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Abstract

The dispersion bonds—also known as London or Van der Waals interactions—are
usually considered the weakest and the least important of the several types of
chemical bonding models known. However, dispersion interactions play a crucial
role in chemistry; particularly, defining functions and structural stability of

proteins and Watson-Crick pairs in biochemical systems, to name just a few.

Through the Periodic Table, noble gas aggregates are one of the prime
examples of systems strongly influenced by dispersion interactions. In addition,
from helium—the smallest and most unreactive—to radon, periodic trends emerge;
the atomic mass/radius and the dispersion interactions increase, resulting in
increasing melting points, boiling points, enthalpies of vaporization, etc. However,
Oganesson (Og, Z = 118)— the heaviest noble gas and element synthesized at the
limit of nuclear mass and charge—may behave differently from what would be
predicted by simple extrapolations in the Periodic Table. This is due to relativistic
effects. Those effects are more pronounced in heavier elements (high nuclear

charge Z) and significantly influence both chemical and physical properties.

The research presented here is divided into three parts. First, we explore the
behavior of neon clusters under high magnetic fields in the range of B = 0 — 0.3
au. (0 — 7.5 x 10° Tesla). Under these extreme conditions, atoms and molecules
reveal exotic chemical characteristics such as squeezed and twisted structures as
dispersion interactions are affected by the so-called perpendicular paramagnetic
bonding giving rise to molecules and materials that do not exist on Earth (but in
environments of white dwarfs and magnetic stars). Our results show that,

regarding the field-free case, there is an energetic stabilization for the neon



interaction in a magnetic field, leading to enhanced melting temperatures of more
than 70% and reducing the entropy of the system, squeezing the structures

perpendicular to the applied magnetic field.

Second, we analyzed the chemical nature of Flerovium clusters and their noble
gas-like behavior upon melting. Here, we studied closed-shell flerovium in detail to
predict solid-state properties including the melting point from a decomposition of
the total energy into many-body forces derived from relativistic coupled-cluster
and density functional theory. Our results show that the noble gas behavior of
flerovium enhances resistance to bond formation. Flerovium atoms are only weakly
bound, less compared to mercury, but more than in xenon. This makes the
accurate prediction of phase transitions very difficult. Nevertheless, we made the
first prediction by Monte-Carlo simulation estimates the melting point at 284 + 50
K.

Finally, we studied the structure, stability, and chemical bonding of fluorides
noble gas compounds, NgF,, (n = 2,4,6), where Ng comes from Argon, Krypton,
Xenon, Radon, and Oganesson. The heaviest element, Oganesson, unlike all other
noble gas compounds, is enhancing the tendency to adopt a tetrahedral local
environment. These results indicate that there may be a partial role reversal of the
elements Fl and Og important in the future of atom-at-a-time chemistry.
Oganesson di- and tetra-fluorides are stable with and without relativistic effects,
whereas hexafluoride is unstable. This creates such a radical departure from
periodic group trends that the rules of the periodic table appear to be broken by

relativity, suggesting an end to periodicity.
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Chapter

Theoretical background

COMPUTER SIMULATIONS ARE A CRUCIAL TOOL FOR UNDERSTANDING THE
PROPERTIES OF MOLECULAR SYSTEMS, PROVIDING INSIGHTS INTO CHEMICAL
BONDING THAT ARE DIFFICULT TO OBTAIN THROUGH OTHER MEANS. ACCURATE
THEORETICAL MODELS ARE ESSENTIAL FOR ENSURING THE REALISM AND
PREDICTIVE POWER OF THESE SIMULATIONS. THEORETICAL MODELS MUST
ACCURATELY REPRESENT THE POTENTIAL ENERGY OF THE SYSTEM AND
INCORPORATE PROPER QUANTUM MECHANICAL TREATMENT OF NUCLEAR

DYNAMICS. THE SCHRODINGER AND DIRAC EQUATIONS PROVIDE A
FRAMEWORK FOR UNDERSTANDING THE BEHAVIOR OF ATOMS, ELECTRONS,
AND THE INTERACTIONS BETWEEN THEM. IN qQuaNTUM CHEMISTRY,

VARIOUS METHODS HAVE BEEN DEVELOPED TO STUDY THE PROPERTIES
OF MOLECULES AND MATERIALS, INCLUDING HARTREE-FOCK (HF) THEORY,
DENSITY FUNCTIONAL THEORY (DFT), SECOND-ORDER PERTURBATION THEORY
(MP2), AND COUPLED-CLUSTER (CC) METHODS FOR ELECTRON CORRELATION.
FURTHERMORE, MONTE CARLO SIMULATIONS CAN BE USED TO COMPUTE PHASE
TRANSITIONS AND OTHER IMPORTANT PHYSICAL PROPERTIES OF SYSTEMS AT THE
QUANTUM LEVEL. THIS CHAPTER PROVIDES THE THEORETICAL BACKGROUND TO
STUDY MOLECULAR INTERACTIONS AND DYNAMICS IN ATOMIC AND MOLECULAR
SYSTEMS. THE THEORETICAL FOUNDATIONS OF THESE METHODS WILL BE
DISCUSSED WITH AN EMPHASIS ON THEIR PRACTICAL APPLICATIONS FOR
SIMULATING MOLECULAR SYSTEMS. TECHNICAL TERMS AND EQUATIONS WILL
BE EXPLAINED IN DETAIL TO MAKE THE MATERIAL MORE ACCESSIBLE.

1.1 Introduction

An accurate first ansatz to describe molecular interactions at the nonrelativistic

level is given by the Schrodinger equation
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)
i U, t) = AU (r, 1) (1.1)

where all the information about the system is contained in the wave function (V)
and the Hamiltonian .7¢ operator describes the simultaneous movement of the nuclei
and electrons and their interactions. For a system of M nuclei and N electrons, we
assume for the moment the nuclei and electrons to be point masses and neglect
spin-orbit and other relativistic and quantum electrodynamic contributions. The

Hamiltonian operator is then given as (in atomic units)

1 N ) ) M M ZZB
‘%ﬂzﬁzvi_ Z—v +ZZ|R — Ry
' o (1.2)
‘Zzu—m*zzh—m

i J>0

where the indices ¢ and j refer to electrons and « and S refer to nuclei. The
first term in Equation (1.2) is the operator for the kinetic energy of the electrons.
The second term is the operator for the kinetic energy of the nuclei with mass m,,.
The third term is the potential energy of the repulsions between the nuclei, where
R., Rj are the coordinates of nuclei with atomic numbers Z, and Z3, respectively.
The fourth term is the potential energy of the attractions between the electrons and
the nuclei, where r;, R, are the coordinates of the i-th electron and a-th nucleus,
respectively. The last term is the potential energy of the repulsions between the
electrons, where r;, r; are the coordinates of electrons. In Equation (1.2), the

Hamiltonian operator could be restated by

%57;+7;+VQB+VM+VU (13)

where each operator represents the electronic and nuclear kinetic energy
operators (7)), the nuclear-nuclear, electron-nuclear, and electron-electron

interaction potential operators (1), respectively.



1.2. THE BORN-OPPENHEIMER APPROXIMATION

1.2 The Born-Oppenheimer Approximation

The time-dependent Schrodinger equation is formidable looking, Equation (1.1),
and only for a few quantum systems are analytical solutions available. For many
applications of quantum mechanics, including those in this work, the simpler time-
independent or stationary form is used, and the wave functions and energies of an

atomic/molecular system are obtained after solving

A U(Ra,1;) = & U(Ra,17) (1.4)

where J# is the Hamiltonian operator in Equation (1.2) and & is the total
energy of the system. It is important to note that neither the Hamiltonian nor the
energy has a time dependence. The molecular wave function is V(R,, r;) and R,

r; are the coordinates of the a-th nucleus and ¢-th electron, respectively.

Since nuclei are much heavier than electrons (m, > m;), the electrons travel
faster than the nuclei. From the point of view of an electron, we can define nuclei
as fixed points while the electrons are moving. Therefore, the approximation of
separating electronic and nuclear motions is known as the Born-Oppenheimer
approximation (BOA), which allows us to write the molecular wave function (V) as

a product of nuclear (¢) and electronic () terms,

U (Ra,1i) = ¢(Ra)¥(Ra; 1) (1.5)

The BOA is based on the fact that the nuclei are far more massive than the
electrons, which allows us to say that the nuclei are nearly fixed according to
electronic motion. As a result, from Equation (1.3), the nuclear kinetic energy
term (7,) can be neglected, and the repulsion between nuclei (V,5) can be
considered as a constant. However, the V,; term prevents us from completely
separating the Hamiltonian operator into nuclear and electronic parts; this term is
significant and cannot be neglected. The later and remaining terms in
Equation (1.3) compose the electronic Hamiltonian (Heectronic Or simply H)

describing the motions of the electrons in the field of M nuclei (point charges), so
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H = 7}+Vai+v,~j (1.6)

and the electronic Schrodinger equation is

HY(Ra; ;) = E(RG)UV(Ry; 13). (1.7)

Here, the electronic wave function (¢/) and the electronic energy (&) explicitly
depend on the electronic coordinates r; and parametrically on nuclear coordinates
R,. By parametric dependence, we mean that for different nuclei arrangements

(R.) we have a different electronic energy (£) and wave function (1)).

To solve the electronic problem, Equation (1.7), we fix the nuclear
configuration R, at some value, so we can obtain a set of electronic wave functions
© and corresponding electronic energies £. Of course, there is an infinite number
of possible nuclear configurations. If we do this for a range of different nuclei
arrangement R, we obtain the potential energy surface along which the nuclei
move. The sum of the electronic energy £ does not include any electronic degrees
of freedom. The electronic energy £(R,,) is also known as the interatomic potential

as a function of the nuclear coordinates.

1.3 Interatomic Potentials

The laws of quantum mechanics control the dynamics of atoms and molecules and
electrons define the bonding. The interatomic potential, £(R) in Equation (1.7), of

a system of M atoms can be expanded in a many-body expansion

ER) =D EVR) +D EXRm) + Y Y (Rau R Rae) ++ (1.8)

a<b a<b<c

where

e £ ig the one-body term and (besides the atomic total energies which we can set
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arbitrarily to zero) only arises in the case of an external field or boundary conditions

(wall of a container). For simplicity, we will use the notation &£(a).

e £@ is the two-body term or pair potential. The interaction of any pair of atoms
depends only on their spacing and is not affected by the presence of other atoms.

For simplicity, we will use the notation £(ab).

e £B) is the three-body term that arises when the presence of a third atom modifies

the interaction of a pair of atoms. For simplicity, we will use the notation &(abc).

The expansion is formally exact but may be slowly converging. However, for a
few systems, in particular, the ones regarded in this work, the many-body
expansion converges rapidly. Therefore, four-body and higher-order terms are
small in comparison with two- and three-body terms and can be neglected.”! Two-
and three-body terms can either be calculated with high accuracy via ab initio
methods or they can be described by empirical potentials with parameters derived
from experiments. However, for metallic systems, for example, it is well known

that this many-body decomposition is not converging smoothly. [’

The Lennard-Jones potential (LJ) is one of the most straightforward and
idealized interatomic potentials commonly used in computer simulations.!'!] The
LJ potential describes the interactions between two neutral atoms using a
relatively simple mathematical model; describing both the attractive and repulsive

forces between the two atoms:

EY(ab) = 4e [(ﬁ)m - (m)‘a] . (1.9)

Here ¢ is the potential well depth, and o is the distance where the potential is
equal to zero (Figure 1.1). The relationship between ¢ and the distance where the

potential reaches a minimum; i.e., the equilibrium position of the two particles is

Tmin = \675'0'-

The short-range part of the LJ potential is repulsive when two atoms come
close to each other, Equation (1.9). This repulsion follows from a polynomial

distribution where the 1/r'? repulsive term was found to describe molecular
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Figure 1.1: The Lennard—Jones potential approximates the intermolecular interactions between
two atoms. The potential is defined in terms of the well-depth (¢) and the intercept (o) where the
potential is zero. Other formulations use the radius where the minimum occurs, i.e. the equilibrium
distance.

interactions relatively accurately. This term shows that the repulsive contribution
to the potential energy drops off fast as particles separate. In contrast, the
long-range part is attractive and dominated by the London dispersive type —1/r%
term; which correctly describes the interaction between neutral atoms at large

separations.

Additionally, an extended version of the Lennard-Jones potential in terms of an
inverse power expansion is known as the Extended Lennard-Jones (ELJ)

potential [

Clets
£ (ab) Z TR (1.10)
with coefficients Cj,5 as shown Table A.1.  These coefficients can be

determined by fits to accurate ab initio two-body potentials computed with highly

accurate quantum-chemical methods such as the relativistic coupled-cluster theory.
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As simple as the Lennard-Jones potential is, unlike Hooke’s law potential
(harmonic oscillator), analytical solutions for the Schrodinger equation are not
available. As an inverse power expansion, it has the advantage, however, of leading

to analytical expressions for solid-state properties!'?.

For the three-body term, the repulsive Axilrod-Teller (AT) potential is a
mathematical model used to describe the interaction between three atoms. It
follows from the classical triple-dipole Drude model, but can also be derived more
rigorously from a quantum theoretical treatment of a dispersive type of
interactions. This three-body potential takes into account the effect three atoms
have on each other, rather than just the interaction between two atoms. The AT

potential 314 ig

1+ 3cosb, cosb,cosb,
(JRa — Ry|[Ry — R||R, — R|)’

E® (abe) = eqpe (1.11)

where 6,, 0,, and 6. are the inner angles of the triangle formed between the
three atoms. Higher-order contributions like the attractive quadruple dipole term
or quadrupolar terms are usually neglected for the treatment of weakly interacting
systems. For three identical atoms, we have 4, = (9/16)Ia?, where I and a are

the first ionization potential and polarizability of the atom, respectively.

The LJ, ELJ, and AT models have been widely used to describe interatomic
interactions for many different problems, from pure physical-mathematical
applications to biochemical systems and solid-state physics. For example, the LJ
potential in noble gas systems has been used to compute many physical-chemical
properties, such as phase transition temperatures,['” density,['? pressure,['”

19]

viscosity, ¥ radial distributions,!"! etc.

1.4 The Hartree-Fock Method

The term with r;; in Equation (1.7) has non-separable variables that relate to the

position of pairs of electrons in the system. One can, however, for the moment
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consider the simple solution for a single electron Schrodinger equation. Therefore,

we define a one-electron operator h(i) as follows

h(i)Z—le—i—ZA =Ti+V; (1.12)
2 " n |I'Z‘—RA|

The Schrodinger equation for a single electron in an external Coulomb potential

can be solved analytically by the method of separation of variables

h(i)di(ri) = €i¢i(r;) (1.13)

where, for the i-th electron, ¢ is the one-electron wave function (orbital) and
€ is the one-electron energy. In general, we can write the electronic Hamiltonian,

Equation (1.6), as

N . N N 1
’H—Zh(z)JrZZm—thVee (1.14)

i i
The wave function ¢(rq,rs,...,ry) in Equation (1.7) of a system of N electrons

can be approximated as a product of one-electron wave functions ¢.

VP (v 10, .. ty) = (1) p(rs) . .. (ry) (1.15)

which is known as a Hartree Product (HP) and solving the Schrodinger equation

for this wave function

HYHP = gypHtP (1.16)

gives the total energy as the sum of the one-electron energies,
E = €+ €& + -+ + ey. However, electronic wave functions have to be
antisymmetric and the Hartree product needs to be anti-symmetrized, i.e.
A{p(r1)p(rs) ... ¢(rn)}, leading to the well known Slater determinant of

one-particle functions.

In Equation (1.15), ¢(ry) is the k-th space-spin wave function (aka orbital) of
the k-th electron and the set of space-spin coordinates r = {x,w}. According to

the antisymmetry principle, a wave function describing fermions should be



1.4. THE HARTREE-FOCK METHOD

antisymmetric regarding the interchange of any electronic coordinates. Fermions
are described using spin coordinates in addition to their three degrees of spatial
freedom. Therefore, an orbital is composed of a space function y(x) and a spin

function, up a(w) or down S(w).

o(x) = (1.17)

the spatial function y(x) depends only on the electron coordinates and can be
written as the Linear Combination of Atomic Orbitals (aka expansion on a

basis set), as

xi(r) = Z Cij95(r) (1.18)

where k is the number of basis functions, Cj; are the expansion coefficients and
gj(r) are the j-th (atom-centered) basis (or trial) functions for the i-th electron,
respectively.  On the other hand, the spin orbitals a(w) and [(w) satisfy the

orthonormality relation

[ @ais= [5@s@ds =1 and

(1.19)
/oz*(w)ﬁ(w)dw = /B*(w)a(w)dw =0
or using the Dirac notation,
/ 0, a#p
o (w)f(w)dw = (a|B) = bap where 0,5 = (1.20)
1, a=p

where d,4 is the Kronecker delta function. The spin functions are independently
integrated and are orthonormal. As a result, the energy from Equation (1.16) can
be written in terms of the special functions x;(x;), or simply x;, as (using Dirac

notation)
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&= <A{X1X2 .- ~XN}|7‘[|A{X1X2 . -XN>}
= (A{xaxz - xvHA A+ Vel A{xaxe - xn )

(1.21)

where A indicated that we take the antisymmetrized product (Slater determinant).
Although not proven here, using the variational principle one can optimize the above
expression for the energy by varying the orbitals or the coefficients C;; of the basis

set. The resulting expression is known as the Hartree-Fock equation

JrilXa(ri)) = 6a|Xa(ri)> (122)

where F is the Fock operator defined as

FilXa(r:)) = <h(i) + > [h(i) - KW’)]) [Xa(ri)) (1.23)

b#a
where h(7) is the one-electron Hamiltonian, Equation (1.14), J,(4) is the Coulomb

operator and Kj(7) is the exchange operator. The Coulomb operator is defined as

M) = | X D0lEs) gy = (o) | oD} (120

v — 15 r; — 1]

and the exchange operator is defined as

Kali) o) = [ g ) - )|

lr; — 1] ||Xa(rj)>‘Xb(rz’)>

(1.25)

There is a clear interpretation of the Coulomb operator. The classic Coulomb
interaction within two charge units is described according to ﬁ In the same
way, electron one in y, experiences a one-electron potential from y, that is equal
to the Coulomb operator in Equation (1.24). Each electron experiences a Coulomb
repulsion from every other electron as the summation is over all orbitals. The
exchange operator arises from the exchange and the correlation among electrons

with parallel spins and lacks a classical interpretation. An exchange operator

10
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suggests that the Hartree-Fock equation takes into account at least the correlation
between electrons with parallel spins (Hartree-Fock is identical to first-order

Mgller-Plesset perturbation theory).

In this approach, the interactions between the electrons are replaced with an
effective single-particle potential, known as the mean field, that captures the
average effect of all the other electrons (an electronic cloud). This allows the
many-particle system to be treated as a collection of non-interacting particles, each
moving in this mean-field potential. This can greatly simplify the calculations
involved in solving the Hartree-Fock equations providing satisfactory results as an

initial approximation to the true behavior of the system in many cases.

However, there are still limitations when, for instance, the fluctuations or
quantum mechanical correlations between the particles are not taken into account
in systems with strong or weak interactions (specifically at low temperatures). The

electron correlation energy (E.o) is defined as

gcm"r — Cezxact — gHF (126>

where &E.qt 18 the exact energy and &pyp the Hartree-Fock total energy.
Therefore, different post-Hartree-Fock methods have been developed to include a
more precise description of the electronic correlation and the electronic exchange,
for example, Mgller—Plesset Perturbation Theory (MP2), Configuration Interaction
(CI), Multi-Reference (MR) or Coupled Cluster (CC) methods. Alternatively, one
can try to improve the mean-field theory through Density Functional Theory
(DFT), which will be discussed in the next section.

1.5 Density Functional Theory

In recent years, computational methods based on Density Functional Theory
(DFT) have become increasingly popular because they can provide more accurate

results than the Hartree-Fock approximation while requiring in general less

11
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computational resources. DFT incorporates electron correlation effects through the
use of electron density functionals, which contain terms for the kinetic energy,
electron-nucleus interaction, Coulombic repulsion, and electronic exchange and
correlation. This allows DFT to capture electron correlation effects within a
mean-field theory that requires a lower computational cost than the more
traditional wave function-based methods such as MP2 or CC methods. It is fair to
say that DFT has led to a revolution in quantum chemical applications over the

past 20 years for large molecules or extended systems.

From the wave function, Equation (1.17), we derive the one-particle density by

integration,

p(r) = N/---/@/)*(rl,rz, o *N)U(rL, T, . Ty )dry. . dry = |6(T)]? (1.27)

(1 normalized) where N is the total number of electrons, and the integration of

the density over the whole space is

/p(r)dr = / |p(r)[Pdr = (p(r)|¢(r)) = N (1.28)

Now, we can find a functional F'[p] that operates only on the one-particle density
and incorporates both exchange and electron correlation effects by returning the
correct total energy of the system (Hohenberg-Kohn approach). Consider briefly
the electron-nucleus interaction operator V.n, aka external potential, which can be

expressed in terms of the electron density as

N

Vslol = — / > ‘rip@)dr (1.29)

Similarly, the pure Coulomb term,

Jlp] = % / %drdﬂ (1.30)

However, the kinetic energy and the electron exchange operator cannot be so

easily expressed in terms of electron density. Nevertheless, the Hohenberg-Kohn

12
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theorem states that a unique functional of the electron density exists returning the
total energy of the system, and the Kohn-Sham approach expresses the (unknown
exact) one-particle density in terms of trial functions (the Kohn-Sham orbitals).

The total energy is then approximated in terms of the electron density by

Epprlp] = Tp] + Venlp] + J1p] + Vaelp] (1.31)

There are no explicit expressions for the kinetic energy T[p] and the
exchange-correlation V,.[p] functional in terms of the electronic density. As a
result, the universal functional F[p] is a mathematical construct whose analytical

form is unknown.

Kohn and Sham proposed the first approach by constructing the unknown density
from one-particle trial functions as mentioned above. As a result, the kinetic energy

can be treated in the usual way,

Borrle) = =5 3 [ o0 Vawdr Vil + 3 [ [ oo ey (132

r-
i<j Y

where

p(r) = Z EXOIE (1.33)

One of the first approximations for the exchange-correlation term was the Local
Density Approximation (LDA) where the system is described as a gas of uniform

electrons, then the term V. is

VDAL = / p(1)erep(r)dr (1.34)

where €,. is the exchange and correlation energy per particle of an
inhomogeneous electron gas of density p(r). Another approximation is the General
Gradient Approximation (GGA), which relies on the electron density and electron

density gradient to account for inhomogeneity in the electron density. According

to GGA, the term V. is

13
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VGGAl) = / 7 (o). Fo(r)) dr (1.35)

Finally, the term V. using the hybrid functionals (B3LYP)

V;ESLYP[p] — E£DA + a, (EfF o Ei/DA) + (EEGA . Ei/DA)
1.
+ELPA 4 o (ESA — BEPA) (130

where « are a fitting parameters, a, = 0.20, a, = 0.72, and «,. = 0.81. Terms
E, and FE, are the exchange and correlation energies for LDA or GGA
approximations, Equations (1.34) and (1.35), respectively.  For the hybrid
functional B3LYP, B3 1is the exchange functional developed by Becke,
parameterized three times, and LYP corresponds to the correlation functional of

Lee, Yang and Parr.

The primary approximation in DFT is the exchange-correlation functional. It
is acknowledged that this functional essentially approximates unknown physics, yet
it has notably succeeded in practice.’”) DFT’s accuracy may be enhanced by
formulating exchange-correlation effects that account for additional quantum
mechanical phenomena. A wide range of functionals of different rungs has been
developed for use in DFT, which differs in the way they treat the kinetic,

exchange, and correlation terms.

Perdew and Schmidt[*'] proposed a hierarchical classification scheme for DFT
functionals based on the rung of a ladder; a so-called “Jacob’s ladder” referring to
progressive levels of increasing sophistication and consequently the accuracy of the
functional’s exchange-correlation treatment in DFT functional development. > 2]
This extends from the basic local density approximation up through generalized
gradient approximation, meta-GGA, hybrid-functional, double hybrid-functional

approaches, and beyond.

Firstly, on the first rung are local exchange and correlation functionals, such as

the Local Density Approximation (LDA), which only considers the electron spin

14
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density in the functional. Secondly, gradient-corrected functionals, known as
Generalized Gradient Approximations (GGAs), take into account not only the spin
density but also its spatial gradients. Thirdly, hybrid functionals, such as the
B3LYP functional, combine local exchange terms with the Hartree-Fock exchange.
On the next rung, meta-GGAs and meta-hybrids, such as TPSS and TPSSh,
include a GGA or Hartree-Fock exchange part in combination with a kinetic
energy density term. Finally, the double-hybrid functionals are considered to be on
a higher rung of Jacob’s ladder. Double-hybrid functionals comprise a category of
approximations that combines Hartree-Fock exchange energy, second-order
Mpgller-Plesset correlation energy perturbations (see Section 1.6), and a semi-local
exchange-correlation density functional.[?6:%7]

Corrections to the total energy can also be included to account for long-range
interactions (CAM) or dispersion forces such as the Grimme dispersion
correction. 2 In strongly correlated solid-state systems the Hubbard
onsite-repulsion model is often used to improve electron localization and to prevent

B9 Furthermore, in

the incorrect prediction of the metal-to-insulator transition.
systems with heavy atoms (see Section 1.8), the electron density has to be
extended to the four-component (spinors) wave function for a correct relativistic

treatment of the electrons at the Dirac level of theory. P!

As a final remark, Density Functional Theory is based on the following
fundamentals, the two theorems of Hohenberg and Kohn (sometimes regarded as

being trivial):

1. A unique external potential determines a unique ground state electron density.
An external potential (ve.;) corresponds to the ground state wave function
(1o(r)) as a result p,(r) refers to the electron density of the ground state.
That is, for two different N-electrons systems described by two Hamiltonian
operators with different external potentials, they cannot have fundamental

states with the same electron density.

2. The variational principle for density functionals

15
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Elp] = (o(r)|[H[tho(r)) < (Wo(r)[H|o(r)) = E[p(r)] (1.37)

where E|p|, p(r) and ¢,(r) are the exact electronic energy, density and wave
function of a N-electrons system, respectively, while E[p] and p(r) correspond

to the energy, density of the triad wave function t,(r).

1.6 Mgller-Plesset Perturbation Theory

Previously, in the Hartree-Fock approximation, we showed that the electronic wave
function is represented as a combination of single-particle wave functions and
involves the electron-electron Coulomb repulsion term. However, the Hartree-Fock
approximation only accounts for exchange effects, but not for electron correlation
effects. On the other hand, Density Functional Theory (DFT) is a more accurate
method that accounts for both electronic exchange and correlation effects by using
a functional to represent the electron density. However, DFT still has some
limitations and may not accurately capture certain types of electron correlation
effects, especially for systems with strong electron correlation or for weakly

interacting systems.

Mogller-Plesset perturbation theory (MP) is a method for improving upon the
results obtained from Hartree-Fock theory or perhaps Density Functional Theory
(DFT). It is an extension of the HF method that takes into account electron
correlation effects by including Rayleigh-Schrodinger perturbation terms in the
energy expression. The electronic Hamiltonian in Equation (1.14) for an

unperturbed electronic system is renamed as H, and the equation is

Ho|do(r)) = Eo|o(r)) (1.38)

Next, we introduce a perturbation using the operator V controlled by the
coefficient A (where 0 < A < 1), as a result the new Hamiltonian H representing

the perturbed system is
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H|pi(r)) = &E|oi(r)), where H="H,+\V (1.39)

When ) is small enough, the energy (&;) and wave function (¢;) can be assumed
to approximate the solutions of H,, Equation (1.38). We could use a Taylor series

in A to expand the energy of the perturbed system as

&= el(»o) + )\651) + )\2652) + ... (1.40)

(n)

where €,/ corresponds to the correction to the n-order energy of the i-th state.

The perturbed wave function as

6:) = 100 + M) + X2 @y + .. (1.41)

where ’(/)Z(n) is the correction to the m-order wave function of the ¢-th state and

the dyadic product is

S P =1 (1.42)

and the orthogonality condition is

(W) = 65 (1.43)

(0)

The first term in both equations are the energy ¢, = &, and wave function

|¢§0)> = |¢o(r)) of the unperturbed system, respectively. In general,

(n) 1 8"&
€. = —
! n! A"

1 9™
and " = - a;i for n=12... (1.44)

Now, we are going to multiply from the left Equation (1.41) by the complex
conjugate (w§0)|

W16 = W1 + MO ) + Rl . (145)

and the intermediate normalization condition is
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WMy =0 for n=12,... (1.46)

to normalize

(W) =1 (1.47)

Now, substituting Equations (1.40) and (1.41) into Equation (1.39), we obtain

(Ho + AV)(J07) + M) + X2y +...) =

(1.48)
(€@ 42D 1222 £ (8@ + MDY AP 4.
splitting by each coefficient A",
n=0 — Hfp) =" (1.49)
=l HAED V) = ) ) e

(€” = M)y = (V — )|

n=2 —  HJeP) + Vo) = V) 4 DMy 4 Py (1.51)

In the above equations, we multiplied from the left by <¢i(0)| and after some
algebra using the orthogonality relation, Equation (1.46), we obtain the energies of
order
& = (W Holuy”) (152)

7

e = (WO W) (1.53)
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= (WO VM) (1.54)

Now, multiplying Equation (1.50) by the wave function of the j-th state, <w§o)|,

and using the orthogonality condition, Equation (1.43), we obtain

(e =) = WPV®), fori# (1.55)

After setting A = 1 and using Equations (1.42) and (1.55) into Equation (1.41),

the first order corrected wave function is

|6:) = +Z|w o

O 1 ®
1y +wa )

i Ez‘ %

(1.56)

Similarly, we can use Equations (1.42) and (1.55) to obtain the correction of

order two to the energy in Equation (1.54)

e = (VI =3 @ VI @ o)

J

O 11O (5 1] (1.57)
_ N W VT W VI
0) _ (0
j#i G TG
Then, the energy corrected to the second order is
(0) VIO (6@ 1)@
gi _ 650) + <¢Z(O)|Vo|¢ Z | |77Z} ><wzo)| |wz > (158)
J#i & €

Finally, to get the second-order Mgller—Plesset approximation (MP2) we must
get the explicit form of the perturbation term ). We define the unperturbed

Hamiltonian, Equation (1.38), as the Hartree-Fock Hamiltonian
Ho=) (h(i) + Y [ J(i) — /Cb(i)]> (1.59)
i b
From Equation (1.39), when A = 1 we know that V = H — H,, where H is the
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1.6. MOLLER-PLESSET PERTURBATION THEORY

Hamiltonian in Equation (1.14). Thus, we can write the perturbation term

Vet -H, = (Zﬁ I —wn) (1.60)

i §>i ba

and we can prove that the first correction to the energy is

6Z(;) _ <w§0)|V|¢§O)> _ _% Z(Z-ﬂw) (1.61)

]
where the double-bar integrals, in Dirac notation, are defined as an

anti-symmetrized product of the two-electron integral

(abl|ed) = / / w;u)wz(j)%wr(i)wsu)—wsu)wr(j)wﬁda (1.62)

where 7 denoted integration over the electron’s coordinates and spin. Finally,

the second-order correction to the energy is

0 0 0 0 occ vir .. ..
0 _y WO WO Wy S (ijl|rs)(rs|lij)
€ © _ (0 ~

i € € ij rs

= (1.63)

Higher-order approximations, like MP3 or MP4, include more terms in the
perturbation expansion, leading to increased accuracy at the cost of increased
computational complexity. To find higher corrections to the energy and wave

function, proceed similarly as illustrated for the second-order energy,

Equation (1.57).

