERO distance mediated by H,O molecules, (ii) an edge-to-face arrangement
of the SERO and MDAP =n-systems, and (iii) minimal distortions from planarity in the -
systems, govern the spectroscopic response of the material, revealing higher wavelengths and
intensities of the CT bands. Notably, the inclusion of the zeolite host in the TD-DFT models
further elucidated its role. While negligible effects were observed for MDAP alone, the
presence of the framework significantly enhanced the intensity of the CT transitions in the
MDAP+SERO complex, by at least one order of magnitude, without altering orbital features.
This effect was related to strong hydrogen bonds formed by the -NH;" and -OH groups of
SERO with the AlO4 units of the ZL framework, which enhance SERO’s donor character and
promote the electron density transfer to the adjacent MDAP dication. These host-guest
interactions are therefore key to both molecular selectivity and the enhancing of charge-
transfer bands, which underpin the sensing mechanism.

In summary, this Chapter underscores the pivotal role of confinement in enabling molecular
recognition processes that are otherwise inaccessible in conventional solution-phase
environments. The dynamic interplay between guest geometry, water solvation, and host
structural and electrostatic features elucidated here provides valuable design principles not
only for next-generation nanozeolite sensors, but also for the broader design of functional
nanomaterials in confined aqueous environments.
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— Chapter 4 —

At the Interface: Molecular Adsorption on Metal Oxide
Surfaces for Sensing and Functional Nanomaterials
Design

The controlled assembly of nanostructured organic-inorganic materials is a central theme in
materials chemistry, particularly in the context of designing next-generation devices for energy
conversion, sensing, catalysis, and molecular recognition. Within this broad landscape, surface
adsorption represents a powerful and widely applicable strategy for achieving molecular-level
functionalization of nanomaterials. Adsorption processes allow the direct modulation of
surface reactivity, electronic structure, and interfacial properties by anchoring organic
molecules onto well-characterized oxide surfaces with distinct structural and electronic
features 131, Among the various classes of inorganic substrates, metal oxide semiconductors
occupy a privileged role. Materials such as ZnO, In,Os, and indium tin oxide (ITO) are
particularly attractive due to their structural robustness, wide band gaps, high surface-to-
volume ratios, tunable conductivity through doping or defect engineering, and low cost 461,
These oxides are not only chemically and thermally stable, but also exhibit surface properties
that can be finely tuned via hydroxylation, or the incorporation of aliovalent dopants (e.g., Sn
for In in ITO), enabling specific interactions with adsorbed molecular species. Their
widespread use in optoelectronics, transparent electrodes, gas sensors, and photocatalysis
underscores the versatility of oxide-based platforms for hybrid nanomaterial engineering -1,
In this context, adsorption on oxide surfaces encompasses a wide range of interaction types,
including weak physisorption, hydrogen bonding, electrostatic attraction, and in some cases,
covalent bond formation. These interactions may affect not only the geometry and orientation
of the adsorbed molecules, but also the local electronic density, surface electrostatics, and in
some cases, the type and mobility of charge carriers within the oxide substrate %121, In
particular, adsorption-induced electronic structure changes, such as from p-type to n-type, may
be relevant for understanding functional responses in chemiresistive sensors [3],

From a molecule-to-material perspective, surface adsorption can be regarded as an effective
strategy to engineer hybrid nanomaterials with tailored properties, without requiring high-
temperature processing or bulk reorganization. When properly understood and controlled, the
formation of molecule-surface complexes can lead to stable, spatially organized, and
electronically responsive interfaces, establishing a direct connection between molecular

properties and the final material functionality !4,

Building on the previous Chapters, this one introduces a third and complementary molecular
strategy for the design of functional nanomaterials: adsorption on metal oxide surfaces. While
Chapters 2 and 3 focused respectively on the decomposition of molecular precursors and the
encapsulation of guest species in nanoporous frameworks, the present approach relies on the
establishment of non-covalent or covalent interactions between organic molecules and the
extended surface of inorganic oxides. From a theoretical point of view, modeling adsorption
processes on metal oxide surfaces presents both conceptual and technical challenges. Periodic
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density functional theory (DFT) calculations represent a standard computational framework
for investigating molecule-surface systems, evaluating adsorption or interaction energies, and
electronic structure modifications induced by adsorbates °!7. Complementary analyses,
including Bader charge calculations, density of states (DOS) calculations, and TD-DFT
excited-state simulations, provide further insight into charge redistribution, surface-induced
electronic transitions, and local modifications in the electronic structure !'3-2°!, Importantly, the
chemical nature of the surface itself, namely its termination, hydroxylation state, or dopant
distribution, plays a decisive role in determining adsorption strength, molecular orientation,
and electronic effects. For instance, Sn doping in ITO enhances surface reactivity by
introducing localized electron-rich sites, whereas oxygen-rich ZnO surfaces may hinder

physisorption due to increased competition for adsorption sites [21-22],

Overall, this Chapter presents a case study that explores surface adsorption as a molecular
strategy for the design of functional hybrid nanomaterials. Specifically, Paragraph 4.1
investigates the interaction between a macrocycle molecule, Pillar[6]arene (P[6]A), and two
indium-based oxide surfaces: pure In,O; and its tin-doped variant, indium tin oxide (ITO).
Through DFT simulations, the formation of covalent metal oxide-organic bonds via water
elimination is explored, with tin atoms shown to enhance surface reactivity and promote
stronger adsorption. The resulting P[6]A-ITO hybrid system exhibits remarkable chemical
stability and preserves molecular recognition capabilities, highlighting its potential for
electrochemical sensing and catalysis.

In a different way, the second case study addressed in this Chapter highlights the potential of
transition metal oxides — namely ZnO — to act as chemiresistive sensors towards Chemical
Warfare Agents (CWA), through the adsorption of these organic species on zinc oxide surfaces.
In particular, Paragraph 4.2 focuses on the adsorption of nitrogen mustard agents (HN1, HN2,
HN3) and their non-toxic simulant Di(propylene glycol) methyl ether (DPGME) on
ZnO(1010) surfaces, studied through periodic DFT calculations. Preliminary results show
that DPGME and HN2 display similar electronic behavior and surface interactions, inducing
a shift from p-type to n-type character when physisorbed on ZnO. These findings, whether
confirmed by further analyses, may provide a molecular-level rationale for using DPGME as
a simulant, and useful insight for the development of ZnO-based chemiresistive nanosensors
for toxic gas detection.
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4.1 Investigating the Covalent Anchoring of Pillar[6]arene on In,O3
and I'TO Surfaces

This Paragraph presents a theoretical investigation into the adsorption of the macrocyclic host
molecule Pillar[6]arene (P[6]A) on indium-based oxide surfaces, specifically pristine In,Os
and its tin-doped variant, indium tin oxide (ITO). The nanosystems under study exemplify
molecular functionalization via covalent anchoring and hold significant potential for the
design of robust and electrochemically active nanomaterials.

In recent years, green chemistry has emerged as a transformative framework for promoting
sustainable chemical processes, emphasizing waste minimization, atom economy, and the use
of non-hazardous reagents **!, These principles have promoted innovation in materials
science, particularly in the development of catalysts and functional materials 3. Among such
materials, ITO stands out as a widely employed n-type degenerate semiconductor with a wide
optical band gap of 3.6eV ?, Its unique combination of optical transparency and high
electrical conductivity has enabled extensive use in applications ranging from optoelectronics
to photovoltaics %], and more recently, as a platform for electrochemical technologies 12!,
Within this context, the functionalization of ITO surfaces with organic molecules has attracted
growing interest, as it offers opportunities to enhance surface reactivity, tailor interfacial
properties, and expand the functional scope of the substrate ?°!. In particular, macrocyclic
systems have been investigated for their ability to form stable, organized host-guest
architectures, while simultaneously facilitating charge-transfer processes at electrode
interfaces ). Representative examples include calixarenes, cyclodextrins, and pillar[n]arenes,
all of which have demonstrated the ability to selectively recognize guest molecules and
improve the performance of electrochemical devices [**3!, Among them, pillar[n]arenes have
gained great relevance in supramolecular chemistry due to their rigid, symmetric, and tunable
cylindrical cavities P2, Composed of p-dialkoxybenzene-based repeating units linked by
methylene bridges, these macrocycles offer electron-rich internal cavities that enable the
inclusion of guest species through non-covalent interactions, particularly with cationic or
electron-deficient molecules [***4, Pillar[6]arene (P[6]A), the six-membered variant, is one of
the most extensively studied members of this family, owing to its versatility in host-guest
chemistry and molecular recognition [**, Notably, its ability to form robust complexes with a
variety of organic and inorganic species makes it an excellent candidate for surface
modification of conductive materials such as ITO B¢, Recent studies have proposed the
covalent anchoring of P[6]A onto ITO as a promising strategy to construct functionalized
electrodes for molecular electrocatalysis 71, In previous experimental work, it was
demonstrated that such covalent immobilization leads to highly stable and pH-resistant host-
guest-modified electrodes capable of sustaining electrochemical activity under operational
conditions B¥. This hybrid platform thus offers a compelling opportunity to integrate
macrocyclic host functionalities with conductive oxide supports, aligning with the principles
of green chemistry through the development of efficient nanomaterials, like recyclable
electrocatalytic systems. Finally, the present computational study (see Appendix 4, Section
A.4.1.1 for further details) aims to provide a molecular-level understanding of this hybrid
interface by addressing three main objectives: (1) to assess the structural and electronic factors
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underpinning the stability of the P[6]A-metal oxide surface interaction; (ii) to compare the
behavior of ITO and In,Os surfaces, highlighting the role of tin doping; and (iii) to elucidate
possible reaction pathways for the covalent attachment of the macrocyclic molecule to the
oxide surface. To date, no theoretical studies have addressed this hybrid interface. The present
investigation therefore provides unprecedented molecular-level insights that could support the
rational design of functional hybrid nanomaterials for applications in energy conversion,
sensing, electrocatalysis, and environmental remediation.

4.1.1 Hydrogen-Bonded Physisorption of P[6]A on In:03 and ITO

Before modeling the adsorption of Pillar[6]arene (P[6]A) on indium-based oxide surfaces
(In,O3 and ITO), the central nanomaterial under investigation, the geometry and vibrational
properties of the isolated molecule were characterized to provide a reference for subsequent
structural modifications upon surface binding. The P[6]A optimized structure is shown in
Figure 64, while the simulated infrared (IR) spectrum and the assignment of the main
vibrational modes are provided in Appendix 4, Section A.4.1.2.

Figure 64: Graphical representation of the DFT-minimum energy structure of Pillar[6]arene. Atoms color code: C =
grey, O = red, H = white. Dashed lines represent H-bonds.

A comparison with available experimental IR data [**! shows satisfactory agreement in both
peak positions and intensities, thereby validating the theoretical model and supporting the
vibrational band assignment. Particularly relevant are the O-H stretching modes located in the
3400-3700 cm™ region (see Table A.21), as the hydroxyl groups represent the primary
anchoring sites for interaction with In,O; and ITO (see below). The calculated O-H bond
lengths (~0.97 A), together with the high energy required for their disruption, suggest that,
once adsorbed, P[6]A is likely to form a stable hybrid system, with limited tendency toward
desorption (see Section 4.1.2 for further details). On this basis, the adsorption of the
macrocyclic host was first modeled through hydrogen bonding interactions, considered here
as a plausible precursor state preceding the formation of covalent anchoring motifs.

187



As mentioned above, indium-tin oxide (ITO) is derived from indium oxide (In,Os) through tin
doping, i.e., by replacing some In atoms with Sn atoms (see Section A.4.1.1). The decision to
consider both surfaces arises from the interest in evaluating whether the presence of tin
influences the adsorption behavior of the P[6]A molecule, both in energetic and mechanistic
terms. In a first instance, according to previous findings %), the interaction between
Pillar[6]arene and the In,O; surface (Figure 65) appears to occur through three hydrogen
bonds, labeled A, B, and C. The O-H---O distances differ slightly, measuring 1.40 A, 1.56 A,
and 1.64 A, respectively. This variation is attributed to the distinct coordination environments
of the surface oxygen atoms acting as H-bond acceptors. In contrast, the three intramolecular
hydrogen bonds within the macrocycle (HA, HB, and HC) remain unperturbed. This
adsorption complex corresponds to a total adsorption energy of -1.18 eV (calculated using
Eqn. Al; see Section A.4.1.1), a relatively high value when compared to hydrogen adsorption
on the In,Os (111) surface (~-2.0 eV %),
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Figure 65: Graphical representation of the DFT-minimum energy structure of Pillar[6]arene on the In,Os (111) surface.
(a) Side view; (b) top view. Atoms color code: In = purple, C = grey, O = red, H = white. Dashed lines represent H-
bonds.

The P[6]A + ITO system is shown in Figure 66. As in the case of the In,O; surface, the
interaction between the macrocyclic molecule and the substrate occurs through three hydrogen
bonds (O-H---0), all characterized by slightly different distances from the surface (A=1.54 A,
B=1.63 A, and C = 1.72 A). The intramolecular hydrogen bonds within the macrocycle (HA,
HB, and HC) remain unaltered. The total adsorption energy (E.qs) for this system is -3.45 eV,
significantly more negative than that obtained for the P[6]A + In,Os; complex. This result
suggests that the presence of tin atoms in the surface enhances the adsorption of the
macrocyclic molecule. Tin, having one valence electron more than indium, acts as an electron-
donor !, thereby increasing the surface reactivity of ITO compared to that of In,O;. To further
explore the nature of the molecule-surface interaction, a complementary set of calculations
was performed using the same structures but without geometry re-optimization. This allowed
the evaluation of interaction energies (Ein), which exclude the contributions associated with
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structural relaxation and thus provide a more direct comparison of the electronic binding
strength across different surfaces. In this perspective, both systems, P[6]A + In,Os and P[6]A
+ ITO, exhibit similar total interaction energies (Eix), amounting to -4.07 eV and -5.07 eV,
respectively. These values underscore the strong binding of the organic ring to the surface.
Interaction energies were computed using Eqn. A.1 (see Section A.4.1.1), as in the case of total
adsorption energies. However, in this case, the energy terms (Esufimol, Esuf, and Epol)
correspond to the single-point energies of the individual P[6]A, In,Os, and ITO structures,
extracted from the minimum energy structure of the combined systems without performing
further geometry optimization. For completeness, a “single-point energy” refers to the total
electronic energy of a given molecular system evaluated at a fixed nuclear configuration. In
other words, it represents the energy of the electron distribution around the nuclei for a specific
geometry, without accounting for any structural rearrangements (18],

Figure 66: Graphical representation of the DFT-optimized structure of Pillar[6]arene on the BCC ITO (111) surface.
(a) Side view; (b) top view. Atoms color code: In = purple, Sn = dark purple, C = grey, O = red, H = white. Dashed lines
represent H-bonds.

