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Abstract

Nanostructures are interesting systems for the scientific research, both from a theoretical and an
experimental point of view, also because they allow to investigate a wide range of phenomena. In
particular, the recent discovery of a "chemical surgery" method to insert ions or small molecules
inside buckminsterfullerene Cgg increased further the interest about the endohedral nanostruc-
tures. When a polar molecule, like water, is encapsulated inside a fullerene the total electric
dipole moment of the endohedral structure is the result of the interaction of the molecule with
the surrounding nanostructure and, according to independent first-principles calculations, is sig-
nificantly reduced with respect to that of an isolated water molecule ("screening" effect). The
investigation has been subsequently extended to larger nanostrutures and nanocages composed of
atoms different from carbons. By evaluating the dipole moment of endohedral nanocages, it was
found that the screening effect crucially depends on the nature of the intramolecular bonds of the
surrounding nanocage: in particular, it is maximized by covalent-bond carbon nanostructures,
while interestingly, alkali-halide, fullerene-like nanocages, exhibit instead an "antiscreening" ef-
fect since they act as dipole-moment amplifiers. The aim of this thesis work is the first-principles
characterization of the antiscreening effect in other nanostructures, namely alkali-halide nan-
otubes, this choice being motivated by recent theoretical and experimental studies concerning
the stability and the many potential applications of these nanotubes. In particular, we have
considered, as the most promising systems, nanotubes with octagonal transversal section and
six layers in the longitudinal direction. As a preliminary step the stability of nanotubes made
by different binary combinations of alkali metals and halides has been performed, finding that
the Lithium-Fluoride (LiF) nanotube is the most stable one. Next we have investigated, by
first-principles techniques based on the Density Functional Theory (DFT), the properties of
endohedral alkali-halide nanotubes obtained by encapsulation of a water molecule, similarly to
what done in previous applications to alkali-halide, fullerene-like nanocages. Basically, all the
considered alkali-halide nanotubes, with octagonal transversal section, exhibit a characteristic
antiscreening effect, which tends to increase as a function of the number of layers in the lon-
gitudinal direction. Interestingly, the specific geometric structure of the nanotube seems to
be crucial for triggering the antiscreening phenomenon. In fact, calculations on an endohedral
nanostructure with dodecagonal section (instead of octogonal) indicate a reduction of the to-
tal dipole moment, so that a screening behavior similar to that observed in more conventional
carbon nanocages is observed. Finally, we have also studied endohedral LissF24 nanostructures
where the encapsulated water molecule is replaced by linear, ionic-bonded molecules, NaF and

LiF having a dipole moment even larger that that of the water molecule.
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Introduction

Nanostructures (in particular gaphene, fullerenes and carbon nanotubes) are gaining increasing
interest in the field of research, both from a theoretical and an experimental point of view.
Graphene, a single layer hexagonal lattice of carbon atoms, was discovered in 2004 by the group
of Andre Geim and Konstantin Novoselov, and earned them the Nobel Prize in 2010. Graphene
is an outstanding material due to its peculiar mechanical properties and its behaviour as gapless
semiconductor [1], which make it quite promising for countless electronic, sensor, biomedical and
material science applications. For instance, the GFET (Graphene Field Effect Transistor) is a
potential supplement to silicon CMOS (Complementary Metal-Oxide Semiconductor) transis-
tors, with extremely attractive performances [2|. As shown in Fig. [1|, a portion of a graphene
layer can be bended to form a buckminsterfullerene (0D structure), a carbon nanotube (1D

structure) or stacked into graphite (3D structure).

Due to its stability and abundance, Cgy buckminsterfullerene has attracted great attention
and interest since its discovery.[3|. Similarly to graphene, the buckyball nanostructure exhibits
electrical, optical and chemical attractive properties. The interest about this nanostructure is
further increased by the discovery of a "molecular surgery" tehcnique to encapsulate metal ions,
noble gases or small molecules. [4] [5] [6] [7] [8] [9] This technique consists in a sequence of organic
reactions aimed to create a stable hole in the buckyball, insert a specific molecule with adequate
pressure and temperature, and close the hole. A nanostructure with a molecule encapsulated
inside is called "endohedral" structure. The interaction between a polar molecule, such as HF,
LiF or H,O and the nanostructure encapsulating it, generates a displacement of the atoms and
a distortion of the electron density. According to the DFT calculations of Kurotobi and Murata
the endohedral complex HoOQCgq is characterized by a total dipole moment, comparable to the
one of the isolated water molecule [8]. Subsequent, more accurate DFT calculations [10] [11] [12]
have instead verified that the total dipole moment of HoOQCgy is significantly reduced (0.5 D)
with respect to that (1.8 D) of isolated HoO, thus clearly suggesting a significant screening effect
due to the Cgp nanocage. In Fig. [2] this phenomenon is illustrated by plotting the differential

charge density induced by the incapsulation of a water molecule inside the Cgg buckyball: red
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Fig. 1: Four allotropes of carbon

and blue volumes represent the electron density gain and loss, respectively .

Fig. 2: Polarization of HoO@Cgg

Since the screening effect is certainly related to the distribution of the charge density of the
valence electrons and therefore to the characteristic covalent nature of the carbon-carbon bonds
in the buckyball, it is interesting to investigate what happens if nanocages characterized by a
different kind of bonds, for instance ionic bonds, are considered. To this aim, the encapsula-
tion of small polar molecules in alkali-halide nanocages has been simulated by first-principles
in ref. , using the Quantum-ESPRESSO computational package. These nanocages are

designed to have a geometry similar to a fullerene, which is close to a spherical geometry, even
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though they are unable to have pentagonal faces because of their binary composition. Interest-
ingly, most of these alkali-halide nanocages, exhibit an "antiscreening" effect since the dipole
moment of the endohedral complex is larger than that of the encapsulated polar molecule, by
30% to 70%, depending on the adopted nanocage. Only alkali-halide nanocages, characterized
by a reduced ionic nature, such as B3gN3g and BesgO36, are found to screen the dipole moment
of the encapsulated molecule, similarly to what observed with carbon nanocages. In light of
these results it is clearly interesting to extend the study to different nanostructures, such as the
nanotubes. Alkali-halide nanotubes are currently investigated both experimentally and theo-
retically; in particular the research focused on LiF nanotubes and the possibility of obtaining
experimentally these nanostructures by the impact of fast ions on a LiF polycrystal [13] [16]
[17] [18]. The most stable nanotube structure turns out to be characterized by an octagonal
base and six layers, which corresponds to 24 LiF pairs. When compared to the more traditional
carbon (diameter from 10 to 20 A), BN (10+-30 A), or GaN (3002000 A) nanotubes, these
alkali-halide nanostructures are narrower, with a diameter between 2 and 7 A. This is due to
the fact that alkali-halide nanotubes, in contrast to those made of other compositions, show
stable structures for very small cross-sections (hexagonal/octagonal). The reference system for
this thesis work is the endohedral complex HoO@LigyFoy, namely a lithium fluoride octagonal
nanotube made of six layers encapsulating a water molecule. First-principles calculations have
been performed using the Quantum-ESPRESSO computational package, within the framework
of the Density Functional Theory (DFT). Particular attention has been devoted to the London
dispersion forces, that are purely quantum interactions which require appropriate formulations to
be correctly evaluated in a DFT approach. In fact, although these interactions are much weaker
than, for instance, those characterizing covalent or ionic bonds, nonetheless they are essential to
obtain an accurate description of the interaction and binding energy between the encapsulated
polar molecule and the surrounding nanocage. A detailed analysis has been performed to select
computational parameters able to guarantee a good convergence in the basic structural, energetic
an electronic properties of the investigated systems. The approach used to accurately describe
the screening/antiscreening effect is similar to that adopted in ref. [14]. It basically consists in
the evaluation of the dipole moment from the valence electron density distribution and the nuclei
positions, in the analysis of the differential charge density, and in the calculation of the relative
displacements of positive and negative ions of the alkali-halide nanotube upon encapsulation of
a small molecule. The most relevant result is represented by the conclusion that antiscreening
effects are also predicted in many alkali-halide nanotubes. For instance, the dipole moment of
the endohedral complex HoOQLigyFoy is significanly larger (by 31%) than that of the isolated

water molecule, with a small but appreciable distortion of the LisyF24 nanotube. Extension of
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the analysis to alkali-halide nanotubes composed of different elements or/and characterized by
a different structure and different number of layers, and also to encapsulation of other polar
molecules, such as LiF and NaF, qualitatively confirms the basic results previously obtained in
the study of endohedral alkali-halide nanocages|14] but also elucidates the crucial role of the

specific nanotube geometry.



Chapter 1

Methods

1.1 Density Functional Theory

The origin of the Density Functional Theory can be traced back to idea by Thomas and Fermi

—

in 1927 to describe the electronic structure in terms of a local density of N electrons p(7)

/de(F) =N (1.1)

According to this paradigm, the functional Err[p], as shown in the Eq. describes the
energy associated to the density function p(7) as sum of a kinetic component, a direct Hartree-
like interaction energy between electrons given by V(7 — #'), and a electron-nuclei interaction

—\

term given by U(7)

Brelg) = [ 3o (32 ()" 4 5 [t ooV =)o) + [ a0 (12)

It is possible to solve the variational problem of the energy functional minimization by intro-
ducing a suitable Lagrange multiplier e. is the equation that results from the minimization
procedure:

h2

5 (37%) 7 p (7 U + Unig () = € (1.3)

The Eq. defines the term U,,s(7) as a Hartree-like mean-field potential acting on the

electrons.