One of the main advantages of the MP2 method is that it includes a significant
portion of the electron-electron interactions, making it more accurate than the HF
method for predicting the electronic energy of a system. This is especially
important for systems with strong electron-electron interactions, such as those
found in chemistry and materials science. The MP2 method is also relatively
computationally efficient compared to more accurate methods such as the coupled

cluster (CC) method, making it a popular choice for calculating the electronic
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energy of larger systems. Overall, the MP2 method is important because it
provides a balance between accuracy and computational efficiency, making it a
useful tool for predicting the electronic energy of a wide range of chemical and

materials systems.

One note of caution should be added here. The Mgller-Plesset expressions are
series expansions and as such have a convergence radius, that is the series can even
diverge. This can easily be seen from the energy expression above where the
denominator in Equation (1.63) can become (close to) zero for (quasi-) degenerate
occupied /unoccupied energy levels. In such cases, coupled-cluster, configuration
interaction, or multi-reference methods become the preferred treatment for

electron correlation.

1.7 Coupled Cluster Theory

In the last two sections, Sections 1.5 and 1.6, we showed how to describe electron
correlation going beyond the Hartree-Fock (HF') approximation. Interaction among
electrons has a significant impact on the electronic structure and properties of the
system and is, therefore, crucial to consider when describing the electronic energy

and other properties of a chemical or materials system.

In this section, we will discuss the coupled cluster (CC) method, which is one
of the most accurate methods for describing electron correlation. The CC method
in its CCSD(T) variant is often referred to as the “gold standard” of quantum
chemistry methods. It is widely used to benchmark a wide range of properties in
chemical systems, mainly from small molecules, and is a valuable tool for chemists
and physicists who want to understand the behavior of highly correlated

many-electron systems.

The coupled cluster wave function ¢ is derived from the Hartree-Fock wave

function, Equation (1.15), by adding additional terms that account for electron
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1.7. COUPLED CLUSTER THEORY

correlation effects,

Yee = e pr (1.64)

where T is the cluster operator given by

~

T=T+Ty+T5+ --+1T, (1.65)

where n is the number of electrons in the system. The operator e’ is defined by

the Taylor series expansion

o

N A 1. 1. 1.
2! 3! — n!

As aresult, from Equations (1.65) and (1.66), the explicit form of the exponential

operator is

; 5 A O

=14+ + (To+ T2 ) + | Ty +TyT) + =17
2 6

(1.67)

A PN 1. PN 1 .
- (T4 + T5Ty + §Tf + 17 + ﬂT{‘) 4
The first term generates the reference HF energy and the second all the singly
excited states. The first parenthesis generates all the doubly excited states, and

the second and third parenthesis generate all the triply and the quadruply excited

states, respectively.

The one-particle cluster operator T and the two-particle cluster operator Ty are

defined as

Tilpo) = > > telws) (1.68)

a>n 1

0o 00 m>n n

Dolwo) =Y > D D i) (1.69)

b>a a>n j>i 1
The limits of the summaries are chosen to include all possible single and double

excitations without duplication of any excitation. The numerical coefficients ¢! and
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1.7. COUPLED CLUSTER THEORY

t¢? are the cluster amplitudes. The singly excited state [t{) with the occupied i-th
spin-orbital replaced by the virtual a-th spin-orbital. The doubly excited state

!

Z-]) with the occupied ¢, j-th spin-orbitals replaced by the virtual a,b-th

spin-orbitals.

Using the coupled cluster wave function in Equation (1.64), the Schrodinger
equation can be written as
HeTyp, = EcceT b, (1.70)

and the coupled cluster energy is given by

(ol H|eT10) = Ecc(tboleThy)

1. (1.71)
:500<1/;0|<1+T1+T2+§Tf+...)wo)

if we truncated the series expansion at the second order, the coupled cluster

energy is given by

Eco = <¢0|H|€T¢o)

A ~ 1 -
= <wo‘H (1 + Tl + T2 + §T12) wo>

. . 1 . 1.72
== (%VU%) + <¢0|H\T1¢o> + <wo‘H|T2wo> + 5(%\%’7?%) ( )
=&+ D D> W HIUE) + D 0D (th - t0th — 219 (o | M0

i a i>j a>b

The coupled cluster correlation of the energy is therefore determined
completely by the singles and doubles amplitudes and the two-electron integrals.
Similar to MP methods, the CC methods are size extensive—and the energy of the
system scales with the number of electrons— 2 but not variational, where the
energy of any trial wave function is not an upper bound to the exact ground state
energy. As a result, we can not minimize this upper bound to approximate the

true ground state energy. %)
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The CCSD method is when 7" = T} 4+ T including all the single and double
excited states or after inclusion of Tg, the CC singles, doubles, and triples (CCSDT)
method is obtained. Several approximate forms of CCSDT have been developed 2%:37]
where the most widely used approximation is the coupled cluster with the inclusion
of single and double excitations and perturbative inclusion of triple excitations,
CCSD(T). Here, the triples contribution is calculated using the same perturbation
equation presented in MP4 but substitutes the CCSD-derived amplitude for the
wave function in place of MP4’s perturbation coefficients. Additionally, a fifth-
order coupling term between single and triple excitations is incorporated into the

calculation. 38

1.8 Relativistic Effects: Dirac Equation

In previous sections, we outlined the most relevant methodologies to describe the
electronic structure of molecules, including the Hartree-Fock (HF) method, the
density functional theory (DFT), the second order Mgller-Plesset perturbation
theory (MP2), and the coupled cluster (CC) method. We also discussed the
importance of including electron correlation in the description of the electronic

structure of molecules.

In Figure 1.2, we show the hierarchy among three major axes of the levels of
theory, including the level of electron correlation on the Hamiltonian, the size of
the basis set, and the level of inclusion of the relativistic effects. Increasing the
level of accuracy in any of these three axes increases the complexity and
computational cost. A complete description of any atomic or molecular system
requires the inclusion of all three axes up to the highest level of accuracy, reaching
either the exact solution of the Schrodinger equation or the exact solution of the

Dirac equation (or its extension to quantum electrodynamics, QED).

In addition to electron correlation, including relativistic effects in the

description of electrons in molecular systems can provide a more accurate and
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Electron correlation
A Exact solution of the

Scrhodinger equation

Full CI

cisbTq 4 Exact Relativistic

result (Dirac equation)
CISDT
CISD
CIS
HF T |HF Limitl
Non Relativistic (NR) t t t t t P Basis set
Scalar |(1c) SZ DZP TZP QZP
Two-component (2d)
Four-component (4c)

QED
Relativistic corrections

Figure 1.2: Converging the computational results by increasing the basis set, the amount of
electron correlation and the description of the relativistic effects.

comprehensive understanding of the physical and chemical properties of these
systems, which is important in a variety of fields, including chemistry, physics, and
materials science.***? Relativistic effects can alter the strength of chemical bonds,
the stability of radicals, the rates of chemical reactions, the bonding and reactivity
of molecules, as well as their thermodynamic and kinetic properties, especially in

heavy element-containing compounds as relativistic effects scale like ~ Z2.

At the beginning of this chapter, we showed that the Schrédinger equation is a
mathematical equation that describes the time evolution of a quantum mechanical
system. It is a linear partial differential equation that describes how the wave
function of a quantum system changes over time. The Schrodinger equation is
central to the study of quantum mechanics and is used to predict the behavior of
quantum systems, including energy levels and corresponding wave functions for
atoms, molecules, and extended systems such as the solid state. It is named after

the Austrian physicist Erwin Schrodinger, who developed the equation in 1926.

The Dirac equation is a relativistic quantum mechanical wave equation that
describes the behavior of spin-1/2 particles (fermions), such as electrons. The

Dirac equation describes how the wave function of a spin-1/2 particle changes over
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time and space, taking into account the effects of the particle’s mass, spin, and
electric charge. It was developed by the British physicist Paul Dirac in 1928 and
can be seen as an extension of the Schrodinger equation to include the effects of
special relativity (albeit both differential equations have very different

mathematical features).

Similar to the Schrodinger equation, Section 1.2, in the non-relativistic regime

Hp(r) = E(r) (1.73)

and taking into account that the energy-momentum relation of the theory of

special relativity

E? = (pe)® + (mc?)? (1.74)

where c is the speed of light, m is the rest mass of the electron, p is the electron
momentum, one can derive the time-independent one-electron Dirac equation from
the conditions that the time derivative is of the first order and so are the space

derivatives to ensure Lorentz invariance,

Hi(r) = (cZanpn + Bmc® + V) (r) = EY(r) (1.75)

where V is the external potential due to nuclei, Section 1.2, and the operators
a, 3 are the 4x4 Dirac matrices. It is possible to select a set of Dirac matrices that

meet the appropriate anti-commutation requirements. In general, the standard set

is given by
10 0 0
1 0 01 0 0
= ° 7 |-= (1.76)
02 —1, 00 -1 0
00 0 -1

and a,, matrices containing the Pauli spin-matrices are given by
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0001 0 0 0 —2
0010 0O 0 2 O
o) = , Qg = y
0100 0 — 0 0
1 000 1 0 0 O
(1.77)
0 0 1 0
00 -1
a3 —
1 0 0 0
0 -1 0 0

The Dirac’s a,, could be written in terms of the 2x2 Pauli’s spin matrices o; as
coupled differential equations. Using the Dirac equation, Equation (1.75), a
peculiar prediction was made that there exists an uncountable infinite set of
quantum states (continuum) in which the electron has negative energy. This
strange result made it possible to predict the existence of positively charged

electrons. In 1932, this prediction was verified with the discovery of the positron.

Similar to the Dirac matrices, the wave function () in Equation (1.75) must be

a 4-component mathematical entity, a 4 X 1 column matrix

b(r) = (L.78)

where ¢, are known as spinor states. Analogously to the non-relativistic
electronic  density, Equation (1.27), the relativistic electron density or

four-component (4c) density can therefore be written as

() (r) = [(E)]* = [é1 ()" + [62(r)]* + @3 (r)[* + |¢a(r)[? (1.79)

The wave function contains two sets of degrees of freedom, loosely speaking,
one associated with positive energy (spinor ¢; and ¢9) and one with negative energy
(spinor ¢3 and ¢4). It would be useful to write them in terms of two wave functions of

two components each, called large components (¢) for ¢1, ¢o and small components
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(¢%) for @3, ¢4 as

$1(r)

U(r) = GaAr) | [0 (1.80)
P3(r) P (r)
Ga(r)

Using the Dirac matrices, Equation (1.77) and Equation (1.76), the Dirac
equation can be written as in the language of the large and small components (¢

and ¥°) as

V—-E+me:  c(o-p) Pl(r)

~0 (1.81)
c(o-p) V-E—mdc 3 (r)

The total energy (£;,r) can be defined as a sum of the rest energy term (mc?)

and residual energy (&).

Eror =mc® + & (1.82)

After introducing the total energy, Equation (1.82), into the Equation (1.81)

(V = E)VE + (o -p)Y® =0 (1.83a)

clo Pt + (V= Eor — 2mc*)Y® =0 (1.83b)

from Equation (1.83b), we can write the small component as

V® = [2mc® + Er — V] - c(o - p)Y* (1.84)

after introducing this equation into Equation (1.83a) we can obtain

2mc? 2mc?

-1
- [1—”_&‘”] c(o - p)* (1.85)

when the speed of light is large (¢ — oo) the small component becomes

WS TRyt (1.86)

2me
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This condition is called the kinetic balance prescription and ensures that the
kinetic energy is properly represented in the non-relativistic limit. This relation
between the large and small components on the limit of ¢ — oo keeps only positive
energy states discarding the negative energy states below —2mc?. Equation (1.86)
shows that 1° is by a factor of 1/c smaller than v¥*, which is the reason why 9* is

also called the large component and 1° the small component.

In the non-relativistic limit when ¢ — oo the small components vanishes, ¢° = 0,
and we can recover the Schrodinger equation by replacing Equation (1.86) into

Equation (1.83a)

(V = &) V" + W@DL =0 (1.87)

Using the commutation properties of the Pauli matrices where

(c-u)(o-v)=u-v+io - (uxv) (1.88)

we can rewrite the Equation (1.87) and recover the Schrodinger equation

(B2 +V) ot = (pxp=0) (1.89)

where the electronic spin is included in % (two-component spinor). This
proves that there is a link between the Dirac equation and the Schrodinger
equation using the speed of light. In Figure 1.2, one could module the inclusion of
relativistic effects by formally changing the speed of light in the Dirac equation,
from a fully relativistic treatment with ¢ = 137.035999 (in atomic units) to a

non-relativistic treatment with ¢ — oo.

1.8.1 Approximation to the Dirac Equation

One of the main findings of the Dirac theory is that the wave function is a
four-component spinor, Equation (1.78), that represents the quantum state of a
relativistic electron. The large component —with two spin states ¢q, po— is

directly connected to the probability amplitude for an electron in a state with
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positive energy, while the small component —with two spin states ¢3, p,—
corresponds to the probability amplitude for a positron in a state with negative

energy.

In the Equation (1.80), we showed a simple approximation to reduce the Dirac
wave function from four-component to large and small components. Using this
regular transformation of the small components, Equations (1.84) and (1.85), we
can find different approximations of the Dirac equation that are in use within the

quantum chemistry community.

First, from the Equation (1.85), we can use the Taylor expansion of the term

_ -1 _ _ £)2
[1_V 5} L YE V8

o (1.90)

2mc? 4m?2ct
where the series is valid for (£ — V) < 2mc?, for an electronic system where
electrons are far enough to the nucleus to avoid that the potential V decreases

exponentially when r — 0.

We can substitute this expansion into the Equation (1.83a)

: V-£& (V-¢&)7?
V=& + (zmm 1+ 7 T (4m204) +- | (o-pt+---=0 (1.91)
to obtain
p)(o- V¢
v et TR o ) ot =0 ()

After some algebra* and renormalization of the large components, we can obtain

the Pauli Hamiltonian

2 4 2
Pauli |Y 1Y h 2
=— 4V vy
H 2m Y 8m3c? + 8m202( )+

h

*using the relation (o - p)(V —&)(o-p) = (V- E)p? + hlo - (AV) x p —i(AV) - p]
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where the new terms are relativistic corrections. The p* is called the
mass-velocity correction that comes from the variation of the electron mass on the
velocity. The second relativistic term is called the Darwin correction and has no
classical analog and the only important contributions come from the s functions.
The last term is called the spin-orbit correction resulting from the interaction of
the spin of the electron with the magnetic field generated by its orbital angular
momentum around the nucleus. The spin-orbit effects, where the spin and angular
momentum are combined, are classified as two-component (2c¢) methods,
Figure 1.2. On the other hand, mass-velocity and Darwin terms are often called
scalar relativistic correction methods since they do not have spin dependence
(spin-free). In general, all the relativistic corrections without spin dependence are
classified as one-component (lc) methods, Figure 1.2.  Although the Pauli
Hamiltonian is nice for interpreting relativistic effects, the operator is unbound

and singular and is therefore rarely used in the relativistic community.

Additionally, we can get another approximation to the Dirac equation from a

modified version of the Equation (1.84),

S = [2mc2 + €& — V} - c(o - p)y*

. [1+ ¢ V}lc(a-p)@bL

2mc? 2mc? —

(1.94)

We can substitute this modified version into the Equation (1.83a) to obtain

~1
L c(o - p) € L
— — 1+ — . = 1.
-t o P S| et =0 o)
using a Taylor expansion of the term
S £ £?
[1—'— 2m62—V} ~1- 2me? -V * 2me - V) (1.96)

The power series expansion now depends on the energy instead of significantly
relying on the potential V for convergence, in contrast to the Pauli approximation,
see Equation (1.90). The expansion is valid everywhere, for energies |£] < 2mc?,

including all the electron-bound states, and free (continuum) states up to an
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energy of 2mc?.

Similar to the Pauli approximation, we can truncate the expansion in
Equation (1.96) to the zeroth order and obtain the ZORA Hamiltonian from the
Equation (1.95) as

2
ZORA _ , ¢ .
H =V+(o-p) {chz—V] (o-p)
. (1.97)
1
p— — . 1 —_— .
Vip@p) 1o gog] (op)

we can expand the inverse term to give

Weors v g .p) |1+ LA (o p) (1.98)
2m 2me?  (2mc?)? '

Note that after comparison with the Pauli equation in the Equations (1.92)
and (1.93), ZORA Hamiltonian should reproduce spin-orbit coupling and only
some part of the Darwin term but it will be deficient in the mass-velocity
correction’. Therefore, the ZORA Hamiltonian reproduces partly the spin-free
relativistic corrections. These examples show that when series expansions are used
one can get many different relativistic equations which all have their advantages
and disadvantages. One of the most widely used series expansions in this respect is
the Douglas-Kroll Hamiltonian and the reader is referred to the appropriate

literature 43491

1.8.2 Two-Component Approximation

In the previous section, we have seen that the Pauli and ZORA approximations as
approximations to the Dirac equation, reducing the four-component wave function
to two-component wave functions. Although these approximations are useful to
decouple spin-dependent terms into one- and two-component relativistic

corrections, their Hamiltonian representation depends on the energy of the system.

Tt is because the absence of the term involving the energy, (o - p)(—&)(o - p), in the
Equation (1.92), which gives rise to the mass-velocity correction and part of the Darwin term.
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The obvious next step is to obtain an energy-independent Hamiltonian.

We can start by defining an energy-independent operator to generalize the
connection between the large and small components of the Dirac equation,
Equations (1.84) and (1.85). We seek for a transformation U that changes the
four-component into a two-component wave equation, Equation (1.80), so

o e e 99,

Y¥(r) 0
where 1?“(r) shows that after the transformation only the transformed large

components are left. Considering one-electron Dirac Hamiltonian, Equation (1.81),

h h
H=| (1.100)
hg;, hgg

which contain off-diagonal terms that couple the large and the small
components of the wave function. We can formally define an energy-independent

unitary transformation U to decouple these terms, so

hy, h hy, 0
R I S (1.101)

hgr, hgg 0  hgs

UHU =U

where the electronic (positive) and positronic (negative) energy states are
described independently by h; and hg, respectively. In other words, the Dirac

equation, as a system of coupled equations

hp ot + hpgy® = EYr

(1.102)
hsp " + hgsy® = E¢°

To achieve this, we introduce the operator X, a generalization of the connection

between large and small components as

S = Xopt (1.103)
to eliminate ¢° and obtain a two-component equation for the large component
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only

(hyr +hpsX) ol = Byt (1.104)

The unitary transformation U is the Foldy-Wouthuysen transformation

1 1Lt
U= V1+XIX V1+XTX (1.105)
1 1
V1+XIX V1+XIX

where the square root factors ensure normalization. We define a new operator

Q as

1 1
V1+XiX V14 XXi
And we can use the unitary transformation U in the Equation (1.99) as
Lip 9 L —I—XT S
U Vi) = (v v°) (1.107)
¥3(r) Qf (p° - Xy*)

here, we want only positive energy solutions, from Equation (1.103) the lower

components are zero, ° — Xy* = 0 and the two component wave function is

W= e (01 XIY)

(1.108)

suggesting that 1% can be expanded in the large component only. Similarly, we

decouple the Hamiltonian in the Equation (1.100) as

h?* = /1 + XX (h;; + h;sX) V1 + XX (1.109)

In the so-called Exact Two-Component (X2C) methods, the operator X is
constructed from Equation (1.108) as a matrix representation in a finite basis set
from the solution of the full four-component wave function, only including the
one-electron potential energy operator. Later, one can use this X to construct the

unitary transformation U, Equation (1.105), and the two-component Hamiltonian
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h%* Equation (1.109). In principle, the X2C solutions reproduce exactly the

positive-energy spectrum of the parent four-component Dirac Hamiltonian. [*6:47]

1.9 Statistical Mechanics for Phase Transitions

The laws of quantum mechanics do not contain thermodynamical concepts such as
temperature, heat, or heat capacity, Section 1.2. However, statistical mechanics
provides a connection between the microscopic behavior of particles and the
macroscopic properties of materials. Macroscopic systems possess an enormous
number of particles; for example, one mole consists of 6.022 x 10%* particles. A
numerical solution for a system of 10%® particles is beyond the available computing
resources both today and in the foreseeable future (even with quantum

computers).

In statistical mechanics, the macroscopic properties of a system, such as
pressure and temperature, are determined by averages of the behavior of its
constituent particles, rather than their individual details. The fundamental
concept on which this field is based is that of an ensemble, which refers to a group
of systems in varying quantum states that share the same macroscopic features.
By taking averages over the members of an ensemble, one can determine the
thermodynamic properties of the system, such as its melting temperature or
pressure. In other words, statistical mechanics considers all possible quantum
states and microscopic arrangements to obtain a comprehensive understanding of a

system’s macroscopic behavior.

In the canonical ensemble, the number of particles (N), temperature (1), and
volume (V') is constant; then, it can be shown that the ensemble average of any

property (O) is

o B [dR O e~ PER) >,0; e~ PE(R)
(O)xvr = [dR e FE®) - S, e FER)

(1.110)

where the integrals are over the configurational space R = {r;}, O; is the value
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— Energy
— Heat Capacity

Energy / Heat Capacity

Temperature

Figure 1.3: Schematic representation of a caloric curve. The heat capacity is the first derivative
of the energy with respect to temperature and its maximum is the transition temperature. The
height of the heat capacity pick corresponds with the latent heat is the energy absorbed or released
during a phase transition.

of the operator O in the quantum state ¢, £ is the energy, [ is the inverse

temperature 1/kgT, and the angled brackets denote an ensemble average.

Even with the help of computer simulation, we can not define accurately what
a phase is. However, one can describe the thermodynamic changes that a system
undergoes during a phase transition. In a macroscopic system, the increase in
temperature is proportional to the absorbed energy as long as there is a single
phase in the system. Then the temperature remains constant as long as the two
phases coexist with each other, and the absorbed energy is only used to transform
the low-temperature phase into the high-temperature phase. Once the former has
disappeared, the temperature starts increasing again. A schematic plot of the

energy as a function of temperature, the caloric curve, is given in Figure 1.3.

Finite-size clusters also display a solid-like phase (ordered) at low temperatures
as well as a more disordered liquid-like phase upon heating. A system at

thermodynamical equilibrium continually changes its configuration visiting states
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of total energy & with the corresponding Boltzmann probability. The internal
energy is precisely equivalent to the average of all these energies, Equation (1.111).
It is thus sufficient to compute the temperature dependence of the average

potential energy.

In Figure 1.3, when the temperature increases the system absorbs energy and
its “jump” corresponds to a peak in the heat capacity. The heat capacity Cy is the
derivative of the energy, the caloric curve. This allows us to define more precisely
the melting point as the temperature where Cy reaches its maximum (although

other criteria can be used as well).

1.10 Monte Carlo Simulations

Monte Carlo methods have been used in numerous contexts, in fields as diverse as
finance and insurance, project management, manufacturing, transportation,
engineering, the environment, sociology, medicine, research and development, and
of course science.*® 2 This method was first used by Stanislaw Ulam, Nicholas
Metropolis, and John von Neumann working on the atom bomb; it was named
after Monaco resort town renowned for its casinos. A Monte Carlo simulation is a
broad class of computational algorithms; it is a stochastic strategy that relies on
repeated random sampling to obtain numerical results (probabilities).  The
essential idea is to use randomness by generating draws from a probability

distribution.

The prime purpose of this type of Monte Carlo method is to compute the
equilibrium properties of classical many-body systems. To simulate a transition
between different states or configurations we: i) generate a random trial
configuration; i) evaluating an acceptance criterion by calculating the change in
energy and other properties in the trial configuration, and iii) comparing the
acceptance criterion to a random number and either accepting or rejecting the trial

configuration.
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In order to find an estimate for (O) from the Equation (1.110), we formally
replace the integrals by sums and construct a long sequence of randomly sampled
states i to estimate the numerator and the denominator by using a sample mean
integration method. As a result, in the context of a Monte Carlo simulation in the
canonical ensemble, the potential energy average of the ensemble can be obtained

from

1 N
(&) :NZ& (1.111)

where N is the total number of possible states 7 of the system; i.e., the total of
Monte Carlo cycles. Typically, each energy calculation involves a summation over
all distinct pairs of molecules although other many-body interactions can be

included as well (Section 1.3).

Furthermore, the method of calculating thermodynamic derivatives is
ensemble-dependent. The results are summarized below, and a detailed
explanation is available elsewhere.[*° The thermodynamic relationship for the
heat capacity at constant volume is Cy = (OU/JT)y, where U is the internal
energy. The heat capacity is often used to gauge transition temperatures in
molecular systems. Nevertheless, a more conventional approach of estimating C'y,

from the average of the configurational potential energy is!””

N N 2 9

where (O0?) — (0)% = ((O — (0))?) and &; is the sequence of energies accepted at
temperature T" during the Monte Carlo procedure. Also, we calculate its temperature
derivative dCy /dT based on the following equation:
dCv (€ (E))°) 2A(€—-(£))?)

_ _ 1.113
dT k2T kT3 (1.113)

Although these equations give good predictions of thermodynamical properties,
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we shall see that the histogram-derived values show a substantial reduction in

uncertainty [*5].

To accurately determine the properties of the system in the finite time available
for a simulation, it is crucial to sample those states that make the most significant
contributions, not all states will make a significant contribution. This is achieved
by generating a Markov chain. A Markov chain is a sequence of trials in which
the outcome of successive trials depends only on the immediate predecessor. In a
Markov chain, a new state will only be accepted if it is more favorable than the
existing state. The following scheme shows a general view of a single Monte Carlo

cycle.

Select a molecule/atom at random (configuration a)
Calculate the total energy (&,)
Give the molecule/atom a random move (configuration b)

Calculate the new total energy (&)

A

Accept the move from a to b with probability (Metropolis criterion)
P(a — b) = min [1,e P4 (1.114)

If rejected, the old configuration (a) is kept.

where min means the minimum value between one and the Boltzmann probability

for the energy change AE = &, — &,.
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Chapter

Phase transition in Atomic and

Molecular Clusters

MONTE CARLO SIMULATIONS ARE A POWERFUL TOOL TO STUDY THE
THERMODYNAMIC PROPERTIES OF ATOMIC AND MOLECULAR CLUSTERS,
INCLUDING THEIR PHASE TRANSITIONS. IN THIS CHAPTER, WE PRESENT
A NEW FORTRAN CODE FOR SIMULATING PHASE TRANSITIONS USING THE
PARALLEL TEMPERING MONTE CArLO (PTMC) METHOD. THE PTMC
METHOD IS AN IMPROVEMENT OVER PREVIOUS METHODS DUE TO ITS ABILITY
TO EFFICIENTLY EXPLORE THE PHASE SPACE AND ACCURATELY COMPUTE THE
INTERACTION ENERGY USING MANY-BODY EXPANSION TECHNIQUES SUCH AS MP2
AND COUPLED-CLUSTER THEORY FOR ATOMIC AND MOLECULAR CLUSTERS. WE
APPLY THE PTMC METHOD TO STUDY THE MELTING TRANSITIONS OF NOBLE
GASES (NE, AR, KR, AND XE) AND WATER CLUSTERS, AS WELL AS A NOVEL
STUDY OF MELTING TRANSITIONS OF NEON CLUSTERS IN A HOMOGENEOUS ULTRA-
HIGH MAGNETIC FIELD OF UP TO 70,500 TESLA. OUR RESULTS SHOW THAT THE
PTMC METHOD IS EFFECTIVE IN ACCURATELY COMPUTING THE INNER ENERGIES
AND HEAT CAPACITIES OF THESE CLUSTERS, PROVIDING VALUABLE INSIGHTS INTO
THEIR STRUCTURAL AND DYNAMIC BEHAVIOR DURING MELTING TRANSITIONS.
SPECIFICALLY, OUR NOVEL STUDY OF NEON CLUSTERS IN A HOMOGENEOUS
ULTRA-HIGH MAGNETIC FIELD REVEALS THAT THESE CLUSTERS EXPERIENCE
ELEVATED MELTING POINTS AND ARE SQUEEZED IN THE PERPENDICULAR PLANE.
THESE FINDINGS CONTRIBUTE TO OUR UNDERSTANDING OF THE EFFECTS
OF STRONG MAGNETIC FIELDS ON THE MELTING BEHAVIOR OF ATOMIC AND
MOLECULAR CLUSTERS AND COULD HAVE IMPLICATIONS FOR FUTURE RESEARCH
IN THIS AREA. THIS CODE IS FREELY AVAILABLE ON WWW.GITHUB.COM/E-
FLOREZ/PTMC

41


https://github.com/e-florez/PTMC
https://github.com/e-florez/PTMC

2.1. INTRODUCTION

2.1 Introduction

In this work, we implemented the Parallel Tempering Monte Carlo code, mPTMC.
The mPTMC code enables Monte Carlo simulations in the canonical ensemble, and
we implemented it using Fortran 2003. Over the past 50 years, Fortran has
undergone significant improvements and is now an efficient language that is
well-suited for operations involving arrays and parallel algorithms. The Auckland
group previously developed a Monte Carlo code for atomic systems at Auckland
University, and we extended this code to include simulations of melting points for

molecules.

Molecular systems, as opposed to atomic ones, pose a unique set of challenges
due to their multiple degrees of freedom. While the primary focus of this work lies
in investigating the thermodynamic properties of neon clusters in high magnetic
fields, the inclusion of other noble gas and water clusters serves as a pivotal
benchmark and an avenue for methodological validation. By using our mPTMC code
to water clusters, we not only validate its accuracy and efficiency in capturing the
behavior of molecular clusters with multiple degrees of freedom but also
demonstrate its versatility across different cluster types. Water clusters, with their
intricate hydrogen bonding networks and diverse structural isomers, present a
unique challenge in computational simulations. Understanding the thermodynamic
properties of water clusters is pivotal, however, this endeavor is beyond the scope

of this work.

In the following section, we detail the development and implementation of
mPTMC code. Secondly, we present the application and validation of this code to
noble gas clusters, unraveling their thermodynamic behaviors and elucidating
phase transitions. Thirdly, we pivot our focus to the realm of water clusters,
employing the mPTMC code to validate its applicability in the landscape of hydrogen
bonding and diverse structural configurations. Finally, we analyze the behavior of
neon clusters under the influence of ultra-high magnetic fields, an unprecedented
exploration that sheds light on the interplay between strong magnetic forces and

molecular structures. Our novel study demonstrates the PTMC method’s efficacy
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in calculating inner energies and heat capacities, yielding crucial insights into the

structural and dynamic changes during cluster melting.

2.2 Parallel Tempering Monte Carlo

The flowchart for the Parallel Tempering Monte Carlo routine is presented in
Figure 2.1. As discussed in Section 1.10, the energy of a system during a Monte
Carlo cycle is dependent on the temperature, and temperatures are propagated
independently, defining paths of evolution for the Monte Carlo simulation. The
simulation using Spherical Boundary Conditions (SBC) accommodates a maximum
of 2000 atoms in mPTMC. Swapping configurations among neighboring trajectories,
mPTMC calculate interaction energies as functions of temperature. Finally, an
implementation of the actual n-body potentials is necessary to utilize mPTMC , as

described in Section 1.3.

mPTMC requires a single input file that provides job specifications and

atomic/molecular configuration. Executing

$ ./mPTMC YOURINPUTFILE. in

reads job specifications from YOURINPUTFILE. in. This input file should include
the necessary information to run any Parallel Tempering Monte Carlo simulations

and must maintain the correct extension.

2.2.1 Input dissection

We analyze the input file in two sections, describing system-dependent and

system-independent settings, File 2.1.