Furthermore, since hydrogen bonds are inherently weaker than covalent bonds, the H-bonded
configuration is considered a plausible physisorption precursor state to a subsequent chemical
process that leads to stronger surface binding. This hypothesis is also supported by the
experimentally observed high stability of the adsorbed P[6]A molecule 3], In this context, the
hydroxyl groups of Pillar[6]arene are expected to play a key role in this transformation. Indeed,
the total adsorption energies calculated for both systems are sufficiently high to activate the
O-H bonds stretching modes (~3700 cm™!, see Table A.21), potentially leading to their
breaking. However, due to the significant steric hindrance and conformational rigidity of the
macrocyclic ring, a fully deprotonated adsorption process is found to be energetically
unfavorable. In fact, simulations involving fully deprotonated P[6]A adsorbed on both surfaces
yield adsorption energies of approximately +4.0 eV. The positive sign of the calculated Eqgqs
indicates that such a configuration is thermodynamically unfavorable, as the system would be
energetically more stable with the molecule and the surface remaining non-interacting. Based

on these considerations, two possible reaction pathways were hypothesized and
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computationally explored in the following Section: (i) proton transfer (PT) from one of the
P[6]A hydroxyl groups to a surface oxygen atom; (i1) elimination of water molecules from the
system, leading to the formation of covalent bonds.

4.1.2 From Physisorption to Covalent Anchoring: Investigating the Adsorption
Process of P[6]A on In20;3 and ITO

Following the identification of hydrogen-bonded physisorption complexes as plausible
precursor states (see Section 4.1.1), a further step in understanding the reactivity of the P[6]A-
metal oxide hybrid systems involves the exploration of possible chemical processes that may
lead to the formation of covalent anchoring motifs. In this context, two hypothetical pathways
were considered and computationally tested: (i) proton transfer (PT) from one of the hydroxyl
groups of Pillar[6]arene to the surface, and (ii) water elimination, leading to the formation of
stronger bonds between the organic host and the oxide surface. The goal of this Section is thus
to evaluate the energetic and structural viability of these processes, in order to elucidate the
molecular-level process behind the formation of a stable P[6]A-surface interface, which
constitutes the functional nanomaterial. The analysis begins with the proton transfer scenario,
which is ultimately shown to be both energetically and mechanistically less plausible than
water elimination, as discussed below.

For both systems under investigation, the proton transfer (PT) process was modeled according
to the following reaction:

Surf. + Pillar[6]arene — Pillar[6]arene (-) + Surf.-H (+)

Where Surf. = In:0; or ITO (Eqn. 1)

The adsorption energy values computed for the PT process, involving different hydroxyl
groups of P[6]A closest to the surfaces, are reported in Table A.22, Section A.4.1.3.

Among these, the most favorable configurations, corresponding to the deprotonation of
hydrogen atom C, are shown in Figure 67a (In,Os, E.gs = -1.71 V) and Figure 67b (ITO, E,q4s
= -3.47 eV). Overall, the obtained E.4s values do not follow a consistent trend and remain
comparable to those previously calculated for the hydrogen-bonded precursor states
(Figures 65 and 66). This similarity suggests that the reaction pathway described in Eqn. 1 is
unlikely to represent the dominant process driving the formation of the final adsorbed state.
Nevertheless, the PT process could still be interpreted as a possible intermediate step, bridging
the initial physisorption state and a more tightly bound configuration of the macrocyclic ring
to the oxide surface. This scenario appears particularly plausible for the configurations
illustrated in Figure 67, which exhibit the most favorable adsorption energies among the PT
cases considered.
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Figure 67: Graphical representation of the DFT optimized structures of the proton transfer (PT) reaction products
involving hydrogen C of the P[6]A molecule: a) P[6]A(-) + In,O3-H(+); b) P[6]A(-) + ITO-H(+). Atoms color code: In
= purple; Sn = dark purple; C = grey; O =red; H = white. Dashed lines represent H-bonds.

However, to account for the experimentally observed robustness and irreversibility of P[6]A
adsorption on indium-based oxides ¥, a more chemically grounded process must be
considered. In this regard, the elimination of water molecules emerges as a more plausible
route toward the formation of stable covalent bonds between the macrocyclic host and the
oxide surface. The following analysis investigates this reaction pathway, focusing on its
energetic profile and structural implications. Within this framework, the optimized structures
of the products obtained from the elimination of two water molecules are shown in Figure 68a
(P[6]A on InyOs) and Figure 68b (P[6]A on ITO). These configurations, found to be the most
energetically stable and yielding the most favorable adsorption energies (see Tables A.23 and
A.24 in Section A.4.1.3), were constructed by replacing two surface oxygen atoms (assumed
to be hydroxylated due to the presence of water under experimental conditions) with two
oxygen atoms from the P[6]A molecule. The macrocycle donates two protons (specifically H
atoms labeled as C and HC, see Figures 65 and 66) that combine with surface -OH groups to
form two H,O molecules. Notably, in the case of ITO, anchoring occurs preferentially at tin-
coordinated surface oxygens, further highlighting the electron-donor character of Sn and the
increased reactivity of the corresponding oxygen atoms compared to those bonded to In.

In addition to the two-water elimination pathway, further systems involving the elimination of
four and six water molecules were also modeled and optimized (see Figure A.33 in Appendix
4). Adsorption energies for all these systems were calculated using the following reaction
scheme:

Surf. + Pillar[6]arene + n/2 H, — Pillar[6]arene on Surf. + n H,O

Where: Surf. = In;0;s or ITO; n = number of formed water molecules (Eqn. 2)
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The inclusion of H, molecules on the reactant side approximates the hydroxylated nature of
the oxide surfaces under experimental conditions. Computed adsorption and interaction
energies for all investigated configurations are summarized in Table 18.

Figure 68: Graphical representation of the DFT-optimized structures of the Pillar[6]arene adsorbed on metal oxide
surfaces after the elimination of two water molecules. Panels a) and c¢) show the side and top views, respectively, of the
P[6]A + In,O3 system, while panels b) and d) refer to the P[6]A + ITO system. Atoms color code: In = purple; Sn = dark
purple; C = dark grey; O = red; H = white.

As shown in Table 18, for the P[6]A + In,Os system, the elimination of two water molecules
leads to a structure (Figures 68a and 68c) with a more favorable adsorption energy compared
to the hydrogen-bonded precursor state (Figure 65). This outcome cannot be extended to the
P[6]A + ITO — 2H,0 system (Figures 68b and 68d), nor to the configurations resulting from
the elimination of four or six water molecules in either system (Figure A.33). The lower
adsorption energies observed in these cases can be primarily ascribed to the pronounced
structural deformation undergone by the macrocyclic ring upon anchoring to the surface,
which disrupts the remaining intramolecular hydrogen bonds and consequently increases the
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total energy. Nonetheless, the computed interaction energy values (Table 18) become
progressively more negative as the number of eliminated water molecules increases, indicating
that the extent of covalent bonding between the macrocycle and the oxide surface plays a key
role in stabilizing the interface. This trend underscores a fundamental point: the enhanced
stability of the hybrid system arises directly from the formation of covalent C-O bonds
between the aromatic ring of the Pillar[6]arene and the oxide surface, replacing weaker H-
bonding interactions with robust anchoring bridges. To gain deeper insight into the electronic
nature of the newly formed surface bonds and to validate the proposed anchoring process,
additional analyses based on charge density difference (CDD) and Bader charge calculations
were performed. These results are presented and discussed in the following Sub-section.

Table 18: Total adsorption energy (E.qgs) and interaction energy (Ein) values (in eV) for the P[6]A - In,O3 and P[6]A-
ITO systems before and after the elimination of water molecules.

System Eads (eV) Eint (eV)

P[6]A + In20O3 -1.18 -4.07
P[6]A + In203 -2H20 -2.29 -6.92
P[6]A + In2O5 -4H2O -1.56 -13.13
P[6]A + In2O3 -6H2O -0.41 -17.18
P[6]A +ITO -3.45 -5.07
P[6]A + ITO -2H>0O -2.76 -8.18
P[6]A +ITO -4H,O -1.88 -12.53
P[6]A + ITO -6H,O -0.47 -15.63

4.1.2.1 Charge Redistribution and Surface Anchoring: Insights from CDD and Bader
Charge Analyses

To explore further the interpretation of the adsorption process described in the previous
Sections, two complementary electronic analyses were carried out: Charge Density Difference
(CDD) 2! and Bader charge analysis ! (see Appendix 4, Section 4.1.3 for further details).
Both techniques are particularly well-suited to elucidate the redistribution of electronic density
during surface adsorption, especially in hybrid systems where covalent bonding, hydrogen
bonding, and charge transfer phenomena coexist [“>#71, In the following, these two techniques
are applied to the P[6]A + In,O; and P[6]A + ITO systems, in order to confirm the structural
and energetic trends discussed earlier, and to offer deeper insight into the electronic nature of
the anchoring process.

From CDD calculations (Figure A.34), it can be observed that in the physisorbed precursor
state (Figures A.34a and A.34b), electrons are mainly located around the O-H bonds of P[6]A,
1.e., the hydrogen bonds formed with the surface (OH:--O), and the surface oxygen atoms
involved in these interactions. This already indicates the existence of a weak but non-
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negligible interaction between the macrocyclic host and the oxide support, even before
covalent bond formation. As the number of eliminated water molecules increases
(Figures A.34c-f), the interaction becomes progressively more pronounced. In these
configurations, the electron density is fully localized on the oxygen atoms of P[6]A that have
replaced the surface hydroxyl groups, and on the adjacent carbon atoms of the aromatic ring.
These data confirm the formation of new covalent linkages and highlight the strong interfacial
stability of the resulting nanomaterial.

Complementary insights are obtained from the Bader charge analysis. The data reported in
Table A.25 summarize the average atomic charges of the P[6]A, In,Os, and ITO components
before and after the anchoring process. The overall trend reveals a net electron transfer from
the oxygen atoms of P[6]A toward the metal atoms of the surface. This charge displacement
leads to a significant decrease in the positive charge of indium and tin atoms, indicating partial
electron donation from the organic molecule to the inorganic support. Notably, tin atoms of
the ITO surface undergo a larger positive charge depletion than indium atoms, confirming their
stronger electron-accepting character. This finding supports the hypothesis that Sn doping
enhances the anchoring efficiency of P[6]A by increasing the surface reactivity through
localized electronic effects.

In summary, both CDD and Bader analyses consistently indicate that the stability of the P[6]A-
metal oxide systems arise from the formation of covalent bonds between the macrocyclic ring
and the surface. These interfacial linkages are mediated by electron transfer from the anchoring
oxygens of P[6]A to the metal atoms of the surface, with tin atoms playing a particularly active
role in the case of ITO. Such insights reinforce the reliability of the proposed adsorption model
and provide a deeper understanding of the electronic nature of the hybrid interface.

4.1.3 Evaluation of a Probable Water-Elimination Pathway on In:03 and ITO
Surfaces

Following the identification of water elimination as the most plausible process for the covalent
anchoring of Pillar[6]arene onto In,O; and ITO surfaces, a simplified reaction pathway was
proposed to rationalize the energetic and structural features of the systems under investigation.
This approach does not aim to describe a complete reaction mechanism with transition states,
but rather to provide a conceptual framework that connects the computed geometries and
reaction energies of initial and final states, highlighting the key steps that may be involved in
the formation of the hybrid interface. Such a strategy is particularly useful when the
identification of transition states is either computationally prohibitive or chemically
ambiguous, as in the case of large, flexible organic adsorbates interacting with complex oxide
surfaces. Moreover, the adoption of a comparative scheme applicable to both surfaces offers
the additional advantage of isolating the effects of surface composition, namely, the presence
or absence of tin, on the overall thermodynamic behavior of the system.

The proposed pathway consists of three elementary stages: (1) hydrogenation (protonation) of
surface oxygen atoms, (2) physisorption of the macrocyclic molecule, and (3) elimination of
water molecules leading to covalent adsorption. This scheme was applied identically to both
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In,Os5 and ITO surfaces, enabling a step-by-step comparison of the energetic contributions and
structural rearrangements associated with each process. Particular attention was devoted to the
influence of Sn atoms in modulating surface reactivity, especially in the physisorption stage,
where strong interactions between the macrocycle and the oxide can be favored by electronic
and steric effects induced by dopant atoms. The resulting analysis, supported by computed
reaction energies, optimized geometries, and adsorption data, offers a coherent interpretative
model for the anchoring process via water elimination. For simplicity, only the elimination of
two water molecules was considered in this Section, although pathways involving the removal
of four or six water molecules could, in principle, also be possible, especially under higher
surface hydroxylation conditions. These alternative pathways were not pursued here, but may
be relevant in the context of multi-site adsorption or cooperative surface activation. The
reaction steps for the two-water elimination process are as follows:

Surf. + 2H" — Surf-2H 1)
Surf-2H + P[6]A — P[6]Asur-2H 2)
P[6]A on Surf-2H — P[6]Asurt + 2H20 3)
Where: Surf = In:0; or ITO (Eqn. 3)

The geometries of the species involved in each step are shown in Appendix 4, Figure A.35
(InyO3) and Figure A.36 (ITO). These images provide a visual comparison of the structural
evolution occurring throughout the reaction sequence, from the initial hydrogenated surfaces
to the final covalently bonded hybrid systems. These structural representations serve to
illustrate the spatial arrangement of the adsorbate and its evolution along the proposed
pathway, thereby clarifying how the nature of the surface, In,O; vs ITO, affects both the
interaction mode and the resulting adsorption configuration. Given the key role of the initial
hydrogenation step (1) in enabling the overall process (see Table 19 below), several possible
adsorption sites for H, molecules were considered on both surfaces (see Appendix 4, Section
A.4.1.4 for further details).

The computed reaction energies (E;..) for the three steps are summarized in Table 19, and
reveal marked differences between the two surfaces. In the case of ITO, the physisorption step
(2) 1s energetically favorable (E.c < 0), whereas the water elimination step (3) provides a
negative contribution to the total energy (Er.. > 0). Conversely, for In,Os, physisorption is less
favorable, but water elimination contributes more significantly to the overall stabilization of
the system. These contrasting behaviors are likely attributable to the presence of tin in ITO,
which generates more reactive adsorption sites compared to the In,Os surface. The interaction
with P[6]A is thus enhanced during the physisorption stage, but destabilized upon elimination
of water molecules, explaining the observed energetic penalty. In both cases, however, the
initial hydrogenation (protonation) step (1) provides a favorable energetic contribution,
underlining the potential role of solvent-derived hydrogen species in the experimental
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realization of surface functionalization, suggesting their crucial role in the beginning of the
overall reaction.

Table 19: DFT-computed reaction energies (E:.c) for the three-step pathway described in Equation 3. The total reaction
energy (E.ds) corresponds to the sum of the individual contributions from steps (1), (2), and (3).

Ereac (€V)
Reaction 1 2 3 Total (Eads)
Surf
In,05 -2.14 +0.25 -0.41 -2.29
ITO -1.53 -1.88 +0.65 -2.76

This result highlights the importance of local surface composition in determining the
anchoring behavior of organic species, and suggests that tin doping in ITO not only enhances
reactivity at the interface, but may also influence the stability and functional properties of the
resulting hybrid nanomaterial.