Uns() = [ 4V (7= 7)ol (1.4)



This first formulation from Thomas and Fermi misses a fundamental component, the energy
of exchange and correlation. In this respect Pierre Hohenberg and Walter Kohn provided an
accurate theoretical reformulation of the DFT in 1964 [19], laying the groundwork for the modern
DFT. In their work, Hohenberg and Kohn (HK) introduced formally a variational principle where
the electron density function p(7) is the variable function. This principle makes use of a universal
function F'[p(7)], which applies to all electronic systems in their ground states no matter what
the external potential is. The two HK theorems were first derived in relation to the investigation
of non-degenerate ground states in the absence of a magnetic field, and they were subsequently
generalised [20] [21].

The first HK theorem proves that the electron density function solely determines the ground
state characteristics of a many-electron system. This makes it possible to reduce the computa-
tional problem to that of evaluating this basic quantity.

The second HK theorem, on the other hand, establishes an energy functional for the system
and shows that the ground state’s electron density minimises it.

Equation indicates that the electron density used in the two HK theorems is practically

evaluated from the orbitals ¢;(7) of the single electrons i = 1... N.

N
p() =D i) (1.5)
i=1

On the other hand, according to Eq. the energy functional has two parts.

Elp] = Flpl + [ drUp(r) (1.6)

The first component, F[p], depends only on the electron-electron interaction, V(7 — #),
because it is universal. Instead, the second component is entirely dependent on the external
potential U(7). The F[p] functional is most commonly expressed using the formulation proposed

by Walter Kohn and Lu Jeu Sham in 1965 [22]:

Frslp] = Tkslpl + Eplp] + Exclp] (L.7)

The terms for kinetics (T s[p]), direct interaction (Ep|p]), and exchange-correlation (Exc[p])
all occur in this formulation. The exchange-correlation term (Exc[p]) is the most relevant and
difficult of the three terms. The local Kohn-Sham equations for the orbitals ¢;(7) are obtained
by minimizing the Kohn-Sham functional and normalising the density to N electrons, together
with the usual Lagrange multiplier ¢; for each orbital. This variational technique produces a
set of equations known as the Kohn-Sham equations, which have the form as in Eq. [I.§ for

1=1...N.



dExc|p]

op(7)

The theory formulated by Hohenberg, Kohn and Sham is the foundation of the present DFT.

e VU + [ AV e + 61(7) = ei6i(7) (1.8)

Recently, the practical implementation of the DFT has benefited from the introduction of new
exchange-correlation functionals Exc[p] [23]. In particular, Nonlocal Correlations Functionals
(NLCFs)|24], such as vdW-DF2 [25] and VV10|23|, have gained popularity since they are more
accurate and they contain less empirical parameters than other semiempirical functionals. More-
over, they allow a proper description of the Van der Waals interactions |26] [27], particularly the
London dispersion forces, which arise from a purely quantum behaviour, since they consist in a
forces between istantaneous induced dipoles. The VV10 energy functional expression is reported

in Eq. where ®(7,7") is the NLC kernel, R = |/ — |.

. 3
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This energy functional depends on two parameters; b controls the short range damping
of =% while C controls the accuracy at the long range. The functions g, wy and & instead are
intermediate steps to simplify the kernel definition, and the apex distinguishes which coordinates
the function is calculated at (g = g(7) and ¢’ = g(#)). The direct evaluation of the integral
in the plane wave framework is computational demanding. The efficient implementation of
NLCFs in plane-wave basis set codes has been made more affordable due to an interpolation
scheme elaborated by Roman-Perez and Soler (RPS) [28]. By introducing an auxiliary variable
q(7) = q(p(7), |Vp(7)|), the NLCF kernel is expressed as in Eq. where the interpolating
functions P; are defined so that ), Pi(q) = 1 and P;(q;) = d;;.

®(q,q',R) ~ ZPi(Q(F))q)(QiaijR)Pj(Q(FI)) (1.10)

Unfortunately the VV10 kernel depends separately on densities and gradient density in 7 and
7, as reported in Eq. and so a direct application of the RPS interpolation would be very

computationally demanding.
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The last term containing the ratio \/5 depends directly on the density in both grid points
7 and 7, and this prevents the VV10 kernel from being in a suitable form to be treated by
the RPS procedure. To fix this inconvenient, Sabatini and coworkers performed several tests to
investigate the behaviour of \/g as function of R and p, as shown in Fig. As result, it was
determined that the ratio takes values in a narrow range around 1, and it is basically stable for

R beyond 1 A, with significant deviations only for points involving very low electron densities.
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Fig. 1.1: /-5 as function of R and p

It can be concluded that the ratio can differ from the unity only when involving interacting
charge far apart with each other and such that at least one is very small, and also in this case,
it represents only a small contribution in the kernel since it is multiplied by the two charge

K

densities. Hence it is natural to approximate /- ~ 1 and so this term is dropped obtaining

the Eq. [[.12) for the rVV10 kernel.

/ AN
PrVVIo _ _;H—3/2H'—3/2 <29_ <2 + g_/)) (1.12)

kKK \K K

The original VV10 functional paired rPW86 exchange and PBE correlation and
used as the optimized values for the empirical parameters: b=>5.9 and C=0.0093. Sabatini and
coworkers, retained the value of C, the basic exchange and correlation functional, but optimized
the value of b=6.3, leading to the rVV10 scheme.

The external potential of a physical system made of N atomic nuclei, each with a charge Z,,
is expressed as a straightforward sum of Coulomb interactions between electrons and nuclei (see

Eq. [1.13)). It is convenient to exploit the Born-Oppenheimer approximation [31], which treats



atomic nuclei as classical, frozen objects and ignores their kinetic energy, to optimise the electron

density distribution.

N

v () =- > 2 — (113)

(e

Then, using the Hellman-Feynman theorem, the forces acting on the nuclei can be determined,
which allows a full structural relaxation of the system in its ground state, where the basic

variables are the electron orbital functions ¢;(7) and the nuclei coordinates {éa}



1.2 Quantum-ESPRESSO

Quantum-ESPRESSO, a complete open-source suite for electronic and structural computations
at the nanometric scale based on density functional theory, plane waves, and pseudopoten-
tials, served as the primary tool for the realisation of this work. The basic computational pro-
gram is pw.x (Plane-Wave Self-Consistent Field), which is an essential component of Quantum-
ESPRESSO. The Kohn-Sham self-consistent equations are solved computationally by this soft-
ware, as defined by Eq. Starting from an initial electron density distribution, typically
given by the sum of the densities of the isolated atoms, the code performs an iterative procedure
to arrive at a self-consistent solution of the KS equations. In order to significantly reduce the
(otherwise very demanding) computational effort, the interactions between nuclei and electrons
are described using the so called "pseudopotentials” [32] [33] [34] which allow the practical simu-
lation of only the valence electrons, while the core electrons are taken into account in an effective
way. As already mentioned above, after optimising the electron density distribution, one can
determine the forces on the nuclei and "relax" the structure of any system until the net forces
acting on they nuclei are smaller than a given thresold. Bloch’s theorem and crystal theory serve
as the foundation for Quantum-ESPRESSO because it was developed specifically for the study
of periodic systems where single-particle orbitals are expanded in a basis set of plane waves. The
Bloch theorem [35] applies on systems subject to a periodic potential U () = U (7 + R), where
R =mid+nb+Iis a crystal vector. If the system evolves according to the Schrédinger equation
with Hamiltonian H = T + U, the Bloch theorem states that the electron eigenstates have the
form reported in Eq. where n is the band index and u, () are the modulating functions

with the same periodicity of the potential: u,_(7) = u, (7 + ﬁ)

U, (7) = e u, 1(7) (1.14)

Since the Bloch eigenstates 1, () are associated to a specific wave vector l;, the total eigen-

function is obtained as a sum over all the wave vectors. This sum gives the KS orbitals, as

reported in Eq. [.15]

6u(® =Y 0 p (M =3 ¢ u () (1.15)
k k

In practice the sum is not performed over all the possible wave vectors, but only restricted
to a finite set, determined by a kinetic energy cutoff (KEC), which only select the wave vectors

(see Fig. that satisfy the inequality %U; + é|2 < KEC.
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Fig. 1.2: Graphical representation of the kinetic energy cutoff in the wave-vector
selection

The choice of the KEC parameter is crucial since a suitable compromise must be chosen
between accuracy and computational effort. To this aim extended convergence tests have been
carried out to determine the optimal KEC parameter (see the Results section).

Differential charge density analysis has been carried out by using the Quantum-ESPRESSO
post-processing code pp.x which allows the generation of electron density maps (see Appendix

for details).



1.3 Dipole evaluation

The electric dipole is defined as p'= qcf in the case of a simple pair of opposite charges +q and
-q separated by a vector distance J; see Fig.

q q

Fig. 1.3: Electric dipole moment

In a general system, characterized by a continous electron-charge distribution p(7), the elec-

tronic dipole moment can be computed as reported by Eq.