System-Independent Settings

Line 1, number of Monte Carlo cycles: The number of Monte Carlo steps

for average ensemble sampling is specified in Line 1 (INTEGER8). After the system
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P enumber cycles: N,q
/ set initia / etemperature grating: T, — T; — T

values . .
estarting coordinates: r,

NO - N YES
n max
S Nmaa )
parallel-tempering
T, < T;
calculate Cy L L
calculate £(r,)
histrogram
analysis >kNO
n > 0.2N,,qp D>
displace-rotate
r, — Iy
f output file 7
YES
calculate E£(ry),
calculate (£), (£%) AE = E(xrp)—E(xy)

accept ry, so
r, = ry and & AE <0
E(x,)= E(xy)

YES
NO
. NO calculate
reject ry |<«—P > Random )~<— D — o BAE

Figure 2.1: Parallel Tempering Monte Carlo flowchart. The blue shapes and the double-lined
rectangles indicate counting loops and a subroutine, respectively. The computation of average
quantities (*) is only performed after the equilibrium has been reached (n > 0.2Np,4,). We denote
by Random a random number in the range [0, 1).

reaches equilibrium, averaging begins, and the total number of cycles is increased

by 20% of the original number of Monte Carlo steps by default.

Line 2, temperature range and number of trajectories: The minimum
(Thnin) and maximum (75,,,) temperatures for the simulation are specified as REAL8

values. The third field is the number of temperatures/trajectories, n,.,;, (INT8).
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10000000

70.0 270.0 30
-1

-1

TIP4P

10.0

1.0 5.0

3

ionl 1

35 0.0000000 0.0000000 0.0000000
waterl 3

8 -0.1055897 2.4520891 -0.0095455
1 -0.2270981 3.3682276 0.2397696
1 -0.3724307 1.9554441 0.7639993
water2 3

8 0.8811418 -0.8114464 -2.1422247
1 1.4310477 -0.9701245 -2.9094644
1 1.4018936 -0.2280436 -1.5902368

File 2.1: Example of an input file for Br(H20)2, to run a mPTMC simulation.

The temperature grating for the simulation is, by default, a geometric

progression. Therefore, temperature values are defined by

T ”traij71
T(i) = T, max 21
(0 (Tm) (2.1)

where i = 0,1,2,..., (ny.; — 1). The geometric distribution is denser at lower
temperatures compared to the arithmetic temperature distribution, as shown in
Figure 2.2. For the same T},;, and T,,,, temperatures, an arithmetic progression of
equally spread temperatures is given by
7

T(Z) - Tmm + (Tmam - Tmm) (22>

ntraj - ]-

Line 3, saving configuration: The number of configurations saved by mPTMC is
specified as a positive INTEGER8 value. A positive integer value indicates how often
configurations are saved. However, using a small number to store several
configurations will generate excessively large data files. Nevertheless, the

configuration files contain a wealth of information about the phase transition.

Line 4, random seed: It is an integer (INTEGERS) to initialize the random number
generator. Any integer value less or equal to zero means that the random seed will

be based on system time.
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Figure 2.2: Geometric and arithmetic temperature grating schemes.

System-Dependent Settings

Line 5, two-body Potential: The two-body potential is defined as a character
without embedded blanks (CHARACTER(1len=20)). Currently, mPTMC includes the
extended Lennard-Jones potential for the four noble gases (ELJ-Ne, ELJ-Ar, ELIJ-
Kr, and ELJ-Xe), as described in Section 1.3 and Appendix A.1. For water, we
implemented the Transferable Intermolecular Potential (TTP3P, TIP4P, TTP4P-ice,
TIP5P, and TIP6P), as detailed in Appendix A.2. Any other implementations for
the two- and three-body potentials can be easily added by defining a function called
EnergyFunction that returns the energy as a REAL(8) type for interatomic distances

|r, — 1| as input.

Line 6, sphere radius: The boundary condition for finite systems is specified as a
REALS8 value, and mPTMC uses Spherical Boundary Condition (SBC). Since the system
evolves randomly, any movement of an atom outside the sphere (boundary condition)
is rejected. SBCs are used in mPTMC because clusters are not stable to particle loss.
If the sphere radius is too large, the evaporation of a single molecule/atom can lead

to additional peaks on the heat capacity curves. On the other hand, a small radius
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puts external pressure on the system, which increases the melting point.

Line 7, maximum displacement and rotation angle: Two real values are
required, specified as REAL8. The first value corresponds to the maximum
displacement in Angstroms for each center of mass on a given random motion,
while the second value represents the maximum rotation in degrees of the principal
axes of each molecule in a given random motion. The second field is not considered

for a single atom.

Line 8, the total number of independent atoms/molecules: The total
number of independent units in the system is specified as a positive INTEGERS
value. A unit is defined as an atom or a molecule as a whole. In the case of atomic
clusters, each atom must be considered an independent unit. For systems in which
atoms are interacting with molecules, each atom (not part of a molecule) should be

considered a unit, and each molecule should also be considered a unit.

Line 9, unit nickname and number of atoms: A character without embedded
blanks (CHARACTER(1len=10)) is used as a nickname for each unit (atom/molecule,
Section 2.2.1). The second field is a positive integer (INTEGER8) indicating the total

number of atoms in each unit.

Line 10, atomic number and Cartesian coordinates: The atomic number is
specified as a positive integer (INTEGER8) from Hydrogen (1) to Oganesson (118).
mPTMC can run a Monte Carlo simulation for any atom depending on the
implementation of the potential energy function. The last three fields are specified

as reals (REAL8) and represent the Cartesian coordinates (z,v, z) in A.

The remaining lines are used to input the next molecule/atom and their Cartesian
coordinates, without blank lines in between. For this specific example, line 11
indicates the unit nickname and the number of atoms (waterl and 3, respectively),
and lines 12—14 represents the atomic number and Cartesian coordinates for one
Oxygen and two Hydrogen atoms in the first water molecule, respectively. The

remaining water molecules are entered in the same manner.
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Traj T (K) <E(T)> (kJ/mol) Cv(T) (kJ/mol/K)
1 70.0 -2.927478E+02 1.901182E-01
2 75.2 -2.921061E+02 1.918446E-01
3 80.7 -2.907020E+02 1.947924E-01
4 86.6 -2.899388E+02 1.956457E-01
5 93.0 -2.883251E+02 1.993989E-01
6 99.9 -2.874375E+02 2.012598E-01
7 107.2 -2.854636E+02 2.073695E-01
8 115.1 -2.844192E+02 2.103462E-01
9 123.6 -2.832991E+02 2.130148E-01

10 132.7 -2.807932E+02 2.240865E-01
11 142.4 -2.794164E+02 2.294507E-01
12 1562.9 -2.744829E+02 2.737941E-01
13 164.2 -2.695909E+02 3.837099E-01
14 176.3 -2.662145E+02 4.779797E-01
15 189.3 -2.616999E+02 6.111249E-01
16 203.2 -2.487103E+02 7.997212E-01
17 218.2 -2.410640E+02 7.489722E-01
18 234.2 -2.274456E+02 5.589124E-01
19 251.5 -2.216274E+02 5.079860E-01
20 270.0 -2.099786E+02 4.759778E-01
Energy Histogram Analysis within
[ -3.055179E+02, -1.136750E+02 ] kJ/mol
Number of Configuration with Energy
Below: -3.055179E+02 kJ/mol, 0 Config
Above: -1.136750E+02 kJ/mol, 6 Config
Energy Histogram Resolution: 500

Date and time: 2020-03-07, 23:59:29
WALL time used: O days 2 hours 40 minutes 3.2574 seconds

File 2.2: Last lines of mPTMC’s output from a Monte Carlo simulation of (H20)s cluster (TIP4P)
using 20 parallel tempering trajectories geometrically progressed between 70 and 270 K, and 10°
Monte Carlo cycles.

2.2.2 Output Files

Upon completion, mPTMC generates several output files, including the general
output file, the initial and lowest-energy configuration file, and energy histogram

files.

The general output file is named after the input file, but with an .out
extension. It contains general information about the initial conditions, lowest and
highest accepted energies, count of accepted, exchanged, and out-of-boundary
configurations, thermodynamic properties (e.g., heat capacity), energy histogram
boundaries, and execution times for each trajectory 7 = 1,2..., Ny,.. File 2.2

contains an example of this output file.

The configuration file, containing the accepted lowest energy configuration, is

generated by mPTMC. It is also possible to save accepted configurations periodically,
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or all of them, by specifying a saving period, as explained in Section 2.2.1. In this
case, they are stored in several files named configuration t.xyz, where t
indicates the temperature. By default, the XYZ format is used, which specifies the
molecule geometry by providing the number of atoms with Cartesian coordinates
on the first line, a comment on the second line, and the atomic number and
coordinates on the following lines (atomic number, x,y, and z coordinates

separated by spaces).

Energy histogram files, named histE.t and histE.data, store histogram
information and are used as input files for the auxiliary programs that perform the
multi-histogram analysis described in Section 2.2.5. Additionally, after every 5% of
the number of sampling cycles, mPTMC writes status information to a file named

status_YOURINPUTFILE.

2.2.3 Displacement and Rotation

The main concept behind mPTMC is to create a large number of potential solid or
liquid arrangements using randomness. In atomic codes, this involves only random
displacements of atoms, but in molecular codes, the relative orientation of the
molecule also needs to be considered. The initial coordinates of the system of
interest are used to generate these arrangements according to a Markov chain. The
subroutine displace-rotate is then employed to randomly select an atom or
molecule and displace and rotate its coordinates from r, to ry, as shown in
Figure 2.1. When dealing with a many-body system, Jacobi coordinates are used,
which involves displacing the center of mass and rotating the principal axes, as

described in Jacobi and Euler-Rodrigues rotation. ?6:°7)

While mPTMC can simulate atomic, molecular, or mixed clusters, it is not
necessary to rotate a single atom or calculate its center of mass (as atoms are
considered points). Therefore, the following explanation will focus on molecules.
The displace-rotate procedure involves three steps to displace and rotate an

atom or molecule. Firstly, a random molecule is selected, and its center of mass is
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!selecting a random molecule
sm=FLOOR (1+NM*Random (seed)) 'NM: total number of molecules
!center of mass (RCM)
DO k=1,3 lcoordinate x(k=1),y(k=2),z(k=3)
!Tnitialization
TotalWeight=0.0 !Total molecular mass
RCM(k)=0.0
!Loop: Atom inside a Molecule
DO j=1,NA(sm) INA: number of atoms

TotalWeight=TotalWeight+AtomicMass (Z(sm, j))
RCM(k)=RCM(k)+ro(sm,j,k)*AtomicMass (Z(sm, j))
ENDDO
RCM(k)=RCM(k)/TotalWeight
ENDDO

File 2.3: Simplified Fortran code visualization of the center of mass calculation for a random
molecule (sm). RCM are the coordinates of the center of mass.

calculated using Jacobi coordinates. For a molecule containing N atoms, the

center of mass is

N
1
RCM = W ; Akrk (23)

where W = ", Aj is the total molecular mass; Ay is the atomic mass and ry
are the Cartesian coordinates for the k-th atom, respectively. In total, we have NM
molecules and each molecule consists of NA atoms. File 2.3 shows a basic Fortran
algorithm to compute the center of mass. The function AtomicMass returns the
atomic mass, REAL(8), for an atom with atomic number Z (line 10, File 2.3). ro is
a three indices array. The first index, sm, specifies a molecule the set of NM
molecules; the second, j, defines an atom from a system of |[NA— atoms in the
molecule; and last, k, defines each Cartesian component z (k = 1), y (k = 2), or z

(k = 3). Line 11, File 2.3.

After calculating the center of mass, the second step is to displace it, randomly.
Line 5 and Line 6 in File 2.4 show a random move of the center of mass, where
Random is a uniform pseudo-random number generated in the range [0, 1)°% and
maxDisplace is the maximum displacement allowed (line 7, File 2.2.1). The
movement must be inside a sphere of defined radius (line 6, File 2.2.1). A
displacement of Ry, is in the sphere with center (hq, ho, h3) and radius rgpe if and

only if

r2e > | (RS — ) + (RY) — hy)? + (RS, — h3)2] (2.4)

20



0 N ORI

©

17

2.2. PARALLEL TEMPERING MONTE CARLO

counter=0
DO
DO k=1,3
Displace(k)=(2.0*Random(seed) -1.0) *maxDisplace
RCM (k) =RCM(k)+Displace (k)
ENDDO
r2=( (RCM(1)-h(1))**2 + (RCM(2)-h(2))**2 + (RCM(3)-h(3))**2 )
IF ( rsbc**x2 > r2 ) THEN
'Exiting from the first loop
EXIT
ELSE
DO k=1,3
RCM (k) =RCM(k)-Displace (k)
ENDDO
counter=counter+1
IF ( counter > 100000 ) CALL ABORT
ENDIF
ENDDO

File 2.4: Simplified Fortran code visualization of the random displacement of a center of mass
(RCM) inside a sphere of radius rsbc.

(lines 9 and 10, File 2.4). Based on the initial coordinates ro, mPTMC computes
the coordinates origin (hy, hs, hs). By default, to move the center of mass within

the sphere, a maximum of one hundred thousand attempts can be made.

In the same fashion as the displacement of the center of mass, the rotation is
also performed randomly. In line 3 File 2.5, maxRotat is the maximum rotation
allowed for the molecular principal axes (defined in the input file, line 7 File 2.2.1).
Those axes represent the position of any atom in the molecular frame of reference
when the coordinates of the center of mass define the origin. The principal axes
can be found by simple vectorial analysis; by definition, the principal axes are
ry, = ryi — Rouw (0 = 1,2,3), r, are the initial coordinates, Figure 2.3A. The
random displacement (displace), accepted for the center of mass in the

Equation (2.4), is explicitly shown in line 6, File 2.5 to calculate the principal axes

(rp).

Any orientation can be reached, starting from the reference orientation of
principal axes, using a specific sequence of intrinsic rotations, whose magnitudes
are the Euler angles, Figure 2.3. The Euler angles describe the orientation of a

rigid molecule to a fixed internal coordinate system.
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n=r

(©)

Figure 2.3: Geometrical definition of the Euler angles. A) Set of principal axes for a three-body
problem; the principal axes are rp1, rp2, rps (blue-green), the center of mass is roy (red), and the
initial coordinates are r,1, Tp2, I'p3 (gray). The principal axes are shown in black, the rotating
system is shown in blue-green. ¢y (red), and the initial coordinates are r,1, r2, rps (gray). The
principal axes are shown in black, the rotating system is shown in blue-green. B) first rotation
around r;;, C) second rotation around r},5, and D) third rotation around r;;. The rotation through
the angles a and ¢ are counterclockwise.

We can obtain the matrix representations of this transformation, and apply them
sequentially as a matrix product to obtain the overall effect of the rotation. As a

result, the rotation of the principal axis coordinates is as follows

1. The coordinates are rotated about the r,; axis counterclockwise through an

angle a in the range 0 < a < 2w, onto new axes denoted by 1,1, T}y, Tp;.

Figure 2.3 (a). Where the first rotation matrix is

cos(a) sin(a) 0
Si(a) = | —sin(a) cos(a) 0 (2.5)
0 0o 1

) , L o L
causes T}, and 1,3 to remain in the same plane, and the rj; (=r),) axis is not

changed.
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2. The coordinates are then rotated about the ), axis clockwise through an angle
b in the range 0 < b < 7, onto new axes denoted by 1}, 9, rp3. Figure 2.3

(b). The second rotation matrix is

cos(b) 0 —sin(b)
Sa(b) = 0 1 0 : (2.6)
sin(b) b  cos(b)

It is applied to the coordinate system as it exists after the first rotation. The

/

I‘p2

(=r”,) axis is not changed under this rotation.

3. The third rotation is like the first, but with rotation around ¢. The coordinates
are now rotated about the rj, axis counterclockwise through an angle c in the

range 0 < ¢ < 2, into the final axes, denoted ry,;, 1}, ry3. Figure 2.3 (c).

The 1y, (=ry;) axis is not changed. Finally, the third rotation matrix is

cos(c) sin(c) 0
S3(c) = | —sin(c) cos(c) 0 |- (2.7)
0 0 1

Equivalently, the total rotation matrix is described by the triple matrix product

S(a,b,c) = 8Si(a) - S3(b) - S5(c) (2.8)

File 2.5 show a simplified Fortran code visualization of the random rotation (lines

13-15, 19-21, and 25-27). The rotated coordinates of the i-th principal axes are

ry =81, (2.9)

pi

where i = 1,2,3, and 1 = ry; (Figure 2.3). As a result, after displacement and

pi

rotation, the final coordinates are (lines 17, 23 and 29 File 2.5)

rf = r;:;t + R‘CM' (2.10)

Finally, lines 3242 (File 2.5) include a loop to guarantee there is no atomic
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2.2. PARALLEL TEMPERING MONTE CARLO

DO
DO k=1,3
!principal axes for rotation
DO j=1,NA(sm)
rp(sm,j,k)=ro(sm,j,k)+Displace (k) -RCM (k)
ENDDO
'euler rotation angles
Rotate (k)=(2.0*Random(seed) -1.0) *MaxRotat
ENDDO
a=Rotate (1) ; b=Rotate(2) ; c=Rotate(3) !a(k=1), b(k=2), c(k=3)
'Rotating principal axes
DO j=1,NAtoms (sm)
rp(sm,j,1)=rp(sm,j,1)*( COS(a)*COS(b)*COS(c) - SIN(a)*SIN(c) )+&
rp(sm,j,2)*(-C0S(a)*COS(b)*SIN(c) - SIN(a)*COS(c) )+&
rp(sm,j,3)*( COS(a)*SIN(b) )
'Final coordinates (x, k=1) after move and rotate
rf(sm,j,1)=rp(sm,j,1)+RCM(1)
rp(sm,j,2)=rp(sm,j,1)*( SIN(a)*COS(b)*COS(c) + COS(a)*SIN(c) )+&
rp(sm,j,2)*(-SIN(a)*COS(b)*SIN(c) + COS(a)*CO0S(c) )+&
rp(sm,j,3)*( SIN(a)*SIN(b) )
!Final coordinates (y, k=2) after moving and rotate
rf(sm,j,2)=rp(sm,j,2)+RCM(2)
rp(sm,j,3)=rp(sm,j,1) *(-SIN(b)*COS (c) ) +&
rp(sm,j,2)*( SIN(b)*SIN(c) )+&
rp(sm,j,3)*( COS(b) )
!Final coordinates (z, k=3) after moving and rotate
rf(sm,j,3)=rp(sm,j,3)+RCM(3)
ENDDO
Overlap=0
DO i=1,NM !loop over all molecules
IF ( i == sm ) CYCLE 'avoiding self-counting
DO jsm=1,NA(sm) !jsm is for all atoms in sm
DO ji=1,NA(i) 'ji is for all atoms in i
d(jsm,ji,i)=C (rf(sm,jsm,1) - ro(i,ji,1))**2 + &
(rf(sm,jsm,2) - ro(i,ji,2))**2 + &
(rf(sm,jsm,3) - ro(i,ji,3))*x2 )
IF( cutoff > d(jsm,ji,i) ) Overlap=0verlap+1
ENDDO
ENDDO
ENDDO
IF ( Overlap == 0 ) EXIT 'Exiting from the first loop
ENDDO

File 2.5: Simplified Fortran code visualization of the random rotation about the axes of a
coordinate system; that is, rotations of principal axes (rp) according to the three Euler angles
a, band c.

overlapping; that is,

ty =] > Teon (2.11)
where 3™ are the coordinates for all the molecules ({1,2,...,m,... ,NM}) and

Tewtorr 1S the maximum approach distance. For a point nucleus model, r .z = 0
and any value larger than zero means a hard-sphere atomic radius. In terms of
interaction, the pair potentials between atoms converge rapidly at distances larger

than zero (cutoff in line 39, File 2.5).
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2.2.4 Parallel Tempering

Parallel tempering, also known as replica exchange, is a procedure aimed at
improving the thermodynamic behavior of the Monte Carlo method. At higher
temperatures, Monte Carlo simulations can sample a phase space more efficiently
than at lower temperatures. At lower temperatures, a simulation can get trapped
in local regions resulting in a non-ergodic sampling of phase space. Parallel
tempering improves the sampling by allowing configuration exchange. This enable
that the lower temperature trajectories can “jump” between different local

regions. *?)

The essence of the method consists of the following. Our Monte Carlo
simulation is propagated simultaneously for several trajectories (n,,,;), so we have
Ny Teplicas (copies of the system), each at a different temperature T;. Then, the
exchange of configurations at different neighboring temperatures is attempted and

accepted based on a Metropolis criterion.

Exchanges between neighboring trajectories with temperature 7; and 7 are

accepted with the probability %)
P(T; ¢ Tj) = MIN [1,PPE=E)] (2.12)

where [ is the inverse temperature 1/kgT. File 2.6 shows a simplified Fortran

code visualizing the parallel tempering scheme.

As a rule of thumb, an exchange is attempted 10% of the time
(Equation (2.12)). The exchange is efficient when the energy histograms of
neighboring temperatures overlap.  Therefore, the geometric distribution of

temperatures is usually taken. 102
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1 !probability of attempting an exchange 0.1
2 IF ( 0.1 > Random(seed) ) THEN

3 'traj to exchange in the range [1:ntraj-1]

4 ExTraj=1+FLOOR( (ntraj-1)*Random(seed) )

5 'b(T)=1/kT. ! Boltzmann factor

6 DB=B(ExTraj)-B(ExTraj+1)

7 DE=Etot (ExTraj)-Etot (ExTraj+1)

8 ExAccept=MIN( 1.0,EXP(DB*DE) )

9 'is it a good exchange?

10 IF ( ExAccept > Random(seed) ) THEN

11 ! swap configurations; between accepted configuration (rf)
12 DO i=1,NM

13 DO j=1,NA(i)

14 DO k=1,3

15 'for r

16 rex (ExTraj ,i,j,k) =rf(ExTraj,i,j,k) !temporary
17 rf (ExTraj,i,j,k) =rf(ExTraj+1,i,j,k) !rf(t) =rf(t+1)
18 rf (ExTraj+1,i,j,k)=rex(ExTraj,i,j,k) !rf(t+l)=rex
19 ENDDO

20 ENDDO

21 ENDDO

22 !swap Energies

23 Eex =Etot (ExTraj) !temporary

24 Etot (ExTraj) =Etot(ExTraj+1) 'E(t) =E(t+1)

25 Etot (ExTraj+1)=Eex 'E(t+1)=E_ex

26 ENDIF

27 ENDIF

File 2.6: Simplified Fortran code visualization of the parallel tempering scheme. If the exchange is
accepted between T} and T} 1, this procedure swaps adjacent configurations, so rf (t) <> rf (t+1),
and energyies Etot (t) <> Etot (t+1).

2.2.5 Multi-Histogram Analysis

At the end of a Monte Carlo simulation, mPTMC computes energies and estimates
average energies (Equation (1.111)) and heat capacities (Equation (1.112)) at each
temperature. However, the uncertainties in the average properties measured in this
way are typically large and slow to converge. To examine the physical behavior of
our systems, we apply the optimal multi-histogram analysis. This technique uses
the fact that the energy distribution of sampled configurations at each
temperature contains a significant amount of useful information. %]

The advantage of the multi-histogram analysis is that it wuses multiple
temperature measurements to estimate the density of states. This allows reliable
determination of key thermodynamic properties of the system from a single Monte
Carlo simulation. Using this method, we obtain results of quality similar to that of
multiple runs using the more conventional variance methods, which require some

predetermined knowledge of the transition temperature. [*4

Here, we provide a brief description of the method and show some
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Figure 2.4: Energy histograms in dependence on the temperature for water octamer cluster
(H30)s. In the simulation, we used 30 parallel tempering trajectories that geometrically progressed
between 70 and 270 K, 10° Monte Carlo cycles, and TIP4P.

characteristic analyses. The basic idea behind the multi-histogram technique is to
store the frequency with which the system visits particular energy states in a
two-dimensional histogram. This approach is a fairly straightforward adaptation of
the multi-histogram approach used to solve a wide variety of problems in lattice
gauge theories, chemistry, and biology, as well as statistical mechanics. [0%]

We start by examining a full Monte Carlo simulation run at a set of temperatures,
T;. At each temperature T;, a histogram of energies is created with bin widths of

Emin

A€, = Emaz = Emin

2.13
Nbins ( )

where &4, and &,,;, are the maximum and minimum energy values, respectively,
calculated before equilibration. By default, the number of discrete energy bins is

set to Ny = 500. Thus, the energy distribution index is

h = int (5 (TZ (;fmm)

where int is a function to convert any value to an integer type and £(7;) is the

(2.14)

total energy for an accepted configuration at temperature T; (Figure 2.4). File 2.7
shows a simplified Fortran code visualization to compute the number of

occurrences.
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2.2. PARALLEL TEMPERING MONTE CARLO

'h: frequency index
h=INT( (Etot(t) - Emin) / DEhist )
IF (h > 0 .AND. h <= Nbins ) THEN
!counter
hits(t,h)=hits(t,h)+1
ENDIF

File 2.7: Simplified Fortran code visualization to compute the energy distribution index (h) and
the number of occurrences (hits). The total energy (Etot(t)) is calculated during the Monte
Carlo cycle and after equilibration (for each trajectory t).

The energy histogram files created (histE.t, Section 2.2.2) have two columns
and 500 lines. The first column is the energy distribution (&, + b X A&,.) and

the last one is the number of occurrences (hits). Figure 2.4.

After collecting those energy histogram files, one can simply run a compiled
version of the auxiliary program multihist.f* from the command line to compute
some thermodynamic quantities such as & and C'y, based on the multi-histogram

analysis.

The output files from multihist.f are U.NVT, the total internal energy;
Cv.NVT, the heat capacity; dCv.NVT, the first derivative of the heat capacity to
temperature; and S; the entropy. All the values are calculated in the canonical

ensemble, for 400 temperatures T between T,,;, and T ay.

As illustrated in Figure 2.5, finding the temperature where Cy, is a maximum
(Section 1.9) is simpler with a smooth representation of Cy. Although the
Equation (1.112) estimator does generally have a peak value near 7, ,, = 200 K —
as determined by the histogram method, the solid blue line in Figure 2.5 — the
extreme jagged behavior of this indicates that the variance method is not yet fully
converged. Although this brief introduction captures the general spirit of the
multi-histogram approach, a more detailed description to fully appreciate the
methodology, as well as its implementation, can be found in Landau and

Binder!*®!, Conrad and De Pablo!®*]

*This is one of Florent’s auxiliary programs to do the multi-histogram analysis.
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Figure 2.5: Thermal properties of the water octamer cluster (HO)s computed from
Equations (1.111) and (1.112) (dotted yellow line), and multi-histogram method (solid blue line).
A) potential energy and B) heat capacity. We used 30 parallel tempering trajectories that
geometrically progressed between 70 and 270 K, and 10° Monte Carlo cycles.
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(A) (B) (©)
Figure 2.6: Geometrical shell closings, Icosahedral symmetry, for noble gas clusters according to

the magic number series (Equation (2.15)). (a) n = 13, (b) n = 55, and (c) n = 147. Distances
are not shown at scale.

2.3 Noble Gas Clusters

Noble gas (Ng) clusters show special stability at magic numbers of atoms
corresponding to Mackay icosahedral structures.!® They are characterized by S
closed shells of atoms around a central atom. The number of atoms n in a Mackay

structure with S shells is!%0]

S
1
n=1+2) (52> +1) = g(1053+1532+11S+3). (2.15)

=1
The first magic clusters have 13, 55 and 147 atoms and are considered here.
Figure 2.6 shows noble gas clusters which exhibit a geometrical shell closing

(icosahedral symmetry).

In Parallel Tempering Monte Carlo simulations of noble gas clusters (Ne, Ar,
Kr, and Xe), we used 2 million Monte Carlo cycles and 30 parallel trajectories in a
geometrical progression between 2-40 K for Ne, 10-60 K for Ar, 30-100 K for Kr,
and 60-130 K for Xe. For all cluster sizes, we used the initial structure was the
global minimum of the corresponding Lennard-Jones (LJ) cluster from The

Cambridge Energy Landscape Database. 7]
For spherical boundary conditions, we used

T'spc = (S + 1) X Tmin (216>
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Table 2.1: Melting temperature (K) for the noble gas clusters (Ng,,). Experimental bulk values
are 24.6, 83.8, 115.8, and 161.3 K for Ne, Ar, Kr, and Xe, respectively.

Melting temperature

Ng, n  This work  Florent’s code %] Execution time (s)®
Ne 13 12.1 11.6 1535.9
55 12.2 12.2 50894.4
147 15.1 14.9 672975.3
Ar 13 40.9 38.8 1222.3
5} 41.3 40.9 50810.6
147 51.4 49.7 664 688.9
Kr 13 57.1 55.0 1230.5
95 57.8 54.5 50 208.7
147 70.3 68.4 660 764.5
Xe 13 84.3 82.2 2605.6
55 86.3 86.9 111015.5
147 105.5 106.8 1497006.9

@ In an Intel®) Core™ i5-6200U processor, 6th Generation (3 MB cache, 2.80 GHz).

where S is the number of shells (Equation (2.15)) and 7, is the equilibrium
distances of two-body interaction potential. The interaction potential used was the
extended Lennard-Jones (ELJ) potential, Equation (1.10), with coefficients
obtained from ab initio data without any experimental input whatsoever

(Table A.1). The others parameters were taken as shown in File 2.1.

Our results for the melting temperature of noble gas clusters are presented in
Table 2.1. We have plotted the melting curves or heat capacities for the clusters
Ne,, Ar,, Kr,, and Xe,, where n is equal to 13, 55, and 147, as a function of
temperature in Figures 2.7 and 2.8. These curves exhibit a single peak for all noble
gas clusters, and the heat capacity curves of small clusters show a peak at the
melting temperature. The finite width of the heat capacity curve is due to the
finite number of atoms in the cluster. As the cluster size increases, the melting
peaks become sharper, and one approaches a discontinuity in the internal energy
and a delta function in heat capacity, which would be the case for an infinite

system. [68]

We observed that due to the cluster’s finite size, a significant fraction of

61



2.3. NOBLE GAS CLUSTERS

molecules tends to be present at the surface of the lattice rather than in the bulk.
This leads to forces experienced by surface molecules being quite different from
those experienced by molecules in the bulk. As a result, the melting points found
are lower than the bulk melting temperature. In previous studies, Pahl et al.[%]
and Labastie and Whetten!™! also observed well-defined single peaks in the heat

capacity, which became higher, more intense, and narrower as the cluster size

increased (Figures 2.7 and 2.8).

In Figures 2.7 and 2.8, the sharp peaks of the heat capacity curves result from
both atomic re-arrangements and configurational energy fluctuations within two
nearby thermodynamic regions, where the cluster is either entirely liquid- or
entirely solid-like. The multi-histogram results suggested that the coexistence of
both phases can be described as a situation in which the system fluctuates between
being entirely liquid- or entirely solid-like at the melting transition. The entropy of
melting also has a discontinuity at the transition temperature, indicating that the
internal configuration mechanism of each cluster involves diffusive atomic motion
at the surface, and depends on bond stiffness and structural order. As the
temperature increases across the transition region, the number of solid-like
configurations gradually decreases in favor of the liquid-like structure. In contrast,

the phase transition of bulk systems contains both phases at the same time.[™)

Our study determined the melting temperature of noble gas clusters, and the
results are presented in Table 2.1. We found that our melting temperature
calculations are in agreement with those previously reported by Florent Calvo’s
original PTMC code and other studies.[>™ The melting temperatures have a
small uncertainty of approximately 2 K, and our results were consistent with each
other. Additionally, we observed that our methodology had an advantage in terms
of execution time compared to Florent’s code. Specifically, our code demonstrated
a reduction in computer time of up to 6%, 11%, and 17% for n = 13, n = 55, and
n = 147, respectively (Table 2.1).

This successful application demonstrates the reliability and capability of our
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Figure 2.7: Heat capacities for noble gas clusters (Cy /n), where n = 13,55, and 147. A) Ne,
and B) Ar,. All the curves are normalized by the total number, n, of atoms in the cluster.

parallel tempering Monte Carlo code in simulating the phase transition of atomic
clusters and expanding our study to the first applications of molecular systems.

Our next section will describe the initial results for small water clusters.
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Figure 2.8: Heat capacities for noble gas clusters (Cy /n), where n = 13,55, and 147. A) Kr,
and B) Xe,. All the curves are normalized by the total number, n, of atoms in the cluster.