4.1.4 Concluding Remarks

The DFT computational investigation presented in this Section has provided a detailed
assessment of the interaction between Pillar[6]arene and two model oxide surfaces, In,O3 and
ITO, with particular emphasis on the role of tin atoms in modulating surface reactivity. The
analysis demonstrated that Sn dopants in ITO generate more reactive adsorption sites
compared to pristine In,Os, thereby enhancing the interaction with the macrocyclic molecule
already at the physisorption stage. This effect was confirmed by adsorption energy values,
charge density difference (CDD) and Bader charge analysis. Among the possible processes
leading to covalent immobilization of Pillar[6]arene, water elimination was identified as the
most plausible pathway, in contrast to proton transfer, which proved energetically disfavored.
The proposed pathway yields a direct oxygen bridge between the macrocyclic ring and the
surface, providing a stable covalent configuration. Notably, the energetic analysis revealed
opposite trends for the two materials: in ITO, physisorption is stabilized while water
elimination is destabilizing, whereas in In,Os the situation is reversed. In both cases, however,
the initial hydrogenation of surface oxygen atoms contributes positively to the overall process,
emphasizing its relevance as a key initiating step. Taken together, these results establish a first
atomistic model of a functional hybrid nanomaterial based on Pillar[6]arene immobilized on
ITO. The system can be predicted as a prototype electrode for molecular electrocatalysis,
thanks to its higher stability against pH fluctuations and high selectivity, thereby illustrating
how surface adsorption processes can be exploited to engineer functional nanomaterials with
tailored properties.
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Overall, this Paragraph has thus outlined a first example of a hybrid nanomaterial obtained
through surface adsorption processes, which represent the central theme of Chapter 4. In the
following Paragraph (4.2), the focus will shift to a different class of nanomaterials, namely
Zn0O-based chemoresistive sensors, where adsorption phenomena will be investigated in the
context of toxic gas recognition.
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4.2 A First-Principles Investigation of ZnO-Based Chemiresistive
Nanosensors for Chemical Warfare Agents and Their Simulant

The rational design of functional nanomaterials for sensing applications requires a precise
understanding of molecular adsorption processes at solid interfaces. In the previous Paragraph
(4.1), a covalent surface anchoring process was investigated as a strategy to create hybrid
nanomaterials with tailored electrocatalytic properties. In this Paragraph, the focus shifts
towards semiconducting metal oxide surfaces for gas-phase sensing, particularly in the context
of Chemical Warfare Agents (CWAs).

Therefore, the increasing threat posed by CWAs, including their recent use in both military
and terrorist contexts, has generated considerable interest in the development of fast and
reliable detection technologies. CWAs such as sulfur mustards, nerve agents, and nitrogen
mustards (e.g., the azoyprites HN1, HN2, HN3) are among the most toxic compounds
synthesized by humans, capable of causing irreversible damage to human health and the
environment 81, Their high volatility, low lethal dose, and delayed effects make them
particularly insidious. However, due to international laws and safety regulations, experimental
studies involving CWAs are severely restricted, and access to the actual compounds is limited
to a handful of authorized military laboratories 1. As a result, research into detection
technologies must often rely on structurally or functionally analogous molecules, commonly
referred to as simulants, which mimic the physicochemical behavior of CWAs without posing
the same health risks [*-1, The ideal simulant should reproduce the key chemical features of
the target CWA, including vapor pressure, polarity, functional groups, and molecular size.
Moreover, it must exhibit similar interactions with the active sensing materials employed in
the detection devices. For nitrogen mustards, various ether- or alcohol-based compounds have
been proposed as non-toxic simulants, with Di(propylene glycol) methyl ether (DPGME)
standing out due to its manageable toxicity, suitable volatility, and demonstrated
responsiveness in sensor tests P12, Nevertheless, the selection of simulants has often been
empirical, and a molecular-level theoretical validation of their similarity to actual CWAs
remains limited in the literature **!. This has underscored the growing role of first-principles
simulations in elucidating the interactions between simulants and sensor surfaces and in
supporting experimental strategies aimed at the detection of CWAs 48],

Among the various systems explored for CWA detection, chemiresistive sensors based on
semiconducting metal oxides have emerged as particularly promising due to their simplicity,
cost-effectiveness, miniaturizability, and high sensitivity in real-time monitoring 31, These
devices operate by monitoring changes in the electrical resistance of a sensitive material upon
interaction with gaseous analytes. Typically, the sensing mechanism involves surface
adsorption of target molecules, followed by charge transfer or dipole interaction, which
modifies the density of charge carriers in the semiconducting layer. In the case of n-type
semiconducting metal oxides, such as ZnO, it is proposed that adsorbed electron-withdrawing
species can lead to a depletion of conduction electrons near the surface, resulting in an increase
in resistance, while electron-donating analytes can cause a decrease °**. The performance of
chemiresistive sensors depends on multiple factors, including the intrinsic electronic structure
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of the oxide, the density and nature of surface defects, crystallographic orientation, and
environmental variables such as humidity and temperature °>7],

In this context, zinc oxide (ZnO) has become a material of choice for gas sensing applications,
owing to its wide band gap (~3.37 eV), high electron mobility, good thermal and chemical
stability, and its ease of fabrication in various nanostructured morphologies (nanorods,
nanowires, thin films) %], The high surface-to-volume ratio of nanostructured ZnO enhances
its responsiveness to adsorbed species, while the presence of native defects, such as oxygen
vacancies and interstitial Zn, can modulate the availability of reactive sites and influence
sensor selectivity 1. Moreover, ZnO’s compatibility with various functionalization strategies,
including doping, decoration with noble metals, and surface modification with organic or
inorganic moieties, allows for tuning of its sensing behavior toward specific analytes,

including CWA’s and their simulants [6%-61],

Several studies have demonstrated the feasibility of using ZnO-based chemiresistive sensors
for the indirect detection of CWAs through simulants. For instance, ZnO nanostructures have
shown measurable responses to dimethyl methylphosphonate (DMMP), a well-established
simulant for nerve agents such as sarin P81, Similarly, responses to DPGME as a mustard gas
simulant have been reported on ZnO platforms functionalized or doped to enhance specificity
and stability !, The ability to engineer ZnO surfaces at the nanoscale and modulate their
electronic and adsorption properties offers a versatile framework for the rational design of
sensors targeting CWAs and related compounds. Furthermore, the relatively simple
chemiresistive transduction mechanism facilitates integration into portable devices suitable for
field deployment. Despite this progress, a detailed understanding of the fundamental
interactions between CWAs or their simulants and ZnO surfaces remains limited. In particular,
theoretical studies aimed at disentangling the electronic and adsorption behavior of simulants
on ZnO at the atomic level are still scarce 812, In this context, density functional theory
(DFT) provide powerful tools to probe the geometry, electronic structure, and adsorption
energies of relevant systems 1611 These insights are essential not only to validate the use of
specific simulants, such as DPGME, but also to identify structural or electronic features that

govern sensor selectivity and sensitivity 48161,

The present Paragraph, therefore, aims to explore this topic through a theoretical DFT
investigation (see Appendix 4, Section A.4.2.1 for further details) focused on the adsorption
of nitrogen mustard agents (HN1, HN2, HN3) and their simulant DPGME on ZnO surfaces.
By comparing structural, electronic, and surface-interaction properties, this study - which is
still “work in progress” - aims to provide a computational rationale for the use of DPGME as
a non-toxic simulant of the three azoyprites, as well as molecular-level insight on the sensing
mechanism. Particular attention is devoted to the ZnO(1010) surface. From a broader
perspective, the results described in this Paragraph, whether corroborated by deeper analyses,
may contribute to achieve a further understanding of ZnO-based nanomaterials for toxic gas
sensing.
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4.2.1 Electronic and Structural Insights into DPGME and Nitrogen Mustards
(HN1, HN2, HN3) in the Gas Phase

Before thoroughly addressing the interaction of DPGME and nitrogen mustard agents
C6H13C12N (HNI), C5H11C12N (HNZ) and C6H12C13N (HN3) with the ZnO surface,
representing the functional nanomaterial at the heart of this Paragraph 4.2, it is essential to
examine the intrinsic features of these molecules in the gas phase. This preliminary step, fully
described in Appendix 4, is not only necessary to identify their most stable conformations and
key structural properties, but also to assess possible similarities between CWAs and their
proposed simulant, DPGME, prior to any surface interaction. Furthermore, this investigation
is especially relevant given the restricted access to CWAs for non-military research institutions
worldwide.

A conformational analysis was performed for DPGME and the nitrogen mustard agents HN1,
HN2, HN3. In the case of DPGME, a folded isomer, previously unreported in the literature,
was identified as the energetically favored one. This conformer is stabilized by an
intramolecular hydrogen bond. As for the nitrogen mustards, their respective minimum-energy
structures were obtained (see Section A.4.2.2 for further details). Among them, HN2 was
selected for the adsorption on the ZnO surface as representative of this class of CWAs. The
optimized geometries of DPGME and HN2 are shown in Figure 69 and were used as the
starting point for subsequent surface interaction modeling.

Figure 69: Optimized molecular structure of a) DPGME in its folded conformation and b) CsH;;Cl,N (HN2). Atoms
color code: CI = green; N = blue; C = grey; O =red; H = white. Dashed cyan line represents the H-bond.

A comparative analysis was conducted to evaluate the rationale behind the use of DPGME as
a simulant for nitrogen mustards, despite the apparent lack of structural or functional group
resemblance.

As reported in Section A.4.2.2, the three azoyprites share closely related chemical features,
reflected in the similarity of their molecular electrostatic potential maps (Figure A.43) and
computed infrared spectra (Figure A.44). These observations are consistent with their common
molecular scaffold.
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In contrast, DPGME exhibits a markedly different chemical architecture, characterized by a
polyether backbone with an hydroxyl group, and lacks the alkylamine and halogenated
functionalities typical of nitrogen mustards. Nonetheless, a review of the literature [12:4851:52.621
confirms that DPGME is commonly employed as a simulant for vesicant CWAs in
experimental studies, particularly in the context of chemiresistive sensing (see also the
introduction of Paragraph 4.2). While this choice is supported by practical considerations, such
as safety and accessibility, it remains largely empirical and lacks a rigorous molecular-level
justification. To address this gap, a series of time-dependent DFT (TD-DFT) calculations were
carried out to explore the electronic excitation properties of the four compounds (see Appendix
4, Section 4.2.1 for further details). More specifically, for HN1, HN2, HN3, and DPGME the
frontier molecular orbitals (Figures A.46 and A.47), the main electronic transitions with the
highest oscillator strengths (Table A.31), and the corresponding UV-visible spectra (Figure 70)
are presented.
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Figure 70: Simulated UV-visible absorption spectra of the nitrogen mustard agents HN1, HN2, and HN3, compared to
the DPGME molecule. Spectra were computed at the TD-DFT level (CAM-B3LYP/6-311++G(df,pd)). Despite
structural dissimilarities, all species absorb in the UV region and exhibit electronic transitions that fall within the same
wavelength range.

Besides the structural diversities DPGME and the nitrogen mustards show also differences in
the UV spectra, even among the three CWAs. Nevertheless, the HOMO-LUMO energy gap
(AEq.p), reported in Table 20 are comparable. This result is of particular relevance, given that
the chemical reactivity of molecular systems is largely governed by their frontier orbitals (63,
Indeed, the HOMO-LUMO energy gap is often correlated with the activation barrier of
chemical reactions and 1is frequently used as a predictor of reactivity trends.
Accordingly, chemically distinct species, such as those considered here, that display similar
AEy1 values might be expected to exhibit analogous reactivity profiles [6],
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Table 20: HOMO-LUMO energy gap (AEwn.L, in eV) and corresponding absorption wavelength (A, in nm) for the
vesicant agents (HN1, HN2, HN3) and the simulant molecule (DPGME), computed in the gas phase.

Species AEn [eV] Wavelength, /. [nm]
DPGME 6.80 181.2

HNI1 6.32 196.0

HN2 6.15 201.0

HN3 6.49 190.9

These results suggest that, despite their structural differences, a comparable behavior might
emerge across all four species, offering a plausible rationale for the empirical use of DPGME
as a simulant in chemiresistive sensing applications. Altogether, the insights gained from this
gas-phase study establish a basis for understanding the interaction of these molecules with
metal oxide surfaces.

4.2.2 Structural Analysis of HN2 and DPGME Adsorption on Regular and O-
Enriched Zn0O(1010) Surfaces

The present Section reports the investigation on the molecular-level interaction between the
ZnO surface and two analytes: the vesicant nitrogen mustard HN2 and its proposed simulant
DPGME. While DPGME has been successfully employed as simulant in several experimental
setups 24 a theoretical validation of its suitability as a simulant, particularly in terms of
adsorption behavior and electronic response, remains lacking.

All calculations were performed using the ZnO(1010) surface, the energetically most
favorable termination. This surface has been selected also for its non-polar character, arising
from the simultaneous exposure of Zn and O atoms. In addition to the regular stoichiometric
slab, two oxygen-enriched surface models were considered, featuring additional oxygen
adatoms. This approach enables the investigation of how more realistic defected environments
affect adsorption energetics, charge redistribution, and electronic properties at the hybrid
interface. Among the nitrogen mustards (HN1-HN3), the smallest HN2 molecule was selected
as the target system for computational convenience. Indeed, as discussed in Appendix 4, HN2
shares similar IR and UV-vis spectral features with the other azoyprites, suggesting that its
adsorption behavior can be considered representative of this class of CWAs.

4.2.2.1 Adsorption on the Regular ZnO(1010)Surface

The adsorption of both HN2 and DPGME molecules was first investigated on a regular
stoichiometric ZnO(1010) surface. This non-polar surface model, as previously described,
exposes both Zn and O atoms in the outermost atomic layers, thereby providing different
potential interaction sites for analyte molecules.

The fully optimized structures of the resulting adsorption complexes are shown in Figure 71,
highlighting the preferred adsorption geometries and coordination patterns of each species. In
the case of DPGME, the folded isomer was selected due to its higher stability (see Section
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4.2.1). Following the same computational protocol adopted in Paragraph 4.1, both total
adsorption energies (E.qs) and interaction energies (Ein) were evaluated. The adsorption energy
was computed according to the expression:

Eads = Esurf/imol — (Esurf + Emol) (Eqn.4)

Where Egumol = total energy of the surface with the adsorbed molecule; Eq,r = energy of the
clean surface; Eno = energy of the isolated molecule.

The interaction energies were instead computed using the same formal expression, but in this
case the energy terms (Esurfrmol, Esurf, and Enol) correspond to the single-point energies of the
individual DPGME, HN2 and ZnO(1010) structures, extracted from the minimum energy

structure of the combined systems without performing further geometry optimization (see also
Section 4.1.1).