Py =—e / A7 p() (1.16)

Then the total dipole moment is evaluated by taking into account also the distribution of

the point-like ionic cores leading to the Eq. [[.I7

P —e/df’?p(ﬁ e Zaih (1.17)

The electric dipole moment is expressed as C-m in SI units, however, for the study of electrical
properties at the molecular level, a more convenient unit is the "Debye": 1D = 3.336-1073° Cm.
As an example, the dipole moment of an isolated H>O molecule is near to 1.85 D [36]. Since the
Quantum-ESPRESSO package does not explicitly compute the dipole moment, an additional
program has been developed (by adopting the Python programming language) to evaluate P as
in Eq. by using as input data a three-dimensional array of the electron density distribution
p(7) and the optimized atomic coordinates. Note that Z, refers to the number of valence
electrons of atom « since the effect of the core electrons is taken into account by adopting the

pseudopotential approach (see further details in table [A.2).



Chapter 2

Results

2.1 Quantum-ESPRESSO settings

Before presenting the results, we briefly describe the basic technical parameters adopted for
Quantum-ESPRESSO calculations (using the latest available 7.2 version). We used a simple

tetragonal supercell simulation with periodic boundary conditions:

Simple Tetragonal Crystal Structure

a=b#c

&

]
b

Fig. 2.1: Typical simulation model with a nanotube inside a simple tetragonal unit
cell.

This lattice structure was chosen to optimize the ratio between the volume occupied by the
structure and the total volume of the cell. Furthermore, the geometry denoted by a = b # ¢
allows the use of cells with dimensions rescaled homothetically with respect to the dimensions
of the nanotube, with its axis along the z direction. In this way it is possible to obtain a
uniform distance in all directions between periodic replicas of the nanostructure. In fact, as
already mentioned, the object of the study is a single, isolated nanotube. The dimensions of
the unit cell have been the subject of a detailed convergence study to find the best compromise

between the computational effort and the accuracy of the results. The ratio of ¢, the dimension



along z, and a, the dimension along x and y, was kept constant and equal to 2, to match the
typical dimensions of the nanotube. Extended convergence tests have been also carried out to
find optimal values (in the range from 40 Ry to 100 Ry) for the KEC parameter (see Methods
section) which determines the number of plane waves used to expand the single-particle orbitals.
As mentioned above, the r'VV10 DFT functional [26] [27], is particularly suited to describe
inetracting systems where Van der Waals interactions can be important and, therefore, it has
been used in the present calculations. Cohesive-energy estimates require the calculation of single-
atom energies; hence, for atoms (such as Li and F) with an odd number of valence electrons, a
spin polarized calculation is required, while this is not the case for the considered endohedral
nanostructures that are all characterized by an even number of valence electrons. The energy-
convergence threshold in the self consistent field calculations has been set to 10~8 Ry, two orders
of magnitude smaller than the default value, in order to obtain highly accurate results. Finally,
the sampling of the first Brillouin zone has been restricted to the center point, namely the I'
point, which is appropriate for the study of isolated nanostructures. Further technical details

and the complete list of simulation parameters are reported in the appendix.
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2.2 Energetic stability of alkali-halides nanostructures

We here analyze the stability of nanostructures with different chemical compositions but all
characterized by the same geometrical structure: an octagonal nanotube of 6 layers, with 24
pairs of alkali-halide atoms, so 48 total atoms. In fact this structure turns out to be the most
stable for the lithium fluoride composition and suitable for being experimentally realised [13].
9 different chemical compositions have been considered, obtaining by combining alkali metals
and halogen elements of periods 2, 3 and 4: LiF, LiCl, LiBr, NaF, NaCl, NaBr, KF, KCl and
KBr. The basic parameter that determines the energy stability of the different nanotubes is
represented by the cohesive energy per atom E., expressed by the relation 2.1} where Eror is
the energy of the entire structure, made by N atoms, (obtained as the result of a full geometrical
relaxation), while E; are the energies of the isolated atoms (obtained by a simple Self-consistent

field calculation).

E.= % (Z E; — ETOT> (2.1)

For these calculations the dimensions of the adopted supercell are a=12 A and ¢=24 A, while
the KEC parameter was set to 70 Ry. Table reports the cohesive energies E. of the selected

nanotubes in eV /atom.

E.[eV/at] | F Cl Br
Li -4.226 -3.300 -2.878
Na -3.649  -2.877 -2.572
K -3.599  -2.931 -2.650

Table 2.1: Cohesive energy of alkali-halides nanotubes

In table [2.2[ the computed cohesive energies are sorted in ascending order to obtain a ranking

of the nanotubes from the most to the least stable.

Nanotube | E. [eV/at]
LigaFay -4.226
Na24F24 -3.649
Koy Foy -3.599
Lig4Cloy -3.300
Koy Clay -2.931
Li24BI"24 -2.878
Na24C124 -2.877
K24 BI‘24 -2.650
Na24Br24 -2.572

Table 2.2: Cohesive energies in ascending order of alkali-halides nanotubes

As said before, the cohesive energy of a nanostructure determines its stability. Although all

11



the considered nanotubes turn out to be stable, we decided to investigate in detail only the most
stable ones, namely: LizaFos, NagaFas, KosFou, LizaClos, KosaClos. In Fig. [2.2] the most stable

nanotube is shown, that is LigsFoy.

Fig. 2.2: Li2sF24. Grey and green balls denote F and Li atoms, respectively.

12



2.3 Convergence study

In order to ensure the accuracy of the results obtained from first-principles DFT simulations a
detailed convergence study was performed. The key parameters that have been varied are two,
the unit cell size and the KEC value. In principle the largest possible values for these parameters
should be chosen in order to get accurate results. In fact a large size of the simulation supercell
allows to reduce spurious interactions between the periodic images of the nanostructure, thus
approaching the description of a truly isolated structure. Moreover, a large value of the KEC
parameter corresponds to a more complete expansion basis set. However, relatively large values
of these parameters imply a considerable computational cost both in terms of occupied RAM
memory and in terms of processing time, which respectively can exceed 16 GB and dozens of
processing hours. It is therefore of considerable interest to determine the optimal parameters
that guarantee stable results and an acceptable computational cost. The values chosen for the

convergence study are the following:
e Size of the unitary cell : a € {8,9,10,11,12,13,14,15} A,c=2-a

e kinetic energy cutoff : E, . € {40,50,60, 70,80, 90,100} Ry, wavefunction cutoff instead

is six times the kinetic one.

The convergence study, carried out considering both isolated nanotubes and endhoedral
nanostructures (with an encapsulated HoO molecule) is performed in detail by evaluating the

following features:
e Dimensional stability of the isolated LissFo4 nanotube;
e Cohesion energy of the isolated LizyFo4 nanotube;
e Binding energy between LissFs4 nanotube and HoO molecule;
e Stability of the position of the HoO molecule along the axis of the nanotube;
e Orientation stability of the HoO molecule in central position;
e Electric dipole moment of the isolated nanotube;
e Electric dipole moment of the isolated HoO molecule;
e Total electric dipole moment of the endohedral complex HoOQLigyFoy;

e Distance between the centers of the positive Li+ and negative F- ions.

13



Dimensional stability of the isolated LiyFo4 nanotube

In order to verify the adequate convergence of the structural optimization, we have monitored 4

distances characterizing the isolated LigsFa4 nanotube (see Fig. [2.3)):

dap bond distance between two adjacent atoms of Lithium and Fluorine in the transversal

direction at one end of the nanotube;

dac bond distance between two adjacent atoms of Lithium and Fluorine in the longitudinal

direction at one end of the nanotube;

dpg bond distance between two adjacent atoms of Lithium and Fluorine in the transverse

direction at the center of the nanotube;

dpr bond distance between two adjacent atoms of Lithium and Fluorine in the longitudinal

direction at the center of the nanotube.

Fig. 2.3: Points used to define the four characteristic distances dap,dac,dpr and
dpr of the LissFos nanotube

The results of the convergence analysis are reported in the tables 2:3|2:42.5] and 2.6] Fig. 2-4]
shows the converging behaviour as a function of the unitary cell size and of the KEC parameter
(the dotted lines are only a guide to the eyes). Sufficiently converged distances turn out to

be: dap = 1.78A, dac = 1.86A, dpg = 1.91A and dprp = 1.87A. One can observe that the
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transversal bond distance at the end of the nanotube dap is 7% smaller than the transversal
bond distance at the center of the nanotube dpg. The bond distance in the direction of the

tube axis, on the other hand, does not show significant variations.