2.4 Small Water Clusters

We conducted simulations on water clusters, specifically (H50),, clusters with a
cluster size of n = 8 and 12. We used the Transferable Intermolecular Potentials
(TIPxP), where x takes values 3, 4, 5, and 6, as well as TIP4P-ice potentials, as
described in Appendix A.2. Similar to our previous simulations on noble gas

clusters, each water cluster was confined in a boundary sphere with a radius of 10
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Figure 2.9: Heat capacities for A) water octamer, (H20)g and B) water dodecamer, (Hz0)15.

and 12 A for n = 8 and 12, respectively. We performed 106 Monte Carlo cycles and

an additional 20% steps for equilibration and ran 30 parallel tempering trajectories

that progressed geometrically between 40 and 300 K for TIP3P, 70-270 K for
TIP4P, and 100-300 K for TIP5P, TIP6P, and TIP4P-ice. We obtained the initial

coordinates for the water molecules in the clusters from the Cambridge Cluster

Database, '] which provides the global minima of these clusters at 0 K.
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Figure 2.10: Multi-histogram analysis of the energy distribution for A) water octamer, (H2O)g
and B) water dodecamer, (Hz0)12 using the TIP3P model.

The melting curves for water clusters (HyO),,, with cluster size n = 8 and 12,
are shown in Figure 2.9. Unlike the noble gas clusters (Figures 2.7 and 2.8), not all
of the curves exhibit a well-defined single peak in the heat capacity. However, the
melting peak is still clear for the water octamer (HyO)s. The water octamer and
dodecamer melt gradually over a broad temperature interval, which is expected

due to their small cluster size.
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Table 2.2: Melting temperature (K) for the water clusters (Hz0),,.

n Model This work References

8 TIP3P 115.2 123%/170¢
TIP4P 204.5 202%/181.6°/1684
TIP5P 199.5 199
TIP6P 215.5
TIP4P-ice 252.5 248

12 TIP3P 176.8 97¢
TIP4P 181.0 175%/164.6° /2054
TIP5P 210.0 202¢
TIP6P 186.5
TIP4P-ice 215.0 214

@ Microcanonical Monte Carlo and molecular dynamics from Gelman-Constantin et al.[72].  ® Molecular

dynamics, from Kaneko et al. [55], ¢ Path-integral Monte Carlo including quantum effects, from Frantsuzov and
Mandelshtam [73]. @ Molecular dynamics and DFT, from Adeagbo and Entel [74],

In Figure 2.10, we present a multi-histogram analysis for both clusters using
the TIP3P model. The observed sharpness of the transition is explained by the
separate stability limits of the solid and liquid phases. For the water octamer using
TIP3P, the multi-histogram analysis shows two regions of sampled -cluster
configuration at low and high energies, which correspond to the melting
temperature of 115.1 K, T20 in Figure 2.10, A. In contrast, for the water
dodecamer using TIP3P, the multi-histogram analysis indicates a more continuous
change between high- and low-energy configurations, which correspond to the

melting temperature of 176.8 K, T22 in Figure 2.10, B.

We note that the use of refined TIP potentials, TIP5P and TIP6P, leads to an
additional peak or a shoulder at a higher temperature than the melting transition
(post-melting). This behavior can be attributed to liquid-liquid phase transitions,
which mostly consist of surface rearrangements and occur after melting. The
post-melting feature is due to the presence of surface layering in the liquid

cluster. [68]

We have summarized our results for the transition temperatures obtained in

our Parallel Tempering Monte Carlo simulations with different water models in
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Table 2.2. We computed melting temperatures for the water octamer and
dodecamer calculated by different methodologies available in the literature. In
contrast with the reported results by CGelman-Constantin et al.[™?l (except for
TIP6P), our results showed deviations that are not higher than 6%. The only
significant deviation in the melting temperature was for the water dodecamer
using the TIP3P model. Furthermore, to our knowledge, here we present for the
first time calculated melting temperatures obtained from parallel tempering Monte
Carlo simulations in the canonical ensemble of (H30)s and (H30);o using the

TIP6P model.

As for noble gas clusters, our simulations suggest that the melting behavior
of small water clusters is highly size-dependent. Although these clusters show a
non-linear behavior in transition temperature with the cluster size comparable with
results obtained with the model potential, this makes extrapolation to the bulk
impossible at such small cluster sizes. We observed that there are not any magic
numbers for water molecules, as was observed for noble gas clusters. Adeagho and
Entel[™ suggested that this behavior is due to the internal flexibility of the water
molecule and the complexity of water connected with the formation of the hydrogen

bonding networks, which requires further work.

2.5 Melting of Neon in High Magnetic Fields

2.5.1 Introduction

Noble gases play an important role in understanding the evolutionary processes in
star and planet formation. Here, not only high pressures and temperatures have to
be considered, but also high magnetic fields up to 10'* Tesla (in atomic units,
1 au. = 2.35 x 10° Tesla) as found for example in magnetar systems.™ For
comparison, in lab systems, magnetic fields of up to about 1000 Tesla (or
1073 a.u.) can be reached, with the largest field pulses in the micro-second time
frame by explosive flux compression experiments.!” In interstellar clouds near
such high magnetic fields, the chemical and physical behavior of atoms and

molecules is changed substantially.
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There is little known about the chemical and physical properties of atoms,

(77801 Even chemical

molecules, and condensed phases in high magnetic fields.
bonding is affected, most interestingly one finds so-called perpendicular
paramagnetic bonding, giving rise to molecules that do not exist on Earth. Noble
gas systems present an ideal testing ground for condensed matter calculations
where one can go beyond the limit of accuracy reached in typical density

functional calculations. (5154

In this work, we used a many-body expansion of the total interaction energy
between the atoms, which for weakly interacting systems converges rapidly in the

10551 Tt was shown recently, that such an expansion can achieve J/mol

long range.
accuracy for the cohesive energy of solid argon, and correctly predicts the fcc

structure as the most stable phase. [*’]

2.5.2 The Many-body expansion of the interaction energy

The Helmholtz free energy F'(V,T, B) for a bulk system in dependence of volume
V', temperature 7', and a homogeneous magnetic field B may be divided into the
static part of the interaction energy E2'(V, B) and a dynamic contribution, the

int

latter consisting of a temperature-independent part Eglytn(V,B) containing the

zero-point energy effects (ZPE) and the thermal Boltzmann correction term

Edm (V, T, B),*5%%7 as a results,

therm

F(V.T,B) = Ex2'(V, B) + EL"(V, B) + Egn, (V. T, B) (2.17)

int int therm

The static part of the cohesive energy per atom is evaluated directly from a

many-body expansion of the total interaction energy at a certain particle number

N,
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N
1
Elsrtlj‘?t(N7B) = NZAE(H)(N7B)
n=2
1 N
o NZAE@)(RU,B) (2.18)

i<j

N
+% > AE®(Ry, Ry, Ry, B) + ...
i<j<k

which for limy . (E5*® + EW") approaches the cohesive energy in the bulk
limit. Here, AE™ (N, B) defines the n-body contribution per atom to the total
interaction energy originating from the n-atomic fragment with internuclear
distances R;; between the atoms ¢ and j (which for the bulk defines the volume) at
given magnetic field vector B. This expansion is formally exact if all n-body terms

are taken into account.

For the two-body force, the magnetic field dependence can be reduced to a three-

dimensional problem,

AE®(R;;, B) = AE® (R, B,0)
=E@ (R, B,0) — 2EY(B) (2.19)

where B = |B]| is the magnetic field scalar, the angle @ is defined through the
scalar product cosf = ey - eg of the two unit vectors between the molecular axis
M and the magnetic field B directions, and E(Y(B) is the atomic total electronic
energy in a homogeneous magnetic field B.

The two-body term for neon is known very accurately with no magnetic field. [**!
It is, however, a formidable task to perform accurate coupled-cluster calculations for
a complete 3D hypersurface for the two-body interaction in a magnetic field. For

the hypersurface we therefore only consider the change due to the finite magnetic

field B (R = Rl'j),
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Figure 2.11: Two-body potential energy surface for Neon in a homogeneous magnetic field in
z direction (B, = 0.30 a.u.). The angle of rotation is regarding the magnetic field [in degrees].
The black points show the minimum distance for the Neon dimer regarding the rotation in the
magnetic field.

where AE®(R,AB,0) is determined from second-order Mogller-Plesset
calculations with the u-aug-cc-pVQZ basis set (Figure 2.11). Accurate
coupled-cluster calculations for a few selected points can be used at a subsequent
stage to re-adjust the AE® (R, AB, #) surface. At B, = 0.2 a.u., we computed the
coupled-cluster energy, CCSD and CCSD(T) with the aug-cc-pVTZ basis set.
Finally, in the field-free case, we used the extended Lennard—Jones potential, with
coefficients obtained from CCSD(T) energies with the aug-cc-pV5Z basis set, [*)

according to the extended Lennard-Jones Potential from Schwerdtfeger et al.l?]

The three-body force is more complicated. Here one has to deal with a six-

dimensional problem for non-zero magnetic fields,
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AE®)(Rij, Rix, Rji., B) = AE®) (R, Ry, Rj1,, B, a, B)
= E®(Ry;, R, Rji., B, o, B)
- Y. E®(Ry,B,0u,,5)+3EY(B) (2.21)
Imecyc(ijk)
with a being the angle between the B vector and the plane normal defined by

the three atoms, and S the rotation of the plane around its normal.

From previous calculations by Helgaker and co-workers we know that the
electron density becomes more localized around the atoms and the molecular axis
in high magnetic fields.® We might therefore expect that three-body forces
become less important with increasing magnetic fields B. For the field-free case, in
the long-range the dominant three-body term is the Axilrod-Teller triple-dipole
term,”] which has a well-defined angular dependence. In this work, we also
included the three-body short range by using a polynomial expansion with the

following analytical form (extended Axilrod-Teller, EAT), -

A k) = 0 (R, B 106,010,

n—1
— {coRg_g + e~ onfts Z cmR;”} (1 + 3cosb; cos b, cosby) (2.22)

m=1

with  fyp = (1 + 3 cosb; cosb,; cosby),

Ry = (RijRjxRi)"?, and R, = Ri; + R, + Ri

with R;; being the distance between two atoms ¢ and j, and 6, the corresponding
angle between the vectors ﬁij and Ry, Figure 2.12. Schwerdtfeger and Hermann %]
showed that this potential (together with an accurate two-body potential) describes
precisely the equation of state for solid neon even in the high-pressure range. The
magnetic field dependence can now be introduced through the expansion coefficients

Cm (m=0,...,n),
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Figure 2.12: Three-body potential curves for the equilateral triangle of Neg at various levels of
theory from CBS limit calculations.

g<Rg7RSJB7a75) = Cp (B,Oé,ﬁ) R;Q

—_

n—

4 e—cn(B.af)Rs cm (B,a, B) R (2.23)

=1

with ¢, (B, a, f)

3

¢m (0,0,0) + hy, (B, a, B)

This reduces the problem to three-dimensional fits for the magnetic auxiliary
functions h,, (B, «, ), which now becomes computationally accessible.  The
coefficients ¢, are already known at the coupled cluster level for a zero magnetic
field.[" They have been determined from calculations of Nes keeping the positions
in an ideal triangle (Dg, symmetry), fitting it to the g (R, Rs) function and
multiplying it to the angular dependent part f(6;,6;,60;), Figure 2.12. The
magnetic field dependent functions can be obtained in a similar way considering
only Ne3z with R = Ri;5 = R13 = Rs3 and placing it into a magnetic field B. Note
that three-body dispersive interactions require at least third-order perturbation

theory in the electron correlation treatment; i.e., at least MP3 is required. ?%%]
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Equation (2.23) requires a non-linear fit, which is cumbersome. A simpler

analytical form for a fit procedure is given by,

g(RngsuB7a7ﬁ) =

n—1
1+ h(B,a,p)] {coRg_g 4 e onfts Z cmRZl} (2.24)

m=1

with A (0, «, ) = 0. This needs to be explored further. For the dynamic part,
we adopt the Born-Oppenheimer approximation and consider vibrational effects by

using the Einstein approximation. [97]

2.5.3 Computational Details

We considered neon clusters (Ne,) of size n = 13, 55, 147, 309, 561, and 923.
They show special stability at magic numbers of atoms corresponding to Mackay
icosahedral structures. They are characterized by S closed shells of atoms around a

central atom. The number of atoms n in a Mackay structure(*®! with S shells is

S
1
n=1+2) (52 +1) = g(1053+1552+115+3). (2.25)

r=1

For finite-size clusters, we used spherical boundary conditions

Tspc = (S + 1) X Timin (2'26)

where S is the number of shells (Equation (2.25)) and 7, is the equilibrium

distances of the two-body interaction potential.

We refined two million Monte Carlo cycles for the largest cluster (n = 561 and
923) and four million for all the others (n = 13, 55, 147, and 309) using Parallel
Tempering Monte Carlo in a canonical ensemble. Furthermore, we explore the
convergence for n = 13,55, and 147, using 100 million Monte Carlo cycles. We
propagated forty parallel tempering trajectories geometrically progressing around

the melting region for each cluster. For all cluster sizes, the initial structure was

4
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the global minimum of the corresponding Lennard—Jones (LJ) cluster and was

taken from The Cambridge Energy Landscape Database 7.

Accurately defining a phase is a challenging task. Nonetheless, thermodynamic
changes that occur during a phase transition can be described. The caloric curve,
which represents the temperature and magnetic field dependence of the average
potential energy, can provide insights into these changes. A peak in heat capacity
corresponds to a discontinuity in the caloric curve. Therefore, a phase transition
can be identified as the temperature at which the heat capacity reaches its

maximum.

In this study, we analyzed the behavior of finite-size Ne,, clusters, which exhibit
both an ordered solid-like phase at low temperatures and a disordered liquid-like
phase upon heating. As a system reaches thermodynamic equilibrium, its
configuration continuously changes and various states of total energy are visited
with the corresponding Boltzmann probability. The internal energy of the system
is equivalent to the average of all these energies. Our research focused on
calculating the temperature and magnetic field dependence of the average

potential energy, which is represented by a caloric curve.

Here, we used the optimal multi-histogram analysis to investigate the physical
behavior of systems, as uncertainties in the direct estimation of average properties
measured by Monte Carlo simulation can be slow to converge.l” The
multi-histogram analysis utilizes information from the energy distribution of
sampled configurations at each temperature, allowing for the reliable
determination of key thermodynamic properties from a single simulation. %
Results using this method are comparable to conventional variance methods but
do not require prior knowledge of the transition temperature. Here, we present a
concise methodology, a simple adaptation of the multi-histogram approach, which
has been successfully applied to a wide range of problems in various fields,
including the investigation of molecular dynamics,®'°1 the analysis of phase

transitions, ['"21%% and the study of protein, '%%'%l among others. [106:107]
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2.5. MELTING OF NEON IN HIGH MAGNETIC FIELDS

Table 2.3: Melting temperature [K] for Ne,, clusters at MP2 and CC level in an external magnetic
field up to 0.3 a.u. and relative energy to the global energy minimum at MP2 level and B, = 0.00
a.u.

MP2 CCSD  CCSD(T)
n Bz=0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.20 0.00* 0.20
13 6.82 6.94 734 790 872 9.67 10.55 10.13 12.32 12.53
59 6.94 6.94 736 798 893 10.07 11.50 10.36 12.39 13.11
147 8.66 &8.78 9.18 991 11.27 12.79 14.80 12.84 15.60 16.12
309 9.64 9.88 10.44 11.34 12.62 14.66 16.84 14.78 17.28 18.28
561 11.14 11.18 11.91 13.16 14.68 16.40 19.20 16.55 19.76 20.48
923 12.19 12.46 13.00 13.36 15.31 17.86 20.51 18.11 21.00 22.24

ext1? 16.38 16.66 17.45 18.73 20.53 23.66 27.36 24.11 27.62 29.29
ext2°¢ 17.98 18.24 18.79 19.85 22.03 25.06 29.01 25.59 29.71 31.16

Relative energy [107° a.u.] to MP2 level and B, = 0.00 a.u.

0.00 -2.16 -8.77 -20.20 -37.13 -60.45 -91.21 -53.68 -82.84 -

@ Two-body energy according the extended Lennard—Jones Potential from Schwerdtfeger et al. [0, ® Extrapolation
made with four points of the melting temperatures n = 147 — 923. ¢ Extrapolation made with three points of the
melting temperatures n = 147 — 923. Figure A.2 shows the extrapolation of melting temperature in a homogeneous
magnetic field.

2.5.4 Results

The melting curves and heat capacities are shown for the Neon clusters (Ne,,) as a
function of temperature (Figures 2.13 and 2.14). Our results show melting curves
with a well-defined single peak for small Ne, clusters (n = 13,55,147) and one
pre-melting peak for the largest ones. The heat capacity curves of small clusters
have a major peak at the melting temperature. The finite width of the heat
capacity curve is due to the finite number of atoms in the cluster. The melting
peaks become sharper for increasing cluster size (for the infinite system) and one
gets to a discontinuity in the internal energy and heat capacity®. Figure A.1
shows heat capacities for Ne, cluster based on the two-body energy from the
coupled-cluster level of theory. Table 2.3 shows the numerical values for the

melting temperatures of Neon gas clusters.

The sharp peaks of the heat capacity curves are due to both atomic
re-arrangements and the configurational energy fluctuations within two nearby
thermodynamic regions so that the cluster is either liquid- or all-solid-like. The
multi-histogram results suggest the coexistence of both phases is described as the

situation in which the system fluctuates between being entirely liquid- or entirely
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Figure 2.15: Distances for the icosahedral structure of the Nejz. A) Geometrical distances for
icosahedral Ne;3 and atomic distance distribution for Ne;s in a homogeneous magnetic filed in z
direction B) B, = 0.0 a.u. and C) B, = 0.3 a.u..

solid-like at the melting transition.

As the fraction of surface atoms decreases with increasing cluster size, the
melting peak is expected to converge towards the bulk value by increasing linearly
with the surface/volume ratio, that is, with the inverse cluster radius N /3. The
cluster finite size means that a large fraction of the molecules can be expected at
the surface of the lattice rather than in the bulk. Forces experienced by surface
molecules are quite different from molecules in the bulk. Therefore, one could find
melting points that are lowered to the bulk melting temperature (Figure A.2). In
this work, for ten million Monte Carlo cycles, the uncertainty of melting

temperatures is approximately 2 K.

The Mackay clusters exhibit a geometrical shell closing, icosahedral symmetry,
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with one central atom. This geometric structure is one of the most important
molecular arrangements for the melting process. %1% For example, the icosahedral
structure for 13 atoms has two types of atoms: the central one and any of those
around it (Figure 2.15A). As a result of the icosahedral geometry, there are four
different types of distances: i) the shortest distance is that among the central atom
and any other on the shell (blue line); i) among the atoms on the shell and their
closest neighbor on the shell (red line); iii) among the atoms on the shell and their
second-closest neighbor on the shell (yellow line); and iv) among the atoms on the
shell and their furthest neighbor on the shell (any line connecting two atoms on

the shell through the central atom).

Based on the previous description for Nejs (Figure 2.15A), we describe
inter-atomic distances using an atomic distance distribution with three regions
corresponding with several types of distances. For the field-free case, B,=0 a.u.,
the first two types of distances — type-i and -it — are approximately similar, and
they are around 3.3 A. The type-iii and -iv distances are around 5.4 A and 6.3 A,
respectively (Figure 2.15B). In a homogeneous magnetic field (B,) these maxima of
the atomic distance distribution are shifted to the shortest distances in a

continuous process (Figure 2.15C).

The atomic distance distribution displays two distinct structural behaviors:
solid-like and liquid-like, before and after melting. At low temperatures before
melting, the blue and green lines in Figure 2.15B depict ordered configurations or
solid-like behavior. However, as the temperature increases and we reach the
melting point, the kinetic energy increases, leading to more disordered
configurations or liquid-like behavior, represented by the orange and red lines in
Figure 2.15C. The magnetic field is another critical property that influences the

order-disorder configuration of Neon clusters.
As a result, increasing the magnetic field strength from 0 to 0.3 a.u., the

average inter-atomic distance is reduced up to 20% and the number of

configurations with shorter average distance increases proportionally to the field
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Figure 2.16: Atomic distance distribution for Ne;3 in a homogeneous magnetic field. Filed
direction across the axes x (top), y (middle), and z (bottom) at B, = 0.0 a.u. (left) and B, =
0.3 a.u. (right).

strength for every temperature. In Figure 2.15C, we get a higher pick around 3 A
and smaller picks around 5 and 6 A regarding the field-free case (Figure 2.15B).
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These findings indicate that a magnetic field causes structural compression in
Neon clusters, resulting in shorter distances across all temperatures. In the
absence of a magnetic field, all directions are equivalent and fewer configurations
with short distances are present as the temperature rises, Figure 2.16 (top).
However, when a strong magnetic field (B,=0.3 a.u.) is applied, the anisotropy
leads to distinct inter-atomic distance distributions. An analysis of each coordinate
reveals that this distance reduction mainly occurs in the z direction, Figure 2.16
(bottom). The magnetic field mainly squeezes the Neon clusters in the z direction,
leading to an increase in the number of configurations with shorter distances upon
melting. In the y and z directions, there is a slight compression (less than 0.1 A)

compared to the field-free case, regardless of temperature.

The concept of entropy is often related to the level of order within a system,
and in the context of this study, entropy plays a crucial role in the arrangement of
atoms with and without a magnetic field. In general, atoms in a solid state are
more ordered than the same atoms when heated. The magnetic field has a
significant impact on reducing the degree of freedom in the system by compressing
the Neon atoms across the z direction. The entropy of a neon cluster in a magnetic

field is lower than that of a field-free cluster.

The entropy of a system S(7") increases with temperature. As the temperature
increases, the internal configuration mechanism of each cluster undergoes diffusive
atomic motion at the surface, which depends on bond stiffness and structural
order. """ Ag the temperature rises across the transition region, the number of
solid-like configurations decreases while the number of liquid-like configurations
increases. This is in contrast to bulk systems, where both phases exist at the same

time during the phase transition. '

2.5.5 Conclusions

Our findings show that when we increase the magnetic field the entropy decreases,
Figure 2.17. The thermodynamical parameter dS/dT" = Cy /T shows how the

entropy changes before, on, and after melting. In the absence of a magnetic field,
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Figure 2.17: Variation of the entropy to the temperature for the Nej47 cluster in a homogeneous
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0.2 (light yellow), 0.25 (blue), and 0.3 (red).

the entropy of a neon cluster is maxima when the system undergoes a phase
transition. However, for high magnetic fields dS/dT' is reduced by approximately
60 %.

The icosahedral structure of Mackay clusters with a central atom and atoms
around it influences the melting process. The atomic distance distribution before
and after melting displays solid-like and liquid-like behaviors, respectively, and is
affected by the magnetic field strength. Increasing the magnetic field strength
reduces the average inter-atomic distance and leads to more configurations with

shorter average distances.

We found that the melting temperature of the Neon cluster increases when we
increase the size of the cluster and when we increase the strength of the magnetic
field. The heat capacity of Mackay clusters exhibits sharp peaks due to atomic
rearrangements and configurational energy fluctuations between liquid-like and
solid-like phases. The melting transition of the system is described as the
fluctuation between these two phases. Earlier studies on the melting temperatures

of noble gas clusters Pahl et al.[''®! and Labastie and Whetten!''?!, also showed
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well-defined single peaks in the heat capacity, which become higher, more intense,
and narrower as the cluster size increases. Our results show a good agreement
between the melting temperatures computed in this work and those calculated

Pahl et al.[*'3] and Labastie and Whetten [*!2],

In conclusion, the results of this study indicate that the presence of a magnetic
field causes structural compression in Neon clusters, leading to shorter inter-atomic
distances. The magnetic field primarily squeezes the cluster in the z direction,
which increases the number of configurations with shorter distances upon melting.
The effect of the magnetic field on the entropy of the cluster is significant,
reducing the degree of freedom in the system and leading to a lower entropy

compared to the field-free cluster.
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Chapter

The Super-Heavy Element

Flerovium™®

AS EARLY AS 1975, PITZER SUGGESTED THAT COPERNICIUM, FLEROVIUM, AND
OGANESSON ARE VOLATILE SUBSTANCES BEHAVING NOBLE-GAS-LIKE BECAUSE
OF THEIR CLOSED-SHELL CONFIGURATIONS AND ACCOMPANYING RELATIVISTIC
EFFECTS. IT IS, HOWEVER, PRECARIOUS TO PREDICT THE CHEMICAL BONDING
AND PHYSICAL BEHAVIOR OF A SOLID BY KNOWLEDGE OF THE ATOMIC
OR MOLECULAR PROPERTIES ONLY. THE MELTING OF COPERNICIUM AND
OGANESSON HAS BEEN ANALYZED VERY RECENTLY BY THE AUCKLAND GROUP.
BOTH ARE PREDICTED TO BE SEMICONDUCTORS AND VOLATILE SUBSTANCES
WITH RATHER LOW MELTING AND BOILING POINTS, WHICH MAY JUSTIFY A
COMPARISON WITH THE NOBLE GAS ELEMENTS. WE, THEREFORE, DECIDED
TO STUDY CLOSED-SHELL FLEROVIUM IN DETAIL TO PREDICT SOLID-STATE
PROPERTIES INCLUDING THE MELTING POINT FROM A DECOMPOSITION OF
THE TOTAL ENERGY INTO MANY-BODY FORCES DERIVED FROM RELATIVISTIC
COUPLED-CLUSTER AND DENSITY FUNCTIONAL THEORY. THE CONVERGENCE
OF SUCH A DECOMPOSITION FOR FLEROVIUM IS CRITICALLY ANALYZED, AND
THE PROBLEM OF USING DENSITY FUNCTIONAL THEORY IS HIGHLIGHTED. WE
PREDICT THAT FLEROVIUM IS IN MANY WAYS NOT BEHAVING LIKE A TYPICAL
NOBLE GAS ELEMENT DESPITE ITS CLOSED-SHELL 7p§ /2 CONFIGURATION AND
RESULTING WEAK INTERACTIONS. UNLIKE THE NOBLE GASES, THE MANY-
BODY EXPANSION IN TERMS OF THE INTERACTION ENERGY IS NOT CONVERGING
SMOOTHLY. THIS MAKES THE ACCURATE PREDICTION OF PHASE TRANSITIONS
VERY DIFFICULT. NEVERTHELESS, THE FIRST PREDICTION BY MONTE-CARLO
SIMULATION ESTIMATES THE MELTING POINT AT 284 + 50 K. FURTHERMORE,
CALCULATIONS FOR THE ELECTRONIC BAND GAP SUGGEST THAT FLEROVIUM IS

A SEMICONDUCTOR SIMILAR TO COPERNICIUM.
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3.1 Introduction

Ever since Lewis introduced the electron sharing/pairing concept between atoms in
19161141161 and the first description of interatomic interactions via the newly
developed theory of quantum mechanics in 1927 by Heitler and London![''"], the
study of the nature of chemical bonding in molecules, clusters, aggregates or
infinite systems, such as solids or liquids, became of fundamental importance to
chemistry. [''5712% Pauling, who followed up the work of Lewis, Heitler and London
with a series of seminal contributions on chemical bonding,"?**! defines chemical
bonding in his most influential book on The Nature of the Chemical Bond,''®! as
There is a chemical bond between two atoms or groups of atoms in the case that
the forces acting between them are such as to lead to the formation of an aggregate
with sufficient stability to make it convenient for the chemist to consider it as an
independent molecular species. It is apparent from such a (rather loose) definition
that chemical bonding is (and remains) a fuzzy concept in chemistry (see Frenking
and others for critical analysis and historical account on chemical

120,121,132-134]) * For example, we would not consider the dimer He,, which

bonding!
accommodates just one single vibrational level in the diatomic potential curve, as

an independent molecular species.

From a quantum mechanical point of view, the term “chemical bond” does not
correspond to a physical observable (i.e. a self-adjoint operator on a Hilbert
space). Second, electrons are indistinguishable, and only within a single-particle
approximation such as Hartree-Fock or Kohn-Sham, we may distinguish between
different molecular orbitals or densities between valence and core electrons
involved in chemical bonding.!"*?) Here we quote Coulson:!"*? Sometimes it seems
to me that a bond between two atoms has become so real, so tangible, so friendly,
that I can almost see it. Then I awake with a little shock, for a chemical bond is
not a real thing. It does not exist. No one has ever seen one. No one ever can. It

is a figment of our imagination. Besides these fundamental (or philosophical)

*Reproduced with the permission of AIP Publishing from Florez, Edison, Odile R. Smits, Jan-
Michael Mewes, Paul Jerabek, and Peter Schwerdtfeger. “From the gas phase to the solid state:
The chemical bonding in the superheavy element flerovium.” The Journal of Chemical Physics 157,
no. 6 (2022). doi.org/10.1063/5.0097642
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3.1. INTRODUCTION

issues, chemical bonding concepts are undoubtedly the most important tools
chemists have to discuss to the predict chemical and physical properties of

compounds in different aggregate states.

The beauty in chemical bonding theory is that we have (besides classical and
empirical methods) a plethora of different wavefunction or density functional-based
models at hand that give deep insight into the behavior of a chemical compound.
In turn, chemical bonding theory can also lead to major controversies between
different “philosophical” schools. The reason here lies in the many different
approximations used, such as different decompositions of the Hamiltonian or the
total electronic energy, or the wavefunction or density of the system, that can
often lead to very different interpretations, [*%37 albeit (mostly) valid within the
bonding picture chosen. An example here is the bonding for the ground state of
the Cy molecule and the recent debate if the molecule contains a quadruple bond

138-140]

or not! There are many such examples in the literature which often lead to

ML In our opinion, such controversies are both useful and

fierce debates. !
important for the progress of chemistry as a discipline, and for the development of

critical thinking skills and understanding of chemical concepts to science students.

Chemists traditionally think of molecules when discussing chemical bonding,
although, over the past few decades, solid-state physics has moved into the
chemistry domain, mainly because of its importance to material science.['*3) Many
(if not all) bonding models can be successfully transferred into the solid
state. [1441%] These include models for covalent, ionic, metallic, and Van der Waals
(weak or dispersive) types of interactions. A typical link here, for example for ionic
bonding, is the ligand-field theory for molecules compared to the crystal-field
theory for the solid-state.!'*%'*l Moreover, by comparing different approximations
one can discuss in detail the influence of electron correlation effects (Hartree-Fock
versus the exact result from the Schrodinger or Dirac equation), relativistic effects
(Schrodinger versus Dirac results either at the Hartree-Fock or correlated level), or
even smaller effects such as quantum electrodynamic contributions to the stability

of a chemical bond between atoms in molecules or the solid state.*%'49 Such
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effects are experimentally not accessible but important for the discussion of the

chemical and physical behavior of atoms, molecules, and the solid state.

As a prime example of the influence of relativistic effects on chemical bonding,
we take the interaction between the two metal atoms cesium and gold. CsAu is
ionic because gold behaves like a pseudohalide because its electronegativity is
relativistically increased from 1.9 to 2.4.1° As a result, CsAu forms orange
crystals adopting a CsCl lattice, and behaves like a semi-conductor (specific
resistivity of 107 Qm compared to a typical metal of 1077 — 107® Qm) with an
optical gap of 2.6 eV, Hence the bonding between two metals does not
necessarily result in a metallic bond due to relativistic effects.[!4%152153] This
implies that one has to be very careful when predicting the bonding behavior in
condensed systems purely from the knowledge of the chemical behavior of the

elements involved.