Figure 71: DFT-optimized adsorption geometries of DPGME, shown in side view (a) and top view (b), and of HN2,
shown in side view (c) and top view (d), on the regular ZnO(1010) surface. Green labels indicate the Zn-O and Zn-Cl
coordination distances between the hydroxyl oxygen of the simulant or the chlorine atoms of the vesicant and the
respective Zn surface atoms, with the corresponding bond lengths reported. The intramolecular hydrogen bond in
DPGME is highlighted in blue. Atom color code: Zn = grey; O = red; Cl = light green; C = black; H = white.
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As shown in Figure 71, both analytes undergo a physisorption process on the regular
ZnO(1010) surface. In the case of DPGME (Figure 71a), the hydroxyl oxygen atom interacts
with a surface Zn site, forming a coordination bond characterized by a distance of 2.09 A and
an adsorption energy of -33.31 kcal mol' (Table 21, Sub-section 4.2.2.2), while the
intramolecular hydrogen bond involving the ether oxygen is preserved. Ei, amounts to -34.38
kcal mol™!. By contrast, the adsorption of the vesicant HN2 involves its two terminal chlorine
atoms, which possess non-bonding electron pairs, coordinating to two top layer t Zn atoms.
This interaction is associated with an average Zn-Cl bond length of 2.51 A, an adsorption
energy of -31.47 kcal mol! and Ej = -35.63 kcal mol!. (Table 21). These preferential
interaction sites are consistent with the molecular electrostatic potential (MEP) maps of the
two organic species (see Section A.4.2.2), which indicated high electron density on the
hydroxyl oxygen of DPGME (Figure A.40) and on the chlorine atoms of HN2 (Figure A.43).
Accordingly, these electronegative sites interact with the surface Zn cations, which act as
Lewis acids capable of accepting electron pairs 6%, Based on the current findings, several
key similarities can be identified between the vesicant agent HN2 and its proposed simulant
DPGME:

i) Both species interact with the ZnO(1010) surface by positioning their electron-rich groups,
namely, the hydroxyl oxygen atom in DPGME and the terminal chlorine atoms in HN2, in
close proximity to surface Zn sites. This leads to comparable coordination geometries, with
Zn-O and Zn-Cl bond lengths of approximately 2.1 A and 2.5 A, respectively.

i1) The adsorption energies of the two systems are similar (see Table 21). The difference
between the adsorption energies of DPGME + ZnO and HN2 + ZnO is approximately
1.84 kcal mol!. This result is consistent with previous theoretical studies conducted on the
same ZnO surface involving the nerve agent Sarin and its simulant dimethyl
methylphosphonate (DMMP), for which adsorption energy differences within a range of
approximately 3 kcal mol! were reported [¢7!, despite the stronger chemical resemblance
between Sarin and DMMP.

i11) Finally, the computed interaction energies (Table 21), which provide a more direct estimate
of the intrinsic strength of surface-molecule interactions, are even more closely aligned, with
a difference of only 1.25 kcal mol™! between the two systems.

Overall, these findings suggest that, from an energetic standpoint, the vesicant and its simulant
exhibit comparable affinities towards the ZnO(1010) surface.

4.2.2.2 Adsorption on O-Enriched ZnO(1010) Surfaces

Since the experimental addition of either atomic or molecular oxygen to metal oxide
semiconductor (MOX) surfaces has been shown to enhance the detection of CWAs 81 the
interaction of DPGME and HN2 with oxygen-enriched ZnO surfaces was also investigated.
The presence of excess surface oxygen atoms may alter the conductivity of the oxide by
modulating the carrier density near the surface 84361 Under operating conditions typically
ranging from 150 to 400 °C, the ZnO surface can host a variety of oxygen species, including
molecular O,, ionized superoxide (O;’), and atomic oxygen (O). While O, and O, are
predominant at lower temperatures, atomic oxygen becomes the dominant adsorbate at higher
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temperatures (above ca. 400 °C), where it is primarily present in dissociated chemisorbed form
165661 These adsorbed species act as electron acceptors, creating surface depletion layers that
modulate the semiconductor’s response upon exposure to reducing gases. The ability of MOX
surfaces to incorporate and exchange such oxygen species is therefore considered a key feature
for selective analyte recognition [*863:%1 To simulate these experimentally relevant conditions,
two oxygen-enriched ZnO(1010) slab models were constructed: one incorporating a single
additional oxygen atom, and one including a pre-adsorbed O, molecule in a dissociated form.
In the latter case, two atomic oxygen species were directly placed on the surface to mimic
dissociative O, adsorption. These modified surfaces may allow the evaluation of how
increased oxygen coverage influences both the adsorption behavior and the interaction
strength of HN2 and DPGME, providing further insight into the role of oxidizing surface
conditions in chemoresistive sensing.

To illustrate the structural models employed in this Sub-section, Figure 72 shows the two
oxygen-enriched ZnO(1010) surfaces used as substrates for adsorption calculations. The first
model (Figure 72a) incorporates a single additional oxygen atom, while the second (Figure
72b) represents the dissociative O, adsorption scenario, in which two atomic oxygen species
are pre-adsorbed on the surface.

Figure 72: Top-view of the optimized ZnO(1010) surface models used for oxygen-enriched conditions: (a) surface
with one additional oxygen atom; (b) surface with two oxygen atoms mimicking dissociative O adsorption. The added
oxygen species are depicted in green and cyan, while Zn and lattice O atoms are colored gray and red, respectively.

Following the construction of these oxidized Zn(1010) surface models, the adsorption of both
DPGME and HN2 was investigated on each substrate to determine their preferred binding
configurations. As in the case of the regular ZnO(1010) surface, both total adsorption energies
(Eags) and interaction energies (Ein) were computed. The fully optimized structures of the
resulting adsorption complexes are displayed in Figure 73, while the corresponding E,qs and
Eint values are reported in Table 21. As can be seen, both the total adsorption energies and
interaction energies calculated for DPGME and HN2 on oxygen-enriched
ZnO(1010) surfaces are significantly less negative than those obtained for the corresponding
regular surface complexes. This trend indicates a notable decrease in the adsorption affinity

upon increasing surface oxygen coverage.
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Figure 73: DFT-optimized adsorption geometries of (a) DPGME on ZnO(1010) + O, (b) HN2 on ZnO(1010) + O, (c)
DPGME on ZnO(1010) + O, (d) HN2 on ZnO(1010) ) + O,. Green labels indicate the Zn-O and Zn-Cl coordination
distances between the hydroxyl oxygen of the simulant or the chlorine atoms of the vesicant and the respective Zn
surface atoms, with the corresponding bond lengths reported. The intramolecular hydrogen bond in DPGME is
highlighted in blue. Atoms color code: Zn = grey; Osurt = red; Oadatoms = dark green and cyan; C1 = light green; C = black;

H = white.

Table 21: Computed total adsorption energies (Eads) and interaction energies (Ein)) for DPGME and HN2 adsorbed on
regular (Figure 71) and oxygen-enriched (Figure 73) ZnO(1010)) surfaces. Oxygen-enriched models include either an

additional O atom or a dissociated adsorbed O, molecule.

System Eads (kcal/mol) Eint (kcal/mol)
DPGME + ZnO -33.31 -34.14
DPGME + ZnO + O -19.93 -24.62
DPGME + ZnO + O, -27.22 -30.77
HN2 + ZnO -31.47 -35.63
HN2 +ZnO + O -23.77 -27.93
HN2 + ZnO + O» -21.86 -22.21
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The reduction in adsorption affinity is further supported by the optimized geometries
(Figure 73), which reveal larger average distances between the adsorbed molecules and the
surface, exceeding those observed on the regular ZnO(1010) substrate (Figure 71; for
DPGME: Zn-O = 2.10 A, for HN2: Zn-Cl = 2.51 A). In particular, average distances between
the key interacting atoms and the surface Zn sites were found to be approximately Zn-O =
2.22 A for DPGME and Zn-Cl =2.83 A for HN2 on the ZnO + O model, and Zn-O =2.14 A
and Zn-Cl = 2.97 A respectively on the ZnO + O, surface. These structural features are
consistent with the computed energies and confirm the weakening of the surface-analyte
interactions under oxidizing conditions. This attenuated interaction can be rationalized in light
of previous investigations on ZnO-based systems, where pre-adsorbed water molecules were
shown to hinder the adsorption of Sarin and its simulant dimethyl methylphosphonate
(DMMP) by introducing steric hindrance at the preferred adsorption sites 7). A similar
adsorption-limiting effect may be proposed in the present case, whereby co-adsorbed oxygen
species, either atomic or molecular, reduce the accessibility of Lewis acidic Zn sites, thus
limiting the ability of the analyte to establish direct physisorption. In this light, co-adsorbed
species such as O, or H,O on the ZnO surface may weaken direct physisorption of intact
organic molecules.

Despite the observed reduction in adsorption strength, the energetic differences between
DPGME and HN2 adsorption remain rather small across all surface models. Specifically, AEaqs
and AE;, values between the two analytes are limited to 3.84 and 3.31 kcal mol™!, respectively,
on the ZnO + O surface, and 5.36 and 8.56 kcal mol! on the ZnO + O, surface. These findings
might provide further support to the ability of DPGME to replicate the adsorption behavior of
the vesicant HN2, even under oxidizing surface conditions, thereby reinforcing its suitability
as a simulant molecule.

In summary, the structural and energetic data presented in this Section 4.2.2 indicate that both
DPGME and HN2 are capable of physisorbing on ZnO(1010) surfaces, irrespective of the
presence of additional surface oxygen species. This theoretical analysis has enabled the
establishment of physicochemical correlations between the two analytes, suggesting that
DPGME represents a suitable simulant for HN2 beyond the experimental evidence available
to date. These findings might contribute to the rational design of functional nanomaterials for
gas sensing applications, where the identification of safe and reliable molecular mimics plays
a critical role. The next Section will focus on the electronic structure of the adsorbed systems,
through charge density difference (CDD) maps, Bader charge analysis, and density of states
(DOS). These results will provide further insight into the analyte-surface interaction.

4.2.3 Electronic Structure Modulation and Electron Transfer upon Adsorption
of DPGME and HN2 on Zn0O(1010)

As anticipated at the end of the previous Section, a more detailed understanding of the
electronic interactions between the analytes (DPGME and HN2) and the ZnO(1010) surfaces
can be obtained through Charge Density Difference (CDD) analysis, already introduced in
Paragraph 4.1.2. Here, the CDD maps enable a direct visualization of how electron density is
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redistributed at the interface upon analyte adsorption, offering spatially resolved insight into
the nature of surface interactions. Figure A.48 displays the CDD isosurfaces computed for
DPGME and HN2 adsorbed on ZnO(1010) surfaces under different conditions, including
both regular and oxygen-enriched models. The comparison among the three surface models,
regular, with a single O adatom, and with a co-adsorbed dissociated O, molecule, reveals how
the presence of additional oxygen species slightly alters the spatial distribution of charge
density, particularly in the proximity of the adsorption site.

Notably, the electron accumulation is consistently localized along the Zn-O (for DPGME) and
Zn-Cl (for HN2) bonds, indicating that the electron density is redistributed from the adsorbed
molecules toward the Zn surface atoms. This spatial pattern suggests the establishment of non-
covalent interactions with partial electron transfer character. Although the interactions remain
non-covalent in nature, the electron redistribution observed in the CDD maps supports a donor-
acceptor interaction mechanism, in which electron density is transferred from the adsorbed
molecule toward the oxide surface. This qualitative picture aligns with the Bader charge
analysis discussed below, reinforcing the interpretation of both DPGME and HN2 as electron
donors toward ZnO. Taken together, the CDD results provide a complementary and intuitive
representation of the local electronic effects associated with physisorption, offering molecular-
level insight into the interfacial behavior of these systems.

To complement the qualitative insights provided by the CDD maps, a quantitative assessment
of electron transfer was carried out through Bader charge analysis for all systems under
investigation (see Section A.4.1.3 for theoretical details). The resulting charge values are
summarized in Table A.32. In all cases, both analytes, DPGME and HN2, act as electron
donors toward the ZnO(1010) surfaces, in agreement with the donor-acceptor interaction
pattern deducted from the CDD analysis.

For DPGME, the computed electron transfer amounts to +0.09e on the regular ZnO surface,
slightly decreasing upon surface enrichment with an oxygen adatom (+0.06¢) or an adsorbed
O, molecule (+0.07¢). A similar trend is observed for HN2, which donates a larger amount of
electronic charge overall: +0.16e on regular ZnO, +0.14e on ZnO + O, and +0.08¢ on ZnO +
O,. These values confirm that HN2 establishes a stronger electronic interaction with the
substrate compared to DPGME for all the considered surface conditions. The observed
reduction in transferred electrons on oxygen-enriched surfaces suggests that the presence of
pre-adsorbed oxygen species either screens the active Zn sites or competes directly for
interaction with the incoming analyte. This effect weakens the interaction between the
molecules and the surface, thereby reducing the extent of electron transfer. Notably, on the O,-
adsorbed surface, DPGME and HN2 donate nearly identical amounts of charge, indicating a
convergence of their adsorption behavior under oxidizing conditions. Overall, these results
reinforce the interpretation of both analytes as electron donors and highlight the sensitivity of
electron transfer processes to the local surface composition. Moreover, Bader charge analysis
supports the conclusion that DPGME closely mimics the electronic behavior of HN2,
providing further theoretical validation of its use as a simulant for this type of CWAs.

To gain further insight into how the ZnO electronic structure responds to molecular adsorption,
a detailed analysis of the Density of States (DOS) was carried out for all systems under
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investigation. In this context, the electronic structure type (p or n) of each model was
determined from the computed DOS by comparing the energies of the VB and CB band edges
with the Fermi level, conventionally set to 0 [*7% This approach provides complementary
evidence to the CDD and Bader charge analyses, offering a possible link between electronic
properties and the potential sensing capabilities of ZnO nanostructures in the context of the
development of chemiresistive nanosensor.
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Figure 74: Density of states (DOS) computed for: a) regular ZnO(1010) slab (ZnO); b) mono-oxygenated ZnO(1010)
slab (ZnO + O); ¢) di-oxygenated ZnO(1010) slab (ZnO + O); d) DPGME on ZnO; ¢) DPGME on ZnO + O; f)
DPGME on ZnO + O»; g) HN2 on ZnO; h) HN2 on ZnO + O; i) HN2 on ZnO + O,. The dashed vertical line indicates
the Fermi Level, conventionally set to 0.
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Table 22: Band gap energy values (Eg, in eV) computed for regular and O-enriched ZnO(1010) slab models, as well as
after adsorption of DPGME and HN2.

System Eg (eV) Type
Zn0O 2.28 n
ZnO+ 0 2.12 p
Zn0 + O, 1.92 p
DPGME + ZnO 2.14 n
DPGME + ZnO + O 2.10 n
DPGME + ZnO + O, 1.90 n
HN2 + ZnO 2.16 n
HN2 +ZnO + O 2.16 n
HN2 + ZnO + O, 1.98 n

The DOS plots are presented in Figure 74, and the corresponding band gap energies are
collected in Table 22. As expected, these data confirm the n-type character of the
stoichiometric ZnO(1010) surface (Figure 74a, Table 22). Notably, the introduction of an
oxygen adatom induces a conversion to p-type behavior (Figure 74b, Table 22), which
becomes more evident with increasing surface oxygen concentration (Figure 74c, Table 22).
This finding is in line with experimental observations reporting that p-type ZnO samples
exhibit higher oxygen to zinc ratios compared to their n-type counterparts 7731, Interestingly,
the electronic band gap, calculated as 2.28 eV for the regular ZnO(1010) surface, undergoes a
progressive reduction upon surface oxygenation, decreasing to 2.12 eV for the mono-
oxygenated model and further to 1.92 eV for the di-oxygenated system. This result suggests
that the oxygen adatoms might have a detectable effect on the electronic structure of the
sensing material.