das [A] kinetic energy cutoff [Ry]
40 50 60 70 80 90 100

8 | 1.7r4 1777 1.776  1.777  1.777  1.777  1.777

9 | 1779 1.778 1.778 1.777 1.777  1.776  1.777

10 | 1.783 1.779 1.778 1.777 1.778 1.777 1.777

11 | 1.784 1.779 1.779 1.777 1.778 1.778 1.778

12 | 1.782 1.779 1.779 1.778 1.778 1.778 1.778

13 | 1.782 1.779 1.778 1.778 1.778 1.783 1.778

14 | 1.785 1.779 1.778 1.778 1.778 1.778 1.778

15 | 1.782 1.780 1.779 1.778 1.778 1.778 -

Table 2.3: Convergence of dap as a function of the unitary cell size and of the

kinetic energy cutoff

a [A]

dac [A] kinetic energy cutoff [Ry]
40 50 60 70 80 90 100

8 | 1.80 1.853 1.853 1.853 1.853 1.853 1.853

9 | 1.856 1.855 1.855 1.855 1.854 1.854 1.854

10 | 1.853 1.856 1.857 1.857 1.856 1.855 1.855

11 | 1.849 1.857 1.858 1.857 1.856 1.857 1.855

12 | 1.852 1.857 1.858 1.858 1.856 1.856 1.856

13 | 1.853 1.857 1.860 1.858 1.857 1.857 1.856

14 | 1.852 1.857 1.859 1.856 1.857 1.857 1.857

15 | 1.855 1.857 1.857 1.858 1.856 1.855 -

Table 2.4: Convergence of dac as a function of the unitary cell size and of the

kinetic energy cutoff

a[A]

dp | A] kinetic energy cutoff [Ry|
40 50 60 70 80 90 100
8 1.914 1915 1914 1.915 1915 1.915 1.915
9 1.913 1912 1917 1.915 1915 1.911 1.916
10 | 1.911 1.914 1911 1.912 1.912 1911 1.910
g 11 | 1.912 1.913 1911 1.908 1.912 1911 1.910
« 121916 1913 1911 1.912 1.911 1.909 1.909
13 | 1.910 1.914 1.910 1.911 1.910 1.922 1.911
14 | 1.907 1.913 1.909 1.910 1.910 1.909 1.910
15 | 1.910 1.911 1911 1.909 1.910 1.910 -
Table 2.5: Convergence of dpr as a function of the unitary cell size and of the
kinetic energy cutoff

15



dyy /1Al

d i kinetic energy cutoff [Ry|

or [A] 40 50 60 70 80 90 100
8 | 1.876 1.879 1.879 1.879 1.879 1.879 1.879
9 | 1.838 1.885 1.883 1.884 1.885 1.883 1.885
10 | 1.889 1.886 1.885 1.885 1.884 1.885 1.886

g 11 | 1.884 1.883 1.887 1.888 1.885 1.885 1.885

® 12 | 1.884 1.887 1.885 1.886 1.886 1.887 1.887
13 | 1.895 1.887 1.887 1.887 1.885 1.884 1.884
14 | 1.884 1.888 1.888 1.884 1.887 1.886 1.886
15 [ 1.891 1.887 1.885 1.884 1.886 1.886 -

Table 2.6: Convergence of dpr as a function of the unitary cell size and of the

kinetic energy cutoff
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Fig. 2.4: Nanotube dimensions converging behaviour as a function of the unitary
cell size and of the kinetic energy cutoff
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Cohesive energy of the isolated Liy F5, nanotube

The behavior of the cohesive energy as a function of the unitary cell size and of the KEC

parameter is reported in table and shown in Fig.

kinetic energy cutoff [Ry]

40 50 60 70 80 90 100
8 -4.165 -4.181 -4.184 -4.187 -4.188 -4.188 -4.188
9 -4.193 -4.209 -4.212 -4.215 -4.216 -4.217 -4.210
10 -4.203 -4.218 -4.221 -4.224 -4.226 -4.226 -4.216
11 -4.205  -4.221 -4.225 -4.227 -4.228 -4.229 -4.217
12 -4.206 -4.221 -4.225 -4.228 -4.228 -4.230 -4.217
13 -4.205  -4.221 -4.225 -4.227 -4.227 -4.230 -4.217
14 -4.203  -4.220 -4.225 -4.227 -4.226 -4.230 -4.218
15 -4.202  -4.220 -4.225 -4.226 -4.225 -4.229 -

Table 2.7: Cohesive energy convergence as a function of the unitary cell size and of
the kinetic energy cutoff

Ec [eV/at]

a [A]

-4.185 -4.2
-
L}
4.19 -4.205
3 )
8 4195 )
3 3 -a21
= =
% E -4.215
o ~4.205 v
= =2
i g 422 .
5 -4.21 . =
o a
L ]
-4.215 4 -4.225 r
- L
* - . .
[
4.22 4.23
7 8 9 10 11 12 13 14 15 30 40 50 60 70 80 90 100
a/[R] kin.en.cutoff / [Ry]

Fig. 2.5: Cohesive energy converging behaviour as a function of the unitary cell size
and of the kinetic energy cutoff

A sufficiently converged value for the cohesive energy is about -4.2 €V /at. From the plots in
Fig. it can be seen that the cohesive energy fluctuations are suppressed for unitary cell sizes
greater than a=12 A and kinetic energy cutoff greater than 70 Ry. Therefore these values can
be safely chosen as suitable parameters for accurate first-principles simulations. The converged
size of the unit cell is a little smaller than 3 times the diameter of the nanotube, that is about
4.6 A. Along the z axis, parallel to the axis of the nanotube, the dimension of the selected cell
is 24 A, against the 9.4 A of the longitudinal dimension of the nanotube. The volume occupied

by the nanotube is therefore approximately equal to 6% of the unitary cell value.
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Binding energy between the Liy,Fo; nanotube and a water molecule

The binding energy between the nanotube and an encapsulated water molecule is defined as
Ep = E(H;0QLigyFoy) — E(LiggFoy) — E(H20), where Fp = E(HyOQLigyFoy) is the total
energy of the endohedral complex, FE(LioqFa4) the total energy of the LigyFos nanotube, and
E(H50) that of the isolated water molecule. Clearly a negative value of the binding energy
indicates that the water molecule energetically prefers to be encapsulated inside the nanotube
rather than being isolated, although a significant energy barrier has to be probably overcome
to penetrate the nanotube (see below). The converging behaviour of the binding energy as a

function of the unitary cell size and the KEC parameter is reported in table[2.8 and in Fig.

kinetic energy cutoff |Ry

Ep [meV] 40 50 60 70 80[ | 90 100
8 -283.4  -292.6 -292.2 -294.9 -295.2 -295.0 -294.5
9 -232.3 -238.3 -238.2 -240.9 -242.2 -240.3 -241.7
10 | -2184 -229.3 -226.0 -228.5 -227.8 -227.7 -227.0
11 | -225.7 -222.7 -223.3 -224.2 -225.7 -223.4 -224.1
12 | -217.6 -224.7 -223.2 -226.5 -224.4 -224.5 -224.2
13 | -218.4 -227.3 -225.2 -228.1 -224.3 -234.0 -224.6
14 | -216.1 -225.7 -224.4 -225.7 -225.1 -224.6 -225.0
15 | -219.4 -224.4 -224.2 -2249 -224.8 -224.8 -
Table 2.8: Binding energy between Liz4F24 and H2O as a function of the unitary
cell size and of the kinetic energy cutoff
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Fig. 2.6: Binding energy between Liz4F24 and H20O as a function of the unitary cell
size and of the kinetic energy cutoff

A sufficiently converged value of the binding energy is Ep = —225 meV (so the endohedral
structure is stable), with the fluctuations of this quantity that are certainly suppressed for unitary
cell sizes greater than 12 A and for a KEC value larger than 70 Ry, in line with what found in
the study of the convergence behavior relative to isolated-nanotube features. It is interesting to
evaluate also the stability of of the endohedral structure by changing the position of the molecule

inside the nanotube, since the above converged value of the binding energy was computed by
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placing the water molecule in the central position, with its dipole moment oriented parallel to
the axis of the nanotube. Fig. shows a longitudinal section of the nanotube which illustrates

the central position of the water molecule.

Fig. 2.7: Longitudinal section of the endohedral HoOQLizsF24 complex showing the
stable central position of the water molecule.

The stability analysis, reported in the next sections, has been performed by changing both
the position and the orientation of the water molecule inside the nanotube. In particular, first
the starting position of the molecule has been varied along the z axis of the nanotube but
maintaining the same orientation and relaxing the structure; then only the orientation of the
molecule, located in the center of the nanotube, has been varied. To reduce the computational
cost of the many simulations required, this geometrical analysis has been carried out by adopting
a slightly lower value of the KEC parameter (50 Ry) than that used for the other simulations
(70 Ry).
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Stability of the H,O molecule along the nanotube axis

This section deals with the study of the stability of the HoO molecule along the axis of the
nanotube. This analysis was carried out by preparing a set of simulations in which the molecule,
at the beginning of the structural optimization, is located in different positions along the axis,
maintaining the orientation parallel to the nanotube axis as shown in Fig. 2.7] The chosen
positions are uniformly arranged along the axis of the nanotube, from a few A outside the
nanotube to a few A outside the opposite end. Fig. reports two plots: on the left the final
position of the molecule as a function of the initial one, in terms of the position along the z axis
of the center of mass of the water molecule; on the right the dependence of the binding energy
on the final position obtained from the structural optimization (the dashed line is only a guide

to the eyes).
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Fig. 2.8: Comparison between the initial and final positions in the structural op-
timization of the water molecule (left) and binding energy as a function of the
optimized coordinate (right)