As a second prime example for both relativistic and electron correlation effects
in chemical bonding, we take mercury, which becomes important for our discussion
on flerovium. The mercury dimer is Van der Waals bound with a dissociation
energy of only 4.69 kJ/mol and a rather large bond distance of 3.69 A.l'>Y At the
Hartree-Fock level, Hgy, is unbound, in agreement with the fact that dispersion
interactions originate from electron correlation.['” Even for the bulk system,
mercury is unbound at the Hartree-Fock (or Dirac-Hartree-Fock) level, ' thus

the chemical bonding in mercury is purely due to electron correlation. [°:1%7)

However, the nature of the chemical bond changes dramatically from the dimer
to the solid statel'” as the solid/dimer ratios between the cohesive and
dissociation energies FE.on/D. and the nearest neighbor and the equilibrium

distances ryn/7e show, cf. Figure 3.1 and Figure 3.2.
Furthermore, relativistic effects have a substantial influence on chemical

bonding and without relativity, mercury would not be a liquid at room

temperature. In fact, relativistic effects on the melting temperature are predicted
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Figure 3.1: Ratio between the bulk nearest neighbor distance and the equilibrium distance of
the corresponding diatomic compound, rNN/7e, for the main group and transition metals in the
periodic table. The value for the (6,12) Lennard-Jones (LJ) potential is given as a straight line.
Experimental data (if available) for the diatomics were taken from Huber and Herzberg!'!, and for
the solid state from Kittel and McEuen![?!,

to be as high as AgTyup = Thk — Tt ~ 400 K.["97161 Even more dramatic is the

relativistic change in the boiling point, AgTgp =~ 600 K.[161:162

The simulation of solid-to-liquid-to-gas phase transitions requires an accurate
treatment of the interactions between the atoms and molecules involved, which is a
formidable task. Only for the noble gas elements melting points close to the
experimental values have been achieved through a many-body expansion of the
total energy applying relativistic coupled-cluster theory with no empirical

parameters involved. 163167l

Figures 3.1 and 3.2 deserve some further discussion at this point. For most
elements, the bond distance increases when moving from the diatomic to the solid
state. Exceptions are found only for the Group 2 and 12 elements, as we go from
Van der Waals bonding to the metallic state, Pd which is closed-shell, and
interestingly for two of the Group 7 elements.  The ratio of the (12,6)

Lennard-Jones potential for an fcc lattice,['! ryx/re = (L19/Lg)Y%re = 0.9712r,
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Figure 3.2: Ratio between the bulk cohesive energy and the dissociation energy of the
corresponding diatomic compound, Fcon/De, for the main group and transition metals in the
periodic table. For clarity, the two Group 12 elements not shown in this figure are Zn and Cd with
Econ/D. =44.9 and 28.6 respectively. The value for the (6,12) Lennard-Jones (LJ) potential is
given as a straight line. Experimental data (if available) for the diatomics were taken from Huber
and Herzberg!!l, and for the solid state from Kittel and McEuen 2],

is smaller than 1.0 because of the additional attractive non-nearest neighbor
interactions. Here Lg and Ljy are the Lennard-Jones-Ingham coefficients (or lattice

[167,168]

sums). The noble gas elements are LlJ-like and accumulate around

TNN/re =1.

Concerning the ratio of binding energies, we compare the binding for a
diatomic to the bulk cohesive energy. In the latter, we get stabilization in the bulk
due to additional interactions between the atoms in the solid state. For the ratio of
the cohesive energy to the binding energy per atom the values shown in Figure 3.2
must be multiplied by a factor of 2. Again, it is illuminating to take the (12,6)
Lennard-Jones ratio of 2E..,/D. = (L%/L12)D. = 17.220069 a5 a reference. The
noble-gas elements are close to this Lennard-Jones ratio as one expects, and only a
few elements lie above which are mainly the group 2 and 12 elements. Most
elements, however, have a decreased cohesive energy. The reason for this lies in the
importance of many-body forces for the solid-state,'”) which we will discuss in

detail for flerovium.
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In 1975, Pitzer asked the question if the elements 112, 114, and 118 are
relatively inert gases.!!6%17% All three elements adopt a closed-shell configuration,
Cn (7s%), F1 (7s°p? 5) (At the scalar relativistic or non-relativistic level flerovium is
an open-shell with a ®P, ground state) and Og (7s°p ,pj /2).[171’173] Pitzer gives a
promotion (excitation) energy for Fl of 6.12 eV (Cn of 8.57 eV, Og of 8.8 or 4.89
eV depending on the valence state) based on DHF calculations, compared to an
estimated bond (dissociation) energy of 4 eV (5-6 eV for Cn, 1.8 eV for Og) from
extrapolation of the lighter congeners, which lead to the prediction of these

elements to be gases or volatile liquids bound by dispersion.

From recent and more accurate quantum chemical calculations we have
promotion energies of (in eV) 4.44 for Cn, 3.27 for F1, and 4.20 for Og,['7*'7
compared to much smaller bond energies of (in eV) 0.078 for Cn, 0.080 for F1 and
0.078 for Og.['" Although the values shift significantly, they are still in line with
Pitzer’s original prediction. The static dipole polarizabilities are also interesting to
comparel'™ as these determine the dispersive interactions between atoms, i.e. (in
atomic units) 27.4 for Cn, 30.6 for Fl and 58.0 for Og,!'™ ') compared to 33.1 for
Hg, 47.1 for Pb and 35.3 for Rn.[164181,182]

Concerning the solid state, the ratio FEepn/D. shown in Figure 3.2 puts
flerovium close to the noble gas elements. Nevertheless, from all these data it is
very difficult to predict if Fl is a volatile substance behaving like a noble gas
element as Pitzer suggested.!'”) The noble-gas-like behavior is best described by
chemical inertness compared to the other elements of the periodic table due to the
closed shell structure,'® the inter-atomic interactions mediated through mostly

184 and,

dispersive forces, which are well described by the Lennard-Jones potential, |
for the solid state, fast convergence of the many-body expansion of the interaction

energy at the equilibrium distance. %1%

The Auckland group recently analyzed the solid and liquid state behavior of

both CnlfL18618T  and  Og. %1% It was found that these elements are
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semiconductors but with very low melting and boiling points, e.g. Typ(Cn)= 284
K, Tp(Cn)= 340 K, Typ(Og)= 324 K, Tpp(Og)= 453 K.['6L158] This supports at
least in part Pitzer’s original claim.['”) The remaining missing link is flerovium,
which requires an accurate treatment of spin-orbit coupling.  From recent
atom-at-a-time experiments of flerovium adsorption on a gold surface it was
concluded that flerovium is a volatile metal.l'3%191 Regarding the volatility,
theoretical simulations indeed suggest that the adsorption energies are very similar
between the three elements Cn, Fl, and Og.['™ 92719l For recent reviews on the

chemistry of superheavy elements see Tiirler and Pershinal'*!, Pershinal'?7].

In this chapter, we study the interaction between flerovium atoms using a
many-body expansion (MBE) of the total energy in terms of relativistic
coupled-cluster and density functional theory (DFT), as well as projector
augmented wave (PAW) DFT calculations for the solid-state properties of
flerovium. We specifically address the problem if such an expansion is valid and if
density functional theory correctly predicts the individual n-body interaction

terms. We also present a first estimate of the melting point of flerovium.

3.2 Methods and Computational Details

All atomic calculations were carried out with the program packages GRASPF! and
DIRAC. 19819 For constructing the many-body potentials for Fly, Flg and Fl; we
carried out relativistic DF'T and coupled-cluster (CC) calculations within the exact
2-component version (X2C) as implemented in the DIRAC program package. ['*!
For the DFT calculations we chose the local density functional approximation
(LDA), 290201 the Perdew-Becke-Enzerhofer (PBE) gradient corrected functional
(GGA) including exact exchange (PBEO0),?°%?% and the Becke-Lee-Yang-Parr
hybrid functional (B3LYP)[20420] together with Dyall’s uncontracted double-zeta
(27) (26s523pl7d11f), triple-zeta (3Z) (30s29p20d13f1g) and quadruple-zeta (47)
(35535p24d16f3g1h) basis set for flerovium.?® For the more expensive

second-order Mgller-Plesset (MP2) and coupled-cluster singles-doubles calculations
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including triple substitutions (CCSD(T)), we had to restrict the basis set to

double-zeta quality ?"% for the three-body force.

The active orbital space chosen is within the energy range of [—2,50] a.u.,
which includes the 6d7s7p orbitals in the active space. For the MBE solid-state
calculations, we used the program SAMBA. Further, solid-state calculations at the
spin-orbit relativistic (SO)-DFT level were carried out using the program
VASP.[0721 The core region was modeled using the PAW approach of Blochl,
Kresse and Joubert?'?1? with the potential for F1 published recently.['””) The
functionals PBEO, PBEsol, and PBE-D3,[292203213 containing the Grimme D3
dispersion correction with Becke-Johnson damping*!l and recently published

atomic parameters for F11%°! were employed.

All structural optimizations are conducted at the SO-DFT level with the
highest numerical precision settings, converged k-grids (7 for optimizations, 9° for
final energies of the fcc lattice, 7 x 7 x 4 for optimizations and 9 x 9 x 5 for final
energies of the hep lattice), and using a plane-wave cutoff of 600 eV to remedy
Pulay stress.  Bulk moduli are calculated via a Birch-Murnahagan fit to
five-volume/energy pairs (98%, 99%, 100%, 101%, and 102% of the optimized
volume). We also carried out self-consistent quasi-particle GW calculations to
refine the electronic band gap calculated at the DFT level.P'" 27l The GW
calculations use reduced energy cutoffs (300 eV) to limit the computational effort

and start from converged PBE orbitals.

Atomistic Electron Localization Function Calculations

The Electron Localization Function (ELF) D,(r) is a useful chemical bonding
analysis tool to visualize the electronic structure of atoms, molecules and periodic

2182200 1t igs formulated as a measure for the inverse conditional

systems.[
probability of finding an electron in the vicinity of another same-spin electron

located at a given position 7
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-1

) Wpa(f)i?) (3.1)

P = ”( P75 ()

Here o0 = spin 1 or spin |, p, the electron spin density, 7, the kinetic energy
density, Vp, the electron density gradient, and 7'F the Thomas-Fermi kinetic
energy (of the uniform electron gas). In the relativistic case where spin is not a
good quantum number anymore, o should be replaced by the Kramers component.
Moreover, for the kinetic energy term, the nonrelativistic expression is used similar
to what is described by Pilmé et al.[*?!] and for Pb and F1 at the scalar relativistic
and nonrelativistic level we use restricted (spin-unpolarized) Kohn-Sham theory

with an occupation of nstfgpgg, n =6or 7.

The ELF generally assumes values between 0 and 1, where a value close to 1
indicates that the probability of finding two same-spin electrons close to each other
is very low (high level of electron localization), and the ELF value of 0.5
corresponding to the limit of a hypothetical uniform Fermi gas of the same density

(high level of electron delocalization).

In molecular systems, the ELF is usually utilized to allow the distinction
between bonding electron pairs and lone pairs. However, ELF calculations are
sensitive enough to be able to resolve the spatial regions corresponding to
electronic shell separations in atoms — when calculated with sufficiently high

resolution, that is.

In this work, we performed ELF calculations for the atoms Hg, Pb, Rn, Cn, FI,
and Og, respectively, based on non-relativistic (NR), scalar-relativistic (SR) and
fully relativistic (R) DFT calculations employing the relativistic ab-initio quantum
chemistry program DIRAC,!9%199) for which we utilized the PBE density
functional®*? in conjunction with fully uncontracted relativistic Dyall 47
all-electron basis sets.??>72%" For the fully relativistic computations we made use of
DIRAC’s 4-component DFT routine®? and explicitly included the

small-component integrals as well as the two-electron Gaunt term. The choice to
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obtain the converged electron densities for the ELF calculations via DFT rather
than (D)HF theory was made in order to include electron correlation to a certain

degree.

We note that for the NR and SR cases, only the densities of the large
component were considered in the ELF calculations, whereas in the fully
relativistic four-component case (R) the total one-particle density was obtained by

adding the small-component to the large-component densities.

Many-body Expansion of the Total Energy

For the solid-state calculations, we decompose the total electronic energy of the

system into individual n-body interaction contributions,

E" =Y Ef (3.2)
i=1

We subtract the one-body atomic contribution, rearrange the terms in
Equation (2.18), and use translational symmetry for the fcc lattice such that we

obtain the cohesive energy (per atom) for a monatomic compound

Eeon = Z E; = 5 Z Va(Roi) + 3 Z Vs(Roi, Roj, Rij)
i=2 i=1

i<j
1 o0
+7 > Vi(Roi, Roj, Rox, Rij, Rik, Rji) + .. (3.3)
i<j<k

where we arbitrarily chose one atom as the center of origin from which we start
our summation. The distances R;; in the solid belong to a graph connecting all n
atoms (line for the two-body, triangle for the three-body, tetrahedron for the
four-body) with n(n — 1)/2 distances (edges). This expansion needs to converge

relatively fast[’]

as going beyond four-body terms becomes computationally
intractable. In fact, as the number of n-body contributions for the cohesive energy
scale like O(N™ ') with N being the number of atoms considered, each n-body

contribution should roughly be an order of magnitude smaller compared to the
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Figure 3.3: Schematic presentation of the many-body contributions to the total potential energy.
Atoms in red and ghost atoms are required for the Boys-Bernardi counterpoise correction in blue.
For simplification, the contributions are shown for the ideal symmetries only, i.e. diatomic (Dsop),
ideal triangle (Dsp), and ideal tetrahedron (7). The number of contributions follows the row
numbers of Pascal’s triangle with alternating signs.

previous (n — 1) one to ensure convergence. We will see that in contrast to the

noble gas elements this is indeed a problem in the bonding region for flerovium.

The individual n-body terms are defined by,

V2(R01) = EZ(ROz) - 2E1 (34)
‘/E’)(ROia R0j7 Rz]) - ES(ROi7 ROja Rzy)
— EQ(ROZ) — EQ(Roj) — EQ(R”) + 3E1

and similar to the four-body force. F,, is the total electronic energy of the atom
(n = 1), diatomic (n = 2), or cluster (n > 2) obtained for example from relativistic
coupled-cluster or density functional calculations. This scheme can easily be
extended to include ghost atoms for accounting for basis set superposition

[227,228]

errors, e.g. see Figure 3.3 which summarizes the contributions for the

high-symmetry arrangements.
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Two-body potential and fitting routine

The quadruple-zeta (4Z) PBEO and triple-zeta (3Z) CCSD(T) data points were

point-wise fitted to an extended Lennard-Jones (ELJ) potential !5

%ELJ(R) _ Z CkELJRfk (35)
k=6

by a linear least-squares procedure, where R is the inter-nuclear distance and
C}. are the fitting parameters listed in Table 3.1. To ensure that the long-range is

229]

correctly described by the London dispersion force?*!, the Cy parameter of the

attractive C4R~% term of the potential is fixed to the dispersion coefficient **"! and
the C7R™" term is not included in the potential. Furthermore, to ensure correct
repulsive asymptotic behavior in the short range, the highest-order fitting
parameter must be positive. Note that for the PBEO potential, this boundary
condition was omitted to improve accuracy around the equilibrium distance and

therefore this potential is not valid for distances shorter than 1.6 A.

In general, the CCSD(T) method still suffers from the basis set incompleteness
and the restriction of active space chosen in the electron correlation procedure.
However, the calculations reveal that our active space chosen is sufficiently
accurate. To make the point we report BSSE corrected CCSD(T) dissociation
energies for Fly, and a DZ basis set level at the hcp nearest neighbor distance of
3.834 A reported by Hermann et al.[**!] for the following active orbital energy
ranges (in a.u.) : [-0.4,450.0] 0.0787 eV, [-0.4,4-100.0] 0.0787 eV, and [-3.0,+50.0]
0.0770 eV, [-3.0,4100.0] 0.0770 eV, [-10.0,4-50.0] 0.0781 eV, [-10.0,4-100.0] 0.0780
eV. Therefore, we expect the basis set incompleteness to be the largest source of
error and corrected our CCSD(T) two-body potential energies by the complete
basis set limit (CBS) approximation (denoted as CCSD(T)*) as follows,

VQCCSD(T)* _ VzccsmT) n AVQCBS (3.6)

Here, AV,BS at the HF level is derived from the formula given by Feller!?3?],

Williams et al. [233]
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Table 3.1: Fitting parameters for the PBE0/47Z and coupled-cluster CCSD(T)/3Z derived two-
body (ELJ) potential and for the CBS corrected CCSD(T)* results (in a.u.).

ELJ PBE0/47 CCSD(T)/3% CCSD(T)*
Ce -339.643483831 -344.0 -344.0
Cs 1177531.1415 ~770391.8502765 -110621.5019612
Co -52018617.7654 43077393.39481 4023445547618
Cho 1155631543.57 -1002843991.432 ~41492884.78204
Chy ~16188552995.9 12735792196.18 -387745374.8124
Cla 146566750227.3 ~99788509014.52 10316968487.99
Cs -849420907097.0 512163870304.3 -76337297937.02
Ch4 3076916940736.0 ~1731590910598.0 255739280363.9
Cis -6520784516725.0 3626205025279.0 -350507219160.8
Che 6552227093983.0 -3783119151841.0 28695054176.34
Chs -3798072698274.0 2622535615368.0 578047205008.7
s e _ (7 )

(V2HF//2Z _2V2HF/SZ+V2HF/4Z)

and for the pure electron correlation part from the formula given by Helgaker

et al.[?3]

A‘/v2CBS/cor _ A‘/Zcor/i}Z B é (A‘/;or/QZ B AVvQcor/BZ> (38)

19

Three-body potential and fitting routine

For the three-body potential we used an extended Axilrod-Teller-Muto potential
(EATM) [91,235.230]

VN (k) = fo[Capr R, + ey~ Ay R2] (3.9)

k=0
with fy = (1 + 3cosb; cosb; cosby)
1

and R, = (RijRixRi)" R, = .

(Rij + Rjk; + Rzk)

The Axilrod-Teller triple-dipole function f@CEATRg_g is the dominating term in
the long-range compared to other three-body interactions.*” Hence, the
parameter Cpgar is determined by fitting the long-range data points to this

function, after which the other parameters «, Ag, Ay, Ay and Ag are determined
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Table 3.2: Fitting parameters for the 4Z PBE0O and 2Z CCSD(T) derived three-body EATM
potential (in a.u.).

EATM PBEO CCSD(T) CCSD(T)*
CEaT 23349.86591 9106.676863 8952.307205
o 2.612993685 2.891226892 2.930823379
Ao -7294.665949 -2330.438604 747.1528685
Ay 753.4515046 -598.7559746 -1430.647198
Ay -42.46646972 91.28651736 165.4699656
Ag 0.813522220 -5.363525164 -8.436634719
Ag 0.0 0.1181645184 0.1689106734

using the full range of equilateral data-points.

The parameters are listed in

Table 3.2. The ab-initio calculations are produced for an ideal Dj, structure with
varying I such that R;; = R and ¢ = 120°, for which we get R, = R, R, = 3R and
f1200 — 5/8

For the three-body potential it was not feasible to extend the active space in
the coupled-cluster procedure or to use 37 basis sets because of the computational
resources required. However, we could estimate the CBS limit at the HF level from
27 and 37 calculations (at short-range we did not achieve convergence with the 47
basis set). Here we used Feller’s exponential CBS correction with fixed exponential

as suggested by Jensen !**]

VgCBS/HF ~ VBHF/?)Z —0.3273 <V3HF/2Z _ ‘/-3HF/3Z> (3,10)

which we added to our CCSD(T)/2Z results. We refer to this as CCSD(T)* in
the following.

Four-body potential and fitting routine

As an approximation for the four-body potential, we make use of the extended
quadruple dipole (EQD) four-body potential V;*®". The dominant long-range (LR)
four-body contribution is the fourth-order (quadruple) dipole (QD) term for the
interaction of four atoms 4, j, k and [ as derived from the classical quadruple dipole

Drude model'87]
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VP (ijkl) = w [f(ijkl) + f(ijlk) + f(ikjl)] (3.11)

with

f(ijkl) = (RijRjx R Ra) " [(W@5.@%)* + (U;.U)°
- (W.1003) + (Wjp-iig)? + (Wyp-ti)* + (g i)
— 3(Wij W ) (Wjge-Why ) (Ut - Wij ) — 3(Wig W) (W Wi ) (Ui 145
— 3(Wij Ut ) (Whg g ) (Wi W) — 3( WU ) (U - Ui ) (WU )

+ (. Wy ) (W W) (g Uy ) (s W) — 1] (3.12)

In order to also describe the short-range reasonably well, we introduce a distance-
dependent factor g(ijkl) such that the total four-body interaction is given by
Vi = w(igkl)[f (igkL) + f(ijlk) + f (ik;0) (3.13)
The short-range function ¢(ijkl) is chosen as

m

g(ijkl) = g(Ry, Ry) = 1 — ety " g, RE (3.14)
k=0
with the distances defined as
R, = (R Ry Ry Rz RjiRiy)"/® (3.15)
and
1
R, = E(Rij + R + Ry + Rjk + le + Rkl) (3.16)

The 47 PBEO calculations are produced for an ideal Ty structure with varying

R. In this case, the expression for the four-body interaction is simplified to

27w
VI'P(R) = g 9 R). (3.17)

The exponent in the short-range function g(ijkl) takes the form of a gaussian
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Table 3.3: Fitting parameters for the PBEOQ derived three-body EQD four-body potential.

EQD PBEO EQD PBEO
w -7992722.55619003 ag 129597.573335952
ai -275214.064486529 as 262259.700306389
as -147690.171082272 a 54436.4255351231
as ~13724.0901018183 ag 2397.26033547513
ar -286.554888314985 as 22.4411938961907
ay -1.04023664629066 a1 0.02168849665813
by -0.33759027067181 b -2.98392301962817

when both parameters b; and b, are negative, such that g(ijkl) goes to unity at a
large distance and the Drude function becomes the dominant term. Hence, to
ensure correct asymptotic behavior, initially, the long-range data points are fitted

to the Drude function, which contains only w as a fitting parameter.

The previously published argon four-body potential'®” can be linearly scaled
by the parameters v, and v,, v, FE*(7,R), such that it approximately overlaps with
the flerovium data-points. This was used to fix the parameters b; and by of the
function g(R, R), i.e. we have bf'! = b"y% and bE! = by" /~,. The scaling factor is
determined by the ratio between the minimum of the flerovium and argon
potentials, B2 /RYL =+, = 0.765. Then, as a last step, the fitting parameters of

the polynomial, a; are determined by the least squares fit.

Unfortunately, we were only able to obtain very few CCSD(T)/2Z points with
a much restricted active orbital space of [—2,20] a.u. and without BSSE
correction, and we present the PBEO parameters only in Table 3.3. As we shall see

this suffices for our discussion on the many-body decomposition.

Solid-State Calculations using Many-Body Potentials

The analytical expression for the two-body cohesive energy is given by

1
EPY(R,) = 5 > CPY LRy (3.18)

n>6

where Ry is the nearest neighbor distance of the lattice Ry = min{Ry}. This
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3.2. METHODS AND COMPUTATIONAL DETAILS

expression can be evaluated analytically for the cubic lattices and for the ideal
hexagonal closed packed (hcp) structure from so-called lattice sums L,, which can
be computed to computer precision through Bessel function expansions.!%
Lattice sums for the hep structure with ¢/a # \/% are currently being derived in
our group and are therefore not yet available, and a numerical treatment has been
chosen instead. The three- and four-body forces also have to be determined
numerically by summing over 20,000 and 5,000 atoms respectively in the crystal.
This restriction does not affect the accuracy of the values reported in this work.
The minimum nearest neighbor distance is obtained analytically through lattice

239]

summations if possible, and by Fletcher and Powell! described an optimization

procedure if higher-body forces are included.

Monte-Carlo Method

In this work, the parallel tempering Monte-Carlo (PTMC) method is applied to
cells with periodic boundary conditions. For these types of simulations, the
melting temperatures of the cells converge rapidly and earlier studies on the noble
gases showed that cells with 864 atoms converged to the bulk melting

164,165,185] For the noble gases, the inclusion of two and three-body

temperature. [
interactions were sufficient to successfully obtain agreement with the experimental
values.  For flerovium, the situation is slightly different as the four-body
interactions are non-negligible. Hence simulations performed here will serve as a

first estimate.

The simulations are performed in the isobaric-isothermal ensemble (N PT); that
is, the number of atoms, N, and temperature 7' is held constant, but the sample
cells are allowed to change volume, V', in order to remain at atmospheric pressure
(P =1 bar) throughout the simulation. Starting with fcc sample cells with periodic
boundary conditions, random configurations are generated by arbitrarily moving
atoms and scaling the volume of the simulated cell. New configurations are accepted

with the Boltzmann probability

102



3.2. METHODS AND COMPUTATIONAL DETAILS

oz — 2') = min[1, exp AAEHPAVIHNIn(V/V)] (3.19)

with 8 = 1/(kgT). In total, 32 temperature trajectories are propagated
simultaneously spanning the temperature interval of the melting transition. For
each simulated temperature 3 x 105 MC cycles are performed and statistical data
is collected from the last 1 x 10° cycles. Exchanges of configurations are attempted
of near-lying temperatures according to the parallel tempering method in order to
overcome ergodicity problems and improve convergence. The inner energy U(T)
and volume V(7T'), the enthalpy H(T'), and the heat capacity at constant pressure,
C(T) are obtained as a continuous function of temperature 7" using the histogram

re-weighting technique.

The total N-body interaction energy F;, for micro-state ¢, is calculated by
summing over all two- and three-body energies interactions up to a spherical
cut-off distance of R, = %L, where L is the length of a simulation cell at 0 K.
Four-body terms are not considered in our MC simulations because of the very
high computational demand required. The internal energy U is defined as the
statistical mean value of energies E;, U = (F;) and the heat capacities are

obtained from the relation

o(T) = 5[;(TT> _(H(T) IZB_TgH(T»

p

(3.20)

where the enthalpy is given by H(T') = U(T)+PV (T). The temperature at which
the solid-liquid phase transition occurs can be identified from a sudden increase in
the inner energy, which corresponds to the temperature where the heat capacity
curve C(T') has a peak. However, the absence of impurities and a surface shifts the
solid-to-liquid phase-transition temperature, Tsy,, to an increased value, referred to
as superheating. We adopt the superheating correction factor as introduced by Koci
et al.l?*] to obtain the bulk melting temperature.

T, In2
SL_ 14 % ~ 1.231. (3.21)

Tap

Although the superheating correction factor comes from the high-pressure
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4anr?p (R)

R [a.u.]

Figure 3.4: Relativistic and nonrelativistic valence radial densities of flerovium from multi-
reference calculations!®! distributing the two 7p electrons over the 7p; /2 and Tp3 /o levels.

limit, this approximation worked extremely well for determining the melting points
of the heavier noble gases.['%16 For a general theory of melting as a

dislocation-mediated phase transition see Burakovsky et al.!**!].

3.3 Results and Discussion

The Flerovium atom

The flerovium atomic electronic structure has already been discussed by many
authors. 175182196.242-252] We only point out the most important features as shown
in Figure 3.4.

Using Fock-space coupled-cluster theory, Landau et al.l'™! calculated the
SPo(Tp3je) — Pi(Tpyjypy),) excitation energy at 3.27 eV, a rather large value for
the 7p spin-orbit splitting (for comparison, the 3Py — 3P, excitation energy for

Pb is 0.97 eV), which is seen in the spatial separation between the 7p; /o and

the 7ps/o orbitals in Figure 3.4.
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3.3. RESULTS AND DISCUSSION

A comparison between the nonrelativistic (<7“>17\IpR — 1983 A) and the
corresponding relativistic r-expectation values ((7“)713;03/2 = 2098 A and
<r>7Rpl/2 = 1.444 A) shows that this is mainly due to the strong relativistic

contraction and stabilization of the 7p,,, orbital, and is because the 7p;/, orbital
has a substantial density close to the nucleus where the relativistic perturbation

[254,255]

operators act. Moreover, we see that the 7p;/, orbital is more compact and

extends less into the valence space compared to the nonrelativistic 7p orbital.

The ionization potential has been estimated at 8.65 eV[*° above that of Pb
(7.42 eV), but still below the noble gases including Og with 8.91 V!9,
Concerning the dipole polarizabilities, we have 30.6 a.u. for F1, and for comparison
for Og 46.3 a.u.["”?l However, FI has a zero electron affinity unlike Pb (0.36 eV) or
Og (0.076 eV).[°6%7 We note that the 7s orbital relativistically contracts
((r>$8 = 1.165 A compared to <T>I;ISR = 1.594 A) and stabilizes substantially as
expected for a superheavy element. In fact, energetically 7s and 6ds/, orbitals are
very close and core-like (orbital energy e, = —19.6 eV and €5 = —21.6 eV).
Hence we expect that Fl with a 7p] PRE chemically more inert than its lighter

congeners, but not as inert as some of the noble gases.

Figures 3.5 to 3.7 show the ELFs for the heaviest group 12, 14, and 18 atoms
at the nonrelativistic (NR), scalar relativistic (SR) and fully relativistic (R) PBE
level of theory for comparison. We have recently argued that the large spin-orbit
splitting in the 7p electronic shell of Og (10.13 eV) is responsible for this
superheavy element showing a uniform-gas-like behavior in the valence region "),

%57 Nevertheless, we see

although this was criticized later on by Kaygorodov et al.!
from Figures 3.5 and 3.7 that relativistic effects lead to the smearing out of
electron density, which becomes more electron gas-like. Flerovium is no different in
this respect compared to Cn and Og, except for F1 and Og the influence of strong

spin-orbit effects is visible. For Fl, the nonrelativistic and scalar relativistic ELF

pictures do not differ substantially.
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-100 0 100 -100 0 100
x (pm) z (pm)
0.0 0.5 1.0

Figure 3.5: ELFs D(r) from nonrelativistic (NR), scalar relativistic (SR) and fully relativistic
(R) DFT calculations at PBE/dyall.ae4z level of theory. A) Hg (left) and Cn (right). B) Pb (left)
and FI (right). C) Rn (left) and Og (right).

Potential energy curves and molecular properties for the

flerovium dimer

The potential energy curves for the diatomic Fly at different levels of theory are
shown in Figure 3.8A, and the corresponding equilibrium molecular properties are

listed in Table 3.4.

Like the noble-gas dimers, ™ or the Group 2 or 12 dimers, " Fl, is unbound at

the HF level and electron correlation is entirely responsible for the chemical
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-100 0 100 -100 0 100
x (pm) z (pm)

0.0 0.5 1.0

Figure 3.6: ELFs D(r) from nonrelativistic (NR), scalar relativistic (SR) and fully relativistic
(R) DFT calculations at PBE/dyall.ae4z level of theory. A) Hg (left) and Cn (right). B) Pb (left)
and FI (right). C) Rn (left) and Og (right).

bonding (there is a tiny minimum at 5.721 A with a depth of 3 x 107 ¢V at the
HF /47 level of theory, which we regard as an artifact of the method). As expected,
the performance of DFT varies greatly for such a weakly interacting system, see
Table 3.4. LDA overbinds while B3LYP underbids compared to our best-coupled
cluster curve. We point out that changing the basis set from 27 — 37 — 47
lowers the repulsive wall at all levels of theory leading to stronger binding as one
expects. Further, the CBS coupled-cluster result improves the dissociation energy

considerably and lowers the bond distance.
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Figure 3.7: ELFs D(r) from nonrelativistic (NR), scalar relativistic (SR) and fully relativistic
(R) DFT calculations at PBE/dyall.ae4z level of theory. A) Hg (left) and Cn (right). B) Pb (left)
and FI (right). C) Rn (left) and Og (right).