The impact of HN2 and its simulant DPGME on the electronic structure of regular and oxygen-
enriched ZnO (1010) surfaces is now considered. For the regular slab model, adsorption of
DPGME (Figure 74d) and HN2 (Figure 74g) does not result in substantial modifications of the
DOS, but leads to a moderate reduction of the band gap (Eg), with comparable values observed
for both molecules (Table 22). The effect of analyte adsorption on the electronic structure of
oxygen-enriched ZnO (1010) surfaces is shown in Figure 74e,f,h,i, which report the DOS after
interaction with DPGME or HN2 molecules. In all cases, a marked shift of the Fermi level
towards the bottom of the CB is observed, indicating a transition from p-type to n-type
character. This p-n inversion could be of particular interest in the context of chemiresistive gas
sensing 717274 where variations in carrier concentration directly influence the sensor response
[75.76] " These results may thus support the hypothesis of a potential “on-off” recognition
mechanism, in which exposure to DPGME or HN2 induces a switch in the electronic response
of the sensor, leading to a measurable change in resistance [7!],

Moreover, the DOS analysis provides additional support for the role of DPGME as a reliable
simulant for HN2. Despite their different chemical structures, the two analytes induce similar
electronic responses upon adsorption, both in terms of electron transfer (as previously shown)
and in terms of DOS modulation. This strengthens the physicochemical foundation for using
DPGME in the design and testing of sensor materials aimed at detecting nitrogen mustard-
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type chemical warfare agents. From a broader perspective, these findings highlight the
importance of gathering atomistic-level insight into the organic-inorganic interfaces. By
suggesting that molecular adsorption could modulate the electronic character of ZnO surface,
these results might contribute to the rational design of gas-sensing nanomaterials, as the one
shown in Ref, [36-38.60]

4.2.4 Concluding Remarks

Paragraph 4.2 has presented a theoretical investigation aimed at elucidating the molecular-
level interactions between nitrogen mustard agents and ZnO-based chemiresistive sensors. In
particular, the study focused on HN2 as representative vesicant compound and on DPGME as
their widely used, but empirically selected, simulant. The initial gas-phase analysis established
the most stable conformers for all species. Molecular electrostatic potential (MEP) maps
offered insights into the spatial distribution of electron density, highlighting key nucleophilic
regions that correlate with preferred adsorption sites on ZnO surfaces. Despite their marked
structural differences, DPGME and the nitrogen mustards displayed similar HOMO-LUMO
energy gaps, thus supporting a molecular-level rationale for the simulant’s use in sensing
applications. Subsequent adsorption studies demonstrated that both HN2 and DPGME
undergo physisorption on regular and oxygen-enriched ZnO(1010)surfaces. In all cases, the
adsorbates interact through their electron-rich functional groups (Cl atoms for HN2, hydroxyl
oxygen for DPGME), coordinating with surface Zn cations. Adsorption and interaction
energies, as well as structural parameters, were found to be comparable between the two
molecules across all surface models, reinforcing the role of DPGME as a faithful simulant
under both stoichiometric and oxidized conditions. Electronic structure analyses further
supported these findings. Charge Density Difference (CDD) maps revealed consistent donor-
acceptor interactions at the interface, with partial electron transfer from the analytes toward
the ZnO surface. Bader charge analysis quantified this electron donation, confirming a slightly
higher electron transfer for HN2 but a nearly convergent behavior under oxygen-rich
conditions. Finally, Density of States (DOS) profiles show in the oxygen-enriched surfaces a
transition from p-type to n-type character upon adsorption, which might play a role in the
sensing mechanism. Taken together, the results of this Paragraph may represent a starting point
for improving our atomistic-level understanding of the interaction of nitrogen mustards and
their simulants with ZnO-based chemiresitive sensors. The demonstrated electronic and
energetic similarities between DPGME and HN2 validate the former as a reliable model
molecule for experimental and computational studies.
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4.3 Chapter 4 - Conclusions

This Chapter presented a theoretical investigation into molecular adsorption at oxide surfaces.
Two complementary case studies were considered to address different aspects of this
phenomenon: the first focused on the covalent binding of a macrocyclic organic host
(Pillar[6]arene) onto ITO and In,O; surfaces, while the second examined the physisorption of
a nitrogen mustard vesicant (the azoyprite HN2) and its simulant (DPGME) on ZnO(1010).

In the case of Pillar[6]arene (P[6]A), a prototypical macrocyclic host with multiple hydroxyl
groups in its structure, periodic DFT calculations revealed that the most probable process for
surface adsorption involves the elimination of water molecules, leading to the formation of
robust covalent bonds between some carbon atoms of the molecule and surface oxygen atoms.
The resulting hybrid structures were shown to preserve both geometrical integrity and the
molecular recognition properties typical of the host species, namely P[6]A. These findings
highlight the potential of surface-anchored systems for applications in molecular sensing and
(photo)electrocatalysis, where both stability and functionality are required under operative
conditions.

Conversely, the ZnO-based case study focused on weaker, non-covalent adsorption
phenomena. A computational approach, including periodic DFT geometry optimizations, and
electronic properties analysis (CDD, Bader Charge and DOS), was employed to understand
the interaction of nitrogen mustard CWAs with the ZnO(1010) surface. In this context, HN2,
chosen as representative of the three azoyprites, and DPGME were shown to interact with
ZnO(1010) via coordination to exposed Zn atoms, without significant structural perturbation
of the surface. Charge density difference (CDD) and Bader charge analyses revealed electron
transfer from the adsorbates to the oxide, modulating the surface electronic structure in a way
that might enable detection of volatile analytes. In this regard, DOS calculations indicated a
transition in surface electronic character (from p-type to n-type) suggesting a potential sensing
mechanism based on modulation of the metal oxide’s electronic structure. The similarity both
in energetic and electronic properties between DPGME and HN2 upon adsorption on
ZnO(1010) may support from a first-principles standpoint the use of DPGME as a simulant
for nitrogen mustard CWAs.
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— Appendix Chapter 4 —

Supplementary Information Paragraph 4.1

A.4.1.1 Computational details

All density functional theory (DFT) calculations were performed the CP2K code U7, within
the Gaussian and plane-wave (GPW) formalism. In particular, the Perdew-Burke-Ernzerhof
(PBE) approximation "8 was adopted for exchange and correlation functionals, combined with
the non-local rVV10 correction ! to account for dispersion interaction. Based on the partial
density of states of the In,O; bulk structure, for all the atoms the TZV2P-MOLOPT-SR-GTH
basis set B (In: 13, O: 6, C: 4, H: 1 valence electrons) was selected and the Goedecker-Teter-
Hutter (GTH) pseudopotentials ! were employed for the description of the core electrons.
The plane-wave basis set was truncated using an energy cutoff of 600 Ry. All calculations
found convergence at an accuracy of 10 Hartree. The In,O; slab was derived from an
optimized bulk structure (space group: Ia-3 [206], computed lattice parameter: 10.41 A;
Literature: 10.18 A 321) using the Atomic Simulation Environment (ASE) 3. Since the (111)
facet is the thermodynamically most stable for indium oxide %, an 8 x 8 x 4 supercell of In,O3
(111) was modeled, with the bottom two atomic layers kept fixed during structural
optimization. The corresponding ITO surface was instead constructed by partial substitution
of indium atoms with tin ones to achieve a ~9 wt% Sn doping level, consistent with previous
computational studies [#>3¢], Despite the possible emergence of a metastable rhombohedral (rh)
phase at this doping level, all calculations were performed on the ITO (111) slab model with a
body-centred cubic (BCC) crystal structure, which is more thermodynamically stable 7. To
minimize inter-slab interactions due to periodic boundary conditions, a vacuum layer
exceeding 15 A was introduced perpendicular to the surface. In adsorption models (molecule
+ slab), the vacuum was adjusted to fully accommodate the height of the adsorbate. Adsorption
energies (Eags) were computed from the fully optimized geometries of the considered systems,
according to the formula (Eqn. A1):

Eads = Esurf/mol — (Esurf + Emol) (Eqn. A1)

Where Eguimol = total energy of the surface with the adsorbed molecule; Eq,r = energy of the
clean surface; E, = energy of the isolated molecule.

Atomic charges reported in Table A.25 were calculated through the Bader approach ¥ using
the same level of theory adopted in the geometry optimizations. The infrared (IR) spectrum of
the optimized P[6]A structure (Figure A.32) was simulated by performing vibrational
frequency analysis at the same theoretical level. All computed frequencies were positive. The
IR spectrum was broadened with a Gaussian function of 2 cm™. To ensure accuracy of low-
frequency modes, a stringent wavefunction convergence criterion of 10 was adopted for the
vibrational analysis.
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A.4.1.2 Isolated Pillar[6]arene: Structural and Spectroscopic Features

Before investigating the adsorption of Pillar[6]arene (P[6]A) on metal oxide surfaces (namely,
In,O3 and ITO), a detailed characterization of the isolated molecule, focusing on its geometry,
intramolecular interactions, and vibrational properties, was essential to provide a reference for
the structural and spectroscopic changes expected upon surface binding.

The optimized molecular structure of P[6]A is shown in Figure A.32. The molecule consists
of six p-substituted benzene rings connected by methylene bridges, forming a well-defined
cylindrical macrocycle with twelve hydroxyl (-OH) groups located at the periphery. These -
OH moieties participate in multiple intramolecular hydrogen bonds, alternating above and
below the plane of the macrocycle, which contribute to the structural rigidity of the system.
The calculated internal cavity diameter of P[6]A is approximately 8.0 A, which is significantly
larger than the value reported in the literature (6.7 A) 8%, This discrepancy may be attributed
to the known limitations of generalized gradient approximation (GGA) functionals, such as
PBE, in accurately describing hydrogen bonding interactions . In particular, the incorrect
estimation of hydrogen bond distances could lead to an expanded macrocyclic ring geometry,
and thus to an overestimation of the cavity size. Figure A.32 also reports the simulated infrared
(IR) spectrum of the isolated P[6]A molecule, and Table A.21 provides the assignment of the
main vibrational modes to the corresponding absorption bands. A comparison with available
experimental IR data % shows satisfactory agreement in terms of both peak positions and
intensities, thereby validating the theoretical model and supporting the vibrational band
assignment.
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Figure A.32: Computed IR vibrational spectrum of Pillar[6]arene (top right). Atoms color code: C = grey, O =red, H
= white. Dashed lines represent H-bonds.
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Table A.21: Computed wavenumbers (¥, cm™) and corresponding band assignments for the IR spectrum of isolated
Pillar[6]arene shown in Figure A.32.

U (cm™) Intensity Assignment
V1 270-280 0.330 O-H In-Plane-Bending (Oxygen of H-bond)
V2 417-421 0.105 Benzene ring Out-of-Plane-Bending
V3 632-644 0.620 O-H In-Plane-Bending (Hydrogen of H-bond)
V4 768-776 0.170 Benzene ring's C-H Asymmetrical Out-of-Plane Bending
V5 927 0.114 CH, Rocking
Vé 1071-1079 0.130 Stretching of CsHs-OH and C¢H4-CH, bonds
V7 1160-1214 0.900 C-H and O-H (no H of H-bond) In-Plane-Bending
V8 1247 0.310 C-H and O-H (no H of H-bond) In-Plane-Bending
V9 1331-1332 0.700 All O-H In-Plane-Bending
V10 1370 0.750 O-H (H bond) In-Plane-Bending and benzene C=C stretching
V11 1460 0.470 O-H (H bond) In-Plane-Bending and CH, Scissoring
V12 1500 0.730 Benzene C-H In-Plane-Bending
V13 2967 0.130 CH; Symmetrical and Asymmetrical Stretching
V14 3064-3100 0.060 C-H Symmetrical Stretching
V15 3407-3422 4.200 Stretching O-H (H-bond)
V16 3706-3708 0.350 Stretching O-H (no H-bond)

A.4.1.3 Additional Information on the Adsorption Process of P[6]A on In203 and
ITO Surfaces

This Section collects additional computational data and structural models supporting the
discussion on the adsorption of Pillar[6]arene (P[6]A) on In,O3 and ITO surfaces presented in
Section 4.1.2 of the main text. It includes a comparative analysis of adsorption energies
associated with proton transfer and water elimination processes, alongside detailed structural
representations of the resulting systems. Charge Density Difference (CDD) maps and Bader
charge analyses are also provided to elucidate the electronic changes occurring at the interface
between P[6]A and the oxide surfaces.

Table A.22: Total adsorption energy values (in eV) computed for the proton transfer (PT) process in the systems P[6]A
+ In20;3 and P[6]A + ITO, involving different hydroxyl groups of the macrocyclic ring (the ones closest to the surfaces).

P[6]A + In;0; P[6]A +ITO
Hydrogens under PT Eads (eV)
None -1.18 -3.45
Y| -1.27 -3.08
B -1.62 -3.30
C -1.71 -3.47
A+B+C -1.41 -2.51
HA -0.94 -2.41
HB -1.10 -2.56
HC -1.07 -1.80
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Figure A.33: Graphical representation of the DFT-optimized structures of the P[6]A + In,O3 and P[6]A + ITO systems
after the elimination of 2 (a, b), 4 (¢, d), and 6 (e, f) water molecules. Panels a, c, e refer to In,O3-based systems; panels
b, d, fto ITO-based systems. Atoms color code: In = purple; Sn = dark purple; C = dark grey; O =red; H = white.
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Table A.23: Total adsorption energy (Eags) values and relative energy differences (AE) for the isomers of the P[6]A -
In,O3 - 2H,0 system. The AE values were computed with respect to the most stable configuration, in which the P[6]A
molecule gives its C and HC hydrogen atoms to form two water molecules. H atoms labeled as in Figure 65.

Hydrogens A+ HA B+HB C+HC A+B B+C A+C
Euis (eV) ‘ -1.48 -2.06 -2.29 -1.60 -2.03 -1.90
AE (eV) ‘ 0.81 0.23 0 0.68 0.26 0.39

Table A.24: Total adsorption energy (E.ds) values and relative energy differences (AE) for the isomers of the P[6]A -
ITO - 2H,0 system. The AE values were computed with respect to the most stable configuration, in which the P[6]A
molecule donates its C and HC hydrogen atoms (labels as in Figure 66) to form two water molecules. Isomers in which
the macrocyclic ring anchors to the ITO surface via tin-coordinated oxygen atoms are generally more stable than those
involving In-O sites.