As can be seen in Fig. 2.9]several, different equilibrium positions of the water molecule inside

the nanotube can be observed, corresponding to local minima.
A - s ,

Fig. 2.9: Equilibrium position of the water inside the Li24F24 nanotube

Detailed analysis shows that these equilibrium positions are intermediate between the layers

of the nanotube, so that the distance between the water molecule and the nanostructure atoms
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is maximized. Interesting information can be also obtained from the graph showing the total
energy behaviour as a function of the final positions of the structural optimization. As can be
seen, the central position is confirmed to be the most stable one, while instead the two adjacent
locations are much less energetically stable (-36 meV and -7 meV binding energies). Interestingly
the first and last equilibrium positions are actually located outside the nanotube. The energy
profile reported in Fig. can give a rough estimate of the energy-barrier (activation energy)
characterizing the encapsulation of the water molecule inside the nanotube, but in order to obtain
a more accurate evaluation, a more sophisticated approach has been used, namely the Nudged
Elastic Band (NEB) method combined with the climbing-image approach and the quasi-Newton
Broyden’s second method as the optimization scheme to investigate the full reaction path of the
water molecule from outside to inside the nanotube [37] and to accurately determine the relative
activation energy. The binding energies associated to the intermediate points of this path are
plotted in Fig. 2:I0] As can be seen, two main energy barriers are evident in the reaction
path; the first (and the highest) one slightly outside the nanotube, with an energy barrier of
584 meV and the second, instead inside the nanotube, with an energy barrier of 320 meV. We
can therefore conclude that encapsulation of HoO inside LigsFoy requires overcoming an energy

barrier of about 0.6 eV.
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Fig. 2.10: NEB calculation for the water molecule reaction path inside the LizsF24

nanotube: binding energy as a function of the z coordinate of the O atom of the
molecule
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Stability of the H,O orientation

In order to ensure that the initially chosen orientation, i.e. that characterized by an electric
dipole moment parallel to the nanotube axis, is indeed the most stable one, a set of structural
optimizations have been prepared where the HoO molecule has an initial position with different
directions. These orientations are defined by the angle # shown in Fig. i.e. the angle
between the direction of the dipole moment of the water molecule and the z direction, which is

coincident with the nanotube axis.

Fig. 2.11: Angle formed by the axis of the water molecule with the axis of the
nanotube in the study of orientation stability

The orientations were choosen considering a uniform sampling within the 0°+-90° range. In
these simulations the center of mass of the water molecule was kept coincident with the center
of the nanotube. The results of the structural optimizations were then analyzed by determining

the final, optimized orientation of the molecule (see Fig. [2.12)).
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Fig. 2.12: Final orientations of the water molecule as a function of the initial ori-
entations (left) and binding energies corresponding to the optimized angles (right)

As can be seen from the graph on the left, which shows the trend of the final angle of the
water molecule as a function of the initial angle, the structural optimization brings the molecule

back to form an angle with the z axis in most cases less than 5°. Moreover, considering the
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behavior of the binding energy as a fucntion of the optimized angle (right panel), leads to the
conclusion that the most stable orientation of the water molecule is indeed parallel to z, and so

to the nanotube axis.

Dipole moment of the isolated LiyyF5,; nanotube

Table reports the values of the electric dipole moment of the isolated LissFo4 nanotube. As
expected on the basis of symmetry notions, this nanostructure turns out to be essentially apolar;
in fact the value of the dipole moment tends to converge to zero as a function of the unitary cell
size and the KEC parameter (see table and Fig. . Once again the choice of 12 A and

70 Ry as suitable parameters for convergence is confirmed.

D kinetic energy cutoff [Ry]

isol [D] 40 50 60 70 80 90 100
8 1.427 1.515 1.469 1.466 1.434 1.402 1.402
9 | 0.671 0.410 0.606 0.557 0.544 0.326 0.535
10 | 0.066 0.097 0.098 0.085 0.074 0.125 0.119
11 | 0.118 0.052 0.069 0.008 0.025 0.016 0.048
12 | 0.306 0.007 0.038 0.069 0.047 0.022 0.027
13 | 0.305 0.111 0.099 0.085 0.041 0.230 0.054
14 | 0.093 0.076 0.084 0.038 0.073 0.042 0.066
15 | 0.187 0.061 0.086 0.035 0.067 0.058 -

Table 2.9: Electric dipole moment of isolated LizsF24 nanotube
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Fig. 2.13: Dipole of the isolated nanotube Liz4F24 as a function of the unitary cell
size and of the kinetic energy cutoff

23



Dipole moment of isolated water molecule

The values of the electric dipole moment of the water molecule are reported in table and
shown in Fig. as a function of the unitary cell size and of the kinetic energy cutoff. As
can be seen the dipole moment seems to reasonably converge to a value close to 1.8 D, which is
compatible with the experimental reference estimate [36]. This provides a further confirmation
of the correct determination of the electric dipole moment using the technique discussed above,
i.e. by calculating the dipole from the electron density distribution and the positions of the

atomic nuclei.

1.802

18

1.798

1.796

1.794

1.792

1.79

1.788

dipole of isolated water molecule / [D]

1.786
7

kinetic energy cutoff [Ry]

maz0 D] g 50 60 70 80 90 100
8 | 1.7869 1.7869 1.7864 1.7867 1.7868 1.7866 1.7862
9 |1.7920 1.7920 1.7918 1.7918 1.7916 1.7919 1.7918
10 | 17952 1.7951 1.7948 1.7950 1.7947 1.7949 1.7947

=11 | 17972 17976 17972 17972 1.7972  1.7968  1.7971

© 12 | 1.7988 1.7991 1.7985 1.7982 1.7982 1.7985 1.7983
13 | 17997 1.7996 1.7997 1.7997 1.7997 1.7995 1.7992
14 | 1.8010 1.8007 1.8004 1.8003 1.8001 1.8004 1.8004
15 | 1.8011 1.8012 1.8009 1.8012 1.8006 1.8007 .

Table 2.10: Electric dipole moment of isolated HoO molecule
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Fig. 2.14: Dipole of the isolated water molecule as a function of the unitary cell
size and of the kinetic energy cutoff
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Dipole moment of the H,O@Liy F,, endohedral complex

The electric dipole moment of the HoOQ@Lis,Fo4 endohedral complex represents clearly the most
relevant quantity to assess the screening/antiscreening character of the nanostructure. Its value
as a function of the unitary cell size and of the kinetic energy cutoff is reported in table
and plotted in Fig. As can be seen a well converged estimate (about 2.4 D) is obtained by

adopting the usual size of the unit cell (12 A) and the usual KEC parameter (70 Ry).

kinetic energy cutoff [Ry]|

moe L yo 50 60 70 80 90 100
8 | 359 344 341 338 337 337 3.36
9 | 294 283 280 277 292 291 293
10 | 2.44 240 240 249 239 249 2.50
11 1263 231 239 230 237 230 2.37
12 | 2.87 2.25 231 247 231 239 239
13| 243 241 239 249 240 239 240
14 | 243 234 242 241 241 241 241
15 | 2.39 234 243 242 243 2.43 -
Table 2.11: Electric dipole moment of the HoO@QLi24F24 endohedral complex
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Fig. 2.15: Dipole of the HoO@Li4F24 endohedral complex as a function of the
unitary cell size and of the kinetic energy cutoff
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Induced dipole moment

The induced dipole moment can be defined as the difference between the total dipole moment

of the endohedral complex HyO@LigysFoy, the dipole of the isolated nanotube LissFoy and that

of the isolated water molecule: fiing = fitor — fLiyy Fyy — HH,0- 1ts value is reported in table

and plotted in Fig. as a function of the unitary cell size and of the KEC parameter. The

induced dipole moment is positive, with a converged value of 0.56 D, thus clearly indicating an

antiscreening effect.

kinetic energy cutoff [Ry|
nino [P g 50 60 70 80 90 100
8 0.375 0.141 0.154 0.126 0.152 0.178 0.173
9 0.481 0.627 0.398 0.426 0.585 0.796 0.601
10 | 0.576 0.511 0.507 0.609 0.523 0.572 0.584
g 11 | 0.714 0.459 0.523 0.496 0.551 0.489 0.529
] 12 ] 0.762 0.446 0.476 0.603 0.461 0.566 0.561
13 | 0.330 0.499 0.491 0.605 0.558 0.365 0.543
14 | 0.540 0.459 0.533 0.573 0.541 0.572 0.545
15 | 0.398 0.483 0.546 0.585 0.558 0.567 -
Table 2.12: Induced dipole moment
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Fig. 2.16: Induced dipole moment as a function of the unitary cell size and of the

kinetic energy cutoff

90
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It is interesting to quantify this antiscreening effect in terms of a percentage variation of the

total dipole with respect to that of the isolated H>O molecule, according to the relation 2:2}

Apg, =

Hind
I’LHZO

-100%

(2.2)

The percent amplification of the dipole moment is reported in table 2.13] and plotted in Fig.