Faegri Jr[*® used a dual family basis set which is similar to our 3Z basis set,
but their basis set is slightly extended in the g-space. A comparison of our CBS
coupled-cluster results to that of Borschevsky gives a scaling factor of A\g = 1.206
for the energy and Az = 0.989 for the equilibrium distance. Anyway, the CBS limit
coupled cluster potential energy curve presented here is the best approximation we

currently have for the flerovium dimer.
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Table 3.4: Molecular properties for Fly. Equilibrium distance R, in A, dissociation energy D, in
eV (not corrected for zero-point vibrational energy), and force constant k. in N/m obtained from
DFT and CCSD(T) calculations using Dyall’s double-zeta (2Z), triple-zeta (3Z) and quadruple-
zeta (47) basis sets. FDF denotes a Faegri dual type 27s24p18d14 f6g basis set. %] For the basis
set used by Liu et al.["]. CCSD(T)(ext) indicates an extended active space of [~10,50] a.u. was
chosen for the 2Z basis set. CCSD(T)* is corrected to the CBS limit. For comparison, results from
other authors and for Cny and Ogs are also provided.

Method R, D, ke
plane-wave/PAW Cutoff
PBEsol 600 eV 3.333 0.210 -
PBE 600 eV 3.481 0.140 -
PBE-D3 600 eV 3.476 0.177 —
PBEO 600 eV 3.460 0.133 -
PBE0-D3 600 eV 3.454 0.172 -
GTO/all-electron Basis
LDA 27 3.259 0.341 27.9
37 3.249 0.347 28.4
47 3.246 0.352 28.5
PBE 27 3.508 0.138 12.5
37 3.495 0.140 11.8
47 3.491 0.143 12.2
PBE0 27 3.557 0.096 8.87
37 3.543 0.099 9.03
47 3.536 0.101 9.49
B3LYP 27 3.695 0.053 6.05
37 3.680 0.053 6.00
47 3.676 0.054 6.27
MP2 27, 3.507 0.129 11.1
37 3.461 0.142 12.0
CCSD(T) 27 3.634 0.085 7.43
37 3.606 0.092 7.47
CCSD(T)(ext) 27 3.640 0.084 7.31
CCSD(T)* CBS 3.588 0.096 8.53
other work
CCSD(T) ! FDF 3.547 0.117
PP-CCSD(T) "] PPBS 3.732 0.07 6
BDF-BP!"] DFT 3.463 0.12 14
Cny CCSD(T) °] FDF 3.461 0.084 -
Ogy CCSD(T) M QZ 4.314 0.078 8.68

If we compare the atomic polarizabilities we have (in a.u.) «(Cn)=27.4
< a(F1)=31.9 < a(Og)=58.0. However, in terms of the binding energy, we have a
different ordering, D.(Og)< D.(Cn)< D.(F1). The dispersion (dipole-dipole)

259]

interaction is given by Vpp = —ca?/RS %l and for the trend in binding energies

one has to consider not only the atomic polarizabilities but also the bond
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Figure 3.8: Two- (A), three (B), and four-body (C) potentials at various DFT, HF, MP2 and
CCSD(T) levels of theory.
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distances, which enter as the inverse sixth power(!), and the coupling constants ¢

related to the frequency of the oscillating dipole (or the dispersion coefficient Cy).

For the coupling constant, we derived the following values from the dissociation
energies in Table 3.4 (in a.u.) ¢(Cn)= 0.32, ¢(F1)= 0.38 and ¢(Og)= 0.14 (for F1
we obtain ¢ = 0.40 from the Cs = ¢/a? value in Table 3.1 and the polarizability
from Schwerdtfeger and Nagle!!™! which is in good agreement). In this sense, FI is
more closely related to Cn (and Hg) than to Og. The rather short bond distance
we obtain for the flerovium dimer will cause problems for the many-body
expansion of the interaction energy (as found for Hg for example Hermann

et al.['%) as we shall see in the following.

Many-Body Expansion and the Flerovium Trimer and

Tetramer

Figures 3.8B and 3.8C demonstrate that, around the two-body potential minimum,
the three- and four-body interactions are quite large compared to the two-body
potential, which will have consequences for the convergence of the many-body
expansion towards the solid state. For the three-body potential, we see large
variations between the different DFT results as this is the case for the two-body
curves. Here we see a lesser agreement between the CCSD(T)* and the PBEO
curves with CCSD(T)* being less repulsive in energy. This agrees with a previous
analysis by Tkatchenko and von Lilienfeld *®! who pointed out that for the noble
gas elements, the three-body Axilrod-Teller term is, compared to coupled-cluster
theory, too repulsive in the long-range for all functionals applied. LDA results in
the most repulsive interaction. Tkatchenko and von Lilienfeld ") describe this as

follows:

The “paradox” of the remarkable performance of LDA in describing solid state
properties and in failing to describe molecular systems seems - at least partially -
to be due to the fortuitous cancellation of many-body contributions errors with

two-body errors in the bulk.
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Concerning the (repulsive) four-body interactions we see that surprisingly all
curves obtained at different levels of theory agree with each other extremely well,
that is the difference between different levels of theory is less pronounced here.
Because of computer time and hardware requirements, we were only able to obtain
a few points at the 2Z level for the four-body potential (with no BSSE correction),
where we had to reduce the active orbital space to [—2,30] a.u. These points are
included in Figure 3.8C, showing at least that they do not deviate much from all
the other curves including HF. This implies that electron correlation or dispersion
forces play a rather minor role in the four-body quadruple-dipole force which is

dominated by the HF contribution.

Table 3.5 lists the equilibrium distances and atomization energies for Fl3 and
Fly at various levels of theory, and Figure 3.9 summarizes the evolution of the
bond distances from the dimer to the tetramer at various levels of theory. The
bond distances vary widely at different levels of theory, but the overall trend
remains the same. A comparison to Oganesson shows the same trend of increasing
bond distances from the dimer to the tetramer. In comparison for flerovium, we
observed far shorter bond distances as one expects from a relativistically stabilized
and contracted 7p; /o shell, Figure 3.4. At shorter bond distances the convergence
of the many-body expansion deteriorates, as we shall see for the solid-state results

presented in the next section.

Bulk Properties
Structure and Stability

To explore the stability of the bulk phases we consider the fcc and hep lattices
with plain and dispersion-corrected SO-DFT/PAW methods as well as with
CCSD(T)- and PBEO-derived (dispersion-exclusive) MBE potentials including up
to 4-body interactions. In the following, we will first discuss the MBE results and
then start a critical comparison with the DFT/PAW results.
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Figure 3.9: Bond distances for Fl,, (n = 2,3, 4). For comparison, the data for Og,, are also shown
(obtained from the many-body potentials of Jerabek et al.[*]).

Table 3.5: Molecular properties for Fl3 and Fly. Equilibrium distance R, in A and atomization
energy AE, in eV, from DFT and CCSD(T) calculations using Dyall’s basis sets (see Table 3.4
for details). For CCSD(T)* for Fls the DZ three-body and the CCSD(T)* 3Z/4Z two-body terms
were used for the total interaction energy.

Molecule Method Basis R, AFE,
Fl3 LDA 27 3.328 0.869
37 3.317 0.886

47 3.313 0.898

Fly LDA 27 3.427 1.427
37 3.416 1.455

47 3.412 1.475

Flg PBEO 27 3.623 0.245
37 3.607 0.254

47 3.598 0.261

Fly PBEO 27 3.718 0.401
37 3.705 0.420

47 3.693 0.433

Flg B3LYP 27 3.782 0.127
37 3.761 0.129

47 3.754 0.132

Fly B3LYP 27 3.889 0.194
37 3.872 0.198

47 3.860 0.203

Fl3 MP2 27 3.545 0.354
CCSD(T) 27 3.685 0.230

CCSD(T)* CBS 3.629 0.261
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Table 3.6: Nearest neighbor distance Rxx (in A), volume (in em?/mol), cohesive energy Eeop (in
eV) and bulk modulus B (in GPa) for the face-centered cubic (fcc) structure of flerovium obtained
from DFT/PAW and MBE (many-body expansion). Results at CCSD(T) level use the 3Z basis set,
while at the PBEQ level, the 4Z basis set. CCSD(T)* 2+3+4-body results use the PBEO 4-body
term. The DFT/PAW structure used in all further calculations is set in bold.

method Vv RnN —FEeon B
DFT/PAW

PWo91 [231] 3.897 0.487 12.5
PWO1 this work® 26.60 3.949 0.349 10.1
PBEsol 23.22 3.792 0.491 13.6
PBE 27.18 3.997 0.294 9.8
PBE-D3 24.87 3.880 0.575 12.8
PBEO 26.51 3.963 0.265 9.6
PBE0-D3 24.51 3.861 0.577 14.9
MBE

PBEO 2-b 17.76 3.472 0.705 29.9
PBEO 2+3-b 25.26 3.900 0.264 9.1
PBEO 2+3+4-b 28.36 4.053 0.223 7.7
CCSD(T) 2-b 18.40 3.509 0.720 26.8
CCSD(T) 2-b 18.07 3.488 0.764 29.8
CCSD(T) 243-b 22.92 3.776 0.451 13.7
CCSD(T) 2+3+4-b 26.10 3.943 0.380 11.1

“This work employs a different PAW than Hermann et al.[2%!],

Figure 3.10A summarizes the cohesive energies as a function of the
nearest-neighbor distance for the fcc structure, underlining the importance of the
higher N-body forces to the cohesive energy. The data are collected in Table 3.6.
Of course, we neglect five- (and higher) body forces and the correct angular
dependence, which was taken from a simple Drude dipole interaction model.*?!
Nevertheless, the results show that the cohesive energy is not converging fast to
the MBE in contrast to, for example, the lighter noble gas elements. What is

evident from Figure 3.10A is that the rather short distance between the flerovium

atoms upsets the convergence of the MBE.

Turning to the hcp structure we show the cohesive energy as a function of the
c¢/a ratio for the MBE at the PBEO and CCSD(T)* level of theory in Figure 3.10B.
The data are collected in Table 3.7. The two-body curves have a minimum very
close to the ideal hep ¢/a = \/g ratio, i.e. if we define ¢/a = \/g + A/, We obtain
Ac/e = —4.2 x 107* (PBE0) and 1.2 x 1073 (CCSD(T)*).
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Figure 3.10: Cohesive energy curves. A) F.,(Rnn) against the nearest neighbor distance
Ryn for the PBEO (dotted lines) and CCSD(T)* (solid lines) many-body contributions to the fcc
structure. B) along the ratio of lattice constants ¢/a line for hcp flerovium at the PBEOQ (dotted
lines) and CCSD(T)* (solid lines) levels of theory and for different many-body contributions. The
vertical line shows the ratio of ¢/a = 1/8/3 for the ideal hep structure. The (12,6)-LJ curve (dashed
line) is also shown using the dissociation energy and equilibrium distance from the CCSD(T)* result
shown in Table 3.4.

In fact, for an ideal (12,6)-LJ potential we obtain from lattice summations
Acsg = —2.30 x 10~*.211 What is of interest here is that the two-body potential

shows a second metastable minimum at a rather small ratio of ¢/a =+0.703 (which
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we term inv ¢/a for the following as we have c/a ~ /3) and Ec, =-0.472 eV at
the PBEO level of theory, and ¢/a =0.719 and E.,, = —0.521 eV for CCSD(T)*.
This second metastable minimum is also in the region where the nearest neighbor
distance is dominated by the cell parameter ¢, i.e. Rxy = min{R;;} = ¢, in the

: 2
region c¢/a < 3.

a®> 2
RNN = min a,c, ? + Z (322)

Figure 3.10B also demonstrates that the basic (12,6)-LJ potential has the same
topological feature compared to the more accurate ELJ potential. A detailed
analysis of general LJ potentials in terms of lattice sums will be published

elsewhere. [201]

This can be easily derived from the relation of the nearest neighbor distances
to the c,a cell parameters for the hcp structure adding the three-body force, we
obtain the same qualitative picture except for the fact that along the ¢/a line the
cohesive energy curve becomes extremely shallow with the main maximum close to
ideal hcp structure, ie. A., = +1.7 X 1073 for PBEO and +1.2 x 1073 for
CCSD(T)*). The metastable minimum for PBEO is at ¢/a = 0.660 with
Eecon =0.257 €V and for CCSD(T)* level it is located at c¢/a = 0.709 and
Eeon =0.377 eV, very close in energy to the deeper lying minimum, see Table 3.7.

Finally, adding the PBEO four-body force to our coupled-cluster results, the
metastable minimum now becomes the lowest lying minimum (within hep or fec),
with a ¢/a ratio of 0.640 for PBEO and 0.657 for CCSD(T)*. The transition state
(towards the second metastable minimum) lies at only 0.061 eV (PBEO) and 0.051
eV (CCSD(T)*) above that minimum, with the metastable state now being at
¢/a = 2.580 (PBEO) and 1.744 (CCSD(T)*).

This transition state lies close to the ideal c¢/a ratio for PBEO. There is
obviously a subtle interplay between the many-body forces leading to this unique

topological feature. However, this should be taken with a grain of salt since the
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Table 3.7: Cell parameters a and ¢ and nearest neighbor distance Rny (in A), volume (in
cm?/mol), cohesive energy Fo (in eV) and bulk modulus B (in GPa) for the heragonal close-
packed (hep) structure of flerovium obtained from DFT/PAW and MBE. The CCSD(T)* 2+3+4-
body results use the 37Z basis set and PBEO 4-body term, PBEO results use the 47 basis set. For
some of the hep structures, both relevant minima with different ¢/a ratios are shown. The nearest
neighbor distance Ryy is given by Equation (3.22). The DFT/PAW structure used in all further
calculations is set in bold.

method /comment a c \% RN —FEeon B
DFT/PAW
PWo91 [231] 4126  6.014  26.70  3.834 0.504  14.6
PWO1 this work® 3.995 6211  25.29  3.863 0.349 6.0
PWOI1 inv. ¢/a® 5,708  3.682  31.05  3.763 0.371 9.1
PBEsol 3.850  5.952  23.03  3.847 0489  16.8
PBEsol inv. ¢/a 5,510  3.523  27.84  3.622 0.498  13.9
PBE 3.995 6473  27.05  3.995 0.300 8.1
PBE inv. c/a 5.725  3.705  31.57  3.781 0.314 7.7
PBE-D3 3.876  6.351  24.86  3.872 0.578 125
PBE-D3 inv. ¢/a 5,537  3.692  29.37  3.689 0.530  11.1
PBE-D3 small ¢ 3.800  6.187  24.53  3.890 0.578  12.6
PBEO 3.924 6506  26.43  3.924 0.264 9.6
PBE0-D3 3.813  6.389  24.27  3.812 0.576  14.9
PBE0-D3 small ¢ 3.873  6.165 24.30  3.873 0.575 135
MBE
PBEO 2-b 3473  5.670  17.77  3.473 0.705  29.9
PBEO 2+3-b 3.899  6.373 2517  3.899 0.264 9.2
PBEO 2+3+4-b 5,587 3572 2896  3.572 0.282 -
3.626  9.398  31.98  3.626 0.239 -
CCSD(T) 2-b 3510 5730 1834  3.510 0.721  26.7
CCSD(T) 2-b 3.488  5.695  18.00  3.488 0.764 285
CCSD(T) 2+3-b 3.775  6.169  22.84  3.775 0.451  13.7
CCSD(T) 2+3+4+4-b 5401  3.550  26.90  3.550 0.406 -

3.862 6.736 26.10 3.862 0.379 -

“This work employs a different PAW than Hermann et al.[2%!],
®This second minimum was obtained by restarting the optimization after swapping the
length of the a and b vectors. It corresponds to the leftmost minimum shown in

Figure 3.10B.

previously discussed VASP DFT-D3 calculations show the global minimum close to
the ideal ¢/a ratio, which may hint towards inconsistencies in our 4-body force and
perhaps the underestimation of the cohesive energy for our two-body potential
which favors the ideal ¢/a ratio (see discussion of the DFT results below). A
further warning should be added here, as other distortions from the hcp structure

may occur when larger unit cells are employed.
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We note that in general, large deviations from the ideal ¢/a = g ratio are
more typical for metallic systems. For example, H&iussermann and Simak
investigated the c/a ratios for Group 2 and 12 metals at fixed experimental
volume.?® Their results show that Mg adopts the ideal hcp structure, while for
Be, Zn, and Cd a symmetry breaking is observed to either lower (¢/a =1.568 for
Be) or higher ratios (¢/a=1.856 for Zn and 1.886 for Cd, see also discussion in
Mewes et al.l'” for Hg and Cn) at the DFT level of theory. They related their

results to s-p hybridization effects.

Figure 3.11 shows the two hcp structures for the lowest and largest ¢/a ratios
considered here and observe a significant structural change at both ends of the ¢/a
scale compared to the ideal hep structure as shown in Figure 3.11. At large ¢/a
values we have the situation of weakly interacting hexagonal (2-dimensional
closed-packed) flerovium sheets, while at small c¢/a values we see weakly

interacting one-dimensional flerovium chains.

Concerning the VASP /DFT results, plain dispersion-uncorrected DFT methods
predict the minimum at very low ¢/a ratios close to 0.6 to be lower in energy than
the more common one, dispersion-corrected DFT methods, which favor the ideal
hep structure. We report the presence of two difference minima with near-ideal ¢/a

ratios, see Table 3.7.

For example, the c¢/a ratios optimized with PBE-D3 are 1.590 and 1.639, and
1.592 and 1.676 with PBE0-D3, all of which are distinctly lower in energy by
~ 0.05 eV than the minima near ¢/a ~ 0.6. Similarly, the dispersion-inclusive
CCSD(T)-derived 2+43-body MBE result shows the global minimum at the near
ideal ¢/a-ration, and only a meta-stable and very shallow minimum near ¢/a ~ 0.6.
With the corresponding 2+3-body MBE potential the two minima are nearly
degenerate. The inclusion of PBEO-derived 4-body term strongly favors the
minimum near ¢/a ~ 0.6 in both MBEs on a very shallow E..,(c/a) curve, and in
the case of the pure PBEO-derived MBE the minimum near the ideal ¢/a ratio

vanished entirely.
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(B)

Figure 3.11: The hcp lattice for the two cases of (A) ¢/a=2.0 shows weakly interacting hexagonal
sheets, and (B) ¢/a=0.5 shows weakly interacting one-dimensional chains.

Concerning the previously reported DFT/PAW structure of Hermann and
coworkers,?*!] who employed the PW91 functional and a different PAW potential.
This method combination predicts the hcp structure to be considerably more
stable than fcc, and generally rather large cohesive energies of ca. —0.5 eV
considering that the plain PW91 functional does not include dispersion effects.
The PAW from Trombach et al.l'®” with the same PWO91 functional provides

considerably smaller cohesive energies for both hcp and fcc of ca. —0.35 eV and
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the two phases become near degenerate.

Anticipating the problem with correctly describing the c¢/a-ratio of the
minimum hcp structure, we further explored the hcp lattice and located another
minimum structure by swapping the length of the a and ¢ vectors followed by
re-optimization (inv. c¢/a). This minimum is now considerably more stable with
PW91 and all other dispersion-uncorrected functionals compared to the hcp

minimum with a near-ideal ¢/a-ratio.

Moving to further density-functional approximations, the energetic ordering of
the structures is essentially the same with all dispersion-uncorrected density
functionals. The main difference between the DFT methods is that PBEsol
generally provides more dense and more strongly bound structures, whereas the

opposite is the case with PBE (and PBEO).

The most significant changes occur when London dispersion effects are included
via Grimmes D3 correction with the parameters presented in Trombach et al.l'%"]
The D3 correction leads to a doubling of the cohesive energies, which is not at all
surprising since F1 is a large and polarizable element with a large dispersive type of
interaction. More importantly, in contrast to plain functionals, the
dispersion-corrected variants PBE-D3 and PBE(0-D3 predict the common hcp
structure (with ¢/a ratio close to its ideal value) to be well below the ¢/a-inverted

one, and the fcc and hep lattices to be virtually degenerate.

Upon closer investigation of the PBE-D3 and PBEO-D3 calculations for the hcp
lattice converged on different minima (a slight variation of the c¢/a ratio due to
smaller ¢ in the PBE-D3 result). We assume this is related to the general
shallowness of the potential-energy surface near the ideal c¢/a ratio as shown in
Figure 3.10B for the MBE results. To further investigate this issue, we reoptimized
the PBEO-D3 optimized structure with PBE-D3 and vice versa. In both cases,
these additional optimizations converged very slowly but eventually converged,

confirming the existence of a second near-degenerate local minimum, which we
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indicate as small ¢ in Table 3.7. In the following and for the band-gap calculations,

we will use the energetically slightly favored PBEO-D3 structure set in bold.

Regarding the agreement between DFT/PAW and the MBE potentials, we note
that the results obtained with DFT/PAW level are very consistent with the
24+-3-body MBE potentials, that is if only up to three-body interactions are
included. The PBEO-derived MBE, which can be regarded as analog to
dispersion-uncorrected DFT/PAW, provides structures, bulk moduli, and cohesive
energies that are in good agreement with DFT/PBEO and DFT/PBE for both fcc
and hcp lattices.  Similarly, CCSD(T)-derived MBE potential, which includes
dispersion effects, provides structures and properties that are consistent with
PBEO-D3 and PBE-D3. However, in the case of both MBESs, including 4-body
effects results in more pronounced inconsistencies between the MBE and

DFT/PAW results.

These manifest in the form of much too low cohesive energies in the
2+43+4-body MBEs compared to the respective DET/PAW calculations, too large
interatomic distances, and, most importantly, a strong overstabilization of the
hep-minimum with very low c¢/a-ratios, as evident from Figure 3.10B. In this
respect, in particular, the comparison between DFT/PBEO and the PBEO-derived
MBE is illustrative.

Although both the DFT/PAW and MBE approaches rely on more or less severe
approximations and thus have associated issues and inherent uncertainties, the
good consistency between these very different approaches at the level of up to
three-body interactions in the MBE evolution lends some credibility to the results
of both methods. The inconsistency lies perhaps in the inclusion of the PBEQ
4-body effects in the MBE, but as discussed the various DFT 4-body curves agreed
with each other to a certain extent.  One possible issue is that due to
computational limitations, the 4-body terms for the CCSD(T)-MBE are calculated
at the PBEO level, which provides an incomplete description due to the lack of

dispersion.
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Having discussed the performance and relation of the DFT/PAW and MBE
approaches, let us now move on to structural features. Regarding the near
degeneracy of fcc and hep, it should be noted that this is reminiscent of the noble
gases, where zero-point vibrational energy (ZPVE) contributions are decisive. ']
We mention that flerovium has a rather high molar mass (M ~ 289 amu for the
currently most stable isotope[?®), which results in only small vibrational
corrections (see discussion below), i.e. we obtain for the fcc lattice the Einstein
frequency of 4x107* eV for the CCSD(T)* two-body potential using the mass of
the most stable isotope FI1-289, which is rather small and can therefore be
neglected compared to the errors inherent in all the other approximations we
made. Including the ZPVE in the crystal structure optimization increases the

nearest neighbor distance by only 0.01 A.

To estimate the final cohesive energy important for future adsorption
studies, [189:190:2692266] oy best CCSD(T)* value is Een = —0.38 eV for the fec
structure and -0.41 eV for hep. If we scale (Ag = 1.206 and Ap = 0.989) the
2-body curve to the result of Borschevsky et al.l%!, we obtain E, = —0.469 eV for
the fcc structure and -0.502 eV for hep (¢/a=0.657) including the three- and

four-body forces.

The DFT calculations including dispersion via the D3 model provide cohesive
energies ranging from -0.575 to -0.578 eV. Hence, the best estimate we currently
have is F.,, = —0.5 £ 0.1 eV which compares well with the proposed sublimation
energy of AHX S = 0.2670% eV of Eichler?®*]. After all, the cohesive energy of
flerovium is similar to that of oganesson (-0.45 V), and most likely higher than

the value for Cn (-0.38 eV),["* but below that of Hg (-0.79 eV).[%7]

The volume varies widely between the different methods. Using our CCSD(T)*
and DFT-D3 results we estimate the volume for the solid state to be at 25.340.8
cm?®/mol. Using the mass of the most stable isotope F1-289, we obtain a density of

11.4+0.3 g/cm?® which is very close to that of Pb (11.34 g/cm?).
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The electronic bandgap

To explore the size of the electronic bandgap E, of Fl and its dependence on the
structure and functional, we first consider the results of our DFT/PAW
calculations for the fcc structure. Afterward, we move to include additional
self-consistent GW /PBE calculations conducted for the PBEO0-D3 optimized

structures and eventually repeat the analysis for the hcp lattice.

Inspection of the results summarized in Table 3.8 reveals a strong dependency
of E, on (i) the structural parameter(s), (ii) the employed density functional, and
(iii) the k-point grid. Only for the most compact fcc structure with the LDA-like
PBEsol functional, E, vanishes, and a metallic system is found. For the same
PBEsol structure, the PBE functional affords a small E;, of 0.08 eV, which
increases to 0.23 eV for the less dense PBE-optimized structure and decreases to
0.20 eV for the slightly more compact PBE-D3 optimized structure. Moving from
the GGAs to the hybrid functional PBEO, E, shows the typical increase to 0.7-1.1
eV. Again, the value strongly depends on the lattice parameter, explaining the

difference between the PBEO and PBEO-D3 optimized structures.

Further PBE calculations with different k-point grids for the PBEO0-D3
optimized structure (which we will use as the reference in all further
considerations) illustrate the convergence of E,: Apparently, a k-point grid of 11°
is required for converged results, which is, however, too expensive for practical
calculation times at the hybrid level, and even more so for the GW calculations.
Therefore, we conducted GW calculations with 73, 8% and 93k-points with
different numbers of bands included (196, 256, 512, 1024) and extrapolate to an
infinite number of bands and fine k-point grid as detailed in the supporting

information.

Combining the result of the GW method of 1.51 eV for infinite bands at

93k-points with the k-point convergence at the PBE level to 112k-points we arrive
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at a final theoretical best estimate of £/, = 1.4 £ 0.5 eV for the fcc structure. Since
all high-level structures of fcc summarized in Table 3.6 are less dense than the
PBEO-D3 optimized structure, which is correlated with a widening of bandgap
leads us to the conclusion that fcc Fl is presumably a semiconductor. We note in
passing that obtaining accurate fundamental band gaps is a notoriously difficult

problem for solid-state calculations. %7

For hcp, the value and dependencies of £, are comparable to those of the fcc
structure, albeit lower by about 0.6 eV in line with previous calculations for solid
argon.*%® Again, only PBEsol provides the most compact structure and, in turn, a
vanishing band gap. However, for the same PBEsol structure, already PBE
predicts a small but non-zero gap. The largest value for £, at the DFT/PAW level
of 0.69 eV is obtained with PBEO, which is no surprise since this level also predicts
the least dense structure. Upon including dispersion effects via the D3 model, the
PBEO-D3 structure becomes more compact and E, decreases to 0.16 eV for the
local minimum with the small ¢/a-ratio, and 0.26 eV for the slightly more stable
structure with the larger ¢/a-ratio. These values are distinctly smaller than those
for the fcc structure at the same level, which is presumably a result of the shorter

F1-F1 distances that appear to strongly influence £,.

PBE calculations for the PBE0O-D3 structure with an increasingly fine k-point
grid demonstrate that E, of the hcp structure is less sensitive to the k-grid. GW
calculations with a similar number of bands (196-1024) and k-grids (7 x 7 x 4 to
9 x 9 x 5) confirm the hypothesis that £, is generally smaller for the hcp structure
compared to fcc. Combining the number-of-bands-extrapolated GW results and k-
grid dependency, we arrive at the theoretical best estimate of E, = 0.8 +0.3 eV for

the hcp structure.

First attempt at melting flerovium

To give an initial estimate for the melting and boiling temperatures we make use of

the linear relation derived in earlier work for the phase transition (PT),!*7)
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Table 3.8: Electronic band gaps E, from various DFT and self-consistent GW calculations (in
eV) for the fcc (top) and hep (bottom) structures. DFT calculations employ a plane-wave cut-off
of 600 eV, and GW calculations use a lower value of 300 eV as this does not have a significant
influence. A leading * in the row indicates that the structure from the previous row has been used.

method k-grid a c E,
fec
PBEsol 93 3.792 0.00
*PBE 93 3.792 0.08
PBE 93 3.997 0.23
PBE-D3 93 3.880 0.20
PBEO 93 3.963 1.11
PBE0-D3 93 3.861 0.71
*PBE 73 3.861 0.57
*PBE 83 3.861 0.32
*PBE 93 3.861 0.14
*PBE 113 3.861 0.04
*PBE 133 3.861 0.04
*GW/PBE 73 3.861 1.73
*GW/PBE 83 3.861 1.56
*GW/PBE 93 3.861 1.51
best estimate 3.861 1.44+0.5
hep
PBEsol 9x9x5 3.850 5.952 0.00
*PBE 9x9x5 3.850 5.952 0.06
PBE 9x9x5 3.995 6.473 0.06
PBE-D3* 9x9x5 3.890 6.187 0.06
PBE-D3 9x9x5 3.876 6.351 0.03
PBEO 9x9x5 3.924 6.506 0.69
PBE0O-D3* 9x9x5 3.873 6.165 0.28
PBE0-D3 9x9x5 3.813 6.389 0.26
*PBE TXTx4 3.813 6.389 0.08
*PBE 8x8x5 3.813 6.389 0.03
*PBE 9x9x5 3.813 6.389 0.05
*PBE 11 x11x 7 3.813 6.389 0.08
*PBE 13x13x9 3.813 6.389 0.08
*GW /PBE TXTx4 3.813 6.389 1.01
*GW /PBE 8x8x5 3.813 6.389 0.94
*GW /PBE 9x9x5 3.813 6.389 0.73
best estimate 3.813 6.389 0.8+0.3
k‘BTpT = CPTEcoh (323)

which gives that if the potential interaction is linearly scaled, the melting

temperature scales accordingly. Although in the periodic table, the potentials for

125



3.3. RESULTS AND DISCUSSION

the elements do not exactly linearly relate to one another, the linear regression is
approximately observed.['!l On the other hand, for the (12,6)-LJ potential with
scaled potential D, the linear regression holds precisely. Using Monte-Carlo
simulations, Mastny and de Pablo obtained a Typ of 0.7793(4) in reduced

269 Using the relation between the cohesive and dissociation energy in terms

units.
of lattice sums for the fcc crystal, E., = D.LZ/2L1; = 8.6093D,, we thus get for

the LJ potential ckip/kp= 1050 K/eV.

Figure 3.12 shows the cohesive energies versus the melting and boiling points of
the group 14 elements. For these elements, the linear regression is cyp/kp= 416
K/eV and cgp/kp= 683 K/eV with R? of 0.924 for the melting points and 0.967
for the boiling points.

If we take the cohesive energy by Hermann et al.[**' with 0.487 eV for the fcc
structure and use the group 14 linear regression, a first estimate sets the transition
temperatures at Typ ~ 200739, K and Tgp ~ 330715° K, which hints at flerovium
being a volatile liquid at room temperature. However, these estimates have rather

large uncertainties.
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Figure 3.12: Correlation between the cohesive energies of the group 14 elements and the melting
and boiling points.
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Therefore, we investigated the melting temperature of flerovium using the
PTMC method using a many-body expansion derived from coupled-cluster theory.
The PTMC method has been shown to provide accurate melting temperatures of
noble gases. Here, we use the same approach to obtain a first estimate of the

melting temperature of flerovium.

Monte Carlo melting simulations were performed for the PBEO and CCSD(T)*
potentials, with potential parameters as given in Tables 3.1 and 3.2. Two-body
simulations were performed for cells with N = 108, 256, 500, and 864 atoms. Due
to the high computational demand, simulations with the two and three-body
potential were performed with the 108 and 256 atomic cells only. The melting
temperatures of these cells, corrected for superheating are given in Table 3.9, and
the heat capacity curves can be found in Appendix A.3.2. In the following, we

focus our discussion on the more accurate CCSD(T)* potential.