Hydrogens In: Sn: In: Sn: In: Sn:
A+ HA A+ HA B+ HB B+ HB C+HC C+HC
Euis (eV) ‘ -0.36 -1.07 -0.66 -2.68 -0.56 -2.76
AE (eV) ‘ 2.40 1.69 2.10 0.07 2.20 0

CDD and Bader Charge Analyses

Charge Density Difference (CDD) analysis allows for the visualization of electron
redistribution upon the adsorption of a molecular system onto a surface. By computing the
difference between the total electron density of the combined system and the sum of the
electron densities of the isolated components (each evaluated at the same geometry), CDD
highlights regions of electron accumulation and depletion. This enables a direct spatial
representation of chemical bonding and non-covalent interactions such as hydrogen bonds and
donor-acceptor effects, underlying its use in the study of organic-inorganic interfaces, making
it a powerful tool for this kind of systems 44647 Bader charge analysis, on the other hand,
quantitatively estimates the electron population associated with each atom, based on the
topological partitioning of the total electron density p(r) into atomic basins defined by zero-
flux surfaces in the gradient of p(r) “**1. The charge of each atom is then computed by
subtracting the integrated electron density within its basin from the nuclear charge, thus
providing a physically grounded measure of charge transfer. This method (already employed
in Chapter 2 to investigate gas-phase fragmentation processes) has become a standard
approach for the analysis of donor-acceptor interactions, covalency, and electronic polarization
in surface adsorption phenomena #>%1, In this work, these two techniques were applied to the
P[6]A + InyO3 and P[6]A + ITO systems, in order to confirm the structural and energetic trends
discussed in the main text, and to offer deeper insight into the electronic nature of the
anchoring process.
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Figure A.34: Graphical representation of the charge density difference (CDD) for the systems: a) P[6]A + In,O3; b)
P[6]A +ITO; c) P[6]A + In,Os3 -2H,0; d) P[6]A + ITO -2H,0; e) P[6]A + In 03 -6H,0; f) P[6]A + ITO -6H»0 systems.
All CDD were computed using an isosurface level of 0.0056 a.u.’. Regions of electron depletion are shown in blue,
whereas regions of electron accumulation are shown in yellow. Atoms color code: In = purple; Sn = dark purple; C =
grey; O =red; H = white.
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Table A.25: Average Bader charges computed for the In,O3; and ITO surfaces and for the P[6]A molecule before and
after adsorption and subsequent water elimination. The labels Ot and Oying refer to the surface oxygen atoms and the
Pillar[6]arene oxygen atoms, respectively. When water molecules are eliminated, Oring atoms replace Oy sites at the
interface. The table reports the evolution of atomic charges following the addition of P[6]A to the oxide surfaces (and
vice versa) and as a function of increasing water elimination.

In;03 Surf, | +P[6]4 | +P[6]JA-2H;0 | +P[6]A—4H:0 | + P[6]A—6H,0
ATOM
Osurf -1.165 -1.177 -1.173 -1.177 -1.171
In +1.770 +1.767 +1.760 +1.749 +1.635
P[6]A + In203 + In203 - 2H20 + In203 - 4H20 + In203 — 6H20
ATOM
Oring -1.576 -1.592 -1.555 -1.478 -1.466
H +0.776 +0.689 +0.749 +0.649 /
C +0.758 +0.871 +0.750 +0.773 +0.800
ITO Surf. + P[6]A + P[6]A - 2H20 + P[6]A — 4H20 + P[6]A — 6H20
ATOM
Osurf -1.162 -1.171 -1.174 -1.177 -1.171
In +1.746 +1.760 +1.753 +1.749 +1.653
Sn +2.096 +2.097 +1.981 +1.859 +1.849
P[6]A +ITO +1TO - 2H20 +1TO - 4H20 +1TO - 6H20
ATOM
Oring -1.576 -1.612 -1.602 -1.456 -1.459
H +0.776 +0.665 +0.649 +0.684 /
C +0.758 +0.669 +0.773 +0.708 +0.766

The surface oxygen atoms are labeled as Og,s, While the oxygen atoms of the Pillar[6]arene
ring are labeled as Oring, €ven when the latter replace Og,r during water elimination. The table
should be read from left to right and shows how the atomic charges evolve upon P[6]A
adsorption and with increasing number of eliminated water molecules (n = 2, 4, 6).

A.4.1.4 Hypothesized H>0-Elimination Pathway on In203 / ITO Surfaces

This Section complements the discussion in the main text (Section 4.1.3) by reporting the
optimized geometries of the key intermediates and final products involved in the proposed
covalent anchoring pathway of Pillar[6]arene (P[6]A) on In,O3; and ITO surfaces via water
elimination. The simplified reaction scheme consists of three elementary steps:

(1) Hydrogenation (protonation) of surface O atoms;
(11) Physisorption of the P[6]A on the surface;
(111) Adsorption of P[6]A by elimination of two H,O molecules.

This strategy provides a conceptual representation to understand the energetic trends of the
adsorption process, without explicitly addressing transition states. Furthermore, the geometries
provided herein (Figures A.35 and A.36) offer a comparative visualization of the structural
evolution on both oxide surfaces.
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Figure A.35: Graphical representation of the proposed reaction pathway for the adsorption of Pillar[6]arene onto the
In,O3 surface via elimination of water molecules. The three steps include: (1) hydrogenation (protonation) of surface
oxygen atoms; (2) physisorption of the macrocycle; (3) covalent anchoring through water elimination. Atoms color
code: In = purple; Sn = dark purple; C = grey; O = red; H = white.
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Figure A.36: Graphical representation of the proposed reaction pathway for the adsorption of Pillar[6]arene onto the
ITO surface via elimination of water molecules. The three stages include: (1) hydrogenation (protonation) of surface
oxygen atoms; (2) physisorption of the macrocyclic molecule; (3) covalent anchoring through water elimination. Atoms
color code: In = purple; Sn = dark purple; C = grey; O =red; H = white.
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Since process (1) is crucial for the beginning of the overall reaction in both cases (see main
text), several hydrogenation (protonation) positions at the surface were evaluated, choosing
the energetically most favorable one (providing the best E,4s value). In each case, three distinct
configurations, labelled A, B, and C, were tested, corresponding to different surface oxygen
positions (see Figure A.37a for In,O3 and Figure A.37b for ITO). These configurations were
selected based on surface symmetry, local coordination environment, and accessibility for
hydrogen adsorption. The corresponding total adsorption energies (E,qs) and relative energy
differences (AE) are summarized in Table A.26. In both cases, configuration A emerged as the
most stable, with E.qs values of -2.14eV for In,Os; and -1.53eV for ITO. The other
configurations (B and C) exhibited higher adsorption energies, confirming that adsorption in
position A is thermodynamically preferred. These most stable geometries were thus selected
as the reference states for the subsequent steps in the reaction pathway.

Figure A.37: Selected positions for the hydrogenation reaction on (a) InoOs and (b) ITO surfaces. The three considered
configurations (A, B, and C) correspond to different surface oxygen sites and were evaluated to determine the most
favorable adsorption geometry for Ha. Colored circles indicate the specific positions tested, as reported in Table A.26.
Atoms color code: In = purple; Sn = dark purple; C = grey; O =red; H = white.

Table A.26: Total adsorption energy (Eaqs) values and relative energy differences (AE) for the isomeric configurations
resulting from the hydrogenation of In,O3 and ITO surfaces at positions A, B, and C. AE were computed with respect to
the most stable configuration (A), that was used as reference for subsequent reaction steps.

In;0; Position A Position B  Position C

Eus (eV) -2.14 -1.45 -1.35
AE (eV) 0 0.68 0.78
ITO Position A | Position B | Position C
Euis (eV) -1.53 -1.30 -0.69
AE (eV) 0 0.23 0.84
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Supplementary Information Paragraph 4.2

A.4.2.1 Computational details

The molecular structures of DPGME and HN1, HN2, HN3 were modeled by taking their
atomic coordinates from the PubChem P!l and Reaxis °? databases. A conformer search was
then performed using the Avogadro software [*! to identify the most stable geometries. All
subsequent calculations on the isolated molecules were carried out in the gas phase. Geometry
optimizations were first performed at the density functional theory (DFT) level using the
®b97XD approximation ¥ for exchange and correlation functionals in combination with the
6-311++G(2df,pd) basis set, and the Gaussian 09 code . To improve the accuracy of
structural parameters and to simulate the IR spectra, geometry optimization and frequency
analyses were further conducted at the MP2 level of theory P®! with the 6-311G(d) basis set
applied to all atoms. All optimized structures showed no imaginary harmonic frequencies, and
all reported relative energies include zero-point energy (ZPE) corrections. The electronic
excited states (120 in all cases) and optical absorption spectra of the isolated molecules were
calculated by time dependent (TD)-DFT at the CAM-B3LYPP7/6-311++G(df,pd) theory level.

The interaction between DPGME and HN2 with the ZnO surface was instead investigated by
periodic DFT calculations using the Quantum Espresso code 1. Particularly, the Perdew-
Burke-Ernzerhof (PBE) functional ! was adopted with dispersion effects accounted for via
the Grimme-D3BJ 1%l correction for dispersion. Vanderbilt ultrasoft pseudopotentials were
employed for all atoms ['°]. The plane-wave basis set was truncated at 30 Ry (240 Ry for
electron density), and a 4 < 6 x 1 mesh was adopted for the Brillouin zone sampling. The unit
cell of ZnO adopts a wurtzite-type crystal structure with hexagonal symmetry, characterized
by lattice parameters @ = b = 3.1590 A and ¢ = 5.0796 A, taken from the literature 2], The
resulting surface model consisted of 54 Zn and 54 O atoms (Zns4Os4), with an exposed surface
area of 151.3 A? and a crystallographic orientation corresponding to the (1010) facet. This
surface 1s non-polar, as it exposes both Zn and O atoms on the top and bottom layers. To
minimize inter-slab interactions, a 15 A vacuum layer was initially introduced above the
surface. This spacing was later increased to 16.9 A along the z-axis to minimize periodic image
interactions, also during the HN2 and DPGME adsorption simulations. The slab model
employed consists of three Zn-O bilayers. The final optimized simulation cell parameters were
a=155945 A, b=19.7011 A, and ¢ = 23.4740 A. During geometry optimizations, the two
bottommost layers of the slab were kept fixed, whereas all remaining atoms were allowed to
relax freely, until the forces on the nuclei reached a convergence threshold of 1.0 x 10
Rydberg-Bohr! (1.0 x 1077 Rydberg for the wavefunction convergence). To accurately
describe the electronic structure and reproduce the electrical and optical properties of the
investigated systems, the Density of States (DOS) calculations were performed using the
DFT+U approach, which introduces an effective Hubbard correction (U.s) to account for the
on-site Coulomb repulsion in localized states 194191, The Hubbard U parameters adopted in
this study were Uz, =12.0 eV and Up = 6.5 eV, for Zn and O atoms respectively, as reported in
the literature 1%, In this case, Projector augmented-wave (PAW) pseudopotentials %7 were
employed. For each system, the electronic band gap (Eg) was computed as the difference
between the conduction band (CB) and the valence band (VB) edges.
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A.4.2.2 Structural and Vibrational Characterization of DPGME and Nitrogen
Mustards (HN1, HN2, HN3) in Vacuum

This Section presents a detailed computational investigation of DPGME and nitrogen mustard
agents (HN1, HN2, HN3) in the gas phase, aimed at characterizing their intrinsic structural,
vibrational, and electronic properties prior to surface interaction. Both DFT and post-Hartree-
Fock methods were employed with the aim of increasing the robustness of the results.
Particular attention was devoted to comparing the three nitrogen mustards with the simulant
DPGME, in order to evaluate their chemical affinity and potential interchangeability under
conditions relevant to surface-based sensing applications, despite their markedly different
chemical structure. Specifically, this Section addresses the following aspects for all species
considered: (i) geometry optimization and IR spectra simulation; and (ii) analysis of the
Molecular Electrostatic Potential (MEP) maps to visualize the global electronic distribution of
each system.

A.4.2.2.1 DPGME: Structural and Spectroscopic Analysis

The molecular structure of DPGME was initially taken from online available chemical
databases P21, and subsequently optimized in the gas phase using the DFT approach
described in the previous Section. The resulting minimum energy structure corresponds to a
linear geometry, as shown in Figure A.38.
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Figure A.38: Optimized molecular structure of DPGME in its linear conformation, as obtained at the MP2/6-311G(d)
level of theory. The geometry is visually indistinguishable from that obtained using the ®wB97XD/6-311++G(2df,pd)
approach and is therefore shown here as representative of both methods. Atoms color code: C = grey; O =red; H =
white.

Particular attention was then devoted to the potential formation of an intramolecular hydrogen
bond between the hydroxyl group (O5-H6) and the ether oxygen atom (O18), given their
favorable spatial arrangement. To explore this hypothesis, a conformational search was carried
out to identify alternative low-energy structures potentially stabilized by such an interaction.
Among the conformers generated, a folded isomer, previously unreported in the literature, was
found to exhibit a distinct intramolecular H-bond, as illustrated in Figure A.39. Notably, this
folded conformer was calculated to be 3.04 kcal/mol more stable than the linear structure
(including zero-point energy correction) and is therefore expected to be the preferred isomer
under isolated conditions.
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Figure A.39: Optimized molecular structure of DPGME in its folded conformation, as obtained at the MP2/6-311G(d)
level of theory. The structure is stabilized by an intramolecular hydrogen bond (O5-H6---O18) and was found to be
energetically favored over the linear conformer. The geometry is visually indistinguishable from that obtained using the
®B97XD/6-311++G(2df,pd) approach and is therefore shown here as representative of both methods. Atoms color code:
C = grey; O =red; H = white. Dashed cyan line represents the H-bond.