[2.17 as a function of the unitary cell size and of the kinetic energy cutoff. From these data one

can conclude that the converged percentage amplification is around a value of +31%.
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kinetic energy cutoff [Ry|

Atz [7] 40 50 60 70 80 90 100
8 (210 79 86 70 85 100 9.7
9 26.8 35.0 222 238 326 444 335
10 | 32.1 285 28.2 339 29.1 319 325

g 11 | 39.7 256 29.1 276 30.7 272 294

« 12 | 423 24.8 26.5 33.5 257 315 31.2
13 | 184 277 273 33.6 31.0 20.3 30.2
14 1300 255 29.6 31.8 30.0 31.8 30.2
15 | 221 26.8 30.3 325 31.0 31.5 -

Table 2.13: Percent amplification of the dipole moment of the HoO@Li24F24 endo-
hedral complex with respect to that of the isolated H2O molecule.
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Fig. 2.17: Induced dipole moment as a function of the unitary cell size and of the
kinetic energy cutoff

In order to better characterize this peculiar antiscreening effect with dipole amplification, fur-
ther investigation is worthwhile. In particular, a useful quantity is represented by the differential
charge density, defined as Ap(7) = piot (F) — pisol(F) — pH,0(F), where pior () is the charge den-
sity distribution of the HyO@Liy4F24 endohedral complex, after structural optimization. p;se;(7)
instead is the charge density of the isolated nanotube LizsFay (assuming the atomic coordinates
of the endohedral complex) and pm,o(7), is the charge density of the isolated water molecule
(again assuming the atomic coordinates of the molecule as inside the endohedral complex). In
Fig. and we plot the differential charge density Ap(7), looking at two selected planes:
the first coincident with that of the water molecule and the second orthogonal to it. These
pictures were obtained using the XCrySDen software [38], plotting isosurfaces corresponding to
values of +£5-1073¢/ A®: The red (blue) surface denotes electron density gain (loss) regions. As
can be seen, the regions where the differential charge density is mostly localized are in the center
of the nanotube, around the oxygen atom of the water molecule, and also in close vicinity of the

two hydrogen atoms (in white) which face two lithium atoms (in green) of the nanotube.

27



Fig. 2.18: Differential charge density plotted on a section coincident with the water
molecule plane

Fig. 2.19: Differential charge density plotted on a section orthogonal to the water
molecule plane

Further information can be achieved by considering the one-dimensional profile of the differ-
ential electron density Ap(z), computed along the z axis of the nanotube axis, by integrating
Ap defined above over the corresponding, orthogonal x, y planes. Ap,(z) is instead defined as
above, but restricted only to positive values of Ap, while Ap_(z) is restricted only to negative
values. The plots of these functions are shown in Fig. [2:20] where the black, dotted lines define

the physical boundaries of the nanotube considering the z coordinate.
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Fig. 2.20: Differential charge density Ap(z) along the z axis in HoO@QLiog F54. The
vertical black lines indicate the boundaries of the nanotube.

By integrating the z - Ap(z) function on the unit cell, one obtains a dipole moment value
of 0.17 D, which can be interpreted as the total induced dipole moment due to the rearranged
electron density. One can therefore conclude that the dipole-amplification (antiscreening) effect
is due, for about 30 % to the deformation of the electronic cloud, while the remaining portion is

due to the relative displacements of positive and negative ions (see below).
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Distance between the centers of the positive and negative ions

The water molecule encapsulated inside the nanotube interacts with the positive and negative
ions, slightly distorting the nanostructure. This effect contributes significantly to the amplifying
effect of the electric dipole moment. In order to characterize these distortions we can consider z,
that is the z component of the charge center of the positive ions Li+, and z_, the z component
of the charge center of the negative ions F-; then we can evaluate di = z; — z_, that is the
difference between the z-coordinates of the charge centers of the positive and negative ions.
Only the z axis is considered since it has been verified that no significant distortions take place
along the x,y directions. The dy quantity is conveniently expressed in mA since it is very small
compared to the dimensions of the nanotube. One can expect that, for the isolated nanotube,
i.e. in the absence of the water molecule ecapsulated inside it, the value of d4 is significantly
smaller than that computed upon water-molecule encapsulation. The results obtained for d4;s0;
of the isolated nanotube are reported in table while in table we instead report d s
for the endohedral complex HyOQLiz4F24. Fig. 2:21) and 2:22) describe the behavior of d;s0 as

a function of the unitary cell size and of the kinetic energy cutoff.

kinetic energy cutoff Ry
deisor [mA] 40 50 60 70 80 | 9]0 100

8 10.98 9.22 9.12 9.22 9.22 9.22 9.22

9 498 224 440 4.00 3.86 2.13 4.08

10 0.15 033 036 037 0.24 0.69 0.62

11 0.84 024 093 0.32 048 0.39 0.21

12 277 013 052 0.80 0.62 037 0.42

13 299 125 1.09 094 0.49 2.08 0.63

14 0.89 0.81 094 0.44 0.77 048 0.71

15 1.74 0.61 0.88 041 0.70 0.62 -

Table 2.14: Distance d+;s01 between positive and negative ions centers in the inso-
lated LissFo4 nanotube
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Fig. 2.21: Distance d+iso1 between positive and negative ions centers in the isolated
Li2sF24 nanotube as a function of the the unitary cell size and of the kinetic energy
cutoff
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kinetic energy cutoff |Ry

e pun [mA] 40 50 60 70 80 | 92) 100
8 6.44 3.99 390 3.60 3.73 3.79 3.74
9 2.97 199 1.69 1.48 294 291 3.08
10 143 176 1.78 0.88 1.85 0.84 0.79
11 0.48 261 1.80 268 1.97 268 1.95
12 2.74 321 261 1.05 266 1.85 1.86
13 1.67 1.73 191 0.92 1.82 1.85 1.85
14 1.76 251 1.72 178 1.75 1.73 1.78
15 206 249 162 1.74 170 1.70 -

Table 2.15: Distance d+iso1 between positive and negative ions centers in the
H20@Li24F24 endohedral complex
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Fig. 2.22: Distance di;so1 between positive and negative ions centers in the
H20O@Li24F24 endohedral complex as a function of the the unitary cell size and
of the kinetic energy cutoff

The converged values for d4;s,; turn out to be 0.7 mA and 1.7 mA for the isolated nanotube
and the endohedral complex, respectively. A more detailed description can be obtained (similarly
to what done in ref. |14]) by plotting the z-coordinate changes of the ions, upon encapsulation of
the water molecule, as a function of the z position of the ions themselves. Since each section of
the nanotube has 8 alternating atoms, 4 Li+ ions and 4 F- ions, we consider the average position
along z of each of the two quadruplets of ions: z;; for the 4 Li+ ions of the i-th section and z_;
for the 4 F- ions of the section i-th. The graph in Fig. 2:23]| shows the variation of z;,; and z_;
upon encapsulation of the water molecule inside the nanotube (the dotted lines are just a guide

to the eyes).
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Fig. 2.23: Differential displacements of the positive and negative ions upon encap-
sulation of the water molecule (see text for details)

32



2.4 Role of the nanotube’s chemical composition

In this section we investigate to what extent the above results about the dielectric properties
of the HoOQLigyFo4 endohedral complex are modified by changing the composition of the nan-
otube, namely by replacing Li and F with other alkali-halide atoms. As outlined above we
restrict our analysis only to the most stable nanostructures; so, besides HoO@QLiosFo4, we con-
sider HoO@QLig4Cloy, HoO@NagyFoy, HoOQKo4Foy and HoOQKo4Clyy. The calculations were
carried out adopting the same approach and technical parameters described in detail for the
Hy0@LigyyFoy endohedral complex; in all the cases the geometry of the nanotube is octagonal
with six layers, and the water molecule is located in the center of the nanotube with a dipole
moment parallel to the axis of the nanostructure. The results relative to the different considered
chemical compositions of the nanotubes are reported in table [2.16] The chemical nature of the
nanotube bonds can be described in terms of the so-called ionic character which can be evaluated
using the Pauling’s relation|39], based on the electronegativity difference between two elements

A and B :

ion.char. = (1 - e—ﬂXA—XB)Q) -100% (2.3)

complex Ec |eV/at] Ep [meV]  pisor [D]  preor [D]  Agp  di [mA] ion.char.
Hy0QLigsFay 42 225 0.06 247 131 % 1.7 89%
Hy;0@NagyFoy -3.7 -789 0.12 3.03 +63 % 2.8 90%
H,0QK 5, Fay -3.6 -954 0.40 3.65 +82 % 8.7 92%
H,0@QLigy Clayg -3.3 -843 0.11 2.49 +33 % 3.9 70%
H;0QK4Clay -2.9 -794 1.55 5.12 +100% 19.9 75%

Table 2.16: Cohesive energy, Ec, and dipole moment, f;s01, of the isolated nan-
otube, binding energy, Ep, dipole moment, g0, induced dipole moment Ag g,
distance d+;so1 between positive and negative ions centers, and ionic character of
different considered endohedral complexes

It is interesting to compare the present results to those obtained in previous investigations on
encapsulation of a water molecule inside fullerene-like nanocages|14]. Remarkably, the amplifica-
tion of the dipole moment in the HoO@Lisy Foy endohedral structure turns out to be twice than
that (+18%) found in the HyO@QLi3zsF36 nanocage [14]. Such an increase of the antiscreening
effect, with respect to that observed in the corresponding nanocage structures, is also found in
HyO@Nag Foy (+63% dipole amplification against +44% for the nanocage) and in HoO@Ligy Cloy
(+33% against +25%). Note that the effect is particularly pronounced in HoOQKo4Clyy (for
these endohedral structure no comparison with the corresponding endohedral nanocage is avail-
able) since the dipole amplification factor (+100%) shows that the antiscreening behavior is

quite strong since the induced dipole moment is twice that of the isolated molecule.Also note
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that the distances between positive and negative ions are larger compared to the corresponding
values computed in the nanocages|14] This observation further supports the conclusion that the
differential displacement of the positive and negative ions is the main source of the peculiar
antiscreening effect.