For the N = 256 simulation cell the melting temperatures shifts by -416 K due
to three-body interactions, which is used as a correction to the two-body
simulation performed with the N = 864 cell. Based on these results our first
estimate of the melting temperature of FI is 272 K. If we correct our
two+three-body result for the four-body interaction using the difference in
cohesive energies shown in Tables 3.6 and 3.7, i.e. Agy = —0.07 eV, we obtain a
four-body correction for the melting temperature of ~ —30 K using cyp/kp= 416
K/eV from above. This sets the final melting point to ca. 242 K. On the other
hand, our cohesive energy could be underestimated by about 0.1 eV, which leads
to an increase according to Equation (3.23) by 42 K. Hence we put our final
estimate to 284 + 50 K. This means that flerovium is most likely a liquid at room
temperature with a melting point in-between that of Cn with 230 K['%1:187 and Og
with 325 K.[1%¢

From the three-body corrected PTMC simulation, we obtain before melting
starts a solid density of p?*°% = 11.4 g/cm?3 (25.2 cm®/mol), which decreases to

S

p0% = 10.6 g/cm® (27.2 cm?) for the liquid phase. The density curves can be
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Table 3.9: Melting temperatures in Kelvin were obtained by MC simulations for cells with N =
108, 256, and 500 atoms. The transition temperatures are corrected for superheating.

cell size 108 256 500 864
PBEO 2b 652 663 674 675
2b + 3b 70 98
CCSD(T)* 2b 665 680 688 689
2b + 3b 239 264

found in Appendix A.3.3.

3.4 Conclusions

We presented a comprehensive but challenging study of the interaction between
flerovium atoms including the solid state using two very different approaches,
density functional theory and many-body expansions of the total energy. DFT
calculations showed that the dispersion correction is very important, i.e. it
increases |Econ| by about 100%. However, the remaining error in the accurate
determination of lattice properties still lies within density functional theory. As
the treatment of electron correlation for small band-gap systems including metals
is problematic, albeit some progress has been made through incremental
methods, 1°7279272 we chose to use the MBE of the total energy which works well

[185,236] and allows coupled-cluster theory to be used.

for the lighter noble gases

The problem here is the huge computational costs to obtain accurately the
two-, three- and four-body forces. Only for the two-body force we were able to use
larger basis sets and estimate the basis set superposition and incompleteness error
at the correlated level, for the three-body force we corrected for basis set effects
only at the HF level, and for the four-body force, we used the PBEO functional.
Another problem arose from the convergence of the MBE (for a general discussion
see Hermann et al.['”)) around the bonding distance of flerovium. Nevertheless, the
solid-state PBE0 MBE results agree well with PBEO/PAW results from VASP
calculations, suggesting that higher than four-body forces might actually be small.

Such convergence problems were already encountered for Ogl*'%¥l and are more

128



3.4. CONCLUSIONS

pronounced for flerovium.

While Cn was found to be a liquid at room temperature!''%7 and Og a solid

58] and therefore not gases at room

(just) with a very low melting point,
temperature, flerovium is most likely a liquid at room temperature, although the
boiling point still needs to be determined. All three superheavy elements have a
strong tendency to be volatile in agreement with adsorption studies on gold
surfaces. [190:195:264.265] Gimilar to F1 having a rather small band gap of 0.840.3 eV
for the hep structure, Og is a semi-conductor?™ as well with an estimated band
gap of F;=1.540.6 eV, while Cn is predicted to be an insulator with E,= 6.4
eV.[I57 This distinguishes the three superheavy elements from their lighter
congeners. In the case of flerovium, this is due to the large spin-orbit splitting of
the 7p shell leading to a closed 7p; 2 shell. For Cn, this is mainly due to the large

relativistic 7s contraction, and for Og due to the soft and spin-orbit destabilized

Tps/2 shell.

It took almost 50 years to shed some light on Pitzer’s original question if the
elements Cn, Fl, and Og behave like noble gas or not. As discussed, the findings
do not provide a clear-cut answer. The results put Fl somewhere in-between Cn
and Og, and in terms of the many-body expansion of the interaction energy, we see
a rather slow convergence around the equilibrium nearest neighbor distance. The
next logical step now is to perform more extensive melting and boiling simulations
using scaled density functional theory as suggested by Mewes and

Schwerdtfeger['6, Mewes and Smits!'%?], Mewes et al.['87]
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Chapter

Probing High Oxidation States in
Noble Gas Fluorides

WE PRESENT A SYSTEMATIC STUDY OF RELATIVISTIC AND ELECTRON
CORRELATION EFFECTS FOR THE DECOMPOSITION OF THE NOBLE GAS FLUORIDES
NcF, —NGF,_2+Fs (NG=AR, Kr, XE, RN AND OG). CONCERNING THIS
DECOMPOSITION REACTION, THE STABILITY OF ALL FLUORIDES INCREASES DOWN
THE GROUP 18 ELEMENTS, AND, IN AGREEMENT WITH EXPERIMENTAL STUDIES,
SHOWS STABILITY FROM XENON ONWARD. A SOLE EXCEPTION OF THIS TREND IS
FOUND FOR OGFg, WHERE THE STRONG SPIN-ORBIT SPLITTING OF THE 7P SHELL,
TOGETHER WITH THE RELATIVISTIC 7Pj/y STABILIZATION AND CONTRACTION,
DESTABILIZE THE OXIDATION STATE +6. WHILE ELECTRON CORRELATION
EFFECTS LEAD TO A GENERAL STABILIZATION OF NOBLE GAS FLUORIDES AS ONE
EXPECTS, SEVERAL FLUORIDES ARE ALREADY STABLE AT THE HARTREE-FOCK
LEVEL.

4.1 Introduction

The synthesis and chemistry of the noble gas fluorides have a long history.?™
Kossel speculated in 1916 about the existence of Kr and Xe fluorides.?™ After
several unsuccessful attempts to isolate noble gas compounds (see Refs. [274276-281]
for historical accounts), Bartlett succeeded in 1962 to oxidize Xe with PtFg[%%,
resulting most likely in a mixture of XeF*PtF; and XeF*Pt,Fy, .
Subsequently, many noble gas fluorides have been synthesized, isolated and

studied,?™ mostly those of xenon 2% with a few exceptions for krypton [9* 2%

or radon®"’!. For the lighter noble gas fluorides, there are few studies in the gas
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Figure 4.1: Nonrelativistic (NR) and relativistic (R) radial densities for oganesson.

phase, such as for the argon molecule HArF, which was identified in matrix
isolation. ?°1392 Theoretical studies predict that HNeF and HHeF should also be
observable in the gas phase,?">*4 but so far no experimental studies have been
reported for these compounds. The highest oxidation state that can be achieved
for the noble gases is +6 such as XeFg or XeOF,, 292395306 while XeFys has been
predicted to be thermodynamically unstable.°7 On the other hand, the noble
gases can be encapsulated in fullerenes such as Cgo,*®3%) but such species should

be seen as a confined system with rather weak bonding with the carbon

[310,311]

cage Some more recent advances in noble gas chemistry are described by

[312] [313]

Gomila and Frontera or Mazej

AuXe2t (ShyF7, )y by Seidel and Seppelt#4], Pyykks[87],

Noteworthy here is the synthesis of

Experimental enthalpies of the formation for the gas phase xenon fluorides
show XeF,, XeF, and XeFg are thermodynamically stable. ') One naively expects
that the thermodynamic stability of the closed shell noble gas fluorides would

increase 17l

with increasing atomic number as the valence p-electrons become more
diffuse and therefore chemically more accessible.?'®] The first ionization potentials
or polarizabilities suggested from He to Og are (in eV) 24.587, 21.565, 15.760,
14.000, 12.130, 10.749, and 8.88, respectively.?'?%2)1 However, strong spin-orbit

effects lead to a substantial stabilization of the p;/; valence electrons and a rather
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large spin-orbit splitting in the valence shell for the heaviest of the noble gas
elements. Figure 4.1 demonstrates the large spin-orbit splitting in the 7p shell for
the superheavy element Og, as well as the very large relativistic stabilization of the
7s and 8s shells. Due to this, the 7p; /s electrons become chemically inert for Og,
and not accessible for chemical bonding. Relativistic calculations for RnFg by
Filatov and Cremer!®?!! already showed that strong spin-orbit coupling effects

reduce the decomposition energy into RnF4 and Fy by 14 kcal/mol.

There have been several computational studies on the noble gas fluorides
already. P°7321-329) The main geometries that these fluorides adopt are Do for
NgFy, Dy, and T, for NgFy, and O, for NgFg.  Figure 4.2 shows their
corresponding Molecular Orbital (MO) diagrams. All the noble gas tetrafluoride
adopt Dy, symmetry energetically well above the T, arrangement, ") except for
OgF, which has been predicted to have a slight preference for the tetrahedral
330

symmetry due to spin-orbit effects.?*”) Concerning the hexafluorides, XeFs can

undergo a second-order Jahn-Teller distortion, ie.
HOMO{aj,[Xe(5s)F(2p) | J@LUMO{t,,[Xe(5p)F(2sp)] }, through a
O, <> Cy <> Cs, path from the active t;, mode,!*" 8 gee Figure 4.3A. This
distortion will be very sensitive to the relativistic valence ns contraction and np
shell spin-orbit splitting in the noble gas atom, Figure A.7. Indeed, Kaupp

3391 pointed out that this Jahn-Teller distortion depends on a delicate

et al.
balance between electron correlation, relativistic and basis set effects. Cheng
et al.l?*] and Peterson et al.l**!l showed from scalar relativistic coupled-cluster
calculations that the Jahn-Teller hypersurface for XeFy is very shallow with a
slight preference of the Cj, by about 1 kcal/mol over the O, structure.
Additionally, Grant et al.[*"" showed from coupled-cluster calculations that XeFs,

XeF, and XeFg are all stable to the loss of Fy but the highest oxidation state,

XeFg decomposes into XeFg and Fbs.
Introducing the spin representation and spin-orbit coupling can change the

point group representation and symmetry of atomic or molecular systems by

introducing new symmetry operations. This can cause the splitting or merging of
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Figure 4.2: Non-relativistic symmetry adapted Molecular Orbital (MO) energy level sketch for
RnF,, (Rn in red and F in green), where m = 2, 4, 6. MOs derived from Rn 6p orbitals and F 2p,
orbitals. Symmetry adapted MOs for (a) RgFy with symmetry Deop, (b) RnFy with symmetry
Ty and spin-orbit (SO) coupling, (¢) RnFy with symmetry Dy, and (d) RuFg with symmetry Op,.
The energy levels are at CCSD/def2QZVPPD order.

representations, and the spin representation can introduce spin-dependent
symmetry operations.**>3%3l These changes can have a significant impact on the
symmetry of the molecule. In the presence of spin-orbit coupling, the interaction
between the orbital and spin angular momentum of electrons, may affect the
splitting of energy levels. This effect is important in atomic or molecular systems,

leading to changes in the symmetry and point group representation of the
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system. [344:34]

The effects of spin-orbit coupling can be significant in molecules with heavy
atoms or in a strong electric field, such as those found near large nuclei. In these
cases, the spin-orbit coupling can lead to changes in the geometry of the molecule
and can play a crucial role in determining its reactivity and chemical
properties.[**9) Because of the electron spin in a relativistic framework, these
systems can also display time reversal symmetry in addition to spatial symmetry
and the group representation for each symmetry extends to the language of double

groups. (37349

The double group is a generalization of the point group that includes time-
reversal symmetry. Figures 4.3C and 4.3D showed the symmetry-adapted HOMO-
LUMO orbitals in the language of the double groups, constructed by the direct
product with the irreducible representation of the spin function e; /5 (aka I's). [347,350]

The extra orbital splitting for 7,; symmetry generates a double-group (7}), where

€12 @la = €5/2 D g3)2 (4.1)

and Oj; double-group

€1/2g X A1g = €1/2¢

(4.2)
€1/2g @ t1y = €1/24 D G324

The extra-reducible representations es,, and e/, are two-dimensional, and g3/,

is four-dimensional (Figures 4.3C and 4.3D).

In order to study the trend in stability for the noble gas fluorides and the role
of both electron correlation and relativistic effects including spin-orbit coupling, we
decided to use both wave-function-based and coupled cluster theory for the
decomposition reaction NgF, — NgF, _, + Fy (Ng = Ar — Og and n = 2,4,6). For
NgFgs, we mainly considered the octahedral arrangement and for XeFy, we

analyzed Cj, and (s, symmetries separately.
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Figure 4.3: Schematic splitting of HOMO and LUMO orbitals for RnF4 ¢ molecules reducing the
symmetry of the molecule (top panel) and introducing spin-orbit coupling (bottom panel) referring
to the symmetry-adapted Molecular Orbitals (MOs) diagrams in Figure 4.2. Symmetry reduction
from (a) C3, < Op — Ca, and (b) Ty — Dgp. Spin-orbit coupling, see Equations (4.1) and (4.2)
for the double group (c) T and (d) Oj, respectively.

4.2 Computational Details

We explored exhaustively the Potential Energy Surface (PES) for the molecular
systems formed between noble gas (Ng) and two, four and six fluoride atoms,
NgF, (n = 2,4,6). We used a stochastic search algorithm to explore each PES
under annealing conditions with an adapted Metropolis acceptance test as

[351-353)

implemented in the ASCEC program (Spanish acronym Annealing

Simulado con Energia Cuéntica).
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We performed quadruplicated runs of the ASCEC algorithm to generate
candidate structures for each system using PBEO functional®* and cc-pVDZ for
fluoride ~ in  conjunction  with  Stuttgart/Dresden  ECPmMDF 355350
pseudo-potential and TZVP basis set for Ar and Kr (m = 10), Xe (m = 28), Rn
(m = 60), and Og (m = 92). The ASCEC has been quite successful in exploring a
wide variety of atomic and molecular systems with complex interactions such as
clusters linked via hydrogen bonding networks, **7 %4 microsolvation of heavy ions
and cations, %37 carbenes, [’ metallic clusters,?*7 and clusters joined via

van der Waals interactions. 372

After exhaustive exploration of the PES of NgF, systems, all the afforded
structures were refined by gradient-following methods. = We optimized these
structures for the closed-shell noble gas fluorides, NgF,,, in their corresponding
symmetries Do, for NgFy, Dy, and T, for NgFy, and Oy, for NgFg at various levels
of the theory. For the F, Ar, and Kr, we used Ahlrichs triple and quadruple basis
sets (Def2eZVPPD with z = T, Q).B™ For Xe, Rn, and Og, we used the
multi-electron adjusted scalar relativistic ~ Stuttgart/Dresden ECPmMDF
pseudo-potential with 28, 60 and 92 electrons (m) treated as the core, respectively.
For the 26 valence electrons, we used the cc-pVTZ basis set,?>%9 as the best

compromise between accuracy and computational expense.

The following density functionals were applied: the hybrid functional
PBEO,Y CAM-B3LYP (a long-range-corrected version of B3LYP using the
Coulomb-attenuating method), ™ wB97X-D with empirical dispersion,™ and
the double hybrid PBEQIDH with exact HF exchange and MP2-like

[376]

correlation. For the wavefunction-based method, we chose second-order

Mgller-Plesset theory (MP2)E7 and coupled-cluster theory (CC)E™5™] with
single and double excitations (full active space). In all cases, except for the coupled
cluster, we assured that true minima were obtained through the eigenvalues of the
Hessian matrix. However, the NgF, molecules in T; symmetry are often saddle

points. We used Gaussian16*%Y software package for these calculations.
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To discuss relativistic and electron correlation effects more consistently, we used
the DIRAC211"%! program suite at both, the scalar (spin-free, SF*!) and spin-
orbit (eXact Two Component, X2C %) formalisms. We performed a distance scan
using a grid of 1 x 1073 A for highly symmetric systems, Do, for NgFy, Dy, and Ty
for NgFy, and Oy, for NgFg. We applied the all-electron Dyall c¢v2z and cv3z basis
set3%3:3% with and without electron correlation using PBEO functional. We used
a simple Gaussian function for the finite nuclear charge distribution as detailed by
Visscher. **”! To compute the binding energy, we introduced the electron correlation
at the MP2%% and CCSD ™ level of theory. We used lowest-energy geometries for

each symmetry as stated above and for Fy an experimental bond distance of 1.4112

A.

4.3 Results and Discussion

4.3.1 Bond Length and Symmetry

In Table 4.1, we present the optimized geometries of noble gases fluorides (NgF,,
where n = 2,4,6 and Ng = Ar, Kr, Xe, Rn, and Og) using three different density
functional theory (DFT) functionals PBEO, CAM-B3LYP, and PBEQIDH, and
coupled-cluster singles and doubles (CCSD) at the scalar-relativistic level. To
ensure the stability of the geometries, we conducted a vibrational analysis for each
geometry and found that the geometries of symmetries Dy, Dap, and Oy are true
minima, while the ones with T; symmetry displayed at least one imaginary
frequency. For true minima geometries, we found that the Ng-F bond length
increases following the predicted periodic trend. Our results showed that the Ar—F
bond length is on average 1.77 + 0.01 A, while Kr-F is 1.84 + 0.01 A, Xe F is
1.9440.02 A, Rn-F is 2.01 £ 0.03 A, and Og-F is 2.10 & 0.05 A. For a given noble
gas, the Ng—F bond length is the longest for T; symmetry, followed by D., then
Dy, and finally Oy, symmetry. Thus, the Ng—F bond length evolves according to
the trend Ty > Dy, > Dy, > Oy, (Figure 4.4 A)

The Ng-F bond lengths are contracted by about 0.03 A when we improved the
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description of the electron correlation by wusing double-hybrid functional
PBEQIDH or CCSD methods. This bond length contraction is larger for Rn or
Og. However, there is no change in Ng-F bond length when we used Ahlrichs
Def2QZPPV or Stuttgart/Dresden ECPzMDF pseudo-potential (xz = 28, 60, and
92 for Xe, Rn, and Og, respectively). Additionally, long-range (CAM-B3LYP) or
dispersion (wB97X-D) corrections do not change the Ng-F bond length computed
by using the PBEO functional.

In Table 4.2, we show the effect of electron correlation and relativistic
contributions to the Ng—F bond distances for the symmetries considered. To
analyze these effects, we computed the energy minima for each symmetry with and
without electron correlation, using the PBEO functional and Hartree-Fock at the
non-relativistic (NR), spin-free (SF), and two-component (X2C) levels of theory.
Our findings reveal that with some exceptions (Table 4.1 and Figure 4.4 A), the
bond lengths increase including either relativistic or correlation effects explicitly.
Additionally, we observed that relativistic effects increase the bond lengths of
Ng-F for Dy, > Dy, > Op symmetries, while the 7; symmetry remains mostly
unchanged (Figure 4.4 B).

Our results suggest that electron correlation and relativistic effects play a
significant role in expanding the Ng—-F bond lengths. While electron correlation
contributions are more significant for lighter atom systems such as ArF,, and Kr,,,
relativistic effects are crucial for heavy atom systems such as Rn, and Og,, with

the Xe—F bond length being affected by both effects.

The bond distances in the noble gas fluorides (NgF,,) depend on the level of
theory applied in the calculation. In general, when electron correlation is taken
into account, the Ng-F bond length increases regarding the Hartree-Fock
calculation. The electronic correlation effect has a strong impact on the Ar—F and
Kr-F bond lengths, increasing them by approximately 0.08 and 0.06 A,
respectively. In contrast, the Xe-F, Rn—F, and Og-F bond lengths experience only
a small increase of approximately 0.04, 0.02, and 0.01 A, respectively. Similarly,
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Table 4.1: Optimized bond distances [A] for the noble gas fluorides NgF,,, where Ng = Ar,
Kr, Xe, Rn and n = 2,4,6. Ahlrichs all-electron Def2QZVPPD basis sets for F, Ar, Kr and
the appropriate all-electron Hamiltonians were used, as well as For the scalar relativistic pseudo-
potential calculations for Ng = Xe, Rn, and Og we used Stuttgart/Dresden energy consistent
ECPxMDF pseudo-potentials (x = 28, 60, and 92 for Xe, Rn, and Og, respectively) and
corresponding TZVP basis sets for the valence electrons together with aug-cc-pVTZ for the fluorine
atom. All structures are true minima except for those with T,; symmetry.

Ng Level Pseudo-Potential NgFy (Door) NgFy (Dap) NgFy (T4)* NegFg (Or)
Ar PBEO Def2QZPPV 1.766 1.757 1.978 1.768
CAM-B3LYP  Def2QZPPV 1.765 1.754 1.952 1.762
wB97X-D Def2QZPPV 1.760 1.750 1.963 1.762
PBEQIDH Def2QZPPV 1.757 1.759 1.911 1.786
CCSD Def2QZPPV 1.759 1.764 1.972 1.808
Kr PBEO Def2QZPPV 1.862 1.836 2.005 1.832
CAM-B3LYP Def2QZPPV 1.861 1.834 1.990 1.828
wB97X-D Def2QZPPV 1.858 1.832 1.991 1.828
PBEQIDH Def2QZPPV 1.844 1.822 1.935 1.824
CCSD Def2QZPPV 1.842 1.816 2.000 1.818°
Xe PBEO Def2QZPPV 1.976 1.936 2.057 1.921
ECP26MDFQ 1.986 1.949 2.073 1.934
CAM-B3LYP Def2QZPPV 1.976 1.936 2.049 1.919
ECP26MDFQ 1.986 1.948 2.066 1.931
wBI7X-D Def2QZPPV 1.975 1.936 2.051 1.921
ECP26MDFQ 1.984 1.947 2.066 1.933
PBEQIDH Def2QZPPV 1.958 1.920 2.001 1.908
ECP26MDFQ 1.966 1.930 2.017 1.920
CCSD Def2QZPPV 1.956 1.915 2.032 1.908°
ECP26MDFQ 1.966 1.926 2.050 1.914
Rn PBEO Def2QZPPV 2.057 2.010 2.107 1.977
ECP60MDFQ 2.069 2.024 2.127 1.992
CAM-B3LYP Def2QZPPV 2.058 2.009 2.102 1.976
ECP60MDFQ 2.070 2.022 2.122 1.990
wBI7X-D Def2QZPPV 2.060 2.011 2.104 1.977
ECP60MDFQ 2.070 2.024 2.122 1.993
PBEQIDH Def2QZPPV 2.040 1.994 2.057 1.962
ECP60MDFQ 2.049 2.005 2.076 1.975
CCSD Def2QZPPV 2.039 1.991 2.082 1.963¢
ECP60MDFQ 2.047 2.000 2.099 1.968
Og PBEO ECP92MDFQ 2.162 2.106 2.188 2.057
CAM-B3LYP ECP92MDFQ 2.163 2.105 2.183 2.057
wB97X-D ECP92MDFQ 2.164 2.106 2.185 2.058
PBEQIDH ECP92MDFQ 2.144 2.089 2.143 2.042
CCSD ECP92MDFQ 2.145 2.088 2.164 2.038

aGeometries with at least one imaginary frequency. ? At the MP4(DQ)/Def2QZVPPD instead. ¢ Using Ahlrichs
Def2TZVPPD basis set instead.

relativistic effects increase the Ng—F bond lengths. X2C calculations result in the
longest bond distances, while NR calculations give the shortest bond distances.
Although the bond lengths of Ar—F and Kr—F are almost unchanged by relativistic

effects, the bond lengths of Xe-F, Rn—F, and Og-F are significantly impacted.

Our systematic comparison of the Ng—F bond lengths at various levels of
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Table 4.2: Bond distances [A] obtained from a scan using a grid of 1 x 10~ A for the noble gas
fluorides NgF,,, where Ng = Ar, Kr, Xe, Rn and n = 2,4, 6 at the Non-Relativistic (NR), Spin-Free
(SF) and Exact Two Components (X2C) using Hartree-Fock (HF) or PBEO levels of theory and
the Dyall cv3z all-electron basis sets.

Ng  Level NgFs (Doon) NgFy (Dyp) NgFy (Ty) NgFs (Op)
Ar  HF/NR 1.693 1.680 1.910 1.705
HF/SF 1.693 1.680 1.916 1.705
HF/X2C 1.693 1.680 1.904 1.705
PBEO/NR 1.768 1.760 1.982 1.770
PBEO/SF 1.768 1.755 1.982 1.768
PBE0/X2C 1.768 1.757 1.970 1.767
Kr HF/NR 1.802 1.772 1.922 1.775
HF/SF 1.803 1.772 1.922 1.775
HF/X2C 1.803 1.772 1.910 1.775
PBEO/NR 1.864 1.836 2.006 1.833
PBEO/SF 1.865 1.836 2.006 1.830
PBE0/X2C 1.865 1.838 1.986 1.830
Xe  HF/NR 1.924 1.885 1.998 1.890
HF/SF 1.931 1.890 1.998 1.880
HF/X2C 1.935 1.890 1.998 1.880
PBEO/NR 1.970 1.935 2.064 1.930
PBEO/SF 1.977 1.940 2.064 1.925
PBE0/X2C 1.980 1.940 2.049 1.925
Rn HF/NR 2.005 1.960 2.046 1.958
HF/SF 2.023 1.975 2.046 1.940
HF/X2C 2.045 1.990 2.058 1.947
PBEO/NR 2.046 2.005 2.112 1.990
PBEO/SF 2.063 2.015 2.118 1.980
PBE0/X2C 2.085 2.015 2.100 1.990
Og HF/NR 2.086 2.040 2.070 2.040
HF/SF 2.124 2.065 2.130 2.015
HF/X2C 2.192 2.125 2.148 2.065
PBEO/NR 2.118 2.075 2.124 2.065
PBEO/SF 2.154 2.095 2.178 2.095
PBE0/X2C 2.209 2.148 2.163 2.120

theory, including non-relativistic, spin-free, and two-component, gives valuable
insights into the mechanisms responsible for changes in the geometry and
symmetry of these compounds. Our findings show that relativistic effects have
expanded the bond lengths for Rn and Og, and have impacted the bond length
trends for different symmetries, emphasizing the need to take relativistic effects
into account in these systems. Our approach demonstrates the independent
contributions from electron correlation, spin-free (scalar relativistic) and
spin-dependent operators. We will further analyze these findings in the following

section (Section 4.3.2).

Although the spin-free level accounts for scalar relativistic effects (e.g.
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mass-velocity and Darwin terms) and provides more accurate results compared to
the non-relativistic level, this level of approach to the spin-free level does not
account for the effects of spin-orbit coupling.**%3%) The two-component level
(X2C), on the other hand, considers both scalar relativistic and spin-orbit coupling
effects, resulting in the most accurate predictions of molecular geometry. In
principle, the X2C relativistic Hamiltonian produces identical energies to those
produced by the four-component one-electron Hamiltonian, given that both are
used with the same large component basis set and restricted kinetic balance.
Furthermore, the X2C Hamiltonian provides the same distinction between
spin-free  (scalar relativistic) and spin-orbit-like contributions as the
four-component ~ Hamiltonian.*®3!  This  difference indicates that the
spin-same-orbit correction, included in the X2C calculations, plays a crucial role in
determining bond distances in the heavy atoms fluoride systems. This is expected

from the relativistic p3/, expansion, see Figure 4.1.

This comparison of the results obtained from non-relativistic, spin-free, and
two-component levels highlights the importance of taking into account relativistic
effects in the study of the geometries and symmetries of fluorides of noble gases.
These findings can contribute to our understanding of the behavior of these

compounds and the role of relativistic effects in molecular physics.

4.3.2 Molecular Decomposition Energy

We computed the molecular decomposition energy according to the following

decomposition reaction,

NgF,, — NgF, _, + Fs (4.3)

where Ng = Ar, Kr, Xe, Rn, and n = 2,4,6 with symmetry Dy, Dy, Ty, and
Oy,. The molecular decomposition energy is defined as the amount of energy that
must be supplied to separate a molecule into its constituents atoms/molecules, and

it can be calculated by subtracting the total energy of the molecule (NgF,) from
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Figure 4.4: Optimized bond distances from NgF,, where Ng = Ar, Kr, Xe, Rn, and n =
2,4,6 with symmetry Do, Dapn, Tq, and Op. A) obtained at the PBEO and CCSD level of
theory with Pseudo-Potentials, where DEF2QZPPVD is represented with transparent markers
and ECP2MDFQ uses solid colors. B) Calculations at PBEO and cv3z all-electron basis set from
nonrelativistic (NR), scalar relativistic spin-free (SF) and relativistic (X2C) level.

the total energy of the individual constituents (NgF,,_» and Fy). Then,

AE = E [NgF,_,| + E [F5] — E [NgF, ] (4.4)

The calculation of the decomposition energy was performed at specific levels of
theory for each symmetry. As a result, the more energy that is required to break a
molecule into its constituent atoms, the more stable the molecule is considered to
be (positive AE). The molecular decomposition energy is an important measure of
the stability of a molecule, it is opposite to the formation energy and related to the

binding energy.

Our findings reveal a notable distinction in the stability of difluorides and
tetrafluorides among mnoble gases. Specifically, it is observed that difluorides,
denoted as NgFy (Dyp) and tetrafluorides, denoted as NgFy (Dyy), are unstable
towards decomposition in the cases of Ar and Kr. However, an intriguing contrast
emerges when considering Xe, Rn, and Og as these noble gases exhibit stability in

both their difluoride and tetrafluoride forms, see Figure 4.5.
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Figure 4.5: Molecular decomposition energies [in kcal/mol] for NgF,, =NgF,,_o (n = 2,4). The
left panel shows energies computed using Pseudo-Potentials, where DEF2QZPPVD is represented
with transparent markers and ECPzMDFQ uses solid colors. The right panel shows energies
computed using cv3z all-electron basis set from nonrelativistic (NR), scalar relativistic spin-free
(SF) and relativistic (X2C) levels. A,B) decomposition from NgFs with symmetry D.p; C,D)
decomposition from NgF4 with symmetry Dyy,; and D,E) decomposition from NgFy with symmetry
Ty.
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Moreover, in Figure 4.5E, tetrafluoride compounds with tetrahedral symmetry
show a trend of instability towards decomposition across all noble gases, except for
Oganesson tetrafluoride OgF,4 (7). This unique stability in the case of tetrahedral
OgF,4 can be attributed to the influence of relativistic effects, see Figure 4.5F.

Regarding the decomposition of hexafluorides, NgFg (Oy), our results reveal
that while ArFg and KrFg compounds exhibit instability and decompose into F,
and NgF, with Dy, symmetry, XeFg and RnFg compounds demonstrate stability,
see Figure 4.6. Notably, considering the decomposition into the tetrahedral NgF,
(Ty), we observed that Ar, Kr, Xe, and Rn hexafluorides remain stable.
Conversely, due to relativistic effects (spin-orbit contribution), OgFs becomes
unstable and decomposes into Fy and NgFy, either with Dy, or T; symmetry, see

Figures 4.6B and 4.6D.

Previously, Haiduke et al.[?*”] and Han and Leel**"! discussed how relativistic
effects affect chemical properties such as geometry and heat of formation for XeF,
and tetrafluorides of heavier noble gases.['6391) Also, Malli et al.l*?3], Malli[?*0]
pointed out that XeFy; and RnFg are unstable at the uncorrelated level. Moreover,
RnFg is likely to be nonvolatile and the Rn-F bonds become quite polar due to

(392]

relativistic effects. Highly fluorine-bridged structures might exist in the solid,

resulting in the nonvolatility of radon-fluorides compounds. #9339

We found that for NgF, compounds with symmetries D., D, and Ty,
electron correlation and relativistic effects boost the stability of the molecules,
pushing to positive decomposition energy values. Conversely, for hexafluorides
NgFg, electron correlation and relativistic effects contribute in opposite directions,
where spin-orbit contribution drives the decomposition energy to negative values.
For NgF,, compounds, Tables A.3 and A.5 show numerical results for electron
correlation and relativistic effects on decomposition energy and Tables A.4 and A.6

for NgF.
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Figure 4.6: Molecular decomposition energies [in kcal/mol] for A-B) NgFs(Op) — NgFy(Dap)
and C-D) NgFg(Op,) — NgFy(T4). The left panel shows energies computed using pseudo-potentials,
where DEF2QZPPVD is represented with transparent markers and ECPxMDFQ uses solid colors.
The right panel shows energies computed using cv3z all-electron basis set from nonrelativistic
(NR), scalar relativistic spin-free (SF) and relativistic (X2C) levels.