To improve the accuracy of the structural description, both conformers were further optimized
using a post-Hartree-Fock method, namely second-order Moller-Plesset perturbation theory
(MP2). In agreement with the DFT findings, the MP2 results also identified the folded
conformer as the most stable structure, with an energy difference of 5.38 kcal/mol relative to
the linear geometry. The most relevant bond lengths and angles are reported in Table A.27, as
obtained from both DFT and MP2 calculations. A comparison of the geometrical parameters
achieved at the ®B97XD and MP2 levels of theory reveals only minor variations in both bond
lengths and angles. For instance, in the case of the linear DPGME conformer, the O5-H6 bond
length increases slightly from 0.958 A (#B97XD) to 0.961 A (MP2), while the C7-C4 and O3-
C4 distances change from 1.513 to 1.512 A and from 1.397 to 1.408 A, respectively. Similarly,
small deviations are observed in the bond angles: the C8-C7-C4 angle varies from 112.9° to
112.6°, O3-C4-0O5 from 112.4° to 112.6°, and C17-O18-C19 from 112.9° to 111.2° when
moving from ®B97XD to MP2. Comparable differences are also observed for the folded
conformer, confirming the consistency of the structural predictions across both computational
methods. Overall, the limited magnitude of these variations indicates that the ®wB97XD
functional provides molecular geometries close to those obtained from the more accurate,
though computationally expensive, MP2 method. This point becomes particularly relevant in
the context of periodic simulations on ZnO surfaces (see Section 4.2.4), where the use of
generalized-gradient DFT functionals such as PBE represents a practical compromise between
accuracy and computational efficiency.
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Table A.27: Selected bond lengths (in A) and bond angles (in °) for the linear and folded conformers of DPGME, as
obtained from geometry optimizations at the ®B97XD/6-311++G(2df,pd) and MP2/6-311G(d) levels of theory. Atoms
labels are consistent with those shown in Figures A.38 and A.39.

wB97XD MP2
DPGME-linear DPGME-folded | DPGME-linear DPGME-folded
Bond Distances [A] 6-311++G(2df,pd) 6-311G(d)
Ccs-C7 1.521 1.521 1.525 1.525
C7-C4 1.513 1.519 1.512 1.518
C4-05 1.406 1.396 1.410 1.403
05-H6 0.958 0.972 0.961 0.977
C4-03 1.397 1.405 1.408 1.417
03-C2 1.406 1.415 1.417 1.430
C2-Cl 1.514 1.520 1.517 1.521
cl-ci7 1.514 1.520 1.517 1.528
Cl17-018 1.403 1.415 1.412 1.426
018-C19 1.400 1.408 1.411 1.423
Bond Angles [°]
C8-C7-C4 112.9 112.5 112.6 112.2
05-C4-03 112.4 111.8 112.6 111.6
C4-03-C2 114.9 110.3 112.9 113.9
Cc2-CI-Cl17 111.7 116.2 112.0 115.4
Cl17-018-C19 112.9 114.8 111.2 114.6

Considering the good agreement observed between the geometries optimized at the DFT and
MP2 levels, the ®B97XD functional was selected to compute the molecular electrostatic
potential (MEP). While MP2 offers superior accuracy for total energies and vibrational
analyses, the DFT-derived electron density is well suited for generating reliable MEP maps,
especially when combined with an extended basis set %1% This approach enables a
qualitative assessment of the electronic distribution across the molecular surface, which is
particularly relevant for identifying potential interaction sites in view of surface adsorption
studies 1%, Using the same functional and basis set adopted for the geometry optimizations
(0B97XD/6-311++G(2df,pd)), the molecular electrostatic potential was calculated on an
electron density isosurface for the most stable DPGME conformer, namely the folded isomer
(see Figure A.39). Electrostatic potential maps provide an intuitive means of visualizing the
spatial distribution of electron density, allowing the identification of electron-rich and
electron-poor regions that may serve as potential sites for non-covalent interactions. As shown
in Figure A.40, the red-colored regions surrounding the oxygen atoms (both hydroxyl and
ether) correspond to areas of negative electrostatic potential, indicating high electron density
and thus nucleophilic character. Conversely, the green and blue regions, located around carbon
and hydrogen atoms, respectively, highlight electron-poor sites that may be prone to
nucleophilic attack.
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Figure A.40: Molecular electrostatic potential (MEP) map of the most stable DPGME conformer (folded structure,
Figure A.39), calculated at the ®B97XD/6-311++G(2df,pd) level. The MEP is projected onto an electron density
isosurface: red regions correspond to areas of high electron density (negative potential), while green and blue regions
indicate electron-poor zones (positive potential).

Notably, the MEP also covers the spatial region between the hydroxyl hydrogen and the ether
oxygen, reflecting a localized electron density accumulation that is consistent with the
formation of a strong intramolecular hydrogen bond, in agreement with the structural analysis
presented in Table A.27. This interaction likely contributes to the enhanced stability of the
folded conformer relative to the linear one. Furthermore, the MEP analysis anticipates a key
interaction that will be discussed in Sections 4.2.4: the physisorption of DPGME on the ZnO
surface is predicted to occur via the hydroxyl group, with the nucleophilic oxygen atom
directly interacting with a surface zinc atom. The observed negative electrostatic potential
surrounding the hydroxyl oxygen in the gas-phase conformation supports this hypothesis and
provides a rationale for the preferred adsorption geometry.

The infrared (IR) spectrum of DPGME was calculated at the MP2/6-311G(d) level of theory
and compared with an experimental spectrum taken from the literature ®!. While the
calculated spectrum refers to the molecule in the gas phase, the experimental one was recorded
in ethanol solution. Despite this difference, a fair agreement was observed between the two
spectra, allowing the possibility to perform a detailed band assignment based on the normal
modes, which is typically unfeasible at the experimental level. The calculated frequencies were
scaled by a factor of 0.9503, following the standard correction for harmonic approximations
used in computational methods (see Chapter 2, Section 2.1.3 for further details)!!'!!. Both the
experimental and calculated IR spectra are shown in Figure A.41, and the main spectral
features can be summarized as follows:

« In the region between 2851 and 3015 cm™ (highlighted in red), a series of bands
corresponding to C-H stretching modes are visible in both spectra.

« Between 1463 and 1280 cm™ (green), multiple twisting and wagging modes involving
C-H bonds are observed, delocalized over the entire molecular structure.
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« The intense band at approximately 1102 cm™ (brown) is attributed to C-O stretching
normal modes of the molecule ether moieties.

« The high-frequency signal at 3659 cm™ (violet, Figure A.41b) corresponds to the O-H
stretching mode of the hydroxyl group. This band is not detected experimentally due to
the overlap with ethanol solvent.
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Figure A.41: (a) Experimental IR spectrum of DPGME in ethanol solution, adapted from reference °'); (b) Simulated
IR spectrum of the folded conformer of DPGME, calculated at the MP2/6-311G(d) level of theory in the gas phase. The
vibrational frequencies in (b) were scaled by a factor of 0.9503. Colored circles highlight the main spectral regions
discussed in the text: red for C-H stretching modes, green for C-H twisting and wagging, brown for C-O stretching, and
violet for the O-H stretching vibration.

Overall, the comparison between the simulated and experimental IR spectra supports the
suitability of the adopted computational approach to describe this type of molecules.
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A.4.2.2.2 Nitrogen Mustards (HN1, HN2, HN3): Structural and Spectroscopic Analysis

Similarly to the approach adopted for DPGME, the molecules C¢H3CLLN (HN1), CsH;;CIL,N
(HN2) and C¢H2CI3N (HN3), collectively referred to as the azoyprites, were optimized in the
gas phase, starting from atomic coordinates reported in the literature P2, Geometry
optimizations were first performed using a DFT approach and subsequently refined at the MP2
level of theory. The resulting minimum energy structures of HN1, HN2, and HN3 are depicted
in Figure A.42, while the key bond lengths and angles are summarized in Tables A.28, A.29,
and A.30, respectively. A conformational search was also performed for each compound in
order to identify possible alternative low-energy structures. Nonetheless, for all three nitrogen
mustards, the most energetically favorable conformers were found to coincide with those
shown in Figure A.42.
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Figure A.42: Optimized molecular structures of (a) CsHisCIN (HN1), (b) CsH1CIN (HN2) and (¢) CsHi2CIsN (HN3),
obtained at the MP2/6-311G(d) level of theory. Since the geometries are visually indistinguishable from those obtained
using the ®B97XD/6-311++G(2df,pd) method, the MP2 structures are shown as representative of both computational
approaches. Atoms color code: Cl = green; N = blue; C = grey; O = red; H = white.
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Table A.28: Selected bond lengths (in A) and bond angles (in °) for the HN1 azoyprite, obtained from geometry
optimizations performed at the ®B97XD/6-311++G(2df,pd) and MP2/6-311G(d) levels of theory. Atom labels

correspond to those shown in Figure A.42.

oB97XD MP2
HN1 HN1

Bond Distances [A] | 6-311++G(2df,pd) 6-311G(d)
Cl18-C17 1.792 1.840
C17-H20 1.089 1.088
C17-Cl1 1.518 1.515
C1-N2 1.453 1.463
N2-C10 1.459 1.468
Cl5-C4 1.792 1.840
C4-C3 1.519 1.516
C4-H7 1.088 1.088
C10-C11 1.519 1.523
C10-H16 1.092 1.094

Bond Angles [°]

C10-N2-C3 112.9 111.3
Cl15-C4-H7 107.5 106.3
C3-N2-C10 112.9 111.3
Cl18-C17-C1 110.9 110.4
C17-C1-N2 110.1 110.8

Table A.29: Selected bond lengths (in A) and bond angles (in °) for the HN2 azoyprite, obtained from geometry
optimizations performed at the ®B97XD/6-311++G(2df,pd) and MP2/6-311G(d) levels of theory. Atom labels

correspond to those shown in Figure A.42.

oB9I7XD MP2
HN2 HN2

Bond Distances [A] | 6-311++G(2df,pd) 6-311G(d)
Cl15-C14 1.792 1.840
C14-Cl1 1.520 1.518
C1-N2 1.453 1.463
N2-C10 1.452 1.462
N2-C3 1.453 1.463
C3-C4 1.520 1.518
C4-CI5 1.792 1.840
Cl14-H16 1.087 1.087
C3-H9 1.102 1.103
C10-H13 1.090 1.091

Bond Angles [°]

C10-N2-C1 110.2 110.6
Cl15-C4-H7 107.5 105.9
C3-N2-C10 109.0 110.6
Cl115-C14-Cl1 110.9 110.3
C14-C1-N2 110.1 110.4
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Table A.30: Selected bond lengths (in A) and bond angles (in °) for the HN3 azoyprite, obtained from geometry
optimizations performed at the ®B97XD/6-311++G(2df,pd) and MP2/6-311G(d) levels of theory. Atom labels
correspond to those shown in Figure A.42.

oB97XD MP2
HN3 HN3

Bond Distances [A] | 6-311++G(2df,pd) 6-311G(d)
Cl12-C11 1.790 1.838
C11-C10 1.519 1.516
C10-N2 1.453 1.464
N2-C3 1.453 1.464
C3-C4 1.519 1.516
C4-CI5 1.790 1.838
N2-Cl1 1.453 1.464
C1-C17 1.519 1.516
C17-Cl18 1.790 1.838
C10-H16 1.099 1.101

Bond Angles [°]

C10-N2-C3 113.9 111.8
Cl15-C4-H7 107.5 106.2
C3-N2-C10 110.3 111.8
Cl12-C11-C10 110.8 110.2
C11-C10-N2 110.3 111.8

As evidenced by the data reported in Tables A.28-A.30, the comparison between the
geometrical parameters obtained using the ®B97XD and MP2 methods reveals only minor
differences, in line with the trends previously observed for the DPGME molecule. For
example, in the case of HN2, the N2-C3 bond length increases slightly from 1.453 A
(0B97XD) to 1.463 A (MP2), the N2-C10 bond distance from 1.452 to 1.462 A, and the C14-
C1 distance decreases marginally from 1.520 to 1.518 A (Table A.29). A comparable level of
agreement is also observed for the bond angles: C3-N2-C10 changes from 109.0° to 110.6°,
C15-H7-C4 from 107.5° to 105.9°, and C1-N2-C10 from 110.2° to 110.6°. Analogous
conclusions can be drawn for HN1 and HN3, as detailed in Tables 48 and 50, i.e., ®B97XD-
calculated geometrical parameters show a good agreement with those obtained at the MP2
level. As previously highlighted for DPGME, this result is particularly relevant for the
subsequent periodic simulations on ZnO surfaces (see Section 4.2.4), where the adoption of
generalized-gradient corrected DFT approximations, such as PBE, offers a practical and
widely accepted balance between computational efficiency and accuracy.

To complement the geometrical analysis and gain further insight into the electronic properties
of the azoyprites, molecular electrostatic potential (MEP) maps were computed at the DFT
level for the most stable conformers of HN1, HN2, and HN3 (Figure A.43). As previously
discussed for DPGME, these maps offer a visual representation of the electron density
distribution across the molecular surface and help to identify regions of potential reactivity.
For all three nitrogen mustards, a significant accumulation of negative electrostatic potential
is observed around the central nitrogen atom and the chlorine atoms, highlighting electron-

rich regions that may act as favorable sites for electrophilic interactions. Conversely, the
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carbon and hydrogen atoms are surrounded by areas of positive or mildly positive potential,
suggesting electron-deficient regions that may interact preferentially with nucleophiles.
Notably, the pronounced electron density localized on the chlorine atoms is particularly
relevant in view of the subsequent surface adsorption analysis (see Section 4.2.4), where HN2
is shown to physisorb onto the ZnO surface via Cl--:Zn interactions.

b)

Figure A.43: Molecular electrostatic potential (MEP) map of (a) HN1, (b) HN2 and (¢) HN3 (Figure A.42), calculated
at the ©®B97XD/6-311++G(2df,pd) level of theory. The MEP is projected onto an electron density isosurface: red regions
correspond to areas of high electron density (negative potential), while green and blue regions indicate electron-poor
zones (positive potential).

Following the same strategy employed for the DPGME molecule, theoretical infrared (IR)
spectra were computed at the MP2/6-311G(d) level for the three nitrogen mustards HN1, HN2,
and HN3. These spectra were compared with available experimental data. Among the three
compounds, only HN3 has an experimental IR spectrum reported in the literature P!, As
previously done for DPGME, a scaling factor of 0.9503 was applied to the computed harmonic
frequencies, in accordance with standard corrections adopted in quantum chemical
calculations "', The computed spectra of HN1, HN2, and HN3 are shown in FigureA.44,
while the experimental IR spectrum of HN3 is presented in Figure A.45. Despite being
recorded in deuterated water (D,0), and therefore not directly comparable to gas-phase
calculations, the experimental spectrum exhibits an overall fair agreement with the theoretical
predictions. This correspondence enabled a detailed vibrational band assignment based on
normal modes. The comparison between the computed (Figure A.44c) and experimental
(Figure A.45) IR spectra of HN3 highlights the following key features:

« Inthe 3069-2885 cm! region (red), both spectra display distinct bands corresponding to
asymmetric C-H stretching modes.

« The 1463-1395 cm™ range (green) is characterized by asymmetric C-H stretching
combined with global wagging motions.

« Between 1264 and 1220 cm! (blue), C-H wagging modes are detected, along with
global twisting contributions.
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« A prominent signal at 1103 cm™ (brown) is attributed to a general twisting vibration,
with significant involvement of the central nitrogen atom.

« Finally, an intense peak around 763 cm™ (purple) is observed in both spectra and
assigned to a global rocking mode. Moreover, the experimental spectrum exhibits a
broad absorption band in the 800-700 cm™! region, consistent with the C-Cl stretching
vibration calculated at 712 cm™.
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Figure A.44: Theoretical infrared (IR) spectra of (a) HN1, (b) HN2, and (c¢) HN3 computed at the MP2/6-311G(d)
level of theory, with vibrational frequencies scaled by a factor of 0.9503. In panel (c), the main vibrational regions of
the HN3 spectrum are highlighted: red = asymmetric C-H stretching, green = asymmetric C-H stretching and wagging,
blue = wagging and twisting modes, brown = general twisting mode involving the central nitrogen, purple = global
rocking mode and C-Cl stretching.
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Figure A.45: Experimental infrared (IR) spectrum of HN3, recorded in deuterated water (D,0), as reported in reference
P The main vibrational bands have been highlighted using colored circles for ease of comparison with the computed
spectrum shown in Figure A.44c.

Although only the theoretical IR spectrum of HN3 could be directly compared against
experimental data, the strong resemblance among the computed IR spectra of HN1, HN2, and
HN3 justifies the extension of the vibrational assignments to all three compounds. These
results suggest that the MP2 method, when combined with a triple-Z basis set, provides a
satisfactory framework for modeling the vibrational behavior of nitrogen mustard species. The
favorable comparison between calculated and experimental IR spectra of HN3 is especially
significant given the lack of structural experimental data for these compounds.