The results for the endohedral stuctures containing K atoms deserve a comment. In fact, by
adopting the same supercell parameters used in the other cases, one finds that the dipole moment
of these structures, without the encapsulated water molecule, ji;50;, does not vanish, differently
from the other nanostructures. We have therefore checked if this finding could be ascribed to an
insufficient convergence of ji;5,; as a function of the simulation cell. Data of table 2.17] suggest a
relation between the percent occupied volume of the unit cell, with standard dimensions a=12.5

A and ¢=25 A, and the isolated nanotube dipole moment t;50;-

complex diameter [A] length [A] Vo pisor [D]
H,0@LigsFoy 4.7 9.4 4% 0.06
HQO@N&24F24 5.6 11.0 7 % 0.12
HyOQKo, Foy 6.3 12.7 10%  0.40
H;0@Ligy Clay 6.0 12.0 9% 0.11
H,0@K24Clay 7.7 15.0 18 % 1.55

Table 2.17: Nanotube diameter, length (along z), percent occupied volume in the
unit cell with a=12.5 A and ¢=25 A, Vi, and dipole moment of the isolated nan-
otube

We have therefore repeated the structural optimization of the two larger isolated nanotubes
Ko4Foy and Koy Cloy by adopting a larger unit cell with dimensions a=15 A and ¢=30 A (in place
of the original ones a=12.5 A and ¢=25 A) The computed dipole moment of the two structures
is significantly reduced in the larger unit cell: for KosFo4 it decrease from 0.4 D (a=12.5 A)
to 0.28 D (a=15 A), while for Kp4Clyy it decrease from 1.55 D (a=12.5 A) to 0.42 D (a=15
A) Although we do not expect that the qualitative conclusion about the dipole amplification
(antiscreening effect) characterizing these endohedral structures is affected by these findings,
nonetheless they suggest that more accurate, quantitative results can be only obtained for the
largest considered endohedral nanotubes by adopting larger unit cells (implying considerably

higher computational costs).
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2.5 Role of the size of the nanotube

In this section we investigate the role of the size of the nanotube by focusing on lithium fluoride
nanostructures of different geometries, considering two different kinds of sections (octagonal and
dodecagonal) of the nanotube section and different numbers of layers. The hexagonal section is
not taken into account because the corresponding nanotube would be too small to encapsulate a
water molecule without severely distorting the nanostructure. Similarly, the decagonal section,
that would be intermediate between the octagonal and the dodecagonal one, is not considered
since the resulting endohedral structure turns out to be unstable. Concerning the number of
layers, besides the 6 layers assumed in the previous applications, we also considered 5 and 7 layers.
Again the calculations were carried out adopting the same approach and technical parameters

used for the reference HoO@LiyyFo4 endohedral complex. The results are reported in tables [2.18]

and 2191
complex section n.layers | Ec [eV/at] Ep [meV] fisor [D]  ttor [D]
H,O0Q@QLigygFag octagonal 5 -4.22 -193 0.07 2.07
HyOQLigyFoy octagonal 6 -4.23 -226 0.10 2.39
HyO@LiggFog octagonal 7 -4.24 -228 0.02 2.36
H,O@QLizgF3y dodecagonal 5 -4.22 -578 0.04 1.37
H,OQLizgF36 dodecagonal 6 -4.23 -516 0.05 1.12
H,OQLigpF4s dodecagonal 7 -4.24 -265 0.06 1.28

Table 2.18: Cohesive energy, Ec, and dipole moment, 501, of the isolated nan-
otube, binding energy, Ep and dipole moment, g+ of the endohedral complexes
(see text for details)

complex section n.layers | Agpu  diisor [mA] d+ tor [mA]
H,0@QLiygFog octagonal 5 +12% 0.0 3.1
HyO0QLigyFoy octagonal 6 +29% 0.0 1.8
H>0O@Q@LixgFog octagonal 7 +31% 0.0 1.8
H,0@QLi3pF39 dodecagonal 5 -26% 0.0 -5.0
H,0@Q@Li3gF36 dodecagonal 6 -40% 0.0 -4.6
H,O0QLigjF42  dodecagonal 7 -32% 0.0 -1.8

Table 2.19: Percent induced dipole moment Ay u, induced dipole due to the rear-
ranging of electron density ptind—e., distance d+ (ot between positive and negative
ions centers of the isolated nanotube, di isoi , and of the endohedral complexes |,
d+ tor (see text for details)

As can be seen, considering lithium-fluoride endohedral structures with octagonal section, the
percent amplification of the dipole moment Apug, increases with the number of layers, which can
be explained by the more effective collective effect of a larger number of ions of opposite charge
in inducing an amplification of the dipole moment. Interestingly, lithium-fluoride endohedral
structures with the dodecagonal section, differently from those with the octagonal one, exhibit

a clear screening effect since the total-dipole moment is reduced with respect to that of the
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isolated water molecule. In this case the endohedral structure is characterized by a significant

deformation in the transversal direction (see Fig. [2.24]).

Fig. 2.24: Two views of the HoO@QLi3sF36 nanotube with lithium-fluoride dodecago-
nal section and 6 layers.

The possibility of switching from antiscreening to screening effect in alkali-halide nanos-
tructures by just changing the nanotube’s section is remarkable and clearly deserves further
analysis. As done previously, the differential charge density Ap(7) was calculated for the endo-
hedral complex H,O@Li3cF36 with dodecagonal section and six layers. Fig. [2:25] compares the
differential charge density of two different nanotubes: octagonal with six layers HoO@LigyFoy,
and dodecagonal, again with six layers HoOQLizsF36. The red (blue) surface denotes electron
density gain (loss) regions. For both the nanotubes the plotted isosurfaces correspond to values

of £15-1073¢/A3

Fig. 2.25: Differential charge density comparison between HoO@Li2sF24 octagonal
nanotube with six layers (on the right) and HoO@LissF36 dodecagonal nanotube
with six layers (on the left)

In both the endohedral complexes one can appreciate an electron density gain around the

Oxigen atom and a loss around the two Hydrogen atoms of the water molecule. The dodecagonal
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nanotube, differently from the octagonal one, turns out to be characterized by a rearrangement
of the electron density around Lithium and Fluorine pairs in such a way to generate dipole
moments opposite to that of the encapsulated water molecule, thus explaining the observed
screening behavior. Also in this case the screening effect can be analysed by calculating the

differential electron density along z axis Ap(z), plotted in Fig.

Aplz) [ [efA]

z/[A)

Fig. 2.26: Differential charge density Ap(z) along the z axis in HoO@Li3sF36. The
vertical black lines indicate the boundaries of the nanotube.

By integrating the z - Ap(z) function over the unit cell, one obtains a dipole moment value
of -0.6 D (opposite to that of the water molecule), which can be interpreted as the total induced
dipole moment due to the rearranged electron density. In trying to better elucidate the role
of the ion positions and particularly of the specific adopted nanotube’s structure and section,
one can also compute the angular induced dipole moment p;,q(0) (Fig. To obtain this
quantity, we first performed a coordinate transformation of the differential electron density from
Cartesian to cylindrical coordinates, Ap(z,y, z) — Ap(r, 6, z). Then, the function z - Ap(r, 0, z)

was integrated over r and z in the unit cell, pina(0) = [, drdzzAp(r,0, z).
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150° 30°

330°

Fig. 2.27: Angular induced dipole moment p;,q(8), for two endohedral structures:
dodecagonal nanotube HoO@QLigsF36 (left) and octagonal nanotube HoO@LizyFoy
(right), both with six layers. The dotted, circular black line represents the zero-
value level

The behavior of this function is clearly different in the two considered endohedral nanostruc-
tures. In fact, in the dodecagonal nanotube one can observe pronounced negative contributions,
mostly localized at eight different angles: 30° , 60°, 120°, 150°, 210°, 240°, 300° and 330°, while
instead, in the the octagonal nanotube negative contributions are only localized at four angles:
45°, 135°, 225° and 315°. More detailed analysis shows that these negative contributions are
localized at angles where one can find atoms of the nanotube that are neither on the plane
containing the water molecule neither on the one orthogonal to it; these atoms are four for each

layer in the octagonal nanotube, while instead eight for each layer in the dodecagonal nanotube.

The dipole moment component related to the positive and negative ions displacement has
been studied for the dodecagonal nanotube HyO@Li3cF36 too. Fig[2.28] shows the relative dis-
placements in the two cases, dodecagonal (left) and octagonal (right). Significant differences
are evident. From one hand in the the octagonal nanotube the displacements are almost double
than in the dodecagonal one. From the other in the dodecagonal nanotube case thee green curve
(Li+ ioms) is relatively lower than the grey one (F- ions). As a consequence, the Li+ ions dis-
placements are on average smaller than the F- ones, and so the overall distance between positive
and negative ions centers along z is negative d+ 4oy = —4.6 mA. Such a negative value of dpm tot
means that the ions displacement induces a further screening effect in the dodecagonal nanotube,
contrary to the octagonal case in which instead the ions displacement contributes significantly

to the dipole moment amplification.
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Fig. 2.28: Differential displacements of the positive and negative ions upon encap-
sulation of the water molecule into the dodecagonal nanotube HoO@Li3sF3¢ (left)

and into the octagonal nanotube HoO@LigyFa4 (right)
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2.6 Role of the specific encapsulated molecule: NaF and

LiF in place of H,O

Finally, we have verified the effect of replacing, as the molecule encapsulated inside LissFoy, water
by other polar molecules, in particular NaF and LiF, which are linear molecules characterized

by a dipole moment even greater than that of HyO. The results are reported in table [2:20

complex | Ep [meV] pimor [D] ot [D]  Agp  dy [mA] ion.char.