4.3.3 Decomposition Analysis of the Electron Correlation

and Relativistic Effects

Although different research about the atomic and molecular system has proven
that relativistic and electron correlation effects are non-additive, 4% in 2005
Gourlaouen et al.[*®! proposed a decomposition scheme to compute the
independent role of the electron correlation and relativistic effects on a given
property (X) and to estimate the number of non-additive effects. The relativistic,

electron correlation and non-additive effects are calculated according to the
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following energy decomposition scheme

AX - AXO + AXcor'r + AX’rel + AXnonadd (45)

where AX is considered as the reference value of the property of interest (e.g.
bond length or decomposition energy), AX, is the property calculated at the
Hartree-Fock level of theory with any further contribution, AX,,.,. is the
contribution of pure electron correlation effects, AX,.; is the contribution of pure
relativistic effects, and AX,nqaq 18 the non-additive electron correlation and

relativistic effects term.

For instance, when we compute a property X at the Hartree-Fock (HF) and
PBE level of theory, using a non-relativistic (NR) and relativistic (REL) scheme
and an all-electron (AE) basis set, AX[rgr(pBE)/aE) is the reference value built from

AX, = AXNyrrr)/ar and the pure electron correlation

AXeorr = AX|NR(PBE)/AE] — AX|NR(HF)/AE] (4.6)

and pure relativistic effects contributions

AX,o = AXreLHF)/AE) — AXINR(HF)/AE) (4.7)

Therefore, from Equations (4.5) to (4.7), the non-additive electron correlation

contribution is

AXonadd = AXrEL(PBE)/AE) — AX|NR(PBE)/AE) (48)

— AXrer(aF)/aE) + AX|NR(HF)/AE)

On the other hand, when the relativistic effects (scalar) are included using
pseudopotential (PP) methods, we only can recover the contribution of electron

correlation effects, AXCOTT = AX[NR(pBE)/pp] - AX[NR(HF)/PP]~
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Figure 4.7: Decomposition analysis of the electron correlation and relativistic effects on the bond
length and decomposition energy for NgF,, where n = 2,4,6 and Ng = Ar, Kr, Xe, Rn, and Og.
The electron correlation, relativistic effects, and non-additive terms were computed according to
Equations (4.6) to (4.8), respectively.

In Figure 4.7A, we present the individual contribution of pure electron
correlation at the PBEO level of theory, the contribution of pure relativistic effects
at the X2C level of theory, and the non-additive term. Our findings showed that

electron correlation contributions decrease and relativistic effects increase from Ar
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to Og for the Ng-F bond lengths. Furthermore, both pure electron correlation and
pure relativistic effects extend the Ng-F bond lengths by up to 0.1 A and they
contribute in the same scale. However, the non-additive term slightly reduces the
Ng-F bond lengths, except for the hexafluoride NgFg with symmetry O, (Ng =
Xe, Rn, and Og).

Similarly, we found that as we go from Ar to Og, the contribution of electron
correlation decreases and the contribution of relativistic effects increases the
decomposition energy. However, for the hexafluoride NgFg with O; symmetry, the
contribution of relativistic effects reduces the decomposition energy (Figure 4.7B).
The relativistic effects contribution for RnFg and OgFg is three times and six

times larger, respectively, than the contribution of electron correlation.

4.3.4 Geometry Distortion of the Xenon Hexafluoride

Previously, we introduced how the Jahn-Teller effect distorts the molecular
geometry of XeFg, by splitting the degenerate states, enabling the molecule to
have a lower symmetry. The concept of a second-order Jahn-Teller effect, or
pseudo-Jahn-Teller effect, refers to the energetic stabilization of a molecule in a
nondegenerate ground state by symmetry lowering. The second-order Jahn-Teller
distortion allows a larger energy gap between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).

This effect increases the HOMO (aj,)/LUMO (t7,) splitting by allowing a
mixing of the HOMO and LUMO orbitals that is only possible in XeFg distorted
structure, Cs, or Cy,. The symmetry distortion by mixing the HOMO and LUMO
lowers the overall energy in C5, or (s, symmetry where the HOMO and LUMO
belong to the same symmetry species (a;) and the extent of distortion is the
delicate balance between energy-raising effects and stabilization of a molecule in a

nondegenerate ground state. #9240

We performed an exhaustive search of the potential energy surface of XeFg
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v

Figure 4.8: Geometry of NgFg according to A) C3, symmetry and B) Cy, symmetry. The green
spheres represent the fluorine atoms and the red spheres are the noble gas atoms.

using Simulated Annealing with Metropolis Monte Carlo (see Section 4.2) to
generate candidate structures. A trigonally distorted geometry is observed, which
is attributed to the presence of a stereochemically active lone pair of electrons
from Xe and the need to accommodate seven electron pairs in the valence shell,
Figure 4.8. Xenon hexafluoride has a unique molecular structure and is not
monomeric in the solid, liquid, or dissolved state. While most hexafluorides adopt

the octahedral structure. 40

In Table 4.3, we show the optimized geometry of XeFg in O, Cs,, and Cy,
symmetries and found that Cj, is the global minimum. Our results show that both
the O and Cj, structures of XeFg are true minima on the potential energy
surface, with the Cy, structure being a transition state. Furthermore, the energy
difference between the Oy, and Cj, symmetry is 2.90 kcal/mol and between the Cs,
(saddle point) and Cj5, symmetry is 1.14 keal/mol.

This result suggests that for XeFg the small energy difference between the Cj,
and Oy structures is due to the subtle changes in the electronic structure caused
by the stereochemically active lone pair. The structures and vibrational
frequencies of XeFg do not change significantly when going from Cs, to Cs, to Oy,
indicating that the bonding between Xe and F atoms remains relatively stable. [**!]
This type of stereochemically active lone pair is not seen in similar systems, such
as BrFy or CIF, compound with octahedral geometry due to electron correlation

effects. [339,406-411]
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Table 4.3: Optimized geometry (bond distance in A and angles in degrees) and relative energy
(AE,) to Cs, symmetry [kcal/mol] of XeFg molecule using Ahlrichs Def2TZVPPD basis set all-
electron for F and scalar relativistic pseudo-potentials with 28 core electrons for Xe.

Symmetry parameter CAM-B3LYP PBEQIDH CCSD CCSD(T)® Composite”

Csy AE, 0.0 0.0 0.0 0.0 0.0
71 1.879 1.842 1.832 1.842
72 1.959 1.949 1.949 1.950
01 83.9 82.3 819 82.1
62 106.6 108.52 110.7 109.3
On AFE, 0.43 0.04  2.90 3.61 1.80
r 1.926 1.910 1.908 1.917
cs, AFE, 0.49 0.74 1.14 1.23 1.08
71 1.974 1.965 1.972 1.968
72 1.906 1.888 1.872 1.886
T3 1.870 1.848 1.834 1.845
01 114.1 118.2 126.9 122.1
02 167.2 166.0 163.7 164.7
63 81.2 80.0 78.1 79.08

@ Peterson et al.[311] value at the CCSD(T)-F12b/VQZ-F12 level of theory with v = 1.4 for both frozen-core and
4d-correlated calculations. ® Total composite value including several contribution such as CCSD(T)-F12b/VQZ-F12,
ACV (4d), ACV (1s of F, 4s4p of Xe), and DK-CCSD(T)/awCVTZ-DK according to Peterson et al.[341], ¢ XeFg
molecule with symmetry C2, has one imaginary frequency.

4.4 Conclusion

The bond distances in the noble gas fluorides (NgF,) are influenced by both
electron correlation and relativistic effects. Electron correlation has a greater
impact on the bond distances of lighter atom systems like ArF,, and KrF,,, whereas
relativistic effects have a more significant effect on heavy atom systems like RnF,,
and OgF,,. The Xe-F bond length is impacted by both effects. The results of this
study suggest that there are differences in bond distances depending on the level of
theory applied in the calculation. For example, when considering relativistic
effects, the bond lengths are longer in the exact two-components (X2C) calculation
and shorter in the non-relativistic (NR) calculation. This indicates that the
two-electron spin-same-orbit corrections, which are included in X2C calculations,

play a crucial role in determining bond distances in the heavy atoms fluoride

systems.
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Despite the consensus that XeFg geometry is stereochemically active with a
fluctuating lone pair, the debate about the significance of the O, and Cj,
structures and the impact of relativistic effects and electron correlation on the
molecule’s structure continues. For NgFg, a Jahn-Teller distortion is observed
when nonrelativistic Hartree-Fock theory is used, and even using a large basis set
favored the (5, structure. However, relativistic effects and electron correlation
both favored the O, structure, resulting in small differences between the two
structures in their calculated energies. These suggest that both structures, O and

C3,, may coexist.

Noble gas difluorides NgFy (D), tetrafluorides NgFy (Dyy,) and hexafluorides
NgFg (Op) are generally stable, except for Ar and Kr, which are unstable and
decompose to Fy and NgF,,_5. In contrast, tetrahedral NgFy (7;) are generally
unstable, except for OgF4 which is stable due to the influence of large relativistic
effects. Moreover, OgFg is unstable and decomposes into Fy and NgF, with

symmetry either Dy, or Ty.

Our results suggested that OgFg is unstable and RnFy is likely the highest
fluoride possible and may be an octahedral compound, even at the Hartree-Fock
level, due to strong relativistic effects. These show the interplay role of relativistic
effects and electron correlation effects in the geometrical distortion of NgFg

molecule.
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Appendix

Appendix

A.1 The Extended Lennard—Jones Potential for
Noble Gases

Table A.1: Fitting parameters for the two-body potentials of the noble gases (from Ne to Xe)
according to ELJ model, Equation (1.10). Cf is given in a.u. and equilibrium distances (r¢,) are
in A. Data were taken from Refs. [**]

Neon Argon Krypton Xenon
Ce —10.5097942564988 —123.635101619510 —227.476410584751 —301.7
Cg 989.725135614556 21262.8963716972 50281.6033768459 —26816.402071
Co —29141425.4118978
C1p  —101383.865938807 —3239750.64086661 —9549691.98083359 2525729440.60837
C11 —93157553751.1815
Cia 3918846.12841668 189367623.844691 658170535.750904 1958061699137.66
C13 —25959603531187.9
C14 —56234083.4334278 —4304257347.72069 —17524714507.3525 225015902487099.0
Ci1s —1292921381781360.0
Ci6 288738837.441765 35315085074.3605 166980981478.238 4526862108942420.0
Ci7 —9182845674164360.0
Cisg 8100817151233585.0
Teq 3.130 3.837 4.052 4.552

A.2 Transferable Intermolecular Potential

Although water is a chemically simple molecule, it is notoriously difficult to model.
In 1933, Bernal-Fowler was one of the first attempts to describe water as a
collection of point charges.[*'? Since then, more than one hundred different water

models/potentials have been proposed.!*?l Generally, each model is developed to
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Figure A.1: Heat capacity for Ne, cluster based on the two-body energy from the coupled-cluster
level of theory in a homogeneous magnetic field in z direction. A) B, = 0.0 a.u. at CCSD(T)/aug-
cc-pV5Z level and B) B, = 0.2 a.u. at CCSD (dashed) and CCSD(T) (solid) with the aug-cc-pVTZ
basis set. From the left to the right : Nejs (green), Ness (light blue), Nej47 (golden), Nesgg (light
yellow), Nesgy (blue), and Negas (red), respectively.

fit one particular physical structure or parameter well, for example, the density
anomaly, radial distribution function or critical parameters. Consequently, these
models work well to reproduce the properties of the macroscopic systems according

to the conditions in which they are parameterized.*'*) The low computational cost
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Figure A.2: Neon melting temperature size dependence (N~!/3) and extrapolation in a
homogeneous magnetic field. The experimental melting points of the bulk (24.56 K at field free)
showed using a vertical line.

associated with these models would make them the preferred choice for the most
computationally demanding applications. Several excellent reviews already exist

that cover all attempts to accurately model water to date. [*1%410]

Here, we will
look further into one specific family of water models.

One of the most widely used molecular potentials is the Transferable
Intermolecular Potential (TIP) used to describe the interaction between two water

molecules.

The Transferable Intermolecular Potential or TIPnP (where n = 3 — 6) involves
rigid water monomers that are represented by three, four, five or six interaction
sites (Figure A.3). Transferable Intermolecular Potentials are a two-body potential

energy function for monomers M and N, so
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(A) (B)

(©) (D)

Figure A.3: Schematic illustration of a water molecule for Transferable Intermolecular Potentials.
A) 3-site model (TIP3P), B) 4-site model (TIP4P), C) 5-site model (TIP5P), D) 6-site model
(TIP6P). Model types (A) and (B) are all planar whereas types (C) and (D) are almost tetrahedral.
The distance OH is 0.9572 Aand the angle HOH is 104.52 degrees for all models. For TIP6P, there
are two different o parameters, one for oxygen and another for hydrogen atoms (Table A.2).

This family of potentials describes a Coulombic interaction between all
intermolecular pairs of charges along with a single LJ term between the oxygens.
The original TIP3P site model has positive charges on the hydrogen atom and a
negative charge on the oxygen atom(q, = —2¢y).1"'" In all TIPnP models, there is
a charge equilibrium; that is, >, ¢, = 0 (Table A.2). The TIP4P model has four
interaction points by adding one dummy atom (M-site) close to the oxygen, along
with the bisector of the HOH angle; to displace the negative charge towards the
hydrogens. *1®] This M-site only has a negative charge (Figure A.3 b). The TIP5P
model replaces the M-site with two tetrahedral negative charge sites (L-site), to
mimic the lone pairs of water (Figure A.3 ¢)."'! In Figure A.3 d, the TIP6P
model combines M- and L-sites, and includes an additional LJ term between
Hydrogens (r", e; and oy).1"?") An additional model was used here, the TIP4P-ice,

specifically designed to deal with solid-phase properties, using different parameters
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Table A.2: Parameters for the Transferable Intermolecular Potentials (Figure A.3).

TIP3P TIP4P  TIP4P-ice TIP5P TIP6P

oo (A) 3.1506  3.1536 3.1668 3.12 3.15
ou (A) 0.673
¢, (kJ/mol) 0.6364  0.648 0.8822 0.6694  0.7149
en (kJ/mol) 0.1154
9 (e) —0.834

qu (€) 0.417 0.52 0.5897 0.241 0.477
qu (€) ~1.04 ~1.1794 —0.866
¢ (e) —0.241  —0.044
Distance OM (A) 0.15 0.1577 0.23
Angle HOM (deg) 52.26 52.26 52.26
Distance OL (A) 0.7 0.8892
Angle LOL (deg) 109.47 111.00

for the 4-sites model. [*2"]

TIPnP potentials are one of the most uncomplicated models used to study water
behavior, but outside of the conditions in which they are parameterized, they are
not very accurate predictors. However, they have a low computational cost for a
large number of water molecules. Many works published with these models show
that they can predict phase transitions, densities, enthalpy of vaporization, heat
capacities and dielectric constants across phases. 72422423

Although TIPnP models are of great utility, neither transferability nor
universal applicability can be identified at this time. They work using a rigid
water model, and it gives an excessive stabilization of the interatomic
interactions.*?! Clearly, water is a polarizable molecule, and it also has internal
vibrations; water is a flexible molecule. TIPnP models do not include these
characteristics. Therefore, the predictive value of these water models and their

general application should be approached with caution.
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A.3 The chemical bonding in the superheavy

element flerovium

A.3.1 Potential energy curves

The N-body (N=2,3,4) potential energy curves V(R) for the dimer, trimer (Dsy,
symmetry) and tetramer (7, symmetry) at various levels of theory using different
basis sets are provided on a downloadable excel spread-sheet file
(Potential CurvesFl.xlsx).  Distances are in A and energies in eV. For the
three-body potential, the numbers in red are estimated because we faced
difficulties in the HF convergence at the X2C level of theory. The data also
contains the fcc solid-state cohesive energy curves F ., (R) at different levels of

theory.

A.3.2 Heat capacities

Heat capacity curves obtained with the PBEO and CCSD(T)* potentials are shown
in Figures A.4 and A.5 respectively. Top, two-body simulations with cells with N
= 108, 256, 500 and 864 atoms, bottom two+three-body simulations for the N=108

and 256 atomic cell.

158



A.3. THE CHEMICAL BONDING IN THE SUPERHEAVY
ELEMENT FLEROVIUM

350 |- 108

Cp N [kg]

780 790 800 810 820 830 840
TIK]
(A)
70
60 - n
108 e
50 | 256 e
2 a0t
=
S 30
20 b
10 | __,J \t
0 1 1 1 1
70 80 90 100 110 120 130
TIK]
(B)

Figure A.4: Heat capacities per atom as a function of the simulation temperature not corrected
for superheating. A) heat capacity curves obtained considering two-body PBEO ELJ interactions
only. B) obtained heat capacities considering two and three-body interactions, computed with the
PBEO ELJ and EATM potentials respectively.
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Figure A.5: Heat capacities per atom as a function of the simulation temperature not corrected for
superheating. A) heat capacity curves obtained considering two-body CCSD(T)* ELJ interactions
only. B)heat capacities considering two and three-body interactions, computed with the CCSD(T)*
ELJ and EATM potentials, respectively.
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Figure A.6: Densities as a function of the simulation temperature corrected for superheating. A)
density obtained considering two-body CCSD(T)* ELJ interactions only, extracted from the N =
864 simulation cell. B) density obtained considering two and three-body interactions, computed
with the CCSD(T)* ELJ and EATM potentials respectively, extracted from the N = 256 simulation
cell.
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A.4 Probing High Oxidation States in Noble Gas

Fluorides
E
L
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Figure A.7: Relativistic corrections to the atomic orbital energy levels for the 'Sy ground state
of a noble gas (Kr, Xe, Rn, or Og) from nonrelativistic (NR) and scalar-relativistic (SR) Hartree-
Fock, and Dirac-HartreeFock (REL) calculations according to Jerabek et al. [°]
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Table A.3: Electron correlation effects on decomposition energy [kcal/mol] for NgF, ,, where
Ng = Ar, Kr, Xe, Rn, Og. Using Ahlrichs Def2TZVPPD (TZ), Def2QZVPPD (QZ) basis set
and the Stuttgart/Dresden ECPzMDF pseudo-potential (z = 28, 60, and 92 for Xe, Rn, and Og,
respectively) and TZVP basis set for the valence electrons for Ng and aug-cc-pVTZ for Fluorine
atom.

Basis set HF PBE0 CAM-B3LYP wB97X-D PBEQIDH MP2 CCSD
NgFy(Doon) — Ng + Fo
Ar TZ -76.6  -38.3 -42.1 -43.8 -59.4 -399  -54.7
QZ -75.7  -37.5 -41.3 -43.3 -58.5 -37.3 -52.8
Kr TZ -38.5 -9.3 -12.3 -13.7 -25.1 -84  -20.8
QZ -36.9 -8.0 -11.0 -12.5 -23.6 -8.0 -20.2
Xe TZ 7.8 26.8 25.7 25.0 17.2 25.5 17.6
QZ 11.5 29.9 28.8 27.7 20.7 30.5 22.4
ECP 9.2 27.1 26.1 25.3 18.3 32.8 23.4
Rn TZ 20.2 38.7 38.3 38.1 28.8 40.3 31.6
QZ 23.1 41.1 40.8 40.1 31.5 42.8 34.3
ECP 21.8 38.2 38.2 37.7 29.9 46.4 37.2
Og ECP 36.4 50.1 51.3 51.0 43.1 58.1 50.7
Ngk'y(Dsn) — NgFy + Fa
Ar TZ -116.3  -60.0 -65.4 -67.2 -91.3 -50.6 -77.8
QZ -115.1  -59.0 -64.3 -66.5 -90.2 -47.5  -75.7
Kr TZ -65.4 -23.0 -27.8 -28.5 -45.9 -16.7  -37.5
QZ -63.2  -21.2 -25.9 -26.8 -43.8 -15.7 -36.4
Xe TZ 2.7 25.3 22.4 22.6 11.0 279 13.1
QZ 2.4 29.6 26.7 26.6 15.9 34.6 19.7
ECP -1.2 25.2 22.3 22.6 11.9 33.8 18.6
Rn TZ 16.7 41.9 39.5 40.4 28.8 47.2 32.3
QZ 21.1 45.5 43.2 43.7 33.0 51.3 36.8
ECP 17.8 40.6 38.4 39.2 29.1 51.7 37.6
Og ECP 39.1 57.1 56.0 57.0 48.2 67.1 55.8
NgF,(T4) — NgFy + Fo
Ar TZ -266.7 -156.9 -165.6 -165.8 -226.2 -89.6 -152.0
QZ -266.5 -156.6 -165.3 -165.8 -225.9  -90.0 -155.4
Kr TZ -232.7 -136.0 -142.8 -143.5 -196.0 -110.0 -157.8
QZ -231.8 -135.3 -142.2 -143.0 -195.1 -110.7 -160.6
Xe TZ -171.1 -96.4 -101.3 -100.8 -142.0 -88.3 -122.6
QZ -167.5 -93.6 -98.6 -98.3 -138.7 -84.4 -120.0
ECP -170.6  -95.9 -101.0 -100.4 -140.8 -86.5 -119.9
Rn TZ -133.8  -72.2 -76.6 -75.4 -109.2  -65.9 -94.2
QZ -130.6  -69.8 -74.1 -73.3 -106.3 -63.1 -92.0
ECP -136.1  -73.6 -78.1 -76.7 -111.2  -65.1 -92.5
Og ECP -98.4 -49.5 -53.1 -51.7 -78.8 -424  -63.5
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Table A.4: Electron correlation effects on decomposition energy [kcal/mol] for NgF; with
symmetry Oy, where Ng = Ar, Kr, Xe, Rn. Using Ahlrichs Def2TZVPPD (TZ) and Def2QZVPPD
(QZ) basis set.

Noble gas (Ng) Basis set HF PBE0O CAM-B3LYP wB97X-D PBEQIDH MP2 CCSD
NgFg(On) — NgF4(Dap) + F2

Ar TZ -150.8 -78.0 -84.5 -86.3 -119.0 -49.1 -93.1
QZ -150.2 -77.4 -83.9 -86.1 -118.4 -46.7 -92.1
Kr TZ -98.8 -37.3 -43.3 -43.8 -70.8 -19.9 -54.8
QZ -96.6 -35.4 -41.3 -42.1 -68.7 -17.8 -53.9
Xe TZ -27.5 20.1 15.7 16.8 -5.0 33.6 3.9
QZ -22.1 24.8 20.5 21.1 0.2 40.9 10.4
ECP -26.6 19.2 15.0 15.9 -5.1 33.9 7.2
Rn TZ 12.6 47.5 43.7 45.5 30.0 61.3 36.9
QZ 18.4 52.2 48.6 49.9 35.4 67.1 42.9
ECP 11.7 44.6 41.0 42.7 27.9 60.5 39.4
Og ECP 51.2 71.4 68.7 71.1 62.1 85.1 69.4
NgFs(0p) — NgF4(Ty) 4+ Fa
Ar TZ -0.3 18.9 15.6 12.4 16.0 -10.1 -18.9
QZ 1.1 20.3 17.1 13.3 17.4 -4.2 -12.5
Kr TZ 68.5 75.7 71.7 71.3 79.3 73.4 65.5
QZ 72.0 78.7 75.0 74.1 82.6 77.2 70.2
Xe TZ 140.8 141.8 139.3 140.2 148.0 149.7 139.6
QZ 147.9 148.0 145.7 146.0 154.7 159.9 150.1
ECP 142.8 140.3 138.3 138.9 147.6 154.2 145.7
Rn TZ 163.0 161.6 159.8 161.3 168.0 174.3 163.4
QZ 170.2 167.5 166.0 166.9 174.7 181.5 171.7
ECP 165.6 158.7 157.6 158.7 168.3 177.4 169.5
Og ECP 188.7 177.9 177.9 179.9 189.2 194.5 188.7
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Table A.5: Electron correlation and relativistic effects on decomposition energy [kcal/mol] for
NgF, 4 where Ng = Ar, Kr, Xe, Rn. Using all-electron Dyall.cv2z (DZ) and Dyall.cv3z (TZ) basis
set.

Non—Relativistic Spin—Free Exact Two Component

Basis HF PBE0O MP2 CCSD DHF PBE0O MP2 CCSD DHF PBE0O MP2 CCSD
NgFy(Doon) — Ng + Fo

Ar DZ -87.3 -46.7 -544 -67.8 -86.8 -46.3 -53.9 -67.3 -86.8 -46.2 -53.9 -67.3
TZ -774 -389 -425 -57.1 -77.0 -385 -42.1 -56.8 -77.0 -385 -42.1 -56.8
Kr DZ -479 -16.8 -274 -37.7 -472 -158 -26.3 -36.8 -46.8 -154 -26.0 -36.5
TZ -393 -10.1 -14.8 -26.0 -39.1 -9.5 -142 -256 -387 -9.2 -13.9 -25.3
Xe DZ -1.2 17.5 6.1 0.1 -29 172 5.8 -1.0  -14 185 7.1 0.2
TZ 11.1 286 232 16.6 8.0 269 21.7 14.4 9.5 284 229 15.7
Rn DZ 16.1 320 214 16.1 102 295 194 12.3 223 402 288 221
TZ 27.8 427 382 324 183 37.0 331 25.4 30.2 475 425 352
Og Dz 49.9 613 502 46.5 357 50.7 40.5 348 889 924 795 771
TZ 545 65.1 60.6 56.7 379 526 49.1 426 894 934 874 844

NgFy(Dan) — NgFy + Fo

Ar DZ -1279 -69.2 -66.7 -91.2 -1274 -68.7 -66.2 -90.7 -127.4 -68.6 -66.2 -90.7
TZ -1169 -60.4 -53.2 -80.1 -116.4 -59.9 -52.7 -79.7 -116.4 -59.9 -52.7 -79.7
Kr DZ -789 -33.0 -389 -57.9 -782 -322 -379 -56.9 -782 -32.0 -37.8 -56.9
T7Z -66.1 -23.4 -23.0 -429 -659 -229 -224 -425 -659 -22.8 -22.3 -424
Xe DZ -185 11.6 29 -10.2 -20.3 11.1 26 -11.2 -20.2 114 2.8 -11.0
TZ 1.5 283 26.8 131 -2.0 26.1 249 10,5 -19 26.6 251 10.7
Rn DZ 72 325 244 124 -0.1 284 208 7.2 4.3 334 246 11.0
TZ 26.3 486 479 354 14.7 40.5 40.1 26.2 19.1 454 439 299
Og DZ 55.6 762 676 56.3 373 59.3 52.0 406 825 949 826 753
TZ 624 798 79.1 684 409 609 59.8 486 856 96.2 90.6 84.0

NgF4 (Td) — NgF2 + F2

Ar DZ -264.3 -154.0 -80.5 -135.4 -263.7 -153.7 -80.3 -135.0 -255.1 -146.0 -104.1 -137.8
TZ -267.1 -157.1 -91.2 -152.9 -266.5 -156.6 -90.9 -152.4 -258.7 -149.3 -109.3 -161.0
Kr DZ -244.5 -138.6 -132.1 -179.0 -236.3 -137.0 -115.4 -159.2 -216.7 -119.6 -109.1 -153.8
TZ -233.9 -136.6 -114.8 -162.7 -231.9 -135.0 -113.0 -160.6 -212.3 -117.6 -104.7 -152.0
Xe DZ -193.1 -109.3 -117.6 -150.3 -186.3 -106.9 -108.1 -141.3 -147.1 -73.9 -80.1 -111.1
TZ -175.3 -101.4 -98.7 -132.1 -173.4 -959 -97.7 -130.8 -131.5 -62.9 -62.8 -94.8
Rn DZ -1545 -86.6 -93.3 -120.5 -151.1 -84.4 -90.7 -117.6 -59.1 -10.5 -24.1 -43.6
T7Z -136.0 -742 -73.8 -101.4 -137.1 -73.2 -77.2 -103.7 -43.2 1.6 -44 -24.5
Og DzZ -81.7 -30.0 -39.2 -60.0 -91.7 -43.5 -53.9 -72.1 852 96.7 824 75.5
Tz -778 -27.3 -276 -50.2 -89.1 -43.1 -46.5 -65.5 879 97.5 89.9 83.9
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Table A.6: Electron correlation and relativistic effects on decomposition energy [kcal/mol] for
NgFg with symmetry Oy, where Ng = Ar, Kr, Xe, Rn, Og. Using Dyall.cv2z (DZ) and Dyall.cv3z
(TZ) basis set.

Non-Relativistic Spin—Free Exact Two Component

Basis DHF PBE0O MP2 CCSD DHF PBE0O MP2 CCSD DHF PBE0O MP2 CCSD
NgFG(Oh) — NgF4(D4h) + Fs

Ar DZ -155.1 -82.1 -62.4 -100.2 -154.4 -81.6 -61.9 -99.7 -1544 -81.6 -62.0 -99.7
T7Z -150.8 -78.0 -52.3 -95.8 -150.1 -774 -51.9 -95.2 -150.1 -77.5 -54.5 -106.8
Kr Dz -1079 -43.5 -37.5 -70.1 -105.8 -42.2 -36.4 -68.4 -106.1 -42.4 -36.6 -68.6
TZ -98.9 -37.0 -24.5 -59.7 -96.8 -35.6 -23.6 -58.2 -97.2 -35.9 -26.3 -69.4
Xe DZ -52.2 1.6 4.9 -25.0 -46.6 5.1 7.5 -209 -49.0 3.3 6.0 -22.7
TZ -31.3  18.8 29.7 -2.0 -26.6 21.2 31.0 1.1 -292 193 240 -12.7
Rn DZ -18.4 273 29.0 1.6 -9.1 313 308 74 -342 135 16.6 -10.6
TZ 4.2 458 56.7 279 11.1  46.7 545 30.8 -15.8 27.7 36.7 -0.7
Og DZ 372 804 814 53.6 40.8 71.5 69.8 514 -103.2 -10.6 11.3 -46.7
TZ 419 81.7 927 64.0 46.0 729 764 59.2 -101.3 -11.1 114 -56.0

NgFg(On) — NgF,(Ta) + F2

Ar DZ -18.8 2.7 -486 -56.1 -18.1 3.3 -47.8 -55.3 -26.7 -4.3 -240 -52.6
TZ -0.6  18.7 -14.4 -23.0 0.0 19.2 -13.8 -224 =77 119 2.8 -264
Kr DZ 57.6  62.1 55.7 51.1 52.3  62.7 41.1 339 324 452 34.7 28.2
TZ 68.9 76.1 67.2 60.0 69.1 76.5 67.1 60.0 49.1 589 58.7 40.6
Xe DZ 1224 1226 1254 115.0 119.5 123.1 118.1 109.1 779  88.7 888 77.4
TZ 1454 1484 155.2 143.1 144.8 143.3 153.5 1424 100.4 108.7 117.0 94.2
Rn DZ 143.3 146.4 146.7 134.6 1419 144.2 1423 1322 29.2 573 654 44.0
TZ 166.5 168.6 178.4 164.6 1629 160.5 171.8 160.7 46.5 71.5 85.9 54.2
Og DZ 1745 186.6 188.2 170.0 169.8 174.3 175.7 164.1 -105.9 -12.3 11.5 -46.9
TZ 182.1 188.7 199.4 182.6 176.0 176.9 182.7 173.4 -103.6 -12.5 12.2 -55.7
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Figure A.8: Molecular decomposition energies [kcal/mol] at MP2, PM3, MP4(DQ), MP4(SDQ),
CCSD, and CCSD(T) using Pseudo-Potentials, where DEF2QZPPVD is represented with
transparent markers and ECPxMDFQ uses solid colors. For NgF,, where Ng = Ar, Kr, Xe,
Rn, and Og and n = 2,4,6, A) NgFy with symmetry Do, B) NgFy with symmetry Doop, C)
NgF, with symmetry Ty, and D) NgFg with symmetry Oy,.
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