In summary, this Section has provided an analysis of gas-phase DPGME and nitrogen mustard
agents (HN1, HN2, HN3), focusing on their structural, electronic, and vibrational properties.
The combined use of DFT and MP2 methodologies was aimed to provide reliable predictions
for key molecular descriptors, namely geometrical parameters, electrostatic potential maps,
and infrared spectra. These molecular-level insights lay the groundwork for the investigation
of excited electronic states and UV-visible absorption spectra, which will offer further criteria
to evaluate the relevance of DPGME as a simulant for the three azoyprites examined in this
Section, in the context of sensing applications.

A.4.2.3 Additional TD-DFT Data for DPGME and Nitrogen Mustards

This Section complements the TD-DFT analysis presented in the main text by reporting the
graphical representations of the frontier molecular orbitals (HOMO and LUMO) for DPGME
(Figure A.46) and nitrogen mustard agents (HN1, HN2, HN3, Figure A.47), along with the
electronic transitions with the main electronic transitions and the highest oscillator strengths
(Table A.31). These data provide further insight into the excited-state behavior of the
investigated molecules and support the discussion on the spectroscopic similarities between
the simulant and the CWAs.
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Figure A.46: Graphical representation of the (a) HOMO and (b) LUMO orbitals for the DPGME molecule, computed
at the ©B97XD/6-311++G(2df,pd) level of theory. Red and blue regions indicate the positive and negative orbital lobes,
respectively.

As shown in Figure A.46, the HOMO of DPGME is primarily localized over the ether and
hydroxyl oxygen atoms. In contrast, the LUMO is mainly distributed within the spatial region
between the hydrogen atom of the hydroxyl group and the more distant ether oxygen, namely,
the region associated with the intramolecular hydrogen bond. For all the three nitrogen
mustards, the highest occupied molecular orbital (HOMO) is consistently localized on the
central nitrogen atom, which carries a non-bonding lone pair. Conversely, the lowest
unoccupied molecular orbital (LUMO) is delocalized on the entire molecule, with significant
contributions from the terminal chlorine atoms (Figure A.47).

a) HOMO ¢) HOMO e) HOMO

Figure A.47: Graphical representation of the HOMO (a, c, ¢) and LUMO (b, d, f) molecular orbitals for the nitrogen
mustard agents HN1, HN2, and HN3, respectively. All orbitals were calculated at the ®B97XD/6-311++G(2df,pd) level
of theory. Red and blue regions represent the positive and negative lobes of the molecular orbitals, respectively.
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Table A.31: Summary of the main electronic excitations contributing to the UV-visible spectra of DPGME, HN1, HN2,
and HN3 (Figure 70). For each species, the corresponding excitation wavelengths (in nm) and oscillator strengths are
reported.

Transition Wavelength, /. [nm] Oscillator Strenght
DPGME
HOMO—LUMO 181.2 0.0173
HOMO—LUMO+1 176.1 0.0174
w [O—-LUMO+3 169.5 0.0447
HOUOMO-1—-LUMO+3 161.6 0.0224
HOMO—LUMO+5 157.5 0.0259
HNI1
HOMO—-LUMO 196.0 0.0011
HOMO—LUMO+1 190.4 0.1153
HOMO—LUMO+5 175.2 0.0311
HOMO—LUMO+S8 163.8 0.0141
HOMO-1—-LUMO 158.0 0.0069
HN2
HOMO—LUMO 201.7 0.0008
HOMO—LUMO+1 187.6 0.0693
HOMO—LUMO+3 178.5 0.0344
HOMO-3—LUMO+4 171.7 0.0050
HOMO-4—LUMO 156.2 0.0154
HN3
HOMO—LUMO 190.9 0.0039
HOMO—LUMO+1 182.5 0.1037
HOMO—LUMO+3 171.4 0.0125
HOMO—LUMO+7 166.8 0.0149
HOMO-5—LUMO 157.9 0.0138

In contrast to the infrared analysis discussed in Section A.4.2.2, no comparison between the
computed and experimental UV-visible spectra could be performed for any of the species
studied, due to the absence of relevant data in the literature.

A.4.2.4 CDD Maps and Bader Charges for DPGME / HN2 + Zn0(1010)

This Section reports the charge density difference (CDD) isosurfaces and Bader charge values
associated with the adsorption of DPGME and HN2 on ZnO(1010) surfaces under different
conditions: regular surface, surface with an adsorbed oxygen atom (ZnO + O), and surface
with a co-adsorbed dissociated O, molecule (ZnO + Oy).

The CDD maps provide a spatial representation of the electronic redistribution upon analyte
adsorption, highlighting regions of electron accumulation and depletion at the molecule-
surface interface.

Complementarily, the Bader charge analysis offers a quantitative evaluation of electron
transfer from the adsorbates to the substrate. These results support the qualitative discussion
presented in the main text, Section 4.2.3 and reinforce the interpretation of both analytes as
electron donors toward the ZnO(1010) surface.
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Figure A.48: Graphical representation of the charge density difference (CDD) for the systems: a) DPGME +
Zn0O(1010); b) HN2 + ZnO(1010); ¢) DPGME + ZnO(1010) + O; d) HN2 + ZnO(1010) + O; e) DPGME +
Zn0O(1010) + Oy; ) HN2 + ZnO(1010) + O,. All CDD were computed using an isosurface level of 0.0080 a.u.>.
Regions of electron depletion are shown in blue, whereas regions of electron accumulation are shown in yellow. Atoms
color code: Zn = grey; O =red; CI = light green; C = black; H = white.

In all cases, both electron-rich (yellow) and electron-poor (cyan) regions are observed at the
analyte-surface interface.
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Table A.32: Bader charge values (in units of elementary charge (¢) computed for DPGME and HN2 physisorbed on
regular and O-enriched ZnO(1010) surfaces. The analysis quantifies the net electron transfer from the adsorbed
molecule to the surface, highlighting the impact of pre-adsorbed oxygen species on the donor-acceptor behavior.

BADER CHARGES
DPGME  +ZnO  +ZnO+O +ZnO + 02
0 | 009 0.06 0.07
HN2 | +ZnO  +ZnO+0O +ZnO+O0:2

0 | 016 0.14 0.08

Bader charge analysis supports the fact that DPGME closely mimics the electronic behavior
of HN2, providing further theoretical validation of its use as a simulant for this type of CWAs.
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— Conclusions —

This Thesis has explored a series of distinct aspects all related to functional nanomaterials:
molecular fragmentation, encapsulation in confined nanospaces, and surface adsorption.
Despite the differences in the explored chemical systems, theoretical models, and target
applications, the presented case studies are unified by a common rationale: control at the
molecular scale determines the structure and function of the investigated nanomaterial. Using
first-principles methods, primarily Density Functional Theory (DFT), its time-dependent
extension (TD-DFT), and its periodic implementations, the work demonstrates how molecular
structure, electronic behavior, and chemical surrounding (e.g., the solvent) can be
quantitatively analyzed to understand diverse aspects of materials science. The goal of this
concluding part is to consolidate the scientific outcome of the Thesis, establishing connections
between the individual cases and evaluating the broader implications of the computational
results.

Each Chapter has addressed a chemically different system.

In Chapter 2, nickel(Il) B-diketonate-TMEDA precursors for chemical vapor deposition
(CVD) processes adopted for the fabrication of nickel oxide nanostructures were investigated
by modeling their gas-phase structure. This work was integrated by investigating the
precursors’ interaction with water vapor, in order to understand some favorable water-induced
features observed in the NiO nanofilm growth in the CVD processes. While it is
experimentally very difficult to study at the atomistic level the fate of the precursors in the
CVD reactors, it is a widespread practice to gather information on precursor fragmentation via
MS-based experiments. In these cases, however, only the fragment masses are available. In
this scenario, the fragments’ structure was investigated by testing plausible molecular
geometries compatible with the experimentally obtained fragment masses. DFT calculations
suggest that the fragmentation process could be driven by a sequential redistribution of
electron density from the B-diketonate ligands toward the Ni(II) center. This tendency is further
enhanced in subsequent fragmentation steps, resulting in the formation of a cation-n
interaction involving the Ni center and a C=C double bond in the investigated final fragments.
Comparison with ESI-HRMS and MS/MS experimental data validated the computational
predictions and supported the identification of key dissociation pathways. The study highlights
how molecular-level descriptors, such as bond strengths, charge distribution, and coordination
geometry, may suggest the decomposition behavior of the precursors. In the final Section,
periodic slab models of NiO(100) were used to simulate the structural features of the resulting
oxide nanomaterial and the effect of surface hydroxylation. It has been found that type and
concentration of -OH defects play a key role in determining the surface electronic properties
and behaviour. The surface reconstructions evidenced at high surface density of defects,
exposing under-coordinated Ni sites, might contribute to the reactivity of NiO-based
nanomaterials in processes relevant for e.g. heterogeneous catalysis.

Chapter 3 shifted the focus to supramolecular organization within confined nanospaces. In this
part, a fluorescent dicationic dye (MDAP) encapsulated in a zeolite L channel was studied as
a nanosensor for neurotransmitter recognition. In particular, the serotonin neurotransmitter has
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been investigated in detail. Periodic DFT and TD-DFT calculations were adopted for the study
of the nanosensor structural organization and of the electronic properties of the confined
complex respectively. Ab initio molecular dynamics (AIMD) simulations provided finite
temperature structures that allowed for the study of the electronic excitation spectra averaged
over a room-temperature trajectory. Such an approach enabled to understand at the
microscopic level the origin of the UV-vis signature of the serotonin presence, i.e. the
appearance of a visible-range charge-transfer (CT) band. This spectroscopic signal is due to a
HOMO-LUMO transition from serotonin to MDAP, corresponding to a charge-transfer
transition from a monocationic to a dicationic species. The CT signal presents higher intensity
values exclusively in configurations sampled from the AIMD trajectory where serotonin and
MDAP are in close proximity and separated by no more than one water molecule. In other
words, upon serotonin encapsulation, the host-guest complex undergoes a supramolecular
reorganization that enables this charge-transfer interaction, resulting in a new, guest-guest
interaction-induced absorption band. Finally, this work demonstrates how confinement can
modulate both geometry and charge distribution, enabling selective optical response and
enhancing molecular recognition at the nanoscale. The combination of static and dynamic
models provides a powerful strategy to assess the optical functionalities of hybrid nanosystems
under realistic room-temperature conditions.

In Chapter 4, molecular adsorption on semiconductor surfaces was investigated. First,
attention has been focused on a case where molecular adsorption can transform a bare oxide
surface in a sensing device. Indeed, in Section 4.1, the covalent anchoring of a Pillar[6]arene
macrocycle onto indium oxide (InOs) and indium-tin oxide (ITO) surfaces was investigated
via two distinct models: one based on proton transfer and the other one on water elimination.
Between them, the latter emerged as the most energetically and structurally favorable
mechanism, enabling the formation of stable covalent bonds between the organic host and the
metal oxide surface. Charge density difference (CDD) maps and Bader charge analysis
confirmed the formation of covalent bonds between the surface oxygen atoms and the carbon
atoms of Pillar[6]arene, accompanied by a localized accumulation of electron density at the
anchoring sites. Notably, in the ITO surface, the presence of Sn dopants contributes to the
stabilization of the hybrid interface compared to pure In,Os. The second case study, presented
in section 4.2, consisted in a computational investigation on a Chemical Warfare Agent (CWA)
and its simulant. First, both the CWA and the simulant were studied in vacuum. Subsequently,
the adsorption of these species on ZnO(1010) surfaces was investigated via periodic DFT
studies adopting slab models. Despite their different functional groups and geometries, both
CWA and its simulant exhibit similar HOMO-LUMO energy gaps. Upon adsorption on both
regular and O-enriched ZnO surfaces, charge density difference (CDD) analysis showed that
both species act as electron donors, transferring electron density to the surface. This electron
transfer is accompanied by modifications in the density of states (DOS), from which a
prototype model for the sensing mechanism can be proposed. These findings suggest that
surface-induced electronic perturbations, driven by molecular adsorption and modulated by
surface composition, play a central role in the chemiresistive response of ZnO-based
nanosensors towards CWAs and related compounds.
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A comparative analysis of the studied systems highlights key similarities and differences in
the mechanisms through which molecular-level control is exerted, the observables used to
characterize structure and function, and the specific chemical surrounding factors, such as gas-
phase conditions, spatial confinement, or surface composition, that most critically influence
the system's behavior.

In this context, regarding the molecular fragmentation described in Chapter 2, control is
achieved through the electronic and structural features of the B-diketonate ligands, which
dictate the strength of the metal-ligand bonds that lead to specific fragment structures. The
structure of the pristine precursors was modeled under dry conditions and in the presence of
water vapor, simulated by introducing water molecules, in order to evaluate their promoting
effect on the film growth experimentally detected. Concerning the fragments’ stability, DFT
calculations indicate how charge redistribution, electronic stabilization, and ligand
rearrangements may help to rationalize the structure of fragments obtained experimentally,
thus providing a molecular-level rationale for precursor reactivity and efficiency in CVD
processes.

In the supramolecular confinement problem discussed in Chapter 3, molecular control
originates from the combined effect of the zeolite L channel, its framework charge, and the
water molecules inside it. Indeed, the nanoporous framework imposes spatial and electrostatic
constraints that stabilize the organization of the encapsulated species, while water plays a
pivotal role in mediating their mutual interactions. Within this confined environment, the
presence and arrangement of a few water molecules help two positively charged species,
serotonin and MDAP, to stay close together, a condition unattainable in the gas phase or in
bulk solution. This unique confinement-induced stabilization allows the charge-transfer (CT)
transition, whose intensity and wavelength depend on both the number and the position of
water molecules as well as on the geometric features of the zeolite channel. To capture both
structural and dynamical effects, the system was investigated through a combination of TD-
DFT and AIMD simulations, which together elucidate how confinement and hydration
cooperate in controlling the optical response and selectivity of the resulting nanosensor.

In the molecular adsorption cases examined in Chapter 4, molecular-level control operates at
the interface between the adsorbate and the metal oxide surface. The nature and strength of the
interaction, ranging from weak physisorption to covalent bonding, are governed by the local
surface composition, including the presence of hydroxyl groups, oxygen adatoms, or dopant
atoms such as Sn. These interfacial features modulate both the thermodynamic stability of the
adsorbed complex and the electronic properties of the resulting hybrid system. The
environment is modeled as a heterogeneous solid surface, with explicitly introduced defects
and compositional variations to mimick realistic adsorption sites. DFT simulations provide
detailed insight into the anchoring geometry, interfacial charge redistribution, and
spectroscopic signals, allowing for the identification of structure-property relationships that
underpin sensing activity and electronic modulation in the final nanomaterial.

The computational results obtained have not only supported the interpretation of experimental
observations, but have also offered access to atomistic-level details that would be challenging
to obtain through experimental methods only. It is important to acknowledge, however, that
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all quantum chemistry methods rely on specific approximations. The accuracy of the computed
results may be influenced by the choice of the level of theory, or the structural model adopted.
Nevertheless, within the scope of the present study, these methods have proven adequate to
provide chemically consistent and physically meaningful insight into systems of increasing

complexity.
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