Hy0@LiyyFoy -225 1.8 24 +31 % 1.8 32 %
LiF@QLiggFoy -2328 6.1 5.2 -16 % 19.8 89 %
NaF@LigyFoy -2158 7.8 6.7 -16 % 19.8 90 %

Table 2.20: Cohesive energy, Ec¢, dipole moment, (im0, of the isolated encapsulated
molecule, binding energy, Fg, dipole moment, pto:, induced dipole moment Ag p,
distance d+;so1 between positive and negative ions centers, and ionic character con-
sidering different molecules encapsulated in LizsFo4

As can be seen the binding energies of the NaFQLigyFoy and LiFQLigsFoy endohedral nanos-
tructures are much larger (one order of magnitude) in absolute value than that relative to
Hy0@LigyyCloy. This suggests that one or more true chemical bonds are actually formed be-
tween the encapsulated molecule and the surrounding nanotube. This is qualitatively confirmed
by inspection of Fig. @ NaF@LiyyFoy and LiFQLisyFsoy show a moderate screening effect,
however the comparison with the dielectric properties of the reference HoO@Lis4Clys nanostruc-
ture is not completely meaningful in view of the fact that FQLiyyFo4 and LiFQLisyFoy cannot be
certainly described in terms of encapsulated molecules weakly interacting with the surrounding

nanotube.

Fig. 2.29: NaF@Li24F24 and LiF@Li24F24 endohedral structures

40



Chapter 3

Conclusions

This thesis work reports the results of a first-principles investigation of alkali-halide nanotubes
with particular emphasis on their dielectric properties. In particular, we have considered, as
the most promising systems, nanotubes with octagonal transversal section and six layers in
the longitudinal direction. As a preliminary step the stability of nanotubes made by different
binary combinations of alkali metals and halides has been investigated, finding that the Lithium-
Fluoride (LiF) nanotube is the most stable one. Next we have investigated, by first-principles
techniques based on the DFT (using a state-of-the art approach able to properly describe also
long-range van der Waals interactions), the properties of endohedral alkali-halide nanotubes
obtained by encapsulation of a water molecule, similarly to what done in previous applications
to alkali-halide, fullerene-like nanocages. Extended tests have been carried out to verify the
accurate convergence of the basic structural, energetic, and dielectric properties of the system.
In the most stable HoO@QLissFo4 endohedral complex an evident antiscreening effect is observed
since there is a substantial amplification (about 30%) of the dipole moment with respect to
that of the isolated water molecule. In this structure the energetically favored configuration
is the one where the water molecule is located in the center of the nanotube with its dipole
moment parallel to the axis of the nanotube. A detailed investigation has been performed to
elucidate the antiscreening effect by computing both the differential electron density distribution
and profile, and the relative displacements of positive and negative ions of the nanotubes. In this
way one can conclude that the induced dipole moment is mostly due just to the rearrangement
of the ions. Interestingly, these results are qualitatively and semi-quantitatively similar to those
previously obtained in the study of endohedral alkali-halide (fullerene-like) nanocages|14], as
can be deduced looking at table [3.I] which summarizes the basic quantities characterizing the

HQO@LigﬁFgG and HQO@L124F24 nanostructures.
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fullerene-like nanocage nanotube
HgO@LiggFgf_’, HQO@Li24F24
Nanostructure diameter 9.4 A 4.6 A
Cohesive energy -3.2 eV /atom -4.2 eV /atom
Binding energy -152 meV -225 meV
Percent induced dipole moment +18 % +31 %

Table 3.1: Comparison of basic quantities characterizing the HoOQLi3zsF36 and
H>0QLiyyFa24 nanostructures

The detailed reaction path corresponding to the encapsulation of the water molecule in the
LigsFo4 nanotube has been also reproduced, using the NEB approach, with an estimate of the
related energy barrier (about 0.6 eV). Besides HoOQLigsFoy4, other endohedral nanostructures
with an encapsulated water molecule have been investigated, considering the most stable alkail-
halide nanotubes, always with octagonal section and 6 layers: HoO@LisyCloy, HoO@QNagsFoy,
H,O0QK54F24, and HoO@K54Cloy. In these other systems the antiscreening phenomenon is even
more pronounced that in HyO@Liy,Foy: in fact the dipole amplification is estimated to be +63%,
+82%, +33% and +100%, respectively. We have also verified that the antiscreening effect in
alkali-halide nanotubes with octagonal transversal sections increases as a function of the number
of layers in the longitudinal direction. Interestingly, the specific geometric structure of the
nanotube seems to be crucial for triggering the antiscreening phenomenon. In fact, calculations
on the alternative HoO@Li3sF34 endohedral nanostructure with dodecagonal section (instead of
octogonal) indicate a reduction of the total dipole moment, so that a screening behavior similar
to that observed in more conventional carbon nanocages is observed. Finally, we have also
studied endohedral LisyFso4 nanostructures where the encapsulated water molecule is replaced
by linear, ionic-bonded molecules, NaF and LiF having a dipole moment even larger that that
of the water molecule. In this case a moderate screening effect is observed, however the strong
interaction (large binding energy) between encapsulated molecules and nanotube suggests that

the whole structure is significantly altered with the formation of new genuine chemical bonds.

42



Appendix A

Quantum-ESPRESSO input

parameters

In table a detailed list of all the typical parameters used for running the "pw.x" Quantum-
ESPRESSO program is reported:

Parameter Single atom | Structure
calculation scf scf/relax
ibrav 6 6
A 8+ 15 8§+ 15
C 16 + 30 16 + 30
ecutwfc 40 = 100 40 = 100
ecutrho 240 = 600 | 240 + 600
occupations smearing smearing
smearing f-d f-d
degauss 0.01 0.01
input_ dft rvv10 rvv10
nspin 2 N.D.
starting magnetization 0.5 N.D.
conv_ thr 1078 10-8
mixing beta 0.57 0.57
mixing mode plain plain
automatic | automatic
K_POINTS 111000 {111000

Table A.1: Parameters used in pw.x code

The "pp.x" post-processin program was used to obtain the electron density function and the
electron density differential displacement. The main settings were : "plot _num=0", "iflag=3"
and "output format=>5".

Table reports information about the pseudopotential approach, including the number

of considered valence electrons and the suggested minimum kinetic energy cutoff, both for the

wavefunction and the electron density expansions.
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Element | Z; [-] | Pseudopotential name min. ecutwfc | min. ecutrho
H 1 H.pbe-rrkjus_psl.1.0.0.UPF 46 Ry 221 Ry
Li 3 Li.pbe-sl-rrkjus _psl.1.0.0.UPF 50 Ry 325 Ry
O 6 O.pbe-n-rrkjus_psl.1.0.0.UPF 47 Ry 323 Ry
F 7 F.pbe-n-rrkjus psl.1.0.0.UPF 49 Ry 316 Ry
Na 9 Na.pbe-spn-rrkjus psl.1.0.0.UPF 66 Ry 323 Ry
Cl 7 Cl.pbe-n-rrkjus_psl.1.0.0.UPF 45 Ry 223 Ry
K 9 K.pbe-spn-rrkjus _psl.1.0.0.UPF 41 Ry 277 Ry
Br 7 Br.pbe-n-rrkjus_psl.1.0.0.UPF 49 Ry 196 Ry

Table A.2: Data about the pseudopotentials used
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Appendix B

CloudVeneto

A central element of this thesis are the DF'T simulations with Quantum-ESPRESSO. These sim-
ulations range from simple self-consistent "scf" electonic optimizations, which can take minutes
to complete, up to more demanding, structural optimization simulations lasting 8 or more hours,
with RAM memory use of up to 20 GB . The preliminary study phase and the convergence study
required several dozen structural optimizations, with a considerable computational effort. In or-
der to be able to carry it out easily, it was necessary to look for a computing platform suitable
for these needs. The platform used was CloudVeneto, an initiative involving 10 departments of
the University of Padua, the Padua division of INFN (national institute of nuclear physics) and
the INFN national laboratories of Legnaro. Upon request, an account was assigned with the
following available resources: 200 GB of storage memory, 20 Intel 2.5 GHz virtual CPUs and 20
GB of RAM memory. To make optimal use of the available computational resources, two virtual
machines have been instantiated, each with the Ubuntu 22.04.2 LTS operating system and two
different "flavours": the first for the heavier simulations of structural optimization, operating
with an extra large flavor "cloudveneto.xlarge" having 8 virtual CPUs and 16 GB of RAM, the
second instead dedicated to more numerous and less demanding simulations such as single point
simulations of self-consistency "scf", operating with a medium flavor "cloudveneto.medium" with
2 virtual CPUs and 4GB of RAM. Since this project does not belong directly to the INFN group,
an SSH tunnel through an intermediate gate has been made mandatory for access to the virtual
machines in order to guarantee IT security. In order to optimize the use of the machines in time
and to complete the numerous simulations in a reasonable time, the generation of the input files

and the storage of the output files has been automated through suitably designed bash scripts.
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